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1 INTRODUCTION 

Society is becoming increasingly aware of the fact that risks accompany 

the benefits and other costs of its technological ventures, large or small. 

These risks cannot be totally eliminated; they can only be reduced and 

managed and they are only one of many sets of issues considered' in the 

decision process. Uncertainties arise in the technical estimation of both 

risks and benefits, and in addition, differences among individuals in the 

assignment of values result in controversies over the evaluation of risks 

and benefits. The field of risk. acceptance has been reviewed'by the works 

of Lowrance (19761, Rowe (1977), and Van Horn and Wilson (1976), among others. 

Considerable costs to society arise from the conflict over accepting 

technological risks:' anxiety and dismay due to conflicting information; 

litigation costs; retrofits; and misplaced investments and .costly delays 

that result from industry's inability to predict public risk acceptance or 

to plan for regulatory requirements (Starr and Whipple, 1980). 

Management of risks is as much a socio-political problem as it is a 

technical one. It is difficult in that it is intrinsically multidisciplinary. 

Some of the multidisciplinary aspects are investigated in a report of work 

done for the National.Science Foundation at UCLA (Okrent, 1977). The main 

question that arises is, "How safe is safe enough?" given the other costs and 

benefits of the technological facility. Attempts to answer this question 

usually employ some combination of historical precedents implied by past 

regulatory decisions or by statistics on a wide range of human risks (Starr, 
I 

1969; Rowe, 1977).and psychometric surveys concerning societal perceptions 

and evaluations of risk (Fischhoff, et :a1 1978;. Otway, 1977) .. . Because of the -- 
trade-offs involved in the economic, socio-poli'tical, and technical' 



decisions t o  bu i ld  o r  not  t o  bu i ld  a la rge  technological f a c i l i t y ,  t he  

question "How sa f e  i s  s a f e  &nough?ll w i l l  not be subject  t o  a unique answer. 

The soc i e t a l  decision t o  bu i ld  a pa r t i cu l a r  f a c i l i t y  i d e a l l y  would 

be based upon the  balance between a l l  the  benef i t s  and cos t s  of the  pro- 

posed f a c i l i t y .  Considerations would include the  cos t s  of  the  f a c i l i t y  

i t s e l f  and the  cost  of choosing one of the  a l t e rna t ives ,  as well a s  the  

cos t s  of building no f a c i l i t y  a t  a l l .  Risk cos t s  would be included i n  

t he  decision process, and general r i s k  management c r i t e r i a  would be applied 

t o  a l l  technologies. However, i n  the  United S ta tes  decisions a r e  not 

usua l ly  based upon such broad considerat ions.  Regulation of r i s k  is  most 

o f ten  done separate ly  from the  p o l i t i c a l  and/or f inanc ia l  decision t o  go 

ahead with a pa r t i cu l a r  project ,  and becomes a matter  of reducing and 

managing t he  adverse impacts associated with the endeavor. There a r e  

many separate  regula tory  agencies, and no uniform approach t o  t he  regula- 

t i o n  of r i s k s  e x i s t s ,  even within a s ing le  agency l i k e  EPA. 

The r ea l i z a t i on  t ha t  soc ie ty  as a whole has l imi ted resources t h a t  

can be expended f o r  r i s k  reduction has led t o  concern over the  cost-  

ef fect iveness  o f  s a f e t y  measures. There ex i s t s  a large  var ia t ion  i n  the  

l eve l s  of r i s k  imposed upon soc ie ty  by various technologies 

(Okrent, 1977) and i n  the  amount of money a l located t o  reduce these  

r i s k s  (Schwing, 1979; Cohen, 1980). Although la rge  sums of money have 

been spent t o  make nuclear reactors  safe;  many people a r e  s t i l l  great ly  

concerned over reac to r  safe ty .  Others bel ieve  t ha t  reactors  a r e  s a f e  

enough already and t h a t  a large  amount of our resources i s  being wasted 

on unnecessary s a f e ty  measures (Siddall ,  1979). Most would agree, however, 

4 

t h a t  the  resources a l loca ted  f o r  sa fe ty  of reactors  should be used 

e f fec t ive ly .  

The l a rge  var ia t ion  i n  t he  regulatory approaches of the  various 



agencies .causes some decisions t o  seem q u i t e  a r b i t r a r y .  Also,the p r a c t i c e  of  

specifying t h e  methods f o r  meeting t h e  r i s k  goals a t  a p a r t i c u l a r  f a c i l i t y  

removes some of  the  incent ive  t o  develop more e f f i c i e n t  methods of r i s k  control .  

Innovative means t o  control  r i s k  could be encouraged by speci fy ing t h e  r i s k  

goals alone. However, t h i s  course may r e s u l t  i n  unduly long delays i f  approp- 

r i a t e  means are not forthcoming o r  a r e  themselves subject  t o  debate. While 

it may not  be poss ib le  t o  employ a completely general  approach t o  r i s k  management, 

regula tory  decisions based upon a more broadly .founded management philosophy 

and a t  l e a s t  some quan t i t a t ive  decision r u l e s  may o f f e r  considerable improve- 

ment over current  regulatory p rac t i ce .  

Speci f ica t ion of a j u s t i f i a b l e  and workable q u a n t i t a t i v e  r i s k  manage- 

ment framework i s  a major t a sk  i f  only because the re  i s  no general  consensus 

a s  t o  t h e  aspects  of  r i s k  t h a t  must be considered o r  t o  t h e i r  r e l a t i v e  impor- 

tance. Added t o  these  problems i s  t h e  d i f f i c u l t y  o f  r i s k  est imation f o r  

f a c i l i t i e s  having po ten t i a l  hazards which involve high consdquence, low 

probab i l i ty  events, o r  f a c i l i t i e s  which pose r e l a t i v e l y  unfamiliar  o r  poten- 

t i a l l y  large  delayed and chronic hazards. Furthermore, a p a r t i c u l a r  f a c i l i t y  o r  

a c t i v i t y  may appear t o  be t h e  b e s t  a l t e r n a t i v e  t o  meet an e s s e n t i a l  s o c i e t a l  

need, even though i t  poses a l a rge  i d e n t i f i e d  hazard which must be managed. 

In  t h i s  paper, some of t h e  major considerat ions f o r  e f f e c t i v e  management 
-.. . - .  

of r i s k  a r e  discussed, with p a r t i c u l a r  emphasis on r i s k s  due t o  nuclear  power 

p l a n t  operat ions.  Although t h e r e  a r e  impacts associated with the  r e s t  of t h e  

fue l  cycle,  they a r e  not addressed here.  Next, severa l  previously published 

proposals f o r  quan t i t a t ive  r i s k  c r i t e r i a  a r e  reviewed. They range from a 

simple acceptance c r i t e r i o n  on individual  r i s k  of death t o  a q u a n t i t a t i v e  r i s k  

management framework. The f i n a l  sec t ion  discusses some o f  t h e  problems i n  t h e  

establishment of a framework f o r  the  quan t i t a t ive  management of r i s k .  

We do not consider occupational r i s k s  within t h e  context of t h i s  paper. 

3 



2 .  RISK MANAGEMENT CONSIDERATIONS 

2.1 Decision Levels and Impacts 

Several levels  a r e  involved i n  the  decision t o  bu i ld  a  pa r t i cu l a r  power . 
plan t .  These focus on the  need f o r  power, the  technological options,  a l t e rna t i ve  

I 

s i t e s  and r i s k  acceptance. The in te rac t ions  between economic, socio-pol ic ica l ,  

environmental and public heal th  and sa fe ty  impacts should be considered and 

factored i n t o  the  decision a t  each l eve l .  For example, heal th  i s  t o  some 

extent  pos i t ive ly  corre la ted with standard of l iv ing ,  which may be lowered i f  

energy i s  not  avai lable  o r  i f  energy cos t s  become much higher as a  r e s u l t  of 

expenditures f o r  sa fe ty  improvements. Also, t he  cos t s  of required s a f e ty  

measures f o r  one technology may fo rce  the  choice of an a l t e rna t i ve  technology 

having l a rge r  impacts, i f  the  overal l  economics of the f i r s t  technology 

become unfavorable. 

Acceptable r i s k  i s  most properly addressed i n  the context of  a l t e r -  

nat ives ,  including t he  option of not bui ld ing a  f a c i l i t y  t o  supply a  pa r t i cu l a r  

soc i e t a l  need or want. Large uncer ta in t i es  i n  the level  of r i s k  must a l so  

be considered. The uncer ta in t i es  a r i s e  from shortcomings both of data and 

of models t o  p red ic t  r i sk .  Sometimes conservative est imates a r e  used t o  put 

upper bounds upon r i s k .  However, without est imates of the  uncer ta int ies  o r  

methods t o  determine t he  r e l a t i v e  amount of conservatism among a l t e rna t i ve s ,  

conservative est imates may d i s t o r t  the r e l a t i v e  impacts of the  various options 

and may lead t o  a  l e s s  than optimal choice between them. The problem i s  

fu r t he r  complicated becasue the  d i f f e r en t  types of impact a re  not read i ly  

comparab 1 e  . 



1 In order  t o  gain perspect ive  it might be use fu l  t o  cons t ruct  a 
I 

h ierarchy o f  impacts according t o  magnitude and t o  ex ten t ,  i . e . ,  l oca l ,  ~ - ~ regional  o r  global e f f e c t s .  Moderate negative e f f e c t s  which a r e  loca l  

i n  na ture  may be preferable  t o  moderate negative e f f e c t s  which a r e  regional  

i n  extent ,  e t c .  The regional  need f o r  power, based upon economic and 

s o c i o - p o l i t i c a l  cons idera t ions ,  may be  s u c h , t h a t  a power p l a n t  should 

be b u i l t ;  t he  accepted environmental and publ ic  h e a l t h  and s a f e t y  impacts 

( local  and regional )  w i l l  be determined by t h e  choice of  s i t e  and 

technological  a l t e r n a t i v e  and by t h e  resources a l loca ted  t o  reduce 
. . 

those  impacts. The impacts of  procuring and processing the  fue l  w i l l  

a l s o  depend upon such choices. 

2 . 2  Approaches t o  Risk Management 

Technological hazards a r i s e  a s  a consequence of endeavors t o  

s a t i s f y  s o c i e t a l  needs and wants. In p a r t ,  such haz'ards can be modifi.ed 

by changing s o c i e t a l  wants, by choosing a d i f f e r e n t  technology t o  s a t i s f y  

the  wants, o r  by improving t h e  techno1ogy.to.prevent  t h e  occurrence of 

t h e  hazard o r  t o  mi t iga te  t h e  consequences (Fischhoff e t  a l . ,  19 78). . . '  -- 

The M c l e a r  Regulatory Commission (NRC) has the  a u t h o r i t y  t o  r equ i re  and 

approve improvements i n  the  nuclear  power p lan t ,  once t h e  choice t o  

b u i l d  a r e a c t o r  has been made. I t  must decide i f  the  p l a n t  is  sa fe  

enough, o r  i n  o the r  words i f  enough resqurces have been spent  t o  ensure 

sa fe ty .  While the  NRC i n  environmental impact s tatements assesses and 

compares the  use  of  a l t e r n a t i v e  technologies with nuclear ,  . the  NRC may 

n o t  have the  a u t h o r i t y  t o  choose between power genera t ing  technologies. 

However, it may force  an a l t e r n a t i v e  choice by i t s  s t r i n g e n t  s a f e t y  

requirements. 



Various approaches have been used t o  determine whether a  t ech -  

no log ica l  f a c i l i t y  i s  s a f e  enough; t h e s e  inc lude  p ro fe s s iona l  judgement, 

cos t  b e n e f i t  and cos t  e f f e c t i v e n e s s  cons ide ra t ions ,  comparison wi th  

background hazards ,  p u b l i c  p re fe rences ,  o r  comprehensive a n a l y s i s  of  

va r ious  opt ions .  Each approach has  i t s  advantages and disadvantages.  

A ca ta logue  of  cavea ts  f o r  these .approaches  has  been compiled by Fischhoff 

e t  a1  . (1980) . -- 

Pro fes s iona l  judgement r e l i e s  on good p ro fe s s iona l  p r a c t i c e  t o  

ensure t h a t  f a i l u r e s  a r e  not  l i k e l y .  However, f a i l u r e s  i n  equipment do 

occur ,  and some means must be developed t o  decide what f a i l u r e  r a t e s  

a r e  acceptab le .  The c ~ t s  of  t h e  f a i l u r e  r a t e s  can be es t imated ,  and t h e  

expected consequence p e r  y e a r  can be added t o  t h e  o v e r a l l  c o s t s  o f  t h e  

f a c i l i t y  i n  a  cos t -bene f i t  a n a l y s i s .  However, s e r i o u s  problems arise i n  

assessment of bo th  c o s t s  and b e n e f i t s  (Baram, 1980). The measures o f  

e f f e c t  a r e  not e a s i l y  converted t o  a  s i n g l e  u n i t  such a s  money, and some 

cannot be es t imated  without  tenuous assumptions which o f t en  a r e  not  

adequately s t a t e d  i n  t h e  r e p o r t  of t h e  r e s u l t s .  This  lends i t s e l f  t o  

intended and unintended b i a s  i n  t h e  p r e s e n t a t i o n  of t h e  a n a l y s i s  and d i s -  

t o r t i o n s  i n  i t s  i n t e r p r e t a t  ion.  

In  any case ,  t h e  r i s k  b e n e f i t  type  of  a n a l y s i s  f o r  a  p a r t i c u l a r  

technology f o r  t h e  genera t ion  of  e l e c t r i c i t y  should be done f o r  t h e  whole 

f u e l  cyc le .  S i m i l a r l y ,  comparative r i s k  s t u d i e s  may be used t o  h e l p  choose 

between two a l t e r n a t i v e  technologies ;  however, such ,comparative ana lyses  

become l e s s  app l i cab le  f o r  determining t h e  l e v e l  o f  acceptab le  r i s k  f o r  

s e p a r a t e . p a r t s  o f  t h e  f u e l  cyc l e  such a s  mining and m i l l i n g  ope ra t ions ,  

o r  j u s t  t h e  power p l a n t  i t s e l f .  



. In order  t o  e f f i c i e n t l y  a l l o c a t e  s o c i e t a l  resources f o r  r i s k  

reduction,  l i m i t s  may have t o  be s e t  not  only on t h e  expected r i s k  of a  

f a c i l i t y  but a l s o  (or  r a t h e r )  on t h e  amount of  money spent pe r  u n i t  

r i s k  reduction.  Beyond a  c e r t a i n  expenditure t h e  money may be b e t t e r  

spent t o  reduce t h e  r i s k  associa ted  with o the r  s o c i e t a l  a c t i v i t i e s .  I t  

has been suggested t h a t  the re  is a lower bound below which t o t a l  r i s k  

cannot be reduced f o r  each f a c i l i t y .  The cos t  per  u n i t  of t o t a l  r i s k  

reduction w i l l  become i n f i n i t e  when t h e  r i s k  involved i n  producing t h e  

s a f e t y  equipment becomes equal t o  t h e  a n t i c i p a t e d  reduction i n  r i s k  

(Black e t  a l . ,  1979) o r  when r i s k  increases  more i n  o the r  segments .of -- 
soc ie ty  because resources have been d ive r t ed  (S idda l l ,  1979). , ... 

care  must be used i n  t h e  app l i ca t ion  of cos t  .e f fec t iveness  c r i t e r i a .  

For example, i t  was found t h a t  t o  reduce l o c a l  hea l th  e f f e c t s  from 

f a c i l i t i e s  which burn f o s s i l  f u e l ,  it was l e s s  cos t -e f fec t ive  t o  remove 

more s u l f u r  and p a r t i c u l a t e s  from t h e  f l u e  gas than it was t o  increase  t h e  

s tack  height  and d isperse  t h e  p o l l u t a n t s .  However, it has been found t h a t  

t h e  longer res idence  time i n  t h e  a i r  al lows more OF t h e  s u l f u r  dioxide t o  

be converted i n t o  s u l f a t e  and r e s u l t s  i n  ac id  r a i n  g r e a t  d is tances  from 

t h e  s tack .  The po l lu t ion  problem has  not  been solved; a  loca l  hea l th  problem 

has only been coiver ted  i n t o  a  regional  environmental problem and may s t i l l  

r e s u l t  i n  s i g n i f i c a n t  hea l th  e f f e c t s  because, while the  r i s k  t o  each individual  

has been reduced, more people may be exposed. 

A s  an a l t e r n a t i v e  t o  o r  i n  conjunction with economic considera t ions ,  

acceptable r i s k  could be determined by some assessment of  s o c i e t a l  pre- 

ferences.  Some i n d i r e c t  assessments employ r e t r o s p e c t i v e  examination 

of  choices implied by s t a t i s t i c s  on a  wide range of  human r i s k s  o r  by 

pas t  regula tory  decis ions  (S ta r r ,  1969 ; Rowe, 19 77). A t  l e a s t  two major 



I t h a t  what e x i s t e d  i n  t h e  p a s t  was accepted then  and is  i n d i c a t i v e  of  what 

w i l l  be  accepted i n  t h e  f u t u r e ;  and t h a t  s o c i e t y  waswell informed concerning 

t h e  n a t u r e  of  r i s k s  a s s o c i a t e d  with i t s  a c t i o n s .  Nei ther  of t h e s e  assump- 

t i o n s  i s  gene ra l ly  v a l i d  (S lov ic  e t  a l . ,  1980; Fischhoff e t  a l .  , 1978) . -- -- 

Using precedents  implied by p a s t  r egu la to ry  dec i s ions  i s  a l s o  d i f f i c u l t  

because t h e  d i f f e r e n t  types  of  r i s k  a r e  no t  e a s i l y  compared and t h e  s t a t u -  

t o r y  mandates o f  t h e  r e g u l a t i n g  agencies  vary  s i g n i f i c a n t l y .  And, s o c i e t a l  

p re fe rences  cannot e a s i l y  be deduced from hazard s t a t i s t i c s  s i n c e  t h e  l eve l  

of  r i s k  w i l l  depend not on ly  upon t h e  hazard p o t e n t i a l  o f  a p a r t i c u l a r  

a c t i v i t y  but  a l s o  upon t h e  p u b l i c  awareness of t h e  hazard ,  t h e  ea se  and cos t  

o f  i t s  con t ro l ,  and t h e  r e l a t i v e  p o l i t i c a l  power of  those  who b e n e f i t  from 
I 

t h e  a c t i v i t y  and those  who a r e  burdened by t h e  r i s k .  

Direct  methods t o  a s s e s s  p u b l i c  preferences  inc lude  opinion p o l l s  

and psychometric surveys concerning s o c i e t a l  percept ion  and eva lua t ion  of 

r i s k  (Otway, 1977; 1978; S l o v i c  e t  a l . ,  1980; Fischhoff  e t ' a l . ,  1978).  -- -- 
S t u d i e s  have shown t h a t  percept ions  of  r i s k  by groups o f  l a y  people 

sometimes have s y s t e m a t i c  v a r i a t i o n s  compared with each o t h e r  and with t h e  

s t a t i s t i c a l l y  measured r i s k s  (S lov ic  e t  a l . ,  1980; Fischhoff  e t  a l . ,  1978); -- -- 

t h a t  perce ived  b e n e f i t s  a r e  nega t ive ly  c o r r e l a t e d  with perce ived  r i s k s  

(Otway, 1977: Fischhoff -- e t  a l . ,  1978) ; t h a t  exper t  r i s k  assessments a r e  

a l so  s u s c e p t i b l e  t o  b i a s ,  p a r t i c u l a r l y  underest imation;  and t h a t  new 

evidence i s  o f t e n  i n t e r p r e t e d  t o  r e i n f o r c e  e x i s t i n g  b e l i e f s  ( S l o v i c  e t  a l . ,  -- 

1980).  These f ind ings .  i n d i c a t e  t h a t  it would be no s imple ma t t e r  t o  

i nco rpora t e  aggregated p u b l i c  a t t i t u d e s  and percept ions  i n  a meaningful 



and u s e f u l  way i n t o  r i s k  acceptance c r k t e r i a .  Even t h e  s o l i c i t a t i o n  

of  t h e s e  a t t i t u d e s  r e q u i r e s  ca re  because t h e  form and sequence o f  t h e  

survey ques t ions  may s t r o n g l y  i n f l u e n c e . t h e  responses ( P l o t t ,  1978; 

Hershey and Schoemaker, 1980). 

Basing r i s k  acceptance s o l e l y  on perce ived  r i s k  and without 

cons idera t ion  of  t h e  a l t e r n a t i v e s  has  a  number of  disadvantages.  I t  

v i r t u a l l y  a s su re s  t h a t  l imi t ed  resources  f o r  r i s k  abatement w i l l  be  

misa l loca ted ,  and leaves  open t h e  p o s s i b i l i t i e s  t h a t  s o c i e t a l  needs w i l l  

no t  be met o r  t h a t  some r i s k s  w i l l  be much h ighe r  than necessary .  

Furthermore, s o c i e t a l  percept ions  have been sub jec t  t o  r e v e r s a l s  i n  t h ink ing  

i n  t h e  p a s t  ( e . g . ,  t h e  U.S. a t t i t u d e  t o  c i v i l  r i g h t s  i n  t h e  1930's ;  t h e  . -  

German a t t i t u d e  t o  H i t l e r  i n  t h e  1930's ;  and t h e  U.S. a t t i t u d e  toward o i l  

shor tages  hnd an energy c r i s i s  i n  t h e  mid 1970 s )  . . 

2 . 3  'Special cons ide ra t ions  f o r  LWRs 

Risks have been f r equen t ly  ca t egor i zed  according t o  s e v e r a l  dicho- 

tomous f a c t o r s  such a s  whether t h e  exposure t o  t h e  r i s k  i s  voluntary ,  

new, common, c a t a s t r o p h i c ,  dreaded, l e t h a l  o r  man-originated, e t c .  

( S t a r r ,  1969; Lowrance, 1976; Rowe, 1977; Otway, 1977; Fischhoff e t  a l . ,  -- 

1979; L i t a i ,  1980). Nuclear power is  unique i n  t h a t  it is i n  a category 

by i t s e l f  on t h e s e  perceptua l  s c a l e s .  I t  i s  perceived a s  new, uncommon, 

dreaded, most l i k e l y  l e t h a l ,  i nvo lun ta ry  and potentially,catastrophic. 

These f a c t o r s  have been used t o  exp la in  t h e  p u b l i c ' s  s p e c i a l  concern 



over  nuc lea r  power..  They a l s o  h inde r  t h e  de te rmina t ion  o f  accep tab le  

r i s k  by simple comparison wi th  o t h e r  technologies .  

Current oppos i t ion  t o  nuc lea r  energy might be  reduced by r e q u i r i n g  

lower r i s k  acceptance l i m i t s  f o r  r e a c t o r s  than  f o r  o t h e r  technologies .  

However, according t o  Otway (1978), t h e  reasons  f o r  oppos i t ion  t o  nuc lea r  

power a r e  r e l a t e d  t o  s o c i a l  and psychological  f a c t o r s  which probably would 

no t  be a f f e c t e d  by changes i n  r e a c t o r  technology t h a t  reduce r i s k .  

Bodansky and Schmidt (1979) develop t h i s  po in t  by d i scuss ing  t h e  oppos i t ion  

t o  n u c l e a r  power i n  t h r e e  p a r t s  : (1) concerns about nuc lea r  r a d i a t i o n ;  

(2 )  concerns about nuc lea r  weapons p r o l i f e r a t i o n ;  and (3)  concerns about 

t h e  genera l  n a t u r e  of s o c i e t y  and i t s  f u t u r e  development. They suggest  

t h a t  t h e  l a s t .  s e t  o f  concerns r e l a t i n g  t o  b i g  government, c e n t r a l i z e d  and 

impersonal technology, and a  t echno log ica l  e l i t e ,  g ives  r i s e  t o  t h e  l a r g e s t  

oppos i t i on  t o  nuc lea r  power, which is a symbol f o r  t h e s e  concerns.  

S t r i c t e r  s a f e t y  c r i t e r i a  may no t  calm t h e s e  concerns.  In  f a c t ,  

ove r ly  s t r i c t  c r i t e r i a  may g ive  t h e  impression t h a t  t h e  s t r i c t n e s s  is 

needed t o  compensate f o r  some unknown f a c t o r  t h a t  may have been overlooked 

(Otway, 1978). I f  it cannot be demonstrated t h a t  t h e  s t r i c t  c r i t e r i a  

have been met, t h e  acceptance problem may be  aggravated i f  a t  some l a t e r  

d a t e  t h e  c r i t e r i a  a r e  r e l axed .  Never the less ,  it can be argued t h a t  s o c i e t y  

wishes nuc lea r  p l a n t s  t o  be s a f e r  than  a l t e r n a t i v e  energy sources.  I t  can 

a l s o  be argued t h a t  much o f  t h e  concern about LWR s a f e t y  a r i s e s  from a 

cons iderable  u n c e r t a i n t y  a s  t o  whether - t h e  s t r i n g e n t  c r i t e r i a  intended 

t o  l i m i t  t he . f r equency  of a  s e r i o u s  acc ident  have a c t u a l l y  been met. 

P r o l i f e r a t i o n  o f  nuc lea r  weapons i s  a  concern not  so  much f o r  t h e  

n u c l e a r  power p l a n t  i t s e l f  a s  f o r  t h e  e n t i r e  f u e l  cyc l e .  A s  such, t h e  

concerns over  p r o l i f e r a t i o n  a s  wel l  a s  t hose  over  t h e  n a t u r e  of  s o c i e t y  



may s t rong ly  influence t h e  choice of technology t o  generate t h e  

des i red  e l e c t r i c i t y  but  a r e  not  such important f a c t o r s  i n  determining t h e  

acceptable r i s k  due t o  t h e  power p lan t  i t s e l f .  

The poss ib ly  ca tas t roph ic  na ture  of t h e  e f f e c t s  of a  l a rge  rad ia t ion  

r e l e a s e  coupled with a low frequency o f  occurrence make t h e  acceptable 

r i s k  question much more complicated than jus.t s e t t i n g  l i m i t s  on t h e  expected 

average consequences p e r  year .  While l a rge ,  f a i r l y  constant  yea r ly  losses  

may usual ly  be planned f o r  and accommodated by s o c i e t a l  adjustments, a  

la rge  ca tas t rophe requ i res  considerat ion of t h e  r e s i l i e n c e  of soc ie ty ,  t h a t  

is, i t s  a b i l i t y  t o  recover. 
1 

S i t i n g  pol icy  can be espec ia l ly  e f f e c t i v e  i n  helping t o  reduce the  
I 

'2 . 
probab i l i ty  and the  magnitude of  e a r l y  f a t a l i t i e s  from an accident .  The 

number of l a t e n t  hea l th  e f f e c t s  from a se r ious  acc ident ,  however, depends 

upon t h e  in teg ra ted  man-rem dose, which would be hard t o  reduce markedly 

by s i t i n g  p r a c t i c e  alone i n  t h e  eas te rn  United S t a t e s ,  although it can 

be c l e a r l y  af fec ted  (e.g.  consider t h e  Zion versus the  Browns Ferry s i t e s ) .  The 

incremental r i s k  of  cancer above background from an exposure of 1 rem t o  

an individual  is not  l a r g e  s t a t i s t i c a l l y ,  but  t h e r e  may be s u b s t a n t i a l  

trauma t h a t  is  r e a l  and f a r  exceeds t h e  s t a t i s t i c a l  r i s k  i n  i t s  impact and 

importance. In  f a c t ,  i t  may b e  t h a t  s a f e t y  c r i t e r i a  should deal  with acc idents  ' 

of t h e  na tu re ,  and magnitude o f  t h a t  a t  Three Mile Is land,  which d id  not  

have large ,  o f f s i t e ,  r ad io log ica l  consequences. 

More study appears t o  be needed concerning t h e  p o t e n t i a l  cos t s  and 

e f f e c t s  of contaminating important resources such as  a  l a rge  aqu i fe r ,  a 

l a rge  a rea  of f e r t i l e  farm land,  o r  l a rge  r e s i d e n t i a l  a reas .  



I As mentioned above, t h e  quest ion o f  acceptab le  r i s k  must be r a i s e d  

i n  t h e  context  o f  s eve ra l  i n t e r a c t i n g  dec is ion  l e v e l  and impact cons ider -  

I a t i o n s .  The nuc lea r  power opt ion  i s  no t  a lone  i n  i t s  p o t e n t i a l  f o r  very 

l a r g e  adverse consequences. Large s c a l e  use of  f o s s i l  f u e l s  appears  t o  lead  t o  an 

i nc reas ing  CO content  i n  t h e  atmosphere, which may cause devas t a t ing  
2 

c l i m a t i c  changes i f  it cont inues .  Of course,  t h e  more immediate e f f e c t s  

o f  t h e  f o s s i l  f u e l  combustion a r e  p o t e n t i a l l y  major a i r  p o l l u t i o n  e f f e c t s  

on h e a l t h  and t h e  inc rease  i n  t h e  a c i d i t y  of r a i n  downwind. The l a t t e r  

e f f e c t  has  become a  major environmental problem by degrading whole eco- 

systems. Unfortunately,  t h e  economic and h e a l t h  impacts of  t h i s  damage 

a r e  not  e a s i l y  a s se s sed ,  though t h e  impacts may be s i g n i f i c a n t .  On t h e  

otherhand,should excessivedependence o f  t h e  United S t a t e s  (and o t h e r  

- i n d u s t r i a l  powers) upon fore ign  o i l  supp l i e s  s i g n i f i c a n t l y  i nc rease  t h e  

, chances  o f  war, t h i s  may dwarf a l l  o t h e r  r i s k s .  

S o c i e t a l  w i l l i ngness  t o  accept  t h e  r i s k s  of  p o t e n t i a l l y  l a r g e  

impacts of  t h e  n u c l e a r  op t ion  must depend upon t h e  p o t e n t i a l l y  l a rge  

impacts o f  t h e  a l t e r n a t i v e s .  The only  c e r t a i n t y  i n  t h e  cons idera t ion  
I 

of c r i t e r i a  f o r  acceptab le  r i s k  i s  t h a t  t h e r e  w i l l  be  c o n f l i c t s  whenever 

s o c i e t a l  dec i s ions  impose r i s k s  on a  p a r t i c u l a r  group. Analysis  w i l l  

h e l p  c l a r i f y  t h e  i s s u e s ,  bu t  i t  w i l l  no t  remove a l l  o f  t h e  u n c e r t a i n t i e s  

o r  b r i n g  about consensus. Quan t i t a t i ve  dec i s ion  r u l e s  i n  a  c l e a r  framework 

may provide a  p r a c t i c a l  compromise between a n a l y t i c a l  and judgemental 

approaches t o  accep tab le  r i s k  ( S t a r r  and Whipple, 1980).  In o rde r  t o  

f u l f i l l  t h i s  func t ion ,  t h e  l o g i c  behind t h e  r u l e s  and framework must be 

e a s i l y  understood both by t e c h n i c a l  people and by t h e  genera l  p u b l i c  and 

t h e r e  must be some l o g i c a l  s t r a igh t fo rward  way t o  demonstrate t h a t  t h e  



c r i t e r i a  have been met (Rasmussen, 1978/79). Development o f  t h e  frame- 

work and t h e  numerical values used i n  t h e  r u l e s  w i l l  r e q u i r e  much work 

and input  from many p a r t s  of  soc ie ty .  



3. SOME PREVIOUSLY PRESENTED PROPOSALS o 

The o v e r a l l  philosophy and i n t e n t  o f  t h e  p a r t i c u l a r  p o l i c i e s  

toward r i s k  determine t h e  form and scope of  t h e  va r ious  r i s k  acceptance 

c r i t e r i a  reviewed below a s  well  a s  t h e  proposed numerical parameters .  The 

c r i t e r i a  may dea l  with e f f e c t s  such a s  dea ths  o r  proper ty  damage, with 

exposures t o  harmful agents  such as r a d i a t i o n  o r  p o l l u t a n t s ,  o r  with t h e  

frequency of  c e r t a i n  t ypes  o f  acc iden t s .  C r i t e r i a  t h a t  address  e f f e c t s  

might be more e a s i l y  r e l a t e d  t o  a  genera l ized  p o l i c y  toward technologica l  

r i s k s ,  y e t  be more d i f f i c u l t  t o  apply than  c r i t e r i a  t h a t  d e a l  with 

I t echnology-spec i f ic  i s s u e s .  

The r i s k  c r i t e r i a  desc r ibed  below can be roughly ca tegor ized  i n t o  

t h r e e  groups: t hose  t h a t  s e t  l i m i t s  on ind iv idua l  r i s k  o f  dea th  only;  

t hose  t h a t  cons ider  frequency of  acc iden t s  and magnitude o f  t h e  consequences; 

l and those  t h a t  imbed t h e  c r i t e r i a  i n  r i s k  management frameworks t h a t ,  a t  

i l e a s t  i n  pa r t ,  cons ider  r i s k s  from a l t e r n a t i v e s  o r  o t h e r  s o c i e t a l  endeavors. 
! 

Some, b u t  not  a l l ,  of  t h e  c r i t e r i a  apply s p e c i f i c a l l y  t o  nuc lea r  r e a c t o r s .  

3 .1  Indiv idua l  Risk C r i t e r i a  

One of  t h e  e a r l y  proposa ls  f o r  q u a n t i t a t i v e  r i s k  c r i t e r i a  

f o r  n u c l e a r  r e a c t o r s  was made by Adams and Stone (1967) o f  t h e  Cent ra l  

E l e c t r i c i t y  Generating Board o f  Great B r i t a i n  a t  an IAEA Symposium on 

S i t i n g  and Containment. They proposed t h a t  t h e  parameter determining 

accep tab le  s i t i n g  be taken a s  i nd iv idua l  r i s k .  Although t h e  numerical ' 

l i m i t  would be a  ma t t e r  f o r  governmental dec i s ion ,  they  suggested t h a t  

an incremental  i nc rease  i n  an i n d i v i d u a l ' s  chance o f  dea th  p e r  yea r  

t h a t  i s  sma l l e r  than  t h e  demographic v a r i a t i o n  i n  t h e  United Kingdom of  

t h a t  chance o f  dea th  p e r  year  would be inapprec iab le  and acceptab le  on 



those grounds. Differences s i g n i f i c a n t l y  g r e a t e r  than lo-' pe r  year  

occur between England, Wales, Scotland and I re land,  and they proposed 

t h a t  an incremented individual  r i s k  of  lo-' chance of death p e r  yea r  

would be acceptable.  For immediate deaths and 'a p lant  l i f e t i m e  of 30 

years  t h i s  would correspond t o  a  s t a t i s t i c a l  loss  of  l i f e  expectancy of 

about 6 days, while f o r  death delayed u n t i l  10 years  a f t e r  exposure t h e  

s t a t i s t i c a l  l o s s  is  about 3  days. Of course, t h e  l o s s  i s  much l a r g e r  f o r  

t h e  ac tua l  vict ims and zero f o r  a l l  t h e  o the r s .  

Adams and Stone ar r ived a t  a  s i t i n g  pol icy  based on t h e  above c r i t e r i o n  

which' r equ i res  t h e  following: an exclusion area ;  a  cont ro l led  a rea ,  where 

development t h a t  would prevent emergency ac t ion  would not be allowed; and 

then an area  of u n r e s t r i c t e d  population. They did no t ,  however, d iscuss  

how one should demonstrate t h a t  t h e  c r i t e r i o n  had been s a t i s f i e d .  In f a c t ,  

they argued t h a t  community o r  aggregate r i s k  c r i t e r i a  based on t h e  t o t a l  

p o t e n t i a l  number of c a s u a l t i e s  would not be useful  because t h e  uncer ta in ty  

i n  t h a t  nunber, due t o  t h e  magnitude and condit ions o f  r e l e a s e  i n  an acc i -  

dent ,  is  f a r  g r e a t e r  than the  d i f fe rences  t h a t  choice of  s i t e  could make. 

The pol icy  d id  not  consider property o r  o the r  resource damage. 

The apparently pos i t ive  c o r r e l a t i o n  between standard of  l i v i n g  

and hea l th  has been used by Bowen (1975) t o  develop a  general  r i s k  accep- , 

tance  c r i t e r i o n  fo r , t echno log ica l  a c t i v i t i e s  i n  t h e  United Kingdom. He 

suggests  t h a t  t h e  r i s k s  imposed upon s o c i e t y  should be neg l ig ib le  o r  

balanced by b e n e f i t s .  However, r i s k  l e v e l s  t h a t  can be s c i e n t i f i c a l l y  

supported, say a  lo-' chance of  death pe r  year ,  cannot be considered 

neg l ig ib le  i n  a l l  s i t u a t i o n s  and balancing by d i r e c t  individual  b e n e f i t s  

i s  not  poss ib le  i n  cases where t h e  v ic t im cannot be  r e a d i l y  i d e n t i f i e d  i n  



advance, f o r  example, t h e  one excess cancer f a t a l i t y  t h a t  might be 

expected from t h e  TMI accident .  Bowen argues t h a t  t h e  balance should 

be done macroscopically. 

He assumes t h a t  t h e  observed annual increase  i n  l i f e  expectancy 

i n  t h e  U . K .  i s  due t o  o v e r a l l  s o c i e t a l  e f f o r t s ,  i . e . ,  i t s  investment 

i n  "the i n d u s t r i a l  machinett of  which any technological  f a c i l i t y  forms a 

p a r t .  An add i t iona l  yea r ly  r i s k  of  death of  10" from a new f a c i l i t y  

roughly balances t h e  expected increase  o f  an ind iv idua l ' s  l i f e  expec- 

tancy during one year. Bowen a s s e r t s  t h a t  i f . n o  investment i s  made i n  

t h e  i n d u s t r i a l  machine, t h e  annual increase  i n  l i f e  expectancy may s top  

- 5 
a l t o g e t h e r .  Hence, he chooses 10 pe r  year  a s  a reasonable l i m i t  on 

t h e  individual  r i s k  o f  death from a s i n g l e  f a c i l i t y  and assumes t h a t  

no individual  i s  exposed t o  more than a very few technological  f a c i l i t i e s . "  

I f  t h e  increase  i n  l i f e  expectancy p e r  year  is l a r g e r  than t h a t  i n  t h e  

U.K. ( i . e . ,  0.05 years/year) ,  a country might accept technological  

a c t i v i t i e s  involving a correspondingly l a r g e r  r i s k , ' a t  l e a s t  f o r  acc i -  

dents  which a r e  not  t r u l y  ca tas t roph ic .  

With regard t o  acc idents  having a p o t e n t i a l  f o r  a major d i s a s t e r ,  

Bowen argued aga ins t  r equ i r ing  a lower frequency l i m i t  f o r  which compli- 

ance would be d i f f i c u l t  t o  demonstrate o r  even achieve. He suggested 

ins tead  t h a t  t h e  lo-' l i m i t  should b e  demonstrated t o  a high confidence 

l e v e l  when t h e r e  i s  p o t e n t i a l  f o r  a l a rge  catastrophy.  He f e l t  t h a t  i f  a l a rge  

accident  were t o  occur, it would not be easy to . .d i s t ingu i sh  between j u s t  being 

*In a personal communication, he  has  s ince  indica ted  t h a t  a l a r g e r  l eve l  
o f  r i s k ,  more l i k e  10-4 p e r  p lan t  p e r  year ,  may be more p r a c t i c a l  f o r  t h e  
individual  l i v i n g  near  a l a rge  chemical f a c i l i t y  (Okrent, 1977). 



"unlucky" o r  having accepted a r i s k  ana lys i s  t h a t  g r e a t l y  underestimated 

t h e  r i s k .  Being "unlucky" could be prevented by achieving a lower 

p robab i l i ty  f o r  l a rge  acc idents  but a t  t h e  expense of  investments i n t o  t h e  

i n d u s t r i a l  machine. Bowen argued t h a t ,  i f  t h e  aim is t o  have a small chance 

( i . e .  1%) of having a l a rge  ca tas t rophe i n  one 's  l i f e t i m e ,  a l i m i t  of lo-' 

events/year  demonstrated t o  high confidence, say  99% o r  so ,  would be 

adequate; it would not he lp  t o  r e s t a t e  t h e  aim a s  events/year ,  and 

besides,  it may d i v e r t  resources,  a t t e n t i o n  and e f f o r t .  

Bowen did not d i s t ingu i sh  between deaths occurring immediately 

a f t e r  an accident  and those t h a t  a r e  delayed f o r  a few years ,  nor did he 

consider  r i s k s  o t h e r  than individual  f a t a l i t i e s .  

, 3 . 2  Frequency-Consequence Approaches 

The previous c r i t e r i a  d e a l t  s p e c i f i c a l l y  with individual  f a t a l i t y  

r i s k s  without d i r e c t l y  including limits on o the r  types of  r i s k  o r  addressing 

t h e  e f f e c t s  of a la rge  s c a l e  acc ident .  In t h e  four  following proposals,  

spec ia l  a t t e n t i o n  i s  given t o  t h e  magnitude of an accident .  A b a s i c  common 

assumption i s  t h a t  t h e  l imi t ing  frequency on a p a r t i c u l a r  accident  should 

depend i n  some way upon i t s  magnitude. Three of t h e  s e t s  of  r i s k  c r i t e r i a  

deal  with nuclear  power p lan t  r i s k s .  The f i r s t  proposal suggests  a l i m i t  

on t h e  frequeaey of  acc identa l  r e l e a s e  of r ad ioac t ive  material ;  t h e  second, on 

frequency of individual  exposure, and t h e  t h i r d  i s  concerned with l i m i t s  on 

t h e  f a t a l i t i e s  due t o  acc identa l  exposure. The f i n a l  proposal i n  t h i s  

sec t ion  r e l a t e s  t h e  required s t r u c t u r a l  i n t e g r i t y  of a bui ld ing t o  t h e  

intended use of t h e  bui ld ing and t h e  number of expected i n j u r i e s , '  should it 

f a i l .  



A t  an IAEA Symposium on S i t i n g  and Containment, F.R. Farmer 

(1967) o f  Great B r i t a i n ,  p resented  a much-to-be quoted paper ,  "S i t i ng  

C r i t e r i a  - A New Approach." In it he proposed t h a t  p r o b a b i l i s t i c  a n a l y s i s  

be employed i n  r e a c t o r  s a f e t y  assessment and suggested t h a t  t h e  s a f e t y  

c r i t e r i o n  of l e s s  t han  0.01 premature dea ths  p e r  r e a c t o r  year  be adopted. 

In  add i t i on ,  he proposed t h a t  a r i s k  acceptance l i m i t  l i n e  be used t o  

judge t h e  a c c e p t a b i l i t y  o f  t h e  es t imated  occurrence frequency f o r  any 

p a r t i c u l a r  acc iden t .  The s e v e r i t y  o f  t h e  acc iden t  was measured by t h e  

r e l e a s e  i n  c u r i e s  of  iodine-131, one o f  t h e  v o l a t i l e  f i s s i o n  products  o f  

g r e a t e s t .  importa.nce i n  thermal r e a c t o r  acc iden t s .  

The Farmer l i m i t  l i n e  i s  reproduced i n  Fig. 1. The acceptab le  

frequency of occurrence o f  an acc iden t  f e  11 o f f  a s  t h e  consequences 

increased  with a r a t e  such t h a t  t h e  expected con t r ibu t ion  t o  r i s k  

(frequency t imes consequeices) was l e s s  f o r  very  l a r g e  acc iden t s  than  f o r  

sma l l e r  ones ( a  nega t ive  s lope  o f  -1.5 on a log- log  p l o t ) .  Farmer 

suggested t h a t  on ly  a r e l a t i v e l y  few even t s  would be nea r  t h e  l i n e  f o r  any 

r e a c t o r ,  and t h a t  t h e s e  would l ead  t o  t h e  p r i n c i p a l  con t r ibu t ion  t o  p re -  

mature dea ths .  La ter  B r i t i s h  papers  ( B e a t t i e  e t  a l . ,  1969; Farmer and B e a t t i e ,  

1976) developed a mathematical i n t e r p r e t a t i o n  of t h e  l i n e  and gave it a 

s l o p e  o f  un i ty .  Risk assessments  were made by assuming t h a t  acc iden t s  
j 

could  be grouped t o  occupy each decade, both i n  frequency and magnitude of 

r e l e a s e ,  out  t o  some l i m i t i n g  r e l e a s e .  

The Farmer l i m i t  l i n e  does no t  d e a l  s p e c i f i c a l l y  with e f f e c t s  

dependent upon popula t ion  d e n s i t y  and o t h e r  condi t ions  around t h e  s i t e .  

Therefore,  t h e  a c t u a l  limits on e f f e c t s ,  such as r i s k  t o  t h e ' i n d i v i d u a l ,  

p rope r ty  damage, o r  number of expected f a t a l i t i e s ,  must be es t imated  from 

. s i t e  s p e c i f i c  ana lyses .  



Curies 1-131 

Fig .  1 .  Farmer re1 ease frequency 1 irni t 1 i n e  (Farmer, 1967) 



In  l a t e  1978, a  proposal  f o r  p r o b a b i l i s t i c  s a f e t y  requirements 

f o r  use i n  l i cenc ing  CANDU nuc lea r  power p l a n t s  was submit ted by t h e  

In te r -Organiza t iona l  Working Group t o  t h e  Atomic Energy Control Board o f  

Canada f o r  general  pub l i c  comment (AECB, 1978). The requirements  a r e  i n  

t h e  form of q u a n t i t a t i v e  frequency dose l i m i t s  and were intended t o  be 

conserva t ive  i n  ensu r ing  t h a t  t h e  l i k e l i h o o d  o f  a  l e t h a l  dose (200-400 

-6 whole body rem) t o  any nearby r e s i d e n t  would be l e s s  than  10 p e r  r e a c t o r  

yea r .  Table 1 g ives  t h e  proposed r e fe rence  va lues  f o r  r a d i a t i o n  exposure. 

The process  f a i l u r e s  inc lude  any problems with t h e  r e a c t o r  co re ,  

hea t  removal systems, c o n t r o l  rods,  o r  ins t rumenta t ion  needed f o r  r egu la t ion  

and c o n t r o l  i n  normal ope ra t ions .  Spec ia l  Sa fe ty  Systems inc lude  "p ro t ec t ive  

d e v i c e s Y t t  such a s  t h e  automatic  shutdown system and emergency core  cool ing  

system, and "containment p rov i s ions .  

Ser ious  process  f a i l u r e s  would be  requi red  t o  occur  l e s s  than  

p e r  yea r ,  and t h e  u n a v a i l a b i l i t y  of t h e  Spec ia l  Sa fe ty  Systems should be 

l e s s  t han  Est imates  o f  t h e  process  f a i l u r e  r a t e  might t u r n  out  t o  

be l e s s  than t h e  l i m i t ,  bu t  t h e  c r e d i t  t o  be used i n  c a l c u l a t i n g  r e l e a s e  

frequency was t o  be no l e s s  than  p e r  yea r .  S i m i l a r l y ,  t h e  lowest 

u n a v a i l a b i l i t y  of  t h e  Spec ia l  S a f e t y  Systems t h a t  could be used i n  t h e  

- 3 exposure frequency c a l c u l a t i o n  was 10 . These r e s t r i c t i o n s  were intended 

t o  compensate f o r  t h e  u n c e r t a i n t i e s  involved i n  t h e  r i s k  assessments and 

t o  f o r c e  cons idera t ion  o f  both prevent ion and mi t iga t ion  of acc iden t s .  

In  applying t h e  proposed c r i t e r i a ,  t h e  app l i can t  f o r  a  nuc lea r  power 

p l a n t  cons t ruc t ion  permit  would be i n s t r u c t e d  t o :  1)  l i s t  a l l  events  f o r  



TABLE l . A  - PROPOSED REFERENCE VALUES (AECB, 1978) 

Ser ious  Process F a i l u r e s  

Note: The a c t u a l  dose t o  t h e  ind iv idua l  i n  t a b l e  1 A  w i l l  be  l e s s  than  
re ference  va lue  which does not  give c r e d i t  f o r  t h e  Spec ia l  Sa fe ty  Systems. 

.Reference Dose I n t e r v a l  

( In  absense of  Spec ia l  Sa fe ty  
Systems) 

Rem , 

Whole Body Thyroid 

' 0-0.05 0-0.5 

-. 0:05-0.5 0.5-5 

0.5-5 5-50 

TABLE l . B  - PROPOSED REFERENCE VALUES 

Process and Spec ia l  S a f e t y  System Fa i lu re s  . 

Reference Value f o r  t h e  Sum o f  t h e  
Predice ted  Rates of  Occurrence o f  
Fa i lu re s  wi th in  t h e  corresponding 
Reference Dose i n t e r v a l  

(Per  Reactor U n i t  Per  Annum) 

10-I 

10 -2 

10 - 

. Reference Dose I n t e r v a l  
Rem 

Whole Body Thyroid 

5-10 50-100 

10 - 30 100-300 

30-100 300-1000 

Reference Value f o r  t h e  Sum o f  t h e  
Predic ted  Rates of  Occurrence o f  
Fa i lu re s  wi th in  t h e  corresponding 
Reference Dose I n t e r v a l  

(Per  Reactor U n i t  Per  Annum) 

10 -5 

lo-6 



which r a t e s  of occurrence and consequences a r e  t o  be p red ic t ed .  2) analyse 

each event  and p r e d i c t  i t s  r a t e  of  occurrence and i t s  consequences; and 

3) sum t h e  r a t e s  of  occurrence o f  a l l  events  whose consequences f a l l  wi th in  

each of  t h e  r e f e rence  dose i n t e r v a l s .  No sum would be allowed t o  exceed 

i t s  corresponding r e fe rence  va lue .  

There was d i f f i c u l t y  i n  f i t t i n g  events  such a s  ,earthquakes and 

sabotage i n t o  t h e  framework and r a t i o n a l e  used f o r  dea l ing  with equipment 

f a i l u r e s  caused by component weakness o r  system maloperat ion.  The r e p o r t  

d i d  not  make c l e a r  how completeness o f  t h e  r i s k  a n a l y s i s  was t o  be en.sured 

no r  d i d  it e l a b o r a t e  on how t o  t r e a t  human e r r o r  o r  o t h e r  i n t e r n a l  s i t u a t i o n s  

t h a t  might compromise t h e  independence o f  t h e  process  equipment and S2ec ia l  

Sa fe ty  Systems, caus ing  them t o  f a i l  s im~i l t aneous ly .  

The magnitude o f  a p a r t i c u l a r  acc ident  i s  measured i n  t h i s  proposal  

by expected dose t o  an ind iv idua l .  The concern i s  t o  ensure  t h a t  l e t h a l  

doses t o  t h e  ind iv idua l  a r i s e  a t  a r a t e  l e s s  than  p e r  r e a c t o r  yea r .  

A s  such,  t h e  c r i t e r i a  do not  address  t h e  t o t a l  number of immediate f a t a l i t i e s  

t h a t  might be caused by t h e  acc iden t .  The r e p o r t  does not  d i scuss  l a t e n t  

e f f e c t s  such a s  cancer ,  bu t  i nd iv idua l  l a t e n t  r i s k  l i m i t s  a r e  implied by t h e  

frequency dose c r i t e r i a .  

G.H. Kinchin o f  t h e  S a f e t y  and R e l i a b i l i t y  D i rec to ra t e  of  t h e  

UKAEA has  proposed a q u a n t i t a t i v e  s e t  of p u b l i c  h e a l t h  and s a f e t y  c r i t e r i a  

f o r  nuc lea r  r e a c t o r s  (1978;1979). Because o f  t h e  d i f f i c u l t y  i n  ba lanc ing  

economic advantages aga ins t  h e a l t h  r i s k s ,  he  suggested t h a t  t h e  c r i t e r i a  

should be conserva t ive .  Unlike t h e  previous two s e t s  of  c r i t e r i a ,  Kinchin 

proposes l i m i t s  on t h e  expected e f f e c t s  r a t h e r  than on t h e  magnitude of 



r e l e a s e  o r  expected dose. The c r i t e r i a  pu t  l i m i t s  on ind iv idua l  and 

aggregate  s o c i e t a l  r i s k s  of  both immediate and delayed dea th  due t o  r e a c t o r  

acc iden t s .  

The conserva t ive  o b j e c t i v e  was t o  make t h e  r i s k  of  immediate death 

t o  an ind iv idua l  member o f  t h e  p u b l i c  small  compared with o t h e r  involuntary  

r i s k s ,  and a va lue  of  p e r  r e a c t o r  yea r  was suggest,ed. Kinchin s t a t e d  

t h a t  poss ib ly  a h ighe r  va lue  would be acceptab le .  

Kinchin suggested t h a t  i n  t h e  at tempt  

" to  a r r i v e  a t  a c r i t e r i o n  f o r  t h e  r i s k  of  delayed 
dea th ,  t h e  fol lowing thoughts  might be kept  i n  mind: 

(a)  death a t  some r e l a t i v e l y  d i s t a n t  d a t e  i n  t h e  
f u t u r e  i s  p r e f e r a b l e  t o  immediate death;  

(b) t h e  e f f e c t  o f  rad ia t ion- induced  cancers  on t h e  l i f e  
expectancy o f  a young person i s  g r e a t e r  than  on t h a t  o f  an 
o l d e r  person;  

(c) an annual dea th  r a t e  of  1 0 - ~ / ~ e a r ,  a s  proposed above, 
would be caused by an acc ident  g iv ing  a t o t a l  p r o b a b i l i t y  of  
delayed dea ths  o f  3 x 

(d) it seems t h a t  r a d i a t i o n  exposure j u s t  i n s u f f i c i e n t  t o  
cause immediate dea th  may not  g ive  r i s e  t o  f a t a l  malignancy; 

(e)  f o r  t h e  s p e c i f i c  malignancies induced by i r r a d i a t i o n ,  
comparison should be made wi th  some of t h e  f i g u r e s  f o r  cance r . . .  
r a t h e r  than  wi th  t h e  lower p r o b a b i l i t i e s  o f  e a r l y  death due t o ,  
say ,  e l e c t r o c u t i o n  o r  drowning." (Kinchin, 1978) 

Taking t h e s e  p o i n t s  i n t o  account,  he proposed t h a t  t h e  l i m i t  on t h e  

annual acc iden ta l  p r o b a b i l i t y  o f  inducing delayed dea th  t o  t h e  ind iv idua l  

should be 3 x 1 0 - ' / ~ e a ~ .  Although no t ing  t h a t  t h i s  was a f a c t o r  o f  3 

h ighe r  than  t h e  upper end of  t h e  range suggested by ICRP, he  f e l t  it d i f f i c u l t  . 

t o  j u s t i f y  a r e l a t i v e  acceptab le  l i m i t  f a c t o r  of l e s s  than  30 between death 

i n  10 years  t ime and death today (Kinchin, 1979). 

Limits on aggregate  s o c i e t a l  r i s k  o f  immediate and delayed dea ths  

a r e  s p e c i f i e d  by a p a i r  o f  frequency versus consequence curves ,  



The r a t i o n a l e  f o r  t h e  e a r l y  dea th  l i m i t  curve was: "It would no t  seem 

unreasonable t o  propose a c r i t e r i o n  t h a t  t h e  t o t a l  r i s k  from nuc lea r  

r e a c t o r s  should be roughly comparable wi th  t h a t  from meteor i tes . "  

Each o f  an assumed popula t ion  o f  100 r e a c t o r s  i n  t h e  U . K .  was ass igned  

'1/100 o f  t he  t o t a l  r i s k .  The s o c i e t a l  delayed dea th  curve was formed 

us ing  t h e  same f a c t o r  o f  30 used t o  s e t  t h e  l i m i t  on ind iv idua l  

delayed dea th  r i s k .  The l i m i t  curves a r e  shown i n  F igure  2 redrawn 

from Kinchin's 1979 proposa l .  

S p e c i f i c a t i o n  o f  l i m i t s  on e f f e c t s  a l lows comparisons wi th  o t h e r  

r i s k s  and f l e x i b i l i t y  i n  design and s i t i n g  t o  achieve  t h e  s a f e t y  

goa ls .  Kinchin emphasized t h a t  t h e  design goa ls  have t o  be  supple-  

mented by good engineer ing  p r a c t i c e  and q u a l i t y  assurance programs t o  

ensure  t h a t  t h e  s a f e t y  goa ls  a r e  met. For any p a r t i c u l a r  case ,  i nd iv idua l  

r i s k  of  e a r l y  and delayed dea th  a t  t h e  s i t e  boundary and t h e  co r r e s -  

ponding s o c i e t a l  r i s k s  o f  e a r l y  and delayed dea ths  would be examined. 

The most l i m i t i n g  c r i t e r i a  would then  be appl ied.  

d, The Cons t ruc t ion  Indus t ry  Research and Information A s s o c i a t i o ~ ~  

(CIRIA) o f  t h e  U.K.  has  attempted t o  r a t i o n a l i z e  t h e  s a f e t y  and se rv i ce -  

a b i l i t y  f a c t o r s  f o r  s t r u c t u r e s  such a s  bu i ld ings  and br idges  by 

r e l a t i n g  them t o  s o c i a l  and economic c r i t e r i a  (CIRIA, 1977).  
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Fatalities, D 

F i g .  2. C r i t e r i a  proposed by Kinch in  (1979) 



These c r i t e r i a  were expected t o  vary with t h e  s i z e  and intended use of 

t h e  s t r u c t u r e  and with t h e  p r e v a i l i n g  s o c i a l  and economic c l imate  i n  t h e  

country i n  which it would be b u i l t .  They found it convenient t o  consider  

human l i f e  and economic consequences of f a i l u r e  s e p a r a t e l y ,  bu t  acceptab le  

r i s k  l e v e l s  i n  heav i ly  populated bu i ld ings  may be found by a  combined 

socio-economic c r i t e r i o n .  

H i s t o r i c a l l y ,  t h e  annual r i s k  of  death t o  any person i n  t h e  U . K .  due 

t o  c o l l a p s e  of a  s t r u c t u r e  i s  on t h e  order  of  1 .4  x lo-' p e r  year .  This  was 

taken  t o  i n d i c a t e  t h a t  t h e  p u b l i c  expec ts  t h e s e  r i s k s  t o  be small  compared 

t o  o t h e r  r i s k s  t o  which they  a r e  exposed. The degree o f  s a f e t y  r equ i r ed  

a l s o  was intended t o  r e f l e c t  t h e  p u b l i c  avers ion  t o  t h e  f a i l u r e  of each c l a s s  

o f  s t r u c t u r e .  

By re ference  t o  s t a t i s t i c s  on each c l a s s  o f  struc!ure, t h e  y e a r l y  

accep tab le  r i s k  o f  f a i l u r e ,  R f ,  was deduced t o  have t h e  form 

where N i s  t h e  average number of  people expected t o  be  withn o r  nea r  t h e  
r 

s t r u c t u r e  i f  it were t o  c o l l a p s e  and Ks i s  t h e  s o c i a l  c r i t e r i o n  f a c t o r ,  

given i n  Table 2 f o r  va r ious  types  of  s t r u c t u r e s .  The f a i l u r e  r i s k  l i m i t  i n  

each c l a s s  i s  i n v e r s e l y  p ropor t iona l  t o  t h e  number o f  people a f f e c t e d  by t h e  

f a i l u r e .  However, t h e  s o c i a l  c r i t e r i o n  f a c t o r  i s  a l s o  seen t o  be sma l l e r  

f o r  s t r u c t u r e s  t h a t  gene ra l ly  involve more people o r  s e r v e  important pub l i c  

func t ions ,  so  t h a t  t h e r e  would be a  very  s t r o n g  avers ion  t o  f a i l u r e s  t h a t  

could i n j u r e  a l a r g e  number of  people i f  t h e  c r i t e r i o n ' w e r e  t o  be used. 



Table 2  Soc ia l  C r i t e r i o n  f a c t o r s ,  Ks (CIRIA, 1977) 

Nature of  S t r u c t u r e  

Places o f  assembly, dams 0.005 
Domestic, o f f i c e  o r  t r a d e  and indus t ry  0.05 
~ r i d ~ e s  0.5 
Towers, masts, o f f sho re  s t r u c t u r e s  5 .0  

The economic c r i t e r i o n  was formed by minimizing a  t o t a l  cos t  func t ion  

Et , given by 

where E i s  t h e  i n i t i a l  c o s t ,  E i s  t h e  consequent ia l  cos t  o f  f a i l u r e ,  and 
i f  

nd i s  t h e  design l i f e  i n  yea r s .  

CIRIA noted t h a t ,  h i s t o r i c a l l y ,  s o c i e t y  has  responded i n  a  very  r i s k  . . 

ave r se  manner t o  l a r g e  consequence f a i l u r e s  and t h i s  has  l ead  t o  a  d i sp ro -  

p o r t i o n a t e  expendi tures  t o  reduce those  r i s k s .  Although t h i s  avers ion  cannot 

be t o t a l l y  e l imina ted ,  t hey  suggested t h a t  it could be r a t i o n a l i z e d  somewhat 

by s e t t i n g  a  l i m i t  on the  expendi ture ,  M,  t o  prevent  a  f a i l u r e :  
vN- 

where v is  a  cons tan t  and N and Ks a r e  def ined  a s  above. I f  v i s  s e t  a t  
r 

6 k25000,  t h i s  would imply an expendi ture  of  about $10 per  l i f e  saved f o r  low 

r i s k  s t r u c t u r e s  f o r  which Ks = 0.05. 



3 . 3  Risk Management Approaches 

Two commom premises o f  t h e  fol lowing r i s k  management approaches 

a r e :  t h a t  s o c i e t y  has  a l imi t ed  amount of resources  t o  a l l o c a t e  f o r  t h e  

r educ t ion  o f  t h e  r i s k s  t h a t  accompany t h e  b e n e f i t s  of i t s  endeavors and t h a t  

t h e s e  resources  should be a l l o c a t e d  wise ly .  They r e f l e c t  concern t h a t  i m -  

p roper  a c t i o n s  t o  reduce r i s k s  may not  minimize r i s k  and may even g ive  r i s e  

t o  an inc rease  i n  o v e r a l l  r i s k s .  The f i r s t  two approaches a r e  concerned 

with genera l  s o c i e t a l  r i s k  while  t h e  last two dea l  s p e c i f i c a l l y  with nuc lea r  

power p l a n t  r i s k s .  

A s  a s t a r t i n g  po in t  f o r  d i scuss ion  on t h e  sub jec t  of r i s k  

acceptance c r i t e r i a ,  Okrent and Whipple (1977) descr ibed  a simple q u a n t i t a t i v e  

approach t o  r i s k  management which incorpora ted  t h e  fol lowing p r i n c i p a l  

f e a t u r e s  : 

Risk assessment 

Each r isk-producing f a c i l i t y ,  technology, e t c . ,  would have t o  

undergo assessment both o f  r i s k  t o  t h e  ind iv idua l  and t o  s o c i e t y .  

The r i s k  assessment would be performed under t h e  auspices  o f  t h e  

manufacturer,  owners, e t c .  I t  would be independen.tly reviewed 

and eva lua ted .  The d e c i s i o n  on a c c e p t a b i l i t y  would be  made by a 

r e g u l a t o r y  group. For p r a c t i c a l  reasons ,  t h e r e  would be some 

r i s k  th re sho ld  below which no review was r equ i r ed .  

Graduated limits on ind iv idua l  r i s k  

S o c i e t a l  a c t i v i t i e s  would be d iv ided  i n t o  major f a c i l i t i e s  o r  

technologies ,  a l l  o r  p a r t  o f  which a r e  ca tegor ized  a s  e s s e n t i a l ,  

b e n e f i c i a l ,  o r  p e r i p h e r a l  t o  soc i e ty .  There would be a decreas ing  

l e v e l  o f  accep tab le  r i s k  t o  t h e  most exposed ind iv idua l  ( f o r  



- 4 example, 2 x 10 additional risk of death per year for the 

essential category, 2 x for the beneficial category, and 
I 

2 x for the peripheral category). 

Allowance for uncertainties 

The risk would be assessed at high level of confidence (say 90 

percent) which thereby reflected the uncerta'inties and provided 

an incentive to obtaining better data, since the expected value 

of risk must be smaller, the larger the uncertainty. 

Internalization of residual risk costs 

To provide incentive to reduce risk and balance some inequities 

between those who receive the benefits and those who are burdned 

by risk, the cost of the residual risk would have to be inter- 
, * .  ".. 

nalized, generally via a tax paid to the federal government, 
. ..: . - 

except for risks which are fully insurable and, like drowning, , 

are readily attributable. The government would, in turn, redis- 

tribute the risk tax as national health insurance and/or reduced 
. i.,. 
. .<.. 

taxes to the individual. ,. 

Modest risk aversion 

Risk aversion to large events would be built into the inter- 

nalization of the cost of risk, but with a relatively modest 

penalty. If some technology or installation posed a very large 

hazard at some very low probability, and many do, a case by 

case decision would be required, with considerable emphasis on 

the essentiality of the venture. 

Cost effective reduction of residual'risk 

A limit on the marginal cost of risk reduction could be imposed. 



A s a f e t y  improvement would be r equ i r ed  i F t h e  marginal cos t  was 

lower than  t h e  l i m i t ,  bu t  no t  r equ i r ed  i f  above. This  would be 

a  q u a n t i f i c a t i o n  o f  t h e  ALARA (as  low a s  reasonably achievable)  

c r i t e r i o n ,  a l though an incen t ive  t o  reduce r i s k  a s  wel l  a s  t h e  

u n c e r t a i n t y  i n  knowledge o f  r i s k  would a l r eady  have been provided 

by e s t a b l i s h i n g  a s u i t a b l e  l e v e l  f o r  t h e  r i s k  t a x .  

The au tho r s  r e a l i z e d  t h a t  t h e i r  approach may be  both too  complex 

and t o o  simple b u t  hoped it would s t i m u l a t e  d i scuss ion  of t h e  ques t ion ,  

"How s a f e  i s  s a f e  enough?" 

Also t o  promote d i scuss ion  on r i s k  management, t h e  l a t e  C . L .  

Comar wrote an e d i t o r i a l  f o r  Science (1979) e n t i t l e d :  "Risk: A Pragmatic 

De Minimis Approachff which i s  reproduced below: 

Soc ie ty  i s  becoming wel l  informed and anxiety-prone 
about technology-associated r i s k s ,  which l eads  t o  
d e s i r e  t h e i r  e l imina t ion .  The l o g i c a l  and t r a d i t i o n a l  
approach i s  f i r s t  t o  e s t ima te  t h e  r i s k ,  a  s c i e n t i f i c  
t a s k .  Then comes t h e  i s s u e  o f  r i s k  acceptance,  a  
most . d i f f i c u l t  step--moving from t h e  world o f  f a c t s  
t o  t h e  world o f  va lues .  I d e a l l y ,  judgements involv ing  
r i s k  acceptance should be made on s o c i e t y ' s  beha l f  
by a  c o n s t i t u t i o n a l l y  app ropr i a t e  body. But no such 
p u b l i c  decisionmaking process  e x i s t s .  We make do with 
d i s p a r a t e  e f f o r t s  o f  i nd iv idua l s ,  s p e c i a l - i n t e r e s t  
groups, s e l f - appo in t ed  p u b l i c  i n t e r e s t  groups, and 
l e g i s l a t i v e ,  j u d i c i a l ,  and r e g u l a t o r y  systems. However, 
i f  a t  l e a s t  very  l a r g e  and very  small  r i s k s  were d e a l t  
with on t h e  f a c t u a l  b a s i s  o f  e f f e c t s ,  t h e  i nd iv idua l  
and s o c i a l  value systems could be accommodated t o  some 
degree and much confusion avoided. 

I t  i s  human n a t u r e  t o  be  concerned p r imar i ly  with 
e f f e c t s  on ou r  own person and family and secondar i ly  
with e f f e c t s  on t h e  popula t ion  a t  l a r g e .  Unfortunately,  
a l though we can p r e d i c t  s t a t i s t i c a l  e f f e c t s  on popula t ions ,  
t h e r e  i s  no way t o  p r e d i c t  e f f e c t s  on ind iv idua l s .  This 
i s  why f o r t u n e - t e l l e r s  never  become a s  r i c h  a s  insurance 
companies. We need them t o  de f ine  a c t u a r i a l l y  t h e  
e x i s t i n g  s t a t e  of wel l-being and c a l c u l a t e  e f f e c t s  on i t .  

Each person has  ' a  p r o b a b i l i t y  of dying i n  any p a r t i c u l a r  
y e a r , . t h e  va lue  depending mainly on age. The e x i s t i n g  

. - -  



p r o b a b i l i t i e s  a r e  well known f o r  t h e  United S t a t e s .  For 
example, i n  1975, 1.89 mi l l ion  d ied  out  o f  a populat ion 
o f  213 mi l l ion ,  g iv ing an o v e r a l l  p r o b a b i l i t y  o f  1 i n  113. 
For some s p e c i f i c  age groups the  values were: 1 t o  4 years ,  
1 i n  1425; 5 t o  14 years ,  1 i n  2349; 25 t o  34 years ,  
1 t o  692; 55 t o  64 years ,  1 i n  67. We can now answer 
t h e  quest ion,  What does changing a r i s k  do t o  a person 's  
e x i s t i n g  p robab i l i ty  of dying?' For ins tance ,  i f  a young 
c h i l d  were exposed t o  an add i t iona l  r i s k  of 1 i n  100,000 
(0.014 i n  1425) i n  1975, h i s  o v e r a l l  r i s k  f o r  t h a t  yea r  
would be 1 i n  1425 p lus  0.014 i n  1425, o r  1.014 i n  1425. 
For t h e  purpose of  discussion some guidel ines ,  which 
may depend somewhat on age, can now be s t a t e d  i.n terms 
of numerical r i s k :  

1) Eliminate any r i s k  t h a t  c a r r i e s  no b e n e f i t  
o r  is  e a s i l y  avoided. 
2) Eliminate any l a r g e  r i s k  (about 1 i n  10,000 
pe r  year  o r  g rea te r )  t h a t  does not ca r ry  c l e a r l y  
overr id ing b e n e f i t s  . 
3) Ignore f o r  t h e  time being any small r i s k  (about 
1 i n  100,000 per  year  o r  l e s s )  t h a t  does not  f a l l  
i n t o  category 1. 
4) Actively study r i s k s  f a l l i n g  between these  l i m i t s ,  
with t h e  view t h a t  t h e  r i s k  of taking any proposed 
ac t ion  should be weighed agains t  t h e  r i s k  of not 
t ak ing  a c t  ion. 

Clearly,  these  suggested guidel ines  a r e  a gross over- 
s impl i f i ca t ion .  The unfortunate,  overtaken by a one-in- 
a-mil l ion ca tas t rophe,  have a 100 percent chance of harm. 
The hard f a c t  i s  t h a t  at tempts t o  e l iminate  r i s k s  f o r  t h e  
unfortunate few tend t o  markedly increase  them f o r  t h e  
r e s t  of  a l a rge  population. This idea  is  most d i f f i c u l t  
t o  defend p r a c t i c a l l y ,  e spec ia l ly  when t h e  unfortunate few 
a r e  known and t h e  unfortunate many a r e  nameless. In addi t ion  
it is  necessary t o  t a k e  i n t o  account such matters  a s  v a l i d i t y  
and uncer ta in ty  i n  r i s k  es t imates ,  nonle thal  and e s t h e t i c  
e f f e c t s ,  voluntary versus involuntary r i s k s ,  s o c i e t a l  
abhorrences, and t h e  s t range  versus t h e  f ami l i a r .  

Nevertheless, o the r  than depriving t h e  news media of  a 
ready source of at tent ion-grabbing items, t h e  pragmatic 
de minimis approach should serve t o  promote understanding 
about how t o  deal  with r i s k  i n  t h e  r e a l  world; encourage 
i d e n t i f i e r s  of r i s k  t o  provide r i s k  es t imates ;  focus a t t e n t i o n  
on a c t  ions t h a t  can e f f e c t i v e l y  improve hea l th  and welfare 
and a t  t h e  same time avoid squandering resources i n  at tempts 
t o  reduce small r i s k s  while leaving l a r g e r  ones unattended; 
and prevent anxiety,  apathy, o r  de r i s ion  as  a response t o  
t h e  increas ing recognit ion t h a t  we apparently l i v e  i n  a sea  
of carcinogens ( the  "today r i s k " ) .  

(Copyright 1979 by t h e  American Association f o r  t h e  Advance- 
ment of  Science.) 



Various groups within the nuclear industry have been advocating 

quantitative safety goals for some time, and the following two approaches 

to the formulation of such goals illustrate some of the current thinking. 

OThe director of the Nuclear Safety Analysis Center (NSAC), 

E.L. Zebroski, has presented their thoughts at the 7th Energy Technology 

Conference in Washington in March of 1980 (NSAC, 1980) and later in July 

at a subcommittee meeting of the Advisory Committee on Reactor Safeguards 

(NSAC, 1980a) . 
A safety goal is needed to regulate hazards, according to NSAC, 

because without a practical safety goal, there is a tendency to strive 

in vain for near-zero risk from any defined hazard. Extreme reductions 

in a particular risk may lead to increases in other, less well-studied 

risks. No guide is found in present legislation for regulation to avoid 

alternative risks due to short sighted policy. These risks include depri- 

vation, social chaos and possible contribution to chance of war due to 

over-regulation of domestic energy supplies. As one measure of social 

cost, they estimate that nearly one trillion dollars will be added to 

fuel bills in this century due to delays, cancellations or non-commitments 

of nuclear units. 

NSAC suggested that any set of safety goals for nuclear power 

plants should have the following attributes: 1) They must provide an 

objective basis for regulator and utility analysis and agreement on 

what is "safe enough." This must be clearly a "non-zero" risk goal that 

considers the relative risks of the main alternative sources of electricity 

and the social cost of shortages, interruptions and large increases in 

costs. 2) They must be describable in terms of which are understandable 



and acceptable t o  reasonably informed laymen. They need not  be acceptable 

t o  everyone, e s p e c i a l l y  those with extreme uncompromising views. And 

f i n a l l y ,  3) They must include d e f i n i t i o n s  of  p r a c t i c a l  methods f o r  design 

and opera t ing  decis ions  t h a t  make f u l l  use of  bes t -ava i l ab le  da ta  and 

decis ion  processes.  

A s  a  poss ib le  f i r s t  cut  a t  t h e  formulation o f  a  s a f e t y  goal ,  

Zebroski suggested t h e  following fea tu res :  

a)  ~ e a c t o r  design and operat ion should insure  t h a t  t h e  expected 

time t o  another core-damaging accident  i s  not l e s s  than 30 years  

f o r  the  whole populat ion of  r eac to r s  i n  t h e  U.S. 

b) Reactor and containment system design and operat ion should 

insure  t h a t ,  given t h e  occurrence of  a  core damaging acci.dent, ,,,q, : . 

t h e r e  would be only a 1/1000 chance t h a t  r a d i a t i o n  would be . .i;: 

re leased causing a t o t a l  dose o f  g r e a t e r  than one rem t o  any .,.? .,. 

member o f  t h e  public .  ..L .A, 

c) The nuclear  r i s k  should be maintained a t  no more than one- %. ..,.:? , ,I  

t h i r d  of  t h e  t o t a l  r i s k  of  t h e  two l a r g e s t  a l t e r n a t i v e  sources .. J:... ;\:. . - 

of e l e c t r i c i t y .  

d) Improvements t o  reduce nuclear  r i s k  t o  1/10 o r  l e s s  of t h e  

main p r a c t i c a l  a l t e r n a t i v e  sources should be sought, but  imple- 

mented only i f  they a r e  cos t  e f f e c t i v e  and have no measurable 

e f f e c t  on t h e  cos t  o r  a v a i l a b i l i t y  of  energy. 

e )  Emergency plans  should provide a l e s s  than 1 i n  a hundred 

chance t h a t  t h e  t o t a l  populat ion dose be more than 5000 man-rem 

even i f  containment f a i l u r e  were t o  occur. 

To implement a)  and b) r e l a t i v e  r i s k  assessment methods were 

t o  be used with e x i s t i n g  operat ing experience a s  a  base. A f a c t o r  of f i v e  



improvement was considered adequate t o  meet t h e  goals .  S t a t i s t i c a l l y  r igorous 

formulations with defined confidence l e v e l s  and permissible e r r o r  bounds 

were t o  be used and t h e  cumulative e f f e c t s  of t h e  a c t u a l  t o t a l  population 

of opera t ing  r e a c t o r s  were t o  be included. 

I t  was a l s o  suggested t h a t  t h e  goals  should be s t a b i l i z e d  f o r  

a t  l e a s t  10 years t o  prevent t h e  delays associa ted  with regula tory  un- 

. c e r t a i n t i e s  . 
, The proposal c l e a r l y  ind ica tes  t h a t  NSAC bel ieves  t h a t  t h e  

r eac to r s  a r e  very much s a f e r  than t h e  a l t e r n a t i v e s  and t h a t  t h e  goals 

suggested a r e  conservative r e l a t i v e  t o  t h e  s a f e t y  l eve l s  achievable by 

t h e  a l t e r n a t i v e s .  However, t h e r e  i s  some quest ion a s  t o  how one would 

compare the  risks of d i f f e r e n t  types which a r i s e  from t h e  various 

a l t e r n a t i v e s  (e.g. expected number of  f a t a l i t i e s  may not be an adequate 

measure when comparing low frequency, high consequence accidents  with 

t h e  chronic r i s k s  of t h e  coal f u e l  cycle) .  The l i m i t  of 5000 t o t a l  

man-rem, given an accident  which breaches t h e  containment, drew comment 

a t  t h e  ACRS subcommittee meeting. I t  was considered very low; i n  f a c t ,  

it i s  comparabae t o  some o f  t h e  es t imates  f o r  exposures due t o  t h e  TMI accident 

which re leased a very small amount of  r a d i o a c t i v e  mater ia l  compared t o  t h a t  expec- 

t e d  t o  be re leased i n  t h e  event of containment f a i l u r e  a f t e r  a core melt acc ident .  

The Atomic I n d u s t r i a l  Forum (AIF) i s  a l s o  a c t i v e l y  involved 

i n  developing t h e  use of  p r o b a b i l i s t i c  r i s k  assessment (PRA) i n  t h e  regula-  

t o r y  process (AIF, 1980; 1980a). They have proposed t h a t  PRA should support ,  

not supplant ,  t h e  current  de te rmin i s t i c  requirements and be used t o  suggest 

and j u s t i f y  changes i n  those requirements. I t s  use then would be a s  a 

b a s i s  f o r  generic requirements and no t ,  under present  condi t ions ,  a s  a 
f 

l i cens ing  condit ion f o r  cons t ruct ion  permit o r  0pera t ing : l i cense  

app l i can t s .  A common PRA methodology would be developed s o  t h a t  

- 
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. . 
. t h e  PRA could be done as r e a l i s t i c a l l y  a s  possible.,  with t h e  .degree of  

uncer ta in ty  and conservatism e x p l i c i t l y  s t a t e d .  F inal ly ,  q u a n t i t a t i v e  

s a f e t y  goals  would have t o  be es t ab l i shed  f o r  PRA-based decision making. 

The AIF proposal i s  ou t l ined  below. 

Basic p r inc ip les  f o r  s a f e t y  goals  

-The goals should be genera l ly  appl icable  t o  a l l  technologies 

o r  r i s k  r e l a t e d  a c t i v i t i e s .  

.Acceptable s o c i e t a l  r i s k  should r e f l e c t  s o c i e t a l  b e n e f i t s .  

-No individual  should bear  an inordinate  share  of t h e  r i s k s .  

.The goals  should promote optimum a l l o c a t i o n  of resources i n  

reducing r i s k .  
2 ,  .+ ..,. . 

Elements t o  be addressed i n  q u a n t i t a t i v e  s a f e t y  goals  
. ,. 5.. 

. Individual  hea l th  e f f e c t s .  

The incremental r i s k  of  adverse hea l th  e f f e c t s  t o . t h e  maximally . . . ,\,. 

exposed individual  i n  t h e  v i c i n i t y  of a  nuclear  power p lan t  s i t e  
, . L.. ,. p 

should not r e s u l t  i n  a  s i g n i f i c a n t  increase  i n  annual mor ta l i ty  . . .  
' .  2 .. , .... . -  . 

r i s k  o r  i n  s i g n i f i c a n t  shor tening of s t a t i s t i c a l  l i f e  span. The 

suggested goal was and incremental indiv idual  mor ta l i ty  r i s k  of 

1 0 - ~ / ~ e a r .  This i s  a small f r a c t i o n  of  e x i s t i n g  background r i s k  

due t o  a l l  causes (Q 0.1% of  tlie t o t a l  mor ta l i ty  r i s k  and ~ 1 %  

of  the  accident  mor ta l i ty  r i s k ) .  

. Population hea l th  e f f e c t s  

The incremental cumulative r i s k  o f  adverse hea l th  e f f e c t s  t o  t h e  

exposed population per  1000 MWqe) of nuclear  power capaci ty ,  

considering the  p robab i l i ty  and consequences of events  in teg ra ted  



over t h e  spectrum of  p o t e n t i a l  acc iden t s ,  should be no more 

than  a small  f r a c t i o n  o f  t h e  average background incidence of  

h e a l t h  e f f e c t s .  The suggested goal was 0 . 1  f a t a l i t y  p e r  

1000 MW(e) year .  This  r e p r e s e n t s  about 0.001% o f  t h e  t o t a l  

m o r t a l i t y  r i s k  and about 0.005% o f  t h e  t o t a l  cancer  r i s k ,  

assuming a t o t a l  n u c l e a r  capac i ty  of  200,000 MW(e). 

Cost b e n e f i t  r a t i o  

The b e n e f i t ,  i n  terms o f  popula t ion  r i s k  reduct ion ,  a f fo rded  

by a change i n  p l a n t  design o r  ope ra t ing  procedure should 

be comparable t o  t h a t  which i s  gene ra l ly  achievable  through 

a l t e r n a t i v e  investments o f  t h e  cos t  o f  t h e  change i n  o t h e r  

a r e a s  of p u b l i c  r i s k  reduct ion .  The suggested goal  was 

$100/man-rem. This  was s t a t e d  t o  be equiva len t  t o  $1 ~ n i l l i o n / l i f e  

saved and comparable t o  t h e  median cos t -bene f i t  r a t i o s  f o r  o t h e r  

h e a l t h  and s a f e t y  p r o t e c t i v e  measures. 

. Core degradat ion p r o b a b i l i t y  

A l i m i t  should be e s t a b l i s h e d  f o r  t h e  p r o b a b i l i t y  of  acc iden t s  

involv ing  s e r i o u s  core  degrada t ion  such t h a t ,  given t h e  expected 

popula t ion  o f  r e a c t o r s ,  t h e  recur rence  i n t e r v a l  f o r  acc iden t s  

a s  s e r i o u s  a t  t h e  one a t  Three Mile I s l a n d  would be on t h e  o rde r  

of one pe r  s e v e r a l  decades. This  would e s t a b l i s h  minimum r e -  

quirements f o r  acc ident  prevent ion  and i s  intended t o  prevent  

undue emphasis on mi t iga t ion  of  acc idents .  I t  would a l s o  reduce 

t h e  frequency of  s t r e s s  provoking events  f o r  popula t ions  nea r  

p l a n t s  and l i m i t  t h e  economic r i s k s  of  acc iden t s .  



The AIF suggested t h a t  t h e  i n i t i a l  s e t  of va lues  should be used 

on an i n t e r i m  b a s i s  f o r  a  t r i a l  per iod  of t h r e e  yea r s .  I t  was a l s o  recognized 

t h a t  it i s  important f o r  q u a l i t a t i v e  judgement t o  supplement t h e  q u a n t i t a t i v e  

goa ls ,  p a r t i c u l a r l y  i n  bo rde r l i ne  cases .  



3 . 4  Observations 

The t en  q u a n t i t a t i v e  r i s k  proposals reviewed above demonstrate 

t h e  e f f e c t  of o v e r a l l  s a f e t y  philosophy and pol icy  on t h e  choice o f  

framework and t h e  numbers used f o r  t h e  various ca tegor ies  o f  r i s k .  

Concern over community losses  has led  t o  l i m i t s  on t h e  t o t a l  number o f  

f a t a l i t i e s  ( f o r  example, Farmer, 1967; Kinchin, 1979; C I R I A ,  1977, Okrent 

and Whipple, 1977; AIF, 1980) while o t h e r  proposals  a r e  only concerned 

with individual  r i s k s  (Adams and Stone, 1967; Bowen, 1975; AECB, 1978; 

Comar, 1979). O f  those  t h a t  address community r i s k s ,  some considered 

a l a r g e  s c a l e  accident  (or  ca tas t rophe)  more c o s t l y  than many accidents  

r e s u l t i n g  i n  t h e  same number o f  f a t a l i t i e s ,  while o the r s  s e t  limits 

only on t h e  expected number of f a t a l i t i e s  averaged over time. Given 

t h e s e  v a r i a t i o n s  i n  items considered important f o r  s a f e t y  regula t ion ,  

it becomes c l e a r  t h a t  comparisons with t h e  r i s k s  of  a l t e r n a t e  technologies 

w i l l  no t  be s t ra ight forward .  

I t  should be noted t h a t  t h e  c r i t e r i a  discussed above have d e a l t  

d i r e c t l y  orily with publ ic  h e a l t h  and s a f e t y  i s sues .  Any complete r i s k  

management framework must a l s o  consider  proper ty  damage and t h r e a t s  t o  

important resources such a s  fo res t s ,  farmland and major aqu i fe r s  . 



.4. SOME PROBLEMS IN THE USE OF QUANTITATIVE SAFETY GOALS 

Several sets of problems have to be addressed if quantitative 

safety goals are to be used to improve the management of risk. They arise 

in the establishment of the goals, in the achievement of compliance with 

the goals, and in the demonstration of that compliance. 

4.1 Establishing the Safety Goals 
, . . .  . 

As discussed earlier, safety impacts are one of several sets of 

impacts that are considered in the multilevel decision whether or not to 
. . 

build a particular facility at a particular site. A quantitative risk 

management framework must be compatible with all aspects of the decision 

and impact considerations. 

Much of the concern over.the use of cost and risk-ben.efit .assessment 

is due to its lack of completeness and its sensitivity to'the assumptions 

used in the analyses, which are not always clearly stated in the presentation 

of results. One of the fears is that a single nwnber, which ,is both uncer- 

tain and based upon tenuous assumptions, will be used to make decisions. , 

Also, some broader philosophical problems arise. Harold Green (19.75) has 

said that "the question is whether safety determinations of public policy 

import are, or should be solely within the province of any single discipline 

or whether they should reflect the collective wisdom of an amalgam of 

disciplines or viewpoints, expert as well as non-expert." He recommended 

that the analysts should make their results open and understandable, with 

the assumptions and uncertainties stated clearly, and that the analysis 

should be used as input to the decision process and not as a substitute 

for it.. Reliance on a single nunher would not allow for a grey scale 

and would obscure more subtle issues (Green, 1975a). In light 'of these 



concerns,  a  workable r i s k  management framework would have t o  be  a  s y n t h e s i s  

o f  many viewpoints ,  would have t o  cons ider  many a spec t s  o f  r i s k  and t h e  

va r ious  t r a d e o f f s ,  and would have t o  d e a l  e x p l i c i t l y  with u n c e r t a i n t i e s .  

I t  i s  noted t h a t  t h e  Advisory Committee on Reactor Safeguards i n  

i t s  l e t t e r  of  May 16, 1979 t o  t h e  NRC, i n  which i t  recommcnded t h a t  t h e  

NRC develop q u a n t i t a t i v e  s a f e t y  goa l s ,  a l s o  recommended t h a t  "Congress 

be asked t o  express  i t s  views on t h e  s u i t a b i l i t y  o f  such goa ls  and c r i t e r i a  

i n  r e l a t i o n  t o  o t h e r  r e l e v a n t  a s p e c t s  o f  our  technologica l  s o c i e t y  . . 1 1  

(ACRS, 1979).  

4 .2  Unce r t a in t i e s  

Important u n c e r t a i n t i e s  i n  t h e  management o f  r i s k  a r i s e  both i n  

t h e  e s t ima t ion  o f  t h e  types  and magnitude of  a l l  t h e  impacts and i n  t h e  

p r e d i c t i o n  of  t h e  e f f e c t s  upon those  impacts o f  var ious  i n t e r a c t i n g  p o l i c y  

opt ions. ,  Many important impacts may be  l e f t  ou t  and t h e  assignment of  

a  common measure o f  c o s t  t o  t h e  impacts t h a t  a r e  included i.s not  p o s s i b l e  

wi thout  controversy.  

I n  t h e  a n a l y s i s  of  acc iden t s  both t h e  frequency o f  each acc ident  

s c e n a r i o  and i t s  consequence a r e  u n c e r t a i n .  Some of  t h e  u n c e r t a i n t y  is  

due t o  t h e  randomness i n  t h e  i n i t i a t i o n  of t h e  p o s s i b l e  acc ident  sequences 

and t h e r e f o r e  i n  t h e  cond i t i ons  i n t e r n a l  and e x t e r n a l  t o  t h e  f a c i l i t y  a t  

t h e  beginning o f  t h e  acc iden t .  The r i s k  a n a l y s i s  i s  an a t tempt  t o  e s t ima te  t h e  

d i s t r i b u t i o n  o f  t h e  frequency and consequences o f  t h e s e  acc iden t s .  However, 

t h e  e s t ima te s  of t h e  d i s t r i b u t i o n s  a r e  a l s o  very  unce r t a in .  This  unc,er tainty 

i s  due t o  inadequacies  i n  f a i l u r e  r a t e  d a t a  f o r  t h e  p l a n t  components, t o  



. .. . .  

shortcomings i n  t h e  models o f  t h e p l e n t  systems and i n  t h e  models o f  ' 

t h e  emergency plans;  and it i s  a l s o  due t o  poss ib le  omissions i n  t h e  
. .  . 

ana lys i s .  

A proper r i s k  assessment would e x p l i c i t l y  es t imate  the  range ' and 
. ,. 

types of  uncer ta in ty .  However, t h e r e  w i l l  always be. a lack of" assurance 
. . .  . 

about t h e  es t imates  o f  low frequency, high consequence events ,  because 

comparison with h i s t o r i c a l  d a t a  is not  poss ib le .  

4 . 3  Bias and Abuse 

While t h e  ana lys t  may attempt t o  make ca lcu la t ions  i n  t h e  r i s k  
. . . . 

assessment objec t ive ,  a l a rge  amount of  sub jec t ive  judgement i s  involved 

i n  t h e  choice of  models, i n  t h e  s e l e c t i o n  of  da ta ,  and i n  t h e  assessment 

of  t h e  adequacy o f  t h e  l a rge  number of o f t en  s u b t l e  assumptions t h a t  a r e  

incorporated i n t o  the  ana lys i s  (Van Horn and Wilson, 1976). A t  p resent ,  

methods f o r  some aspects  of t h e  r i s k  ana lys i s  a r e  j u s t  being developed, 

e.g., t reatment of  f i r e s  and earthquakes, and may lead t o  cursory o r  

d i s t o r t e d  r e s u l t s .  The s u b j e c t i v i t y ,  the  s u b t l e t y  and the  novel ty  leave 

ana lys i s  open t o  b i a s  which is unintended, a s  well  a s  t o  o u t r i g h t  abuse. 

For these  reasons, measures f o r  q u a l i t y  assurance i n  the  methods and 

performance of  t h e  ana lys i s  should b e  developed and peer  review.should 

be required.  

4.4 ' Confl ic t  

The v a r i a t i o n  o f  both s o c i e t a l  values and s o c i e t a l  r i s k s ,  a s  well 

a s  the  u n c e r t a i n t i e s  i n  the  es t imat ion  o f  those r i s k s ,  ensures t h a t  t h e r e  

w i l l  always be c o n f l i c t  i n  the  management of  r i s k .  While the  adversary 

na tu re  of  t h e  decision process al lows f o r  each s i d e  t o  be heard and makes 

poss ib le  a ' b e t t e r  decision,  t h e r e  w i l l  never be complete consensus on a l l  



o f  t h e  i s s u e s  whenever s o c i e t y  imposes r i s k s  on a  p a r t i c u l a r  group, even i f  i t  

i s  f o r  t h e  o v e r a l l  good o f  s o c i e t y .  

Af t e r  t h e  form and t h e  numbers o f  a  management framework have been 

e s t a b l i s h e d ,  t h e r e  should be a  c l e a r  s t r a igh t fo rward  method t o  decide whether 

t h e  c r i t e r i a  have been met. The c o n f l i c t s  then ,  might l o g i c a l l y  be sepa ra t ed  

i n t o  ques t ions  o f  goal  s e t t i n g  and goal  achievement. The r i s k  management 

framework i t s e l f  w i l l  b e  t h e  r e s u l t  o f  t h e  r e s o l u t i o n  o f  t h e  f i r s t  s e t  o f  

ques t ions  and it must provide a  means of  r e so lv ing  t h e  second s e t  o f  

ques t ions  i n  t h e  presence of u n c e r t a i n t i e s  and even ,without consensus, so  

t h a t  t h e  improvements i n  t h e  dec is ion  a r e  no t  overshadowed by t h e  c o s t s  of 

t h e  c o n f l i c t  and t h e  a s soc i a t ed  de lay .  



5. REFERENCES 

. . . , .  . . . 

ACRS, (19793, l e t t e r '  from M . W .  Carbon t0 'J .M. Hendrie,  16 May, 1979. 

Adams, C.A. and C.N.  Stone,  (1967) "Safety and ~ i t i i l g  of ;Nuclear Power 
S t a t i o n s  i n  t h e  United Kingdom,!' IAEA Symposium on t h e  Containment and 
S i t i n g  of  Nuclear Power P lan t s ,  Vienna, Apr i l  1967. 

, . . . 
,I. . 

AECB, (1978) l1Proposed Sa fe ty  Requirements f o r  Licensing of CANDU 
Nuclear Power P lan t s , "  Report o f  t h e  In te r -Organiza t iona l  Working Group, 
Atomic Energy Control Board, Canada, AECB-1149, November,, 1978. . .. . 

.. . . 

AIF, (1980), "Statement on t h e  Use of  P r o b a b i l i s t i c  Risk ~ s s e s k m e n t  i n  
t h e  Regulatory Process ,"  Atomic I n d u s t r i a l  Forum Committee on Reactor 
Licensing and Sa fe ty ,  June, 1980. 

, . 
. . 

AIF, ' :( l980a),  Atomic I n d u s t r i a l  Forum p resen ta t ion  be fo re  t h e  Advisory 
' ' 

Committee on Reactor Safeguards,  USNRC, J u l y  1, 1980. 

Baram, M.S., (1980) "dost-Benefi t  a n a l y s i s : .  An Inadequate Basi,S f o r  . . 
9 .  Heal th ,  Sa fe ty ,  and Environmental Regulatory Decision-Maki.ngT';' 

Ecology Law Quar te r ly ,  8,  pp. 473-531, 1980. 
. . .  

Bea t t i e ,  J: R . ,  G .  D.., ,Be l l  and. J .  E .  '~dwards.,  (1'969') "~k , thods  f o r  the-  
Evaluat ion o f  Risk," UKHEA Report AH S ~ ( S )  .R 159, U.K.  ~ t o m i c  Energy 
Author i ty  (1969) 

. . , . . . . . . , . . , . . . . . . . . . . . . . . . . . . . 

Black, G . ,  F .  Niehaui,  and D .  simps'&, (1979) ,' How. Safe  i s  "TOO Safe'?, 
I n t e r n a t i o n a l  ~ n s t i t u t e  f o r  Applied . . Systems Anhlysis ,  WP-79-68, June J 1979. 

. :  . . ,. c .  

Bodansky, D. and F.H. Schmidt, (.1979), "The Nuclear Al te rna t ive ,"  
Mercer Law Review, Walter F. George, School, o f  L a w ,  30(.2) pp. 395-444, 
1979. 

. . 
f . ' .., 

. ,.. .. . . . . 

Bowen, J . ,  (1975) "The Choice of  C r i t e r i a  f o r  Indiv idua l  Risk, f o r  
S t a t i s t i c a l  Risk, and f o r  Publ ic  Risk," i n  D.  ,Okrent (ed.)  , ~ i s k - ~ e n e f i t  .. 
Methodology and Applicat ion : Some Papers P'resenre'd a t  t h e  Engineering 
Fs-mdation Workshop, :September 22-26, 1975 ,.  silom mar, C a l i f o r n i a ,  .School 
o f  Engineering and Applied Science,  Univers i ty  of Ca l i fo rn i a ,  Los ~ n g e l e s ,  
UCLA-I%G-759.8, pp. 581 -590, 1975. 



C I R I A ,  (19773, Ra t iona l i za t ion  o f  S a f e t y  and : :Serv iceabi l i ty  
Fac tors  i n  S t r u c t u r a l  Codes, Construct ion Indus t ry  Research and 
Informat ion Assoc ia t ion ,  London, Report 63, J u l y  1977. 

Cohen, B .  L .  , (1980), "Society 's  Valuation o f  Li fe  Saving i n  Radiat ion 
P ro tec t ion  and Other Contexts," Heal th Physics ,  38, pp. 33-51, 1980. 

Comar, C..L.,  (1979) "Risk: A Pragmatic De Minimis Approach," Science,  
203, p.  319, 1979. 

Farmer, F. R. , (1967) "S i t i ng  Cr i te r ia - -A New Approach," Containment 
and S i t i n g  of Nuclear Power P lan t s ,  Vienna: I n t e r n a t i o n a l  Atomic Energy 
Agency, pp. 303-318, 1967. 

Farmer, F.R., and J . R .  B e a t t i e ,  (.1.976) "Nuclear Power Reactors and t h e  
Evaluat ion .of Populat ion Hazard," Adv. Nucl . S c i  . Tech. ,, 9 ,  pp. 1-72, 
1976. 

F ischhoff ,  B . ,  C .  Hohenemser, R.E .  Kasperson and R.W. Kates., (1978), 
"Handling Hazards: Can Hazard Management be Improved?", Environment, 
20 (7,) , pp. 16-37. 

Fischhoff,  B . ,  P. S l o v i c  and S. L ich tens t e in ,  (1979) ,. "Weighing t h e  
Risks (Acceptable Risk) ,  Environment, 21, pp. 17-38, 1979. 

F ischhoff ,  B . ,  S. L ich tens t e in ,  P. S lov ic ,  S .  Derby and R. Keeney, (1980) 
Approaches t o  Acceptable Risk, a  r e p o r t  be ing .prepared  under con t r ac t  
t o  t h e  U.S. Nuclear Regulatory Commission, 19.80. 

Green, H.  P. , (1975), "The Risk-Benefit  Calculus i n  Sa fe ty  Determinations , I f  

George Washington Law Review, 43(3) , pp. 791-807, 1975. 

Green, H.P., (1975a), "Legal and P o l i c i c a l  Dimensions of  Risk-Benefit  
M e t h ~ d o l o g y , ~ ~  i n  D. Okrent (Ed.) , Risk Benef i t  Methodology and 
Appl ica t ions :  Some Papers Presented a t  t h e  Engineering Foundation Workshop. 
September, 22-26, 1975, Asilomar, Ca l i fo rn i a ,  Un ive r s i t y  o f  C a l i f o r n i a ,  
Los Angeles, UCLA-ENG-7598, pp 273-290, 1975. 



Hershey, J.  C .  and P.J.H. Schoemaker, (1980), ''Risk Taking and Problem 
Context i n  t h e  Domain of  Losses: An Expected U t i l i t y  Analysis:;"> . .  . 

J. o f  Risk and Insurance, 57 ( I ) ,  pp. 111-132, 1980. 

Kinchin, G.H. ,  (1978,t1Assessment of  Hazards i n  Engineering Work,"; 
Proc. Ins tn .  Civ. Engrs. 64, p t .  1, pp. 431-438, 1978. 

Kinchin, G.H. ,  (1979) "Design C r i t e r i a ,  Concepts and Features Important 
t o  Safe ty  and Licensing, " Proc. of I n t e r .  Meeting on Fast  Reactor 
Safe ty  Technolo.gy, S e a t f l e ,  Washington, 1979. 

L i t a i ,  D . ,  (1980), A Risk Comparison Methodology ' f o r  ' t h e  'Assessment 
o f  Acceptable Risk, Ph.D., Thesis ,  Massachusetts I n s t i t u t e  o f  Technology, 
January, 19 80. 

Lowrance, W. W . ,  (1976) O f  Acceptable Risk.: Science 'and t h e  Deterniiriati.on 
of  Safety,  Kaufman, Los Altos,  1976. .. .. 

NSAC, (1980), "A Proposed National Nuclear Sa fe ty  Goal,".:Nuclear :. 
Safe ty  Analysis Center,  E l e c t r i c  Power ~ e s e a r c h  I n s t i t u t e ,  March., . 

1980. 

NSAC, (1980a), Nuclear Safe ty  Analysis Center p resen ta t ion  before  t h e  
Advisory Committee on Reactor Safeguards,, USNRC, J u l y  1, 1980. 

.. 

Okrent , D . ,  (1977) A General Evaluation Approach ' t o  ~ i s k - ~ e n e f i t  ' f o r  
Large Technological Systems and its'Application~to'Nuc1ear Power, School 
o f  Engineering and Applied Science, Univers i ty  o f  Ca l i fo rn ia ,  Los Angeles, 
UCLA-ENG-7777, December 1977; . . . . 

Okrent, D . ,  and C .  Whipple, (1977) An Approach'to .Societal  Risk Acceptance 
C r i t e r i a  and Risk Management, School of  Engineering and Applied Science, 
Universi ty o f  Ca l i fo rn ia ,  Los Angeles, UCLA-ENG-7746, June 1977. 

Otway, (1977), "Risk Assessment and t h e  Socia l  Response t o  Nuclear Power,'' 
J. B r .  Nucl. .Energy Soc., 16(4),  pp. 327-333, 1977. 

Otway, H . J . ,  (1978) "An I n t e r d i s c i p l i n a r y  Approach t o  the  Management 
o f  Technological Risks," Advanced Seminar o n R i s k ' a n d S a f e t y  Assessment 
i n  I n d u s t r i a l  A c t i v i t i e s ,  Commission of  the  European Communities, I spra ,  
I t a l y ,  June 1978. 

P l o t t ,  C . ,  (1978) "On t h e  Incorporat ion o f  Public  At t i tudes  Toward 
Administrative Options," Risk/Benefit  Decisions and t h e  Public  Health, 
3rd FDA Science Symposium, USAF Acad., Colorado Springs,  pp. 38-47, 1978. 



Rasmussen, N . ,  (1978179) "Se t t ing  Sens ib l e  Sa fe ty  C r i t e r i a , "  Colloquim 
on Risks,  NUS Corporat ion,  Rockvil le ,  Maryland, Winter 1978/79. 

Rowe, W.D. ,  (1977) An Anatomy o f  Risk, Wiley, New York, 1977. 

Schwing, R. C. , (1979) "Longevity Benef i t s  and Costs  o f  Reducing Various 
Risks," Technolonical Forecas t ing  and S o c i a l  Change, 13, pp. 333-345, 
1979. 

S i d d a l l ,  E . ,  (1979) Nuclear Energy i n  Perspec t ive ,  CANATOM, Ontar io ,  
1979. 

S l o v i c ,  P . ,  B.  Fischhoff and S. Lichtenstegn,  (1980), "Percrived Risk," 
R. C .  Schwing and W. H. Albers ,  Jr . ,  (Eds.) ,  S o c i e t a l  Risk Assessment: 
How Sa fe  i s  Safe Enough?" . . New York: Plenum Press ,  1980. 

S t a r r ,  C .  , (1969) l lSoc ia l  Benefi t  Versus Technological Risk , I 1  Science,  
165, pp. 1232-1238, 1969. 

S t a r r ,  C. and C.  Whipple, (1980), "Risks of Risk Decisions," Science,  
208, pp. 1114-.1119, 1980. 

Van Horn, A . J .  and R. Wilson, (1977) "The S t a t u s  of  Risk-Benefit  Analysis," 
Energy and Environmental Pol icy  Center,  Harvard Univers i ty ,  Cambridge, 
Massachusetts,  December 1976. 



DISTRIBUTION : 

TID-4500 - UC-78 (197 c o p i e s )  

F u e l s  and Components ( 2 )  
O f f i c e  o f  L i g h t  Water Reac to r s  
M a i l  S t o p  B-107 
Washington, DC 20545 
A t tn :  J .  W .  B e n n e t t ,  Ac t i ng  Director 

Dan G i s s i n g  

J .  H.  Ca r l son  ( 5 )  
O f f i c e  o f  L i g h t  Water Reac to r s  
U .  S.  Department o f  Energy 
Mai l  S t o p  B-107 
Washington, DC 20545 

System & S a f e t y  E v a l u a t i o n  D i v i s i o n  ( 3 )  
O f f i c e  o f  L i g h t  Water Reactors 
U .  S.  Department o f  Energy 
M a i l  S t a t i o n  B-107 
Washington, DC 20545 
A t t n :  H.  F e i n r o t h ,  Ac t i ng  Director 

A.  C.  M i l l u n z i ,  Ac t i ng  Deputy Director 
J .  Yevick 

J. D .  G r i f f i t h ,  Director 
Off ice o f  L i g h t  Water Reac to r s  . . 
U .  S. Department o f  Energy 
M a i l  S t o p  B-107 
Washington, DC 20545 

O f f i c e  o f  S a f e t y  Q u a l i t y  Assurance  Safeguards ,  
NE510 
U .  S.  Department o f  Energy 
Mail S t a t i o n  B-107 
Washington, DC 20545 

Raymond DiSalvo,  Branch Chie f  
Ope ra t i ons  Safety Research 
U .  S. Nuc lea r  Regula to ry  Commission 
M a i l  S t o p  1130SS 
Washington, DC , 20555 

George Knighton,  Branch Chief  
Research & Standa rds  Coo rd ina t i on  
U .  S. Nuc lea r  Regula to ry  Commission 
M a i l  S t op  P538 
Washington, DC 20555 

R. Minogue, O f f i c e  ~ i r e c t o r '  
O f f i c e  of  Nuc lea r  Regula to ry  Research 
U .  S.  Nuc lea r  Regula to ry  Commission 
Mai l  S t o p  1130SS 
Washington, DC, 20555 



D i s t r i b u t i o n  ( c o n t  Id) : 

Richard  H a r t f i e l d  
U .  S. Nuc lea r  Regula to ry  Commission 
M a i l  S t o p  MNBB 5715 
Washington, DC 20555 

J.  A.  Morley,  D i r e c t o r  
S o l a r  Energy 
Albuquerque Ope ra t i ons  O f f i c e  
U .  S. Department o f  Energy 
Albuquerque,  NM 87185 

G.  R.  Burdick 
Idaho N a t i o n a l  Eng inee r i ng  Labo ra to ry  
EG&G Idaho ,  I n c .  
550 Second S t r e e t  
Idaho  F a l l s ,  I D  83501 

R. Waller 
Los A l a m o s  S c i e n t i f i c  Labora to ry  
P o s t  O f f i c e  Box 1663 
Los Alamos, NM 87545 

U n i v e r s i t y  o f  C a l i f o r n i a  (10)  
405 H i l g a r d  Ave. 
Los Angeles ,  CA 90024 
A t t n :  D .  Okrent  

U n i v e r s i t y  o f  Sou thern  C a l i f o r n i a  ( 2 )  
S o c i a l  Sc i ence  Research I n s t i t u t e  
U n i v e r s i t y  Park  
Los Angeles ,  CA 90007 
A t tn :  B.  F i s c h o f f  

W .  Edwards 

~ l e c t r i c  Power Research I n s t i t u t e  ( 2 )  
3412 H i l l v i e w  Avenue 
P. 0. Box 10412 
P a l o  A l t o ,  CA 94303 
A t t n :  P. F. R i c c i  

I .  W a l l  

W.  R.  Corcoran 
Combustion Eng inee r i ng  I n c .  
Nuc lea r  Power Systems D i v i s i o n  
1000 P r o s p e c t  H i l l  Road 
Windsor,  CT 06095 

I,. L. Conradi  
Energy I n c o r p o r a t e d  
515 West Ha r r i son  
S u i t e  220 
Kent ,  WA 98031 



Distribution (cont ' d) : 

M. Ternme 
General Electric Company 
310 De Guigne Drive 
Sunnyvale, CA 94086 

MHB Technical Associates 
1723 Hamilton Avenue, Suite K 
San Jose, CA 95125 
Attn: D. Bridenbaugh 

J. E. Ward, Vice President 
Sargent & Lundy Inc. 
6151 West Century Blvd. 
Suite 920 
Los Angeles, CA 90045 

R. L. Ritzman 
Science Applications Incorporated 
5 Palo Alto Square 
Palo Alto, CA 94304 

J. E. Gover 
A. W. Snyder 
D. J. McCloskey 
J. W. Hickman 
N. R. Ortiz 
G. B .  Varnado 
L. D. Chapman 
G. R. Otey 
W. A. Von Riesemann 
H. G. Jones (50) 
J. L. Sprung 
P. 0. Strom 
E. A. Aas 
L. J. Erickson (5) 
W. L. Garner (3) 
For DOE/TIC (Unlimited Release) 


