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S u m m a r y  

A framework for incorporating uncertainty in risk management is developed and 
applied to two aspects of decision making: meeting standards or safety goals, and cost-- 
benefit criteria. The framework is applied to several case studies including toxic chemicals 
in water, failure of civil engineering structures and nuclear power plants. The framework 
proposes that decisions be based on a level of confidence, in addition to comparing best 
estimate or point values with standards and goals. 

I n t r o d u c t i o n  

At  the present  t ime, there  is he ightened interest  in developing quant i ta t ive  
s tandards  for  technologies  which pose a hazard to  the  public.  As an example,  
the  Nuclear  Regu la to ry  Commiss ion  (NRC) has publ ished a p roposed  pol icy 
s t a t ement  on  safety goals for  nuclear  power  plants [ 1 ] .  O the r  U.S. govern- 
menta l  agencies such as the Envi ronmenta l  P ro tec t ion  Agency  (EPA) and the 
F o o d  and Drug Admin is t ra t ion  (FDA)  mus t  regulate against quant i ta t ive  
s tandards set fo r th  in such legislation as the Clean Air Act,  the Clean Water 
Ac t  and the  Delaney Clause. 

Because o f  the statistical na ture  o f  technological  risk, probabil is t ic  risk 
assessment (PRA) plays an increasingly impor t an t  role in risk management .  
PR A is, however ,  l imited by uncer ta in ty  inherent  in the under ly ing  data,  un- 
certainties in unders tand ing  various physical  p h e n o m e n a ,  and uncer ta int ies  
in the  m e t h o d o l o g y  itself. As a result  o f  unce r t a in ty  as well as the  statistical 
na ture  o f  risk, the results o f  PRAs  vary in their  qual i ty  o f  in format ion .  The 
results o f  some PRAs  are given as mean  or  median  values, while o thers  are 
given as statistical distr ibutions.  Some  propagate  uncertaint ies ,  while some 
pe r fo rm sensitivity studies to obta in  limiting cases. As a result,  it is diff icul t  
to  de te rmine  the  appropr ia te  quan t i t y  for  compar i son  with a s tandard or  
for  use in a cos t - -benef i t  considerat ion.  
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In this paper, two aspects of  risk management are considered: meeting 
standards or safety goals and cost--benefi t  criteria. The framework developed 
here aims to provide the risk manager with information on uncertainty in 
addition to the use of  point  or best-estimate values in decision making. In 
particular, quantitat ive levels of  confidence with which estimated risks meet  
standards or goals is examined. The framework is also extended to cost--  
benefit  considerations in an effor t  to determine levels of  confidence at which 
benefit  exceeds cost as a prelude to regulatory action. 

Framework 

Risk and uncertainty 
The concept  of  risk involves a mathematical  combinat ion of  two com- 

ponents:  the consequences resulting from an undesirable event and its fre- 
quency of occurrence.  Such consequences may include the number  of  in- 
juries, an amount  of  money  lost, acute deaths, latent cancer deaths, and 
proper ty  damage (e.g., occurrence of system failure, amount  of  land contam- 
inated, etc.). Frequency  can be given as the number  of undesired events per 
year or exposure per year. For  some events, such as those described by 
actuarial data, the risk may be obtained by simply multiplying the conse- 
quences and the frequency.  It can be expressed as individual or societal risk. 
For  others, the risk may be estimated and represented by either a mean value 
or a statistical distribution. These estimates are usually based on models and 
supported by empirical data. 

Inherent  in any probabilistic risk assessment (PRA) are various uncertain- 
ties. These uncertainties may be due to (a) the statistical nature of  data, (b) 
insufficient understanding of physical and biological phenomena,  and (c) 
unpredictable events {e.g., natural, biological and human behavior). The 
statistical distributions that  represent the risks of  hazardous material usually, 
but  not  extensively, include (a) and (b) above. The unpredictable events, 
such as sabotage, etc., are not  easily quantified and represent "unquant i f ied 
residuals" [2] .  When statistical distributions are derived, mean and median 
values can be estimated. 

The relationship between mean value risk (best-estimate), degree of  confi- 
dence and a safety goal can be described as follows. Consider a hypothet ical  
PRA leading to a statistical distribution for some measure of  risk given by 
p(x)dx. For example, if x represented the number  of  latent cancer deaths 
per year, 

= ~ p(x)dx (1) 
0 

would be the mean value of  the risk of  latent cancer death. If a safety goal 
for  latent cancer death were given by Xg, then the probabil i ty of  meeting 
this goal would be 
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Xg 

Pr(x < Xg) = f p(x)dx (2) 
0 

This integral is the probability that  the risk is less than the goal and is de- 
fined as the "degree of confidence" with which the risk in question meets 
the goal, when expressed as apercentile. Mathematically, it defines a point  on 
a cumulative distribution function,  and is determined by integration of the 
statistical distribution. The median value, Xm, is defined by 

Xm 
0.5 = ; p(x)dx (3) 

0 

Before proceeding however, it is important  to mention the following. If 
p(x)dx were determined with great precision, eqn. (2) would, in fact, define 
the confidence level. Since p(x)dx is determined from models which are un- 
certain, eqn. (2) represents_an estimate of confidence. As mentioned in the 
Introduction,  it is usually X or Xm that  is compared with a standard or goal. 
When these values differ greatly from Xg, the risk manager's decision may be 
obvious; when they are close to Xg, and in the presence of uncertainty,  eqn. 
(2) provides additional information upon which to base a decision. 

Cost--benefit and confidence levels 
A second consideration facing the risk manager is the question of whether 

or not  the risks posed by the presence of a hazardous material should be re- 
duced. Such considerations are usually dealt with using cost--benefit trade- 
offs. Within the context  of PRA, costs are usually characterized in monetary 
terms and include both the direct cost of the change (e.g., equipment and 
labor) as well as indirect costs {e.g., increased operating costs, increased 
occupational health risks, etc.). 

If benefits (in terms of reduced risks) are to be compared directly with 
costs, they must be expressed in equivalent monetary terms. Since equivalen- 
cy is often controversial (e.g., placing a dollar value on a human life saved), 
surrogate benefits are often considered. An example is the use of population 
dose averted (with respect to radioactive material), valued at $1000 per 
person-rem averted. The population dose is used as a surrogate for all health 
effects, and sometimes property damage. In either case, the formalism out- 
lined above can be extended to cost--benefit trade-offs as follows. 

The risk, Ri, corresponding to the ith consequence of interest (e.g., acute 
fatalities, acres of  land contaminated,  etc.), and reported at the Cth confi- 
dence level is defined as R c and is given by 

R? 
C -  Pr(R i < Re,) = f 'P(Ri)dR i (4) 

0 
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When changes are made to avert risk, the benefit, ARi can also be expressed 
at a given confidence level [3] 

AR~ 
C -  Pr(ARi < AR c) = f p(ARC)dRi (5) 

0 

If the total cost of a given risk reduction strategy is Co (costs usually have 
much less uncertainty than risk, and hence can be considered point values), 
and L is the time span of the change, then the given strategy is "cost-effec- 
tive" when AR i ~ ColL. The degree of confidence that  the strategy is cost- 
effective is just 

o o  

Pr(ARi > Co/L) = J p(ARi)dR i (6) 
Co/L 

The annualized cost, Co~L, can account for the " t ime value" of money 
as well as other effects (e.g., escalation during construction, etc.) and can be 
discounted according to accepted accounting procedures. The benefit is 
assumed to be expressed in equivalent dollars as noted in the discussion 
above. When uncertainty in cost becomes important,  it can also be accom- 
modated by defining the "net  benefi t"  as NB -= ARi - ColL. The risk reduc- 
tion strategy will then be cost effective when 

o o  

Pr(NB > O) = f P(NB)dNB (7) 
0 

Inferring levels of  confidence 
To ascertain the practicality of  using levels of  confidence to augment the 

risk management of hazardous materials, two questions should be considered: 
(1) to what extent  can acceptable confidence levels be inferred over a variety 
of risk situations? and (2) how might these values be applied to decisions 
regarding the management of  hazardous materials? 

Examples 

Structural design standards 
In the design and analysis of civil engineering structures, "factors of  safe- 

t y "  are provided to account for the uncertain nature of  the loads, the struc- 
tural properties, and the models used. Traditionally, safety or load factors 
(numbers greater than one) were applied to the design load and resistance 
factors (numbers less than one) were applied to structural properties to in- 
sure conservatism. These factors were based on engineering judgments: ex- 
perience, perception, and intuition. 

More recently, probabilistic distributions have been used to characterize 
uncertainties in loads and structural properties. As an illustration, consider 
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a single s t ruc tura l  c o m p o n e n t  ac ted  u p o n  b y  a r a n d o m  load.  The  load in- 
duces  a stress, S, which  has a stat is t ical  d i s t r ibu t ion .  The  yield stress o f  the  
mate r i a l  is also cons ide red  a r a n d o m  variable,  d e n o t e d  by  R ,  and  a new ran- 
d o m  variable  F = R - S can be def ined .  When F < 0, fai lure o f  the  s t ruc tura l  
c o m p o n e n t  occurs .  N o t e  t ha t  if  S and  R were  de te rmin i s t i c ,  i.e., a lways  had  
the  same value because  o f  ce r t a in ty ,  fa i lure  wou ld  be  de f ined  by  the  deter -  
minis t ic  var iable  F = R - S < 0. 

In  prac t ice ,  R and  S are usual ly  de f ined  b y  n o r m a l  d i s t r ibu t ions  wi th  
p a r a m e t e r s  

F --- R - S (8) 

and  

2 
o F = o~ + o~ (9) 

where the bar denotes expected value (mean or best-estimate) and o is the 
standard deviation. Hence, the probability of failure is just 

0 

P f = P r [ F ~ <  0] = f p ( f )d f  (10)  
O O  

where  p(f) is a n o r m a l  d i s t r ibu t ion  whose  p a r a m e t e r s  are F and  aF. 
Before  discussing values o f  Pf  or  1 - Pf ,  which  is called the  rel iabi l i ty ,  it 

is c o n v e n i e n t  t o  i n t r o d u c e  th ree  o t h e r  useful  pa rame te r s .  The  cent ra l  sa fe ty  
fac to r ,  Co, is de f ined  b y  

Co - R /S  (11)  

and  measures  the  ra t io  o f  m e a n  s t rength  to  m e a n  load.  T h e  coef f ic ien ts  o f  
var ia t ion  are de f ined  b y  

~R ~ OR/R ~S -- °s /S  (12)  

and  measu re  the  spread  in the  d is t r ibut ions .  N o t e  t h a t  as any  o a p p r o a c h e s  
zero,  the  load  or  res is tance  b e c o m e s  de te rmin is t i c .  

Las t ly ,  the  rel iabi l i ty  index ,  6, is de f ined  b y  the  n u m b e r  o f  s t andard  devia- 
t ions  F is f r o m  F = 0 

F = 0 = F - / 3 o  r 

or  (13) 

m 

R - S  F 

The  rel iabi l i ty  index,/3,  is useful  in t ha t  it a ccou n t s  for  the  relat ive d i f fe rence  
b e t w e e n  R and  S (as does  the  sa fe ty  fac tor ) ,  as well  as the  na r rowness  of  the  
d i s t r ibu t ion  (as does  the  coef f ic ien ts  o f  var ia t ion) .  High values of  ~ can be  
a t t r i bu t ed  to  conse rva t i sm in design (R >> S) or  good  stat is t ical  da t a  (small  
OS). 
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Hart [4] gives plots of Pf, the failure probability, for various coefficients 
of variation as a function of the central safety factor. The question of ac- 
ceptable values of  Pf (and of ~) is resolved by examining current civil engi- 
neering practice. Hart [4] gives the following commonly accepted values: 

strength failures: Pf = 10 -4,/3 -~ 3.5 
serviceability failures: Pf = 10 -2,/3 -~ 2.0 

For a number of  different probability distribution functions, Pf values of 
the order of 10 -2 correspond to safety factors of 1.4--2.2 and Pf values of  
the order of 10 .4 to safety factors of  2.4--3.0 and above. 

Ellingwood and Galambos [5] give a range for the reliability index, /3, 
based on current criteria for the design of reinforced concrete and steel 
beams. Values of /3 range between 2.3 and 4.0 for a wide variety of condi- 
tions. (Coefficients of variation range from 0.10 to 0.30 for most cases.) 

For example, in geotechnical engineering, Meyerhoff  [6] lists the follow- 
ing minimum safety factors: 

Category Item Safety factor 

Loads Dead loads 0.9--1.2 
Live loads 1.0--1.5 
Static water pressure 1.0--1.2 
Environmental loads 1.2--1.4 

These values correspond to a 90% reliability; i.e., to have a confidence 
level of 0.9, the best-estimate load should be less than its limiting value by 
20% and 50% for dead loads and live loads, respectively. For stability of 
earthen structures and foundations, safety factors of 1.9--3.3 were found to 
yield a reliability of 99%. Here, the goal is set at factors of 2--3 above the 
median value to achieve a confidence level of 0.99. These values can be used 
in one of two ways. In the first, one can say that  the current practice of 
using safety factors {ratio of standard or goal to mean value of risk) of 1.0-- 
1.5 and 1.9--3.3 yields confidence levels 0.90 and 0.99, respectively. In the 
second, one can make a statement concerning the narrowness of the distribu- 
tion, namely, for a confidence level of  0.90, the standard and mean should 
be less than 50% apart. For a confidence level of 0.99, they should be less 
than a factor of 3 apart. 

Toxic chemicals 
A recent study by Solomon et al. [7] compared the risks posed by several 

selected chemical carcinogens with two standards. The comparisons were as 
follows. For each comparison, two measures were considered: some actual 
risk (defined as operational risk), determined empirically or assumed to 
occur at the regulated standard value and some specific or generic safety 
standard. 
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TABLE 1 

Inferred confidence levels for selected toxic chemicals 

Chemical Annual risk Pr(Ri < R g) 

EPA goal 
(1.4 x 10-S/yr) 

NRC goal 
(1.9 X 10-~/yr) 

DDT 1.5 x 10-7/yr 0.02 0.98 
Dieldrin 7.1 x 10-1°/yr 0.95 0.99 
Vinyl chloride 1.8 x 10-9/yr 0.76 0.99 

Of  par t i cu la r  in teres t  here  are the  risks of  selected carc inogens  in dr inking  
wa te r  and  the i r  c o m p a r i s o n  wi th  EPA guidelines,  as well  as the  N R C ' s  pro-  
posed  guidel ine fo r  l a ten t  cancer  deaths .  F o r  w a t e r b o r n e  chemicals ,  the  EPA 
guidelines des ignate  a m e a n  l i fe t ime risk o f  1.0 X 10 -6 or 1.4 X 10 -8 per  
year ,  assuming a 70-year  l i fe t ime.  The  NRC,  on the  o the r  hand ,  has  suggest- 
ed a goal fo r  l a ten t  cancer  as 0.1% o f  the  b a c k g r o u n d  cancer  risk or  1.9 X 
10 -6 cancer  dea ths  per  year .  Dr ink ing  wa te r  samples  were  o b t a i n e d  f r o m  an 
e leven-ci ty  sample ,  and  a stat is t ical  s tudy  was p e r f o r m e d  to  conve r t  these  to  
l i fe t ime risks using the  Safe Dr inking  Water  cance r  risk es t imates  [8 ] .  These  
risks were  t hen  c o n v e r t e d  to  annua l  f igures and,  using a n o r m a l  d i s t r ibu t ion ,  
levels o f  con f idence  were  infer red  wi th  respec t  t o  the  EPA (1.4 X 10 -8 per  
year)  and  N R C  (1.9 X 10 -6 per  year)  guidelines.  These  resul ts  are shown  in 
Tab le  1. 

E x a m i n a t i o n  o f  Tab le  1 shows tha t ,  fo r  the  selected chemicals ,  the  esti- 
m a t e d  level o f  con f idence  in m ee t i ng  the  p r o p o s e d  NRC goal is qu i te  high 
(0 .98 or  grea ter )  fo r  each  case. As expec ted ,  the  level o f  con f idence  in mee t -  
ing the  EPA goal is smaller ,  because  the  goal is m o r e  str ingent .  The  confi-  
dence  level fo r  D D T  is very  small because  the  m e a n  annual  risk is g rea te r  
t h a n  the  EPA goal. However ,  it mee t s  the  NRC goal. 

Levels o f  c o n f i d e n c e  in nuclear  reactor  sa fe ty  

The  assessment  o f  nuc lear  r e ac t o r  acc iden t  risks is carr ied o u t  wi th in  the  
f r a m e w o r k  of  probabi l i s t ic  risk assessment .  In general ,  probabi l i s t ic  r isk 
assessment  (PRA)  is a quan t i t a t ive  es t ima te  o f  the  consequences  and  fre- 
quency  (p robab i l i t y )  o f  a set  o f  acc iden t  sequences ,  including an e s t ima te  
o f  the i r  u n c e r t a i n t y  given as a stat is t ical  d i s t r ibu t ion .  A l though  WASH-1400  
[9] a t t e m p t e d  to  e s t ima te  the  acc iden t  risk at  nuc lear  p o w e r  p lan ts  b y  cal- 
cula t ing  the  f requenc ies  o f  var ious  acc iden t  sequences  fo r  t w o  typ ica l  reac- 
to r s  (a PWR and a BWR) and the i r  a t t e n d a n t  consequences  (a t  a c o m p o s i t e  
site), the  t r e a t m e n t  o f  u n c e r t a i n t y  was no t  emphas ized .  

In  the  Zion  [10]  and  Ind ian  Poin t  [11]  PRAs,  an a t t e m p t  is m a d e  to  
q u a n t i f y  unce r t a in ty .  Resul ts  are p re sen ted  fo r  var ious measures  o f  risk (in- 
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cluding core-melt frequency) and uncertainty given in terms of upper (90%) 
and lower (10%) confidence bounds. This uncertainty analysis includes both 
internal and external initiators, but not  such things as sabotage. Because the 
results of these PRAs are well documented,  they are used extensively in this 
paper for illustrative purposes. It should be emphasized that  no a t tempt  was 
made to evaluate the methodology used in Obtaining these results, their 
confidence limits, or their completeness. 

The NRC safety goals 
The policy statement and proposed numerical guidelines proposed by the 

NRC for nuclear power plants are composed of four basic parts [ 1] : 
(1) A criterion for the frequency of  core-melt. 
(2) Limits on individual and societal risk of prompt  (acute) death. 
(3) Limits on individual and societal risk of latent (cancer) death. 
(4) A cost-effectiveness criterion in terms of cost per person-rem averted 

beyond compliance with the goals above. 
In this section, the core-melt criterion and the limits on societal risk for 

both prompt  and latent deaths are examined. Societal risk is chosen over 
individual risk because the available PRAs specify risks for the population 
in the 50-mile radius surrounding the site. 

The safety goals used in this analysb are: 
(1) The frequency of core-melt should not exceed 1.0 X 10 -4 per year. 
(2) The risk to the population in the vicinity of a nuclear power plant 

site of prompt fatalities that  might result from reactor accidents 
should not exceed 0.1% of the sum of  prompt fatility risks resulting 
from other accidents to which members of  the U.S. population are 
generally exposed. 

(3) The risk to the population in the area near a nuclear power plant site 
of cancer fatalities that  might result from reactor accidents should not  
exceed 0.1% of the sum of cancer fatality risks resulting from all other 
causes. 

(4) Further risk reduction should be undertaken if the cost is less than 
$1,000 per person-rem averted (out to 50 miles). 

In applying this guideline, the Commission proposes that, for societal risk 
of prompt  death, the area within one mile of the plant site boundary be 
used. For latent (cancer) deaths, a 50-mile radius should be used to deter- 
mine the latent risk limits, as follows: 

The individual risk of  prompt fatality in the U.S., regardless of cause, is 
about 5.0 X 10 -4 per year [1].  Hence, the goal requires that  the societal risk 
be less than 0.001 X 10 .4 per year X population within one mile of  the site. 

The population within one mile of  the 111 U.S. nuclear power plant sites 
ranges between 0 and 1400 persons, with 168 as an average. Using 168,500 
and 1000 gives the limit for prompt  (acute) risk as 

168 ~ 1.0 X 10 -4 d /yr  

500 ~ 3.0 × 10 -4 d /y r  

1000 ~ 5.0 × 10 -4 d /y r  
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Since the Zion and Indian  Point  sites are in densely popu la t ed  areas o f  the 
c o u n t r y ,  5.0 × 10 -4 deaths  per  year  is chosen as the  limit for  p r o m p t  (acute)  

death.  
Rough ly  19 persons per  10 ,000  U.S. popu la t ion  die o f  cancer  each year  

[ 1 ] .  Hence,  the  goal requires tha t  the  societal risk o f  la tent  death be less 
than  0.001 × 19 X 10 -4 per  year  × popu la t ion  within  50 miles of  the site. 
The popu la t ion  wi th in  50 miles o f  a nuclear  plant  ranges be tween  7700  and 
17.5 million. Because the Zion and Indian Point  sites are the mos t  popu la ted  
in the c o u n t r y ,  17.5 mill ion is used here, yielding a risk limit of  33 cancer  
deaths  per  year.  

These numer ica l  guidelines can be summar ized  as fol lows for  the  Zion and 
Indian  Poin t  sites: 

L imi t  on core-mel t  f r equency :  1.0 × 10 -4 events per yea r  
Limit  on  societal risk of  p r o m p t  (acute) dea th :  5.0 X 10 -4 deaths  per  year  
Limit  on  societal risk o f  latent  (cancer)  dea th :  33 deaths  per year  
Limit  on  cost  effective risk reduc t ion :  1000 per person-rem averted 

The Zion/Indian point PRAs 
In order  to illustrate the use o f  the level o f  conf idence  c o n c e p t  in risk 

managemen t  for  nuclear  power  plants,  est imates for  core-melt  f r equency  
and the societal risk o f  early (acute) and latent  (cancer) dea th  are derived 
f rom the  PRAs  for  Zion and Indian Point .  

For  Indian Poin t  Units  2 and 3, the  median,  mean  and upper  90% confi- 
dence  values of  core-mel t  f r equency  are given. For  the  Zion plant ,  on ly  the 
mean value is given for  tota l  core-mel t  f r equency .  Hence the  median  and 
upper  90% conf idence  limit are es t imated f rom the probabi l i ty  dis t r ibut ion 
func t ion  given for  external ly  induced core-mel t  f r equency .  These are shown 
in Table 2. 

Fo r  the Zion and Indian Point  sites, the societal risk for  five damage in- 
dices are given in the  PRAs  as a set o f  c o m p l e m e n t a r y  cumulat ive  distribu- 
t ion  func t ions  (CCDF).  Moreover ,  for  each damage index,  the CCDF is 
shown at the 10th,  median  (50th)  and 90th  percenti le  conf idence  limits. 
The mean  risk at each percent i le  can be ob ta ined  by calculat ing the area 
under  the  CCDF curve. These results are shown in Table 3. 

TABLE 2 

Core melt frequency for three plants 

Core-melt frequency Indian Point Zion 
(per year) 

Unit 2 Unit 3 

Median 4.0 X 10 -4 9.0 x 10 -s 2.2 x 10 -s 
Mean 4.7 x 10 -4 1.9 x 10 -4 6.7 x 10 -s 
Upper 90% 1.0 x 10 -3 5.5 x 10 -4 2.0 x 10 -4 
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TABLE 3 

Societal risks for three plants 

Confidence level Risk of acute death (deaths per year) 

Indian Point 2 Indian Point 3 Zion 

0.1 5 × 1 0  -7  5 × 1 0  -8  - 

0 . 5  2 × 10 -~ 7 × 10 -~ 5 × 10 -7 
0.9 5 × 10 -4 4 × 10 -s 5 × 10 -s 

Confidence level Risk of latent death (deaths per year) 

Indian Point 2 Indian Point 3 Zion 

0.1 3 × 1 0  -3 1 × 1 0  -3 1 × 1 0  -3 

0.5 1.5 8 × 10 -2 5 × 10-: 
0.9 10 1 5 × 10 -1 

Estimate of level of confidence 
To de te rmine  the conf idence ,  the various measures  (core-mel t  f r equency ,  

risk} should be specified probabil ist ically.  Since statistical d is t r ibut ions  are 
no t  given, it is assumed for  illustrative purposes  tha t  the various risk meas- 
ures are log-normal ly  dis tr ibuted.  Moreover ,  to  test  the sensitivity to an 
assumed dis t r ibut ion,  the Weibull d is t r ibut ion is also used. 

I t  should be no t ed  tha t  the log-normal  and Weibull d is t r ibut ions  used are 
two-pa ramete r  d is t r ibut ions  and only  two data  poin ts  are necessary for  curve 
fitting. For  acute  and la tent  deaths,  three da ta  poin ts  are given. Since the 
high conf idence  end is of  interest,  the median  (50%) and 90% values are 
used. If  the dis t r ibut ions  were t ru ly  log-normal  (or Weibull), the 10% values 
would  be close to  the curve. Since this closeness on ly  occurs  in one case, 
the  t rue d is t r ibut ion is no t  log-normal ly  dis tr ibuted.  

The log-normal  d is t r ibut ion func t ion  has the  useful p r o p e r t y  that ,  when  
the cumulat ive  d is t r ibut ion func t ion  is p lo t t ed  against the logar i thm of  the 
a rgument  on  "no rm a l  curve"  graph paper,  a straight line results. Moreover ,  
the po in t  where  the ( complemen ta ry )  cumulat ive  d is t r ibut ion func t ion  
equals 0.5 occurs  where  its a rgument  is the median  value. Similarly, if a 
variable c o n f o r m s  to a Weibull d is t r ibut ion,  it becomes  a straight line when  
p lo t t ed  on  " e x t r e m e  value"  probabi l i ty  paper.  The degree of  conf idence  is 
the ordinate  o f  the  intersect ion o f  the cumulat ive  d is t r ibut ion func t ion  with 
the NRC numerical  guidelines (safety goals) calculated for  this s tudy.  Table 
4 demons t r a t e s  the  level o f  conf idence  for  the  three risk measures ob ta ined  
in this manner .  
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Reactor Median risk Log-normal Weibull 

Core-mel t  f r equency  (Safe ty  goal: 1 × 10  -4 p e r  year) 
IP No. 2 4 x 10 .4 per year 0.03 0.10 
IP No. 3 9 x 10 -s per year 0.52 0.53 
Zion 4 x 10 -s per year 0.72 0.75 

Socie tal  risk - - a c u t e  dea ths  (Safe ty  goal: 5 x 10 -4 deaths  p e r  year) 
IP No. 2 2 X 10 -6 deaths per year 0.900 0.9000 
IP No. 3 7 x 10 -6 deaths per year 0.999 0.9999 
Zion 5 x 10 -7 deaths per year 0.970 0.970 

Socie ta l  risk - - l a t e n t  deaths  (Sa fe ty  goal: 32 dea ths  p e r  year) 
IP No. 2 1.5 deaths per year 0.980 
IP No. 3 0.08 deaths per year 0.999 
Zion 0.05 deaths per year 0.9998 

0.98 
0.9999 
0.99999 

R e s u l t s  

If  the risk est imates were, in fact,  described by  the  log normal  or  Weibull 
dis t r ibut ions,  the level o f  conf idence  would  be the conf idence  with which 
the  safety goal were met .  Fo r  core-mel t  f r equency ,  this level o f  conf idence  
is small fo r  Indian Poin t  2 {3--10%), because nei ther  the mean  nor  median  
value mee t  the  goal. Fo r  Indian  Poin t  3, the conf idence  level is approximate -  
ly 52% because the median  and mean  are on b o t h  sides of  the  goal (0.9 X 
10 -4 and 1.9 X 10 -4, respectively).  For  Zion, the conf idence  in meet ing  the  
core-melt  f r equency  goal level is be tween  72 and 75% depending  u p o n  the 
dis t r ibut ion.  

For  the societal risk goals, one  wou ld  be 90% conf iden t  tha t  Indian  Poin t  
2 me t  the  safety goal for  acute  (early) deaths;  for  Indian Poin t  3 and Zion, 
one would  be 97% conf iden t  or  greater. Fo r  la tent  (cancer) death ,  one  would  
be 98% conf iden t  or  greater tha t  the safety goal would  be me t  for  all three 
plants. 

The above results also demons t r a t e  a p r o p e r t y  o f  these dis t r ibut ions:  as 
the  conf idence  range gets greater (above 50%), the  difference in the two 
dis t r ibut ions  becomes  negligible. At  the low end,  t h e y  tend to differ. The 
above analysis demons t ra t e s  that ,  in addi t ion  to  compar ing  a mean or  median  
value (po in t  est imate) with a safety goal, one  can de te rmine  a level o f  con-  
f idence if a d is t r ibut ion  is available. 

At  this point ,  it is o f  interest  to  compare  these results with the  results 
presented for  the  civil engineering s t ructures  and the toxic  chemicals.  Fo r  
the  societal risk measures (bo th  acute  and latent) ,  the  high degree o f  confi-  
dence  compares  favorably  with the risks due  to  a range o f  tox ic  chemical  
species. Fo r  core-mel t  f requency ,  the results are less comparable .  In addi t ion  
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to  examin ing  the  level o f  conf idence ,  it is useful  to  e x a m i n e  o the r  aspec ts  o f  
the  s tat is t ical  d i s t r ibu t ion  o f  core -mel t .  

F o r  civil engineer ing s t ruc tures ,  the  use o f  the  safe ty  f a c t o r  and  rel iabi l i ty  
index  as o t h e r  measures  for  including u n c e r t a i n t y  was discussed.  Recal l  t h a t  
the  sa fe ty  f a c to r  was de f ined  as the  ra t io  o f  the  m e a n  s t rength  to  the  m e a n  
load,  and  the  rel iabi l i ty  index  as the  d is tance  in s tandard  devia t ions  f r o m  
failure. In this case, the  sa fe ty  goal can  be cons idered  as the  m e a n  s t rength  
and  is de te rmin i s t i c  wi th  no devia t ion .  The  load is co re -mel t  f r e q u e n c y  wi th  
m e a n  devia t ion .  

One  can c o n s t r u c t  the  fo l lowing  t ab le  fo r  core -mel t  f r e q u e n c y  f r o m  the  
da ta  available.  

Reactor Median One sigma value (84%) Safety goal 

IPNo. 2 4 .0x 10 -4 8.0X 10 -4 1.0x 10 -4 
IPNo. 3 9.0 x 10 -s 3.7 X 10 -4 1.0x 10 -4 
Zion 2.2 X 10 -s 1.7 x 10 -4 1.0 x 10 -4 

In every  case, the  value at one  s tandard  devia t ion  (o)  is g rea te r  t han  the  
sa fe ty  goal.  Hence/~ ,  the  re l iabi l i ty  index ,  will a lways  be  less t han  one,  illus- 
t r a t ing  the  re la t ively  large degree  o f  u n c e r t a i n t y  in the  d i s t r ibu t ions  for  core-  
me l t  f r equency .  This  resul t  is in con t r a s t  to c o m m o n l y  accep t ed  values 
f o u n d  in the  civil s t ruc tu res  l i t e ra ture ,  where  the  med i an  plus 2o values are 
less t h a n  the  l imit ing cond i t ion .  

One  can examine  the  ra t io  o f  the  u p p e r  90% conf idence  b o u n d  to  the  
m e a n  to  q u a n t i f y  the  na r rowness  o f  the  d is t r ibu t ion .  In  addi t ion ,  the  ra t io  o f  
the  u p p e r  90% conf idence  b o u n d  to  the  goal measures  the  closeness o f  the  
d i s t r ibu t ion  to  the  goal. F o r  the  e s t ima tes  o f  co re -mel t  f r e q u e n c y  there  ob- 
ta ins  the  fo l lowing  table .  

Reactor 90% value/mean 90% value/goal 

IP No. 2 2.1 10 
IP No. 3 2.9 5.5 
Zion 2.9 2.4 

The  first  c o l u m n  is similar  to  the  coef f i c ien t  o f  var ia t ion,  which  fo r  civil 
s t ruc tures  is usual ly  less t han  un i t y  (0 .1- -0 .6) .  

As an a l ternat ive ,  the  sa fe ty  f a c t o r  c o n c e p t  can be appl ied.  I f  the  f requen-  
cy  specif ied b y  the  safe ty  goal (1.0 X 10 -~ pe r  r eac to r  year)  is d iv ided b y  the  
m e a n  value (bes t -es t imate)  fo r  co re -mel t  f requence ,  an ana logous  " s a f e t y  
f a c t o r "  can be def ined.  This  is s h o w n  in the  fo l lowing table .  
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Confidence Type Safety factor 
(Goal/mean) 

0.03--0.01 I.P. 2 a 0.25 
0.52--0.53 I.P. 3 a 1.1 
0.72--0.75 Zion a 2.5 

- 0 . 9 0  Soil load 1.0--1.9 
--0.99 Soil stabili ty 1.9--3.3 

aRatio of  safety goal to median core-melt frequency. 

By  c o m p a r i n g  t h e s e  t w o  r e s u l t s ,  i t  w o u l d  a p p e a r  t h a t  a s a f e t y  f a c t o r  o f  
3 c o r r e s p o n d s  t o  a c o n f i d e n c e  in r i sk  e s t i m a t e  o f  0 . 9  f o r  c o r e - m e l t  f re -  

q u e n c y .  H e n c e ,  in t h e  a b s e n c e  o f  a d i s t r i b u t i o n  f u n c t i o n ,  a r i sk  m a n a g e r  
m i g h t  e m p l o y  a s a f e t y  f a c t o r  t o  i n s u r e  s o m e  d e g r e e  o f  c o n f i d e n c e ,  o r  a c c o u n t  
f o r  u n c e r t a i n t y  t h a t  is n o t  q u a n t i f i e d .  

C o s t - - b e n e f i t  c o n s i d e r a t i o n s  

C o s t - - b e n e f i t  t r a d e - o f f s  a r e  u s e d  b y  d e c i s i o n  m a n a g e r s  as an  a i d  in  d e t e r -  
m i n i n g  w h e t h e r  o r  n o t  a c t i o n  s h o u l d  b e  u n d e r t a k e n .  I n  m o s t  cases ,  c o s t s  
have  m u c h  less u n c e r t a i n t y  t h e n  b e n e f i t s  w h e n  t h e  l a t t e r  is e x p r e s s e d  in  
t e r m s  o f  r i sk  a v e r t e d .  A s  an  e x a m p l e  o f  t h e  f r a m e w o r k  d e v e l o p e d  in  t h i s  
p a p e r ,  a r i sk  r e d u c t i o n  o p t i o n  (a  f i l t e r e d  v e n t e d  c o n t a i n m e n t  s y s t e m )  is c o n -  
s i d e r e d  f o r  t h e  b o i l i n g  w a t e r  r e a c t o r  ( B W R )  c o n s i d e r e d  in  t h e  R e a c t o r  S a f e t y  
S t u d y  [ 9 ] .  S u c h  a s y s t e m  is a s s u m e d  t o  p e r f e c t l y  e l i m i n a t e  c o n t a i n m e n t  
f a i l u r e s  d u e  t o  o v e r p r e s s u r i z a t i o n  f o l l o w i n g  a c o r e  m e l t  a c c i d e n t .  

T h e  R e a c t o r  S a f e t y  S t u d y  g ives  t h e  f r e q u e n c y  o f  e a c h  p o s s i b l e  r a d i o a c t i v e  
r e l e a s e  c a t e g o r y  a t  t h e  5 t h ,  5 0 t h  a n d  9 5 t h  p e r c e n t  c o n f i d e n c e  levels .  T h e s e  
a r e  s h o w n  in  T a b l e  5. T h e  c o n s e q u e n c e s  c o r r e s p o n d i n g  t o  e a c h  r a d i o a c t i v e  
r e l e a s e  c a t e g o r y  a re  g iven  in  T a b l e  6.  I f  t h e  r i sk  r e d u c t i o n  o p t i o n  is i m p l e -  
m e n t e d ,  i t  w i l l  r e m o v e  t h e  B W R  2, B W R  3 a n d  B W R  4 r e l e a se  c a t e g o r i e s .  

TABLE 5 

BWR release categories reflecting uncertainty in f requencywith  no FVC a 

Release category Frequency 

5% 50% 95% 

BWR 1 1 x 10 -7 1 × 10 -6 8 × 10 -6 
BWR 2 1 × 10 -6 6 × 10 -6 3 x 10 -s 
BWR 3 5 × 10 -6 2 ×  10 -s 8 × 10 -s 
BWR 4 5 x 10 -7 2 X 10 -6 1 × 10 -s 
BWR 5 1 × 10 -5 1 × 10 -4 1 X 10 -s 

aTaken from Draft WASH-1400 [9 ]. 
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T A B L E  6 

Consequences  of  indiv idual  release categor ies  ( c o m p o s i t e  site) 

Average a 

Type  Man- rem (X 10 6 ) Acu te  fatal i t ies  Damage ($ X 10 9) 

BWR I 2.2 1.7 1.2 
BWR 2 1.8 48 1.2 
BWR 3 0.89 3.0 0 .61 
BWR 4 0 .42 3.9 0 .28 
BWR 5 0 .19 1.1 0 .10 

aAverage over  p o p u l a t i o n  and  mete ro log ica l  cond i t ions ,  assuming acc iden t  occurs  w i th  
un i t  p robab i l i t y ,  i.e., given the  acc ident .  

T A B L E  7 

Risk r e d u c t i o n  (benef i t )  for  p e a c h b o t t o m  using a f i l tered ven ted  c o n t a i n m e n t  

Conf idence  level 

Risk aver ted  5% 50% 95% 

Acu te  dea ths  per  year  65 × 10 -6 
La ten t  dea ths  per  yea r  13 x 10 -4 
Man-re in  per  year  a 6.5 
Man- rem per  year  b 60 
Off-site p r o p e r t y  damage  per  year  $4.4 X 103 

355 X 10 -6 172 X 10 -5 
59 X 10 -4 26 X 10 -3 

13.4 129.0  
140 1300 
$20.  x 103 $8.8 X 104 

a Draf t ,  WASH-1400 ,  Table  VI-21.  Average site. 
b High p o p u l a t i o n  site. 

T A B L E  8 

P robab i l i t y  t h a t  the  bene f i t  is greater  t h a n  the  cos t  

Risk aver ted  pr( A R > Co/L ) 

Man-rem 
(dra f t  WASH-1400 ,  using $ 1 0 0 0 / m a n - r e m  aver ted)  

Man- rem 
(high p o p u l a t i o n  site using $ 1 0 0 0 / m a n - r e m  aver ted)  

P rope r ty  damage  
(d ra f t  WASH-1400)  

Tota l  costs  aver ted  
(hea l th  ef fec ts  and  p r o p e r t y  damage)  a 

0 .40 

0.95 

0 .45 

0.55 

aDra f t  WASH-1400  values. 
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The reduc t ion  in risk can then be determined as shown in Table 7. 
The results shown in Table 7 indicate that  the dominant  contr ibutors  to 

benefit  are man-rem averted and off-site proper ty  damage averted. The costs 
for  simple low and high volume vents (using the suppression pool  as a scrub- 
ber} have been estimated at $0.9 X 106 and $1.2 X 106, respectively, by 
Benjamin [12] .  Using a thir ty  year effective life and the higher cost, CoIL 
is $40,000 per year. Using a log-normal distribution, eqn. (6) can be evalu- 
ated for each risk averted. The results are shown in Table 8. 

Table 8 indicates that,  using the original RSS data, the probabil i ty that  the 
total  benefit  is greater than the cost is 0.55. For  the high populat ion site, the 
probabil i ty is 0.95 when only man-rem is considered at the high populat ion 
site. 

Summary and conclusions 

Most policy statements specifying standards or goals for hazardous mate- 
rial contain both qualitative goals and numerical guidelines. The numerical 
guidelines are singular values; limits on individual and societal risk of  acute 
and latent death, limits on concentrat ion of  material, limits on core-melt 
f requency;  and, possibly, limits on cost--benefit .  

Rather  than trying to meet  a goal or standard with a median or mean 
value, a more appropriate question might be: How confident should one be 
that this guideline is met? 

In order to establish a quantitative response to  this question, PRAs should 
specify statistical distributions for each measure of risk (or at a minimum 
upper and lower confidence limits) so that  a measure of  confidence can be 
determined.  If a quantitative level of  confidence is to be determined,  uncer- 
tainties which are quantifiable should be propagated through PRAs and the 
risk should be presented as statistical distributions rather than as median 
values. 

In an effor t  to address the practicality of  using levels of  confidence, vari- 
ous risks were examined. Based on a limited survey, it appears that  a high 
level of  confidence (90% or more) would reflect conservatism to account for 
uncertainties which are not  easily quantified or may be unquantifiable. 

One may wish to consider other  parameters, such as a reliability index or 
a safety factor,  which are related to the width of  the statistical risk distribu- 
tion. The data presented in this paper were limited, and can provide only a 
limited basis for making a quantitative recommendat ion.  The reliability 
index is a useful quanti ty because it includes both the relative width of the 
distribution and the separation between a goal and mean. For the nuclear 
cases examined,  the reliability index was always less than unity,  while current  
civil engineering practice yields values of the order of  2--4 for various struc- 
tures. The safety factor,  however, gives a relationship between a goal and the 
mean value independent  of the spread of variance. As such, one would expect ,  
for  safety situations whose variance in outcome is similar to structural failures 
following soil load and soil stability mishaps, that  a safety factor  of about  
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2 .0--3 .0  might  be reasonable.  However ,  because the  variance associated wi th  
the  f r equency  of  a core-mel t  acc ident  is higher*,  a larger safety fac tor  is ex- 
pected.  While a precise value for  this safety fac to r  for  core-mel t  c a n n o t  be 
selected at present ,  values be tween  2.5 and 5 appear  to be comparab le  to  
90--99% conf idence .  Suppor t ive ly ,  it turns  ou t  tha t  the data  on  core-mel t  
f r equency  indicates tha t  the core-mel t  risk as the 90 th  pe rcen t  conf idence  
level is always within  a fac tor  of  10 o f  the goal and within  a f ac to r  o f  3 o f  
the  mean.  

In the absence of  a statistical d is t r ibut ion,  unce r t a in ty  can be included by 
a safety fac tor  ( roughly  def ined as the ratio o f  the safety goal to  the best- 
es t imate  or  mean  risk). At  this point ,  suff icient  in fo rmat ion  is lacking to  
suppor t  a f irm quant i ta t ive  value for  all measures o f  risk. However ,  a safety 
fac to r  o f  2 .5--5 .0  appears to  be appropr ia te  for  core-mel t  f requency .  

In s u m m a r y ,  an alternative approach  for  the cons idera t ion  o f  a goal or  
s tandard has been presented.  I t  is based on requiring tha t  a goal be me t  at  a 
cer tain level o f  conf idence .  By examining  some nonnuc lea r  and nuclear  
risks, it appears tha t  such an approach  is practical  providing sufficient  infor- 
ma t ion  is given. Moreover ,  there  appears to  be a basis for  requiring tha t  goals 
be me t  at a high degree o f  conf idence .  
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