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P r e f a c e  

S tandard  s e t t i n g  i s  one o f  t h e  most commonly used r e g u l a t o r y  
t o o l s  t o  l i m i t  d e t r i m e n t a l  e f f e c t s  o f  t e c h n o l o g i e s  on human 
h e a l t h ,  s a f e t y ,  and p s y c h o l o g i c a l  w e l l  b e i n g .  S t a n d a r d s  a l s o  
work a s  a  major  c o n s t r a i n t  on t e c h n o l o g i c a l  development ,  
p a r t i c u l a r l y  i n  t h e  e n e r g y  f i e l d .  The t r a d e - o f f s  which have t o  
b e  made between economical ,  e n g i n e e r i n g ,  e n v i r o n m e n t a l ,  and 
p o l i t i c a l  o b j e c t i v e s ,  t h e  h i g h  u n c e r t a i n t y  a b o u t  e n v i r o n m e n t a l  
e f f e c t s ,  and t h e  c o n f l i c t i n g  i n t e r e s t s  o f  g roups  i n v o l v e d  i n  
s t a n d a r d  s e t t i n g ,  make t h e  r e g u l a t o r y  t a s k  e x c e e d i n g l y  d i f f i c u l t .  

R e a l i z i n g  t h i s  d i f f i c u l t y ,  t h e  Volkswagen Foundat ion  spon- 
s o r e d  a r e s e a r c h  s u b t a s k  i n  IIASA's Energy Program under  t h e  name 
"Procedures  f o r  t h e  E s t a b l i s h m e n t  of  S t a n d a r d s " .  The o b j e c t i v e s  
o f  t h i s  r e s e a r c h  a r e  t o  a n a l y z e  e x i s t i n g  p r o c e d u r e s  f o r  s t a n d a r d  
s e t t i n g  and t o  deve lop  new t e c h n i q u e s  t o  improve t h e  r e g u l a t o r y  
d e c i s i o n  making p r o c e s s .  The r e s e a r c h  performed under  t h i s  
p r o j e c t  i n c l u d e :  

i) p o l i c y  a r l a lyses  o f  t h e  i n s t i t u t i o n a l  a s p e c t s  o f  
s t a n d a r d  s e t t i n g  and comparisons w i t h  o t h e r  r e g u l a t o r y  
t o o l s ;  

ii) c a s e  s t u d i e s  o f  ongoing o r  p a s t  s t a n d a r d  s e t t i n g  
p r o c e s s e s  ( e . g . ,  o i l  d i s c h a r g e  s t a n d a r d s  o r  n o i s e  
s t a n d a r d s )  ; 

iii) development o f  fo rmal  methods f o r  s t a n d a r d  s e t t i n g  
based  on game and d e c i s i o n  t h e o r y ;  

i v )  a p p l i c a t i o n s  o f  t h e s e  methods t o  r e a l  wor ld  s t a n d a r d  
s e t t i n g  problems.  

The p r e s e n t  r e s e a r c h  memorandum i s  one i n  a  series o f  
p a p e r s  d e a l i n g  w i t h  t h e  development and a p p l i c a t i o n  o f  d e c i s i o n  
t h e o r e t i c  models f o r  s t a n d a r d  s e t t i n g .  I t  p r e s e n t s  a n  i l l u s t r a -  
t i v e  a p p l i c a t i o n  o f  a  model developed a t  IIASA t o  t h e  problem 
o f  s e t t i n g  c h r o n i c  o i l  d i s c h a r g e  s t a n d a r d s .  
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A b s t r a c t  

T h i s  r e s e a r c h  memorandum p r e s e n t s  an  i l l u s t r a t i v e  a p p l i c a -  
t i o n  o f  a  t h r e e  d e c i s i o n  maker ,  one  s t a g e  d e c i s i o n  model  t o  t h e  
problem o f  s e t t i n g  c h r o n i c  o i l  d i s c h a r g e  s t a n d a r d s .  I t  i s  t h e  
t h i r d  p a p e r  i n  a  series d e a l i n g  w i t h  d e c i s i o n  models  and  t h e i r  
a p p l i c a t i o n s  t o  s t a n d a r d  s e t t i n g .  The f i r s t  p a p e r  (IIASA, 
RM-78-5) d e s c r i b e s  t h e  p r o b l e m a t i q u e  o f  o i l  d i s c h a r g e  s t a n d a r d  
s e t t i n g  f a c e d  by t h e  UK and Norwegian governments  w i t h  t h e  
growing o i l  deve lopment  i n  t h e  Nor th  S e a .  The s e c o n d  p a p e r  
(IIASA, RM-78-7) p r o v i d e s  t h e  f o r m a l  background o f  a d e c i s i o n  
t h e o r e t i c  model which was deve loped  t o  a i d  r e g u l a t o r y  a g e n c i e s  
i n  s t a n d a r d  s e t t i n g  t a s k s .  The p r e s e n t  p a p e r  i s  a  f i r s t  a t t e m p t  
t o  a p p l y  t h i s  model t o  a r e a l  wor ld  s t a n d a r d  s e t t i n g  case. 

The p a p e r  t o o k  t h e  UK s t a n d a r d  s e t t i n g  problem a s  it a r o s e  
i n  1975 as i t s  s t a r t i n g  p o i n t .  I t  f i r s t  d e s c r i b e s  t h e  r e g u l a t i o n  
problem i n  t e r m s  o f  s o u r c e s ,  amounts and e f f e c t s  o f  c h r o n i c  o i l  
d i s c h a r g e s  from N o r t h  S e a  p r o d u c t i o n  p l a t f o r m s .  Then it p r e s e n t s  
a  t h r e e  d e c i s i o n  rr,aXer, one  s t a g e  d e c i s i o n  model f o r  s t a n d a r d  
s e t t i n g  which encompasses  t h e  d e c i s i o n  making o f  a  r e g u l a t o r  
u n i t ,  a  d e v e l o p e r  u n i t ,  and a n  impac tee  u n i t .  The d e c i s i o n  
making o f  t h e  d e v e l o p e r  u n i t  i s  t h o u g h t  a s  b e i n g  i n f l u e n c e d  by 
a  s t a n d a r d  t h r o u g h  t h e  p o s s i b i l i t y  o f  d e t e c t i o n s  o f  v i o l a t i o n s  
o f  t h e  s t a n d a r d  and s u b s e q u e n t  s a n c t i o n s .  The d e c i s i o n  making 
o f  t h e  impac tee  u n i t  i s  i n f l u e n c e d  by t h e  o p e r a t i o n  a n d  t rea t -  
ment d e c i s i o n  o f  t h e  d e v e l o p e r  u n i t .  Each d e c i s i o n  u n i t  i s  
mode l l ed  by a d e c i s i o n  t h e o r e t i c  model i n c l u d i n g  q u a n t i f i c a t i o n s  
o f  u n c e r t a i n t i e s  and  v a l u e s ,  d e t e r m i n i n g  o p t i m a l  t r e a t m e n t  res- 
p o n s e s  t o  r e g u l a t i o n  a l t e r n a t i v e s ,  and u t i l i t i e s  f o r  a l l  t h r e e  
u n i t s  a s  a  f u n c t i o n  o f  s t a n d a r d s .  

The a p p l i c a t i o n  o f  t h e  model i s  i l l u s t r a t i v e  i n  c h a r a c t e r .  
Al though some o f  t h e  d a t a  used  i n  t h e  model w e r e  c o l l e c t e d  d u r i n g  
two f i e l d  s t u d i e s  i n  t h e  UK and  Norway, many q u a n t i f i c a t i o n s  a r e  
s t i l l  h y p o t h e t i c a l  i n  t h e  s e n s e  t h a t  t h e y  a r e  no rea l  a s s e s s m e n t s  
by t h e  e x p e r t s  and d e c i s i o n  makers ,  b u t  r a t h e r  r e f l e c t  t h e  
a u t h o r ' s  p e r c e p t i o n s  o f  t h e  d e c i s i o n  m a k e r ' s  and e x p e r t s '  
o p i n i o n s  and  e v a l u a t i o n s .  N e v e r t h e l e s s  t h e  model r e s u l t s  p r o v i d e  
some b a s i c  i n s i g h t s  i n  t h e  s t a n d a r d  s e t t i n g  problem f o r  c h r o n i c  
o i l  d i s c h a r g e s .  

The model showed t h e  s t r o n g  i n f l u e n c e  o f  t h e  u n c e r t a i n t y  o f  
equipment  pe r fo rmance  on t h e  d e c i s i o n  making o f  t h e  d e v e l o p e r  a s  
a  r e s p o n s e  t o  a  s t a n d a r d .  Even r i s k  n e u t r a l  d e c i s i o n  makers  
would make r a t h e r  c o n s e r v a t i v e  t r e a t m e n t  d e c i s i o n s .  The model 
a l s o  shows t h e  s e n s i t i v i t y  o f  t h e  p r e c i s e  d e f i n i t i o n s  o f  sample  





s i z e ,  s ampl ing  p e r i o d  and  exempt ions  on t h e  d e v e l o p e r ' s  d e c i s i o n  
making. The model d e m o n s t r a t e s  c l e a r l y  t h a t  a  s t a n d a r d  i s  n o t  
e q u a l  t o  a  s t a n d a r d ,  t h a t  i s ,  t h e  n u m e r i c a l  v a l u e  o f  a  s t a n d a r d  
t e l l s  o n l y  p a r t  o f  t h e  s t o r y  a b o u t  i t s  s t r i c t n e s s  i n  chang ing  
t h e  d e v e l o p e r ' s  d e c i s i o n  making. 

O t h e r  model p a r a m e t e r s ,  such  a s  p e n a l t y  f u n c t i o n s ,  u t i l i t y  
f u n c t i o n s ,  e t c . ,  p roved  t o  b e  r a t h e r  i n s e n s i t i v e .  Ano the r  model 
r e s u l t  i s  t h a t  t h e r e  a r e  many dominated  s t a n d a r d s ,  i . e . ,  s t a n -  
d a r d s  which a r e  n o t  b e t t e r  f o r  any d e c i s i o n  u n i t  and  worse  f o r  
a t  l e a s t  one  a s  ccmpared t o  o t h e r  s t a n d a r d s .  T h i s  dominance 
e f f e c t  is  a  r e s u l t  o f  t h e  d i s c r e t e n e s s  o f  t h e  d e v e l o p e r ' s  ( t r e a t -  
ment)  r e s p o n s e  t o  a c o n t i n u o u s  d e c i s i o n  o f  t h e  r e g u l a t o r .  

The g e n e r a l  c o n c l u s i o n  o f  t h i s  model a p p l i c a t i o n  i s  t h a t  
s u c h  a  f o r m a l i z a t i o n  o f  a  s t a n d a r d  s e t t i n g  problem i s  f e a s i b l e  
i n  p r i n c i p l e ,  t h a t  t h e  model r e s u l t s  make s e n s e ,  and t h a t  
r u n n i n g  t h e  model g i v e s  i n t e r e s t i n g  i n s i g h t s  i n  t h e  s e n s i t i v i t i e s  
o f  c e r t a i n  d e c i s i o n  p a r a m e t e r s .  The model a p p l i c a t i o n  a l s o  
showed t h a t  e s p e c i a l l y  i n  t h e  m o d e l l i n g  o f  t h e  p o l i t i c a l  e v a l u a -  
t i o n s  o f  t h e  r e g u l a t o r  and  t h e  e n v i r o n m e n t a l  m o d e l l i n g  o f  t h e  
i n p a c t e e s  much improvement i s  n e c e s s a r y  t o  a l l o w  a  t r a d e - o f f  
a n a l y s i s  between t h e  t h r e e  d e c i s i o n  making u n i t s .  
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Model l ing  S t a n d a r d  S e t t i n g  D e c i s i o n s :  

An I l l u s t r a t i v e  A p p l i c a t i o n  t o  Chron ic  O i l  D i s c h a r g e s  

THE PROBLEV OF SETTING CHRONIC OIL DISCHARGE STANDARDS 

Offshore  o i l  p r o d u c t i o n  b r i n g s  n o t  o n l y  economic b e n e f i t s  
t o  t h e  o i l  producing c o u n t r i e s ,  b u t  a l s o  i n c r e a s e d  r i s k s  and 
h a z a r d s  o f  o i l  p o l l u t i o n  i n t o  t h e  s e a s .  One major s o u r c e  o f  
such o i l  p o l l u t i o n  a r e  p r o d u c t i o n  p l a t f o r m s  w i t h  t h e i r  r i s k s  o f  
o i l  blowouts  and t h e i r  c o n t i n u a l  c h r o n i c  o r  o p e r a t i o n a l  o i l y  
w a t e r  d i s c h a r g e s .  Although a c c i d e n t a l  s p i l l s  l i k e  t h e  S a n t a  
Barbara  blowout i n  t h e  P a c i f i c  (see S t r a u g h a n ,  1971) o r  t h e  
Ekof i sk  blowout i n  t h e  Nor th  Sea ( s e e  F i s c h e r ,  1978) a r e  more 
d r a m a t i c  and have  more v i s i b l e  impac t s  on f i s h ,  b i r d s ,  and 
beaches ,  c h r o n i c  d i s c h a r g e s  may n o t  be l e s s  dangerous .  Such 
d i s c h a r g e s  c o n t i n u e  o v e r  y e a r s  and t h e y  i n v o l v e  t h e  p o s s i b i l i t y  
o f  m o r t a l i t y  o r  c h r o n i c  t o x i c i t y  o f  mar ine  organism,  l o n g  t e rm 
e f f e c t s  on spawning b e h a v i o r  and changes i n  t h e  e c c l o g i c a l  
b a l a n c e .  Environmenta l  a g e n c i e s  a l l  o v e r  t h e  wor ld  have t h e r e -  
f o r e  made a t t e m p t s  t o  l i m i t  t h e s e  c h r o n i c  o i l  d i s c h a r g e s  th rough  
a p p r o p r i a t e  r e g u l a t i o n s .  

O i l  e m i s s i o n  s t a n d a r d s  which a r e  set  on t h e  o i l  c o n c e n t r a -  
t i o n  i n  t h e  d i s c h a r g e d  wa te r  a r e  t h e  most common r e g u l a t o r y  t o o l  
t o  r educe  o i l  p o l l u t i o n  from p r o d u c t i o n  p l a t f o r m s  i n  t h e  s e a s .  
I n  a  p r e v i o u s  paper  ( F i s c h e r  and von W i n t e r f e l d t ,  1978) t h e  
d e c i s i o n  p r o c e s s  was a n a l y z e d  by which t h e  UK and Norway set  
such c h r o n i c  o i l  d i s c h a r g e  s t a n d a r d s  f o r  North Sea p r o d u c t i o n  
p l a t f o r m s .  The f o c u s  o f  t h a t  a n a l y s i s  was on t h e  a c t o r s  
invo lved  i n  t h e  d e c i s i o n  making, t h e i r  c o n f l i c t i n g  g o a l s  and 
o b j e c t i v e s ,  t h e i r  d e c i s i o n  a l t e r n a t i v e s  and t h e i r  i n f o r m a t i o n  
p r o c e s s i n g  and e v a l u a t i o n  s t r a t e g i e s .  During t h i s  l a r g e l y  des -  
c r i p t i v e  and problem o r i e n t e d  a n a l y s i s  a  d e c i s i o n  t h e o r e t i c  
model was developed w i t h  t h e  aim t o  a i d  r e g u l a t o r y  k o d i e s  i n  
s i m i l a r  s t a n d a r d  s e t t i n g  t a s k s .  The p r e s e n t  paper  i s  an  a t t e m p t  
t o  a p p l y  t h i s  model t o  t h e  problem o f  c h r o n i c  o i l  d i s c h a r g e  
s t a n d a r d s .  

The a p p l i c a t i o n  p r e s e n t e d  i n  t h i s  p a p e r  i s  i l l u s t r a t i v e  i n  
c h a r a c t e r .  Although some of  t h e  d a t a  used i n  t h e  model w e r e  
c o l l e c t e d  d u r i n g  two f i e l d  s t u d i e s  i n  t h e  UK and Norway on t h e  
problem o f  c h r c n i c  o i l  d i s c h a r g e  s t a n d a r d s ,  many q u a n t i f i c a t i o n s  
a r e  s t i l l  h y p o t h e t i c a l  i n  t h e  s e n s e  t h a t  t h e y  a r e  no r e a l  a s s e s s -  
ments  by t h e  d e c i s i o n  makers and a c t o r s  i n v o l v e d  b u t  r a t h e r  
r e f l e c t  t h e  a u t h o r ' s  p e r c e p t i o n s  o f  t h e  a c t o r ' s  v a l u e s  and 
o p i n i o n s .  Usin3 a s  a  background t h e  UK s t a n d a r d  s e t t i n g  
p rob lemat ique  a s  i t  a r o s e  around 1975,  t h e  model was developed 
and run  t o  a n a l y s e  c h r o n i c  o i l  d i s c h a r g e  s t a n d a r d  s e t t i n g  i n  
s i m i l a r  s i t u a t i o n s .  



I n  t h e  f o l l o w i n g  s e c t i o n  f i r s t  t h e  problem o f  c h r o n i c  o i l  
d i s c h a r g e s ,  t h e i r  amounts and t h e i r  p o s s i b l e  e f f e c t s  w i l l  be 
b r i e f l y  reviewed f o l l o w i n g  r e p o r t s  by t h e  US Academy o f  S c i e n c e s  
(1975) , t h e  US Counc i l  of  Environmenta l  Q u a l i t y  (1974) , and t h e  
C e n t r a l  U n i t  on Environmenta l  P o l l u t i o n  o f  t h e  UK ( 1 9 7 6 ) .  Then 
t h e  problem o f  r e g u l a t i n g  such  d i s c h a r g e s  i s  d i s c u s s e d  a s  it 
p r e s e n t e d  i t s e l f  t o  t h e  UK governmenta l  a g e n c i e s  i n  1975. I n  
t h e  n e x t  s e c t i o n  t h e  d e c i s i o n  t h e o r e t i c  model w i l l  b e  p r e s e n t e d  
f o l l o w i n g  more d e t a i l e d  p a p e r s  by von W i n t e r f e l d t  (1978 a  and b ) .  
The model a p p l i c a t i o n ,  s e n s i t i v i t y  a n a l y s e s ,  and a  d i s c u s s i o n  o f  
some major  r e s u l t s  w i l l  conc lude  t h e  p a p e r .  

S o u r c e s ,  Amounts and E f f e c t s  o f  Chronic  O i l  D i s c h a r g e s  

O i l y  w a t e r  d i s c h a r g e s  from p r o d u c t i o n  p l a t f o r m s  have t h r e e  
main s o u r c e s :  p r o d u c t i o n  w a t e r ,  d i s p l a c e m e n t  w a t e r ,  and r u n c f f  
w a t e r .  P r o d u c t i o n  w a t e r  i s  pumped o u t  of  t h e  o i l  f i e l d  t o g e t h e r  
w i t h  t h e  c r u d e  o i l  and i s  d i s c h a r g e d  i n t o  t h e  s e a  a f t e r  a  s e p a r a -  
t i o n  and p o s s i b l e  f u r t h e r  t r e a t m e n t  p r o c e s s .  Crude o i l  may con- 
t a i n  a s  l i t t l e  a s  one  p e r c e n t  p r o d u c t i o n  w a t e r  i n  t h e  e a r l y  days  
o f  p r o d u c t i o n ,  and a s  much a s  30% i n  l a t e r  s t a g e s  i f  w a t e r  i n j e c -  
t i o n  sys tems a r e  used t o  i n c r e a s e  t h e  r e s e r v o i r  p r e s s u r e  (CUEP, 
1 9 7 6 ) .  Before  t r e a t m e n t  p r o d u c t i o n  w a t e r  may c o n t a i n  up t o  
3000 ppm ( p a r t s  p e r  m i l l i o n )  of  o i l .  I n  o f f s h o r e  o i l  s t o r a g e  
t a n k s  a t  p r o d u c t i o n  p l a t f o r m  s i tes  w a t e r  d i s p l a c e s  t h e  o i l  and 
mixes t o  some d e g r e e  w i t h  i t  th rough  d i f f u s i o n  and wave a c t i o n .  
T h i s  w a t e r  can  c o n t a i n  up t o  300 ppm o f  o i l .  Runoff w a t e r  from 
p r o d u c t i o n  decks  mixes with o i l  r e s i d u e s  and s m a l l  o i l  s p i l l s  
and i s  c o l l e c t e d  a t  t h e  p r o d u c t i o n  p l a t f o r m .  

Water from t h e s e  t h r e e  s o u r c e s  i s  u s u a l l y  c o l l e c t e d  and 
t r e a t e d  t h r o u g h  v a r i o u s  o i l - w a t e r  s e p a r a t i o n  d e v i c e s  r a n g i n g  from 
s i m p l e  g r a v i t y  s e p a r a t i o n  o v e r  f i l t e r i n g  d e v i c e s  t o  chemical  o r  
b i o l o g i c a l  t r e a t m e n t .  Good t r e a t m e n t  p r a c t i c e  w i t h  p r e s e n t  day 
t echno logy  can r e d u c e  t h e  o i l  c o n t e n t  i n  o i l y  w a t e r  down t o  
20-50 ppm. I n  s p i t e  o f  t h e s e  r e l a t i v e l y  low c o n c e n t r a t i o n  l e v e l s ,  
c h r o n i c  o i l  d i s c h a r g e s  from p r o d u c t i o n  p l a t f o r m s  s t i l l  pose  a  
p o t e n t i a l  danger  t o  t h e  mar ine  eco logy .  F i r s t  of a l l ,  t h e  
s e p a r a t i o n  p r o c e s s e s  a r e  u s u a l l y  s u r v i v e d  by t h e  more t o x i c  s o l u -  
a b l e  hydrocarbon components.  Secondly,  t h e  t o t a l  amounts o f  
d i s c h a r g e d  o i l  i s  by no means s m a l l .  F i s c h e r  and von W i n t e r f e l d t  
(1978) e s t i m a t e d  t h a t  approx imate ly  2200 t o n s  o f  o i l  p e r  y e a r  

w i l l  e n t e r  t h e  Nor th  Sea a t  peak p r o d u c t i o n  p e r i o d s  t h r o u g h  
c h r o n i c  o i l  d i s c h a r g e s  ( a s  a  comparison: a c c i d e n t a l  o i l  s p i l l s  
a r e  expec ted  t o  l i e  around 5000 t o n s / y e a r ) .  

The p o s s i b l e  e f f e c t s  o f  t h e s e  c h r o n i c  o i l  d i s c h a r g e s  on t h e  
mar ine  envi ronment  a r e  media ted  th rough  t h e  ambient  d i s t r i b u t i o n  
o f  o i l  c o n c e n t r a t i o n s  which i s  c r e a t e d  around t h e  ~ l a t f o r m  th rough  
t h e  c o n s t a n t  f low of o i l y  w a t e r  e m i s s i o n s .  T h i s  d i s t r i b u t i o n  i s  
a  r e s u l t  o f  a  c o m p l i c a t e d  p r o c e s s  o f  e m i s s i o n ,  d i f f u s i o n  and 
decay.  A r e c e n t  MIT s t u d y  e s t i m a t e d  t h a t  a n  a r e a  o f  5.4 km* 
around a  p l a t f o r m  can be  p o l l u t e d  a t  l e v e l s  h i g h e r  t h a n  .1 ppm 
( o r  100 ppb - p a r t s  p e r  b i l l i o n )  (Counc i l  o f  Environmenta l  



Q u a l i t y ,  1 9 7 4 ) .  A t  such c o n c e n t r a t i o n  l e v e l s  s e v e r a l  e n v i r o n -  
menta l  impac t s  may o c c u r  r a n g i n g  from d i r e c t  m o r t a l i t y  of  mar ine  
organisms which a r e  exposed f o r  a  l o n g e r  p e r i o d  t o  such  concen- 
t r a t i o n ,  over  l o n g  range  cumula t ive  e f f e c t s  t o  s l i g h t  b e h a v i o r a l  
changes  i n  t h e  mar ine  eco logy .  

Marine b i o l o g i s t s  a r e  n o t  a t  a l l  c e r t a i n  a b o u t  t h e  n a t u r e  
and e x t e n t  of  t h e s e  impac t s .  E a r l y  r e p o r t s  (NATO R e p o r t ,  1970) 
warned of  t h e  p o t e n t i a l  d a n g e r s  of  o i l  p o l l u t i o n  i n c l u d i n g  
p o s s i b i l i t i e s  o f  b ioaccumula t ion  o f  c a r c i n o g e n  s u b s t a n c e s .  
Labora to ry  exper iments  showed t h a t  con t inuous  exposure  of  f i s h  
and o t h e r  mar ine  organisms a t  l e v e l s  i n  t h e  low ppm r a n g e  can 
l e a d  t o  m o r t a l i t y  and t o x i c i t y .  Recent  r e p o r t s  a r e  more o p t i -  
m i s t i c  (US N a t i o n a l  Academy o f  S c i e n c e s ,  1975; Mer tens  and 
A l l r e d ,  1977; Westaway, 1977; Morgan e t  a l . ,  1 9 7 4 ) .  These 
r e p o r t s  conclude  t h a t  t h e r e  i s  l i t t l e  e v i d e n c e  f o r  bioaccumula-  
t i o n  and t h a t  most f i e l d  s t u d i e s  of  c h r o n i c a l l y  p o l l u t i n g  p l a t -  
forms gave no e v i d e n c e  of  f i s h  k i l l s ,  t o x i c i t y ,  o r  e c o l o g i c a l  
changes e x c e p t  i n  h i g h l y  s e n s i t i v e  e s t u a r i a n  a r e a s  w i t h  low 
c u r r e n t s  2nd f l o w s .  f e t  mar ine  b i o l o g i s t s  warn o f  t h z  more 
s u b t l e  long  t e r m  and b e h a v i o r a l  changes ,  and u r g e  r e g u l a t o r y  
a g e n c i e s  t o  set  s t r i c t  s t a n d a r d s  f o r  c h r o n i c  o i l  d i s c h a r g e s  from 
p r o d u c t i o n  p l a t f o r m s .  

The R e g u l a t i o n  Problem 

When o i l  development  went underway i n  t h e  North Sea t h e  UK 
P r e v e n t i o n  of O i l  P o l l u t i o n  Act (1971) formed t h e  l e g a l  b a s i s  
t o  r e g u l a t e  o f f s h o r e  o i l  p o l l u t i o n .  T h i s  law f o r b a d e  any ~ i l y  
w a t e r  d i s c h a r g e s  from o f f s h o r e  i n s t a l l a t i o n s  w i t h o u t  exempt ion .  
N a t u r a l l y  t h e  development  of  t h e  o i l  f i e l d s  posed a  dilemma t o  
t h e  UK r e g u l a t o r y  a g e n c i e s ,  t h e  UK Department of  Environment and 
t h e  Pe t ro leum Engineer ing  D i v i s i o n  (PED) of t h e  Department of  
Energy. The s o l u t i o n  was i n i t i a t e d  w i t h  t h e  new Pe t ro ieum and 
P i p e l i n e s  Act  (1975) which a l lowed  o f f s h o r e  o i l .  o p e r a t o r s  t o  
d i s c h a r g e  o i l y  w a t e r  p rov ided  t h e y  used b e s t  p r a c t i c a b l e  means 
f o r  t r e a t m e n t .  There  w e r e ,  however, no p r e c i s e  g u i d e l i n e s  t o  
d e t e r m i n e  what " b e s t  p r a c t i c a b l e  means" meant ,  and under  which 
p r e c i s e  c o n d i t i o n s  o f f s h o r e  o p e r a t o r s  shou ld  be  exempted from 
t h e  no d i s c h a r g e  law. 

A t  t h e  same t i m e  o t h e r  European c o u n t r i e s  began t o  push t h e  
UK t o  s e t  uni form c h r o n i c  o i l  d i s c h a r g e  s t a n d a r d s  f o r  Nor th  Sea 
p r o d u c t i o n  p l a t f o r m s .  A s t u d y  team i n  t h e  C e n t r a l  U n i t  on Envi- 
ronmenta l  P o l l u t i o n  was s e t  up i n  t h e  Department of  Environment 
t o  a n a l y z e  t h e  problem of  d i s c h a r g e  s t a n d a r d s .  Based l a r g e l y  on 
c o s t s  and performance d a t a  t h i s  s t u d y  concluded t h a t :  

"Data s u g g e s t  t h a t  an average  o i l  c o n c e n t r a t i o n  o f  
30-40 ppm i s  a c h i e v a b l e  w i t h  p r e s e n t  t echno logy .  
A maximum e f f l u e n t  o i l  c o n c e n t r a t i o n  of 1 0 0  ppm 
s h o u l d  n o t  be exceeded more t h a n  2 %  o f  t h e  t i m e .  
New development of e x i s t i n g  sys tems f o r  use  on 
p l a t f o r m s  may be a b l e  t o  r educe  t h e  e f f l u e n t  o i l  



concen t r a t i on  t o  an average of 2 0  ppm, b u t  t h e s e  
systems have no t  y e t  been f u l l y  eva lua t ed . "  
(CUEP, 1976, p .  2 2 )  . 

P a r t l y  a s  a  r e s u l t  of t h i s  s tudy  t h e  agency r e s p o n s i b l e  f o r  
o f f s h o r e  p l a t fo rm r e g u l a t i o n ,  t h e  PED of t h e  Department of Energy, 
s e t  a  s t anda rd  of  an average o i l  concen t r a t i on  o f  4 0  ppm f o r  
p l a t fo rms  wi th  d i scha rge  volumes of more t h a n  1 0 0 , 0 0 0  b a r r e l s  a  
day (approximately 14,000 t o n s )  of  o i l y  w a t e r ,  and a  s tandard  of  
50 ppm f o r  p l a t fo rms  w i t h  sma l l e r  d i s c h a r g e  volumes. These 
s t anda rds  were e f f e c t i v e l y  app l i ed  s i n c e  1977. 

The e f f e c t s  of  such s t a n d a r d s  on t h e  r e g u l a t o r  h i m s e l f ,  t h e  
o f f s h o r e  o i l  o p e r a t o r ,  and t h e  impacted f ishermen and e c o l o g i s t s  
w i l l  be analyzed i n  t h e  fol lowing s e c t i o n  by a  d e c i s i o n  t h e o r e t i c  
model. The model was developed i n  o rde r  t o  examine t h e  r e s u l t s  
of changing t h e  s t a n d a r d ,  p o s s i b l e  s a n c t i o n s  o r  t h e  moni tor ing 
procedure.  S ince  t h e  o f f s h o r e  o i l  o p e r a t o r s '  response t o  such 
r e g u l a t i o n  i s  a  c r x c i a l  element i n  r e g u l a t o r y  d e c i s i o n  makiag, 
a  d e c i s i o n  making model f o r  such responses  was developed.  The 
impac tees ' responses  were n o t  modelled and i n s t e a d  impactees were 
cons idered  s u f f e r e r s  o r  b e n e f i c i a r i e s  of  t h e  r e g u l a t o r ' s  and t h e  
o p e r a t o r ' s  d e c i s i o n s .  

The model was q u a n t i f i e d  by us ing  d a t a  from t h e  CUEP, equip- 
ment manufacturers ,  and t h e  PED. Where s u f f i c i e n t  d a t a  was 
l ack ing ,  b e s t  guesses  were s u b s t i t u t e d  and checked wi th  e x p e r t s .  
Value and u t i l i t y  f u n c t i o n s  were n o t  a s se s sed  i n t e r a c t i v e l y  wi th  
d e c i s i o n  makers b u t  t hey  a r e  based pu re ly  on t h e  a u t h o r ' s  per-  
c e p t i o n s  o f  t h e  d e c i s i o n  maker 's  v a l u e s ,  making use of pa rame t r i c  
a n a l y s i s  t o  accommodate a  range of p o s s i b l e  f u n c t i o n a l  forms. 

A DECISION THEORETIC MODEL FOR ENVIRONIWNTAL STANDARD SETTING 

To develop a  d e c i s i o n  t h e o r e t i c  model f o r  s o l v i n g  a  complex 
d e c i s i o n  problem, t h r e e  main s t e p s  have t o  be followed: 

1. The problem has  t o  be  s t r u c t u r e d .  S t r u c t u r i n g  i n c l u d e s  
a  d e f i n i t i o n  of a l t e r n a t i v e s  and e v e n t s  which may 
i n f l u e n c e  consequences i n  t h e  form of a  d e c i s i o n  t r e e  
o r  payoff  m a t r i x  ( s e e  R a i f f a ,  1 9 6 8 ) ,  and an e l a b o r a t i o n  
and o p e r a t i o n a l i z a t i o n  of t h e  d e c i s i o n  making o b j e c t i v e s  
by means of  g o a l  t r e e s  ( s e e  Keeney and R a i f f a ,  1976) .  

2 .  U n c e r t a i n t i e s  and va lue  judgements have t o  be q u a n t i f i e d .  
T h i s  q u a n t i f i c a t i o n  inc ludes  t h e  c o n s t r u c t i o n  of  prob- 
a b i l i t y  d i s t r i b u t i o n s  over  u n c e r t a i n  e v e n t s  ( s e e  
S p e t z l e r  and v.  H o l s t e i n ,  1 9 7 5 ) ,  and t h e  c o n s t r u c t i o n  
of u t i l i t y  o r  va lue  func t ions  over  consequences ( s e e  
Fishburn,  1965; Keeney and R a i f f a ,  1976) .  

3 .  P r o b a b i l i t i e s ,  v a l u e s  and u t i l i t i e s  have t o  be aggre- 
ga t ed  mathemat ical ly  t o  an o v e r a l l  e v a l u a t i o n  of  a c t i o n  
a l t e r n a t i v e s .  Th i s  i n c l u d e s  t h e  aggrega t ion  p r o b a b i l i -  
t i es  through p r o b a b i l i s t i c  i n f e r e n c e  models ( s e e  Kel ly  



and B a r c l a y ,  1 9 7 3 ) ,  t h e  a g g r e g a t i o n  o f  v a l u e s  and u t i l i -  
t i e s  th rough  m u l t i a t t r i b u t e  u t i l i t y  models (see Keeney 
and R a i f f a ,  1976; von W i n t e r f e l d t  and F i s c h e r ,  19751, 
and t h e  a g g r e g a t i o n  of p r o b a b i l i t i e s  and u t i l i t i e s  
t h r o u g h  e x p e c t e d  u t i l i t y  models (see v .  Neumann and 
Morgenstern ,  1947; Savage,  1954; F i s h b u r n ,  1 9 7 0 ) .  

The s t r u c t u r i n g  of  t h e  problem p r o v i d e s  t h e  f o l l o w i n g  fo rmal  
e l ements  of t h e  d e c i s i o n  problem: 

1. A se t  of  a l t e r n a t i v e s  ( c o u r s e s  o f  a c t i o n )  A w i t h  t y p i c a l  
e l e m e n t s  a ,  b  E A; 

2 .  A se t  of p o s s i b l e  e v e n t s  S  w i t h  may i n f l u e n c e  t h e  con- 
sequence  of an  a c t i o n  a ,  w i t h  t y p i c a l  e l e m e n t s  s ,  t~ S ;  

3.  A set  of o p e r a t i o n a l i z e d  o b j e c t i v e s  C 1 ,  C 2 ,  ..., C i ,  . .. ' 'n 
which w i l l  a l s o  be  c a l l e d  a t t r i b u t e s .  Each Ci i s  

1 assumed t o  b e  a  s u b s e t  of R . The p r o d u c t  se t  

C = X C i s  c a l l e d  t h e  consequence s p a c e .  Elements  
i= I i 

c ,  d  a r e  c a l l e d  consequences .  - - 

The q u a n t i f i c a t i o n  p a r t  o f  t h e  a n a l y s i s  p r o v i d e s  

1. A p r o b a b i l i t y  d i s t r i b u t i o n  p  which a s s i g n s  t o  each  s E S  
a  p r o b a b i l i t y  p ( s ( a ) ;  and a  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  
f  which a s s i g n s  t o  e a c h  e lement  - c  i n  t h e  consequence 
s p a c e  a  v a l u e  f ( c l a , s ) .  - 

2 .  A v a l u e  f u n c t i o n  v :  C + R which e x p r e s s e s  t h e  d e c i s i o n  
m a k e r ' s  r e l a t i v e  p r e f e r e n c e s  among consequences .  

A s  a n  a g g r e g a t i o n  model a  modif ied  e x p e c t e d  u t i l i t y  model 
i s  assumed. An e v a l u a t i o n  f u n c t i o n  over  A i s  d e f i n e d  a s :  

Where h  i s  a  r i s k  t r a n s f o r m a t i o n  which e x p r e s s e d  - 1 o o s e l y  
speak ing  - t h e  d e c i s i o n  m a k e r ' s  a t t i t u d e  towards  t a k i n g  o r  
a v o i d i n g  chances .  I n  t h e  p r e s e n t  model a p p l i c a t i o n  a  s p e c i a l  
form of  ( 1 )  w i l l  b e  u s e d ,  i n  which f  i s  d e g e n e r a t e ,  h  i s  e i t h e r  
l i n e a r  o r  e x p o n e n t i a l ,  and v  i s  a d d i t i v e .  ( 1 )  can t h e n  be 
w r i t t e n  a s  

n  
U ( a )  = E p ( s l a )  ( s i g n  a )  exp{a E w i v i [ c i [ a , s ) l  1 ( 2 )  

SES i= I 

f o r  a  f 0  and 
n  

U ( a )  = E p ( s l a )  E w i v i [ c i ( a . s ) l  
s ES i= 1 

f o r  a  = 0 .  



Here v .  [ c .  ( a ,  s )  ] i s  t h e  s i n g l e  a t t r i b u t e  va lue  of  a t t r i b u t e  
1 1  

Ci which o b t a i n s  i f  a  i s  t h e  a c t  s e l e c t e d  and s occurs .  The 

w i t s  a r e  s c a l i n g  parameters ,  and a  i s  a  r i s k  parameter.  The 

d e c i s i o n  maker i s  r i s k  averse  of  a<O, r i s k  n e u t r a l  i f  a  = 0 ,  and 
r i s k  prone i f  a > 0 .  According t o  models ( 1 )  t o  ( 3 )  t h a t  a l t e r n a -  
t i v e  ~ E A  should be s e l e c t e d  which has  t h e  h i g h e s t  va lue  of U .  
The assumption behind t h i s  model a r e  s p e l l e d  ou t  i n  v .  Win te r f e ld t  
(1978 b ) .  

I n  environmental  s tandard  s e t t i n g  t a s k s  t h e  d e c i s i o n  model 
becomes more complicated,  s i n c e  t h e r e  i s  no i n d i v i d u a l  d e c i s i o n  
maker, bu t  r a t h e r  s e v e r a l  d e c i s i o n  makers w i th  o f t e n  c o n f l i c t i n g  
i n t e r e s t s  and op in ions .  I n  a  p rev ious  s tudy  (F i sche r  and von 
W i n t e r f e l d t ,  1978) t h r e e  main d e c i s i o n  u n i t s  were i d e n t i f i e d  
which t y p i c a l l y  e n t e r  i n t o  s tandard  s e t t i n g  d e c i s i o n  making: 

1. The r e g u l a t o r  u n i t  

2 .  The developer  o r  producer u n i t  

3. The impactee u n i t .  

The r e g u l a t o r  u n i t  c o n s i s t s  of people  and i n s t i t u t i o n s  which 
have t o  s e t  t h e  environmental  s t a n d a r d ,  monitor i t s  compliance 
and s a n c t i o n  i t s  v i o l a t i o n .  Such agenc ies  a r e  u s u a l l y  environ- 
mental  agenc ie s  o r  i n t e r n a t i o n a l  c o n t r o l  agenc ie s .  The developer  
u n i t  i s  de f ined  a s  a l l  t h o s e  people and i n s t i t u t i o n s  whose deci-  
s i o n  making i s  r e s t r i c t e d  by t h e  s t a n d a r d s ,  t y p i c a l l y  i n d u s t r i a l  
o r  development o r g a n i z a t i o n s .  I n  t h e  impactee u n i t  a l l  t hose  
people  o r  groups a r e  combined whose a c t i v i t i e s  o r  pe rcep t ions  a r e  
impacted upon by t h e  development o r  i n d u s t r i a l  a c t i v i t i e s  through 
p o l l u t i o n .  The main i d e a  of t h e  s t anda rd  s e t t i n g  model i s  t o  
b u i l d  model ( 1 )  f o r  each of t h e s e  t h r e e  u n i t s  i n  terms of t h e i r  
own a c t i o n s ,  a l t e r n a t i v e s ,  r e l e v a n t  e v e n t s ,  e t c . ,  and t o  l i n k  
them through t h e  l o g i c  of t h e  s t anda rd  s e t t i n g  problem. The 
r e s u l t i n g  regulator-developer-impactee model has  a  s t r u c t u r e  
which i s  schema t i ca l ly  r e p r e s e n t e d  i n  F igu re  1. 

I f  t h e  r e g u l a t o r  d e c i d e s  on a  p a r t i c u l a r  s t anda rd  r ,  t h e  
d e c i s i o n  making of t h e  deve loper  w i l l  be i n f luenced  by t h e  poss- 
i b i l i t y  of s a n c t i o n s  i f  h i s  o p e r a t i o n s  d  do n o t  meet t h e  s tandard .  
That i s ,  t h e  s t anda rd  gene ra t e s  t o g e t h e r  w i t h  p o s s i b l e  moni tor ing 
and s a n c t i o n s  t h e  danger of a  d e t e c t i o n  of a  v i o l a t i o n  wi th  i t s  
a s s o c i a t e d  c o s t s .  The model of t h e  developer  w i l l  then be a b l e  
t o  determine an op t imal  response d ( r )  which may n o t  be t h e  r e s -  
poase o r  t h e  a c t i o n  he would have s e l e c t e d  wi thout  r .  

Through p o l l u t i o n  and t h e i r  adverse  e f f e c t s  on h e a l t h  and 
w e l l  be ing  t h e  deve loper  i n f l u e n c e s  t h e  d e c i s i o n  making of t h e  
impactees.  Impactees may dec ide  t o  l eave  p o l l u t e d  a r e a s ,  o r  t o  
begin l e g a l  a c t i o n  a g a i n s t  t h e  developer  o r  t h e  r e g u l a t o r .  The 
model o f  t h e  impactees can determine t h e  op t imal  impactee a c t i o n  
a ( d )  a s  a  response t o  t h e  d e v e l o p e r ' s  a c t i o n  d .  
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The i d e a  of  t h e  model i s  t o  determine op t imal  d e c i s i o n s  
d ( r )  and a [ d ( r )  I f o r  t h e  developer  and t h e  impactee a s  a  func t ion  
of r t o g e t h e r  w i th  t h e  a s s o c i a t e d  u t i l i t i e s  U R ,  U D I  and UA.  

Fu r the r  aggrega t ion  o r  a  P a r e t o  o p t i m a l i t y  a n a l y s i s  may then  be 
used t o  focus  i n  on a  good va lue  of r .  

More fo rma l ly ,  l e t  Table  1 i n d i c a t e  t h e  n o t a t i o n  f o r  t h e  
s t anda rd  s e t t i n g  model. 

Table  1 NOTATION FOR THE REGULATION MODEL 

The p r o b a b i l i t y  d i s t r i b u t i o n s  and f u n c t i o n s  pR,  pD,  pAI 

v  hR, hDI  h  a r e  a l s o  a s s m e d .  Without s p e c i f y i n 9  V R t  V D t  A '  A 

ELEMENT 

r 

d  

a  

C 
-R 
C -D 
C 
-A 

S R 
S 

D 
S 

A 

R e g u l a t o r ' s  a l t e r n a t i v e s  

Developer ' s  a l t e r n a t i v e s  

Impactee ' s a l t e r n a t i v e s  

Regu la to r ' s  consequences 

Oeve loper ' s  consequences 

Impac tee ' s  consequences 

Regulator  ' s e v e n t s  

Developer ' s  e v e n t s  

Impac tee ' s  e v e n t s  

i n t e r l i n k a g e  models " d e t e c t i o n  of  v i o l a t i o n s  and s a n c t i o n s "  and 
" P o l l u t i o n  gene ra t ion  and e f f e c t s "  t h e  e v a l u a t i o n  of  a c t s  f o r  
each d e c i s i o n  u n i t  depends on t h e  a c t s  taken by o t h e r  u n i t s ,  
s i n c e  p  and v  a r e  dependent on a l l  a c t s .  To a l low a  separa-  

t i o n ,  t h e  fo l lowing  s p e c i f i c a t i o n s  and assumptions w i l l  be made: 

SET 

R 

D 

A 

C~ 

C~ 

C~ 

S~ 

S~ 

S~ 

2 .  SD = I Q ~ ,  Q1 1 where Qo s t a n d s  f o r  t h e  event  "non- 

d e t e c t i o n  of a  v i o l a t i o n "  and Q1 s t a n d s  f o r  

" d e t e c t i o n  of a  v i o l a t i o n " .  

3 .  SA = { 1 1 0 ~ 1 < ~ 1  where 1 i s  t h e  random emiss ion l e v e l  
produced by t h e  d e v e l o p e r ' s  a c t i v i t i e s .  

S p l i t t i n g  R i n t o  t h r e e  s e t s :  t h e  s e t  of  s t anda rd  l e v e l s  
S L ( S ~ E S L ) ,  t h e  set of  moni tor ing and i n s p e c t i o n  dev ices  
SM(S~ESM), and t h e  s e t  of s a n c t i o n s  SS(SSESS),  t h e  fol lowing 
u t i l i t y  f u n c t i o n s  U R ,  U D ,  and UA a r e  a s se s sed :  



U D ( d , r )  = I p D ( Q k )  ( s i g n  a )  e x p t a  I wDivDi[cDi ( d , s ~ , O k )  1 )  
k= 0  i= 1 

f o r  some a  f 0 .  

n  
A 

UA(a ,d )  = J f l l l d )  ( s i g n  8) e x p i 8  I wAivAi[cAi ( a l l ) ]  1 ( 6 )  
L i= 1 

f o r  some 8  f 0. For a ,B = 0 ,  t h e  l i n e a r  form ( 3 )  a p p l i e s .  

The s p e c i f i c a t i o n s  and independence assumpt ions  e x p r e s s e d  
i n  ( 3 )  t o  ( 5 )  c a n  v e r b a l l y  be  s t a t e d  a s  f o l l o w s :  

( 3 )  The r e g u l . a t o r l s  consequences  depend o n l y  on h i s  own 
a c t i o n ;  

( 4 )  The d e v e l o p e r ' s  consequences  depend o n l y  on h i s  a c t i o n ,  
t h e  p o s s i b l e  s a n c t i o n s ,  and t h e  d e t e c t i o n  s t a t e .  

( 5 )  The i m p a c t e e ' s  consequences  depend o n l y  on h i s  a c t i o n s  
and p o l l u t i o n  l e v e l s .  

T h i s  means, of c o u r s e ,  t h a t  t h e  UR depends on r o n l y ,  UD on 

d  and r o n l y ,  and UA on a  and d  o n l y .  T h e r e f o r e  d ( r )  and a ( d )  

can  be  d e f i n e d  a s  f o l l o w s :  

d ( r )  : U D ( d ( r )  , r )  = max U D ( d , r )  , ( 7 )  
D 

a  ( d )  : U ( a  (d) , d )  = max UA(a ,d )  . A A 

( 7 )  and ( 8 )  d e t e r m i n e  t h e  o p t i m a l  r e s p o n s e s  o f  t h e  d e v e l o p e r  and  
impactee  t o  a  s t a n d a r d  r and a  development  a c t i v i t y  d  r e s p e c -  
t i v e l y  a s  w e l l  a s  t h e  a s s o c i a t e d  u t i l i t i e s  a s  r e q u i r e d .  There- 
f o r e  t h e  model can  d e t e r m i n e  t h e  e f f e c t s  o f  r = ( s l , s m , s s )  on 
t h e  t h r e e  d e c i s i o n  making u n i t s  and by v a r y i n g  s l ,  s m  and ss it 
can  e x p l o r e  d i f f e r e n t i a l  e f f e c t s  o f  m o n i t o r i n g  p r o c e d u r e s  and 
s a n c t i o n s .  A s  a  f i n a l  a n a l y s i s  t h e  model c o u l d  be used t o  
e l i m i n a t e  o r d i n a l l y  dominated s t a n d a r d s  and res t r ic t  f u r t h e r  
c o n s i d e r a t i o n  t o  t h e  P a r a t o  o p t i m a l  se t .  The P a r a t o  o p t i m a l  se t  
can  t h e n  be  e x p l o r e d  th rough  we igh t ing  schemes o f  t h e  form 



THE REGULATOR MODEL 

I n  t h i s  s e c t i o n  t h e  problem of s e t t i n g  c h r o n i c  o i l  d i s c h a r g e  
s t a n d a r d s  a s  seen  from t h e  r e g u l a t o r ' s  p o i n t  of  view w i l l  be  
s t r u c t u r e d ,  v a l u e s  w i l l  be  q u a n t i f i e d  and some p r e l i m i n a r y  
r e s u l t s  concern ing  t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n  w i l l  be 
p r e s e n t e d .  I n  t h e  s e n s e  o f  t h e  s t a n d a r d  s e t t i n g  model t h e  regu- 
l a t o r y  agency i n  t h e  UK which i s  concerned w i t h  s e t t i n g  c h r o n i c  
o i l  d i s c h a r g e  s t a n d a r d s  i s  t h e  Pet ro leum E n g i n e e r i n g  D i v i s i o n  o f  
t h e  Department o f  Energy.  The d e v e l o p e r  u n i t  c o n s i s t s  of  t h e  
o f f s h o r e  o i l  o p e r a t o r s ,  i . e . ,  t h e  l a r g e  m u l t i n a t i o n a l  o i l  com- 
p a n i e s  and t h e i r  c o n t r a c t o r s .  Given a n  o i l  d i s c h a r g e  s t a n d a r d ,  
t h e  o f f s h o r e  o i l  o p e r a t o r s  w i l l  have t o  a d j u s t  t h e i r  p r o d u c t i o n  
and t r e a t m e n t  p r o c e s s e s  i n  o r d e r  t o  meet t h a t  s t a n d a r d .  The 
impac tee  u n i t  i s  d e f i n e d  a s  t h e  p o s s i b l e  s u f f e r e r s  o f  c h r o n i c  
o i l  p o l l u t i o n ,  n o t a b l y  t h e  f i s h e r y  i n d u s t r y  and p o s s i b l y  con- 
sumers o f  f i s h  and o t h e r  mar ine  o rgan i sms .  I n  a d d i t i o n ,  e c o l o g i s t s  
a r e  c o n s i d e r e d  impac tees  who a r e  concerned a b o u t  t h e  more s u b t l e  
b e h a v i o r a l  and e c o l o g i c a l  changes  i n  t h e  mar ine  envi ronment .  

The S t r u c t u r e  o f  t h e  Problem f o r  t h e  R e g u l s t o r  

Regu la to ry  a l t e r n a t i v e s  a r e  t h e  l e v e l s  of  o i l  e m i s s i o n  
s t a n d ~ r d s ,  d e f i n e d  a s  t h e  a v e r a g e  amount of o i l  c o n c e n t r a t i o n  i n  
t h e  e f f l u e n t  which i s  n o t  t c  be exceeded.  T h i s  set  w i l l  be 
l a b e l l e d  SL ( f o r  s t a n d a r d  l e v e l )  w i t h  e l e m e n t s  s l .  SL h a s  t h e  
f o l l o w i n g  p r o p e r t y :  

The p r o c e d u r e  by which i ,  t h e  a c t u a l  a v e r a g e  o i l  c o n c e n t r a t i o n  
i s  deLermined i s  a  m a t t e r  of  m o n i t o r i n g  and i n s p e c t i o n  p r o c e d u r e s  
SI4. 1 i s  assumed t o  be  compute2 a s  an  a v e r a g e  of  n  ~ ! ~ e a s u r e m e n t s  
tqken  o v e r  a  f i x e d  p e r i o d  o f  t lme  t. M,~asurexrents  a r e  t a k e n  and 
a n a l y z e d  by  he a p e r a t 0 1  h i i n s e i f ,  b u t  p s r l o d i c a l  checks  by ips- 
p e c t o r s  a r e  essumed Lo e n f o r c e  "horLes t"  r e p o r t s .  

A s  p a r t  o f  t h e  m o n i t o r i n g  and i n s p e c t i o n  p rocedur?  sn: t h e  
r e g u l a t o r  h a s  t o  d e f i n e  what c o n s t i t u t e s  a  d e t e c t i o n  o f  a r e g u l a -  
t i o n  v i o l a t i o n ,  i . e . ,  when s a n c t i o n s  a r e  a p p l i c a b l e .  For  example,  
he may d e f i n e  such d e t e c t i o n  s t a t e  a s  s t r i c t l y  a s :  " i n  c o n t i n u o u s  
moni to r ing  of t h e  e f f l u e n t  t h e  o i l  c o n t r a t i o n  may never  exceed 
t h e  s t a n d a r d  s l " .  A s  a n o t h e r  example, he may c o n s i d e r  a  d e t e c t i o n  
o c c u r r i n g  o n l y  i f  t h e  d a i l y  a v e r a g e  o f  f o u r  samples  exceeds  s l  
more t h a n  t w i c e  i n  any g i v e n  month d u r i n g  t h e  l i f e t i m e  of  t h e  
p l a n t .  A d i s t i n c t i o n  t h u s  emerges between a  s i n g l e  v i o l a t i o n  of  
t h e  s t a n d a r d  ( l > s l )  and t h e  d e t e c t i o n  s t a t e  a s  d e f i n e d  h e r e .  I n  
t h e  d e f i n i t i o n  of  t h e  m o n i t o r i n g  and i n s p e c t i o n  p rocedure  t h e  
r e g u l a t o r  may d e c i d e  t o  "over look"  a  few c a s e s  o f  v i o l a t i o n s  i n  
a  g i v e n  t i m e  p e r i o d ,  and o n l y  i f  t h e  number of  s i n g l e  v i o l a t i o n s  
becomes t c o  l a r g e ,  a  d e t e c t i o n  s t a t e  would o c c u r .  



I n  g e n e r a l ,  d e t e c t i o n  s t a t e s  a r e  d e f i n e d  a s  f o l l o w s :  t h e  
a v e r a g e  1 of n  measurements t a k e n  d u r i n g  t i m e  p e r i o d  t shou ld  n o t  
exceed t h e  s t a n d a r d  s l  more t h a n  rn t i m e s  d u r i n g  t i m e  p e r i o d  
T ( t < < T ) .  For  example,  t h e  1978 US o i l  d i s c h a r g e  s t a n c a r d  (EPA, 
1975) of 48 ppm i s  n o t  t o  be exceeded by t h e  a v e r a g e  1 of  f o u r  
samples (n  = 4 )  t a k e n  d a i l y  ( t  = 1 )  more t h a n  t w i c e  ( m  = 2 )  i n  
any one  month ( T  = 30) . SM t h u s  i s  d e f i n e d  by { t , n , T , m ) .  The 
model w i l l  e x p l o r e  t h e  f o l l o w i n g  s p e c i f i c  v a l u e s ,  which rough ly  
cor respond  t o  t h e  US, U K ,  and Norwegian d e f i n i t i o n s  o f  a  maximum 
o r  a n  a v e r a g e  s t a n d a r d * :  

1. UK d e f i n i t i o n  o f  a  maximum s t a n d a r d  (UK-MAX) : 

Two samples  a r e  t a k e n  on e v e r y  day.  During any one 
month n o t  more t h a n  two s i n g l e  sam~les (no a v e r a g i n g )  
may exceed t h e  s t a n d a r d  s l  ( t  = $ ,  n = 1 ,  T = 30,  m = 2 )  

2 .  EPA d e f i n i t i o n  of  an  a v e r a g e  s t a n d a r d  (EPA-AV): 

The d a i l y  a v e r q e  oE f o u r  samples may n o t  exceel! t h 2  
s t a n d a r d  s l  n o r e  t h a n  t w i c e  d u r i n g  any one  m n t h  
( t  = 1 ,  n =  4 ,  T = 30,  m =  2 )  

3.  Norwegian d e f i n i t i o n  of  a n  a v e r a g e  s t a n d a r d  (NWY-AV): 

The d a i l y  average  o f  c o n t i n u o u s  sampl ing  may n o t  exceed 
t h e  s t a n d a r d  s l  more t h a n  once  d u r i n g  any one  month 
( t  = 1 ,  n  + a ,  T = 30,  m = 1 )  

4 .  UK d e f i n i t i o n  o f  an average  s t a n d a r d  (UK-AV-0, UK-AV-1) 

The monthly a v e r a g e  o f  two d a i l y  samples  may n o t  exceed 
th2 s t .andard  s l  (more t h a n  once)  d u r i n g  t h e  l i f e t i m e  of 
tlie p lant .  f t  - 3 0 ,  n = 60, T  = 5400, m = 9,;) 

These d e f i n i t i c n s  do n o t  aoree p e r f e c t i y  w i t h  t h e  w r i t t e n  d e f i n i -  
t i o n s  ~f  t h e  r e s p e c t i v e  c c u n t r i e s .  For c x a ~ ? l e ,  t h e  EPA d e f i n i -  
t i o n  a l l a w s  f o r  55 violations d u r i n g  aay s o n s e c a t i v e  p e r i v d  af 
30 days  r a t h e r  t h a n  two v i o l a t i o n s  i n  one  month and t h e  IIK 
d e f i n i t i o n  o f  a  maximum s t a n d a r d  a l l o w s  f o r  4 %  v i o l a t i o n s  i n  any 
t i m e  p e r i o d .  N e i t h e r  Norway n o r  t h e  UK g i v e  f i ~ i n  v a l u e s  f o r  t h e  
number of exempt ions  i n  t h e i r  d e f i n i t i o n  o f  an average  s t a n d a r d .  
I n  t h e  Norwegian c a s e  i t  seems c l e a r  t h a t  one  exemption w i l l  be 
a l lowed ,  i n  t h e  UK c a s e  b o t h  z e r o  exemption and one exemption a r e  
ana lyzed .  

* I n  b r a c k e t s :  t r a n s l a t i o n  of  r e g u l a t i o n  i n t o  t h e  p a r a m e t e r s  o f  
s m .  A month i s  approximated  by 30 days .  The l i f e t i m e  o f  t h e  
p l a n t  i s  assumed t o  be 180 30 day p e r i o d s  o r  approx imate ly  
1 5  y e a r s .  



The r e g u l a t o r  a l s o  has t o  determine s a n c t i o n s ,  l a b e l l e d  SS. 
Sanc t ions  a r e  thought of a s  monetary pena l ty  f u n c t i o n ,  wi th  t h e  
fol lowing form: 

I 0  
f o r  Qo (no d e t e c t i o n )  

SS 5 
K O  + K ( d . )  f o r  Q1 ( d e t e c t i o n )  

3 

where K O  i s  a  f i x e d  pena l ty  and K(d i )  i s  an a d d i t i o n a l  pena l ty  

which depends on the  t r ea tmen t  d e c i s i o n  of t h e  developer  t h a t  
l e d  him t o  a  v i o l a t i o n  of t h e  s tand-ards .  This  a d d i t i o n a l  
pena l ty  i s  i n t e r p r e t e d  a s  t h e  c o s t  necessary  t o  improve t h e  
equipment and o p e r a t i o n s  t o  m e e t  t h e  s t a n d a r d .  

The r e g u l a t o r y  o b j e c t i v e s  which t h e  model w i l l  cons ider  a r e  
a l l  p o l i t i c a l  i n  n a t u r e .  According t o  t h e  r e g u l a t o r  t h e  s t an -  
dard  should:  

(1) agree  w i th  s t a n d a r d s  of o t h e r  n a t i o n s  

( 2 )  s a t i s f y  i n t e r n a t i o n a l  demands f o r  a  c l e a n  North Sea 

( 3 )  agree  wi th  n a t i o n a l  energy po l i cy  

( 4 )  ag ree  wi th  n a t i o n a l  environmental  p o l i c y .  

Q u a n t i f i c a t i o n  f o r  t h e  Regula tor  Model 

The degree  t o  which t h e  fou r  r e g u l a t o r y  o b j e c t i v e s  above 
a r e  met w i l l  be expressed  by f u n c t i o n s  on SL on ly .  That  means 
t h a t  CRi = SL and c R i ( r )  = s1, i = 1 , 2 , 3 , 4 .  The f i r s t  f unc t ion  

v  i s  t o  exp res s  t h e  degree  t o  which s l  ag rees  wi th  s t anda rds  R 1 
of o t h e r  n a t i o n s .  Four n a t i o n a l  s t a n d a r d s  were cor.sidered: 
Japan ( 1  0 ppm) , France ( 2 0  ppm) , Norway (approximate1.y 4 0  ppm) 
and US (50 ppm). The va lue  func t ion  i s  assumed t o  be b e l l  
shaped with  a  peak a t  t h e  average of  t h e s e  fou r  s t a n d a r d s  
(30 ppm) . Fur the r  r e s t r i c t i o n s  assumed a r e :  

The form s e l e c t e d  was: 



The second v a l u e  f u n c t i o n  v  i s  t o  e x p r e s s  t h e  d e g r e e  t o  
R2 

which s l  meets i n t e r n a t i o n a l  demands f o r  a  c l e a n  North Sea.  An 
e x p o n e n t i a l  f u n c t i o n  was s e l e c t e d  w i t h  t h e  f o l l o w i n g  p r o p e r t i e s :  

v  ( s l )  + 0  f o r  s1 + rn . R2 (17)  

The f i n a l  form s e l e c t e d  was 

- . 0 1 4 * s 1  
v  ( s l )  = 1 0 0 - e  

R2  
. 

The t h i r d  v a l u e  f u n c t i o n  s h o u l d  r e f l e c t  t h e  UK ene rgy  p o l i c y  o f  
r a p i d  o i l  development i n  t h e  North Sea .  C l e a r l y ,  t h e  s t r ic te r  
t h e  s t a n d a r d  s l ,  t h e  more l i k e l y  it becomes t h a t  t h e r e  w i l l  be 
a  s low down o f  o i l  development .  T h e r e f o r e  an  e x p o n e n t i a l  func-  
t i o n  was assumed w i t h  t h e  f o l l o w i n g  p r o p e r t i e s :  

v  ( s l )  + 100 f o r  sl + w .  K3 123 ) 

The form o f  t h a t  f u n c t i o n  is 

v  ( s l )  = 100 - 1 0 0 - e  - . 0 1 4 * s 1  
R3 

I 

The f i n a l  v a l u e  f u n c t i o n  s h o u l d  r e p r e s e n t  t h e  UK env i ron-  
menta l  p o l i c y  o f  u s i n g  " b e s t  p r a c t i c a b l e  means" f o r  p o l l u t i o n  
abatement .  T h i s  v a l u e  f u n c t i o n  w i l l  b u i l d  on a  c o n c l u s i o n  by 
t h e  P a r i s  I n t e r i m  Commission on o i l  p o l l u t i o n  t h a t  p r e s e n t  day 
technology can a c h i e v e  o i l  c o n c e n t r a t i o n  r e d u c t i o n s  down t o  
40 ppm a t  r e a s o n a b l e  c o s t .  S i n c e  t h e  UK a g r e e d  w i t h  t h i s  s t a t e -  
ment 40 ppm i s  c o n s i d e r e d  a c h i e v e a b l e  w i t h  " b e s t  p r a c t i c a b l e  
means". The v a l u e  f u n c t i o n  i s  assumed t o  be  b e l l  shaped around 
t h e  v a l u e  o f  40 ppm w i t h  t h e  f o l l o w i n g  p r o p e r t i e s :  



v ( ~ 1 )  + 0  f o r  s1 + + m . R 4  

The f u n c t i o n a l  form i s  

A s  can r e a d i l y  be s een ,  a l l  vRis a r e  bounded between 0  and 

100. To a g g r e g a t e  t h e  v  ' s  weigh t s  w have t o  be a s s e s s e d .  i i 
These we igh t s  r e p r e s e n t  t h e  impor tance  which t h e  r e g u l a t o r  
a t t a c h e s  t o  t h e  f o u r  o b j e c t i v e s .  More p r e c i s e l y  t h e y  a r e  s c a l i c g  
f a c t c r s  whLch shon ld  r a f l e c t  t h e  r e l a t i v e  deg ree  o f  change 
i n  va lue  by s t e p p i n g  fram a s t a n d a r d  w i t h  a  va l l ie  o f  0  t o  one  
w i t h  a v a l u e  of  100. TWG wei9h t ing  schen~es  w i l l  be  e x p l o r e d  jn  
t h e  model: a  u n i t  we igh t ing  scheme which a t t a c h e s  t o  a l l  ob jec -  
t i v e s  t h e  same we igh t s ,  and a  d i f f e r e n t i a l  wz igh t ing  scheme 
which seems t o  r e f l e c t  more t h e  a c t u a l  i inportance a t t a c h e d  t o  
t h e  o b j e c t i v e s  by t h e  UK r e g u l a t o r s :  

Tab l e  2  WEIGHTING SCHEMES FOR REGULATOR'S VALUE FUNCTION 

Some P r e l i m i n a r v  Model R e s u l t s  f o r  t h e  R e a u l a t o r  

W~ 1 

W R2 

W ~ 3  

W R 4  

According t o  t h e  model f o rmu la t i on  o f  p .  9 t h e  r e g u l a t o r ' s  
u t i l i t y  f u n c t i o n  UR h a s  t h e  form 

UJIT 
mIGHTS 

.25 

.25 

.25 

.25 

DIFFERENTIAL 
mJGHTS 

.10 

.20 

.40 

.30 



which,  i n  t h e  above model q u a n t i f i c a t i o n  i s  d e f i n e d  a s  

w i t h  vRi and wRi s p e c i f i e d  a s  above.  

U R ( s l )  i s  p l o t t e d  i n  F i g u r e  2  f o r  t h e  two w e i g h t i n g  schemes. 

For t h e  u n i t  w e i g h t i n g  scheme t h e  b e s t  v a l u e  of  s l  i s  32 ppm, 
f o r  t h e  d i f f e r e n t i a l  scheme 36 ppm. Thus b o t h  schemes do  n o t  
d i f f e r  much w i t h  r e s p e c t  t o  t h e  o p t i m a l  v a l u e  o f  s l .  I n  f a c t ,  
t h e  g e n e r a l  shape  o f  U R ( s l )  seems t o  be  r a t h e r  i n s e n s i t i v e  

towards t h e  w e i g h t i n g  scheme a s  l o n g  a s  t h e  w e i g h t s  a r e  n o t  t o o  
ext reme.  T h i s  i s  l a r g e l y  due  t o  t h e  f a c t  t h a t  vR2 and vR3 

" c a n c e l "  each  o t h e r  t h u s  l e a v i n g  most o f  t h e  i n f l u e n c e  on UR w i t h  

t h e  two b e l l  shaped f u n c t i o n s  vR1 and v p 4 .  T h e r e f o r e ,  f o r  most 

b e i g h t i n g  schemes " g o ~ d "  v a l u e s  of  s l  w i l l  l i e  i n  t h e  range  
b e t h e x ,  25 ppm and 4 5  pFm. 

THE DEVELOPER MODEL 

The S t r u c t u r e  of t h e  Problem f o r  t h e  Developer  

The f o l l o w i n g  t r e a t m e n t  a l t e r n a t i v e s  a r e  p o s s i b l e  r e s p o n s e s  
02 t h s  d z v e l o p e r  t o  2 s t a n d a r d  l e v e l  s l ,  a  m o n i t o r i n g  and i n s p e c -  
t i o n  p rocedure  s m  and a  s a n c t i o n  scheme ss: 

d l  : No t r e a t m e n t  

d2  : Simple g r a v i t y  t a n k  

d3 : Corruga ted  p l a t e  i n t e r c e p t o r  (CPI) 

d 4  : CPI and g a s  f l o t a t i o n  (GF) 

d 5  : CPI, GF, f i l t e r i n g  ( F )  

d6  : CPI, GF, F  and b i o l o g i c a l  t r e a t m e n t  

d7  : r e i n j e c t i o n  o f  o i l y  w a t e r .  

The d e t a i l s  a b o u t  t h e s e  t r e a t m e n t  a l t e r n a t i v e s  a r e  g i v e n  i n  CUEP 
( 1 9 7 6 ) .  For  t h e  p r e s e n t  purposes  it i s  s u f f i c i e n t  t o  say  t h a t  
d l  t o  d  a r e  o r d e r e d  i n  i n c r e a s i n g  d e g r e e s  of  e f f e c t i v e n e s s  i n  7  
r educ ing  o i l y  w a t e r  c o n t e n t  i n  t h e  e f f l u e n t ,  and i n c r e a s i n g  
c o s t s .  The model assumes t h a t  t h e  d e v e l o p e r  h a s  two c o n f l i c t i n g  
o b j e c t i v e s :  





(1) To minimize  t h e  c o s t  o f  t r e a t m e n t ,  e x p r e s s e d  i n  t h e  
a t t r i b u t e  CD1 ( i n  Pounds S t e r l i n g )  w i t h  a t t r i b u t e  

v a l u e s  cDl ( d j , s s , Q  ) f o r  j  = 1  ,. . . , 7 ,  k  = 0.1 .  k  

( 2 )  To minimize  t h e  p e n a l t i e s  due  t o  a  v i o l a t i o n  o f  t h e  
s t a n d a r d ,  e x p r e s s e d  i n  t h e  a t t r i b u t e  CD2 ( i n  Pounds 

S t e r l i n g )  w i t h  a t t r i b u t e  v a l u e s  c D2 (d  j ,  ss ,Qk)  , 
j  = 1  ,..., 7 ,  k  = 0 , l .  

CD1 c l e a r l y  depends  on d  o n l y .  T h e r e f o r e  
j  

However, v i o l a t i o n  c o s t s  a r e  dependen t  on ss ,  Qk and  d  . 
j 

Accord ing  t o  t h e  p e n a l t y  scheme ( 1  0)  

\ 0  i f  k  = 0  ( n o  d e t e c t i o n )  

CD2 ( d j  ,ss ,Qk) 

= i (30 )  
K O  + K ( d . )  i f  k = 1  ( d e t e c t i o n )  

I 

~ ( d . )  i s  i n t e r p r e t e d  a s  t h e  c o s t  o f  improving  t r e a t m e n t  on  t k e  
I 

r e q u e s t  o f  t h e  r e g u l a t o r .  The model assumes  t h a t  t h e  r e g u l a t o r  
a s k s  t h e  d e v e l o p e r  t o  b u i l d  i n  a  t r e a t m e n t  d j + l  i f  t h e r e  i s  a  

d e t e c t i o n  o f  a v i o l a t i o n  w i t h  equipment  d i .  K ( d i )  i s  d e f i n e d  
J J 

a s  t h e  a d d i t i o ~ l a l  c o s t  

Kid,)  = c U1!aj+l ;  - c ( d . ) ,  j = 3 ,..., € , 
J 3 

T h e r e f  o r e  

( T h i s  a s sumpt ion  i s  r e a l i s t i c  f o r  d l ,  d 3 ,  d q ,  and  d5, s i n c e  t h e  

n e x t  b e s t  t r e a t m e n t  j u s t  a d d s  a  u n i t  t o  t h e  a l r e a d y  e x i s t i n g  
u n i t .  F o r  d 2  and d 6  t h e  n e x t  b e s t  t r e a t m e n t  i s  q u a l i t a t i v e l y  

d i f f e r e n t .  Y e t  it i s  p r o b a b l y  f a i r  t o  assume t h a t  d 2  and  d 6  

would l e a d  t o  s a v i n g s  when i n s t a l l i n g  d 3  and d7  a f t e r  a  v i o l a -  

t i o n ,  which c o r r e s p o n d s  t o  t h e  o u t l a y s  o f  d 2  and  d 6 ) .  

S i n c e  b o t h  consequences  cD1 and cD2 a r e  e x p r e s s e d  i n  mone- 

t a r y  u n i t s ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  v a l u e  f u n c t i o n  
VD i s  a d d i t i v e  and  n e g a t i v e  i n  c o s t :  



T h e r e f o r e  

and 

-VD[cD(d t S S , Q 1 ) l  = C ( d . )  + CDl  ( d j + l )  - cD1 ( d . )  + K O  = 
j Dl I J 

f o r  j = 1 ,  ..., 6.  

The d e c i s i o n  problem which t h e  d e v e l o p e r  f a c e s  c a n  t h e r e f o ~ e  be  
e x p r e s s e d  i n  a p a y o f f  m a t r i x  a s  i n  T a b l e  3 .  

T a b l e  3 

PAYOFF MATRIX REPRESENTING THE DEVELOPER'S DECISION PROBLEM 

* No d e t e c t i o n  can  o c c u r  fox  d 
7 ' 

P 

d l  

d,  
L 

d3  

d 4  

d5 

d6 

d7 

To make t h e  f u r t h e r  a n a l y s i s  o f  t h e  problem t r a c t a b l e ,  two impor- 
t a n t  a s sumpt ions  have t o  b e  i n t r o d u c e d :  

(1) I t  does  n o t  matter t o  t h e  d e v e l o p e r ,  when t h e  d e t e c t i o n  
o c c u r s ,  t h a t  is a d e t e c t i o n  i n  t h e  f i r s t  y e a r  i s  n o t  
worse t h a n  a d e t e c t i o n  i n  t h e  second ,  t h i r d ,  and s o  on .  

T 

DETECTION STATES 

NO DETECTION ( Q O )  

C ~ l  ( d l )  

"Dl ( d 2 j  

DETECTION (Q1 ) 

c Dl (d,) L + K O  

c D 1 (d3)  + K O  

CD1 :d,) I cDl ( d 4 )  + K O  

C ~ l  ( d 4 )  rDl (d5)  + K~ 

C ~ l  ( d 5 )  

C ~ l  ( d 6 )  

C ~ l  (d7)  

CDl  ( d 6 )  + K O  

cDl ( d 7 )  + K O  

-* 



( 2 )  A f t e r  d e t e c t i o n ,  and  a f t e r  improvement o f  t h e  equipment  
and  payment o f  t h e  p e n a l t y ,  no  f u r t h e r  d e t e c t i o n s  are 
p o s s i b l e .  

The f i r s t  a s sumpt ion  i s  r e a s o n a b l y  o n l y  i f  t h e  d e v e l o p e r  d o e s  
n o t  d i s c o u n t  f u t u r e  c o s t s .  The second a s s u m p t i o n  i s  r e a s o n a b l e  
i f  t h e  n e x t  b e s t  t r e a t m e n t  which t h e  r e g u l a t o r  a s k s  t h e  d e v e l o p e r  
t o  b u i l d  i n  a f t e r  d e t e c t i o n  i s  s o  much b e t t e r  t h a n  t h e  o r i g i n a l  
t r e a t m e n t  t h a t  f u r t h e r  d e t e c t i o n  p r o b a b i l i t i e s  a r e  e s s e n t i a l l y  
z e r o .  I n  t h e  s e n s i t i v i t y  a n a l y s i s  o f  t h e  d e v e l o p e r  model it w i l l  
be  shown t h a t  t h e  second  a s sumpt ion  i s  a c c e p t a b l e  f o r  t h e  quan- 
t i f i c a t i o n s  s e l e c t e d  i n  t h e  model .  

With t h e s e  a s s u m p t i o n s  c u t o f f  p r o b a b i l i t i e s  o f  d e t e c t i o n  
can  b e  c a l c u l a t e d  a t  which t h e  d e v e l o p e r  would s w i t c h  from di  t o  

J 

d j + l .  The d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  w a s  d e f i n e d  i n  ( 5 )  a s  

u D ( d , r )  = L p,,(Qk) ( s i g n  a )  e x p i a  L w ~ i ~ ~ i  [CDi  ( d j  I s s r Q k )  I 1 
k= G i-1 

whish  u n d e r  t h e  p r e s e n t  s p e c i f i c a t i o n s  becomes 

UD(d j  ~ r ) = ~ ~ ( Q ~ l d  j  I ~ l I s m ) ( s i g n  a )  e x p i - a c  ( d . ) )  + 
Dl 3 

(37 )  

+ pD(Q:  I d j  , s l , s m )  ( s i g n  a )  e x p i - a [ c D l  ( d j + l )  + K ~ ]  1 

o r  i n  l i n e a r  form 

The c u t o f f  p r o b a b i l i t y  of d e t e c t i o n  a t  which t h e  d e v e l o p e r  would 
s w i t c h  from d j  t o  d j + l  i s  f u l l y  d e t e r m i n e d  by t h e  e q u a t i o n  

where ,  a c c o r d i n g  t o  t h e  a s s u m p t i o n s  above  n e a r  t h e  c u t o f f  p o i n t  



L e t  t h i s  c u t o f f  p r o b a b i l i t y  be l a b e l l e d  pE(d .1  . Solv ing  ( 3 9 )  
1 - 

f o r  p: g i v e s  

f o r  t h e  l i n e a r  u t i l i t y  f u n c t i o n ,  and 

p:(d.) I = I - exp'-a[cDl ( d j + l )  + KO] 1 - exp'-a cDl ( d j + l )  1 
exp -a c  a - ex-{-a cDl ( d j )  1 

f o r  t h e  e x p o n e n t i a l  form o f  t h e  u t i l i t y  f u n c t i o n .  

The n e x t  s t e p  i s  t o  s t r a c t u r e  t h e  p r o b a ~ i l i s t i c  r e l a t i o n -  
s h i p s  between random e m i s s i o n s  1, ave rages  1 and d e t e c t i o n  
s t a t e s  Qo and Q1.  Fol lowing t h e  model developed i n  v .  W i n t e r f e l d t  

(1978) t h e  assumpt ion i s  made t h a t  each  t r e a t m e n t  d; h a s  p e r f o r -  
J 

mance c h a r a c t e r i s t i c s  i n  reduc ing  t h e  o i l  c o n c e n t r a t i o n  i n  o i l y  
wa te r  which can be  d e s c r i b e d  by a  normal d i s t r i b u t i o n  ov%r l e v e l s  
1 w i t h  mean 1; and s t a n d a r d  d e v i a t i o n  s;. The a v e r a g e s  1 w i l l  

J J 
t h e r e f o r e  a l s o  have a  normal sampling d i s t r i b u t i o n  w i t h  mean 1; 

J 

and s t a n d a r d  d e v i a t i o n  s . /\/;;. L e t  po (d  , s l  , n )  d e n o t e  t h e  
I j  

p r o b a h i l i t y  t h a t  t he  ave rage  o f  n  samples  t a k e n  from t h e  e f f l u e n t  
t r e a t e d  w i t h  equipmect  d  w i l l  n o t  exceed t h e  s t a n d a r d  s l .  Le t  

j  
N ( l i , s ; )  d eno t e  t h e  normal p r o b c b i l i t y  d i s t r i b u t i o n  which cha r sc -  

J J  
t e r i z e s  t he  :qerfo;-nance of  eqlllpment 3 . K 1 s .  1 )  t h e r e f o r e  

j j  I . .  
c h a r a c t e r i z e s  t h e  sampl ing d i s t r i b u t i o n  of ?. p, can  be  d e t e r -  

mined by s t a n d a r d  methods th rough  

The c a l c u l a t i o n  of d e t e c t i o n  p r o b a b i l i t i e s  p D ( Q  Id , s l , s m )  
k  j 

w i l i  depend on t h e  v a l u e s  o f  t (sampling p e r i o d )  , T ( i n s p e c t i o n  
i n t e r v a l  on which d e t e c t i o n  i s  d e f i n e d ) ,  and m (number o f  exemp- 
t i o n s  from d e t e c t i o n  s t a t e ) ,  a l l  o f  which a r e  p a r t  o f  S M .  L e t  
M = T / t  c h a r a c t e r i z e  t h e  number o f  days  i n  which v i o l a t i o n s  
( t>s l )  can  occu r :  e . g . ,  i f  T = 30 and t = 1  ( i n  t h e  :PA-AV scheme 
of page 11)  t h e r e  a r e  30 o p p o r t u n i t i e s  t o  e s t a b l i s h  l > s l .  The 
l i f e t i m e  of  t h e  p l a n t  i s  assumed t o  be  180 30 day p e r i o d s .  
Accordingly  t h e r e  w i l l  be  N = 180 i n s p e c t i o n  i n t e r v a l s ,  i f  
T = 30 and N = 1  i n s p e c t i o n  i n t e r v a l  i f  T = 5400. 



A detection is defined as m + 1 or more violations (f>sl) 
during any one inspection interval T. The probabilities of 
i = 0,1, ..., M violations during T follow a binomial distribution: 

i M-i 
Prob[i violations 1 po,M] = M (1-pol po 0 (44) 

Therefore the probability pm of no detection during any one 

inspection interval T is 

m 
pm(d tsltn) = L M (1-po)ipo 

M- i 
j i=o (i) 

For example, in the EPA-AV scheme of page 11, where t = 1, 
T = 30, and m = 2, Pm is the probability of none, one or two 

violations during a 30 day period: 

Given p the probability of no detection over the lifetime of 
m' 

the plant can be determined as 

In EPA's monitoring and inspection example N would be 130. 

To give an example for a specific standard consider equip- 
ment d with 1 = 100 ppln and s = 8 ppm. Let sl = 110 ppm, 

j j j 
and sm be the E?A-AV scheme. For this scheme the following 
results obtain: 

Often the situation is complicated, however, since the 
developer does not know the true average performance I,, although 

he may know s for a given 1 . In fact, in the study by Fischer 
j j 

and v. Winterfeldt (1978) the uncertainty about treatment perfor- 
mance was considered by the oil industry a major factor 
influencing their decision making. To express this uncertainty 
about 1 a judgmental probability distribution is assumed over 

j 



1. which i s  a l s o  normal w i t h  mean i and s t a n d a r d  d e v i a t i o n  s . 
I j j 

si i s  assumed t o  be  known. S i n c e  1; i s  d i s t r i b u t e d  normal ly ,  
J 

a i d  s i n c e  t h e  d i s t r i b u t i o n  of  f c a n  b e  i n t e r p r e t e d  as a condi-  
t i o n a l  d i s t r i b u t i o n  g i v e n  l i t  t h e  m a r g i n a l  d i s t r i b u t i o n  of  1 i s  

a l s o  normal w i t h  mean 7 a n i  s t a n d a r d  d e v i a t i o n  
j 

T h a t  means t h a t  t h e  m a r g i n a l  d i s t r i b u t i o n  of  f i s  e q u a l  t o  t h e  
sample d i s t r i b u t i o n  i f  t h e r e  i s  no u n c e r t a i n t y  a b o u t  1;. I t  i s  

J 

e q u a l  t o  t h e  m a r g i n a l  d i s t r i b u t i o n  of li i f  t h e r e  i s  u n c e r t a i n t y  
J 

a b o u t  1 b u t  n  i s  v e r y  l a r g e .  I n  a l l  c a s e s  i n  between it i s  a 
j r  

" d i l l u t e d "  d i s t r i b u t i o n  i n  which u n c e r t a i n t y  a b o u t  t h e  t r u e  mean 
performance  i and t h e  u n c e r t a i n t y  a b o u t  sampl ing  are  combined. 

j 
The v a l u e s  of  pD (Qk 1 d j  , s l , s m )  c a n  rrow b e  c a l c u l a t e d  from - - 

1 s and s as  f o l l o w s :  
1' 1 '  j 

(1) Given n ,  d e t e r m i n e  t h e  m a r g i n a l  d i s t r i b u t i o n  of  f which 
i s  ~ ( 7  2 . 1 .  

j r  I 

( 2 )  From N (7  j ,  g j  ) and s l  d e t e r m i n e  p  t h e  p r o b a b i l i t y  of  
o r  

no v i o l a t i o n  ( i9sl)  d u r i n g  t. 

( 3 )  From p  m and T, d e t e r m i n e  pm, t h e  p r o b a b i l i t y  of no o r  
d e t e c t i o n  ( less t h a n  rn t 1  v i o l a t i o n )  d u r i n g  T .  

( 4 )  From pm and N c a l c u l a t e  sD iQo) , t h e  p r o b b b i l i t y  o f  no 

d e t e c t i o n  d u r i n g  t h e  l i f e t i m e  of  t h e  p l a n t .  

Another  i m p o r t a n t  a n a l y s i s  o f  t h e  problem r e v e r s e s  t h e s e  
s t e p s .  Given a  d e s i r a b l e  low d e t e c t i o n  p r o b a b i l i t y  p * ( d . )  

D 3 
, one 

c a n  approx imate  p * ( d . )  t h e  c o r r e s p o n d i n g  p r o b a b i l i t y  o f  no 
3 

v i o l a t i o n  d u r i n g  any p e r i o d  t .  From p; ( d .  ) and N(I  , B .  ) a v a l u e  
I j I 

1: (d . can b e  se t  f o r  which t h i s  d e s i r a b l e '  low d e t e c t i o n  
3 

p r o b a b i l i t y  pD would be  a c h i e v e d  w i t h  d  i f  s l  = l * ( d . ) .  Through 
j 0  I 

t h e s e  c a l c u l a t i o n s  c u t o f f  l e v e l s  l * ( d  ) c a n  b e  d e t e r n i n e d  which 
0 1  

cor respond  t o  t h e  c u t o f f  p r o b a b i l i t i e s  p s  ( d .  ) (41 ,  4 2 ) .  
3 



Q u a n t i f i c a t i o n  f o r  t h e  Developer  Model 

TO q u a n t i f y  t h e  c o s t s  f o r  t r e a t m e n t  and r e g u l a t i o n  v i o l a t i o n  
which t h e  develower f a c e s ,  a  r e f e r e n c e  p r o d u c t i o n  p l a t f o r m  
approach i s  s e l e c t e d .  The assumpt ion  i s  made t h a t  t h e  s t a n d a r d  
i s  t o  be se t  f o r  a  t y p i c a l  North Sea p r o d u c t i o n  p l a t f o r m  w i t h  a  
d a i l y  o i l y  wa te r  e f f l u e n t  of  1 0 , 0 0 0  t o n s .  Also  it i s  assumed 
t h a t  t h e  p l a t f o r m  i s  o f  a  c o n c r e t e  t y p e  s o  t h a t  g r a v i t y  s e p a r a -  
t i o n  and b i o l o g i c a l  t r e a t m e n t  a r e  b o t h  t e c h n i c a l l y  f e a s i b l e .  

s i n c e  b o t h  a t t r i b u t e s  CD1 ( c o s t  o f  t r e a t m e n t )  and CD2 ( c o s t  

f o r  v i o l a t i n g  t h e  s t a n d a r d )  a r e  e x p r e s s e d  i n  monetary u n i t s ,  t h e  
q u a n t i f i c a t i o n  f o r  t h e  d e v e l o p e r  i s  r e l a t i v e l y  e a s y .  T a b l e  4 
l i s t s  some rough e s t i m a t e s  of  t h e  p o s s i b l e  c o s t s  f o r  t h e  seven 
o p t i o n s  o f  t h e  d e v e l o p e r .  These c o s t s  a r e  based on some d a t a  by 
t h e  C e n t r a l  Uni t  on Environmental  P o l l u t i o n  (CUEP,  1976) , on 
communication w i t h  m a n u f a c t u r e r s ,  and on a  r e p o r t  o f  t h e  N a t i o n a l  
Academy of S c i e n c e s  t o  t h e  EPA (NAS, 1 9 7 7 ) .  Y e t ,  t h e s e  c o s t  
e s t i m a t e s  shou ld  be  c o n s i d e r e d  a s  merely i l l u s t r a t i v e  o f  t h e  
model a p p l i c a t i o n .  T o t a l  c o s t s  w e r e  c a l c u l a t e d  a s  t h e  sm of  
i n s t a l l a t i o n  c o s t  and (und i scoun ted)  o p e r a t i o n  c o s t s  f o r  a  
f i f t e e n  y e a r  l i f e t i m e  o f  t h e  p r o d u c t i o n  p l a t f o r m .  

Tab le  4 

ILLUSTRATIVE COST ESTIMATES FOR DEVELOPER'S TREATMENT OPTIONS 

(103 Pound S t e r l i n g ] ;  1978 

* Source:  CUEP, 1976 
* *  Source:  M a n u f a c t u r e r ' s  d a t a  
***Source: NAS, 1977 ( f o r  new p l a t f o r m s ,  f a r  o f f s h o r e )  

A l l  o t h e r  d a t a  a r e  rough e s t i m a t e s .  

k 

----- - 

I n s t a l l a t i o n  O p e r a t i o n / y r .  

-- 
0  

3  

5  

l9**  

15 

50 

115*** 

C~ 1  
T o t a l  

(no d i s c .  ) 

0  

45 

145 

290 

425 

1250 

3825 

d l  {no t r e a t n e n c )  0 

d2  ( g r a v i t y  t a n k )  0 

d3 i c o r r .  p l a t e  i n t . )  701 

d4  (2PI  + GP) 

d5 ( C P I  + GF + F) 

d6 ( C P I  + GF + F + b i o )  

d7  ( r e i n j e c t i o n )  
I 

i40** 

200 

500 

2100*** 
i 



The s a n c t i o n  v a l u e  K i s  c o n s i d e r e d  a  pa ramete r  i n  t h e  0  
model. The f o l l o w i n g  s p e c i f i c  v a l u e s  w i l l  be  ana lyzed :  1 0  000, 
100 000, and 1  Mio. Pound S t e r l i n g .  With t h i s  i n f o r m a t i o n  t h e  
payoff  m a t r i x  of  page 18 can  be  f i l l e d  f o r  t h e  s a n c t i o n  scheme: 

T a b l e  5  

PAYOFF MATRIX FOR THE DEVELOPER - 
( e n t r i e s  i n  103  Pounds, = 100,000 Pounds) 

* No d e t e c t i o n  i s  p o s s i b l e  f o r  d 7 .  

d l  

d;! 

d3 

d 4  

d5 

d6 

d7 

A s  i n p u t s  f o r  t h e  p r o b a b i l i t y  a n a l y s i s  e s t i m a t e s  f o r  t h e  
normal d i s t x i b u t i o n  cbarzc te r i z inc ,  t h e  d e v e l o p e r ' s  l ~ n c e r t a i n t y  
a b o u t  t h e  a v s r a g e  equipment  performance of 6;  have t o  S c  made. 

These d i s t r i b u t i o n s  a r e  f u l l y  c h a r a c t e r i z e d  iy t h e  nean Ti and 

DETECTION STATES 

s t a n d a r d  d e v i a t i o n  si. I n  a d d i t i o n  t h e  s t a n d a r d  d e v i a t i o n  si of  

NO DETECTION ( Q O )  

0  

45 

145 

290 

425 

1250 

3825 

J J 

equipment  performance  f o r  a  g i v e n  mean 1 h a s  t o  be  e s t i m a t e d .  
j 

DETECTION ( Q 1 )  

45 + 100 

145 + 100 

290 + 100 

425 + 100 

1250 + 100 

3825 + 100 
-* 

- 
Table  6  l i s ts  t h e  e s t i m a t e s  f o r  I,, s, ,  and si which w e r e  

J J J 
made f o r  t h e  purpose  o f  t h i s  model. The f i r s t  column shows, i n  
a d d i t i o n ,  some r a n g e s  of l i t e r a t u r e  e s t i m a t e s  o f  a v e r a g e  equ ip -  
ment performance .  T a b l e  7  l i s t s  t h e  mean and s t a n d a r d  d e v i a t i o n s  
o f  t h e  m a r g i n a l  of  1 f o r  n  = 1 , 4 , 6 0 ,  and m .  These means and 
s t a n d a r d  d e v i a t i o n s  c h a r a c t e r i z e  t h e n  t h e  u n c e r t a i n t y  a b o u t  d a i l y  
r e a d i n g s  1 f o r  t h e  d i f f e r e n t  t r e a t m e n t  o p t i o n s .  From t h e s e  
d i s t r i b u t i o n s  po ,  pm, and p  can  b e  c a l c u l a t e d  a s  on p .  2 1  s imply  

D 
by s u b s t i t u t i n g  t h e  " d i l u t e d "  d i s t r i b u t i o n  o f  2 f o r  t h e  p r e c i s e  
sampl ing  d i s t r i b u t i o n  which can be  used i f  1 and s a r e  known. 

j j 
F i g u r e  3  shows a n  i l l u s t r a t i o n  o f  t h e  d i s t r i b u t i o n s  i n  T a b l e  7 .  



T a b l e  6 

LITERATURE RANGES OF WE-WGE TREATMENT PERFORI?IANCE AND - - 
PARAMETERS OF DISTRIBUTIONS CHARACTERIZING 

THE DEVELOPER'S UNCERTAINTY 

* S o u r c e :  CUE!? ( 1 9 7 6 )  and e q u i p m e n t  manufac tu re r s .  

T a b l e  ? 

CALClT1,ATED MEANS PAD STAIJDARD DEVlP-TIONS OF AVERAGES ^? REFLECTING - - -- 
THE DEVELOPEX'S UNCERTAiNTY ABOUT THE 

TRUE PERFORMANCE OF THE TREATMENT EQUIPMENT 

( C a l c u l a t i o n s  based on T a b l e  6 )  

RANGE OF AVERAGE 
PERFORMANCE (ppm) * 
1 - 1 j ,max j ,min  

3 0 0  - 3 0 0 0  

5 0  - 1 5 0  

' ~ 5 0  

1 5 -  3 5  

3 - 1 0  

- 

- 

NORMAL DIST 'N 
OVER 1 

j - 
1 S 

- 
j j 

5 0 0  1 0 0  

1 0 0  2 0  

5 0  5 

2 0  5 

5 2 

1 . 2  

0 0 

h 

PERFORMANCE 
STANDARD DEV. 

S 
j 

1 0 0  

2 0  

1 0  

5 

3 

. 4  

0 

TREATMENT 

d l  ( n o n e )  

d2  ( G r a v i t y )  

d 3  ( C P I )  

d, ( C P I  + GF) 

d5 (CPI ,GF ,F )  

d6  ( C P I , G F , F , B )  

d7  ( r e in j ec t )  

? 
TREATMENT 

d 
j 

d l  

d 2  

d 3  

d 4  

d 5  

d 6  

d 7  

. 
MEANS - 
1 

j 

5 0 0  

1 0 0  

5 0  

2 0  

5 

1 

0 

STANDARD QEVIATIONS 
S 

n + m  

1 0 0  

2 0 

5 . 0  

5 . 0  

2 . 0  

. 2 0  

0 

n = 4  ' n = 6 0  
j 

n =  1 

1 4 1  

2 8  

1 1  

7 . 1  

3 . 6  

- 4 5  

0 

1 

1 1 2  

2 2  

7 . 1  

5 . 6  

2 . 5  

. 2 8  

0 

1 0 1  

2 0  

5 . 2  

5 . 1  

2 . 0  

. 2  1 

0 
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Some R e s u l t s  o f  t h e  Developer  Model 

The f i r s t  r e s u l t s  a r e  t h e  c u t o f f  p r o b a b i l i t i e s  b a s e d  on t h e  
payof f  m a t r i x  i n  T a b l e  5  and t h e  f o r m u l a s  f o r  c u t o f f  p r o b a b i l i t i e s  
p; ( 4 1 , 4 2 ) .  T a b l e  8 l i s t s  t h e  c u t o f f  p r o b a b i l i t i e s  f o r  K O  = 10 O O C  

100 000 and  1  Mio. Pound S t e r l i n g  and f o r  a  = 0 ,  2 * 1 0 - ~ ,  - 2 - 1 0 - ~ ,  
i . e . ,  f o r  a  r i s k  n e u t r a l  a r i s k  p r o n e ,  and  a  r i s k  a v e r s e  u t i l i t y  
f u n c t i o n . *  

Frcm t h e  c u t o f f  p r o b a b i l i t y  e q u a t i o n s  ( 4 1 )  and ( 4 2 )  it i s  
a l r e a d y  c l e a r  t h e  p; would b e  l a r g e r  f o r  s m a l l  v a l u e s  o f  K O  and 

s m a l l e r  f o r  l a r g e  v a l u e s .  T h i s  t r e n d  i s  c l e a r l y  r e p r e s e n t e d  i n  
T a b l e  8 .  F u r t h e r m o r e ,  f o r  f i x e d  K t h e  c u t o f f  p r o b a b i l i t i e s  0  
become l a r g e r  t h e  l a r g e r  t h e  c o s t  d i f f e r e n t i a l  between d j + l  and  

d j .  
Fo r  a s m a l l  p e n a l t y  of  K O  = 10 000 Pounds t h e  p r o b a b i l i t y  

o f  d e t e c t i o n  must  b e  i n  t h e  .80 t o  . 9 0 s  i n  o r d e r  t o  f o r c e  t h e  
de- eloper model t o  s w i t c h  t o  b e t t e r  t r e a t m e n t .  But  f o r  t h e  h i g h  
p e n a l t y  o f  1  Mio. Pounds d e t e c t i o r ,  p r o b a b i l i t i e s  may b e  a s  low 
a s  .05 t o  have  t h e  model change  from d j  t o  d j + l .  

The e f f e c t  o f  t h e  u t i l i t y  f u n c t i o n  i s  n o t  v e r y  l a r g e  f o r  t h e  
two lower  p e n a l t i e s .  Bu t ,  a s  one  m i g h t  e x p e c t ,  i f  p o t e n t i a l  
l o s s e s  o f  1 Mio pounds are i n v o l v e d  t h e  s h a p e  o f  t h e  u t i l i t y  
f u n c t i o n  h a s  a  s t r o n g e r  i n f l u e n c e  on t h e  c u t o f f  p r o b a b i l i t i e s .  
For  K O  = 1 000 000 it c l e a r l y  shows t h a t  t h e  model w i t h  t h e  r i s k  

p r o n e  u t i l i t y  f u n c t i o n  would a c c e p t  r e l a t i v e l y  h i g h  p r o b a b i l i t i e s  
o f  d e t e c t i o n  b e f o r e  s w i t c h i n g  ( f o r  t h e  s w i t c h  from d  t o  d 7  even  6  
.995)  w h i l e  tile r i s k  a v e r s e  u t i l i t y  f u n c t i o n  f o r c e s  t h e  model t o  
s w i t c h  a t  much lower  p r o b a b i l i t i e s  i f o r  t h e  s w i t c h  from d 6  t o  d 7  

.135)  . I n  g e n e r a l ,  o f  c o u r s z ,  a1 1 cor re spond . ing  p r o l \ a b i l i t i e s  
d e c r e d s s   fro^ t h e  r i s k  c r o n e  o v e r  t h e  r i s k  n s u t r a l  t c ~  t.he r i s k  
a v e r s e  u t i l i t y  f u n c t i o n .  

From t h e  c u t o f f  p r o b a b i l i t i e s  o f  d e t e c t i o n  p * ( d i )  i n  T a b l e  
D a 

8  t h e  c o r r e s p o n d i n g  c u t o f f  v a l u e s  l * ( d . )  c a n  b e  d e t e r m i n e d  a t  
0  I 

which t h e  d e v e l o p e r  would s w i t c h  from t r e a t m e n t  d  t o  d j + l .  I n  
j 

t e r m s  o f  t h e  s t a n d a r d  s l  t h e s e  c u t o f f  v a l u e s  d i v i d e  t h e - p o s s i b l e  
l e v e l s  o f  sl. i n t o  segmen t s  where e a c h  segment  c o r r e s p o n d s  t o  a 
p a r t i c u l a r  ( o p t i m a l )  c h o i c e  o f  d  i . e . ,  i f  t h e  s t a n d a r d  i s  j u s t  

1 ' 
- -- 

* To i n t e r p r e t  t h e  v a l u e s  o f  a ,  c o n s i d e r  t h e  gamble i n  which  t h e  
d e c i s i o n  maker would l o s e  1 Mio Pounds w i t h  a p r o b a b i l i t y  o f  
. 5  and n o t h i n g  w i t h  p r o b a b i l i t y  . 5 .  The r i s k  n e u t r a l  d e c i s i o n  
maker ( a  = 0 )  would b e  w i l l i n g  t o  pay . 5  Mio. Pounds t o  i n s u r e  
h i m s e l f  a g a i n s t  t h e  r i s k  o f  t h e  gamble,  t h e  r i s k  p r o n e  d e c i -  
s i o n  maker ( a  = 2  1 o - ~ )  would pay o n l y  .24 Mio Pounds,  t h e  
r i s k  a v e r s e  d e c i s i o n  maker ( a  = -2.10-6) would,  on  t h e  o t h e r  
hand ,  pay .72 Mio Pounds.  





e q u a l  t o  l $ ( d . ) ,  t h e n  t h e  deve loper  would be  i n d i f f e r e n t  between 
3 

choosing d  o r  d j + l .  I f  t h e  s t a n d a r d  s l  is  t i g h t e n e d  up 
j  

s l l ( d  , t h e n  t h e  d e v e l o p e r  would s e l e c t  d j + l ;  i f  s l  is  re- 
3 

l a x e d ,  he would p r e f e r  d  . 
j  

T a b l e  9  l is ts  t h e  v a l u e s  of  18 f o r  t h e  UK d e f i n i t i o n  of  a n  

a v e r a g e  s t a n d a r d  (m = 1 )  and f o r  d i f f e r e n t  v a l u e s  of  K~ and a .  

T h i s  t a b l e  r e f l e c t s  t h e  p i c t u r e  o f  t h e  d e t e c t i o n  p r o b a b i l i t i e s  
i n  Tab le  8 .  With in  each u t i l i t y  f u n c t i o n  b l o c k  t h e  c u t o f f  l e v e l s  
become l a r g e r  a s  t h e  p e n a l t y  K O  i n c r e a s e s .  T h i s  e f f e c t  i s  

i n t u i t i v e l y  u n d e r s t a n d a b l e  and one would e x p e c t  t h e  model t o  
behave i n  t h i s  way. The l a r g e r  t h e  p o s s i b l e  p e n a l t y ,  t h e  more 
c a u t i o u s  t h e  d e v e l o p e r  would b e ,  t h u s  push ing  up h i s  c u t o f f  
v a l u e s  a t  which he would s w i t c h  from i n f e r i o r  t o  improved t r e a t -  
ment. T h i s  e f f e c t  i s  c l e a r e s t  f o r  t h e  r i s k  a v e r s e  u t i l i t y  func-  
t i o n  and f o r  t h e  t r e a t m e n t  o p t i a n s  w i t h  a  h i g h  u n c e r t a i n t y  ( i . e . ,  
none o r  q r a v i t y  s e p a r a t i o n ) .  Here t h e  c u t o f f  l e v e l  s h i f t s  a s  
much a s  130 ppm (from 717 t o  812) when t h e  p e n a l t y  i s  i n c r e a s e d  
f ~ o s  10 900 tc 1 Mlo Pocnds. For t h e  n t h z r  t r e a c m e c t  o p t i o n s  
t h e  e f f e c t  i s  much less d r a m a t i c .  

A s i m i l a x ,  a l t h o u g h  s m a l l e r  e f f e c t  o f  r i s k  a v e r s i o n  v s .  
r i s k  p roneness  can  be  s e e n .  The more r i s k  a v e r s e  u t i l i t y  func-  
t i o n  l e a d s  t o  l a r g e r  c u t o f f  v a l u e s .  Again t h i s  i s  a n  a f f e c t  
which one would e x p e c t  from t h e  d e c i s i o n  model: t h e  more r i s k  
a v e r s e ,  t h e  more c a u t i o u s  t h e  c u t o f f  l e v e l s  s h o u l d  be se t .  T h i s  
e f f e c t  is  o n l y  s l i g h t ,  a l t h o u g h  t h e  c h o i c e s  o f  u t i l i t y  f u n c t i o n s  
cover  q u i t e  a  s u b s t a n t i a l  r a n g e  i n  terms o f  t h e  b e h a v i o r a l  con- 
sequences .  

Tab le  10 l i s t s  t h e  c u t o f f  v a l u e s  f o r  t h e  r i s k  n e u t r a l  
u t i l i t y  f u n c t i o n  and K = 100 000 f o r  a l l  f i v e  m o n i t o r i n g  and 

0  
i n s p e c t i o n  p r o c e d u r z s .  There  a r e  s e v e r a l  notewor thy c h a r a c t e r -  
i s t . i c s  of t h e  c u t o f f  l e v e l s  i n  Tab le  10. F i r s t ,  it shows t h a t  
t h e  d e f i n i t i o n  o f  t h e  moni to r ing  and i n s p e c t i o n  p r o c e d u r e  a s  
p a r t  o f  t h e  r e g u l a t i o n  h a s  an  e f f e c t  on t h e  d e c i s i o n  making o f  
t h e  d e v e l o p e r  which i s  s i m i l a r  i f  n o t  s t r o n g e r  t h a n  t h e  e f f e c t  
o f  changing p e n a l t i e s  o r  u t i l i t y  f u n c t i o n s .  For  example l $ ( d 3 )  

v a r i e s  between 62 ppm ( f o r  t h e  UK-AV-1 d e f i n i t i o n )  t o  78 ppm ( f o r  
t h e  t h r e e  v a l u e s  o f  K O  w i t h i n  t h e  UK-AV-1 d e f i n i t i o n  ( T a b l e  9 ) .  

T h i s  e f f e c t  o f  t h e  moni to r ing  and i n s p e c t i o n  p rocedure  i s  exceed- 
i n g l y  important . :  it means t h a t  t h e  impac t s  of a  s t a n d a r d  a r e  
h i g h l y  dependent  on t h e  sample s i z e ,  sampl ing  p e r i o d ,  exemption 
numbers, e t c .  For  example, i f  EPA had a n  a v e r a g e  s t a n d a r d  of  66 
combined w i t h  t h e i r  own EPA-AV scheme, such s t a n d a r d  would c o r r e s -  
pond t o  a  UK s t a n d a r d  of 62 combined w i t h  t h e  UK-AV-1 scheme. 
"Correspond" h e r e  means t h a t  t h e  s t a n d a r d  would l e a d  t o  t h e  same 
d e c i s i o n  making and c o s t s  t o  t h e  d e v e l o p e r .  



T a b l e  9  CUTOFF LEVELS l* (d ) AT TJHICH THE DEVELOPER WOULD 
0  j 

SWITCH FROM TREATMENT d .  TO TREATMENT d j C l  
I 

( F o r  UK-AV-1 d e f i n i t i o n )  

T a b l e  1 0  CUTOFF LEVELS l* (d 1 AT WHICH THE DEVELOPER WOULD 
0  j 

r 

3  
~ ~ ( 1 0  

d l  (none)  

d2 (GI 

SWITCH FROM TREATMENT d .  TO TREATMENT d j + l  
I 

( F o r  K O  = 1 0 0  0 0 0 ;  r i s k  n e u t r a l  u t i l i t y  f u n c t i o n )  

1 1 DETECTION DEFIKITION* I 

6 0  6 2  6 3  

3 3  

9 . 2  

( C P I , G F , F , B )  1 . 4  

d7 ( r e i n j e c t )  - 

a = 2 . 1 0  -6 

* P r e c i s e  de tec t ion  d e f i n i t i o n s  are: 

1 0  

7 1 2  

1 4 0  

UK-MAX : t = 1 / 2 ;  n = 1 ;  T  = 3 0 ,  m = 2  
EPA-AV : t = 1  ; n = 4 ;  T  = 3 0 ,  m = 2  
NWY-AV : t = 1  ; n -+ m ;  T  = 3 0 ,  m = 1  
UK-AV-0 : t = 3 0  ; n = 6 0 ;  T  = 5 4 0 0 ,  m = 0  
UK-AV-1 : t = 3 0  ; n = 6 0 ;  T  = 5 4 0 0 ,  m = 1  

a = o  

1 0 0  

7 4 9  

1 4 7  

a = - 2 . 10  -6 

1 0 0 0  

7 7 8  

1 5 2  

1 0 0 0  

7 9 0  

1 3 6  

6 4  

3 4  

9 . 8  

1 . 5  

- 

1 0  

7 1 7  

1 4 0  

6 0  

3 0  

8 . 8  

1 . 4  

- 

1 0  

7 1 4  

1 4 0  

6 0  

3 0  

8 . 6  

1 . 3  

- 
- 

1 0 0  

7 5 4  

1 4 7  

6 2  

3 2  

9 . 1  

1 . 4  

- 
-- 

1 0 0  

7 5 7  

1 4 8  

6 2  

3 2  

9 . 3  

7 .4  

- 

1 0 0 0  

8 1 2  

1 5 9  

6 5  

3 5  

1 0 . 5  

1 . 5  

- 



The second  o b s e r v a t i o n  i s  t h a t  t h e  UK-MAX scheme l e a d s  t h e  
d e v e l o p e r  t o  t h e  most c a u t i o u s  c u t o f f  l e v e l s ,  i . e . ,  t o  a  s w i t c h  
t o  improved t r e a t m e n t ,  even  i f  t h e  s t a n d a r d  i s  f a r  above  t h e  
mean 1 of  t h e  pe r fo rmance  u n c e r t a i n t y  d i s t r i b u t i o n .  On t h e  

j 
o t h e r  e x t r e m e ,  t h e  UK-AV-1 scheme t h e  m o s t  l a x  one  s i n c e  it would 
a l l o w  t h e  d e v e l o p e r  t o  s t a y  l o n g e r  w i t h  i n f e r e i o r  t r e a t m e n t  when 
t h e  s t a n d a r d  l e v e l  i s  t i g h t e n e d  up. 

The f i n a l  o b s e r v a t i o n  from t h e s e  c a l c u l a t i o n s  i s  t h a t  a  
j o i n t  a v e r a g e  and maximum s t a n d a r d  ( a s  t h e  o n e  which t h e  UK 
p r e s e n t l y  u s e s )  c a n  l e a d  t h e  d e v e l o p e r  i n t o  a  c o n f l i c t :  s h o u l d  
he  d e c i d e  a c c o r d i n g  t o  t h e  maximum s t a n d a r d  o r  a c c o r d i n g  t o  t h e  
a v e r a g e  s t a n d a r d ?  For  example ,  i f  t h e  s t a n d a r d  was set  a t  
s l  = 35,  t h e  d e v e l o p e r  model would select  t r e a t m e n t  d5  (CPI ,  Gas 

F l o t a t i o n ,  and F i l t e r i n g )  i f  it was t h e  maximum s t a n d a r d  ( U K - M A X ) ,  
b u t  h e  would s t i l l  s t i c k  w i t h  d 4  (CPI and  Gas F l o t a t i o n )  i f  it 

was a n  a v e r a g e  s t a n d a r d .  O r ,  a l t e r n a t i v e l y ,  i f  t h e  maximum s t a n -  
d a r d  i s  d i f f e r e n r  f rom 'che a v e r a g e  s t a n d a r d ,  e . g . ,  'nax 

= 160 

and s l  = 40,  t h e n  t h e  d e v e l o ~ e r  r,odel would s e l e c t  d  a e c s r d i n g  
av  4  

t o  t h e  a v e r ~ g e  s tacdarc?,  (LlK-AV-i ) , b u t  stick w i t h  d f ~ r  t h e  
maximum s t a n d a r d .  3  

To g i v e  some i l l u s t r a t i o n  o f  t h e  r e s u l t s  i n  T a b l e  1 0 ,  and 
t o  comple t e  t h e  d e v e l o p e r  model a n a l y s i s ,  F i g u r e  4  shows t h e  
o p t i m a l  d e v e l o p e r  d e c i s i o n s  a n d  t h e  a s s o c i a t e d  e x p e c t e d  u t i l i t i e s  
i n  t h e  c a s e  o f  r i s k  n e u t r a l  u t i l i t i e s ,  f o r  K O  = 100 000 Pounds,  

and f o r  t h e  EPA-AV d e f i n i t i o n .  Fo r  l a x  s t a n d a r d s  s a y  above  900 
ppm t h e  d e v e l o p e r  model c h o o s e s  no  t r e a t m e n t  a s  i t s  o p t i m a l  d e c i -  
s i o n ,  and t h e  c o s t  o f  t h a t  d e c i s i o n  a r e  s m a l l ,  s i n c e  t h e  prob-  
a b i l i t y  o f  v i o l a t i n g  s u c h  a  l a x  s t a n d a r d  i s  v e r y  low ( i n  t h e  
above  c a s e  pD(Q11900,  d l ,  s m )  = .0000043 where  s m  c o r r e s p o n d s  t o  

t h e  EPA-AV d e f i n i t i o n ) .  I f  t h e  s t a n d a r d  i s  t i q h t e n e d  u p ,  t h e  
p r o b a b i l i t y  of  d e t ~ c t i o n  w i l l  i n c r e a s e  and  t h e r e f o r e  t h e  e x p e c t e d  
u t i l i t y  UD w i l l  d e c r e a s e .  I f  t h e  c u t o f f  p o i n t  1 5  ( d l  i s  r e a c h e d ,  

t h i s  u t i l i t y  UD i s  j u s t  e q u a l  t o  t h e  u t i l i t y  o f  t h e  c o s t  o f  t h e  

n e x t  b e s t  t r e a t m e n t  d e c i s i o n  d  
2  ' A s  c a n  b e  s e e n ,  i f  t h e  s t a n d a r d  

i s  f u r t h e r  t i g h t e n e d  t h e  u t i l i t y  UD r e m a i n s  c o n s t a n t ,  s i n c e  t h e  

p r o b a b i l i t y  o f  d e t e c t i o n  r e m a i n s  s m a l l .  Only when r e a c h i n g  
s t r i c t e r  l e v e l s  ( e . g . ,  a r o u n d  160 ppm) t h i s  p r o b a b i l i t y  i n c r e a s e s  
r a p i d l y  and adds  t o  t h e  c o s t  o f  d 2  t h e  e x p e c t e d  p e n a l t y  cos t ,  

t h e r e f o r e  f u r t h e r  d e c r e a s i n g  t h e  u t i l i t y  U u n t i l  t h e  n e x t  c u t o f f  
p o i n t  i s  r e a c h e d .  

D 

The c o r r e s p o n d i n g  f i g u r e  f o r  o t h e r  d e f i n i t i o n s  o f  t h e  s t a n -  
d a r d  m o n i t o r i n g  and  i n s p e c t i o n  p r o c e d u r e  w i l l  be  s i m i l a r ,  a l t h o u g h  
t h e  c u t o f f  v a l u e s  w i l l  b e  s l i g h t l y  s h i f t e d ,  and t h e  s l o p e  of  UD - 
f u n c t i o n  i n  t h e  a r e a  of  t h e  c u t o f f  v a l u e  w i l l  change .  
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An i n t e r e s t i n g  way o f  p u t t i n g  F i g u r e  4 i n  p e r s p e c t i v e  i s  
by means o f  a  " p e r f e c t  i n f o r m a t i o n  a n a l y s i s " .  To c o n s t r u c t  
F i g u r e  5 t h e  c u t o f f  l e v e l s  and e x p e c t e d  u t i l i t i e s  f o r  t h e  d e v e l -  
o p e r ' s  o p t i m a l  d e c i s i o n  making w e r e  c a l c u l a t e d  assuming  t h a t  
t h e r e  was no  equ ipmen t  pe r fo rmance  u n c e r t a i n t y  ( i . e . ,  si + 0  

and  si + 0 ) .  O v e r l a y i n g  F i g u r e s  4 a n d  5 g i v e  some i n t e ; e s t i n g  
J 

i n s i g h t s .  F i r s t ,  now t h e  s h i f t  i n  c u t o f f  l e v e l s ,  b e f o r e  i n d u c e d  
t h r o u g h  m a n i p u l a t i o n s  o f  K O  e t c . ,  becomes nuch  more d r a s t i c .  

Second,  t h e  c o s t  d i f f e r e n t i a l  a r o u n d  t h e  c u t o f f  l e v e l s  shows t h e  
c o s t  o f  h a v i n g  t o  make a  d e c i s i o n  w i t h  i m p e r f e c t  i n f o r m a t i o n .  

Ano the r  change  i n  F i g u r e  4 o c c u r s  i f  a n o t h e r  u t i l i t y  func-  
t i o n  i s  u s e d .  A l though  T a b l e  9 h a s  a l r e a d y  shown t h a t  t h e  c u t -  
o f f  l e v e l s  s h i f t  o n l y  s l i g h t l y  f o r  d i f f e r e n t  v a l u e s  o f  a ,  t h e  
u t i l i t y  f u n c t i o n s  w i l l  have  e f f e c t s  on t h e  s p a c i n g  o f  U D .  

F i g u r e s  6  and  7 i l l u s t r a t e  t h i s  e f f e c t  f o r  t h e  r i s k  a v e r s e  
and  t h e  r i s k  p r o n e  d e c i s i c n  maker ( a  = + 2 * 1 0 - ~ ) ,  K = 100 000 i n  
t h e  EPA-AV scheme. They show c l e a r l y  t h a t  f o r  t h e  r i s k  p r o n e  
d e c i s i o n  maker t h e  r e l a t i v e  e x p e c t e d  u t i l i t i e s  a r e  f a i r l y  e q u a l l y  
s p a c e d ,  w h i l e  f o r  t h e  r i s k  a v e r s e  d e c i s i o n  maker t h e  r e l a t i v e  
u t i l i t y  o f  t h e  h i g h  c o s t  o p t i o n s  a r e  e x t r e m e l y  low a s  compared 
w i t h  t h e  low c o s t  o p t i o n s .  T h i s  d i s t o r t i o n  e f f e c t  e v e n  shows 
a l t h o u g h  t h e  u t i l i t i e s  i n  F i g u r e  5 a r e  s p a c e d  l o g a r i t h m a t i c a l l y  
t o  accomodate  t h e  g r a p h .  

THE IMPACTEE MODEL 

The Problem S t r u c t u r e  f o r  t h e  I m ~ a c t e e s  

T h i s  a p p l i c a t i o n  of  t h e  model d o e s  n o t  g i v e  t h e  i m p a c t e e s  
any a c t i o n  p o s s i b i l i t i e s .  I m p a c t e e s  a r e  c o n s i d e r e d  s u f f e r e r s  
o f  t h e  p o t e n t i a l  e f f e c t s  ~ f  o i l  p o l l u t i o n .  The o b j e c t i v e  o f  
t h e  i m p a c t e e s  a r e :  

1) Minimize m o r t a l i t y  o f  commerc ia l  m a r i n e  o r g a n i s m s  
( f i s h e r y  i n d u s t r y )  ; 

2)  Y in imize  t a i n t i n g  and c h r o n i c  t o x i c i t y  o f  m a r i n e  
o r g a n i s m s  ( p u b l i c )  ; 

3)  Minimize e c o l o g i c a l  d i s t u r b a n c e s  ( e c o l o g i s t s ) .  

U n f o r t u n a t e l y ,  w i t h  t h e  p r e s e n t  s t a g e  o f  knowledge a b o u t  f a t e  
and e f f e c t s  o f  c h r o n i c  o i l  p c l l l ~ t i o n ,  no  r e a s o n a b l e  e s t i m a t e s  
c a n  b e  made a b o u t  t h e  e f f e c t s  o f  s a y  o i l y  w a t e r  e m i s s i o n s  o f  
10 000 t o n s  a  day  a t  100 pwm o i l  c o n c e n t r a t i o n  l e v e l s .  There-  
f o r e ,  it p roved  f u t i l e  . t o  a t t e m p t  t o  o p e r a t i o n a l i z e  t h e  t h r e e  
above  o b j e c t i v e s  i n  t e r m s  o f  v a l u e  r e l e v a n t  consequence  m e a s u r e s  
( e . g . ,  p e r c e n t  f i s h  l o s s ) .  I n  any c a s e ,  t h e  d e g r e e  t o  which  t h e  
o b j e c t i v e s  w i l l  b e  m e t  i s  a  f u n c t i o n  o f  t h e  random e m i s s i o n  
l e v e l s ,  a n d  any s u c h  f u n c t i o n  w i l l  b e  h i g h l y  c o r r e l a t e d  w i t h  
a c t u a l  e f f e c t s .  R a t h e r  t h a n  o p e r a t i o n a l i z i n g  t h e  above  o b j e c t i v e s  
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F i g u r e  6 CUTOFF LEVELS 15 (d . ) , OPTIMAL 
1 

DECISIONS d . ( ~ 1 )  , AND EXPECTED 
I 

U T I L I T I E S  U AS A FUNCTION O F  
D - 

THE STANDARD sl 

U, Id. (sl) ,sl] (log) 
I 
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and q u a n t i f y i n g  u n c e r t a i n t i e e ,  a s  it was done  f a  the d e v e l o p e r  
model ,  t h e  i m p a c t e e  model w i l l  u s e  t h e  random e m i s s i o n  l e v e l s  
d i r e c t l y  a s  a  proxy f o r  t h e  i m p a c t e e ' s  consequences .  ( U s i n g  
e m i s s i o n  l e v e l s  a s  a  p roxy  f o r  consequences  would ,  however ,  be  
u n d e s i r a b l e ,  i f  one  would want  t o  know more a b o u t  p o s s i b l e  e f f e c t s  
o f  c h r o n i c  o i l  p o l l u t i o n  and t h e  d e g r e e s  o f  u n c e r t a i n t i e s  i n v o l v e d .  
A l s o ,  i f  o n e  n e e d s  t o  make t r a d e o f f s  between c o s t s ,  p o l l u t i o n  
and p o l i t i c a l  o b j e c t i v e s  ( i . e . ,  t r a d o f f s  be tween t h e  t h r e e  d e c i -  
s i o n  making u n i t s ) ,  a  f u r t h e r  e l a b o r a t i o n  o f  t h e  e f f e c t s  o f  
c h r o n i c  o i l  p o l l u t i o n  would b e  d e s i r a b l e .  However, f o r  t h e  P a r e t o  
o p t i m a l i t y  a n a l y s i s  and t h e  s e n s i t i v i t y  a n a l y s e s  t o  which  t h i s  
p a p e r  res t r ic ts  i t s e l f  e m i s s i o n s  a r e  an  a p p r o p r i a t e  m e a s u r e . )  

Q u a n t i f i c a t i o n  f o r  t h e  Impac tee  Model 

The v a l u e  f u n c t i o n  vA f o r  t h e  i m p a c t e e s  i s  d i r e c t l y  d e f i n e d  

on t h e  e m i s s i o n  l e v e l  1. T h i s  v a l u e  f u n c t i o n  i s  supposed  t o  be  
l i n e a r  and n e g a t i v e  i n  1: 

The p r o b a b i l i t y  d i s t r i b u t i o n s  o v e r  e m i s s i o n s  1 which  con- 
s t i t u t e  t h e  e v e n t s  w i t h  which t h e  i m p a c t e c s  a r e  c o n c e r n e d  were 
a l r e a d y  q u a n t i f i e d  f o r  t h e  d e v e l o p e r  model .  F o r  t h e  i m p a c t e e s  
t h e  r e l e v a n t  d i s t r i b u t i o n  x o u l d  b e  t h e  d i s t r i b u t i o n  o v e r  1 f o r  
n  = 1 ,  i . e . ,  t h e  a c t u a l  d i l l u t e d  pe r fo rmance  d i s t r i b u t i o n  of t h e  
g i v e n  t r e a t m e n t  d i .  I t  i s  assumed t h a t  t h e  d e v e l o p e r  and  t h e  

J 

i m p a c t e e s  a g r e e  t h a t  t h e  d i s t r i b u t i o n s  g i v e n  i n  T a b l e  7 r e f l e c t  
t h e s e  u n c e r t a i n t i e s .  

A s  a n  a l t e r n a t i v e ,  one  c o u l d  q u a n t i f y  t h e  v a l u e  f u n c t i o n  v  
A 

by a n  e x p o n e n t i a l  f u n c t i o n  i n  o r d e r  t o  r e f l e c t  t h a t  i n c r e a s e s  i n  
e m i s s i o n  l e v e l s  a t  low i n i t i a l  l e v e l s  a r e  c o n s i d e r e d  ore  o r  less 
s e r i o u s  t h a n  i n c r e a s e s  a t  a l r 2 a d y  h i g h  l e v e l s .  S i q c e  a n  exponen- 
t i a l  form r e s u l t s  i f  t h e  impac tee  i s  assumed t o  r i s k  s e e k i n g ,  no 
s p e c i a l  a t t e m p t  w i l l  b e  made t o  r e d e f i n e  v  

A '  

Accord ing  t o  ( 6 )  t h e  i m p a c t e e s '  u t i l i t y  f u n c t i o n  i s  d e f i n e d  
as 

f o r  B # 0  and a s  

f o r  B = 0 ,  ' j i s  d e t e r m i n e d  u s i n g  n  = 1 .  B e s i d e s  t h e  r i s k  n e u t r a l  

impac t  ( 6  = 0 )  a  r i s k  p r o n e  impac tee  ( 6  = . 028)  and  a  r i s k  a v e r s e  
i m p a c t e e  ( B  = - .028)  a r e  c o n s i d e r e d .  



Some Model R e s u l t s  f o r  t h e  I m p a c t e e s  

The main a n a l y s i s  f o r  t h e  i m p a c t e e s  c o n s i s t s  i n  t h e  computa- 
t i o n  o f  t h e  e x p e c t e d  u t i l i t i e s  U A ( d . ) .  T a b l e  10 l i s t s  t h e  

1 
e x p e c t e d  u t i l i t i e s  f o r  t h e  t h r e e  u t i l i t y  f u n c t i o n s .  The e x p e c t e d  
u t i l i t i e s  f o r  t h e  e x p o n e n t i a l  u t i l i t y  f u n c t i o n s  c o u l d  be d e t e r -  
mined by o b s e r v i n g  t h a t  t h e  moment g e n e r a t i n g  f u n c t i o n  of  t h e  
normal  d i s t r i b u t i o n  i s  

2 2 
t x  t s  t m  + - 

M ( t )  = E ( e  ) = e 2 ( 5 3  

where m and s a r e  t h e  mean and  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  
normal  d i s t r i b u t i o n .  Thus s e t t i n g  t = .028 and - .028  t h e  e x p e c t e d  
u t i l i t i e s  c o u l d  b e  c a l c u l a t e d  from t h e  means and t h e  s t a n d a r d  
d e v i a t i o n s  o f  t h e  normal  d i s t r i b u t i o n s  f o r  t h e  d i s s .  Fo r  t h e  

J 

l i n e a r  u t i l i t y  f u n c t i o n  t h e  z x ~ e c t e d  u t i l i t i e s  c o i n c i d e  w i t h  t h e  
means . T a b l e  1 1  summarizes  t h e  r e s u l t s .  

j 
The e f f e c t  t h a t  a l r e a d y  shswed f o r  t h e  d e v e l o p e r  model ,  namely 

t h a t  e x p e c t e d  u t i l i t i e s  f o r  t h e  r i s k  p r o r ~ e  d e c i s i o n  maker a r e  
much more e q u a l l y  s p a c e d  t h a n  t h o s e  f o r  t h e  r i s k  s e e k i n g  one  
shows h e r e  a g a i n .  

DOMINANCE ANALYSIS 

The emphas i s  o f  t h e  m o d e l l i n g  a t t e m p t  s o  f a r  was p u t  m a i n l y  
on t h e  d e v e l o p e r  model t h r o u g h  which it was p o s s i b l e  t o  d e t e r m i n e  
t h e  d e v e l o p e r ' s  r e s p o n s e  d i ( s l j  a s  a f u n c t i o n  o f  a  s t a n d a r d  s l ,  

d 

f o r  v a r i o u s  m o n i t o r i n g  and  i n s p e c t i o n  p r o c e d u r e s  s m ,  p e n a l t y  
schemes and u t i l i t y  f u n c t i o n s .  I n  compar ison  t o  t h e  d e t a i l e d  
t r e a t m e n t  o f  t h e  d e v e l o p e r  model ,  b o t h  t h e  r e g u l a t o r  model and 
t h e  i m p a c t e e  model a r e  r e l a t i v e l y  s u p e r f i c i a l .  T h i s  r e f l e c t s  
p a r t l y  t h e  b e t t e r  d a t a  b a s e  o f  t h e  d e v e l o p e r  model ,  p a r t l y  t h e  
s o f t n e s s  o f  m o d e l l i n g  t h e  " p o l i t i c a l "  d e c i s i o n  making o f  t h e  
r e g u l a t o r ,  and p a r t l y  t h e  h i g h  u n c e r t a i n t y  o f  t h e  i m p a c t e e  model 
which p r o h i b i t e d  a  d e t a i l e d  a n a l y s i s  o f  f a t e  and  e f f e c t s  o f  o i l  
p o l l u t i o n .  The f o l l o w i n g  s e c t i o n s  w i l l  n e v e r t h e l e s s  t r y  t o  con- 
vey a  c o h e r e n t  p i c t u r e  o f  t h e  accompl i shed  r e s u l t s  o f  a l l  t h r e e  
d e c i s i o n s  models .  F i r s t  t h e  s e q u e n c e  r ,  d  ( r )  , UR ( r )  , UD [ d  ( r )  , rl , 
and U A [ d ( r )  1 w i l l  be  examined f o r  v a r i o u s  c a s e s  a s  o u t l i n e d  i n  

t h e  g e n e r a l  scheme o f  t h e  regulator-developer-impactee model o f  
p .  7 .  Comparing u t i l i t i e s  U 

R f  
U D f  and UA t h e n  l e a d s  n a t u r a l l y  

i n t o  a  P a r e t o  o p t i m a l i t y  an? . ly s in  which d e t e r m i n e s  o r d i n a l l y  
dominated  s t a n d a r d s ,  i . e . ,  s t a n d a r d s  which are n o t  b e t t e r  ( i n  
t e r m s  o f  u t i l i t y )  f o r  any d e c i s i o n  maker ,  and  worse  f o r  a t  l e a s t  
o n e .  I t  w i l l  b e  shown t h a t  s u c h  s t a n d a r d s  a c t u a l l y  e x i s t  due  t o  
t h e  d i s c r e t e n e s s  o f  t h e  d e v e l o p e r ' s  r e s p o n s e .  
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Table  12 g i v e s  a n  example, i n  which t h e  EPA-AV moni to r ing  
and i n s p e c t i o n  scheme was used ,  f o r  t h e  r i s k  n e u t r a l  deve loper  
and impactee  u t i l i t y  f u n c t i o n ,  f o r  t h e  u n i t  we igh t i ng  scheme of  
t h e  r e g u l a t o r ,  and a  p e n a l t y  v a l u e  o f  K O  = 100 000. For t h e  

purpose  o f  c o n s t r u c t i n g  t h i s  t a b l e  t h e  u t i l i t i e s  o f  a l l  t h r e e  
d e c i s i o n  making g roups  were s t a n d a r d i z e d  t o  cove r  s i m i l a r  r anges .  
The m o s t  i n t e r e s t i n g  r e s u l t  i s  t h a t  t h e r e  a r e  many dominated 
s t a n d a r d s ,  i . e . ,  s t a n d a r d s  which a r e  n o t  b e t t e r  t h a n  o t h e r s  f o r  
anyone,  b u t  worse f o r  a t  l e a s t  one.  For  example,  t h e  s t a n d a r d  
of  50 ppm r e s u l t s  i n  u t i l i t i e s  o f  48 t o  t h e  r e g u l a t o r ,  28 f o r  
t h e  d e v e l o p e r ,  and 80 f o r  t h e  impactee .  However, t h e  s t a n d a r d  
of 35 ppm r e s u l t s  i n  t h e  same d e c i s i o n  of  t h e  d e v e l o p e r ,  and 
t h u s  t h e  same u t i l i t i e s  f o r  t h e  deve lope r  and t h e  impactee  a s  
t h e  s t a n d a r d  of 50 ppm, wh i l e  t h e  r e g u l a t o r ' s  u t i l i t y  i n c r e a s e s  
t o  65. I n  t h i s  c a s e  t h e  s t a n d a r d  of  50 ppm would be cons ide r ed  
dominated by t h e  s t a n d a r d  of 35 (and,  i n  f a c t ,  by any s t a n d a r d  
between 35 and 5 0 ) .  The model would s u g g e s t  t o  e l i m i n a t e  t h i s  
s t a n d a r d  from f u r t h e r  c o n s i d e r a t i o n .  

Tab le  12 UTILITIES OF REGULATOR. DEVELOPER. AND IMPACTEES AS A 

FUNCTION OF THE STANDARD s l  

(a,B = 0 ,  K O  = 1 0 0  0 0 0 ,  EPA-AV scheme, u n i t  we igh t s  wRi) 



The same e f f e c t  i s  shown i n  T a b l e  1 3  f o r  t h e  a n a l y s i s  o f  
t h e  UK-MAX m o n i t o r i n g  and i n s p e c t i o n  p r o c e d u r e ,  where t h e  o n l y  
o t h e r  change i s  t h e  s e l e c t i o n  o f  t h e  d i f f e r e n t i a l  w e i g h t i n g  
scheme f o r  t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n .  Again t h e  dominance 
e f f e c t  shows. C o n s i d e r ,  f o r  example,  t h e  maximum s t a n d a r d  o f  
150 pprn v s .  t h e  s t a n d a r d  o f  100 ppm. I n  b o t h  c a s e s  t h e  same 
u t i l i t i e s  a c c r u e  t o  t h e  d e v e l o p e r  and t h e  i m p a c t e e .  However, 
t h e  r e g u l a t o r  would p r e f e r  150 ppm. T h e r e f o r e  150 pprn domina te s  
100 ppm. 

The r e a s o n  f o r  t h e s e  dominance e f f e c t s  l i e s  i n  t h e  formula-  
t i o n  o f  t h e  d e c i s i o n  problem.  I n  t h e  model t h e  r e g u l a t o r ' s  
u t i l i t y  f u n c t i o n  changes  c o n t i n u o u s l y  w i t h  t h e  s t a n d a r d  s l .  
However, t h e  d e v e l o p e r ' s  r e s p o n s e s  t o  s t a n d a r d s  a r e  d i s c r e t e ,  
w i t h  segments  o f  s t a n d a r d  l e v e l s  i n  which t h e  d e v e l o p e r  would 
se lect  t h e  same t r e a t m e n t  r e s p o n s e .  Wi th in  most  o f  t h e  r a n g e  
between two a d j a c e n t  c u t o f f  p o i n t s  1: t h e  u t i l i t y  o f  t h e  d e v e l -  

o p e r  d o e s  n o t  change* and b e g i n s  t o  d e c r e a s e  o n l y  i f  t h e  s t a n d a r d  
a p p r o a c h e s  t h e  n e x t  c u t o f f  p o i n t .  Only when t h e  s t a n d a r d  i s  v e r y  
c l o s e  t.o t h i s  c u t ~ f f  p o i n t  ( e . g . ,  1-5 ppm) a  r a p i d  d e c r e a s e  i n  
u t i l i t y  o c c u r s .  I f  t h e  s t a n d a r d  i s  f u r t h e r  away t h e  p r o b a b i l i t y  
o f  d e t e c t i o n  i s  e x t r e m e l y  s m a l l  s o  t h a t  t h e r e  i s  v i r t u a l l y  no  
change  i n  u t i l i t y .  The i m p a c t e e s '  u t i l i t y  depends  o n l y  on t h e  
d e v e l o p e r ' s  a c t i o n .  They s t a y  c o n s t a n t  i n  t h e  f u l l  r a n g e  o f  
s t a n d a r d s  be tween two a d j a c e n t  c u t o f f  p o i n t s  1;. T h e r e f o r e  

w i t h i n  most  o f  t h e  r a n g e  between two such  c u t o f f  p o i n t s  t h e  
r e g u l a t o r ' s  u t i l i t y  domina te .  

Thus a  f i n e  a n a l y s i s  o f  t h e  dominance phenomenon h a s  t o  
f o c u s  on t h e  s m a l l  r a n g e  a round  t h e  c u t o f f  p o i n t s  i n  which  t h e r e  
i s  a  n o t i c e a b l e  change  i n  t h e  d e v e l o p e r ' s  u t i 1 i . t ~  f u n c t i o n .  
S i n c e  be twee3  any two a d j a c e n t  c u t o f f  p o i n t s  t h e  i m p a c t e e s '  
u t i l i t y  r ema ins  c o n s t a n t ,  t h e  a n a l y s i s  c a n  b e  done by p l o t t i n g  
t h e  r e g u l a t o r ' s  v s .  t h e  d e v e l o p e r ' s  u t i l i t i e s .  F i g u r e  8 shows 
such  a  p l o t  f o r  t h e  EPA-AV scheme, K O  = 100 000, r i s k  n e u t r a l  

u t i l i t y  f u n c t i o n s ,  and t h e  u n i t  w e i g h t i n g  scheme f o r  t h e  r e g u l a -  
t o r ' s  u t i l i t y  f u n c t i o n .  The f i g u r e  shows t h e  changes  i n  u t i l i i y  
between a  s t a n d a r d  o f  33 and t h e  s t a n d a r d  o f  767 .  

T h e r e  a r e  s e v e r a l  r e m a r k a b l e  f e a t u r e s  i n  t h i s  f i y c r e .  F i r s t  
of a l l  t h e  f i g u r e  d e m o n s t r a t e s  a g a i n  how f a s t  t h e  d e v e l o p e r ' s  
u t i l i t y  f u n c t i o n  changes  between t h e  c u t o f f  p o i n t s .  C o n s i d e r  
t h e  c u t o f f  p o i n t  o f  3 3  ppm. Between 33 and 36 pprn t h e  d e v e l o p e r ' s  
u t i l i t y  f u n c t i o n  c h a n g e s  from -6 t o  +28 ( t h i s  c o r r e s p o n d s  t o  a  
monetary  change  from 425 000 t o  290 000 P o u n d s ) .  F o r  such  a  
s m a l l  change  i n  t h e  s t a n d a r d ,  t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n  
c h a n g e s ,  of c o u r s e ,  o n l y  v e r y  l i t t l e .  Then,  a f t e r  36 pprn t h e  
r e g u l a t o r ' s  u t i l i t y  f u n c t i o n  c h a n g e s ,  b u t  up t o  66 pprn t h e  
d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  r ema ins  v i r t u a l l y  c o n s t a n t .  A 
s i m i l a r  p i c t u r e  a r i s e s  t h e n  a f t e r  t h e  n e x t  c u t o f f  p o i n t  of 66 ppm. 

* S t r i c t l y  s p e a k i n g  t h i s  i s  n o t  t r u e  s i n c e  t h e r e  a r e ,  o f  c o u r s e ,  
changes  i n  t h e  d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  even  a t  v a l u e s  
o n l y  s l i g h t l y  lower  t h a n  t h e  c u t o f f  v a l u e .  However, f o r  a l l  
p r a c t i c a l  p u r p o s e s ,  t h e  p r o b a b i l i t y  o f  d e t e c t i o n  i s  so s m a i l  
t h a t  t h e s e  changes  can  b e  n e g l e c t e d .  



Table  1 3  UTILITIES FOR REGULATOR, DEVELOPER, AND IP4PACTEES AS 

A FUNCTION OF THE STANDARD s l  

(UK-MAX scheme, a,@ = 0 ,  K O  = 100 000, d i f f .  w e i g h t s  wRi) 

T h e r e f o r e ,  a l t h o u g h  t h e r e  i s  a s t a n d a r d  f o r  e a c h  p o i n t  on 
t h e  l i n e  i n  F i g u r e  8 ,  some of them can  b e  e l i m i n a t e d  t h r o u g h  
dominance. For such a n a l y s i s ,  however, a l s o  t h e  changes  i n  t h e  
i m p a c t e e s '  u t i l i t i e s  have  t o  b e  c o n s i d e r e d .  F i g u r e  9 shows t h e  
d e v e l o p e r  v s .  impactees '  u t i l i t i e s  f o r  t h e  s t a n d a r d s  i n  F i g u r e  8 .  
There  i s  no change i n  t h e  impac tees '  u t i l i t y  f u n c t i o n  between 
s t a n d a r d s  of 1 1  and 32 ppm. A t  3 3  ppm t h e  u t i l i t y  f u n c t i o n  d r o p s  
t o  80 and s t a y s  c o n s t a n t  up t o  t h e  n e x t  c u t o f f  l e v e l  o f  66. Of 
c o u r s e  t h e  d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  shows an i n c r e a s e  i n  
t h a t  r ange .  A t  66 ppm t h e  i m p a c t e e s '  u t i l i t y  f u n c t i o n  d r o p s  
a g a i n  due t o  t h e  changed d e c i s i o n  by t h e  d e v e l o p e r .  Again,  
u n t i l  t h e  n e x t  c u t o f f  l e v e l  of  151, no change o c c u r s  i n  t h e  
i m p a c t e e s '  u t i l i t i e s  w h i l e  t h e  d e v e l o p e r  improves h i s  u t i l i t i e s .  

Which s t a n d a r d  would s u r v i v e  a dominance t e s t ?  I n  s t r ict  
mathemat ica l  t e rms  t h e r e  i s  no dominated s t a n d a r d ,  s i n c e  t h e  
d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  changes ,  however s l i g h t l y ,  a l s o  f o r  
s t a n d a r d  v a l u e s  below a c u t o f f  p o i n t .  From an i n s p e c t i o n  o f  
F i g u r e s  8 and 9 however,  it i s  c l e a r  t h a t  s t a n d a r d s  i n  t h e  r a n g e  
between 40 and 66 ppm, between 70 and 15 l .ppm,  and 160 and 767 
ppm produce  e s s e n t i a l l y  n o  change i n  t h e  d e v e l o p e r ' s  u t i l i t y  
f u n c t i o n .  The q u e s t i o n  t h e n  i s ,  how c l o s e  t o  t h e  c u t o f f  p o i n t  
must t h e  s t a n d a r d  be  i n  o r d e r  t o  c o n s i d e r  a u t i l i t y  change 



F i g u r e  8 STANDARDS BETWEEN 3 3  AND 7 6 7  I N  THE REGULATOR VS. 

DEVELOPER UTILITY PLANE 

(EPA-AV, a = 0 ,  K = 1 0 0  0 0 0 ,  u n i t  w e i g h t s  wRi) 
0 



F i g u r e  9 STANDARDS BETWEEN 33 AND 767 IN THE DEVELOPER-IMPACTEE 

UTILITY PLANE 

(EPA-AV, KO = 100 000, r i s k  n e u t r a l  u t i l i t i e s )  



s i g n i f i c a n t .  Between t h a t  p o i n t  and t h e  n e x t  h i g h e r  c u t o f f  l e v e l  
one  c o u l d  t h e n  c o n s i d e r  t h e  d e v e l o p e r ' s  u t i l i t y  c o n s t a n t ,  and 
s i n c e  t h e  i m p a c t e e ' s  u t i l i t y  i s  c o n s t a n t  i n  t h a t  r a n g e  anyway, 
t h e  r e g u l a t o r ' s  u t i l i t y  would d o m i n a t e .  

F o r  t h e  p u r p o s e  o f  s u c h  a n  a p p r o x i m a t e  dominance a n a l y s i s  
o n l y  i n t e g e r  v a l u e d  s t a n d a r d s  a r e  c o n s i d e r e d  and  a  d e v i a t i o n  o f  
t h e  u t i l i t y  f u n c t i o n  c o r r e s p o n d i n g  t o  less t h a n  100 Pounds i s  
c o n s i d e r e d  n o t  e s s e n t i a l .  ( I n  t h e  u t i l i t y  f u n c t i o n  s c a l i n g  of  
F i g u r e s  8  and 9  one  u t i l i t y  u n i t  c o r r e s p o n d s  t o  4027 Pounds ,  
100 Pounds t h e r e f o r e  c o r r e s p o n d s  t o  0 .025  u n i t s .  ) 

S t a n d a r d s  between 37 and 66 ,  between 71 and  151 ,  and  between 
169 and 767 p r o d u c e  d e v e l o p e r ' s  u t i l i t i e s  which  d i f f e r  by less 
t h a n  .025 u n i t s .  These  s t a n d a r d s  a r e  t h e r e f o r e  c o n s i d e r e d  
domina ted  by t h e  r e g u l a t o r ' s  u t i l i t y ,  which d r o p s  w i t h  t h e  s t a n -  
d a r d  l e v e l .  The s t a n d a r d s  which  a r e  c o n s i d e r e d  non-dominated 
a r e  t h o s e  be tween  t h e  l o w e s t  o f  t h e s e  d o m i n a t e d  s t a n d a r d s  ( e . g . ,  
37)  and t h e  n e x t  l o w e s t  c u t o f f  p o i n t  ( e . g . ,  33)  . I n  t h i s  s m a l l  
r a n g e  t h e  d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  d e c r e a s e s  r a p i d l y ,  w h i l e  
t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n  improves  s l i g h t l y .  F i g u r e  10 
shows t h e  s t a n d a r d s  which  would s u r v i v e  t h i s  dominance t e s t .  
A l l  s t a n d z r d s  between 152 and  168 s u r v i v e ,  s i n c e  t h e  u t i l i t y  
change  o f  t h e  r e g u l a t o i  is  s i g n i f i c a n t  a c c o r d i n g  t o  t h e  above  
r u l e s .  

The r e s u l t s  o f  t h e  dominance a n a l y s i s  depend  c r i t i c a l l y  on  
t h e  c u t o f f  p o i n t  v a l u e s  1: and t h e  v a r i a n c e  o f  t h e  equ ipmen t  
pe r fo rmance  d i s t r i b u t i o n .  I f  one c o n s i d e r s  t h e  c a s e  o f  p e r f e c t  
i n f o r m a t i o n  ( 2  -+ 0 )  d e t e c t i o n  p r o b a S i l i t i e s  a r e  d e g e n e r a t e  and  

j 
t h e r e f o r e  no  g r a d u a l  c h a n g e s  o f  t h e  d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  
o c c u r .  I n s t e a d ,  t h e  d e v e l o p e r ' s  u t i l i t y  f u n c t i o n  c h a n g e s  i n  
s t e p s  a s  i n d i c a t e d  i n  F i g u r e  5 .  The p o i n t s  a t  which  t h e  u t i l i t y  
changes  a r e  t h e  c u t o f f  p o i n t s  f o r  p e r f e c t  i n f o r m a t i o n  which  
c o i n c i d e  w i t h  t h e  mean v a l u e s  1; which now have  a  p r o b a b i l i t y  o f  

J 

1  t o  o c c u r  w i t h  t r e a t m e n t  d . The d e v e l o p e r  would se lec t  d  f o r  
- j j 
1 l 1 ,  e - g . ,  h e  would choose  d 4  (CPI and  GI?) f o r  50Gs1<100. 
2 2 

W i t h i n  t h a t  r a n g e  h i s  u t i l i t y  f u n c t i o n  and  t h e  f u n c t i o n  o f  t h e  
i m p a c t e e s  r ema in  c o n s t a n t ,  and t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n  
d o m i n a t e s .  F i g u r e  11 shows t h e  r e s u l t i n g  nofi-dominated s t a n d a r d s  
f o r  t h i s  p e r f e c t  i n f o r m a t i o n  c a s e .  

50 ,  100 ,  and  500 ppm a r e  c u t o f f  p o i n t s  and a t  t h e  same t i m e  
t h e  p o i n t s  w i t h  t h e  h i g h e s t  r e g u l a t o r ' s  u t i l i t y  i n  t h e  r e s p e c t i v e  
i n t e r v a l s  [ 5 0 ,  ' 0 0 )  ; [ l o o ,  500)  ; and [500 ,  a). 32 is  t h e  p o i n t  
w i t h  t h e  h i g h e s t  r e g u l a t o r  u t i l i t y  i n  t h e  i n t e r v a l  [ 2 0 ,  5 0 ) ,  and 
19 i s  t h e  i n t e g e r  v a l u e d  s t a n d a r d  w i t h  t h e  h i g h e s t  r e g u l a t o r  
u t i l i t y  i n  t h e  i n t e r v a l  [ 5 ,  2 0 ) .  (Al though 19 i s  domina ted  i n  
t h e  r e g u l a t o r - d e v e l o p e r  u t i l i t y  p l a n e ,  it i s  n o t  d o m i n a t e d  i n  t h e  
d e v e l o p e r - i m p a c t e e  p l a n e ) .  

The p e r f e c t  i n f o r m a t i o n  a n a l y s i s  shows c l e a r l y  t h e  dependence  
of  non-dominated s t a n d a r d s  on t h e  d e g r e e  o f  u n c e r t a i n t y  ( a s  
e x p r e s s e d  i n  2 . ) .  An i n t e r e s t i n g  b y p r o d u c t  o f  t h e  p e r f e c t  

I 



F i g u r e  1 0  NON-DOMINATED STANDARDS BETWEEN 3 3  AND 7 6 7  I N  THE 

REGULATOR-DEVELOPER U T I L I T Y  PLANE 

(EPA-AV, KO = 1 0 0  0 0 0 ,  r i s k  n e u t r a l  u t i l i t i e s ,  

u n i t  w e i g h t s  wRi) 



F i g u r e  1 1  NON-DOMINATED STANDARDS BETWEEN 5 AND 5 0 0  PPM I N  THE 

REGULATOR-DEVELOPER UTILITY PLANE UNDER PERFECT 

INFORMATION 

(EPA-AV, K O  = 1 0 0  0 0 0 ,  r i s k  n e u t r a l  u t i l i t i e s ,  u n i t  

w e i g h t s  w Xi 



i n f o r m a t i o n  a n a l y s i s  i s  t h a t  32 emerges  a s  a  non-dominated s t a n -  
d a r d  h e r e ,  w h i l e  34-36 w e r e  non-dominated i n  t h e  p r e v i o u s  a n a l y -  
s is .  The r e a s o n s  a r e ,  however q u i t e  d i f f e r e n t :  i n  t h e  p e r f e c t  
i n f o r m a t i o n  a n a l y s i s  32 d o m i n a t e s  b e c a u s e  i t  c o i n c i d e s  w i t h  t h e  
peak  o f  t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n ,  w h i l e  i n  t h e  p r e v i o u s  
a n a l y s i s  34-36 domina te  b e c a u s e  t h e y  a r e  j u s t  above t h e  n e x t  
l o w e s t  c u t o f f  p o i n t  1; ( d 4 )  = 33 .  

I n  i n s p e c t i n g  F i g u r e s  8  t o  1 1  i t  becomes c l e a r  t h a t  i n  t h e  
"no rma l "  r a n g e  o f  p o s s i b l e  s t a n d a r d s ,  e . g .  , between  10 a n d  70 
ppm, c e r t a i n  g r o u p i n g s  o f  s t a n d a r d s  a r e  more d e s i r a b l e  t h a n  
o t h e r s .  These  a r e  g r o u p i n g s  o f  s t a n d a r d s  a r o u n d  c u t o f f  p o i n t s  
o r  a r o u n d  t h e  maximum o f  t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n .  
Depending on  u n c e r t a i n t y ,  t h e  c u t o f f  p o i n t s  w i l l  c h a n g e .  I t  
a p p e a r s ,  however ,  t h a t  f o r  s e v e r a l  u n c e r t a i n t y  c h a r a c t e r i s t i c s  
and s e v e r a l  changes  i n  model p a r a m e t e r s  s t a n d a r d  v a l u e s  between 
30 a n d  40 ppm emerge a s  "good" ( i n  a  n o n - t e c h n i c a l  s e n s e )  s o l u -  
t i o n s ;  t h e y  a r e  "good" i n  t h e  r e g u l a t o r ' s  s e n s e  s i n c e  t h e y  l i e  
i n  a  r a n g e  a r o u n d  t h e  maximum o f  t h e  r e g u l a t o r ' s  u t i l i t y  f u n c t i o n .  
They a r e  a c c e p t a b l e  f o r  t h e  d e v e l o p e r ,  a s  l o n g  a s  t h e y  a r e  n o t  
t o o  s t r i c t  a s  t o  f o r c e  him t o  s e l ec t  d 5 ;  and  f i n a l l y ,  t h e y  a r e  
a c c e p t a b l e  t o  t h e  i m p a c t e e s  s i n c e  t h e i r  u t i l i t i e s  r e a c h  80 f o r  
s u c h  s t a n d a r d s  ( a s  compal-ed t o  0  f o r  500 ppm and  100 f o r  0  ppm).  

DISCUSSION 

From r u n n i n g  a  d e c i s i o n  t h e o r e t i c  model w i t h  many s o f t ,  
s e v e r a l  u n c e r t a i n ,  a n d  some even  s p e c u l a t i v e  q u a n t i t a t i v e  i n p u t s ,  
no f i n a l  d e c i s i o n  recommendat ions  c a n  b e  e x p e c t e d .  I n  f a c t ,  
recommendat ion was n o t  t h e  p r i ~ a r y  p u r p o s e  o f  r u n n i n g  t h e  model 
b u t  r a t h e r  a  f e a s i b i l i t y  t es t  o f  t h e  model i t s e l f  ( d o e s  it behave  
r i g h t ? )  and  a  s e n s i t i v i t y  and  dominance a n a l y s i s  o f  t h e  p a r t s  o f  
t h e  c h r o n i c  o i l  r e g u l a t i o n  problem which  a r e  o f  mos t  i n t e r e s t  
t o  t h e  r e g u l a t o r ,  t h e  d e v e l o p e r ,  a n d  t h e  i m p a c t e e s .  

I n  t h e  f o l l o w i n g  f i r s t  some g e n e r a l  r emarks  a b o u t  t h e  
a p p l i c a b i l i t y  and  p o s s i b l e  p rob lems  o f  a p p l y i n g  t h e  d e c i s i o n  
t h e o r e t i c  model t o  s t a n d a r d  s e t t i n g  w i l l  b e  made, f o l l o w e d  by a  
d i s c u s s i o n  o f  t h e  i n t e r e s t i n g  model s e n s i t i v i t i e s ,  dominance 
e f f e c t s ,  a n d  i m p l i c a t i o n s  f o r  r e a l  l i f e  s t a n d a r d  s e t t i n g .  

I n  p r i n c i p l e  t h e  model seems a p p l i c a b l e  i n  t h e  s e n s e  t h a t  
it i s  u n d e r s t a n d a b l e  t o  t h e  e x p e r t s  and  r e p r e s e n t a t i v e s  o f  t h e  
d e c i s i o n  u n i t s  i n v o l v e d ,  t h a t  i t  r e f l e c t s  t h e  b a s i c  s t r u c t u r e  o f  
t h e  d e c i s i o n  p rob lem,  a n d  t h a t  it behaves  " r i g h t "  ( a s  o n e  would 
want  a  d e c i s i o n  model t o  b e h a v e ) ,  b o t h  i n  i t s  o v e r a l l  c h a r a c t e r -  
i s t i c s  (dominance e f f e c t s ,  c h a n g e s  o f  u t i l i t y  f u n c t i o n ) ,  a s  w e l l  a s  
i n  i t s  l o c a l  b e h a v i o r  ( c h a n g e s  o f  c u t o f f  p o i n t s ,  s e n s i t i v i t y  t o  
u n c e r t a i n t y ,  e t c .  ) . 

The model i s  w e a k e s t  i n  t h e  r e g u l a t o r  a n d  t h e  i m p a c t e e  p a r t .  
One may want  t o  c o n s i d e r  b e t t e r  p r o c e d u r e s  t o  e s t a b l i s h  and  
q u a n t i f y  t h e  p o l i t i c a l  o b j e c t i v e s  o f  t h e  r e g u l a t o r ,  f o r  example ,  
t h r o u g h  s c e n a r i o  a p p r o a c h e s .  The i m p a c t e e  p a r t  c a n  c e r t a i n t l y  b e  



improved i n  o t h e r  a ~ p l i c a t i o n s .  The f a c t  t h a t  i m p a c t e e s  d i d  n o t  
have r e s p o n s e  c a p a b i l i t y  i n  t h e  model a n d  t h a t  t h e y  w e r e  assumed 
t o  f o l l o w  such  a  s i m p l e  o b j e c t i v e  f u n c t i o n  i s  n o t  o n l y  a n  o v e r -  
s i m p l i f i c a t i o n  b u t  p r o b a b l y  a n  u n d e s i r a b l e  way t o  go a b o u t  model- 
l i n g  i m p a c t e e s .  I n  most  s t a n d a r d  s e t t i n g  problems one  would 
need  a  more f o r m a l  way t o  d e a l  w i t h  t h e  f a t e s  and e f f e c t s  of  
p o l l u t a n t s ,  and d e c i s i o n  t h e o r y  c e r t a i n l y  o f f e r s  t c o l s  t o  do 
j u s t  t h a t .  I n  t h i s  i l l u s t r a t i v e  a p p l i c a t i o n ,  no such  a t t e m p t  
was made p a r t l y  b e c a u s e  mar ine  b i o l o g i s t s  have  g r e a t  d i f f i c u l t i e s  
i n  answer ing  even  t h e  most  b a s i c  q u e s t i o n s  a b o u t  c h r o n i c  o i l  
p o l l u t i o n .  

Improvements c o u l d  c e r t a i n l y  be done h e r e  by u s i n g  t h e  
ambien t  d i s t r i b u t i o n  a s  a n  i n d e x  C t o  measure  t h e  i m p a c t e e s '  

A 
o b j e c t i v e s .  D i f f u s i o n  models  f o r  c o n t i n u o u s  p o i n t  s o u r c e  e m i s -  
s i o n s  i n t o  a n  i n f i n i t e  d i s k  would be  a p p r o p r i a t e  and  w e r e ,  i n  
f a c t  e x p l o r e d .  However, t h e  u n c e r t a i n t y  a b o u t  t h e  model p a r a -  
meters (decay  r a t e ,  d i f f u s i o n  c o e f f i c i e n t s )  f o r  Nor th  Sea  c o n d i -  
t i o n s  u l t i m a t e l y  would have made t h e  a p p l i c a t i o n  o f  a  more 
s o p h i s t i c a t e d  model less u s e f u l  t h a n  u s i n g  e m i s s i o n s  d i r e c t l y .  

The d e v e l o p e r  model emerges a s  t h e  h e a r t  o f  t h e  p r e s e n t  
m o d e l l i n g  a t t e m p t ,  and  i n  f a c t ,  mos t  o f  what  c a n  b e  l e a r n e d  from 
t h i s  model a p p l i c a t i o n  i s  a r e s u l t  o f  t h e  d e v e l o p e r  model r u n .  
I t  i s  c l e a r  t h a t  t h e  d e v e l o p e r  model had  a n  a d v a n t a g e  by b e i n g  
e a s i e r  t o  q u a n t i f y  ( u n c e r t a i n t i e s  a b o u t  equ ipmen t ,  c o s t ,  e t c . ) ,  
t h r o u g h  t h e  i n h e r e n t  s t a t i s t i c a l  d e f i n i t i o n s  o f  s t a n d a r d s ,  and 
equipment  pe r fo rmance ,  and  t h e  r e l a t i v e l y  good d a t a  b a s e .  Y e t ,  
h e r e  t o o  some improvements s h o u l d  be made i n  r e a l  a p p l i c a t i o n s .  

The n o - d i s c o u n t i n g  o f  f u t u r e  o p e r a t i o n  and  s a n c t i o n  c o s t  
i s  c e r t a i n l y  u n r e a l i s t i c .  I f  d i s c o u n t i n g  i s  done ,  however ,  t h e  
model becomes q u i t e  a  b i t  more c o m p l i c a t e d ,  s i n c e  now t h e  e x a c t  
t i m e  o f  d e t e c t i o n  m a t t e r s .  The model a s sumpt ion  o f  z e r o  prob-  
a b i l i t y  o f  d e t e c t i o n  a f t e r  a t r e a t m e n t  improvement i s  u n r e a l i s t i c ,  
b u t  w i t h  t h e  p r e s e n t  q u a n t i f i c a t i o n  p roved  r e a s o n a b l e .  I n  r e a l  
a p p l i c a t i o n s  f i n e r  c h o i c e s  o f  t h e  d e v e l o p e r  nay  be  i n c l u d e d  which 
t h e n  would l e a v e  t h e  ~ o s ' s i b i l i t y  o f  d e t e c t i o n  a f t e r  improvement.  
A l l  t h e s e  i d e a s  f o r  improvement r e a l l y  l e a d  up t o  a m c r e  f i n e l y  
t u n e d  d e c i s i o n  making model ,  made e x p l i c i t e l y  s e q u e n t i a l ,  t a k i n g  
i n t o  a c c o u n t  t h e  c o n t i n u o u s  i n f l o w  o f  i n f o r m a t i o n ,  e t c .  

F o r  t h e  d e v e l o p e r  model a l o n e  s u c h  improvement a p p e a r s  
p o s s i b l e ,  s i n c e  t h e  s t r u c t u r e  o f  t h e  s e q u e n t i a l  p roblem i s  r a t h e r  
w e l l  d e f i n e d  and a n a l y s e d  i n  t h e  l i t e r a t u r e  (see, f o r  example ,  
DeGroot,  1970;  R a p a p o r t ,  1 9 6 7 ) .  However dynamiz ing  t h e  model 
i n  i t s  p r e s e n t  t h r e e  d e c i s i o n  maker v e r s i o n  would l e a d  t o  s e r i o u s  
p rob lems ,  s i n c e  it i s  now l a c k i n g  f eedback  l o o p s  f rom t h e  d e v e l -  
o p e r  and  impac tee  back t o  t h e  r e g u l a t o r  e t c .  I n  t h e  p r e s e n t  o n e  
s t a g e  f o r m u l a t i o n  t h i s  i s  s t i l l  a c c e p t a b l e ,  s i n c e  t h e  model i s  
c o n s i d e r e d  more a  c o y n o t i v e  roadmap f o r  t h e  i n t e r e s t  p a r t i e s  
a l o n g  which t h e y  c a n  t es t  s h o r t  term r e a c t i o n s  and r e s p o n s e s ,  
r a t h e r  t h a n  a  s i m u l a t i o n  o f  a  r e a l  s e q u e n t i a l  and  i n t e r a c t i v e  
d e c i s i o n  p r o c e s s .  Fo r  a  s t e p  i n  t h e  d i r e c t i o n  o f  s e q u e n t i a l  
m u l t i - s t a g e  games see Hdpf inge r  and Avenhaus,  1978.  



S o  much f o r  a  d i s c u s s i o n  o f  t h e  g e n e r a l  model c h a r a c t e r -  
i s t i c s ,  p rob lems ,  and  p o s s i b i l i t i e s  which t h i s  i l l u s t r a t i v e  
a p p l i c a t i o n  e n c o u n t e r e d .  T h i s  d i s c u s s i o n  w i l l  c o n c l u d e  w i t h  
some more s p e c i f i c  r emarks  a b o u t  t h e  s e n s i t i v i t y  and  dominance 
r e s u l t s  which t h e  model uncove red .  T h i s  d i s c u s s i o n  w i l l  l a r g e l y  
b e  r e s t r i c t e d  t o  t h e  d e t e c t i o n  and  t h e  d e v e l o p e r  model .  

The model c l e a r l y  showed t h e  i n f l u e n c e  o f  t h e  u n c e r t a i n t y  
a b o u t  equipment  pe r fo rmance  on  t h e  d e v e l o p e r ' s  d e c i s i o n ,  i . e . ,  
t h e  d e f i n i t i o n  o f  c u t o f f  l e v e l s  1;. S i n c e  t h i s  u n c e r t a i n t y  i s  

a l s o  i n f l u e n c e d  by t h e  m o n i t o r i n g  and  i n s p e c t i o n  p r o c e d u r e ,  t h e  
model d e m o n s t r a t e d  t h a t  t h e  d e f i n i t i o n s  o f  s u c h  p r o c e d u r e s  and  
t h e  d e f i n i t i o n s  o f  d e t e c t i o n  p r o b a b i l i t i e s  c a n  p l a y  a c r u c i a l  
p a r t  i n  s t a n d a r d  s e t t i n g .  

F o r  most  p e n a l t y  schemes ,  u t i l i t y  f u n c t i o n s ,  and  o t h e r  p a r a -  
meters, t h e  c u t o f f  l e v e l s  l *  w e r e  a p p r o x i m a t e l y  2-3 s t a n d a r d  0  
d e v i a t i o n s  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  mean o f  t h e  equipment  
pe r fo rmance  d i s t r i b u t i o n  T i .  T h i s  i n s e n s i t i v i t y  h a s  a v e r y  

s i m p l e  explanation i n  t h e  i o d e l :  d e t e c t i o n  p r o b a b i l i t i e s  o v e r  
t h e  l i f e t i m e  o f  t h e  p l a n t  (as d e f i n e d  e . g . ,  by EPA-AV o r  UK-MAX) 
which  a r e  i n  t h e  r a n g e  of . O 1  t o  . 9 9  are a l l  g e n e r a t e d  by s i n g l e  
day  v i o l a t i o n  p r o b a b i l i t i e s  (x > s l )  o f  .02 t o  .0001.  Bu t  prob-  
a b i l i t i e s  i n  t h a t  r a n g e  a l l  c o r r e s p o n d  t o  areas unde r  t h e  normal  
d i s t r i b u t i o n  o u t s i d e  o f  2-3 s t a n d a r d  d e v i a t i o n s  from t h e  mean. 
S i n c e  c u t o f f  l e v e l s  l *  w e r e  d i r e c t l y  d e t e r m i n e d  f r o m  c u t o f f  prob-  0  
a b i l i t i e s  p: be tween .O1 and  . 9 9  t h i s  i n s e n s i t i v i t y  becomes 

u n d e r s t a n d a b l e .  

I n  t h e  m o d e l l i n g  o f  d e t e c t i o n  p r o b a b i l i t i e s  a n o t h e r  r e s u l t  
o f  t h e  model r u n  emerged:  a s t a n d a r d  i s  n o t  e q u a l  t o  a s t a n d a r d .  
S i n c e  sample  s i z e ,  s a m p l i n g  p e r i o d ,  i n s p e c t i o n  in t e rv : l ,  a n d  
exempt ion  number a l l  i n f l u e n c e  t h e  u n c e r t a i n t y  a b o u t  1 and d e t e c -  
t i o n s ,  a  t i g h t e r  n u m e r i c a l  s t a n d a r d  c a n  b e  i n  f a c t  more l a x  t h a n  
a n u m e r i c a l l y  h i g h e r  one .  D e m o n s t r a t i o n s  o f  t h i s  e f f e c t  w e r e  
g i v e n  i n  t h e  d i s c u s s i o n  o f  t h e  d e v e l o p e r  model-. 

The most  i n t e r e s t i n g  r e s u l t  i n  t h e  dominance a n a l y s i s  came 
from t h e  d i s c r e t e n e s s  o f  t h e  d e v e l o p e r ' s  r e s p o n s e  t o  t h e  con- 
t i n u o u s  d e c i s i o n  of  t h e  r e g u l a t o r .  T o g e t h e r  w i t h  t h e  " s u f f e r i n g "  
role  of t h e  i m p a c t e e s ,  t h i s  paradigm a l l o w e d  t h e  r e g u l a t o r  t o  
domina te  d e c i s i o n s  w i t h  h i s  u t i l i t y  f u n c t i o n .  

Not a l l  o f  t h e s e  model  f e a t u r e s  may a p p l y  t o  o t h e r  s t a n d a r d  
s e t t i n g  c a s e s .  Some may n o t  even  r ema in  t e n a b l e  i n  a  more 
d e t a i l e d  r u n  o f  t h e  model f o r  c h r o n i c  o i l  d i s c h a r g e s .  A few 
main c o n c l u s i o n s  c a n  however a l r e a d y  b e  drawn:  

1) I t  i s  v e r y  i m p o r t a n t  how t h e  r e g u l a t o r  d e f i n e s  s a m p l i n g ,  
m o n i t o r i n g  p r o c e d u r e s  and  d e t e c t i o n  s t a t e s ;  

2 )  T h e r e  w i l l  b e  i n  many c a s e s  domina ted  s t a n d a r d s ,  and  t h e  
r e g u l a t o r  s h o u l d  f i n d  t h e  s e n s i t i v e  non-dominated a r e a s ;  



3 )  u n c e r t a i n t y  abou t  equipment performance i s  a  c r u c i a l  
parameter  t o  de te rmine  t h e  d e v e l o p e r ' s  r e sponse  t o  a  
s t a n d a r d ;  and 

4 )  P e n a l t i e s  do n o t  c o n t r o l  t h e  d e v e l o p e r ' s  r e sponse  t o  a  
s t r o ~ g  degree .  
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