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PREFACE 

Broadly s t a t e d ,  t he re  a r e  t h ree  s teps  i n  environmental q u a l i t y  
management. These a r e  ( 1 )  s e l e c t i o n  of environmental q u a l i t y  stan- 
a rds ,  ( 2 )  determinat ion of f e a s i b l e  programs f o r  reducing d ischarges 
t o  t h e  environment o r  f o r  i nc reas ing  i ts ass im i l a t i ve  c a p a c i t i e s ,  
and ( 3 )  implementation of a po l i cy  t o  b r ing  about d ischarge reduc- 
t i o n s  and/or expansion of ass im i l a t i ve  capac i ty .  

Much of  R E N f s  research program has been devoted t o  s ta te-o f -  
the -a r t  a n a l y s i s  of the  e f f e c t s  of d ischarges on environmental 
systems and modi f icat ions i n  environmental systems t h a t  could be 
made t o  enhance s y s t e m s l a b i l i t i e s  t o  ass im i l a te  d ischarges.  For 
example, case s t u d i e s  of Lake Balaton i n  Hungary and Attersee and 
Neusiedlersee i n  Aust r ia  have advanced t h e  s t a t e  of  t h e  a r t  of 
modeling water q u a l i t y  and a r e  providin? a menu of f e a s i b l e  pro- 
grams f o r  managing t h e  q u a l i t y  of these  lakes .  

Subsequent REN s t u d i e s  w i l l  bu i l d  on these  modeling e f f o r t s  
t o  eva lua te  a l t e r n a t i v e  management plans and p o l i c i e s .  This work- 
i ng  paper is t he  f i r s t  of a series of r epo r t s  t h a t  a r e  planned t o  
r e s u l t  from these e f f o r t s .  I t  considers t he  problem of choosing 
a po l i cy  instrument ( i .e .  a means t o  implement environmental qual- 
i t y  standards) t h a t  is both e f f e c t i v e  (i .e. w i l l  r e s u l t  i n  t h e  en- 
vironmental q u a l i t y  s tandard  being m e t )  and e f f i c i e n t  ( i .e .  w i l l  
m e e t  standard a t  l e a s t  c o s t ) .  Three a l t e r n a t i v e  po l i cy  instruments 
are considered. These a r e  (1)  emission s tandards ,  which p resc r ibe  
maximum al lowable r a t e s  of d ischarges of po l l u t an t s  t o  the environ- 
ment, ( 2 )  emission charges, which p resc r ibe  payments t h a t  emitters 
must make per  u n i t  of po l l u t i on  discharged t o  t he  environment, and 
( 3 )  t r ans fe rab le  emission permi ts ,  which e n t i t l e  t h e i r  ho lder  t o  
a face value quan t i t y  of emissions, and which may be t r ans fe r red  
among em i t t e r s .  

iii 



REN's analyses of specific environmental management problems 
dramatically illustrate that uncertainty pervades the modeling 
and management process. Until recently, this fact of the modeling 
and management problem (i.e. uncertainty) was largely ignored in 
studies of the policy instrument question. This paper builds on 
the recent literature to show how, in the presence of uncertainty, 
policy might best be fashioned to meet an environmental uuality 
standard efficiently. 
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UNCERTAINTY AND THE CHOICE OF POLICY 
INSTRUMENTS FOR MEETING AN 
ENVIRONMENTAL QUALITY STANDARD 

Robert J. Anderson, Jr. 

1 .  INTRODUCTION 

Severa l  papers have examined t h e  e f f e c t  of  u n c e r t a i n t y  on 
* 

th.e cho ice of p o l l u t i o n  c o n t r o l  po l i cy  ins t ruments .  These papers  

have shown t h a t  t h e  opt imal  p o l i c y  ins t rument  ( i .e .  t h e  po l i cy  

instrument-- inc luding emiss ion t a x e s ,  emission s tandards ,  o r  t rans -  

f e r a b l e  emission permi ts- - that  maximizes expected n e t  s o c i a l  bene- 

f i t s )  depends upon t h e  s p e c i f i c  c i rcumstances a t  hand. I n  p a r t i c -  

u l a r ,  it has  been shown t h a t  when t h e  marginal  c o s t s  and x a r g i n a l  

b e n e f i t s  o£ p o l l u t i o n  c o n t r o l  are uncer ta in ,  t h e  type o f  po l i cy  

ins t rument  t h a t  maximizes expected n e t  s o c i a l  b e n e f i t s  depends 

upon t h e  parameters of  t h e  marginal  c o s t  and marginal  b e n e f i t  func- 

t i o n s ,  and t h e  form i n  which randomness e n t e r s  t h e  model. 

I n  p r a c t i c e ,  t h e  p rocess  by which most environmental  q u a l i t y  

t a r g e t s  a r e  set d.oes n o t  invo lve  an  a t tempt  t o  maximize expected 

s o c i a l  b e n e f i t s  from use  of environmental resou rces .  Rather ,  qual -  

i t y  s tandards  a r e  set based upon o t h e r  c r i t e r i a  such as t h e  pro- 

t e c t i o n  of t h e  h e a l t h  of  t h e  most s u s c e p t i b l e  segments of t h e  po- 

p u l a t i o n ,  wi th  an adequate margin of s a f e t y .  

This paper examines t h e  e f f e c t  of  u n c e r t a i n t y  on t h e  choice 

of  p o l i c y  ins t ruments  i n  cases  i n  which t h e  o b j e c t i v e  is t o  f i n d  
--- - * 

See Adar and G r i f f i n  (1976), Fishe lson  (1976) , and Yohe (1976) 



a po l icy  t h a t  minimizes t h e  expected c o s t  of meeting a given environ- 

mental q u a l i t y  s tandard.  These cases ,  as  noted above, t yp i f y  t h e  

po l i cy  problem when q u a l i t y  s tandards a r e  based, a t  l e a s t  i n  p a r t ,  

on non-economic c r i t e r i a .  

Our ana lys i s  w i l l  show t h a t  r a t h e r  d e f i n i t e  conclus ions can 

be reached concerning opt imal  po l i cy  inst ruments f o r  minimizing 

expected cos t s  of meeting an environmental q u a l i t y  s tandard .  I n  

p a r t i c u l a r ,  w e  w i l l  demonstrate t h a t  two po l i cy  instruments-- 

emission charges and t r ans fe rab le  emission permits--wi l l  always 

meet q u a l i t y  s tandards  a t  lower expected t o t a l  c o s t  than w i l l  an 

emission s tandards  po l i cy .  We w i l l  a l s o  demonstrate t h a t  imple- 

mentat ion of environmental q u a l i t y  s tandards  v i a  emission s tandards  

o r  t r ans fe rab le  emission permi ts  provides g r e a t e r  c e r t a i n t y  than 

does implementation v i a  an emission charges po l icy  t h a t  environ- 

mental q u a l i t y  s tandards  w i l l  be m e t .  Thus, i f  one wishes t o  adopt 

a po l i cy  t h a t  minimizes expected c o s t s  of meeting a q u a l i t y  s tan-  

dard wi th  a r e l a t i v e l y  high degree of c e r t i t u d e ,  t r a n s f e r a b l e  e m i s -  

s i on  permi ts  a r e  t h e  b e s t  of t he  t h r e e  po l i cy  inst ruments examined. 

The p lan of t h e  paper is  a s  fo l lows. I n  Sec t ion  2 w e  examine 

a s imple diagrammatic model t h a t  i l l u s t r a t e s  t h e  f a c t o r s  involved 

i n  a comparison of po l i cy  inst ruments t o  m e e t  environmental q u a l i t y  

s tandards  when t h e r e  i s  uncer ta in ty .  Sec t ion  3 genera l i zes  t h i s  

ana l ys i s  by de r i v ing  e s s e n t i a l l y  t h e  same r e s u l t s  i n  a more genera l  

mathematical framework. Sec t ion  4 o f f e r s  some concluding comments. 

2. A SIMPLE DIAGRAMMATIC ANALYSIS 

To begin,  l e t  us examine a s imple case i n  which t h e r e  a r e  two 

po l l u t i on  sources ( i .e .  two "emi t te rs " )  and one po in t  a t  which an 

environmental q u a l i t y  s tandard  must be met ( i .e.  one " r e c e p t o r " ) .  

W e  assume t h a t  t h e  po l l u t i on  con t ro l  au tho r i t y  is  uncer ta in  about 

one of t he  emit ter 's (which w e  s h a l l  c a l l  " E m i t t e r  1"  below) cos t s  

of con t ro l l i ng  emissions.  The a u t h o r i t y  i s  assumed t o  know exac t l y  

( i .e .  without  uncer ta in ty )  t h e  o the r  emit ter 's e . ,  "Emi t ter  2 " )  

con t ro l  cos t s  and t h e  d i f f u s i o n  re l a t i onsh ips  t h a t  r e l a t e  u n i t s  of 

emissions from both of the emitters t o  the  concentrat ion of  pol- 

l u t i o n  a t  t h e  s i n g l e  recep to r  s i t e .  



Th is  s i t u a t i o n  i s  d e p i c t e d  i n  F igu re  1 below, where w e  have 

shown E m i t t e r  1's marg ina l  c o s t  o f  emiss ion  c o n t r o l  cu rves .  I n  

drawing t h i s  f i g u r e ,  w e  have assumed t h a t  E m i t t e r  1's marg ina l  c o s t  

o f  c o n t r o l  cu rve  may t a k e  on one  o f  two v a l u e s ,  shown r e s p e c t i v e l y  * 
by t h e  cu rves  C ( u l  ) and C ( u 2 )  , where u is a random v a r i a b l e .  The 

d o t t e d  cu rve  C 1 - C  r e p r e s e n t s  E m i t t e r  2 ' s  marg ina l  c o s t  cu rve .  W e  

have denoted t h e  optimum ( i .e . ,  leas t  c o s t )  l e v e l s  o f  emiss ions  

from E m i t t e r  1 t h a t  are c o n s i s t e n t  w i t h  a t t a i n m e n t  o f  t h e  env i ron-  

menta l  q u a l i t y  s t a n d a r d  by t h e  v e r t i c a l  l i n e s  G l  and G 2  i n  t h e  - 
f i g u r e .  The former ,  e l ,  r e p r e s e n t s  t h e  optimum l e v e l  o f  E m i t t e r  1's 

emiss ions  i f  t h e  random v a r i a b l e  u t a k e s  on t h e  v a l u e  u , ,  and G 2  
r e p r e s e n t s  t h e  emitter 's optimum l e v e l  of emiss ions  i f  u  t a k e s  on ** 
t h e  v a l u e  u2. 

The p o l l u t i o n  c o n t r o l  a u t h o r i t y  does  n o t  know i n  advance which 

va lue  u w i l l  t a k e  o n  s o  it canno t  se t  emiss ion  s t a n d a r d s ,  a quan- 

t i t y  o f  marke tab le  p e r m i t s ,  o r  emiss ion  cha rges  t h a t  w i l l  be ex- 

a c t l y  c o r r e c t ,  e x c e p t  by a c c i d e n t .  Ra the r ,  t h e  b e s t  it can  hope t o  

do is t o  f i n d  a p o l i c y  t h a t  is  b e s t  i n  some average  s e n s e .  T h i s  i n -  

deed is  a s e n s i b l e  o b j e c t i v e  f o r  it t o  pu rsue .  W e  s h a l l  assume t h a t  

r e g a r d l e s s  o f  t h e  p a r t i c u l a r  p o l i c y  i ns t rumen t  chosen by t h e  a u t h o r i t y ,  

i ts  g o a l  is t o  minimize expec ted  ( i n  a mathemat ica l  s e n s e )  costs sub- 

ject t o  t h e  c o n s t r a i n t  t h a t  expec ted  c o n c e n t r a t i o n s  of  p o l l u t i o n  i n  

t h e  envi ronment  does  n o t  exceed t h e  env i ronmenta l  q u a l i t y  s t a n d a r d s .  

I f  t h i s  is t h e  o b j e c t i v e  pursued by t h e  agency,  and i f  it 

chooses r e g u l a t i o n  f o r  i ts p o l i c y  i ns t rumen t ,  t h e n  i t  can  be  shown 
h 

t h a t  it w i l l  set a n  em iss ion  s t a n d a r d ,  e ,  i n s i d e  t h e  range  of  v a 1 v . e ~  

o f  optimum em iss ions  l e v e l s  under  a l t e r n a t i v e  p o s s i b l e  c o s t  condi-  
t i o n s  ( i - e . ,  between el  and e 2 ) .  The e x a c t  l e v e l s  o f  t h e  emiss ion  

s t a n d a r d s  t h a t  w i l l  minimize expected c o s t s  s u b j e c t s  t o  t h e  env i ron-  

menta l  q u a l i t y  s t a n d a r d  depends upon t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of  

t h e  u n c e r t a i n  marg ina l  c o n t r o l  c o s t  f u n c t i o n ,  t h e  env i ronmenta l  

* 
The l i n e a r i t y  of  t h e  marg ina l  c o s t  o f  c o n t r o l  cu rves  i s  t h e  r e s u l t  
o f  t h e  e l i m i n a t i o n  o f  second o r d e r  t e r m s  from a n  approx imat ion  o f  
t h e  unknown to ta l  c o s t  r e l a t i o n s h i p .  The assumpt ion i s  t h a t  t h e  
s l o p e  o f  t h e  marg ina l  c o s t  o f  c o n t r o l  cu rve  i s  known; u n c e r t a i n t y  
i nvo l ves  o n l y  t h e  i n t e r c e p t .  See a l s o  S e c t i o n s  3 and 4 .  

- **  - 
That  is ,  e l  is t h e  l e v e l  o f  E m i t t e r  1 's emiss ions  t h a t  e q u a t e s  t h e  
marg ina l  c o s t s  o f  p o l l u t i o n  r e d u c t i o n  from E m i t t e r s  1 and 2 i f  
u  = u l ;  

- 
e2 is t h e  l e v e l  t h a t  ach ieves  t h i s  i f  u  = u2. E m i t t e r  2 ' s  

emiss ions  are a d j u s t e d  co r respond ing l y  t o  i n s u r e  t h a t  i t s  marg ina l  
c o s t  o f  p o l l u t i o n  r e d u c t i o n  i s  equa l  t o  E m i t t e r  1 ' s  marg ina l  c o s t  
o f  p o l l u t i o n  r e d u c t i o n ,  and t h a t  t h e  p o l l u t i o n  s t a n d a r d  i s  m e t .  



Legend : 

u = random variable with values u, or u2. 

e = optimal emission standard if u i s  unknown. 

= optimal emissions charge if u is  unknown. 

Til = optimal emissions if u = ul. - 
e2 = optimal emissions if u = u2. 
U 

el = resulting emissions if emissions charge u 
issetatpandu=ul. 

rCI 

e2 = resulting emissions if emissions charge u 
is  set  a t  p and u = u2. 

Emissions 

F i g u r e  1 .  Diagrammatic Ana l ys i s  o f  t h e  E f f e c t  
o f  Unce r t a i n t y  on  P o l i c y  I ns t r umen t  
Choice.  



q u a l i t y  s t a n d a r d ,  and t h e  n a t u r e  o f  t h e  d i f f u s i o n  r e l a t i o n s h i p s  

t h a t  r e l a t e  em iss ions  t o  env i ronmenta l  c o n c e n t r a t i o n s  o f  po l l u -  

t a n t s .  

Wehave drawn $ i n  F i gu re  1 a s  though it f e l l  p r e c i s e l y  mid- 

way between e l  and e2. Th i s  would occu r  i n  f a c t  i n  t h e  s i t u a t i o n  

shown i n  which P r o b a b i l i t y  ( u=u l )  = P r o b a b i l i t y  (u=u2)=  0 . 5 ,  i f  

t h e  d i f f u s i o n  paramete rs  t r a n s l a t i n g  t h e  em iss ions  o f  each  

sou rce  i n t o  ambient  c o n c e n t r a t i o n s  a t  t h e  assumed r e c e p t o r  w e r e  

e q u a l ,  and if t h e  marg ina l  c o s t  f u n c t i o n  o f  E m i t t e r  2  (shown by 

t h e  d o t t e d  l i n e  C ' - C "  i n  F i gu re  1 )  f e l l  e x a c t l y  hal fway between 

t h e  two marg ina l  c o s t  f u n c t i o n s  shown f o r  E m i t t e r  1 .  I n  t h i s  

c a s e ,  t h e  emiss ions  s t a n d a r d  f o r  E m i t t e r  2  would a l s o  be set 

a t  t h e  l e v e l  i2. 

If t h e  a u t h o r i t y  dec ides  t o  implement t h e  env i ronmenta l  q u a l i t y  

s t a n d a r d  v i a  an  emiss ion  s t a n d a r d ,  it obv ious l y  w i l l  be c e r t a i n  abou t  * 
t h e  r e s u l t i n g  l e v e l  of emiss ions .  E m i t t e r  1 (and E m i t t e r  2 )  w i l l  

e m i t  g. If d i f f u s i o n  r e l a t i o n s h i p s  are known w i t h  c e r t a i n t y  ( a s  

w e  have assumed h e r e ) ,  t h i s  a l s o  i m p l i e s  t h a t  t h e  a u t h o r i t y ,  if it 

r e s o r t e d  t o  use  of emiss ion  s t a n d a r d s ,  would be a b s o l u t e l y  c e r t a i n  

t h a t  t h e  ambient  s t a n d a r d  would be m e t .  

Th is  c e r t a i n t y  about  em iss ions  and env i ronmenta l  q u a l i t y  

comes a t  a  c o s t .  I n s p e c t i o n  o f  F i g u r e  1 shows t h a t  wh i l e  t h e  

a u t h o r i t y  would be c e r t a i n  abou t  t h e  c o s t s  o f  c o n t r o l  i n c u r r e d  

by E m i t t e r  2, E m i t t e r  1 ' s cpsts cou ld  e i t h e r  be a n  amount g i ven  

by t h e  t r i a n g l e  6 R C ( u , ) ,  o r  a  somewhat l a r g e r  amount g i ven  by 
t h e  t r i a n g l e  6 R 1 C ( u 2 ) .  Which c o s t  i n  f a c t  i s  i n c u r r e d  w i l l  I 

depend upon t h e  unknown ( t o  t h e  a u t h o r i t y )  v a l u e  t a k e n  on by 

t h e  random v a r i a b l e  u. The c o s t  o f  t h e  c e r t a i n t y  abou t  emiss ions  

and env i ronmenta l  q u a l i t y  guaran teed  by r e s o r t  t o  t h e  emiss ion  

s t a n d a r d s  p o l i c y  i ns t rumen t  i s  t h u s  t h a t  t h e  c o s t s  i n c u r r e d  f o r  

c o n t r o l  a r e  u n c e r t a i n ,  and may t u r n  o u t  t o  be  ve ry  l a r g e .  

A s  an  a l t e r n a t i v e  t o  t h e  impos i t i on  o f  emiss ion  s t a n d a r d s ,  t h e  

a u t h o r i t y  might seek  t o  set  charges  on emiss ions  t h a t  would minimize 

expec ted  c o s t  and would ach ieve  expec ted  ambient  c o n c e n t r a t i o n s  

equa l  t o  t h e  s t a n d a r d  l e v e l .  Such a charge  is d e p i c t e d  i n  F igu re  1 - 
by t h e  h o r i z o n t a l  l i n e ,  p. Under t h i s  charge ,  E m i t t e r  1 ' s  emiss ions  

a r e  u n c e r t a i n .  They w i l l  e i t h e r  be  G 2  o r  S1,  depending upon t h e  

* 
W e  assume c o s t l e s s  mon i to r ing .  



* 
va lue  taken on by u. Th is  means t h a t  t h e  r e s u l t i n g  environmental  

q u a l i t y  a l s o  i s  unce r ta in .  I f  u t a k e s  on t h e  va lue  u2 ,  then  

r e s u l t i n g  p o l l u t i o n  concen t ra t i ons  w i l l  exceed t h e  environmental  

s tandard .  I f ,  however, i t t a k e s  on t h e  va lue u l ,  p o l l u t i o n  con- 

c e n t r a t i o n s  w i l l  be lower than  t h e  s tandard  l e v e l .  The charge 

l e v e l  is set s o  t h a t  i f  w e  took t h e  expected (average)  va lue  of 
t h e  marginal  c o s t  f u n c t i o n s  f o r  Emi t ter  1 (which i s  equa l  t o  

C ' - C ) ,  t h e  r e s u l t i n g  emiss ions would s a t i s f y  t h e  ambient con- 

s t r a i n t .  

While a charge p o l i c y  r e s u l t s ,  as shown above, i n  u n c e r t a i n t y  

about  environmental  p o l l u t i o n  concen t ra t i ons ,  it r e s u l t s  i n  p e r f e c t  

c e r t a i n t y  about  c o s t s .  Th is  can be s e e n  by examining t o t a l  c o s t s  

under a charge p o l i c y  a s  shown i n  F igure  1 .  I f  u t a k e s  on t h e  Value 

u2 then t o t a l  c o s t s  are g iven by t h e  a r e a  o f  t h e  t r i a n g l e  G 2 B C ( u 2 ) .  

I f  u t a k e s  on t h e  va lue  u l ,  then  t o t a l  c o s t s  are given by t h e  a r e a  

of t h e  t r i a n g l e  B1 B '  C (u l  ) . These two t r i a n g l e s ,  it can be shown, 

have p r e c i s e l y  t h e  same a r e a .  Hence, w e  conclude t h a t  no matter **  
which va lue u t a k e s ,  t o t a l  c o s t s  w i l l  be t h e  same amount. Thus 

t h e r e ' i s  no u n c e r t a i n t y  about  t o t a l  c o n t r o l  c o s t .  

To t h i s  p o i n t  w e  have cons idered two p o l i c y  i ns t rumen ts ,  emis- 
s i o n  s tanda rds  and emiss ion charges,  which ach ieve expected e n - .  

v i ronmenta l  p o l l u t i o n  concen t ra t i ons  equa l  t o  an environmental  

q u a l i t y  s tanda rd .  W e  have shown t h a t  use  of t h e  emiss ion s tan -  

dard  p o l i c y  r e s u l t s  i n  c e r t a i n t y  about  emiss ions and ambient con- 

c e n t r a t i o n s ,  and u n c e r t a i n t y  about  c o s t s .  U s e  of  t h e  emiss ion 

charges p o l i c y  ins t rument ,  i n  c o n t r a s t ,  r e s u l t s  i n  u n c e r t a i n t y  

about  emiss ions and ambient concen t ra t i ons ,  and c e r t a i n t y  about  

c o s t s .  

The f i n a l  s t e p  of ou r  comparison of  t h e s e  two p o l i c y  i n s t r u -  

ments i s  t o  examine t h e i r  expected c o s t s .  To do t h i s  us ing  our  d i a -  

gram, w e  must make use  of  t h e  s p e c i f i c  assumpt ions w e  have made 

f o r  t h i s  example. Expected c o s t s  under t h e  emiss ion charges  approach 

* 
E m i t t e r  2 ' s  emiss ions a t  a charge  o f  p,  i n  t h e  c a s e  dep i c ted  i n  
F igure  1 ,  would be $, * *  
Sec t i on  3 exp la ins  t h e  mathematical assumpt ions about  u n c e r t a i n t y  
i n  c o s t  t h a t  l e a d  t o  t h i s  r e s u l t .  



a r e  r e l a t i v e l y  easy  t o  compute s i n c e ,  under our  assumpt ions,  

t h e  charge p o l i c y  removes u n c e r t a i n t y  about c o s t s .  Emi t te r  1's  

expected c o s t s  under t h e  charge  po l i cy  a r e  simply S2B C ( u 2 ) ,  o r  - 
e l  B I C ( u l )  (which a r e  e q u a l ) .  These a r e  equal  t o  $ B"C, which 

is t h e  a r e a  we s h a l l  use t o  compare t h e  expected c o s t s  o f  a 

charge po l i cy  w i th  t hose  o f  a r e g u l a t o r y  po l i cy .  Emi t te r  2 " s  

expected c o s t  o f  c o n t r o l ,  i n  t h e  case  dep i c ted ,  i s  a l s o  @B"C. 

Emi t te r  1's expected c o s t s  under t h e  emiss ion s tanda rds  

approach a r e  g iven by one-half  ( i . e .  t h e  p r o b a b i l i t y  t h a t  u t a k e s  

on t h e  va lue u l )  t i m e s  t h e  a r e a  of t h e  t r i a n g l e  @R C ( u l )  ( i . e .  

t o t a l  c o s t  when u t a k e s  on t h e  va lue  u 2 ) .  E m i t t e r  2 ' s  c o s t s  a r e  

@B"C. 

L e t  t h e  d i s t a n c e  between t h e  p o i n t s  R and R ' ,  and C ( u l )  

and C ( u 2 ) ,  be denoted by d .  Fu r the r ,  l e t  t h e  d i s t a n c e  between 

@ and R be denoted by h and t h e  d i s t a n c e  between @ and C ( u l )  be 

denoted by b. L e t  us a l s o  n e g l e c t  E m i t t e r  2 ' s  c o s t s  s i n c e  

they  a r e  t h e  same amount ( i . e .  @BWC)  under both  p o l i c i e s .  Then, 

we know, us ing  t h e  s p e c i f i c s  behind t h e  c o n s t r u c t i o n  o f  F igure  

1 t h a t  t h e  a r e a  of  t h e  t r i a n g l e  rep resen t i ng  t h e  expected c o s t s  

under emiss ion charges  ( i g n o r i n g  Emi t te r  2 ' s  c o s t s )  i s  

Expected Cost  Under Emission Charge = 

1 1 1 1 1 1 1 ' Area ( B  B" C )  = 7 (b+ld) (hi-$) = Zbh + adh+adb%d- 

The expected c o s t  under emiss ion s tanda rds  (aga in  ignor ing  

E m i t t e r  2 ' s  c o s t s )  i s  given by t h e  weighted (by t h e  p r o b a b i l i t i e s  

a s s o c i a t e d  w i th  a l t e r n a t i v e  va lues  o f  u)  a r e a s  of t h e  two t r i -  

ang les  ( 6  3 C ( u l  ) and (@ R ' C  ( u 2 )  ) desc r i bed  above. Th is  expected 

va lue  i s  

Expected Cost  Under Emission Standards = 

A comparison of t h e  expected c o s t  under emiss ion charges  wi th 

t h a t  under emission s tanda rds  shows t h a t  t h e  former i s  s m a l l e r  by 
1 2  t h e  amount gd ( i . e . ,  1 2  1 2  3 - g d  ) .  



That is ,  w e  have shown ( a l b e i t  under s p e c i a l  c i rcumstances 

which w e  w i l l  g e n e r a l i z e  i n  t h e  nex t  s e c t i o n )  t h a t  t h e  expected 

c o s t  o f  implementing on environmental  s tanda rd  v i a  an emiss ion 

chargesapproach is less than  t h a t  of implementing it v i a  an e m i s -  

s ion ,  s tanda rds  approach. A s  noted above, however, u n c e r t a i n t y  

about  r e s u l t i n g  emiss ions and ambient concen t ra t i ons  is g r e a t e r  

under emiss ion charges  than  it is  under emiss ion s tandards .  

To complete o u r  a n a l y s i s ,  l e t  us cons ider  p o s s i b l e  outcomes 

o f  a t r a n s f e r a b l e  emission permi ts  approach. Our assumption i n  

conduct ing t h i s  a n a l y s i s  is t h a t  Emi t t e rs  1 and 2 know t h e i r  c o s t s  

o f  c o n t r o l  w i th  c e r t a i n t y ,  and r e v e a l  them i n  t h e  p rocess  o f  buying 

and s e l l i n g  t r a n s f e r a b l e  permits.. That is ,  t h e  schedule  o f  b i d s  sub- 

m i t t ed  by E m i t t e r  1 ,  under a t r a n s f e r a b l e  permi t  po l i cy  would be e i t h e r  

C ( u l )  o r  C ( u 2 ) ,  depending upon t h e  va lue  a c t u a l l y  taken  by u ,  wh i le  

E m i t t e r  2 would submit  t h e  schedule  o f  b i d s  C ' C .  Note t h a t  i f  t h e  

b idd ing  p rocess  o p e r a t e s  as w e  have assumed, a t  t h e  t i m e  t h e  author-  

i t y  must a l l o c a t e  pe rm i t s  t o  b i d d e r s ,  a l l  u n c e r t a i n t y  has been re- 

moved. I n  p a r t i c u l a r ,  it now knows what E m i t t e r  1's c o s t s  are wi th  

c e r t a i n t y .  Th is  has two consequences. F i r s t ,  it can be a b s o l u t e l y  

c e r t a i n  t h a t  t h e  a l l o c a t i o n  o f  permi ts  chosen i n  f a c t  w i l l  minimize 

c o s t s .  Moreover, b e f o r e  b i d s  a r e  rece i ved ,  the a u t h o r i t y  knows t h a t  

an - e x  p o s t  op t ima l  d e c i s i o n  w i l l  be made. Thus, e x  a n t e  ( i .e. ,  be- -- 
f o r e  b i d s  a r e  rece ived)  expected c o s t s  under a t r a n s f e r a b l e  permi t  

approach w i l l  be p r e c i s e l y  t h e  same as t h o s e  under an emission 

charge  approach. 

The second consequence of knowing E m i t t e r  1 ' s  c o s t s  w i th  cer -  

t a i n t y  and a l l o c a t i n g  pe rm i t s  accord ing ly  is t h a t  u n c e r t a i n t y  about  

r e s u l t i n g  emiss ions and ambient concen t ra t i ons  is  a l s o  removed. The 

a u t h o r i t y  can be c e r t a i n  of each emitter's emiss ion l e v e l s .  

Our s imple  diagrammatic a n a l y s i s  t hus  l e a d s  us t o  conclude t h a t  

implementat ion o f  an environmental  q u a l i t y  s tanda rd  v i a  t h e  t r a n s f e r -  

a b l e  permi ts  o r  emiss ions charge po l i cy  ins t ruments  r e s u l t s  i n  lower 

expected c o n t r o l  c o s t s  than  does implementat ion v i a  emiss ion s t a n -  

dards .  Moreover, t h e  t r a n s f e r a b l e  permi ts  ins t rument  o f f e r s  a s  

g r e a t  c e r t a i n t y  about  r e s u l t i n g  emiss ions and ambient environmental  

q u a l i t y  as does t h e  emiss ion s tanda rds  ins t rument ,  and both r e s u l t  

i n  g r e a t e r  c e r t a i n t y  about  environmental  q u a l i t y  than  does t h e  

emiss ion charges ins t rument .  



3. A MATHEMATICAL AiqALYSIS 

W e  can  demons t ra te  t h e s e  conc lus ions  more r i g o r o u s l y  and ex- 

tend  them a b i t  by means o f  a r e l a t i v e l y  s imp le  a n a l y s i s .  Th is  

a n a l y s i s  p a r a l l e l s  Weitzman's (1974) a n a l y s i s  o f  economic p lann ing.  

3.1 Formula t ion  

For  t h i s  purpose,  it i s  h e l p f u l  t o  i n t r o d u c e  a modest amount 

o f  n o t a t i o n ,  and some s i m p l i f y i n g  assumpt ions.  Our b a s i c  assump- 

t i o n s  are these :  

( a )  W e  c o n f i n e  o u r  a t t e n t i o n  t o  t h e  case o f  a s i n g l e  

r e c e p t o r .  

( b )  L e t  Ci(e i ,u i )  r e p r e s e n t  t h e  ith emi t te r ' s  c o s t  

f u n c t i o n ,  where ei r e p r e s e n t s  i ts q u a n t i t y  o f  

p o l l u t a n t  em iss ions ,  and ui is a random v a r i a b l e  

r e p r e s e n t i n g  the c o n t r o l  a u t h o r i t y ' s  u n c e r t a i n t y  

abou t  t h e  emit ter 's c o s t s .  Ci (e i ,u i )  i s  assumed t o  

be t w i c e  con t inuous  d i f f e r e n t i a b l e ,  and i t s  d e r i v a -  

t i v e s  are assumed t o  p o s s e s s  t h e  f o l l ow ing  proper -  

t ies:  ac i (e i , u i ) / ae i  = Cil < 0 ;  aCi (e i ,u i ) /au i  > 0:  

2 ~ i ( e i , ~ i )  he. 1 aui > 0 ;  a2c i (u i ) /ae i2  = cill > O .  

( c )  L e t  di (v i )  r e p r e s e n t  t h e  u n c e r t a i n  c o e f f i c i e n t  of  

p r o p o r t i o n  r e l a t i n g  u n i t s  o f  p o l l u t a n t  em iss ions  

from t h e  ith emitter t o  ambient  p o l l u t i o n  concen- 

t r a t i o n s  a t  a r e c e p t o r .  " v  " is a random v a r i a b l e  
i 

r e p r e s e n t i n g  t h e  agency 's  u n c e r t a i n t y  a b o u t  t h e  

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

(d l  L e t w s "  r e p r e s e n t  a n  ambient  p o l l u t i o n  s t a n d a r d .  

(el E(v i t u  ) = E ( v i ) E ( u . )  = 0, where E is the mathe- 
j I 

matical e x p e c t a t i o n  o p e r a t o r ;  t h a t  is, t h e  random 

v a r i a b l e s  ui and v are s t a t i s t i c a l l y  i ndependen t  
j 

f o r  a l l  i and j. 

(£1 I n  view of  u n c e r t a i n t y  i n  t h e  d i f f u s i o n  r e l a t i o n s h i p ,  

t h e  a u t h o r i t y  s e e k s  c o n t r o l  p o l i c i e s  t h a t  ach ieve  

expec ted  ambient  p o l l u t i o n  c o n c e n t r a t i o n s  e q u a l  t o  

t h e  ambient  p o l l u t i o n  s t a n d a r d .  

( g )  The emit ter  knows i t s  c o n t r o l  c o s t s  w i t h  c e r t a i n t y .  



These assumptions a r e  s t ronger  than s t r i c t l y  a re  requi red 

t o  der ive  t h e  r e s u l t s  obtained below. For example, we do no t  

need t o  assume (as  w e  do i n  (g )  above) t h a t  em i t t e r s  a r e  c e r t a i n  

about t h e i r  cos ts ;  it i s  s u f f i c i e n t  t o  assume t h a t  they a r e  l e s s  

uncer ta in  than the  po l lu t ion  cont ro l  au thor i t y  is.  

Our ob jec t i ve ,  r e c a l l ,  i s  t o  compare th ree  d i f f e r e n t  pol icy 

approaches f o r  implementing an environmental q u a l i t y  standard. 

Under t he  f i r s t  approach, which involves t he  establ ishment  of 

emission standards f o r  sources,  t he  au thor i t y  seeks a set of 

emission standards t h a t  minimizes expected cos t s  sub jec t  t o  

achieving expected ambient concentrat ions equal t o  t he  ambient 

standard. We may formulate t h i s  problem using +he no ta t ion  set 

f o r t h  above as 

Ns Ns 
E { I  C i ( @ i , ~ i ) }  = minimum E {I Ci(e i ,u i ) }  

i = l  e i = l  i 

Ns 
sub jec t  t o  E {I di (vi lei} = s 

i = l  

where N S I i s  t h e  number of emi t te rs .  The so lu t ions  Si a r e  t he  

emission standards t h a t  minimize expected c o s t s  sub jec t  t o  the  

environmental q u a l i t y  cons t ra i n t ,  and 

is t he  expected c o s t  under t h i s  set of regu la t ions .  

The second pol icy approach we examine involves the  s e t t i n g  

of emission charges s o  a s  t o  minimize expected cos t  while a t t a i n -  

ing  expected ambient po l lu t ion  concentrat ions equal  t o  t h e  environ- 

mental q u a l i t y  standard. Let hi(pi ,  u . )  be t h e  funct ion which re- 
1 

l a t e s  ith e m i t t e r ' s  emissions t o  the  charge lev ied on i ts  emissions. 

The random var iab le  ui is included reflecting t h e  f a c t  t h a t  the  

po l l u t i on  con t ro l  au thor i t y ,  s i nce  it does not  know em i t t e r s '  cos t  

func t ions ,  cannot be c e r t a i n  about emitters responses t o  any given 



s e t  o f  emission charges.  Then us ing  t h e  n o t a t i o n  e s t a b l i s h e d  

above, t h e  a u t h o r i t y ' s  problem i s  t o  f i n d  t h e  Bi such t h a t  

Ns - Ns 
( 2 )  c i ( h i ( p i , u . )  1 1 = minimum E { I  Ci(hi (p i ,u i )  I ui) 

i = l  Pi i = l  

Ns 
s u b j e c t  t o  E { I  di (v i )h i  (pi  .ui) 1 = S 

i= I. 

The t h i r d  p o l i c y  approach we examine r e q u i r e s  e m i t t e r s  t o  b id  

t o  purchase permi ts  from t h e  p o l l u t i o n  c o n t r o l  a u t h o r i t y .  The 

a u t h o r i t y  is t o  sel l  no more permi ts  t o  e m i t t e r s  than  would r e s u l t  

i n  expected ambient p o l l u t i o n  concen t ra t i ons  j u s t  equa l  t o  t h e  en- 

v i ronmental  q u a l i t y  s tandard .  W e  w i l l  assume t h a t  each e m i t t e r  

b i d s  t h e  m a x i m u m  amount it is w i l l i n g  t o  pay f o r  permi ts .  Each 

submits its b i d s  i n  t h e  form of  a demand schedule f o r  permi ts .  

The marginal  c o s t  sav ings  t o ,  say ,  Emi t ter  1 from purchase 

of  an  incrementa l  permi t  i s  simply - C l ( e l , u l ) ,  t h e  d e r i v a t i v e  
o f  i t s  c o s t  f unc t i on  w i th  r e s p e c t  t o  emissions.  Th is  then i s  t h e  

amount t h a t  it would be w i l l i n g  t o  pay f o r  t h e  l a s t  permi t  u n i t  

purchased, and r e p r e s e n t s  E m i t t e r  1 ' s  demand func t i on  f o r  permi ts .  

Assuming t h a t  t h e  p o l l u t i o n  c o n t r o l  a u t h o r i t y  does not  wish t o  

charge a monopo1.y p r i c e  f o r  permi ts ,  b u t  r a t h e r  t o  maximize t h e  

n e t  va lue  of ( i . e . ,  w i l l i ngness  t o  pay f o r )  permi ts  i s s u e d  sub- 

j e c t  t o  t h e  c o n s t r a i n t  t h a t  t h e  environmental  q u a l i t y  s tandard  be 

m e t  on an expected va lue  b a s i s ,  it can be shown t h a t  t h e  a u t h o r i t y ' s  

problem i s  t o  choose t h e  number of permi ts  t o  i s s u e  t o  each e m i t t e r ,  - 
e such t h a t  
i 

s u b j e c t  t o  E d i ( v i ) e i l  = s 



which is prec ise ly  equiva lent  apar t  from t h e  constant  terms 

Ns Ns 
(4) E{L c ~ ( ; ~ , u ~ ) I  = minimum E { L  c i ( e i I u i ) l  

i = l  e i = l  i 

sub jec t  t o  E {I di (v i le i )  = s 

where E { I  c ( ; ~ , u . ) }  represents  expected t o t a l  cos t s  a t  the  optimal 
1 

permit a l l oca t ion .  

The most important th ing  t o  note about equat ion ( 4 )  is i ts  

s i m i l a r i t y  tc  equat ion ( 1 ) .  There is, however, one important d i f -  

ference. Equation ( 4 )  represents  t he  problem faced by t h e  po l lu t ion  

cont ro l  au thor i t y  be fore  it has received b id  schedules from emitters. 

I n  f a c t ,  t h e  problem t h a t  t he  au thor i t y  w i l l  so lve  begins a f t e r  it 

has received b id  schedules.  This means t h a t ,  under our  assumption 

t h a t  emit t -ers a r e  pe r fec t l y  c e r t a i n  about t h e i r  cos t s  and base t h e i r  

b ids  upon them, the  po l lu t ion  au thor i t y  w i l l  be pe r fec t l y  c e r t a i n  

about con t ro l  cos ts  a t  the  time it makes i ts  permit  a l l oca t ion .  
Therefore i t  can set an a l l oca t i on  t h a t  exact ly  minimizes cos ts .  

3.2 Analysis 

Our ana lys is  compares t h e  r e s u l t s  of t he  po l icy  approaches 

descr ibed above i n  terms of two c r i t e r i a .  The f i r s t  c r i t e r i o n  

i s  the  expected cos t  t o  which each approach leads.  Other th ings  

being equal ,  w e  should p re fe r  a po l icy  approach which leads t o  

lower expected c o s t  t o  one which leads t o  h igher  expected cos t .  

The second c r i t e r i o n  i s  t he  var iance of expected ambient po l lu t ion  

concentrat ions.  W e  have constra ined a l l  p o l i c i e s  t o  r e s u l t  i n  

expected ambient po l lu t ion  concentrat ions equal  t o  the  given en- 

vironmental q u a l i t y  s tandard.  This being t h e  case,  o ther  th ings 

being equa l ,  we would p re fe r  po l i c i es  t h a t  r e s u l t  i n  a r e l a t i v e l y  
t i g h t  d i s t r i b u t i o n  of ambient po l lu t ion  concentrat ions around 

t h e  environmental q u a l i t y  standard. 



The s t a r t i n g  p o i n t  f o r  our  a n a l y s i s  of t h e  t h r e e  .po l i cy  in -  

s t ruments  descr ibed  above i s  a q u a d r a t i c  approximation of  e m i t t e r s '  

c o s t  f unc t i ons .  This i s  done because it is f a r  e a s i e r  t o  work w i th  

quadra t i c  forms than w i th  many more genera l  forms, and because i n  

many i n s t a n c e s  q u a d r a t i c  forms prov ide q u i t e  good approximat ions.  

W e  w i l l  approximate t h e  c o s t  f unc t i ons  about  t h e  p o i n t  ei by t h e  

func t i ons  

where the a i (u i )  , and a i ( u . )  a r e  random v a r i a b l e s ,  and where t h e  
I II 1 

Ci and C .  are cons tan ts .  The s i g n  = means "approximately equa l " .  
1 

W e  s h a l l  assume t h a t  t h e  a i (u i )  have been s tandard i zed  s o  t h a t  

E {ai  ( u i )  } = 0 f o r  a l l  i. Note a l s o  t h a t  s i n c e  ui and vi a r e  in-  

d e ~ e n d e n t  f o r  a l l  i and j by assumption, E { a .  (u i )d i  (v i )  1 = E {ai (u i )  } ' 
1 

The b a s i c  approximation given i n  equat ion  (5 )  and assumptions 

about  the random e r r o r s  imply s e v e r a l  o t h e r  approximat ions t h a t  w i l l  

be u s e f u l  i n  t h e  a n a l y s i s  w e  s h a l l  develop below. The most impor tant  

of t h e s e  are t h e  fo l lowing:  

(8 )  E { Ci(ei,ui)  1 c.. 1 

Note t h a t  equat ions  ( 7 )  and ( 8 )  prov ide us w i t h  an i n t e r p r e t a t i o n  

of each of t h e  f i xed  c o e f f i c i e n t s  appear ing i n  equat ion  ( 5 ) .  

W e  now have a l l  of t h e  b a s i c  i n g r e d i e n t s  and r e l a t i o n s h i p s  

requ i red  t o  analyze and compare t h e  t h r e e  po l i cy  approaches de- 

s c r i b e d  i n  Sec t ion  3.1.There is a f a i r  amount of manipu la t ion 

and s u b s t i t u t i o n  involved i n  our  a n a l y s i s ,  s o  perheps it w i l l  be 



usefu l  t o  o u t l i n e  our ana l y t i ca l  s t ra tegy.  W e  w i l l  begin by com- 

par ing an emission standards pol icy [as  descr ibed i n  equat ion ( 1 )  

above] t o  an emission charges pol icy [as  descr ibed i n  equat ion ( 2 )  

above). Our f i r s t  s t e p  i n  t h i s  comparison w i l l  be t o  ae r i ve  an 

e x p l i c i t  approximate expression f o r  the  funct ions h i ( p i , u i ) ,  which 

g ive the  d i s t r i b u t i o n s  of emissions l eve l s  ( a s  perceived by the  

po l lu t ion  cont ro l  ~ .u thor i t y )wh ichwou ld  r e s u l t  from any given s e t  

of changes, p i  . The l eve l s  of emissions t h a t  ac tua l l y  would a r i s e  

depend, of course, on the  values taken by t he  ui, which a re  known 

under our assumptions only by the  emi t te rs .  

The second s t e p  of our ana lys is  i s  t o  s u b s t i t u t e  t he  expres- 

s ions  we der ive  f o r  h i (p i fu i )  i n t o  the  equat ions represent ing  t he  

problem of f ind ing a p r i c e  t o  minimize expected cos t  [equat ion ( 2 )  

above],  and t o  f i nd  an expression f o r  t he  values of t he  p which i f  
we have denoted as  Pi, which solve t h i s  problem. 

The t h i r d  s t e p  i s  t o  take the  resu l t i ng  expression f o r  sir 
s u b s t i t u t e  it i n  our approximation expression f o r  cos ts  [ i . e . ,  

equation ( 5 )  above] , and eva luate  expected cos ts .  This y i e l ds  

an es t imate  of expected cos t s  which we w i l l  compare wi th a s im i l a r  

expression f o r  expected c o s t s  evaluated a t  S 
i '  

This comparison w i l l  

show t h a t  t he  expected t o t a l  cos t  of the  emissions charge pol icy 

is lower than t he  expected t o t a l  cos t  of the  emissions standard 

pol icy.  

The f i n a l  s t e p  i n  our comparison of emissions standards and 

emissions charges is  t o  compare t he  var iances of t he  resu l t i ng  

d i s t r i b u t i o n s  of ambient a i r  qua l i t y .  Our ana l ys i s  w i l l  show t h a t  

t he  emissions standard pol icy would r e s u l t  i n  a smal ler  var iance 

i n  ambient concentrat ions than would an emission charges po l icy .  

The s i z e  of t he  d i f fe rence  i n  t h e  var iances i s  r e l a t e d  t o  the  same 

fac to r s  t h a t  g ive an emission charges pol icy an expected c o s t  ad- 

vantage. That i s ,  t h e  l a r g e r  t he  expected c o s t  advantage t h a t  an 

emission charges pol icy has over an emission standards po l icy ,  

t he  g rea te r  t he  d ispers ion of t h e  d i s t r i b u t i o n  of ambient po l lu t ion  

concentrat ions about t h e  environmental qua l i t y  s tandard l eve l .  

Our comparison of a t rans fe rab le  emissions permit po l icy t o  

emissions standards and emissions charges fol lows a s i m i l a r  se- 

quence of s teps  t o  t h a t  ou t l ined above. Our ana lys is  w i l l  show, 



a s  noted above, t h a t  t h e  expec ted  c o s t  of  a t r a n s f e r a b l e  permi ts  

p o l i c y  is p r e c i s e l y  e q u i v a l e n t  t o  t h a t  of  a n  emiss ion  charges  p o l i c y ,  

and hence $s less t h a n  t h a t  o f  an emiss ion s t a n d a r d s  p o l i c y .  W e  

w i l l  a l s o  show t h a t  t h e  d i s p e r s i o n  o f  t h e  d i s t r i b u t i o n  o f  ambient 

p o l l u t i o n  c o n c e n t r a t i o n s  r e s u l t i n g  from a  t r a n s f e r a b l e  emission 

p e r m i t s p o l i c y  i s  t h e  same a s  that r e s u l t i n g  from an emiss ion  s t a n -  

da rds  p a l i c y a n d  less t h a n  t h a t  r e s u l t i n g  from a n  em iss ian  charges  

p o l i c y .  

Proceeding accord ing  t o  t h e  s t r a t e g y  o u t l i n e d  above,  w e  beg in  

by d e r i v i n g  an approximate exp ress ion  f o r  t h e  f u n c t i o n s  h i ( . )  which 

relate s o u r c e s '  r e s u l t i n g  emiss ions  l e v e l s  t o  charge  l e v e l s .  W e  

know t h a t  f o r  t h e  ith e m i t t e r  t o  minimize c o s t s  when faced  w i t h  an 

emiss ion  charge  pi and s t a t e  o f  n a t u r e  ui, it w i l l  a d j u s t  e m i s -  

s i o n s  t o  t h e  p o i n t  where 

That  is ,  it w i l l  a d j u s t  emiss ions  t o  t h e  p o i n t  where i ts i nc rementa l  

c o s t  s a v i n g  from i n c r e a s i n g  emiss ions  is j u s t  e q u a l  t o  t h e  incremen- 

t a l  charge l i a b i l i t y  it i n c u r s  by i n c r e a s i n g  emiss ions .  

S u b s t i t u t i n g  ou r  approximate exp ress ion  f o r  t h e  d e r i v a t i v e  o f  

t h e  c o s t  f u n c t i o n  (equa t i on  ( 6 )  ) i n t o  equa t i on  (91 ,  we o b t a i n  

which a f t e r  rear rangement  y i e l d s  t h e  fo l low ing  approximate ex- 

p r e s s i o n  f o r  t h e  f u n c t i o n s  hi ( . )  . 
1 

These f u n c t i o n s  g i v e  t h e  c o s t  minimizing l e v e l s  o f  emiss ions  t h a t  

w i l l  be chosen by e a c h e m i t t e r a t  any charge l e v e l .  The random 

t e r m  a .  ( u . )  which appears  i n  equa t i on  ( 1 0 )  r e f l e c t s  t h e  f a c t  t h a t  
1 1  

t h e  agency does n o t  know w i t h  c e r t a i n t y  what l e v e l  o f  emiss ions  

e a c h e m i t t e r w i l l  p i ck  because it does n o t  know each e m i t t e r ' s  c o s t s  

w i t h  c e r t a i n t y .  



The next  s t e p  i s  t o  s u b s t i t u t e  equat ion ( 1 0 )  i n t o  our  

approximate express ion f o r  c o s t s  (i. e. equat ion ( 5 )  ) , and t o  

eva lua te  approximate expected t o t a l  c o s t s .  When t h i s  is  done, 

we o b t a i n  

2 where oi = E { a . ( u . ) a i ( u i ) ?  . 
1 1  

Usinq t h e  approximate express ion  f o r  expected t o t a l  c o s t s  

given i n  equat ion  ( 1 1 )  above, w e  proceed t o  f i n d  an exp ress ion  

f o r  the set of p r i c e s  whichminimizes t h i s  express ion  and a t t a i n s  

expected ambient concen t ra t i ons  approximately equa l  t o  t h e  en- 

v i ronmental  q u a l i t y  s tandard .  Th is  i s  done by minimizing ( 1 1 )  

wi th  r e s p e c t  t o  t h e  pi,  s u b j e c t  t o  t h e  environmental q u a l i t y  

c o n s t r a i n t .  The f i r s t  o rde r  necessary  cond i t i ons  f o r  t h i s  a r e  

where ai = E{di(vi) I .  Note t h a t  s i n c e  we r e q u i r e  expected ambient 

p o l l u t i o n c o n c e n t r a t i o n s  under t h e  emiss ions s tandard  p o l i c y  t o  be 

equa l  t o  the environmental  q u a l i t y  s tandard  l e v e l ,  t h e  c o n s t r a i n t  
1 

equat ion  p resented  i n  (12)  imp l i es  t h a t  ei = -Ci. Th is ,  i n  t u r n ,  

imp l ies  (by s u b s t i t u t i n g  back i n t o  equat ion  (10)) t h a t  a t  t h e  opt imal  



emissions charge r a t e s ,  t he  d i s t r i b u t i o n  of  emissions r a t e s  per- 

ceived by t he  agency is 

and t h a t  expected c o s t s  under t he  emissions I charge po l icy  as  given 

by equat ion ( 1 1 )  evaluated a t  pi = - Ci a r e  

3 . 3  Resul ts  

Inspec t ion  of equat ion ( 1 4 )  r evea l s  immediately t h a t  the ex- 

pected c o s t s  of t h e  emission charges po l i cy  i s  l e s s  than t h e  expected 

c o s t  t h a t  would r e s u l t  from the  emission s tandards  pol icy .  This can 

be seen by not ing t h a t  t he  expected c o s t  o f  t he  emission charges 

po l i cy  is equa l  t o  t he  expected c o s t  of t he  emission s tandards 

po l i cy  l e s s  a term which depends upon the  var iances  of t he  i n t e r -  

cep ts  of t h e  marginal c o s t  func t ions .  The d i f f e rence  between the  

expected c o s t  of an emiss ions tandards  po l i cy  and t h e  expected c o s t  

of  an e m i s s i o n ~ h a r g e s p o l i c y  is  

The expected c o s t  advantage of t h e  opt imal  charge po l icy  comes 

a t  a p r i c e ,  however. The var iance of ambient po l l u t i on  concen- 

t r a t i o n  under the  emission s tandards po l i cy  is simply 

\& 
where di is t h e  var iance of d i ( v i ) .  I n  c o n t r a s t ,  t h e  var iance of 

ambient po l l u t i on  concentrat ions under t he  emission charges po l icy  

can be shown (by s u b s t i t u t i n g  t h e  express ion  f o r  t he  ei contained 



i n  equat ion (13) i n t o  t h e  cons t ra i n t  equat ion and eva lua t ing  t he  

var iance of t h e  r e s u l t i n g  express ion)  t o  be 

This is c l e a r l y  l a r g e r  than t h e  var iance of ambient po l l u t i on  con- 

cen t ra t i ons  under emission s tandards ,  and t h e  d i f f e rence  between 

t h e  two inc reases  wi th  inc reas ing  uncer ta in ty  about e m i t t e r s '  c o s t s .  

Our comparison of emission s tandards  t o  emission charges 

thus  leads  us t o  t h e  conclusion t h a t  an emission charges po l icy  

l eads  t o  lower expected c o s t ,  and less c e r t a i n t y  about r e s u l t i n g  

ambient po l l u t i on  concent ra t ion ,  than does, an emission s tandards  

po l i cy .  The more uncer ta in  a r e  em i t t e r s  ' c o s t  func t ions ,  t h e  l a r g e r  

t h e  cos t  advantage of an emission charges po l icy  r e l a t i v e  t o  an 

emission s tandards  po l i cy ,  and t h e  g r e a t e r  t h e  environmental q u a l i t y  

c e r t a i n t y  advantage of an emission s tandards  po l i cy  r e l a t i v e  t o  an 
emission charges po l icy .  Any choice between t hese  p o l i c i e s  thus  r e s t s  

upon weighing t h e  b e n e f i t s  of c o s t  sav ings aga ins t  t h e  b e n e f i t s  of 

g r e a t e r  c e r t a i n t y  concerning environmental q a a l i t y .  This t rade-of f  

ana l ys i s  would have t o  be made i n  o rde r  t o  dec ide which of  t he  two 

pol icies--emission. s tandards  o r  emission charges-- is b e t t e r .  

I t  is  a r e l a t i v e l y  simple mat te r  t o  extend t h e  ana lys i s  pre- 

sented above t o c o n s i d e r a t i o n  of  t h e  expected c o s t  and var iance of 

ambient po l l u t i on  concent ra t ions  which would r e s u l t  from a t rans fe r -  

ab l e  emission;permits po l i cy .  Under t h i s  type of po l i cy ,  given our  

assumptions t h a t  em i t t e r s  always know exac t l y  t h e i r  c o s t  func t ions  

and revea l  them i n  b idd ing f o r  permi ts ,  t h e  agency a l l o c a t e s  an - 
amount of permi ts  t o  each emi t ter ,  ei, such t h a t *  

* 
Equation (18) fol lows d i r e c t l y  from t h e  f i r s t  o rder  necessary 

cond i t ions  f o r  t h e  problem s t a t e d  i n  equat ion ( 4 )  above. 



S e t t i n g  ou r  approximate e x p r e s s i o n  f o r  i nc remen ta l  c o s t s  i n  equa- 

t i o n  ( 6 )  above e q u a l  t o  t h e  r igh t -hand  side o f  e q u a t i o n  (18 )  above - 
and s o l v i n g  f o r  e w e  o b t a i n  i ' 

Note t h e  s t r i k i n g  s i m i l a r i t y  between e q u a t i o n s  (19)  and ( 1 0 ) .  In- 

deed,  t h e y  are p r e c i s e l y  t h e  same e q u a t i o n ,  and a f u l l  a n a l y s i s  o f  

e q u a t i o n s  (18)  and ( 1 9 )  p a r a l l e l i n g  t h e  a n a l y s i s  o f  e q u a t i o n  (12)  

above l e a d s  t o  t h e  conc lus ion  t h a t  -- e x  a n t e ,  t h e  op t ima l  a l l o c a t i o n  - 
ei o f  p e r m i t s  under t h e  op t ima l  marke tab le  permi t  sys tem i s  

I f  f o l l ows  immedia te ly ,  by s u b s t i t u t i o n  back i n t o  e q u a t i o n  ( 5 )  and 

t a k i n g  e x p e c t a t i o n s ,  t h a t  t h e  t r a n s f e r a b l e  e m i s s i o r p e r n i t s  p o l i c y  

e n j o y s  t h e  same e x ~ e c t e d  c o s t  advantage t h a t  is enjoyed by t h e  e m i s -  

s i o n  cha rges  p o l i c y .  That  is ,  expec ted  c o s t  under t r a n s f e r a b l e  

p e r m i t s i s  less t h a n  expec ted  c o s t  under emiss ion  s t a n d a r d s  by t h e  

amount g i ven  i n  equa t i on  (15)  above. 

I n  computing t h e  v a r i a n c e  o f  t h e  d i s t r i b u t i o n  o f  ambient  po l lu -  

t i o n  c o n c e n t r a t i o n s  r e s u l t i n g  from a t r a n s f e r a b l e  emiss ion  pe rm i t  

p o l i c y  w e  proceed a s  w e  d i d  above f o r  t h e  em iss ions  charge  p o l i c y ,  

w i t h  one ve ry  impor tan t  excep t i on .  Under t h e  t r a n s f e r a b l e  pe rm i t  
p o l i c y ,  t h e  p o l l u t i o n  c o n t r o l  a u t h o r i t y  l e a r n s  t h e  a .  (u.) from 

1 1  
emitters th rough  t h e  b i d s  submi t ted  p r i o r  t o  making i t s  d e c i s i 0 . n ~ .  

The a i ( u i )  a r e  t h u s  n o t  random v a r i a b l e s  a t  t h e  t i m e  t h e  d e c i s i o n  

i s  made, and t h e  v a r i a n c e  o f  ambient  c o n c e n t r a t i o n s  i s  g i ven  ap- 

p rox imate ly  by equa t i on  (16 ) - - the  equa t i on  which g i v e s  t h e  v a r i -  

ance o f  ambient  c o n c e n t r a t i o n s  under t h e  emiss ion  s t a n d a r d s  po l i c y .  

Th is  is  a  most i n t e r e s t i n g  r e s u l t .  I f  w e  a c c e p t  t h e  assumpt ions 
upon which it rests, w e  conc lude t h a t  bo th  a  t r a n s f e r a b l e  emiss ion  

permi ts  and an  emiss ion  cha rges  p o l i c y  have c o s t  advantages over  an 



emission s tandards  pol icy .  W e  a l s o  conclude t h a t  t h e  var iance of 

ambient po l l u t i on  concent ra t ions  under a t r a n s f e r a b l e  permits 

po l i cy  i s  equal t o  t h a t  under an emission s tandards  po l i cy .  Based 

on our two c r i t e r i a ,  expected c o s t  and t he  p rec i s ion  wi th  which 

a po l i cy  meets environmental q u a l i t y  s tandard l e v e l s ,  our  analy- 

sis l eads  t o  t h e  conclus ion t h a t  a  t r a n s f e r a b l e  permi ts  po l i cy  

i s  t h e  b e s t  po l i cy  instrument t o  use i n  o rder  t o  implement an 

environmental q u a l i t y  s tandard.  

4.  CONCLUDING COMMENTS 

The conclusions reached above admit tedly depend upon the as- 

sumption t h a t  con t ro l  c o s t  func t ions  may be approximated s a t i s -  

f a c t o r i l y  by a quadra t i c  of t h e  form of equat ion ( 5 ) .  Malcomson 

(1978)  has pointed ou t  t h a t  t h i s  approximation is no t  necessar i l y  

va l i d ,  and t h a t  when it is  no t ,  conclusions concerning t h e  r e l a t i v e  

magnitudes of expected c o s t s  under d i f f e r e n t  a l l o c a t i o n s  p o l i c i e s  

may be a f fec ted .  

This  c r i t i c i s m ,  whi le  i t s  importance is  no t  t o  be minimized, 

is  perhaps less se r i ous  i n  t h e  contex t  w e  a r e  cons ider ing  here.  

Under t h e  assumption t h a t  emitters know and revea l  t h e i r  ac tua l  

c o s t s  i n  t h e  process of o f f e r i n g  t o  buy and s e l l  emissions per- 

m i t s ,  we may be assured t h a t  whatever t h e  na tu re  of  randomness 

i n  em i t t e r s '  c o s t  func t ions ,  c o s t s  of meeting ( i n  expecta t ion)  

an environmental q u a l i t y  s tandard w i l l  be minimized. The conclusion 

t h a t  a  t r ans fe rab le  emission permits po l i cy  would l ead  t o  t h e  

lowest expected c o s t  of t h e  p o l i c i e s  considered thus  appears t o  

hold,  Malcomson's cau t ions  notwi thstanding.  

Our r e s u l t s  concerning t h e  r e l a t i v e  expected a o s t s o f  an emis- 

s ion  s tandards po l i cy  and an emission charges po l icy  a r e  n o t  robus t  

wi th  r espec t  t o  a l t e r n a t i v e  spec i f i ca t i ons  of t h e  way i n  which ran- 

dom e r r o r s  e n t e r  c o s t  func t ions .  Examples can be cons t ruc ted  i n  

which an emission s tandards  po l i cy  would r e s u l t  i n  a  lower expected 

c o s t  than would an emission charges po l icy .  While one may quibb le 

about t h e  reasonableness of formulat ions t h a t  l ead  t o  t h e  conclu- 

s i on  t h a t  an emission s tandards  po l i cy  would r e s u l t  i n  lower ex- 

pected con t ro l  c o s t s ,  t h e  l o g i c a l  p o s s i b i l i t y  of such a r e s u l t  



cannot (and should no t  g iven p resen t  unce r ta in t y  about  p o l l u t i o n  * 
c o n t r o l  c o s t s )  be denied.  

Somewhat l e s s  technical- -and more t e l l i n g  i n  t h e  arena o f  

pub l i c  debate--arguments have been advanced a g a i n s t  t h e  use o f  

emission charges o r  t r a n s f e r a b l e  emission permi ts .  Most have con- 

cerned p r a c t i c a l  " d i f f i c u l t i e s "  wi th  t h e  des ign  and admin i s t ra t i on  

of  a workable t r a n s f e r a b l e  permi ts  system. T ie tenberg  (1979) has 

reviewed and analyzed t h e s e  arguments and found them t o  be,  f o r  

t h e  most p a r t ,  w i thou t  m e r i t .  

To be s u r e ,  t h e r e  a r e  a number of  p r a c t i c a l  i s s u e s  concerning 

t h e  choice of opt imal  p o l i c y  ins t ruments  f o r  meeting an environmen- 

t a l  q u a l i t y  s tandard  that a r e  n o t  addressed by our  formal  a n a l y s i s  

i n  Sec t i ons  2 and 3 and t h a t  a l s o  w e r e  no t  a t  i s s u e  i n  T ie tenberg ' s  

a n a l y s i s .  I n t e r e s t i n g l y ,  cons ide ra t i on  of  t h e s e  i s s u e s  tends  t o  

r e i n f o r c e  t h e c o n c l u s i o n  t h a t  a system of  t r a n s f e r a b l e  permi ts  is 

t h e  b e s t  p o l i c y  ins t rument  f o r  meeting an environmental  q u a l i t y  

s tandard .  

For example, a p a r t i c u l a r l y  d i f f i c u l t  problem that cannot  be 

avoided i s  t h e  accommodation o f  po l i cy  t o  changing c i rcumstances.  

Over t i m e  t h e  p r i c e  l e v e l  changes ( i .e.  i n f l a t i o n ) ,  r e l a t i v e  p r i c e s  

change, emitters expand and c o n t r a c t  t h e i r  ope ra t i ons ,  new emitters 

seek t o  e n t e r  t h e  a r e a ,  and technology changes, And, w i th  t h e  

passage of  t i m e ,  u n c e r t a i n t y  becomes pervas ive  and p o t e n t i a l l y  

d i s r u p t i v e .  A t r a n s f e r a b l e  emission permi ts  p o l i c y  d e a l s  w i th  t h i s  

t ype  o f  problem i n  a p a r t i c u l a r l y  e f f e c t i v e  and n a t u r a l  way. Simply 

put ,  changed c i rcumstances are accommodated by changes i n  t h e  p r i c e s  

a t  which permi ts  a r e  t r a n s f e r r e d .  I f ,  f o r  example, t h e r e  i s  marked 

economic growth i n  an a r e a ,  t h i s  w i l l  be r e f l e c t e d  i n  i nc reased  

demands f o r  emission permi ts  i n  t h e  a r e a ,  and o t h e r  t h i n g s  being 

equa l ,  an  i n c r e a s e  i n  their p r i c e .  A t r a n s f e r a b l e  permi ts  po l i cy  

t h u s  a d j u s t s  au tomat i ca l l y  t o  changing c i rcumstances.  I n  c o n t r a s t ,  

an  emission s tandards  p o l i c y  o r  an emission changes p o l i c y  r e q u i r e  

t h a t  t h e  p o l l u t i o n  c o n t r o l  a u t h o r i t y  a c t  t o  a d j u s t  t h e  po l i cy  i n  

t h e  f a c e  of  changed cond i t i ons ,  

I t  i s  a l s o  r e l a t i v e l y  easy t o  d e a l  w i th  t h e  a d d i t i o n a l  uncer- 

t a i n t y  t h a t  t h e  t ime dimension in t roduces .  The e a s i e s t  way t o  

* 
Weitzman (1978) makes t h e  c a s e  f o r  qu ibb l ing.  



do t h i s  i s  t o  al low forward t ransac t ions  i n  permits.  I n  

t h i s  way, emitters can s h i e l d  themselves from uncer ta in ty  i n  much 

t h e  same fashion t h a t  companies engaging i n  i n t e r n a t i o n a l  t r ade  

s h i e l d  themselves from uncer ta in ty  assoc ia ted  wi th  exchange r a t e  

f l uc tua t i ons  by buying and s e l l i n g  cur renc ies  i n  forward markets. 

This provides an automatic way f o r  emitters t o  cope w i th  uncer ta in ty .  

I n  sum, the transferable emissions permit  po l icy  has many de- 

s i r a b l e  f ea tu res  t o  recommend it. I t  promises both e f f i c i e n c y  and 

e f fec t i veness .  I t  accommodates change and uncer ta in ty .  The prac- 

t i c a l  arguments t h a t  have been advanced aga ins t  t h i s  po l icy  f o r  

t he  most p a r t  a r e  groundless.  
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