
Proceedings of Symposia in Applied Mathematics 
Volume Z2, 1985 

ECONOMIC INCENTIVES FOR POLLUTION CONTROL 

Maureen L. Cropper 

1. INTRODUCTION. A l l  economies must by some means determine what resources t o  

devote t o  p o l l u t i o n  c o n t r o l .  When t h e  number o f  p o l l u t e r s  and v i c t i m s  i s  small  

t h i s  dec i s i on  i s  o f t e n  reached through a  ba rga in i ng  process. Barga in ing ,  how- 

ever ,  becomes c o s t l y  as t h e  number o f  p a r t i e s  increases.  P o l l u t i o n  problems 

i n v o l v i n g  many p o l l u t e r s  o r  v i c t i m s  are t h e r e f o r e  so lved  by a  n e u t r a l  p a r t y ,  

t h e  government, which imposes p e n a l t i e s  on p o l l u t e r s  t o  min imize t h e  t o t a l  

cos ts  o f  p o l l u t i o n .  -- 
I n  e i t h e r  case de te rmin ing  t h e  app rop r i a t e  l e v e l  o f  p o l l u t i o n  r equ i r es  

t h r e e  types o f  i n f o rma t i on :  t h e  cos ts  t o  f i r m s  o f  reducing emissions, t h e  

damages t o  v i c t i m s  assoc ia ted  w i t h  ambient p o l l u t i o n ,  and t h e  r e l a t i o n s h i p  

between emissions and ambient p o l l u t i o n .  Given t h i s  i n f o rma t i on ,  and assuming 

t h a t  emissions a re  c o s t l e s s l y  observable, i t  i s  a  s imp le  ma t t e r  t o  design an 

op t ima l  c o n t r a c t  i n  t h e  barga in ing  case, o r  an opt imal  r e g u l a t o r y  scheme when 

the.  government c o n t r o l s  p o l  l u t i o n ,  which i s  a  f u n c t i o n  o f  emissions. 

What makes t he  p o l l u t i o n  c o n t r o l  problem d i f f i c u l t  i s  t h a t  t h e  necessary 

in fo rmat ion  i s  o f t e n  known impe r f ec t l y .  The purpose o f  these notes i s  t o  

examine how i ncen t i ves  f o r  p o l l u t i o n  c o n t r o l  should be s t r u c t u r e d  depending 

on what i s  known about  damages, abatement cos ts ,  and emissions. 

Sec t ion  2 o f  t h e  notes models agreements between a  s i n g l e  p o l l u t e r  and a  

s i n g l e  v i c t i m ,  e i t h e r  one o f  whom may i n i t i a l l y  be assigned r i g h t s  t o  t h e  

environment. When abatement cos ts ,  damages, and emissions a re  known t o  bo th  

p a r t i e s  one can des ign  a  c o n t r a c t  which improves t h e  we l f a re  o f  a t  l e a s t  one 

p a r t y  (a Pareto op t ima l  c o n t r a c t )  regard less  o f  t h e  i n i t i a l  assignment o f  

p rope r t y  r i g h t s .  I n  many s i t u a t i o n s ,  however, emissions can be moni tored by 

t h e  v i c t i m  o n l y  a t  gre'at cos t .  I f  t h e  r e l a t i o n s h i p  between emissions and 

damages i s  a l s o  k n w n  impe r f ec t l y ,  i n cen t i ves  cannot be based on emiss ion 

l e v e l s .  One ques t ion  i n  t h i s  case i s  whether t h e  f i r s t - b e s t  s o l u t i o n  t o  t he  

problem-the s o l u t i o n  which would be reached i f  emissions were c o s t l e s s l y  

obse rvab le - can  be reached w i t h  imper fec t  i n f o rma t i on .  When a  f i r s t - b e s t  

s o l u t i o n  cannot be reached t h e  bes t  s o l u t i o n  achievable can be charac te r i zed .  
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Sec t ion  3 cons iders  many-f i rm p o l l u t i o n  problems,which a r e  typic all^ 

so lved  by  t h e  government imposing p e n a l t i e s  on p o l l u t e r s .  Here a  f i r s t - b e s t  

s o l u t i o n  may a l s o  be unachievable due t o  t h e  h i g h  c o s t  o f  m o n i t o r i n g  emissions, 

and t h e  ques t ions  addressed i n  S e c t i o n  2 a r i s e  again. A  d i f f e r e n t  i n f o r m a t i o n  

problem, however, becomes i m p o r t a n t  i n  t h e  many- f i rm case. S ince t h e  govern- 

ment must r e g u l a t e  thousands o f  f i r m s  i n  d i v e r s e  i n d u s t r i e s  i t  i s  expensive t o  

o b t a i n  i n f o r m a t i o n  about  a l l  f i r m s '  abatement cos ts .  The government can, o f  

course, reques t  t h a t  f i r m s  p r o v i d e  t h i s  i n f o r m a t i o n ;  however, i f  f i r m s  suspect  

t h a t  t h e  i n f o r m a t i o n  w i l l  be used t o  s e t  p o l l u t i o n  taxes  t h e y  w i l l  have an 

i n c e n t i v e  t o  m is represen t  cos ts .  A  n a t u r a l  q u e s t i o n  i s  whether a  system o f  

taxes can be devised which w i l l  induce f i r m s  t o  c o r r e c t l y  r e v e a l  t h e i r  c o s t  

f u n c t i o n s .  The answer, under c e r t a i n  c o n d i t i o n s ,  i s  yes; however, t h e  c o s t  o f  

communication r e q u i r e d  t o  e l i c i t  t h i s  i n f o r m a t i o n  may be p r o h i b i t i v e .  I n  t h i s  

case one can view t h e  government 's ignorance about c o s t s  as a  c o n s t r a i n t  and 

c h a r a c t e r i z e  t h e  b e s t  s o l u t i o n  ach ievab le  g i v e n  t h i s  i n f o r m a t i o n .  

2. OPTIMAL POLLUTION REGULATION VIA BARGAINING. The two-par ty  p o l l u t i o n  

problem may be i l l u s t r a t e d  by two f i r m s ,  a  farm and a  p a p e r m i l l ,  l o c a t e d  on a  

r i v e r .  The p a p e r m i l l ,  l o c a t e d  upstream f rom t h e  farm,wishes t o  use t h e  r i v e r  

t o  d ispose  o f  o rgan ic  waste, w h i l e  t h e  fa rm wishes t o  use t h e  r i v e r  f o r  
1  

i r r i g a t i o n .  Suppose t h a t  emissions e, e  € R,, a r e  a  byproduc t  o f  an m- 
m 

d imensional  v e c t o r  o f  ou tpu ts  y, y E R,, produced by t h e  papermi 11 . L e t  " 

G(y,e) denote t h e  minimum t o t a l  c o s t  o f  p roduc ing  a  g iven  (y,e) v e c t o r  and 

l e t  H(y)  denote t h e  revenue which t h e  f i r m  r e c e i v e s  f rom a  g i v e n  o u t p u t  

v e c t o r .  The c o s t  t o  t h e  f i r m  o f  e m i t t i n g  e  o f  p o l l u t i o n  i s  d e f i n e d  t o  be t h e  

d i f f e r e n c e  between maximum p r o f i t s  i f  emissions a r e  uncons t ra ined  and maximum 

p r o f i t s  i f  emiss ions a r e  e, 

We assume t h a t  H  i s  a  concave f u n c t i o n  o f  y and t h a t  G i s  a  s t r i c t l y  

convex f u n c t i o n  o f  (y,e) so t h a t  C(e) i s  a  s t r i c t l y  convex f u n c t i o n  o f  e. 
- 

We a l s o  assume t h a t  C 1 ( e )  r 0 f o r  0  5 e r e, where e i s  t h e  l e v e l  o f  

emiss ions which t h e  p a p e r m i l l  would choose i f  unconstra ined,  i . e . ,  C(e) = 0. 
- 

Since C(e) i s  t h e  c o s t  o f  reduc ing  emiss ions f rom e  t o  e, C  w i l l  some- 

t imes be r e f e r r e d  t o  as t h e  c o s t  o f  p o l l u t i o n  abatement r a t h e r  than  t h e  c o s t  o f  

emiss ions.  

Damages t o  t h e  f a r m  f rom wate r  p o l l u t i o n  depend n o t  on emiss ions them- 
1  

se lves b u t  on ambient wa te r  q u a l i t y .  L e t  x, x  E R,, rep resen t  ambient 

wa te r  p o l l u t i o n  and d e f i n e  damages D assoc ia ted  w i t h  x  as t h e  d i f f e r e n c e  

between t h e  f a r m ' s  p r o f i t s  when p o l l u t i o n  i s  x  and p r o f i t s  i n  t h e  absence o f  
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p o l l u t i o n ,  

D  = D(x) ,  D ' ( x )  > 0, D"(x)  > 0. 

2.1. BARGAINING UNDER PERFECT INFORMATION. Suppose i n  t h i s  example t h a t  t he  

cos t  and damage f unc t i ons  a re  known t o  bo th  f i rms ,  and t h a t  ambient p o l l u t i o n  

i s  a  s t r i c t l y  inc reas ing ,  convex f u n c t i o n  o f  e, x  = x(e) ,  which i s  a l s o  

known by bo th  f i rms .  I f  e  i s  c o s t l e s s l y  observable by bo th  p a r t i e s ,  o r  i f  

x  i s  observable so t h a t  e can be i n f e r r e d  from x(e) ,  then i t  i s  easy t o  

cons t ruc t  an opt imal  p o l l u t i o n  con t rac t ,  i .e.,  one t h a t  makes a t  l e a s t  one 

p a r t y  b e t t e r  o f f  compared w i t h  t h e  p re-cont rac t  s i t u a t i o n .  

L e t  C = C(e ) denote abatement costs p a i d  by t he  p o l l u t e r  i n  the  pre- 
0 -  0  

con t rac t  s i t u a t i o n  and DO z D(x(eo))  denote damages i n i t i a l l y  suffered by 
- 

the  v i c t i m .  I f  a t  some 0  5 e 5 e, e  # eo t h e  n e t  change i n  abatement cos ts  

p lus  damages i s  p o s i t i v e ,  
- 

Co - C(e) + Do - D(x (e) )  > 0, 0 5 e 5 e, ( 3 )  

oppo r tun i t i es  e x i s t  f o r  a  mu tua l l y  b e n e f i c i a l  agreement. L e t  S(e) denote 

t he  amount which t h e  v i c t i m  pays t h e  p o l l u t e r  t o  s e t  emissions a t  e. ( I f  

S(e) c 0 then  t he  p o l l u t e r  pays t h e  v i c t i m . )  A Pareto opt imal  con t rac t  i s  a  

func t ion  S  which maximizes t h e  barga in ing  gains t o  one pa r t y ,  e.g., t he  

v i c t im ,  sub jec t  t o  the  c o n s t r a i n t  t h a t  t h e  o the r  p a r t y  be no worse of f  than i n  

t h e  p re-cont rac t  s i t u a t i o n .  Formal ly  , S(e) must s a t i s f y  

max Do - D(x(e) )  - S(e) 
S  

( 4 )  
s . t .  S(e) - C(e) r -Co and e  = argmax[S(e)-C(e)]. 

I t  i s  e a s i l y  v e r i f i e d  t h a t  ( 5 )  c o n s t i t u t e s  a  Pareto opt imal  c o n t r a c t ,  

where e* i s  t he  value o f  e  t h a t  maximizes t h e  l e f t - hand  s i de  o f  ( 3 ) .  

Equation (5 )  induces t h e  p o l l u t e r  t o  se t  emissions a t  t h e  l e v e l  t h a t  minimizes 

damages p l us  abatement cos ts  and d i v i des  n e t  b e n e f i t s  according t o  i n i t i a l  

barga in ing  p o s i t i o n s .  

For ( 5 )  t o  be enforceable, however, bo th  p a r t i e s  must know the  f unc t i ons  

D(x) ,  C(e), and x (e )  and must be a b l e  t o  observe x  o r  e. These condi-  

t i o n s  w i l l  n o t  be met i f  emissions a r e  impossib le t o  mon i to r ,  as i n  t hecase  o f  

a g r i c u l t u r a l  runoff.  I n a b i l i  t.y t o  mon i to r  e  presents no oroblem i f  x  i s  

cheaply observable and x (e )  known; however. t he  r e l a t i o n s h i o  between 
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emissions and ambient p o l l u t i o n  may be unce r t a i n  as w e l l .  Th is  i s  p r e c i s e l y  
t h e  s i t u a t i o n  which would o b t a i n  if t h e  p o l l u t e r  were a  farm and t he  v i c t i m  a  

f isherman. Sec t ion  2.2 de f i nes  and cha rac te r i zes  a  Pare to  op t ima l  con t r ac t  

under these circumstances. 

2.2. BARGAINING UNDER IMPERFECT INFORMATION. To focus on t he  problem of  

mon i t o r i ng  emissions suppose t h a t  bo th  f i rms  know C(e) and D(x)  bu t  regard  

t h e  r e l a t i o n s h i p  between ambient p o l l u t i o n  and emissions as unce r t a i n .  

Formal ly ,  ambient p o l l u t i o n  i s  a  f u n c t i o n  o f  emissions and a  random v a r i a b l e  
1  

e, e  € R  , where e  might  represen t  water  temperature o r  stream f low,  

2  2  
x  = x(e,e), ax/ae > 0, a x/ae > 0, a l l  e .  (6) 

A t  t he  t ime t h e  c o n t r a c t  i s  nego t i a t ed  bo th  f i r m s  have i d e n t i c a l  p r o b a b i l i t y  

d i s t r i b u t i o n s  on e .  A f t e r  t h e  c o n t r a c t  i s  nego t i a t ed  t h e  r e a l i z e d  value o f  

e  may be observed by one o r  bo th  p a r t i e s .  I n  Model 1  t h e  p o l l u t e r  remains 

unce r t a i n  about 0 when e  i s  chosen; i n  Model 2  t h e  r e a l i z e d  value o f  i s  

known by h im be fo re  he chooses e. I n  e i t h e r  case t h e  r e a l i z e d  va lue  o f  0  

may be observable by bo th  p a r t i e s  a f t e r  x  occurs so t h a t  a  c o n t r a c t  can be 

based on 0 as w e l l  as x. 

We now cons ider  t h e  form which p o l l u t i o n  con t rac t s  may take.  Le t  I 

denote t h e  va r i ab l es  observable by bo th  p a r t i e s  a f t e r  e  has been chosen and 

e  r e a l i z e d .  I n  t h i s  sec t i on  2 cannot i n c l u d e  e  b u t  inc ludes  x  and may 

i nc l ude  t h e  r e a l i z e d  value o f  8 .  Le t  S(g) be t h e  payment made by t h e  

v i c t i m  t o  t h e  p o l l u t e r .  A  Pareto op t ima l  c o n t r a c t  i s  de f i ned  as a  f u n c t i o n  

S(1) which maximizes expected u t i l i t y  o f  b e n e f i t s  t o  t h e  v i c t i m  sub jec t  t o  

t h e  c o n s t r a i n t  t h a t  t h e  expected u t i l i t y  o f  b e n e f i t s  t o  t h e  p o l l u t e r  no t  f a l l  

below t h e i r  p re - con t rac t  l e v e l ,  and t o  t h e  c o n s t r a i n t  t h a t  t h e  value o f  

emissions chosen maximizes t h e  expected u t i l i t y  o f  t h e  p o l l u t e r .  Formal ly ,  

t h e  f u n c t i o n  S(I) must s a t i s f y  ( 7 ) - ( 9 ) ,  

max E ~ U ~ [ D ~ - D ( X ( ~ . ~  ))-s(~JI vV (s (g )  ,e) 
S  

and max E ~ u ~ [ s ( ~ ) - c ( ~ ) I  ; v ' ( s ( ~ )  ,el  (Model 1 )  
e  

o r  max E ~ U ' [ S ( ~ ) - C ( ~ ( B  ))I : v ~ ( s ( ~ )  ,e) (Model 2 ) .  
e  

uV and up, t h e  u t i l i t y  f u n c t i o n s  o f  t h e  v i c t i m  and t h e  p o l l u t e r ,  are 

assumed t o  be s t r i c t l y  i n c reas i ng  and concave. Equations (9a) and (?b) a re  
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assumed t o  have unique s o l u t i o n s .  

T h i s  d e f i n i t i o n  o f  Pareto o p t i m a l i t y  d i f f e r s  i n  two respec ts  f r o m  ( 4 ) .  

Equat ion ( 4 )  t r e a t s  t h e  f u n c t i o n s  uV and up as l i n e a r ,  i m p l y i n g  t h a t  

i .e . ,  t h a t  b o t h  f i r m s  a r e  r i s k - n e u t r a l .  I f  (10)  ho lds  then  n e i t h e r  f i r m  

r e q u i r e s  compensation f o r  u n c e r t a i n t y  about  p o l l u t i o n ,  a  reasonable assumption 

i f  each f i r m  i s  owned by a  l a r g e  number o f  i n v e s t o r s  w i t h  d i v e r s i f i e d  p o r t -  

f o l i o s .  I f ,  however, a  f i r m  i s  c l o s e l y - h e l d  and i f  u n c e r t a i n t y  about  p o l l u t i o n  

damages i s  l a r g e  i t  may be reasonable t o  assume t h a t  t h e  f i r m  i s  r i s k - a v e r s e ,  

and r e q u i r e s  compensation f o r  u n c e r t a i n t y  r e g a r d i n g  t h e  outcome o f  t h e  barga in -  

i n g  agreement. I n  t h i s  case a  Pareto op t ima l  c o n t r a c t  must share t h i s  r i s k  

between t h e  p o l l u t e r  and v i c t i m ,  as w e l l  as p r o v i d i n g  i n c e n t i v e s  f o r  t h e  

p o l l u t e r  t o  a l t e r  h i s  emiss ions.  

Secondly, s i n c e  the  p o l l u t i o n  c o n t r a c t  cannot  be based on emissions, 

equa t ion  (9a) o r  (9b)  may be b i n d i n g .  A  f i r s t - b e s t  c o n t r a c t  i s  d e f i n e d  as one 

i n  which e  and S  a r e  chosen t o  maximize ( 7 )  s u b j e c t  o n l y  t o  ( 8 ) ,  i . e . ,  

a  c o n t r a c t  which cou ld  be r e a l i z e d  i f  e  were observable.  

Given these d e f i n i t i o n s  t h e r e  a r e  two ques t ions  o f  i n t e r e s t :  (1 ) When 

emissions a re  n o t  observable can a  f i r s t - b e s t  c o n t r a c t  be achieved? ( 2 )  I f  

such. a  s o l u t i o n  cannot be achieved, what does a  Pareto op t ima l  c o n t r a c t  l o o k  

l i k e ?  Answers t o  b o t h  q u e s t i o n s  a r e  p rov ided  by t h e  1  i t e r a t u r e  on t h e  

p r i n c i p a l - a g e n t  problem ( H a r r i s  and Raviv  [4],  Holmstrom [51, Shave1 1  [8 ] ) ,  of 

which t h e  p o l l u t i o n  problem i s  a  s p e c i f i c  example. 

As shown by H a r r i s  and Raviv [4], t h e r e  a r e  two c o n d i t i o n s  under which a  

f i r s t - b e s t  s o l u t i o n  i s  ach ievab le  when emiss ions cannot  be observed. One i s  

when t h e  r e a l i z e d  va lue  o f  e i s  observable by b o t h  p a r t i e s  ex pos t  so t h a t  

t h e  c o n t r a c t  can be based on e as w e l l  as on x. The o t h e r  occurs when 

i s  n o t  observable by b o t h  p a r t i e s  b u t  t h e  p o l l u t e r  i s  r i s k - n e u t r a l .  These 

r e s u l t s ,  which h o l d  f o r  models 1  and 2, a r e  s t a t e d  f o r m a l l y  as 

PROPOSITION 1.  Any c o n t r a c t  based on z  = ( x e e )  can be dominated by a  - 
c o n t r a c t  based on I = ( x  a) i n  t h e  sense t h a t  v V ( s ( ~ )  ,e) and vP(s! I ) ,e)  

a r e  a t  l e a s t  as g r e a t  f o r  b o t h  p a r t i e s  when = ( x  e). 

PROPOSITION 2. I f  t h e  p o l l u t e r  i s  r i s k - n e u t r a l  any c o n t r a c t  based on 

z = (x  e  e )  can be dominated by a  c o n t r a c t  based on z  = x .  - 

An i m p o r t a n t  i m p l i c a t i o n  o f  these p r o p o s i t i o n s  i s  t h a t  m o n i t o r i n g  

emiss ions i s  o f  no v a l u e  when e  i s  observable o r  t h e  p o l l u t e r  i s  r i s k - n e u t r a l .  
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I n  t h e  farm-f isherman example a  f i r s t - b e s t  c o n t r a c t  i s  ach ievab le  as long  as 

ambient water  q u a l i t y  can be cheaply moni tored and weather cond i t i ons  i n -  

f l  uencing water  qua1 i t y  , assuming they a re  t h e  source o f  , a re  a1 so 

observable.  The o t h e r  case i n  which mon i t o r i ng  o f  emissions i s  unnecessary i s  

when t h e  p o l l u t e r  maximizes expected p r o f i t s .  I n  t h i s  case t he re  i s  a  Pareto 

opt imal  c o n t r a c t  (Shavel l  [8 ,  Prop. 41) which pays t h e  p o l l u t e r  Do - D - k  

and t h e  v i c t i m  k.  Th is  so lves t h e  i n c e n t i v e  problem by f o r c i n g  t h e  p o l l u t e r  

t o  cons ider  t he  e f f e c t  o f  h i s  emissions on t h e  v i c t i m  and p rov ides  f o r  

opt imal  r i s k  shar ing,  i .e.,  t he  r i s k - n e u t r a l  p o l l u t e r  bears a l l  t h e  r i s k .  

When t he  p o l l u t e r  i s  r i s k -ave rse  and 0 i s  n o t  observable ex pos t  t he  

Pareto op t ima l  c o n t r a c t  i s  no longer  a  f i r s t - b e s t  c o n t r a c t  and t he re  a re  gains 

t o  mon i t o r i ng  emissions. Since p e r f e c t  mon i t o r i ng  i s  by assumption t oo  c o s t l y ,  

i t  i s  n a t u r a l  t o  ask whether an op t ima l  c o n t r a c t  can be improved upon by 

impe r f ec t  mon i t o r i ng .  The v i c t i m ,  f o r  example, may be unable t o  observe emis- 

s ions  b u t  may have i n f o n a t i o n  about  a  r e l a t e d  v a r i a b l e ,  y ,  e.g. stream co lo r .  

Suppose t h a t  y  i s  a  f u n c t i o n  o f  e  and a  random v a r i a b l e  6 .  Should t he  

p o l l u t i o n  c o n t r a c t  be based on y  g iven  t h a t  t h i s  increases u n c e r t a i n t y  about 

t h e  p a y o f f  and g iven t h a t  t h e  p o l l u t e r  i s  r i s k -ave rse?  For Model 1  Shavel l  

[8, Prop. 51 has shown t h a t  as l ong  as t h e  d i s t r i b u t i o n  o f  y  depends on e, 

a  c o n t r a c t  based on x  and y  e x i s t s  which dominates a  c o n t r a c t  based s o l e l y  

on x. I n  t he  spec ia l  case i n  which y  = e  + 6 ,  where 6 i s  d i s t r i b u t e d  

independent ly  o f  e on the  i n t e r v a l  [60,61],  6 0  < 0  < 6 H a r r i s  and 
1  ' 

Raviv [4] demonstrate t h a t  t h e  op t ima l  c o n t r a c t  i s  dichotomous, 

i .e . ,  a payment which i s  a  cont inuous f u n c t i o n  o f  ambient p o l l u t i o n  and ou tpu t  

i s  r ece i ved  i f  ou tpu t  f a l l s  below a  c r i t i c a l  l e v e l  and a  cons tan t  amount i s  

r ece i ved  i f  ou tpu t  exceeds t h a t  l e v e l .  This  imp1 i es ,  i n  p a r t i c u l a r ,  t h a t  i f  

e  i s  c o s t l e s s l y  observable a  f i r s t - b e s t  s o l u t i o n  can always be a t t a i n e d  by 

means o f  a  dichotomous ( f o r c i n g )  c o n t r a c t .  

3. POLLUTION CONTROL WHEN BARGAINING I S  NOT POSSIBLE. When t h e  number o f  

p o l l u t e r s  and/or v i c t i m s  i s  large, vo l un ta r y  agreements o f  t he  type  descr ibed  i n  

Sec t ion  2 a re  too  c o s t l y  t o  arrange and p o l l u t i o n  i s  u s u a l l y  r egu la ted  by a  

n e u t r a l  t h i r d  pa r t y ,  t h e  government. Even under f u l l  i n f o rma t i on  t h i s  changes 

t h e  s t r u c t u r e  o f  the  p o l l u t i o n  problem cons iderab ly .  P o l l u t i o n  r e q u l a t i o n  i s  

no l onge r  a  vo l un ta r y  agreement between two p a r t i e s  bu t  a  s e t  o f  p e n a l t i e s  

imposed on f i n s  which may reduce t h e i r  u t i l i t y  below t h a t  rece ived  i n  t he  
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absence of r e g u l a t i o n .  The d e f i n i t i o n  o f  an op t ima l  s e t  o f  p e n a l t i e s  i s ,  

however, s i m i l a r  t o  t h e  d e f i n i t i o n  o f  a  Pare to  op t ima l  c o n t r a c t  i n  t h e  barga in -  

i n g  case. I n  S e c t i o n  2  a  necessary c o n d i t i o n  f o r  a  c o n t r a c t  t o  be Pare to  

op t ima l  i s  t h a t  i t  min imizes D(x)  + C(e) .  I n  t h e  m u l t i - f i r m  case an op t ima l  

s e t  o f  p e n a l t i e s  i s  t h a t  which min imizes t h e  sum o f  c o n t r o l  cos ts  p l u s  damages. 

As i n  t h e  two-person problem, i t  i s  conven ien t  t o  descr ibe  t h e  s o l u t i o n  t o  

the  m u l t i - f i r m  p o l l u t i o n  problem under f u l l  i n f o r m a t i o n .  Sec t ion  3.2 considers 

how t h i s  s o l u t i o n  i s  a l t e r e d  when emissions cannot be observed, w h i l e  Sec t ion  

3.3 focuses on t h e  government 's ignorance o f  f i r m s '  c o s t  f u n c t i o n s .  

3.1. POLLUTION CONTROL UNDER FULL INFORMATION. Consider  n  f i r m s  l o c a t e d  i n  

t h e  same geographic  area, each o f  which emi ts  an amount 
ei, 

i = 1  ,. . . ,n, o f  

a  p o l l u t a n t  such as p a r t i c u l a t e  m a t t e r  o r  s u l f u r  d i o x i d e .  The ambient l e v e l  

o f  t h e  p o l l u t a n t ,  x, i s  a  known, convex f u n c t i o n  o f  t h e  v e c t o r  

e  = (ele2.. .en) ,  ~ ( g ) .  L e t  xi denote t h e  p a r t i a l  d e r i v a t i v e  o f  t h i s  func-  - 
t i o n  w i t h  r e s p e c t  t o  e  and assume x. > 0, i = l n  As i n  t h e  barga in -  

i 1 
i n g  case damages t o  s o c i e t y  a r e  assumed t o  be an i n c r e a s i n g ,  s t r i c t 1 . y  convex 

f u n c t i o n  o f  ambient p o l l u t i o n ,  D  = D(x) .  The c o s t  o f  emissions ei t o  f i r m  

i i s  g i v e n  by C(ei ,ai), where C i s  d e f i n e d  by equa t ion  ( 1 ) .  ai, which 

c o u l d  be a  v e c t o r  b u t  f o r  n o t a t i o n a l  s i m p l i c i t y  i s  t r e a t e d  as a  s c a l a r ,  i s  a  

parameter which d i s t i n g u i s h e s  f i r m  i t s  abatement c o s t  f u n c t i o n  f rom f i r m  j ' s .  

As i n  Sec t ion  2 C i s  assumed t o  be a  s t r i c t l y  convex f u n c t i o n  o f  ei f o r  

each v a l u e  o f  a  .. 
1 

Given t h e  f u n c t i o n s  C, D  and x  and t h e  parameter v e c t o r  a_ = (al.. .an) 

i t  i s  a  s imp le  m a t t e r  t o  determine t h e  v e c t o r  o f  emiss ions g* which min imizes 

t h e  sum o f  damages p l u s  abatement cos ts ,  

Prev ious assumptions guarantee t h a t  t h e  s o l u t i o n  t o  (13)  i s  un ique and i s  

c h a r a c t e r i z e d  by t h e  necessary c o n d i t i o n s  

D1(x (g* ) )x i (g * )  = -Cl(ef,ai) i = 1  ,. . . ,n, 

where Cl (ei ,ai ) = aC/aei . 
Assuming t h a t  each f i r m  chooses ei t o  m in im ize  t h e  sum o f  abatement 

c o s t s  p l u s  taxes,  and t h a t  t h e  government can c o s t l e s s l y  observe emissions, 

t h e  f u l l  - i n f o r m a t i o n  s o l u t i o n  t o  the  p o l l u t i o n  c o n t r o l  problem can be achieved 

by l e v y i n g  on f i r m  i a t a x  ti p e r  u n i t  o f  emiss ions,  

ti = D' ( x (g* )  )xi (g*)  . (1 5)  
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3.2. POLLUTION CONTROL WITH COSTLY MONITORING. As i n  t h e  two-par ty  case, t he  

c o s t  o f  mon i t o r i ng  emissions may be so g r e a t  i n  t h e  m u l t i - f i r m  case t h a t  one 

wishes t o  cons ider  on l y  t h e  c l ass  of p e n a l t i e s  based on ambient p o l l u t i o n  

l e v e l s .  Since t h i s  t o p i c  has been t r e a t e d  i n  d e t a i l  i n  Sec t ion  2  we emphasize 

ways i n  which t h e  r e s u l t s  o f  t h a t  sec t i on  are a l t e r e d  by cons ider ing  m u l t i p l e  

f i rms .  

I n  Sec t ion  2 t h e  v i c t i m ' s  i n a b i l i t y  t o  observe e  prevents a  f i r s t - b e s t  

s o l u t i o n  f rom be ing  a t t a i n e d  on l y  i f  t h e  r e l a t i o n s h i p  between ambient po l  l u t i o n  

and emissions i s  uncer ta in .  Wi th many f i n s  removing t h i s  u n c e r t a i n t y  does n o t  

so lve  t h e  mon i t o r i ng  problem s ince  any one f i r m ' s  emissions cannot be i n f e r r e d  

by observ ing x  even i f  t h e  f u n c t i o n  x (g )  i s  known. We t h e r e f o r e  ask 

whether t he  f u l l - i n f o r m a t i o n  s o l u t i o n  can be a t t a i n e d  through p e n a l t i e s  which 

depend o n l y  on x  when x (g )  i s  known. 

The answer, as shown by Holmstrom [ 6 ] ,  i s  yes.  De f ine  Ti , t h e  pena l t y  

on t h e  i t h  f i r m ,  as 

where b.  > C ( e 5 a . ) .  It i s  e a s i l y  v e r i f i e d  t h a t  f i r m  i minimizes 
1 1 1  

Ti + C(ei ,a ) by s e t t i n g  ei = e;, assuming t h a t  e  = e* f o r  a l l  j # i. 
i j j 

I n  o t h e r  words g* i s  a  Nash (non-cooperat ive)  e q u i l i h r i u m  i f  p e n a l t i e s  are 

s e t  accord ing t o  ( 16 ) .  

A  s i m i l a r  s o l u t i o n  i s  ob ta i nab le  when a l l  p o l l u t e r s  a re  r i s k - n e u t r a l  and 

t h e  r e l a t i o n s h i p  between ambient p o l l u t i o n  and emissions i s  uncer ta in .  L e t  - 
F(;,~) be t he  p r o b a b i l i t y  t h a t  x  2 x  g iven  t h a t  emissions a re  g, and 

assume t h a t  aF/ae. a F~(;,~) > 0, a l l  i, and t h a t  F(;,~) i s  a  s t r i c t l y  
1 

convex f u n c t i o n  o f  g. I f  p e n a l t i e s  o f  t h e  fo rm 

are  imposed on f i r m  i the  f i r m  w i l l  s e t  

t o  min imize the  expected value o f  abatement cos ts  p l u s  pena l t i e s .  By choosing 

one guarantees t h a t  f i r m  i se ts  ei = e.  p rov ided  t h a t  a l l  f i r m s  j # i s e t  
1 

e .  = e . ;  i .e., one guarantees t h a t  5 i s  a  Nash e q u i l i b r i u m .  A  pena l t y  o f  
J J 
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t h e  form (17)  can thus  be used t o  achieve t h e  emissions v e c t o r  t h a t  min imizes 

expected damages p l u s  abatement cos ts  when g i s  unobservable and t h e  

r e l a t i o n s h i p  between ambient p o l l u t i o n  and emissions i s  u n c e r t a i n .  

3.3. POLLUTION CONTROL UNDER IMPERFECT INFORMATION ABOUT FIRM TECHNOLOGY. To 

focus on t h e  problem o f  m o n i t o r i n g  emiss ions i t  has been assumed t h a t  c o n t r o l  

c o s t  and damage f u n c t i o n s  a r e  known by a l l  p a r t i e s .  A l though i t  i s  reasonable 

t o  assume t h a t  each f i r m  knows i t s  c o s t  o f  emiss ions f u n c t i o n ,  i t  i s  u n l i k e l y  

t h a t  t h e  government knows p_ w i t h  c e r t a i n t y .  The government i s  a l s o  u n l i k e l y  

t o  know t h e  damage f u n c t i o n  D(x)  ; however, t h e  two i n f o r m a t i o n  problems a r e  

fundamenta l ly  d i f f e r e n t .  S ince ignorance o f  5 i s  a  problem o f  asymmetr ical 

i n f o r m a t i o n  one can ask whether t h e  government can induce f i r m s  t o  t r u t h f u l l y  

r e p o r t  5 and thus achieve t h e  f u l l - i n f o r m a t i o n  s o l u t i o n  g*. Ignorance 

about  D(x) , however, more l i k e l y  represen ts  s c i e n t i f i c  ignorance, e.g. , 
ignorance about t h e  h e a l t h  e f f e c t s  o f  p o l l u t i o n ,  r a t h e r  than an i n f o r m a t i o n  

asymmetry. It i s  t h e r e f o r e  n a t u r a l  t o  r e d e f i n e  t h e  op t ima l  p o l l u t i o n  v e c t o r  

t a k i n g  u n c e r t a i n t y  about  D(x) as g iven .  S ince t h i s  w i l l  n o t  a l t e r  t h e  

s t r u c t u r e  o f  op t ima l  p o l l u t i o n  p e n a l t i e s  we concen t ra te  i n s t e a d  on t h e  problem 

o f  asymnet r i c  i n f o r m a t i o n  r e g a r d i n g  f i r m s '  c o s t s .  To focus on t h i s  problem 

i t  i s  assumed t h a t  emissions a r e  c o s t l e s s l y  observable by a l l  p a r t i e s  and t h a t  

t h e  x ( g )  and D(x) f u n c t i o n s  a r e  known. 

We begin by n o t i n g  t h a t  t h e  government cannot s imp ly  reques t  t h a t  each 

f i r m  r e p o r t  i t s  a  f o r  i f  t h e  f i r m  suspects t h a t  t h i s  i n f o r m a t i o n  w i l l  be 
i' 

used t o  compute emiss ions taxes  i t  w i l l  m is revea l  a .  S p e c i f i c a l l y ,  if f i rms  

b e l i e v e  t h a t  taxes  w i l l  be s e t  accord ing t o  (15) and i f  a l l  f i r m s  a f f e c t  

ambient p o l l u t i o n  s y m n e t r i c a l l y ,  

i t  can be shown t h a t  each f i r m  has an i n c e n t i v e  t o  u n d e r s t a t e  i t s  marg ina l  c o s t  

o f  p o l l u t i o n  abatement (Kwerel [7 ] ) .  

To show this,suppose t h a t  ai i nc reases  t h e  marg ina l  c o s t  o f  p o l l u t i o n  

abatement, 

2  -a C/aeiaai > 0,  a l l  ai. (21 

L e t  ai denote t h e  va lue  o f  ai r e v e a l e d  t o  t h e  government (ai denotes t h e  

t r u e  parameter va lue) ,  and denote t h e  v e c t o r  o f  parameters revea led  by - i 
f i r m s  o t h e r  than  i. 6 denotes t h e  va lue  o f  emiss ions which min imizes f i r m  i 
i ' s  taxes  p l u s  abatement cos ts ,  tiei + C(ei ,ai), i f  i s  r e p o r t e d  t o  t h e  

government. S ince 
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t h e  f i r m  c l e a r l y  has an i n c e n t i v e  t o  s e t  ii < ai i f  ti i s  an i n c r e a s i n g  

f u n c t i o n  o f  f o r  any h-i. i 
To see t h a t  increases t n o t e  t h a t  when (20)  ho lds  (14)  reduces t o  

i i 

~ ' ( 1  i f )  = -c1(if,iii) i = 1  ,... ,n, (23)  

where f denotes t h e  op t ima l  emissions v e c t o r  g i v e n  t h a t  f i r m s  r e v e a l  . I n  

t h i s  case a l l  f i r m s  o p t i m a l l y  produce a t  t h e  same marg ina l  emiss ions c o s t  and 

t a x  r a t e s  f a c i n g  a l l  f i r m s  a r e  i d e n t i c a l ,  

ti = t = D 1 ( 1 6 7 ) ,  a l l  i. (24) 

That ii r a i s e s  t f o l l o w s  f rom (23)  and (24)  wh ich  t o g e t h e r  i m p l y  

I n  v iew of t h i s  r e s u l t  t h e  q u e s t i o n  i s  whether t h e r e  e x i s t  taxes  d i f f e r e n t  

i n  fo rm f rom (15)  wh ich  w i l l  induce f i r m s  t o  r e v e a l  t h e i r  t r u e  a ' s .  An a f f i r m a -  
1 

t i v e  answer t o  t h i s  q u e s t i o n  has been p r o v i d e d  by Groves and Loeb [3]. To 

d e f i n e  t h e  t a x  l e v i e d  on f i r m  i r e c a l l  t h a t  6: denotes op t ima l  emiss ions 
J 

f o r  f i r m  j g i v e n  t h a t  f i r m s  r e p o r t  6- t o  t h e  government. To emphasize t h a t  - * e .  i s a f u n c t i o n o f f i r m  i ' s  r e p o r t e d  a ,  a a s w e l l  a s o f t h e v a l u e s o f  
J i' 

a r e p o r t e d  by a l l  o t h e r  f i r m s ,  w r i t e  

er = e;(ii,i-i). 
J 

(26)  

The Groves-Loeb t a x  p a i d  by f i r m  i , which depends b o t h  on ai and on e  i' 
i s  d e f i n e d  as 

where 2" denotes t h e  op t ima l  v e c t o r  o f  emiss ions f o r  a l l  f i r m s  o t h e r  than  i 

and Ai i s  a  f i r m - s p e c i f i c  f u n c t i o n .  

For  t h e  t a x  f u n c t i o n s  (27)  t o  induce t r u t h f u l  r e p o r t i n g  o f  ai 
r e g a r d l e s s  

o f  t h e  parameters r e p o r t e d  by o t h e r  f i r m s  i t  must be t h e  case t h a t  

1 1  
- 1 c(Gi(ai, i - i ) ,a i )  + ~ . ( ; . ( a ~  3i-i)yais-i 

(28) 
5 c ( e i , a i ) + ~ . ( i i , A . . a  .) a l l  hi f ai. 

1 1 --1 
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To see t h a t  t h i s  i s  so, no te  t h a t  f rom t he  d e f i n i t i o n  o f  k* and 
Ti j 

Thus f o r  any . , f i r m  i ' s  dominant s t r a t e g y  i s  t o  r e p o r t  ai. 
-1 

There are,  however, two drawbacks t o  t h e  Groves-Loeb t ax .  Under t h e  t a x  

i t  i s  op t ima l  f o r  f i r m  i t o  r e p o r t  i t s  t r u e  ai o n l y  i f  t he  f i r m  cannot 

communicate w i t h  o t h e r  f i r m s .  There i s  i n  general  no t a x  scheme which %ill 

induce t r u e  r e v e l a t i o n  o f  i n f o rma t i on  i f  f i r m s  can form c o a l i t i o n s  (Green and 

L a f f o n t  121) .  

Secondly, f o r  t he  government t o  impose a t a x  which achieves t he  f i r s t - b e s t  

s o l u t i o n  two rounds o f  communication a re  requ i red .  I n  round one t h e  government 

sends f i r m s  t a x  f unc t i ons  (27)  and rece ives  t h e  parameter vec to r  a_. Dur ing 

round two t he  a vec to r  i s  communicated t o  each f i r m ,  and taxes a re  recomputed 

w i t h  i-i replaced by a-i. I f  such communication i s  n o t  p o s s i l ~ l e  then t he  

f i r s t - b e s t  s o l u t i o n  cannot be achieved (Dasgupta, Hammond and Maskin [ I ] ) .  

Th is  i m p l i e s  t h a t  one must adopt an a l t e r n a t i v e  d e f i n i t i o n  o f  an op t ima l  

i n c e n t i v e  s t r u c t u r e  i f  t h e  government must announce taxes based o n l y  on i t s  

i n i t i a l  i n f o rma t i on .  To fo rma l i ze  w h a t i s  known about a_ suppose t h a t  a l l  

f i r m s  and t he  government view t h e  {ai] as independent drawings f rom a pub1 i c l y  

known p r o b a b i l i t y  d i s t r i b u t i o n .  The r e a l i z e d  va lue  o f  ai i s  known o n l y  t o  

f i r m  i. I n  d e f i n i n g  t he  op t ima l  s e t  o f  taxes suppose t h a t  f i r m  i can be 

taxed on l y  on i t s  own emiss ions,  ei , s ince  t o  t a x  t h e  f i r m  based on ei 
would sub jec t  i t  t o  u n c e r t a i n t y  r ega rd i ng  o t h e r  f i r m s '  cos ts .  L e t  si denote 

f i r m  i t s  op t ima l  response t o  t he  t a x  f u n c t i o n  Ti (ei) , i .e., 

- e. = argmin ~ . ( e ~ )  + ci(ei,ai). 
1 

(30) 
1 

The op t ima l  t a x  f unc t i ons  ~ ~ ( e ~ )  a r e  those which min imize t he  sum o f  

expected damages p l u s  p o l l u t i o n  cos ts ,  
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g i ven  f i r m s '  response f unc t i ons .  
I n  t he  case i n  which t h e  marginal  damage f unc t i on  i s  1 i nea r  i n  g and 

each marginal  emiss ion cos t  f u n c t i o n  i s  l i n e a r  i n  ei and ai Weitzman [9] 

has shown t h a t  t h e  op t ima l  t a x  i s  a combinat ion o f  a p e r - u n i t  t a x  on emissions, 

ti , and a pena l t y  f o r  d e v i a t i n g  f rom the  emissions quota e;, 

The emissions quotas Ce3) a re  those l e v e l s  o f  ei t h a t  m in im ize  t h e  sum o f  
1 

expected damages p l u s  c o n t r o l  cos t s ,  

n  
e* = argmin E[D(g) + 1 ci(ei,ai)l. - 

i = l  

ti i s  t h e  marg ina l  damage caused by f i r m  i when e = g*, 

The c o s t  o f  t h e  f i r m  o f  d e v i a t i n g  f rom the  expected- loss-min imiz ing emissions 

l e v e l  depends on t h e  s lope  o f  t h e  marginal  damage f u n c t i o n .  Since aD/aei 

i s  assumed l i n e a r  i n  g we may w r i t e  

where ti i s  de f i ned  by (34) .  qi v a r i e s  d i r e c t l y  w i t h  Bii: t h e  s lope  o f  

t h e  marg ina l  damage f u n c t i o n  w i t h  r espec t  t o  f i r m  i ' s  emiss ions,  

Under t h e  f o rego ing  assumptions t h e  op t ima l  t a x a t i o n  scheme has an 

i n t u i t i v e l y  appea l ing  i n t e r p r e t a t i o n .  When marg ina l  damages inc rease  s l ow l y  

w i t h  emissions t h e  opt imal  pena l t y  i s  a l i n e a r  t a x  on emissions. Al though i t  

i s  unce r t a i n  how much t h i s  t a x  w i l l  reduce emiss ions,  t h e  cos t  o f  d e v i a t i n g  

f rom t h e  op t ima l  emiss ion l e v e l  i s  smal l  s i nce  damagesincrease s l ow l y  w i t h  
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emissions. When t h e  marginal  damage f unc t i on  i s  steep, however, dev i a t i ons  

f rom g* are  c o s t l y  t o  soc i e t y  and t h e  f i r m  i s  there fo re  pena l i zed  h e a v i l y  

f o r  d e v i a t i n g  from the  opt imal  emissions l e v e l .  
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