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ABSTRACT

This paper examines optimal taxation policlan for controlling pollution
under asymmatric jnformation. Twe important aspacts of the social costs of
pollution centrol are included: firstly, if a firm is bot compstitive, the
shadow price of profits is lesw than unity, so that any reduction iu
proflts dus to pellutlon control ahould ba wWwelighted mppropriately im
walfare; mecondly, control cost functlons differ gqualltatively if emiesiopa
ara controlled by ex post abatement or by changing the whole production
process. In the firet caaa too much pollution occcurs at the second-best
optimum, whila in the second, too Ifittle results.
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1. Introduction

Economists have long supportzd pollution control palicies which incorponite all costs and benefits
af emission vduction, Benefils are rypically described as the reduction in environmental damage
in money feims, while costs are idencfied with those incwrmed by fmms in reducing their
emissions.! Oncs these benefits ard costs have been calculated, socially optimal emission levels

can be unpienented directly (command and coarrol) or by the use of 3 Pigouvian ax.

This paper lakes 2 closer look ar the definidon of the costs of emission control, and the
implicadons tor Pigouvian raxkaton under conditions of asymmetric information  Firstly, when
polluting fimns xre not competitive, the shadow prce of profits is less than one. Thus, in the case
of a polluting monopotist swdied here, only 4 fraction of the costs of abatement should be included
in the social welfare funcdon. We will show that this nomnative interpeetation of welfare is
idendecal 8 a posigve definition of the objective function of am agency administening an

environmenial clean-yp fund,

Secondly, timms can conwrol their emissions n two gualitstively different ways: they can use so-
called “end-ol-pipe” abatement techniques, 1o treat raw waste or otherwise clean up’emissions after
they have besn produced; or they can control the whole production process, including inputs and
oulputs, to produce a modifed emission level, followed by some abatement if necessary. Since the
latter assumey Lthe variability of ail factors of production, we shall refer o it as the long-run case,

and w the fornmer a3 the shore-run case. These definiticns are somewhat specific o this paper.

With complete informarion about shon-run and long-run costs, the above observations could be
gasily incorporared into an optisal environmental policy. However, when the gavemmenr does not
know the finn's cosis of emission comrol, we have a second-best optimal tax problem. In
particuiar, ¢mission taxes have botl revenve and incemtive effects®  In general the emissions
chosen by a finn under the cpdmal tax will not be first-best optimal. The questdoen is, will there

be oo much or o bale pellution, compared with the first-best quicome?

The model used in this paper is similar w that of Baon and Myerson’s (1982) of mouopoly

regulation with unkmown casis. There, the mongpolist in general earns information rents {unless it

! See, ¢.g. Robens and Spence (1974).

? Just as in Mirdlees' (1971) gptimal income rax problem, and Baron and Myecson's (1982)
monogoly regulaton medel. We assume emission levels are costlessly observable.
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Is very inclficient) and produces o litle output (unless it is very cfficient). In our paliution
contrel model, should we think of the firm as producing emissions, in which case we EXDICL 00
lile pollution ac the second-best optimum, or as producing the "good" abatement, in which case
we expect oo much? It tums out that the first interpretation is valid in the long-run case, while

the second describes the short-run situation.

The results depend on the definition of efficiency. In particular, a firm is relatively more efficient
if:
(a) it produces relatively less emissions for a given set of inputs;
{b} a marginal increase in abaterment effort lowers emissions relatively more; and
) a m:a.rginal increase in other inputs into the production process iﬁcrcases
emissicns relatvely less.
The shon-rin version of the analysis neglects the last of these sources of efficiency., On the other
hand, the model is kept simple by assuming a fixed relationship, common to both the long and

shott rin, between inputs and the marketed output.

The next section develaps the siructure of the model, with particular attention given ta the issue of
cfficiency. Section 3 presents the solution to the optimal tax problem, and section 4 contains some

comparative statics results. Conclusions drawn from the analysis are presented in Section 5.

2. The model
A monopolist combines inputs (z,.2,} to produce a single marketed cutput x and emissions y ,

where

x =ﬂz1) y ¥ = g(ly’-pﬁb) (1)

The input 7, only affecis the level of emissions, and can be thought of 23 &0 input to an end-of-
pipe abatement process, On the other hand, 2, can be considersd 2 raw malterial input. The
variable & measures the fim's efficiency, and is disuibured on a domain {9°4*] with positve
density function f()) . The wansformation functions zre assumed to be sufficiendy differcnriable,

and have the foliowing propenies:
Fizy)>0 , flz) <0 ;
go<[],gt>()_g¢<0; {2)

§0”0 . g8,>0 , 8os <0 . 8’1¢<0-
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where subscripts denote partial derivatives. Thus increasing z, reduces emissions, but at a
decieasing rute, while expanding production of x necessarily increases them, at an increasing rate.
A firm with 2 high value of the parameter ¢ is efficient both in absolute lerms and a1 the margin.
Higher efficiency means lower absolule emission levels foc a given set of inputs, as well as a
greater reduction in emissions for @ warginal increase in z, , and a smaller increase in emissions
for a marginal scaling up of production (i.e. a marginal increase in z, ). For convenience, we also
assume thal the generunon of emissicos and their abatement are independent at the margin. That

is

i =0 =2, )

The government levies an emission tax, 50 it is convenientl 10 wrile profits as a function of the
firm's emission level. Thos in the long-rum, for a given level of emissions, y , a firm of

efficiency ¢~ purchases inputs (z,z,} at fixed prices {p,p,} and receives pre-tax profits

By,

b

max R(x) - [P, P2}
toty) 4

sty = glrr ¢l and 1= fz)

where R(x) is the revenve eamed from x . The function B{..} is the reduced [orm value of
pre-tax profis for a  g-efficiency firm choosing emissions y . If & is a Lagrange multiplier,

then the Brm's Lagrangian is

g(zgrzpl-‘b) = T{Il) & [quo *plzll & 1[)' _g(wp‘b)]

where 1{z) = R{{{x,)) . Assuming an interior solution, the Orst order conditions are

"4.
i JPRT 8 (3}
8 &y
The necessary second order conditions include?
Fe Fe
b= el S0 5 — = -ignp < 0. (6)

L

These conditions are assumed lo hold. Also, from the envelope theorem, we have

* The cross derjvatives are zerm.

By =1>0
ad  Byd) = -dg, > 0

50 that higher emissions and greater efficiency yield larger pre-tax profits. From the first order

conditions, recalling the conditions in (3), and writing  {z, (y,0).2,(v.$)} for the optimising input

choices

W3 ;s
M —g, - (&) sz,
B .4 = a5 = &b :
b d¢s S

gll

Toully differentiating the left side of equation (5) and using the first condition of (6), d2/3d > 0,
s0 the first term in the numerator has the same sign as 17, while the second lerm is positive, We
make the assumption that over the relevant range of interest, the second tern dominales, so that in
the long run, when all inputs are variable, B,(y,¢) > . As an example, coasider an exparting
firmn facing fixed world prices p, , with constant retums 10 scale in production of the good x . In
this case '{z,) = p,{'(z,) = 0, and the assumption is satisfied (as are the second order conditions).

Thus in general we assume the pre-tax profits ol the monopolist in lhe long run satisfy

, B

L2 8

B >0 s Bz s )

We model the short run decisions of the irm by assuming 1hat production plans are fixed, and
emissions can only be contralled by end-of-pipe abatement. That is, z, is fixed at some value

;‘.L ,sothatfor y = 37(;1,17) - 3(0,5:,,41) the firm's pre-lax profits are given by

Byt = r(E) - [plrnb ) +P.2)]

A = A A "
where rﬂ(y,ga,;,l) satisfies y = g(Z.2,,9) . For y » y , we define B(y,q:;gl} = B(y,0:7.) . and
interpret y as the maximum emission level allowed., However, we will assume that the severity
of the environmental damage is such that the Grm will be induced to discharge less than v in

equilibdum. Towl differentiation of y = g(7,7,4) gives

= b - T

azo_l_aza_&ma’fv_l(
7, R = e gm
¥ & X g o gl

% +g%J : %

Thus, in the shoct run, the pre-tax peofits of the monopolist satisfy



>0;§¢"Po%>0;mdjﬂ=‘%j“o' @

a8 shown 1o Figure 1 below.

B?Yﬂb‘;f’u)
/ B(y,¢) ' M(z,)-Pia

E(Mﬂ

o~

/B

~r- =

@ K B '

Figure 1 Benefit functions in (a) the long run when all inputs are variable, and (b) the short run,
when z,, and hence output, s fixed, and ex post abawement is employed.

Comparing couditians {7) and (%), the marginal benefits from emissions increase with e¢fficiency in
the long rum, but decrease with efficieacy in the short run. This is because in the short run, the
additonal benefit from a higher level of emissions is equal to the reduction in abatement cosis
{ncurred and these are higher for less efficient fimms. This distinction is impogtant in the optimal

tax problem, the solution to which rests on the single crossing property.

The government impases a ax y) on emissions in order to maximise the social welfare function

W = E,[1(y)-D{) +ax]
= E[BO.$) - Dy)-(1-a)x}

19

where D{y) is an increasing convex function which measures the enviroamental damage caused

by emissions y .* After-tax profits of the firm are x=B-t,and & < 1. The welfare function

* Some readers may prefer to include a measure of consumer surplus in the social welfare
function. Such a beaefit term may be explicitly incorporated in the function D() . It is then
assugued that the modified damage function is convex, although it may be initially decreasing.

6

has two luterpretations.  Firsily, taxes are distributed lump-sum 1o a representative consumer who's
utility is additively separable in money and environmental damage, Welfare iz the expected value

of the weighted sum of the coosumer’s uulity and proft. o < 1 since the firm is aat campetitive.

A second interpretation is to suppose that a government agency has responsibility for cleaning up

“any eavironmental damage caused by the firm, at a cost D() . It can finance this by levying an

entissions ax i(y} , and a propartional profits tax at a Gxed rate o . It then minimises the

expected value of the resulting deficit*

{n the long rug, the government’s optimisation problem is then to

max W
0}

51, () maxs Br) -10) -
and BOW@)4) - 104D 2 0.

The canstraints are, respectively, those of incentive compatibility aod individual rationality, In the
short run, with the input z, fixed at 7, the optimisaton problem is identical, with By,$:2,)

replacing B{y,§) .

3. Optimal taxes

We assume that in both the long and shott run cases, it is aiways optimal to have the monapolist
discharging a positive amouat of effluent. In the long run this requires B{0,¢) > D'(Q) , whilst
the corresponding condition in the short un framework is ]%I(O,tp',;.l) >D'(0).

Long run: In the long rua case, the incentive compatbility constmints in the govemment's

optimisalion problem can be replaced by the two conditions®
=($) = B,oW)Ld) ; and yid) 20. 1)
Ignoring the second moaotonicity condition for the moment, we define the Hamiltonian by

Hi, e, p,0) = [Brd)-D)-(1-a)xlfd) + nB (v 4)

where p($) is the costate variable. Standard application of the Maximum Principle then implies

! Another interpretation of this kind of welfare function is {n terms of foreign firn owners
{Tirole {1988)).

¢ See Mirrlees (1971).



= [B,0,9) -D'O)IAS) + n($)B,,0.4)

o8

(13

(B,00.6) - D'0A) - (1-a ) 1-F($NB,,(3.4)
0

where F(.) is the cumaularive density function of ¢, and in the second step we have used the
condition on the costate varable w() = (1-a)f(¢) , with the transversality condition w(p*) = 0.

Thas, if the futction y($) defined by

B#)-D') = 9:%%"@3,,0,¢) (14)

is non-decreasing, it gives the emission level of a firm of type ¢ under the optimal tax.” Ia this
case, since the right hand side of (14) is positive for all ¢ < ¢*, emission levels are below their
fist-best optimal level, defined by B (y.4) = D'(y) . At points of invertibility of y() , define

o(y) = y'"y) . The tax function which implements the oplimal emission schedule is then
calculated as

1) = BO.SON -0 - - a

Short run: Whean the only means of emission coatral is by end-of-pipe abatement, the constraints

ia {11} become equivalent to the conditions

®() = B o)) 5 and yi(diZ) £ 0. 16
The same solution technique can be employed as abave, with an identical optimality condition to
equation (14}, with B(,;.) substituted for B(,.) . Now, modifications are necessary if y'(¢;£,) >
0 for some § , where y(¢;£1) is defined by the analogue of equation (14). Note now, however,

that unless the monopolist is of type ¢*, its emission level will be too large, since é” <0.

Thus in the short run, when emission coamol is not 3o integral part of the firm's general

production plan, the firm should be thought of as supplying the "gocd" abatement. However, in

"If y($} is oot monotone the solution is modified by smoothing out the peaks and woughs.
Guesaerie and Laffont (1984) preseot an aigorithm for calculating the necessary medifications.

8

the long run, when the level of effluent discharge is part of a full optimisation, the firm should be
regarded as supplying emissions. With each of these interpretations, the standard results

concerning the direction of inefficiency (e.g. Baron and Myerson (1582)) follow.

These results may be compared with the outcomes wnder policies which atempt to implement Grst-
best emission levels in the short-run and long-run. [n both cases full opdmality is characterised by
Parelo efficiency and zero profits. Tet t'(y) define the Jocus of emission/tax pairs which satisfy
these conditions in the long ren problem. Simifarly, ?'(y) describes ihe locus of such pairs in the

short rua problem. Let '(y) and q;(y) be defined respectively by

Byd) = D'y) and  BOuid) = D' .

(The dependence of T and ¢ on z is suppressed for convenience.) Then ¢';(y)>0 since

B, >0 in the long run, while ¢”(y) <@, since B,, < 0. Therefore

d a
Fy(y.‘i +5)]

Br.d'ON) + Bnd 0N
> B (1476

)]

il

while

o) = %ﬁ(y,&:'(y);zl)

B0 03y + Bod o) m)

< Bod ) -

These properties are illustrated in Figure 2, and show that in each case the first-best tax function is
not incentive compatible (i.e. marginal tax rates are not equal’ to marginal beuefils at the optimal
emission levels). In the long run case, using the tax t'(y) will result in too lile pollution, while
in the short run, using the tax ?'(y) leads to too much. These quaiitative features of the incentive
incompatible first-best policies cammy over to the second-best solutions, which explicitly account for

the incentive constrainis.



Figure 2 Rirst-best emission/tax pairs in (a) the long run, and (b} short run problems.

4. Comparalive statics

Recall the positive interpretation of the parameter o as a proportonal profits tax. We now
examine how its valve will impact upon the optimai emission tax t,{} when all inputs are
variable, where the subserpt is introduged in this section to allow variability of « . We depart
from the explicit description of the fimn's benefits of section 2, and Instcad assume that they can

be wrirten in a multiplicative form as

By ) = $BO) {1

with f>0 and B"< 0.
Using equations (12) and (15), let us write the tax paid by a. ¢-type firm as

L) = BOL@8) - [ B0 (18)

(where the same notation is used for the tax as a function of emissions and type, without

confusion). Then the tax paid by a ¢-type firm varies with @ according 1o

dy

= $p

[ﬁ . <¢’n <4 =

Now

10

P g B, on B
dcb( J 80, (¢])d¢(¢)d
The Grst term on the right hand side is negative since B{-} Is concave, ¥.{9) is non-decreasing
in ¢, and, with n{(9) = (I-F(@)V$) ,

@)+ B’y (@)Jﬂb(d’ @)] (20

9, @ = -n4)B ,,.9)
d B 0.4)-Dy )-(1-en($)B_(v,.)

>0

at a maximum (the denowinatar is negative if the second order conditions hald).

Propasition:  When benefies are muitiplicarively separable in emissions and ihe efficiency
parameter, ¢ =0, and there is no pooling, an increase in the profits tax, o , leads w0 a
reduction inthe oprimal emissions tax.

Proof: Differentiation of equation (14) with B(y,0) = ¢p(y) gives

)‘r(@ = (1-a)m'(d) B’(}’}
: 4B () -D*(3) - (1-adn (BB (y)

This is positive if and only if 7'($) < 0, so that the assumption of no pooling is equivalent to

this condition. Thus

_ﬂ @) = -n'B bR -D"-(1~a}n p”1 - (1- wn'Bnp”
[$B"-D"-(1-u)n f¥

Since 1'(¢) < Q, this expression is negative. Therefare, the function

B’(y.(cb)}%y:@)

is decreasing in § . Heoce the dedvalive in equation {19) s pegative, if § = 0.

3. Couclusions

This paper has considered in detsil the definition af the costs 1o firms of emission contrel, and the
implications for optimal emission laxes under conditions of asymmelric information, [t has been
assumed that emission levels are cosilessly observable but that the technological relationship
between inputs and emissions is not. The first of these is indeed a strong assuraption but, in the
manopaly case ia barﬁcular, may be imnmocucus, since there will be a well defined relationship

between ambient air or water quality and emissicn levels given by the function D(y) .
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Mot surprisingly, with inceative constraints aod a non-unilary shadow price of profits, the optimal
tax induces the monopolist o discharge elfluent a1 a level different to the first-best. However, the
direction of this eifect depends upon the process by which emissions are controlled. When all
inputs are variable, an efficient firm gains more om a marginal increase in emissions than an
inefficient firm. However, when ex post abatement is employed, an efficieat Drm s cne which
loses l(.:.ss from a reducton in emissions - that is, one that has low abalement costs. This in turm
means that the value to such a firm of a marginal increase in emissions is less. This difference
between marginal benefits from the discharge of emissions means that under a long-rua policy, 00
little polintion occurs relative to the first-best, but that if the government implements a shont-run

control policy 100 litle abatcment is undertaken by the firm.

Using the interpretation of an environmental clean-up fund, we would expect that the ability o
impose hightr profils taxes {which are nou-distordonary in this model) would reduce the
dependence of the agency on the emission tzx. [n fact this inwition was shown ta be comect in

the illustrative case of a multiplicative benefit [unction.

No atiempt has been made to develop a full dynamic mode]l with which to investigate the question
of the appropriate lime horizon for the government to adopt. This would require knowledge of the
time path of future damages, which is likely to be highly unaceriain, as well as a careful definition

of welfare in an intertemporal conlext
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