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We are always better off having many policies that can achieve a given objective because

it extends the criteria that can be included in policy selection. This paper studies the
equivalence between taxes and subsidies in the control of negative production externalities. In
our models, under the tax regime, firms that take no treatment action to mitigate the damage
caused by their negative externalities are punished, whereas under the subsidy regime, firms
are rewarded for externality treatment activities. We employ a formulation where firms differ
in the vintage of their production technology and as a result differ in profitability, negative
externality generation, and the cost of treatment. We consider three measures as policy objec-
tives: total output, total damage from negative externalities, and social welfare. We find reason-
able conditions where, with an appropriate setting of uniform lump-sum and unit subsidies, the
policy maker can achieve a pair of policy objectives equivalent to those obtained using unit

- taxes. Thus, either tax or subsidy regimes can be used to achieve desired levels of one or two
policy objectives, allowing other factors such as fairness, equity, or international trade issues to
be considered in policy selection.

(Public Policy; Externalities; Taxes; Subsidies; Environmental Policy; Social Welfare; Production Technology)
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1. Overview

The choice between reward and punishment has always
been difficult. Because our understanding of symmetry
among these incentives depends on the definition of
symmetry, this choice has been further clouded. The'im-
portant question for policy selection is whether reward
and punishment can achieve tantamount objectives. If
equivalent economic objectives can be realized through
rewards or punishments then additional criteria can be
incorporated in the selection of policy, thereby increas-
ing the range of factors considered. These additional cri-
teria include fairness, equity, and international trade is-
sues. The purpose of this paper is to examine the equiv-
alence of taxes and subsidies in the control of negative
production externalities. Specifically, we compare unit
taxes with subsidies made up of unit and uniform

lump-sum amounts. We determine whether measures

of one or more of three key policy objectives (total out-

put, total damage from negative externalities, and social
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welfare) that are obtained from a given tax regime, can
also be achieved by the subsidy regime.

We employ an approach that is characterized by firms
that differ in the vintage of their production technolo-
gies. A given production technology generates negative
externalities that depend on the level of output and the
vintage of the technology. We allow individual firms to
choose whether to take actions to reduce their negative
externalities where their incentives to do so come in
the form of either a tax regime or a subsidy regime.
Actions take the form of treatment of the negative ex-
ternalities generated. Thus, firms differ in profitability,
negative externalities produced per unit of output, and
the cost of negative externality treatment. The tax re-

-gime is a unit tax, that is, a tax per unit of negative
externality produced. The subsidy regime is a uniform
fixed transfer plus a subsidy per unit of negative ex-
ternality treated. Under the tax regime, firms that do
hot treat their externalities are taxed; under a subsidy
regime, firms that engage in externality treatment are
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NAULT

The Control of Production Externalities s

subsidized. Therefore, in our model, taxes and subsidies
are not symmetric by design, for taxes are used as pun-
ishments for not taking action, and subsidies are re-
wards for taking action. While the structure of the tax
regime is similar to previous models (e.g., Brock and
Evans 1985), our formulation differs from earlier mod-
els that consider subsidies as mirror images of taxes.

The novel aspects of our approach are that firms dif-
fer in the vintage of their production technologies, that
firms choose whether to participate in a given regime,
and that mitigation of the negative externalities in-
cludes treatment as well as reduced levels of output.
In addition, the problem of unlimited market entry to
collect the uniform lump-sum subsidy, a key issue in
previous analyses, is less of an issue in our model be-
cause firms must treat their negative externalities in
order to receive the subsidy, thus, they must take ac-
tions; for example, installation of emissions control
equipment.

Historically,” policy detenmnatxon has been a two-
step process. In the first step standards or objectives are
set. In the second step a regulatory system, made up of
economic instruments or direct controls, is designed to
achieve the requirements set in the first step (Cropper
and Oates 1992). Policy objectives are usually stated in
terms of total output or total damage from negative ex-
ternalities. In the United States, for example, the
Amendments to the Clean Air Act in 1970 and to the
Clean Water Act of 1972 set target levels of aggregate
negative externalities. International agreements are of-
ten framed in terms of these measures. When levels of
total damage from negative externalities are mandated
by government, industry’s counter arguments focus on
the effects on total output. There is an additional reason
why total damage from nfgatlve externalities, in partic-
ular, is a critical objective! measurements of social costs
and benefits may not have readily available market
measures, and policy makers have been reluctant to em-
ploy monetary measures of value and quality of life
(Cropper and Oates 1992). As a result, total output and
total damage from negative externalities appear as ob-
jectives in economic policy models. For example, Milli-
man and Prince (1989) view total industry emissions as
the regulatory control variable in their model.

Our analysis considers total output and total damage
from negative externalities as policy objectives. We also
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consider the traditional poli ob]echve, social welfare,
recognizing that policy maléers often trade-off output
and externalities in an attempt to maximize some mea-
sure of social welfare.
Economic instruments (sub$1d1es, taxes, and tradable
permits), along with direct controls, are the options for
\designing a regulatory system./The choice between
these options is governed by thelr ability to meet regu-
latory objectives, and if more than one option can
achieve the objectives, the lpther criteria can be in-
cluded in policy selection. ‘In‘deed this is why under-
standing equivalence between options to achieve differ-
ent objectives is important. ‘The additional criteria that
can be included are varied. Legal and political concerns
may be critical. Taxes, as formulated in this paper and
as modelled in Brock and Eva.ns (1985), as well as trad-
able permits increase firm operatmg costs and extract
transfer payments from affected firms (Milliman and
Prince 1989). These payments are often blocked by firms
in the legal and political arenas, arguing that they are
losing a historical property right—for example, the
right to pollute (Polinsky 1979). While achieving equiv-
alent objectives, our model yields differences in the pro-
portion of firms that engage in externality treatment and
differences in the distribution of firm output, depending
on whether a subsidy or tax regime is applied, further
extending the criteria that can be included in policy se-
lection.

There are other reasons why subsidies, in particular,
are an attractive policy instrument. There is a recogni-
tion that producers of negative externalities differ. For
polluters, more stringent standards have been legislated
for new sources than for older ones, and small firms and
industries have been exempted altogether (Crandall
1983). While a tax regime could accommodate varying
tax rates to address these differences, unequal applica-
tion of a tax regime may not be politically acceptable,
whereas a subsidy regime may be. Inter-firm differences
are also problematic for tradable permits because it is
unclear how to define a marketable right. Moreover,
tradable permits become less efficient when there is
strategic behavior by traders, when there is extensive
market reporting requirements and when there is thin
trading. The history of emissions trading shows that
tradable permit markets have yielded few trades and in
one noticeable exception, the trading of lead rights in
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the mid-1980s, there were various irregularities and il-
legal procedures (Cropper and Oates 1992).

In the context of perfectly competitive industries, sub-
sidies have been formulated as uniform lump-sum pay-
ments to firms, less a unit tax multiplied by output (for
example, Baumol and Oates 1988). Thus, tax and sub-
sidy policy differed only by a fixed transfer, the uniform
lump-sum payment. The lack of, or presence of, an im-
pact of the fixed transfer on individual firm output was
the criterion by which tax and subsidy symmetry versus
nonsymmetry was determined (Polinsky 1979). The
dominance of taxes versus subsidies that resulted from
this work centered on the entry of firms into the market
simply to collect the lump-sum payment. An infinite
number of identical firms, a feature assumed in models
of perfectly competitive markets, compounded the issue
of entry to collect the fixed subsidy. This latter problem
has been mitigated by requiring that fixed subsidies be
paid to existing firms only.

We argue that the question of symmetry is less i im-
portant than the issue of whether the two alternative
regimes can produce equivalent policy objectives. Qur
discussion is developed from the standpoint that policy
objectives attained by a given tax regime can be
achieved by a subsidy regime. We show that there are
straightforward necessary conditions under which an
individual objective obtained under a given tax regime
can be achieved by a subsidy regime. Moreover, these
conditions are consistent across objectives—equal total
output requires three conditions, equal total damage
from negative externalities requires two of these con-
ditions, and equal social welfare does not require any
conditions. In addition, we provide relatively unrestric-
tive necessary and sufficient conditions for any pair of
policy objectives obtained under a tax regime to be
achieved under a subsidy regime.

Our tax regime subsumes the standard of optimal-
ity against which control instruments are often mea-
sured, that is, the Pigovian tax per unit of negative
externality equal to the marginal damage at the Pareto
Optimum (Burrows 1979).”We show that equivalent
social welfare can be obtained either through taxes or
through subsidies with an appropriate choice of sub-
sidy components. Prior results suggest that under a
tax total output, total damage from negative exter-
nalities and firm profits fall, in contrast to a subsidy

MANAGEMENT SCIENCE/Vol. 42, No. 3, March 1996

regime where these quantities rise (Baumol and QOates
1888, Cropper and Oates 1992, Polinsky 1979). Our
models confirm the former, that is, that under a tax,
total output and total damage from negative exter-
nalities fall. Under a subsidy, however, we find that
setting the unit subsidy lower than the marginal cost
of externality treatment also reduces total output, re-
duces total damage from negative externalities, and
may reduce firm profits.

The remainder of the paper is organized as follows.
We first outline our assumptions and notation used in
the models. We then construct and solve models of the
industry under alternative tax and subsidy regimes.
Subsequently, we examine the conditions under which
equality of individual policy objectives can be obtained
under the two regimes. We then develop the condi-
tions where the alternative regimes can be used to
achieve equal measures of two policy objectives simul-
taneously—our main result. A summary of the find-
mgs and their implications for policy concludes the
" paper.

2. Assumptions and Notation
In this section we enumerate our assumptions and in-
troduce the notation used in the remainder of the

paper.

ASSUMPTION 1. Firms differ in their production tech-
nologies.

Consider an industry where firms are characterized
by their production technology. Let 8 € R represent a
firm with a given production technology, where 8 fol-
lows the density f(6) that is positive over the support
[6, 8] and is zero elsewhere. Thus, F(§) = 0 and F(@)
= 1, where 8 and § are the best and worst technology
firms respectively. We interpret § as representing a
firm’s technology vintage where a larger @ indicates an
older, less efficient, technology.

ASSUMPTION 2. The negative externalities produced by
an individual firm are increasing at an increasing rate in
output and are increasing in the vintage of their production
technology.

The production of output, x, and the vintage of
the firm’s production technology combine to produce
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Copyright © 2001 All Rights Reserved



~
o)
N
]
)
€
‘:L
cL
L C
55
)
o
=
C
E=e]
o8
=
>a
RS
O
= 9
SE
8=
© ©
€N o
L2
a=
oc
8 3
2
= o4
- -
(2]
B
=
Q o
= a
D =
T o
7]
2o
© £
(Ol
O a
to
© c
w ©
Eg
Lco
- 5
L4
£ o
o)
T 5
>35
Q5
O c
=
=)
B o
%5
o E
=20
o c
23
2o
=
S
o]
<

NAULT
The Control of Production Externalities

negative externalities, q(x, 8), where Assumption 2 is

represented by the partial derivatives' ‘
9q(x, 9) &q(x, 0) q(x, 6)
e >0 ad

AssSUMPTION 3. Firms have the choice of whether to mit-
igate the damage from their negative externalities through
treatment.

>0, >0.

We assume the treatment technology allows firms to
treat all their negative externalities if they deal with any.
We do not require, however, that all the harmful effects
are eliminated as we allow for damage done from the
remaining negative externalities. This requirement is
reasonable, for example, if receipt of the subsidy or ex-
emption from the tax is conditional on installing and
running all emissions through emissions-treatment
equipment.

ASSUMPTION 4. Firms’ pretax regime or presubsidy re-

gime profits are concave in output and are decreasing in the
vintage of their production technology.

The reduced-form profit function for firm 6, not con-
sidering its externalities, is PR(x, #). Assumption 4 is
exemplified by the following partial derivatives:

8 PR(x, 6) 0 PR(x, 6)
o <0 and Y <0

ASSUMPTION 5. The cost of treating negative externali-
ties is increasing at an increasing rate in the amount of neg-
ative externality and is increasing in the vintage of the pro-
duction technology.

Writing the cost of treating q(x, 6) units of negative
externalities as C(q(x, 0), ), Assumption 5 is captured
by the partial derivatives

0C(4(x, 6), 6)

-
FCqx, 0),0)
oq

oq?
dC(g(x, 9), 6)
0 >0

ASSUMPTION 6. Firms with older vintages of production
technology (a) produce greater negative externalities from

0 and

>0,

1 We assume all functions are continuously d:fferentlable where re-
quired.

310

marginal increases in output; <b) are less profitable, pretax
regime or presubsidy regime, at ihe margin; and (c) have
higher marginal costs of treatmg their negative externalities.

These conditions can be enrbodled by the cross partial
derivatives
%q(x, 6)
0x06

It
8 PR(x, 9) ’ [(’)
OxH0 ? /|

!

>0,
L.
i, 6%C(g(x, ), 0)
{ ‘Td 0906
respectively. Assumphon 6i llz ﬂ;he key to obtaining many
of the results because it li fhe vintage of production
technology to the margmal acts of output.
ASSUMPTION 7. (a) The toi‘al ge from negative exter-
nalities is increasing in the volunie of the negative externality,

and (b) treatment reduces the n“rgmal value of damage.

Let w(Q.(-), Q(-)) be the o{:al damage from negative
externalities, where Q,(-) and ((*) represent aggregate
untreated and treated extemahtles, respectively, and ar-
guments are eithertor S, s indlcatmg whether a tax or
subsidy regime is in effect. Deﬁmng w(Q.(), QC-)/
8Q, as the marginal damage from untreated externali-
ties and 9u(Q.(+), Q(-))/8Q as the marginal damage
from treated externalities, condltxons (a) and (b) can be
stated as?

0w(Qu(), Q(+)) aw(Qu('), Q) .
50, > 30 >0
While we can specify condmoﬁs of the damage function
w(Q.(+), Q(+)), the difficulty assoaated with determin-
ing and evaluating actual m asurements of this function
is why policy makers spedfy their objectives in terms
of output and externalities i‘aﬁ\er than social welfare.

>0,

3. The Tax Altemhtlve

3.1. Firms That Treat Their Negahve Externalities
Under the tax regime those fu{ms which choose to deal
with their negative ext tles incur costs of external- -
ity treatment but are not ta* ed. Their profit function is
‘ “! ‘
2 Assumptions 1 through 7, in addlh;o{n to the structure of the subsidy
alternative in §4, are similar to th&se‘used in a companion paper ex-
amining the trade-offs between umform lump-sum and unit subsidies
as incentives (Levi and Nault 1995). |
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The Control of Production Externalities

I(x, #) = PR(x, ) — C(q(x, 6), 6).

Optimum choice of :odtput gives the necessary first-
order condition
O PR(x, 8)  8C(q(x, ), 6) Bq(x, 6)
Ox & ox

= T(x, 0) = 0.

1)

Using Assumptions 2, 4, and 5, the second derivative
condition, '

8’ PR(x, 6) _ 9C(q(x, 8), 6) [aq(x, o)]’

ox g ox
_ 9C(g(x, 6), 8) B4, 8) _ 9¥x, §) <0
oq ox? ox !

is sufficient to ensure a maximum. Equation (1) implic-
itly defines optimum outputs for firms that treat their
negative externalities under the tax regime as a function
of the vintage of their production technology, x,(#). Dif-
ferentiating (1) with respect to the vintage of the pro-

duction technology results in
O¥(x,0) 9*PR(x, 0) _ C(q(x, 8), 0) dq(x, 6)
8 oxd0 8906 ox
_ 9°Cq(x, 6), 6) Dq(x, 6) B4(x, 6)
og* ox 0
_ 8C(q(x, 6), 6) Fq(x, 6)
oq oxde ’

which from Assumptions 2, 4, 5, and 6 is negative. Us-

ing the implicit function rule we can sign the derivative

of optimum firm output for firms that treat their exter-

nalities,

—- a\I’t(xl 0)/ 80
0%(x, )/ 0x

Thus, less efficient firms, those with older production
technology, produce less output.

3.2. Firms That Do Not Treat Their Negative
Externalities

Firms that do not treat their negative externalities are

faced with a unit tax ¢ on the amount of negative exter-

nality they produce, 4(x, 8). Their profit function is

I(x, 6) = PR(x, 8) — t q(x, 0).

x((6) = <0.

MANAGEMENT SCIENCE/Vol. 42, No. 3, March 1996

Optimum choice of output yields the necessary first-
order condition E

OPR(x,0) ; 9q(x, 6)
ox ‘ ox

=¥(x,t,0=0  (2)

where, from Assumptions 2 and 4, the second-order
condition,

8*PR(x, 0) _

&q(x,0) 08Y(x,t,0)
= AL \LZAL <0

ox? x ’

t

is sufficient for a maximum. For those firms that do not
treat their negative externalities under the tax regime,
(2) implicitly defines optimum outputs as a function of
the unit tax and the vintage of their production tech-
nologies, x(t, 6). Employing (2),

oV, t,6) _ _ %k _,

ot ox !
from Assumption 2 and
oV(r, ¢, 0) _ & PR(x, 0) _ ta_zq(x, 6) <0,
o0 ox00 Ox60 ’

from Assumption 6(b) and (c). Using the implicit func-
tion rule we can determine the effects of changes in the
unit tax and the vintage of production technology on
optimum output for firms that do not treat their nega-
tive externalities,

Ox(t,0)  8U(x,t,6)/0t

or ~ " 5%Gi o0 " ad
8x(t,0) _  0U(x, t,8)/80 <0
00 8%t 6)/0x

Therefore, output falls as the unit tax is increased and
less efficient firms produce less output.

3.3. Industry Structure Under the Tax Regime
Taking these optimum outputs into account, individual
firms choose whether to be taxed or to avoid taxes by
treating their negative externalities. The firm that is in-
different between treatment and being taxed, 9, is im-
plicitly defined by

PR(x(9), 8) — C(q(x,(8), 8), &
— PR(x(t, §), 8) + £ q(x(t, ), 8) = &(¢, 9) = 0.

31
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The Control of Production Externalities

We assume T1(x(¢, 6), §) > 0 so that the most inefficient
firm can make profit producing positive output while

absorbing the unit tax. Employing the implicit function '

rule and the first-order conditions (1) and (2) to cancel
terms, the following condition is necessary for firms
with vintages of production technology 6 < 8 to treat
their externalities, and firms with vintages of produc-

tion technology 6 > 8 to be taxed:
8%(t, 8) _ O PR(x(8),8) 9 PR(x(t, 8),d)
o o8 00
’ _90qx®), 5,8 _, 9q(xt,8),8)
96 \ aa

aq o0

Condition (3) is likely to be satisfied in general, because
from x,(#) and x(t, 8), and from Assumptions 2, 4, and
6 (b), the first pair and last pair of terms are offsetting
in sign over different values of ¢, leaving the third term
as dominant. From Assumption 5 this term is negative.
From further analysis of (3) we derive our first result.

LEMMA 1. Sufficient conditions for firms with newer vin-
tages of production technology to prefer treating their exter-
nalities are (a) the unit tax is less than or equal to the mar-
ginal cost of treatment for the indifferent firm, and (b) the
marginal pre-tax regime profits are constant in the vintage of
production technology for the indifferent firm. .

PrOOF. From condition (b) the first two terms in (3)
cancel. From Assumption 5,

8C(q(x«9), 8), §)
o0

Thus, the first line of (3) is negative. From Assumption
6(C)I | !

dq(x(t, 8), 8) _ 99(x(®), 8)
80 8

Condition (b) in Lemma 1 is satisfied by a reduced-
form profit function that is additively separable in vin-
tage of production technology and output. The model
is least sensitive to condition (b) of Lemma 1 because
our results continue to be valid as long as 3 PR(x, 6)/
000x is not large relative to the magnitude of the deriv-
atives in our other assumptions.

>0

O

312

Firms with newer vintag e productlon technologies
have lower marginal costs of externality treatment.
Thus, when the unit tax is 1S’ than or equal to the mar-
ginal cost of treatment for the lndxfferent firm, all firms
with newer vintage techng¢ logles prefer to treat their
negative externalities rath r than be taxed. For firms
with older vintage produchon technologles the argu-
ment is reversed.

Normalizing the number of firms to unity, total out-
put under the tax regime 1s

X = r( x,(0)f(0)(f0 + r x(t, 0)f(6)d0.
Aggregate treated and untiea;ed externalities are

Q(t) -r( q(x:(B), 0)f(0)d0 and

E \!I 1

Qut) = o q(x(i 0), 0)f(6)d6,
respectively.

4. The Subsidy Alternative

4.1. Firms That Treat Their Negative Externalities
The profit of a firm that chooses to treat its negative
externalities is

H(x, 0) = PR(x, 0) +S + s q(x, 0) - C(Q(xl 0)1 9)1
where S is a uniform lump-sum subsidy and s is the
unit subsidy applied to the amount of treated negative
externality, q(x, 6). The first-order condition for profit
maximization by choice of level of output is

8 PR(x, 6) +s 9q(x, 8)  3C(4(x, 6), 6) Bg(x, 6)
Ox ox 0q ox
=Wx,s0=0 @
The second-order condition for profits to be maximized
is .
FTi(x, 0) _ 0¥(x,s, 6)
ot Ox ,
_8*PR(x,0) _8°C(g(x, ), 6) [ 99(x, O)]".
ox? og* ox

+ls- dC(q(x, 6), 6) 8%(x, 6)
) 0q ox?

<0.

MANAGEMENT SCIENCE/ Vol. 42, No. 3, March 1996
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NAULT
The Control of Production Externalities

The first two terms are negative from Assumptions 2, 4,
and 5. In order for this condition to be satisfied the unit
subsidy, s, cannot exceed the marginal cost of external-
ity treatment by enough to offset these first two terms.
We assume this restriction is satisfied so that the
second-order condition holds. We state the sufficient
condition as Lemma 2 because, similar to Lemma 1, the
condition involves the marginal cost of externality treat-
ment. The proof follows directly from our assumptions
and is not stated.

LEMMA 2. A sufficient condition for concavity of profits
for firms that treat their externalities under the subsidy re-
gime is that the unit subsidy is less than or equal to the mar-
ginal cost of externality treatment.

The intuition is obvious. Should the unit subsidy ex-
ceed the marginal cost of treatment by a sufficient
amount as to offset production inefficiencies, firms
would produce output simply to treat the negative ex-
ternalities and receive a positive margin for the treat-
ment activities.

The optimum output function for firms that treat their
negative externalities under the subsidy regime is a
function of the unit subsidy and the vintage of their
production technology, x(s, 6). Using (4)

0VU(x,s,6) _ q(x, 6)
5 ox 0
from Assumption 2 and
0%(x, 5, 6)_ 8 PR(z, 8)
i 7} 0x09
_ 8C(q(x, 6), 6) 8q(x, 6) + 8*C(q(x, 6), 6)
oq? o6 0q060
0q(x,6) aC(q(x, 8), 6) 8%q(x, 6)
& T [" o ] won © O

Working forward, from Assumption 6(b) the first term
in (5) is negative. Directly from Assumptions 2, 5, and
6(c) the second term in (5) is also negative. Using As-
sumption 6(a), and assuming the unit subsidy does not
exceed the marginal cost of dealing with the externali-
ties by enough to offset the negative value of the first
two terms, we can take 8%(x, s, 6)/09 as negative.
Lemma 2 again provides a sufficient condition for
0¥(x, s, 0)/ 96 < 0. Following the implicit function rule
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we can determine the effects of changes in the unit sub-
sidy and in the vintage of production technology on
optimum firm outputs for firms that treat their exter-
nalities under the subsidy regime:

(s, 8 OU(x,s,6)/05
8 | 8VU(x,s,0)/0x

Ox(s,6) _  0V(x,s, 6)/56
80 08U, s, 0)/0x

Thus, the unit subsidy increases output, and firms with
less efficient production technology produce less output.

4.2. Firms That Do Not Treat Their Negative
Externalities

For firms that choose not to treat their negative exter-

nalities under the subsidy regime the profit function is

simply I1(x, 6) = PR(x, 6). Output is set such that

O PR(x, 8)
ox

>0, and

<0

=0=¥,(x,0), (6

provided that

V,(x,6) 8 PR(x, 6)
ox ox?

which holds from Assumption 4. (6) implicitly defines
optimum output for firms that do not treat their nega-
tive externalities under the subsidy regime, x,(6). From
Assumption 6(b), for these firms we know

8Y,(x, 6) _ 8 PR(x, )
S Ox06

Therefore, using the implicit function rule, x/(8) < 0,
that is, firms with older vintage production technology
produce less output.

4.3. Industry Structure Under the Subsidy Regime
As under the tax regime, each firm maximizes profit by
choice of whether to treat its negative externalities:

max{PR(x(s, 6), 8) + § + 5 4(x(s, 6), 6)
- C(g(x(s, 6), 6), 6), PR(x,(0), 0)).

Similar to the prior section, we assume that the firm
with the oldest vintage production technology can make
positive profits without treating its negative externali-
ties, PR(x,(8), 8) > 0.

<0,

<0,
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NAULT
The Control of Production Externalities

The firm which is indifferent between treating its neg-
ative externalities and not taking action is implicitly de-
fined by
PR(x(s, 8), ) + S + s q(x(s, ), )

— Clq(x(s, 9), 8), §) — PR(x,(8), 8) = 0 = &(S, 5, D).
Differentiating with respect to §, cancelling terms using
the necessary optimality conditions (4) and (6), and re-
arranging terms

8%(S, s, 9) 8 PR(x(s, 8), 8) 8 PR(x,(9), &)

o0 o8 o9
ez 9C(q(x(s, 0),9), 87 9q(x(s, ), 8)
oq o0
_ 8C(q(x(s, ), B), z»
=5 (7

Separation of [§, 8] into two continuous segments where
firms with newer vintage production technologies treat
their negative externalities requires that (7) be negative.
From Assumption 5, the last term is negative because
less efficient firms have higher externality treatment
costs. In general, the difference between the first and
second terms and the third term of (7) have opposite
signs. This is because if the subsidy is less than the mar-
ginal cost of treatment for the indifferent firm, then
x(s, 6) < x,(6) and using Assumption 2 the third term
is negative, while the difference between the first and
second terms is positive from Assumption 6(b). We as-
sume (7) is negative so that firms with production tech-
nology vintages 6 < 8 treat their externalities and firms
with technology vintages 8 > § do not. Lemma 3 pro-
vides sufficient conditions for 8%(S, s, 8) /98 < 0.

LEMMA 3. Sufficient conditions for firms with newer vin-
tages of production technology to prefer treating their exter-
nalities are (a) the unit subsidy is less than or equal to the
marginal cost of treatment for the indifferent firm, and (b)

the marginal pre-subsidy regime profits are constant in the.

vintage of production technology for the indifferent firm.

PROOF. From condition (a) the third term of (7) is
negative. From condition (b) the first two terms cancel.
The last term in (7) is negative from Assumption 5. [

Condition (a) in Lemma 3 is weaker than Lemma 2
because it only applies to the indifferent firm. Condition
(b) in Lemma 3 is identical to condition (b) in Lemma 1.
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Separation of firms into one group that treats their
negative externalities and another that does not is in-
tuitive from condition (a) of Lemma 3. Because firms
with older vintage productm‘x“\ t‘echnologxes have greater
marginal costs of treatment; ’they prefer to give up the
subsidy while those with newer vintage production
technologies do not. If the condltlon in Lemma 2 holds,
then treatment of extemahties is costly for all firms at
the margin. This marginal &bst however, is mitigated
by the fixed transfer~—the uniform lump-sum subsidy.
The size of the fixed subsxdy determines the amount of
participation in treatment of negauve externalities.

Normalizing the number bf firms to unity, total out-
put under the subsidy reguqe 1s

$.8)
- X(S,s) = J‘« x(s, 0)f(0)d9 + r x,(8)f(6)d6.
[ Tt %s,5)

Aggregate amounts of treaté“tzf and untreated externality

are

8(S5)

Q(S,5) = q(x(s, 8), 0)f(6)d6, and
[}

Qu(S, 5) = fﬂ q(x,(9), 6)f(6)d6,
0(S,5)

respectively.

5. Equality of Each of the Policy
Objectives Under the Two
Regimes

5.1. Total Qutput

Consider first the effects of the two altematlve regimes
on output. Individual firm outputs are determined by
the first-order conditions (1), (2), (4), and (6). These
first-order conditions yield the optimum value func-
tions x(6), x(¢, 0), x(s, 6) and x,(8), respectively. The
range of the unit amounts, f and s, are restricted to being
positive and by the conditions in Lemmas 1 and 2, that
is

O0<t<

éC(q(x.(b), b, 9), and

oq

oC(q(x, 6), 6)

' <
0<s< aq
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A

Copyright © 2001 All Rights Reserved



>
N
o
- w0
w E
‘:L
c L
L C
55
@
=
o=
[
=
o8
o<
TN
= 9
S5
8=
© ©
0 o
.-
a=
3¢
g«s
c .2
- -
o0
B
5
Q o
= a
D =
T o
()]
2o
© £
(Ol
O a
=
T 2
» ©
e
oo
-
L4
S o
o)
£35
>
8-6
C
g<
=)
B o
2w
on £
=29
o c
T
o)
=
S
S
<

NAULT
The Control of Production Externalities

Equations (2) and (6) imply that for firms with older
vintage production technologies

x,(60) > x(¢, 6), 8

and Equations (1) and (4) imply that for firms with

newer vintage production technologies .
x(s, 8) > x,(6). 9)

Recalling the equations for total output under the tax
and subsidy regimes, Lemma 4 provides necessary con-
ditions for the equality of X(#) and X(S, s).

LEMMA 4. The necessary conditions for equality of total
output under given tax and subsidy regimes are (a) the unit
tax is less than the difference between the marginal cost of
treatment and the unit subsidy, (b) a greater proportion of
firms treat their negative externalities under the subsidy re-
gime than under the tax regime, and (c) the firm with the
oldest vintage technology weakly prefers not to treat its neg-
ative externalities.

PrOOF. Condition (a) is equivalent to

< 94(x,6),8) _ ..
oq

This implies x(¢, §) > x(s, 6). Condition (b) is equivalent
to 8(t) < &S, s). Together these conditions imply that
over the interval [8(t), (S, s)] firms produce greater
output under the tax regime. Firms outside this interval
produce greater output under the subsidy regime. Con-
dition (c) is equivalent to 8(S, s) =< 8, This latter condi-
tion is necessary to ensure that the excess production in
[6, 8(1)] under the subsidy versus tax regime can be off-
set by excess production under the tax versus subsidy
regime in the remaining support of 8. O

As well as the levels of t and s, the choice of S under
the subsidy regime directly determines #(S, s). Thus,
through the uniform lump-sum subsidy, it is possible
to control the proportion of firms that participate in the
subsidy regime, and achieve total output equal to a
given tax regime.

't

5.2. Total Damage from Negative Externalities

Turning to externality generation, for a given firm the
amount of negative externality generated is a function
of both output and production technology vintage,
q(x, 8). Directly from the relative output levels (8) and

MANAGEMENT SCIENCE/Vol. 42, No. 3, March 1996

(9), for firms with older vintage production technolo-
gies the relationship between the tax and subsidy re-
gimes for untreated externalities is

9(x,(6), 0) > q(x(8, ), 9),

and for firms with newer vintage production technolo-
gies the relationship between the tax and subsidy re-
gimes for treated externalities is

q4(x(s, 6), 6) > q(x.(8), 6).

Lemma 5 states necessary conditions for the equality of
total damage from negative externalities under a tax re-
gime and under a subsidy regime.

LEMMA 5. The necessary conditions for equality of total
damage from negative externalities under given tax and sub-
sidy regimes are (a) a greater proportion of firms treat their
negative externalities under the subsidy regime than under
the tax regime, and (b) the firm with the oldest vintage tech-
nology weakly prefers not to treat its negative externalities.

PROOF. Condition (a) is equivalent to 8(¢) < 8(S, s).
This condition implies that under the subsidy regime,
firms in the interval [8(t), 8(S, s)] treat their negative
externalities whereas under the tax regime, firms in this
interval do not. Condition (b) is equivalent to 8(S, s)
4. O

Conditions (a) and (b) in Lemma 5 are the same as
conditions (b) and (c) in Lemma 4, respectively. Con-
dition (a) from Lemma 4 is not necessary here because
the additional damage that results from not treating
negative externalities under the tax scheme may out-
weigh damage from the higher output of firms that treat
their negative externalities under the subsidy scheme in
the interval [8(#), 8(S, s)).

5.3. Social Welfare
Social welfare is based on the benefit function

B(*) = CS(X(+)) + PS(-) — w(R.(*), Q(-)),

where the possible arguments, ¢ or S, s, indicate which
regime is in effect. That is, social welfare is the sum of
consumer and producer surplus less the total damage
from negative externalities. The direct effect of either the
tax or subsidy regime is a net transfer, and therefore
does not affect the benefit function. The consumer sur-
plus is a function of total output and its derivative is
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NAULT
The Control of Production Externalities

Cs'(X(+)) > 0.

The producer surplus excluding the payment of taxes
or receipt of subsidies under the two regimes is

1)
PS(t) = J.: I(x(6), 6)f(6)d0

+ f PR(x(t, 6), )f(6)d6;
oo

S.5)
PS(S, s) = r( [PR(x(s, 8), ©)
[}

A3

- C(q(x(s, 9), 6), ©)1f(6)d6 + J:(s )I'I(x,(O), 6)f(6)db.
8,

Compare the factors that determine components of
social welfare across production technology vintages
for the two regimes. For firms with older vintage pro-
duction technologies

x,(0) > x(t,0), q(x,(6),6) > q(x(t,0),60) and
Ii(x,(0), ) > PR(x(t, 6), ),

where the former two inequalities are from the previous
sections and the last inequality is because taxed firms
underproduce. For firms with newer vintage produc-
tion technologies

x(s, 0) > x.(0), q(x(s, 6), 6) > q(x(6), §), and

PR(x(s, 0), ) — C(q(X(Sp 9), 0)1 0 < l'[(x:(O), 0).

The first two inequalities are from the previous sections,
and the latter is because under the subsidy regime the
marginal cost of treatment is partially subsidized and
firms underproduce. Thus, with no further conditions
the subsidy regime favors increased consumer surplus
and increased damage from negative externalities,
which affect social welfare in opposite directions. Pro-
ducer surplus favors neither regime. As a result, there
are no conditions of the type required in Lemmas 4 and
5 to obtain equality of social welfare under a tax regime
and under a subsidy regime. Specifically, there need not
be a larger proportion of firms treating their externali-
ties under the subsidy regime than under the tax re-
gime.
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6. Equality of Two ﬁolicy Objectives
Under the Two Regimes

Lemmas 4 and 5 provide nec&ssary conditions under
which, for a given tax reglme equal levels of output and
damage from negative ext ‘1- alities can be obtained
from a subsidy regime. No suc]h conditions are required
to obtain equality of socxal\w Ifare under the two re-
gimes. We now consider whether levels of two, or all
three, of total output, total d&mage from negative exter-
nalities, and social welfare,}‘lw ich arise under a given
tax regime, can be achieved by a single subsidy regime
simultaneously. ‘, f

For a given tax regime, the subsidy regime that equal-
izes output or equalizes dar age from negative exter-
nalities or equalizes social |welfare is unlikely to be
unique. The function repregentmg the set of subsidies
that yield total out{put equal to that obtained from a
given tax regime, S° (s, t), is implicitly defined by the
condition

¥(S, s; £) = X(S,'8) — X(t) =

Taking total differentials and setting one component of
the subsidy regime to zero glves

0X(S, s)
dy ld8=0 = as S

[x(s, oyt L 2| L nor® g—g]ds, and

0X(S, s)
d‘YIas=o = 35

ds = [xfs, G)f(D)%g

i

3"“' 6) o [0 ~ x B g—i]ds,

where the arguments to 9(5,1 s) are dropped to conserve
space. It is straightforward to show
69 39

q(x(s, 9), 9) =5 >0

so that '

Q

X(S5, s)
oS

_ 9 éx(s, Q
a,—J: 35 f(0)d07> 0.

dy|us=0 = [q(x(s, 0), 6) - + a]ds, where
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NAULT
The Control of Production Externalities

i

The function representing the set of subsidies that
yield total damage from negative externalities equal to
that obtained from a given tax regime, $%(s; t), is im-
plicitly defined by

NS, 5; £) = w(QU(S, 8), QS, 5) — wlQu(8), Q) =
Again, taking total differentials and setting one com-
ponent of the subsidy regime to zero gives

Bu() 0QuS, 8) o . Bu-) BQ(S, 5)
8Q. 05 8Q s

8ul) 0Qu(5,9) ;. Ouwl:) B80S, 5)
6Q, Bs aQ Os

where w(Q.(S, s), Q(S, s)) is represented by w(:). Ex-
panding each differential,

AN gm0 =

ds, and

des-o = dsl

Dlamo = 522 [ 15 ®), DB ——]ds
#5804, 0,070 I 65, and
Moo = 28 [ 1@, D) —-]ds
aaé)[q(x( 0,01 2
r 8q(x(s, 0,0 Bxf%s, ) fo)d 9]

This last differential can be restated as

Ow(-) 8Q.(S, s)
0Q, 068

Sw(+) 8Q(S, s) + Ouw(-)
aQ a5 . 8Q

_ an(x(;'xa)' 6) axgs, 9) £6d8 > 0.

des-o = q(x(sl a)l a)[

+ a]ds, where

Set the magnitude of dS to a multiple of ds, specifi-
cally dS = g(x(s, 8), &) ds. Then

dylis—o = d¥|guo + ads, and (10)
ow(+)
AN asmo = dN|gmo + :;Q ods, (11)

MANAGEMENT SCIENCE/Vol. 42, No. 3, March 1996

indicate the trade-offs for total output and total damage
from negative externalities, respectively, between
changes in S and s, for a given tax regime. If they exist,
both §°(s; ) and S%(s; t) are downward sloping func-
tions.

Having determined the differentials for the main
component of consumer surplus (total output) and for
total damage from negative externalities, we define the
function representing the set of subsidy regimes that
yield equal producer surplus, to that obtained from a
given tax regime, S”(s; ¢), implicitly by

8(S, s; 1) = PS(S, s) — PS(t) = 0.

Ta’king total differentials and setting one component of
the subsidy regime to zero gives
dPS(S, s)

46| 45m0 = 5 ds

= [[PR(x(s, 8, 9) - C(q(x(s, ), 8), O)If(@®) g—g

a9
- (x,(8), H)f(®) 53-] dS, and

8 Ps(s, s)
46| 450 = T
9
= | [PR(x(s, 8), 8) — C(q(x(s, 9), 8), )1f(8) %
f’ [a PR(x(s, 8),8) 8C(q(x(s, 6), ), 6)
+ —
P Ox g
 9a(x(s, 6), 0)] dx(s, 6) f(o) i
. ox
~ @), B @) 99],:5
Let
_ J'a 8 PR(x(s, 8), 6) '
nE Ox e v ’

L

BC(g(x(s, 9),0), 0) 9q(x(s, 6), 6) 0x(s, 9)

N o ] f(63as.

Fromi(4),‘n < 0. Therefore,

R !
d6)asmo = [q(x(s, X)) ?—ir%g—ﬂ + n]ds ;
= dblum + s, 12)
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NAULT
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The function representing the set of subsidy regimes
that yield social welfare equal to that obtained by a
given tax regime, $*(s; t), is implicitly defined by

B(S, s; t) = B(S, s) — B(D.
Taking total differentials and setting one component of

the subsidy regime to zero gives
9B(S, 5)
dﬂlds-o = as S
- X (s, s) 8 PS(S, s)
CS'(X(S, 5)) 35 35 ds
_ 0w(+) 3Qu(S, 5) S — 0ux(+) 8Q(S, 5) ds,

0Q, &5 aQ os
which, by using (10), (11), and (12) is
A8 |asmo0 = CS'(X(S, 5)) A |asmo + d6]uase0 — AN | tsmo.
Similarly,
dBlas=0 = CS'(X(S, 5)) dylas=o + d8|useo — AN asmo.
By substituting,
B as~0 = CS'(X(S, 5)) dy | 4s=0 + CS'(X(S,5)) ads

%) 5 s

oQ
aw(-)
30 a]ds.

+d6|d,..o+1]ds —d)\‘ds-o"

—dBlyot [CS'(X(S, Na+

Because

Ou(-)

aQ °
cannot be signed, it is not possible to determine the
shape of 57(s; t).

The three functions, S°(s; t), S%(s; t), and $™(s; f) are
iso-output, iso-damage, and iso-welfare functions, re-
spectively. Because of the trade-offs between the two
components of the subsidy regime and the restrictions
on the unit subsidy, these iso-objective functions are
each defined only over a limited interval. Define the in-
tervals of these functions as [$%y, 5%in), [%ax, Sinl, and
[smaxs Stinl- Let the intersection of any two of the pre-
vious intervals be [si),, sii], where i, j = {o, d, sw).
Theorem 1 provides our main result for any two objec-
tives.

CSI
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THEOREM 1. The necessary and sufficient condition for a
subsidy regime to produce an equal level of any two objectives
(total output, total damage from negative externalities, and
social welfare) that are obtained under a given tax regime, is
that the two functions descn’bmg the subsidy regimes yielding
each individual objective, mtersect at least once.

PROOF. IfS'(s;#) = Si(s; M in[s,, 51241, then at these
points, the subsidy regime wﬂl produce equal levels of
both objectives as the given tax regime (sufficiency). If
Si(s; t) + S/(s; t) in [siY, s.{,}ﬂ then there can be no such
subsidy reglme (neces51ty)

An example where each Palr of objectives obtained
from a given tax regime are produced by a unique sub-
sidy regime is depicted mlFigure 1. Summarizing the
above insights, for each of two objectives, if the result
from a given tax regime can' be duplicated by a given
subsidy regime, then it is hkely to be duplicated by a
continuum of subsidy regimes. The continuum of sub-

Figure 1 Any Two Policy Objectives from a Given Tax Regime Can Be
Obtained by a Unique Subsidy Regime.

s

S%s:)

)

sW(sn)
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sidy regimes can be characterized as a function in (s, S)
space over a closed interval. The functions for each of
the two objectives (i) may not cross, (ii) may cross once,
or (iii) may cross multiple times, over the intersection
of their intervals. If they do not cross, then it is not pos-
sible to achieve simultaneously the two objectives from
a given tax regime with a subsidy regime. If they cross
once, then there is a unique subsidy regime that can
achieve the results of a given tax regime, and if they
cross multiple times, then there are multiple subsidy
regimes that can achieve the results from the given tax
regime.

Theorem 1 can be trivially extended to state the con-
dition under which a subsidy regime can produce equal
total output, total damage from negative externalities,
and social welfare, as is obtained from a given tax re-
gime. This condition requires that the three functions
intersect at the same point at least once. However, it is
obvious that this is a much stricter requirement than the
condition in Theorem 1.

7. Summary

We have shown that there is a basic equivalence be-
tween taxes and subsidies to control negative produc-
tion externalities, That is, through reasonable conditions
either punishment or reward can be used to achieve
equivalent policy objectives over any one of, or pair of,
total output, total damage from negative externalities,
and social welfare. Symmetry between taxes and sub-
sidies is not required for equivalence and, in fact, our
model takes advantage of the natural asymmetries in-
volving taxation of those not taking action to treat their
externalities in the tax regime, and subsidization of
those who take externality treatment actions under the
subsidy regime.

The mechanics of our model provides policy guid-
ance. From our formulation, under the tax regime all
firms are affected—they either treat their externalities
or are taxed—unlike the subsidy regime where only
treating firms receive the subsidy. This distinction can
impact the perceived equity of a given policy. Our anal-
ysis indicates that under both regimes newer vintage
technology firms treat their externalities (Lemmas 1 and
3). This outcome can be viewed as socially efficient as
these firms have lower costs of externality treatment.
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For those firms that treat their externalities in both re-
gimes and those that do not treat their externalities in
both regimes, the subsidy yields greater output and
greater negative externalities. Thus, at the level of the
firm, subsidies increase production. It follows that to
achieve equivalence in total output or in total damage
from negative externalities requires that the subsidy re-
gime has more firms treating their negative externalities
than a given tax regime. Thus, policy can be chosen
based on the proportion of firms that take treatment ac-
tion. This requirement, however, is not necessary to
achieve equivalence of social welfare between the two
regimes. Finally, we find that there is a continuum of
subsidy regimes that can achieve equivalence with a
given tax regime in any one of our objectives. As a re-
sult, policy makers have the latitude to calibrate the mix
of uniform lump-sum and unit amounts to achieve their
targets.

Our results have several important policy implica-
tions. The first concerns the main alternative eco-
nomic instrument to taxes and subsidies: tradable
permits. Notwithstanding the poor history of tradable
permits in practice, and similar to tradable permits,
our tax and subsidy regimes give firms a choice—
whether to treat their externalities or not. Favoring
subsidies, under a tax regime or under tradable per-
mits, authorities must monitor the entire industry,
whereas under a subsidy regime only the proportion
of the industry that is receiving the subsidies need be
monitored.

The second is that because equivalent policy objec-
tives can be achieved by taxes and subsidies, additional
criteria can be included in policy selection. For example,
because it is difficult politically and administratively to
move from one regime to another, policy continuity
may favor taxes. In addition, trading partners may see
subsidies for externality treatment as production sub-
sidies, also favoring taxes. Alternatively, domestic in-
dustry may view taxes for externality damage as re-
stricting their ability to compete, favoring subsidies.
Moreover, because equivalence between taxes and sub-
sidies does not require that individual firm behavior be
identical under the two regimes, there is considerable
latitude for policy discretion.

The third implication concerns equity and fairness. Ac-
counting for inter-firm differences when employing
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taxes, the unequal application of taxes across firms may
be viewed as inequitable. Moreover, there is the question
of whether it is fair, or even legal, to penalize historical
production technology decisions by applying externality
taxes to established operations, particularly if at the time
of acquisition the production technology was given reg-
ulatory approval. Therefore, subsidy regimes may be fa-
vored because taxes can be viewed as retroactively pe-
nalizing firms with old vintage production technology.?
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