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FOREWORD

The link between energy availability and economic growth has been the
focus of much discussion during the last several dacades. More recently, the
implications of energy conversion for environmental quality also have
received increasing attention. The need to plan fora postpetroleum economy
has provided additional impetus to such studies, since the commercial
energy sources most likely to supply additional energy during the rest of this
century are coal and uranium, both of which have more serious environ-
mental problems. With these considerations in mind, the East-West Environ-
ment and Policy Institute has initated a project on The Environmental
Dimensions of Energy Policies. The major goal of the project is to provide
policymakers with analyses that could be helpful in meeting the twin goals of
energy supplies and a sustainable environment.

An area of high priority in the Asia-Pacific region, and within the project,
has been the analysis of the links between air quality managementand energy
policies. A Workshop on that theme was held at the East-West Center in
March 1980, with participation from nine countries in the region. A paper
dealing with economic aspects of air pollution control was prepared by
Anthony C. Fisher. Participants at the Workshop felt that the information in
the paper would be useful to a wide audience. The Institute requested him
to elaborate on his paper, which he kindly did. We feel that this product
provides valuable insights dealing with issues of economic growth and air
pollution, with the concepts and methods described applicable to other
pollution types.

Dr. Touhqg A. Siddigi
Project Coordinator
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Economic Efficiency

and Air Pollution Control
by
Anthony C. Fisher

ABSTRACT

The question of how to deal with the problem of pollution— whether of the air or of the
water—is controversial. Among the policy instruments available to control pollution are
direct controls and economic incentives, such as taxes and subsidies. The policy instruments
are evaluated and compared from an efficiency perspective, including a look at the Coase
Theorem; the cosi-effectiveness of a tax; a lax versus a subsidy; uniformity, spatial
variation, and the administrative costs of a tax; and a tax versus marketable pollution
permits. The advantages and disedvantages of a tax are compared to the other commonly
suggested alternatives for controlling pollution— private bargaining, direct controls, a
subsidy, and a permit auction system.

The methods available for determining benefits and costs in environmental decision
making are examined also, with discussions of measuring impacts on vegetation and
materials; evaluating impacts on human health; and the direct and indirect estimations of
values.

In addition, a formal mathematical analysis is presented of the conditions required for
economic efficiency in an economy in the presence of pollution Although both the efficiency
analysis and the description of benefit-cost evaluation methods refer o air pollution, the
concepts and methods described are applicable to ather pollution types. Extensive notes and
references are included

INTRODUCTION

Pollution—especially the air pollution associated with the mining, trans-
port, and conversion of fossil fuel—generally is recognized as an important
social problem. The question of how to deal with this problem is, however, a
good deal more controversial. Should governments impose direct controls
on the activities of polluters? Or should they rely on economic incentives,
such as taxes and subsidies? This report looks at these and other policy
instrurnents that have been proposed for dealing with pollution. Forthe most
part, I shall be concerned with the efficiency properties of the alternatives. That
is, can they achieve a balancing of the benefits and costs of pollution control?
And what are the comparative costs of achieving a given degree of control?
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Although a comparative analysis of pollution control instruments is a
major focus of the report, the methods available for determining the
benefits and costs of control also are discussed. And preceding both the
comparative policy analysis and the discussion of benefits and costs is a
somewhat more formal analysis of the conditions required for economic
efficiency in an economy in the presence of pollution.

The plan of the report is as follows: First, a model is developed to
determine the efficiency conditions (I also show how a tax on pollution can be
used to bring them about); second, the advantages and disadvantages of atax
as compared to other commonly suggested alternatives for controlling
pollution—private bargaining, direct controls, a subsidy, and a permit
auction system-—are explored; third, methods for determining benefits and
costs are discussed; and finally, I consider the role of this sort of efficiency, or
benefit-cost, .analysis in environmental decision making.

- Before proceeding with the formal model, it should be noted that it rather
formal, in terms of the mathematical methods used. The reader interested
primarily in the strengths and weaknesses (from the economist’s point of
view) of the alternative control mechanisms, or in how benefits and costs of
control can be estimated, can lightly skim the next section, and move quickly
to the remaining sections where these topics are discussed. The more formal
efficiency analysis is included only to provide a foundation for the later
discussions.

Note also that, although both the example that motivates the efficiency
analysis and the description of methods for evaluating benefits and costs
refer to air pollution, concepts and methods will often be apphcable to other
types of pollution as well.

POLLUTION EXTERNALITIES AND ECONOMIC EFFICIENCY

The analysis will proceed in three steps. We shall derive, first, the
conditions for an efficient allocation of resources in the presence of pollution
externalities; second, the conditions for a market equilibrium; and third, the
taxes required to make the two coincide. Following this, we consider.a
potential difficulty arising from the presence of a kind of nonconvexity. In the
next.section some further difficulties with the tax solution, or at least with
achieving it in practice, are brought out and a number of a]ternatwes
examined.

. The setung-of the problem is as follows: The production ofcommodlues
by firms generates an-air pollution externalicy—let us call it by the old-
fashioned term “smoke”—that, in the aggregate, adversely affects each
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consumer. For convenience, we may think of the smoke generated by each
firm as a factor of production for the firm, in the sense that it can be
substituted for other (costly) inputs, such as labor and capital. Forexample, a
given output can be produced by a process that involves the generation of 10
tons of smoke, or alternatively by one that, through the employment of a
device that caiches the smoke, generates just 5 tons. In either case, the smoke
generated by the activities of all producers constitutes the externality, which
then enters the utility functions of all consumers.

The externality is a pure public gopod—or “bad”; what one person
“consumes” does not affect the amount available for consumpton by
others.' Though pollution is clearly a public good externality in this sense,
equally clear is that it varies-geographically; some areas are more polluted
than others. We might say that the same aggregate emissions enter all ulity
functicns, but the disutility suffered by any consumer depends also in parton
his consumption of land, or in other words, on where he lives.?

Now let us state the problem formally. It is to maximize the utility of any
one individual, subject to the restrictions that no one else is made worse off,
and thar the indicated outputs are feasible. The control variables are the
consumption of each commodity by each individual and the production and
input(including smoke) use by each firm. Itis clearly not realistic to imagine a
planner controlling directly the behavior of such a system down to the level of
the consumption, by consumer j of commodity i. We simply set up. the
problem in this form in order to determine (eventually) the value of a much
less ambitious, and more realistic, control: a tax on pollution that makes a
decentralized competitive equilibrium Pareto-optimal.

The problem, then, is:

maximize
ul (x,,. . ., x, 5) (D
subject o
uf(x”,...,x”,,s)?_u," j=2...m o (2)
fPoue - D )=0, k=1, ..h ...{3)
and '
m A
— L < : .
GEL I T E IR S i=l..on  ...(4)

where u/( ) is individual ;s utility function; x ; is the amount of good or
resource{ consumed by individualj; y |, is the amount of good or resource:
produced (y ,, > 0) or used (y ,, <o & fm &, is the amount of resource i
available, s, |s the smoke emitted by firm k5 = Z5s thc smoke
externality; and f* (*) is firm &’s production function.
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What we have here is clearly a general equilibrium system, particularly if it
is recognized that one of the goods or resources, x, entering individual
utility function can be leisure or labor. Although the analysis of externalities
and optimal taxes has often proceeded in a paruial equilibrium framework,
the general equilibrium approach allows us to take account of important
interdependencies. For example, as noted earlier, the impact of an
externality will depend on the location decisions of individuals. These
decisions and others that may influence the impact, such as whether trees are
planted, or air conditioning is installed, and so on, are in principle part of the
general equilibrium we are modeling. As we shall see later, the potential for
adjustments like these, which would not be picked up in the ordinary
analysis, may be important for policy. Note, however, that the model, as
given.in equations (1) — (4), does not explicitly reflect the interdependence
implied by materials balance considerations.®

The model is also not dynamic. An alternative obviously would be o
extend existing models of resource depletion to reflect environmental costs.
But, in a sense, this is already implicit in those models, and making it explicit
does not add much to our knowledge of the effects of pollution externalities
or how to control them. In my judgment, the problems are essentially those
of static misallocation. This is not to deny that pollution can accumulate—or
be assimilated—over time, or that other dynamic processes might be
relevant—for example, building a stock of control equipment. Interesting
work has in fact been done that goes well beyond simply extending models of
optimal depletion.* Where especially relevant, as for example to a choice
among policy instruments, results will be indicated. But I contnue to feel
that the basic concepts—how do externalities arise; what are their optimal
levels; how can a decenwralized economy be controlled to bring these
about?>—an be elucidated without introducing the more complicated
dynamics.

Now let us briefly indicate the salient features of each equation in our static
general equilibrium model. The thing to note about the objective, consumer
I's utility function, is that it contains an argument, s representing the
externality. This same argument appears in the uulity function of each
consumer, as indicated in (2), the first constraint. This constraint says that the
utility of each consumer other than the one whose utility is being maximized
must be at least equal to some prespecified level (u /" for consumer j). The
second constraint, (3), is the set of production functions. The thing to note
here is that 5}, the smoke emitted by firm &, appears in the firm's production
function, where it is treated in effect as a factor of production. Finally, the
third constraint, (4), is a general equilibrium condition. It says that no more
ofa commodity can be consumed, or a resource used, in the aggregate than is
-available to the economy.
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The objective and constraints can be combined in the Lagrangian expression
L=w()+ E A(w+ui()]+ £ mft) ...9)
j=2 1 =1

n ) m h
+ £ ow;ri— T x;+ X ik)
=] |( i=1 J] ‘=1J k)

Differentiating with respect to the x;;, y ;4, and s, and assuming no corner
solutions, we obtain the first order conditoins for a maximum

Aul —w; =0 alij ...(6)
~uft 4+ w,=0 alik e (N
n:+j§2)§u{ —mfi=0 alk .. (8)

The interestng result here is equaton (8), which tells us that each firm
should emit or employ smoke only .to the point where the ma.lgmal benefit
from doing so, the value of the marginal product of smoke, 1, f‘, . is just equal
to the marginal cost, literally the value of the weighted sum' of marginal
disutilities u' + }: 2)t u/. Since neither the disutilities nor the weights

j=
are observable, however, the result as stated may not be very useful. A lmle
further analysis can yield one that is.

Letx; be a good consumed by everyone. From (6), A] = w,/t,. The value

of the margmal damage from pollution then becomes w, x v /uw. And as is
well known, along an indifference curve between two goods here pollution
and x, , the ratio of marginal utilities '/ &/ = — dx . / ds, the marginal rate
or subsitution beuvecn the two. This leaves us with the value of damage
equal to w, j!‘.( ij/ ds), that is, the value of the x; needed to offset an

increment of pollution. If we further let x; be the numeraire in this system,
then the value of damage is just the amount of x; needed, I(—dx,/ds) . In
any case, the value is at least observable in prmc:ple

Now let us obtain the conditions that characterize a competitive equili-
brium. By making the polluting firms subjea to a tax, we then readily derive
the optumal @x, that is, the tax required to make the compeditive allocation
Pareto-optimal. Almost as a by-product of this analysis we shall derive another
result that sheds some light on an old controversy in the literature,
concerning the compensaton of victims. Many people have argued for
compensation, which presumably could be paid out of the proceeds of the
tax. Others have disagreed, on the grounds that it makes more sense 0 @ax



6 Environment and Policy Institute

the “victim,” since by his acion—moving next to a smoky factory, for
example—he increases the damage done by the smoke, and therefore the tax
paid by the factory owner and, ulimately, the loss to owners of factor and o0
consumers of the factory’s output. What we shall show is that the optimal
compensation is either zero, or a lump sum that does not vary with the
victim’s actions and hence the damage he suffers.

Formally, the consumer’s problem is to maximize his utility subject to a

slightly unusual budget constraint. Expendituresare f_ : px;» wherep,is the

price of x;, and n’ <= Incomeis E plx where x_j 10 x,; are services sold by

n
i=
the consumer (there may be just one labor). To this we add a term, ¥, as
compensation for smoke damage suffered. The budget constraint then takes

the form .' £= . p,.x,)-si ﬁ= p px; + ¢/ or, letting services sold be represented by

negative x ' s,

Il M=

pixi; = U (9
o i=1
* The Lagrangian expression for this problem is

L= wi() + a;(t/ = 3p,x -(10)

i)
Differentiating with respect to the x ;;, and again ignoring corner solutions,

we obtain

ije

ul+afti—p)=0. Y

For the firm, the problem is to maximize profits subject to a production
constraint. The only novel feature in this analysis is that the firm’s profit
function includes a term, ¢, 5, , representing tax payments, at a per unit rate
t ;. for the smoke it emits. '

The Lagrangian expression then is

L = % poyi—tse —BaSr0) ... (12)
i=1

Diﬂ'ef'emia[ing will:l respectto they;, and s, and once again ignoring corner
solutions, we obtain

p,= Bt =0 -+ (13)

and

ty = BJE, = 0. . (14)
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Comparing these conditions, and (11}, to the corresponding ones. for a
Pareto-optimum, (6) — (8}, it is clear that for them to coincide the following
must hold:

b= o, Aj=1/a, By =B, ++ . (15a)
o~ & Aul. ...{15b)

] =2
The interesting results-are in (15b). Looking at the smoke tax, ¢, we see
that it is untform, that is, the same for all firms and just equal to the value of the
marginal damage from smoke at the Pareto-optimal smoke level From our earlier

discussion of an observable expression for this value, the tax can also be
writien as

ts
!

I
'M
|

|
&
!

= Edx,/ds. ... (15¢)

Notice that the tax is not on output It is sometimes suggested that the
output of a good whose marginal social cost diverges from its marginal
private cost, as would be true where smoke or other pollution is involved,
ought to be reduced by means of a tax. Clearly, this is not correct. Itis the
smoke that is taxed optimally and reduced correspondingly, and if possibili-
ties for substitution (away from smoke) in production are good, the effect
on output may be negligible.®

The other result of interest here is that tfl = 0. This tells us that compen-
sation must not vary with changes in the victims’ consumption levels. Specifically, if
they move next to a smoky factory, thereby suffering an increase in smoke
damage, they should neither be compensated for this increase nor taxed to
prevent it. In other words, the compensation is not really compensation, in the sense of a
compensating variation in income. A lump-sum payment can of course be made,
but this would not—indeed, must not—affect the allocation of resources.

Our first result, that a pollution tax ought to be set equal to the marginal
damage from polluton, is generally well understood (apart.from the
confusion about whether the tax applies to the polluting product). Though
most derivations are in a partial equilibrium setting and ours, along with a
few others cited in note 38, is part of a general equilibrium,. the intuition
behind the result seems clear. This is probably less true for the no-
compensation rule. Those who sympathize with pollution victims may be
disturbed, and those who argue that the optimal compensation is in fact
negative, that is, the victims ought to be taxed, may also feel let down.

Let us try 1o indicate why the result makes economic sense.” Consider
an external economy that, like pollution, is also a public good in the sense that
what one individual consumes does not reduce the amount available for
others. Examples (assuming no congestion) might be a bridge crossing, or a
scenic view—-or, if one is fortunate enough to live in the San Francisco Bav
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area, the Golden Gate, which is both. If the external economy is not a gift of
nature but must be produced, the same reasoning that established the
optimality of a tax on a diseconomy suggests a subsidy to the producer.®
What about a charge to the consumers, perhaps to cover the subsidy? Again
assuming no congestion, the optimal charge is clearly zero. The reason is that
any positive charge will lead to a reduction in consumption, when its
marginal social cost is zero.

The case of the external diseconomy is exacdy analagous The producers
should indeed be taxed, but the consumers should not be compensated, or
at least not in proportion to their consumption. By inhaling smoke,
consumer; does not provide a benefit to consumer;’—unless, of course, j’ isa
malevolent individual and derives satisfacion from f’s ill fortune. But
ignoring the possibility of a consumption externality of this type, no compen-
sation is required. Moreover, just as a charge on consumption of the public
good would lead to too litde being consumed, compensation for damages
from the public bad would tend to lead to too much being “consumed.” If
the potential victim were fully compensated for the damage he suffers by
living next to the smoky factory, he would have no incentive to adjust his
consumption behavior to reduce the damage, as for example by moving or
by not locating there in the first place. Note, finally, that negative compen-
sation—a tax—is equally unjustified. The victim absorbs the full social cost of
his decision to live near the factory and needs no additional incentve to look
elsewhere.

One impornant qualification to this discussion is that the public good or
bad externality be excludable, in the sense thatan individual can be excluded
from consumption. Some public goods— national defense comes to mind—
are nonexcludable, and this has sometimes been taken as a defining
characteristic, along with nonrivalry in consumption (what one consumes
does not reduce the amount available for others). 1 have carefully specified
only that pollution exhibits nonrivalry. If it were completely nonexcludable
as well, compensation could be justified. Suppose an individual has no real
option of living away from a polluted area, and there are no other actions he
can take to reduce substantially or eliminate the impact of the pollution.
Then, compensation, which may be desirable for reasons of equity, would
not impair allocative efficiency. The same reasoning of course applies to the
‘external economy. If it were in fact completely nonexcludable, a charge
would not lead to less being consumed; only the distribution of income
would be affected..
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Figure la. Externality, nonconvexity, and multiple cquilibria;

A Qualification: Externality and Nonconvexity

In the introduction. 1 noted a different qualification to the optimal tax
solution, related to the presence of a nonconvexity. The basic difficulty is that
externalities can be associated with nonconvexities in affected preference or
production sets, and these nonconvexities can lead to multiple tax equilibria.
This sounds rather formiable, but 1 think the point can be made fairly simply
with the aid of a diagram and some examples.’

Consider the case of individuals faced with increasing marginal damage
from pollution. As our general equilibrium analysis suggests, they need not °
accept this indefinitely. They may instead take action to protect themselves by
installing some sort of filtering system, for example; or by ceasing to use the
contaminated medium where cthis is possible, as in the case of a polluted
swimming place; or by moving away. '° As a result, the marginal damage falls,
perhaps to zero. The situation is represented in Figure 1a, where a well-
behaved marginal produce, or benefit, of pollution curve is.also shown.

The nonconvexity is introduced by the defensive action taken at the point
where pollution reaches the concentration denoted by s’ in the diagram. At
this point the marginal damage curve drops sharply, to zero. As a result, two
equilibria exist: at point 4, and again at point B, where the marginal benefit
curve reaches zero and again intersects the marginal damage curve, this time
at a much higher concentration. Note that it is not necessary that marginal
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Benefits,
‘Damages

Marginal Damage

Marginal Benefit

e o © 7 Pollution

Figure 1b. Externality, nonconvexity, and multiple equilibria {many parties).

damage drop to zero; it need only fall far enough to intersect the marginal
benefit curve a second time. Further, the drop need not be sharp. Suppose
many individuals are affected, as in our model, and more important, as in
the typical pollution case. Probably they would not all react to the increasing
damage at-precisely the same point, but as increasing numbers did so over
some range of concentrations the sum of marginal damages would begin to
fall. A situation like this, with the potential for a second equilibrium, is
represented in Figure 1b. Note finally that, especially in this case, muluple
equilibria cannot be ruled out.

I suggested earlier that the nonuniqueness resulting from gencra.l
equilibrium adjustments may be important, for policy. To see why, consider
the imposition of a tax set, as in equation (15), equal to marginal damage at
the optimal peint. Suppose the ex ante pollution concentration is at a point
where marginal damage is still rising. On the somewhat simpler Figure la,
this would mean at some s <s'. Then atax ¢*, setas indicated, will clearly lead
to the A equilibrium, where s=s5*. If the ex ante s>s*, the tax is greater than
the marginal benefit and pollution accordingly is reduced. If the ex ante s<s*.
the wax is less than the marginal benefit and pollution is increased. The
equilibrium is ats = s°.

_ Now suppose the ex ante concentration is ats > 5". Here marginal damage
has fallen to zero, and a wax that reflects this must lead to the B equilibrium,
where s = 5*°. For ex ante s between 5" and s** the optimal tax is just zero,
and thus remains below the marginal benefit undl s = s**.

The problem this poses is that a pollution tax, or indeed any policy
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instrument based (appropriately) on marginal efficiency conditions, may
produce an outcome that depends on pollution levels and related adjustments
in force at the time it is imposed. Since damages generally have not been
internalized (though this is changing), adjusunents will have been made that
result in low observed marginal damages. In other words, by consulting
marginal conditions in the neighborhood of the ex ante point, which is
probably all we can do, we are likely to end up at the high pollution B
equilibrium rather than the low polluton A4 equilibrium, This may be
globally optimal, buc the pointis we don’t know. A benefit-cost analysis of the
move from 4 o B, or vice versa, would be required to determine whether the
likely local maximum at B is also a global maximum. The question is whether
(on Figure 1a) the area under the marginal benefit curve from s* to s**
exceeds the area under the marginal damage curve from s® 10 5*#, or, as in
this case where marginal damage falls 10 zero at 5, from s® to 5". The answer
looks easy on paper, but an actual empirical analysis of the move back from B
to 4 could be. very difficult, because one would have to determine what
adjustments had already been made or would be made if pollution loads
were cut back.

POLLUTION CONTROL POLICIES: A COMPARATIVE ANALYSIS

We have just seen that a tax on pollution can lead to an aptimal degree of
control, though the potential for adjustments by victims can make attain-
ment of a global optimum difficult In fact, the other methods we shall
discuss—direct control, subsidy, pollution rights market—{ace the same
difficulty, so this is not necessarily an argument against a tax. Indeed,
there are several advantages to a tax, as compared to those methods. In
this section we shall be concerned primarily with the comparative strengths
and weaknesses of the several alternatives. First, however, we consider a
rather novel challenge to all.. It has been raised by Coase (1960) specifically
against a tax as the wraditional remédy advocated by Pigou, but in fact it
applies to all of the other forms of collective action as well.

The Coase Theorem: A Challenge to Pollution Policy

Coase’s Theorem can be stated simply: with a clear definition of property
rights, tesources will be put to their highést valued {Pareto-optmal) use
without any need for government intervention." What does this have 1o do
with pollution? Consider the case of a factory dumping wastes in a stream
used also as a source of irrigation water by a farm. Suppose the farmer has no
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Figure 2. The Coase Theorem.

protected right to the water, and there is no law against dumping. The farmer
presumably would be willing to pay the factory for each gallon of wastewater
not discharged, as long as the payment is not greater than the marginal
damage. The factory, for its part, would require a payment not less than the
marginal benefit of dumping. The equilibrium payment then results in an
amount of dumping that equates the marginal benefits to the marginal
damage.

Now suppose the farmer enjoys a right to clean water from the stream.
The factory would be willing to pay to discharge each gallon of wastewater as
long as the payment does not exceed the saving. And the farmer would
require a payment at least equal to the damage done by the discharge. Again,
equilibrium comes where the marginal benefit from dumping equals the
marginal damage.

This is shown in a slightly different way in Figure 2, an illustration of the
theorem due to Turvey (1963). If the farmer is not entitled w clean water, he
would be willing to pay, in total, an amount up to ¢+ to secure a reduction in
discharge to 5s*, whereas the factory would cut back to this level for payment
ofanything overd If the farmer does have rights, the factory would be willing
to pay up to a+b for the privilege of discharging s*, and the farmer would
accept the damage for a payment of anything over b.

We have established the following: that the allocation of resources will be
the same regardless of the assignment of property rights; that the allocation
will maximize the value of producton: and that no intervendon by




Economic Efficiency and Air Pollution Control 18

government is required to achieve this result In short, we have established
the Coase Theorem. There are, however, a number of objections that can
be raised to the assumptions needed to obtain this result and which, in my
view, rob the theorem of any practical applicability to pollution problems. A
question arises even as to whether the theorem is correct on its own terms.
In our example the only affected party was the farmer. But stream
pollution ordinarily will affect many parties—other producers, like the
farmer, and perhaps more important, consumers. Recreatonal opportu-
nities will be diminished, there may be public health impacts, and so on.
Thousands or even millions of people could be affected. Coase explicity
assurnes no transaction costs, which is realistic in the two-party setting of his
examples—a rancher whose wandering cattle wrample a farmer’s crops, a
confectioner whose machinery disturbs a doctor in an adjacent office, and so
on. Butin the typical many-party pollution case, the transaction costs will be
prohibitive. All of the affected parties would have to be assembled and asked
what they would be willing to pay or would require in compensation,
depending on the assignment of property rights. Suppose the damage, in the
aggregate, exceeded the benefit to the polluters from a projected increase in
pollution. If the damaged parties did not have the right to clean water, the
costs of geting together and negotiating a payment could be so high that it
would not be done. The stream water would not go to its highest valued use,
nor would this use be independent of the assignment of property rights.
Even if the barrier of transaction costs could be overcome somehow,
another confronts a bargaining solution. Where many parties are involved,
there will be an incentive for each to engage in strategic misrepresentation of
- preferences. Suppose, again, that damages exceed benefits and that the
victims have no rights. Each will have an incentive to understate willingness
to contribute to a bribe to the polluter, on the assumption that one portion
will not appreciably affect the total. Yet, if enough people behave in this
fashion, the total will indeed fali below the amount required to compensate
the polluter, and once again stream water is allocated inefficiendy. In other
words, where the externality is a public good, as pollution normally is, the
conditions required for the theorem to hold are simply not met."
Questions have also been raised as to the validirty of the theorem in a two-
party setting. Let us return t our original example of factory and farm.
Even here there seems to be scope for strategic behavior that would upsetthe
Coasian equilibrium. The factory can claim that its marginal benefit curve, in
Figure 2, is really farther to the right, say through point$. Then the bribe it
can extract from the farmer is increased, by an amount equal to ¢ on the
figure, and a new equilibrium, at s**, is established. If the potental gains
from this sort of behavior were large enough, one can imagine that real
resources would be used (wastefully, from a social point of view) for the
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purpose of establishing a credible threat. The factory might, for example, at
least begin to build a larger-than-needed effluent outfall in order to frighten
the farmer into offering a larger bribe."

Another problem for Coase is the presence of income effects, which can
drive a wedge between the amount an individual is willing to pay for, say,
clean water, and the amount he would require in compensauon for loss of
this good. In our example, and in Coase’s, the two parties are producers, s0
this difficulty is not likely to arise. The loss to the farmer is measured
unambiguously by the loss of output or the cost of obtaining clean water,
whichever is less. But where the damaged party is a consumer—and this, we
have argued, is the more typical case—willingness to pay may differ from
required compensation because the former is constrained by the consumer’s
income. The result is that the assignment of property rights will affect
resource use.'!

In summary, then, it appears that the Coase Theorem fails as a challengc
to pollution control policy involving some form of public intervention. It
does offer an insight into the virtues of the market in dealing with certain
kinds of externalities, but generally not those associated with pollution or
other environmental disruption.

The Cost-Effectiveness of a Tax

Another kind of challenge to a pollution tax comes not from a somewhat
narrow school of academic economists, as in the case of the Coase Theorem,
but instead from noneconomists. The contention is that the information
required to implementa tax—the marginal damage at the optimal pointto all
pollution receivers—is just not available. One implication is that neither a
tax, nor the economic theory on which it rests, is very relevant to practical
attemnpts to deal with pollution. Many economists accep, at least provisionally,
the first part of this criticism, to the effect that we do not know enough about
damage functions to design a tax to achieve full Pareto-optimality. ' But these
same economists have shown how a tax can be used to achieve the more
modest, but still important, objective of cost-effective control.'® That is, for
any desired level of control, a tax will achieve it at least cost. We can view the
problem as one of choosing, through the political process, a desired level of
standard of environmental quality—much as we choose amounts of other
public goods, such as nadonal defense—and then seeking a method to
achieve it at least cost. In whart follows, we show that a tax will do this, and
further that direct controls on emissions, a method favored by many
noneconomists, probably will not. There are, however, some circumstances
in which controls may be superior to a tax, or can usefully supplementit, as
well shall indicate. '
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Our approach in proving the Cost-Minimization Theorem is similar to

the one adopted in the preceding section. We first derive necessary

- conditions for achieving a preselected level of poltution at minimum cost

and then show that the same conditions are satisfied by the decentralized
decisions of polluting firms subject to an appropriate tax.

Formally, the planner’s problem is to minimize the sum of expenditures
on two kinds of inputs—those used to produce conventional goods and
services and those used to control pollution—subject to restrictions on
production, on the relation berween production and pollution, and on
pollution. Previously, we considered pollution as just another factor of
production. This, of course, implied some expenditure on control, since less
pollution meant more of other, costly inputs. Here, however, the expendi-
ture is made explicit in order to obrain an expression for the indicated
pollution tax in terms of the cost of pollution control. While this has some
advantages in interpretation, and in comparing the costs of a tax with those of
other methods, such as direct controls, it sacrifices some detail in modeling
the role of pollution within the firm, as we shall see.”

In symbols, the problem is:

minimize

D5 pir, + AR - .. (16)
subject to

SHoe ) =05 k= 1,..,m ..(17)

EXO. vy) = 5y k=1, ..m ... (18)
and

_kE.vk < %, ... (19)

where r;, is the amount of input ; and v, is the amount of control input v
employed by firm &; p _ is the price of v; y} is the o'utput"of firmk gh()isa
funcidon that relates smoke emissions to levels of output and control for each
firm; 5* is the environmental quality standard; and other symbols are as -
before.

At least a couple of features of this model deserve further explanation.
As indicated in (18), smoke emissions are determined by two things: the level
of output and the input (v) devoted 1o abatementor control. This formulation
is not as rigid as itmay seem, since the control input can be understood rather
broadly as a method or technique for reducing emissions in conjunction with
physical factors like labor and capital. Just one such input is specified for
simplicity without loss of generality. -



16 Environmentr and Policy Institute

A vector of outputs, the y7, is specified because otherwise the problem
is trivial. By having the firms produce nothing, or very liule, the planner
obiviously could minimize costs and sausfy the smoke constraint. Whart we
are interested in are the conditions for minimizing costs associated with any
given output, just as in the ordinary theory of the firm. The outpur actually
selected will presumably depend on demand and on the planner’s, or the
firm’s, objective. We assume only that it is desired to produce the chosen
output at least cost and seek the conditions that will assure this. As before, we
do notsuppose that a planner really can determine input use at the firm level.
We simply pose the problem in order to show how a much less ambitious
approach, the setting of a (uniform) tax, can achieve the same results.

Proceeding with the solution, the Lagrangian expression can be
written— first substituting g * ( +) directly for s, — as

L=22 fry*+3 o0 + INDG - SONHMEEC) =) 20)

Differentiating with respect to the r,, and v, , and assuming no corner
solutions, we obuain the necessary condiuons for a minimum

pi— Mt = 0 ik .2
p,+Agt = 0 alk ... (22)

Now suppose the decisions on inputlevels will be made by the individual
firms. The problem facing each is to minimize the sum of expenditures on
inputs and a pollution tax, subject to the same restrictions on production and
the relation between production and pollution. Note that our results will
apply to imperfectly competitive firms as well, since we may assume they are
interested in keeping costs down, however much they choose to produce.™

The firm’s problem, then, is:
minimize

Ipirath, Uty ... (28)

I
subject to (17) and (18). The Lagrangian expression—again substituting
gt () fors, —is

Lt = Epry+p,u gt () +ayl vy — )] - (24)
where ¢, is the pollution tax. Differentiating with respectto ther,, and v, we
obtain

p—a fr=10  ali ... (25)

and
p. gt = 0. ... (26)
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Comparing these conditions to {21} and (22), it is clear they are the same,
provided the tax ¢, is set equal to A, the shadow price of the pollution
constraint, for all &' X clearly depends on the standard, s*. For full
efficiency, s* would be set where the marginal damage for pollution just
equals the marginal benefit, but this brings us back to the preceding section’s
approach, which we have since suggested is impaired by lack of information
about damages.

Siill, we have shown a great deal. Let us take stock. We have shown that a
uniform tax on polluters (¢, = A, all k) will achieve a preselected standard for
environmental qualiry at minimum cost, provided the tax is set appropriately.
Importanty, the result emerges from the decentralized decisions of the
polluting firms. The central authority need know nothing about the control
options facing each firm in setting the tax, and it need do nothing beyond
setting the tax. On the other hand, to set the tax appropriately the authority
must solve for A, the change in the minimum expenditure on production and
control associated with a small change in the pollution constraint. This is a
kind of aggregate marginal cost of control and in practice might be estimated
from knowiedge of the costs of an “average” polluter.?” Even where this is not
feasible, however, a uniform tax has the desirable property of minimizing the
cost of achieving some quality standard, and doing so in decentralized
fashion.

To see this, consider the expression for the tax implicit in (26). Rewriting
this to make the tax explicit, we have:

t=p,/¢g . {27)

The right hand side (rhs) is the price of the control input divided by its
marginal product, or the marginal cost of control {the minus sign corrects for
the negative g:). Now, suppose the tax required to achieve a given quality
standard, callitg®, where ¢* represents units of pollution abated and is related
inversely to s°, is not known. Instead, a tax is set that will in fact resuit in a
different quality, ¢*°. The marginal cost of control will still be equated across
sources of pollution, because each will push control 1o the point where the
marginal cost equals the common tax. This is shown for two sources with
different control costs in Figure 3. A tax t* will achieve the desired quality
level ¢* at least cost, but a 1ax t** will achieve ¢** at least cost.

The advantage of a tax over direct controls on emissions is easily
demonstrated in this format as well. Suppose the two sources in Figure 3 are
producing the same amount of pollution before the tax or other control.
Now itis desired to achieve a reduction to¢*. One obvious wavio do this is 1o
impose a uniform control on each source: a reduction of ¢*/2. The difficuliv
is that, in general, this will result in violation of the cost-minimizing
equimarginal outcome assured by the tax. As long as marginal costs difler,
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Figure 3. The minimum cost tax.

the cost of achieving ¢* can be reduced by shifting a unit of abatement from
the high-cost source to the low cost. Of course, a uniform reduction, which
could also be stated in percentage terms for sources of different sizes, may
have some appeal on grounds of equity. But it will almost certainly not be
cost-effective. :
Alternatively, the control could be tailored to the individual source to
achieve the standard at least cost, as under the tax. In Figure 3, this would
involve setting a standard of ¢ for source 4, and ¢} for B. The difficulty here

is that the central authority would have to know the control cost functions for
all of the individual sources. Where there are only two, the difficulty may not
be serious—though even in this case, the incentive to misrepresent would be
very strong. And where there are a great many sources, it is just not realistic to
imagine that the central authority could be informed about the types and
costs of options available to each for controlling pollution.

Another advantage that has been claimed for a tax as opposed to direct
controls is that the tax provides a continuing incentive 1o the polluter to cut
back on emissions. No mater how low they already are, cutting back further.
will reduce tax payments. This may be especially imporant in a dynamic
setting, where polluters are encouraged to seek new, low-cost ways of cutting
back.? ‘

A disadvantage of a tax is that extensive monitoring of emissions is
required. Thus far we have tended to ignore the administrative costs of the
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policy alternatives. Yet it is clear, as noneconomists especially have argued-in
their attack on the feasibility of a tax, that the real resource costs of
monitoring could be substantial. -

A first response to this criticism is that it appears o apply to direct
controls, and, for that matuter, to other alternatives such as a subsidy or a
permit system as well. Certainly this is true for controls -on emissions,
whether uniform or individually tailored. Monitoring costs may, however, be
considerably lower for another form of control: a requirement that the
polluter use a particular type of control technology. This is, in fact, a very
popular approach in the management of both air and water quality in the
United States. My feeling is that there is no reason to believe mandated
technology will be cost-effective any more than other controls. Horror stories
of almost perverse inefficiency in specific instances are common knowledge
among students of environmental economics.?? But technology controls do
offer the advantage of reduced monitoring costs, and the trade-off may
occasionally favor their use. I remain somewhat skeptical because the
monitoring costs.may not in fact be reduced all that much. As the history of
mandated control devices on automobiles suggests, continuing inspection
may be required to ensure that the devices are functioning properly, indeed
that they are in place and functioning at all. Prospects are perhaps better in.
otherareas, butitis hard 1o imagine a technology that does notrequire some
monitoring. A fair conclusion here might be that the question of which
approach to pollution control accomplishes a desired degree of control at
least cost, including monitoring cost, is an empirical one. Cases in which
mandating a technology will represent the least-cost alternative conceivably
do exist. :

There are a couple of other situations in which direct controls may
improve on a tax or other policy instrument for protecting the environment.
One is where the desired emission level is zero, as for example with highly
toxic substances. In this situation a simple ban on use may be indicated.”

A second situation favering controls is one of rapid or temporary
variation in desired emission levels, for example, as a consequence of
changing weather pauerns. Taxes, subsidies; and the number of pollution
permits sold can, of course, all be varied to meet changing emission targets.
But this might be impractical over the short periods involved. Changing
prices can be costly, which is presumably one reason why peak or time-of-day
prices are not more widely employed. An in-place tax system, on air
pollution for instance, could be supplemented usefully by direct controls on
emissions in unusual circumstances, such as an atmospheric inversion that
inhibits the dispersal of pollution.*
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Tax Versus Subsidy

With the exception of the cases just discussed, a wax appears generally
superior to direct controls. But a tax is not the only fiscal instrument that can
be used 0 reduce pollution. Some economists have suggested thata subsidy,
or payment to reduce pollution, will work just as well. In its strongest form,
the suggestion is that resource allocation, including the emission of
pollutants, does not depend on the assignment of environmental property
rights. Whether the polluter is in fact paid for the emissions he controls, or
taxed for those he does not, the outcome will be the same. Only the
disturibution of income is affected.

This may sound familiar and indeed has been called a Coasian
position—though Coase considered mainly two-party situations and advo-
cated direct negotiation berween the parties as opposed to government
intervention in the form of either a tax or a subsidy. Still, if we accept the
proposition that some form of intervention is necessary in the typical large-
numbers pollution case, the question of whether tax and subsidy are
equivalent in their allocative effects, and if not, which is superior, seems
legitimate. What I shall show is that they are not equivalent, and that the tax is
superior, though there is a superficially plausible case for equivalence. The
reasoning here is somewhat similar to thatin our earlier analysis of the Coase
Theorem and its application to pollution control.

Before proceeding, I should note that there is another kind of subsidy, one
that is in fact a central feature of U.S. environmental policy. This is payment
of part or all of the cost of pollution control. The payment can be direct, as in
the case of federal grants to municipalities for the construction of wastewater
treatment facilities, or indirect, as in the case of tax credits to firms for
investment in certain types of control equipment. From the point of view of
economic efficiency this kind of subsidy has serious drawbacks. These are
considered after a discussion of the first, or Coasian subsidy.

The Coasian subsidy takes the following form. Starting from a benchmark
level, the polluter is paid for each unit reduction in emissions. If the
benchmark is 5°, actual emissions are 5, and payment is at rate ¢, then the
subsidy is ¢(s® — s). It is easy to see that this is just equivalent to a lump-sum
transfer to the polluter, ts*, coupled to a tax, —ts. Since behavior is
presumably not affected by alump-sum transfer, itappears that the allocative
effects of a tax and a subsidy must be the same. Income distribution is
affected of course by the disposition of the lump sum t5*.

There are, however, at least two distinct difficulties with this result. One
has been discussed already in connection with the Coase Theorem. Since the
size of the lump-sum payment depends on the benchmark emission level,
the polluter, or for that matter the potential polluter, has a strong incentive to
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misrepresent and even misallocate resources to establish a favorable
benchmark. The fundamental difficulty is that the benchmark is set
arbitrarily. Certainly one plausible way to do this— perhaps the only practical
way— is on the basis of previous emission levels. But this creates an incentive
for emissions above even what the firm would find profitable in the absence
of any control for an interim period in which the benchmark is established.
Moreover, setting the benchmark on the basis of observed emissions
penalizes the clean firm, the one that has already installed control equipment
or uses a less polluting process. Itmay be that an appropriate solution can be
devised for determining a benchmark for each and every polluter, or
potental polluter, but this is clearly not a trivial problem.*

A second reason for questioning the symmetry between tax and subsidy
arises when the lump sum is considered more carefully. The difficulty is that,
in the longer run, the lump sum can have an effect on the polluting firm’s
decisions. Because it has an effect on profits, it can influence the firm’s
decision as.to whether to stay in business, or whether to enter a poliuting
business in the first place. Thus, even though a subsidy leads to areduction in
pollution by each polluter, just as a tax does, it wilt tend to increase the
number of polluters and, correspondingly, the total amount of pollution.
Over the longer run, when entry and exit are permitted, the allocative effects
of a subsidy will not be the same as those of a ax.

There is a qualification to this proposition, but it is not likely 1o be
important in practice. Suppose the lump-sum payment is not made
contingent on whether the firm that receives it remains in a polluting
industry. Thatis, the firm would continue to receive the payment even ifitleft
the industry, or shut down completely. Since this component of profit does
not depend on any decision by the firm—even the decision as to whether to
stay in business—the subsidy would nothold the firm in a polluting business.

The reason this is not likely to be important in practice is clear. It
would simply not be feasible. The paymentwould have to go on indefinitely
not only to the polluting firm that leaves the industry or shuts down, but also
to the potential polluter. The objective is to keep firms from staying in or
entering a polluting activity merely to qualify for the subsidy, and this
requires indefinite payments to all in a position to do either.

Let us conclude the discussion of tax versus subsidy by examining briefly a
different kind of subsidy. As noted earlier, current U.S. environmental
policy features a direct or indirect payment by the government of a portion of
the polluter’s conwrol costs. For example, the federal government now pays
75 percent of the construction costs of a municipal waste{water) treatment
plant, up from about 50 percent in previous years. The difficulties with this
arrangement are, first, that construction and operation of a plant s still a losing
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proposition for the municipality, and second, that the choice of control
technology is biased.”

. Unless 100 percent of the cost is paid, construction still entails a loss in
revenue. If those who will benefit from the plant are largely in downstream
jurisdictions, the incentive to build is weakened. Further, the incentive to
operate the plant efficiently, indeed to operate it at all, is similarly weakened,
since operating costs are borne entirely by the municipality. The pointis, this
kind of subsidy does nothing to create incentives for the efficient use of
COmMmMON-property water resources, as a tax or even a Coasian subsidy does.

The second objection to the subsidy as currently constituted is that it
biases the choice of control technology. If capital costs are heavily subsidized.
and operating costs are not, one would expect capital-intensive methods of
waste. treatment to be popular. The resuits can be somewhat perverse.
Current policy provides a subsidy in the form of tax credits to industrial
polluters for the installation of certain types of control equipment. Recovery
recycling of residuals do not.qualify under this heading. Yet, in some cases at
least, recycling represents the least-cost method of waste treatment.

’

Uniformity, Spatial Variation, and the Administrative Costs of a Tax

One of the advantages of a tax, whether designed for optimality or just
cost-effectiveness in pollution conurol, is thatitis uniform. Cosdy discrimina-
tion among polluters is not required to assure the Pareto-optimal or cost-
effective outcome. When comparing a tax to direct controls, for example,we
found thar the same tax imposed on all polluters would lead to a given
reduction in the total amount of pollution at least cost. In other words, the
environmental authority need not tailor the tax 1o each polluter’s individual
circumstances. With direct controls, on the other hand, quotas would have 1o
be determined based on individual control cast functions. The low admin-
istrative costs of a tax, in this respect, are one of its auractive features— though
as we also saw in the comparison with direct conrrols, the costs ofmoni[oring
can be substantial.

Buc there is a problem with the uniform tax solution that casts doubt on
the claim of low administrative costs. Consider two sources of pollution, one
in an area where the capacity of the ambient environment o disperse or-
assimilate emissions is high, the other in an area where it is low. Should
emissions from each really be taxed at the same rate? Intuitively, it seems the
answer is no. The tax ought to be higher where emissions contribute more 1o
pollution, to discourage polluters from locating there. This can’in fact be
demonstrated more formally, as 1 now show in the framework of our model
of a cost-minimizing tax.
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The only assumption in the model .that needs to be changed is that
emissions from individual sources are added together to produce “pollution.”
Instead, we shall assume that pollution is a function, not necessarily linear, of
individual emissions. That s, where we previously defined pollution as
aggregate emissions, X s, let us now define it as a function, @(s,,. . ., 5,), of
individual emissions. We require only that emissions by each firm contribute
positively to pollution, that is, that 8¢/d5,> 0, all & Again, the point of this
formulation is chat iz allows us to take account of differences a.mong sources
in the contribution of their emissions to pollution. :

Constraint (19) now becomes

D5y . 5,) S5° {19y
and the necessary conditon (22) becomes h
P, + Aphgt =0 . _ 22y

The other necessary conditions, including (26), are not affected, so that the

tax on firm 4, ¢, must be setequal to 4\¢gk, which is obviously not the same in

general as the tax on firm &', t , =A@ k'. The 1ax on emissions by each source,

in other words, is no longer uniform, and is instead weighted by the
contribution of emissions by that source, ¢ £, to pollution.?

How significant is this modification to the comparative assessment of
pollution taxes? Clearly, if there are a large number of sources in a region,
and something like our ¢ % term must be assessed for each, a 1ax loses some
of its appeal. A practical solution to the dilemma might be to make a fairly
broad cut at discriminating among sourcés. In the simplest case, for
example, just two classes of sources might be defined—those characterized
by high assimilative capacity of the receiving medium, and those characterized
by low—and a uniform tax set within each. The study of taxes versus direct
controls on water pollution in the Delaware estuary (note 16) represents a
considerably more ambitious approach, in that it also distinguishes between
a uniform tax and one that varies by zone, for some 30 different zones. The
additional flexibility introduced by this variation does have an impact on
control costs, though the major impact is still produced by the move from
uniform direct controls (equal percentage reductions) to a uniform tax. In
other words, fairly substantial spaual differentiation appears to be computa-
tionally feasible and would yield a savings in control costs but even withput
this a tax is much superlor to direct controls.

Note that we are in any case not talking about evaluating the damages from
pollution, or indeed even determining them. The environmental authority
would only need to know something of the influence of emissions from each
source on aggregate pollution levels. Moreover, to the extent this informa-
tion must be taken into account in setting a tax, it is equally relevant in
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determining the values of other policy instruments, such as direct controls or
a subsidy. The case for a tax, then, does not appear to be seriously weakened
by the complications introduced by spatial variation. A uniform tax still leads
1o substantal savings (if the Delaware study is at all representative), further
savings can be had by varying the tax in a realistic way, and the complications
are, in any case, complications for the use of other instruments as well.

Still another such instrument, the sale of pollution permits or rights, is
sometimes advocated as being superior to a tax on several grounds, including
the ability to deal with spatial variation. In the remainder of this section, 1
consider the relative merits of tax and pollution rights schemes.

Tax Versus Pollution Rights: Price Versus Quantity Rationing

In principle, a tax and a rights auction oughttolead to the sameresult. The
tax is set to cut emissions to some desired level, whereas the auction sells rights
to produce the same emissions. In either case, polluters have an incentive to
pursue controls to the point where the cost reaches the price they would pay
for polluting. But a number of economists have suggested that the rights
auction might have some advantages in practice.”

One alleged advantage, as just indicated, is a superior ability to deal with
spatial variaton. The idea is that fewer permits would be auctioned in “bad”
areas. Alternatively, of course, the tax could be set higher in such areas, but
Baumol and Oates (1979) argue that this sort of discrimination would be
politically difficult. Note that both the number of permits and the tax could
also be manipulated to shift the time distribution of emissions. I suggested
earlier that this would not be practical for short periods, such as those
associated with atmospheric inversions. But for longer periods, such as a
season, it might well be. In any event, I find it difficult to choose between tax
and auction on the basis of the political difficulty of spatial variadon. Perhaps
Baumol and Oates are right, but it is not clear to me why, if polluters are going
to complain about paying a higher tax price than their competitors in other
areas, they will not complain about being offered fewer rights.

Another alleged advantage of an auction is its superior ability to achieve
the desired. degree of control. We saw earlier that, to achieve this, the
environmental authority must know something of the aggregate control cost
furiction. Where this knowledge is lacking, there is the risk that the target will
not be achieved, in particular that oo much pollution will result The
situation is represented in Figure 4. Suppose the target is ¢°. If the
environmental authority believes marginal control cost are approximately
MC,, the appropriate tax is ¢,. Butif marginal control costs are really more like
MC,, then only ¢’ < ¢° will be achieved. Baumol and Oates suggest this is one
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Benefits,
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Figure 4. Tax and standard compared.

reason why taxes, though recommended persistently by economists, are
viewed with skepticism by policymakers. Of course, a tax is not set in

- concrete. Ifitdoes not achieve the desired objective, it can be moved around
until it does. Siill, changing the tax, espectally raising it, could be politically
difficult, and there is also the question of ex ante and ex post control costs. The
initial tax presumably will lead to investments in control. Once these
investments are in place, the cost of adjusting them in response to a change in
the tax could be substantial.®

The skepticism of policymakers—and some economists—may be well
founded, then. On the other hand, setting a standard and sticking by it carries
a risk of its own. The costs of compliance could reach unaccepiable levels.
This possibility is also illustrated in Figure'4. Suppose, again, the target is ¢*,
set because the environmental authority believes marginal control costs are
in the neighborhood of MC . If they are really nearer MC,, achieving the target
will entail substandally higher costs, which may imply unacceptable sacrifices
of other social objectives.*

It appears, then, that either a tax or a standard can be set, and with either
one society runs the risk of much larger than anticipated losses in environ-
mental amenities or other goods and services. The source of the difficulty.
along with the control cost uncertainty, is that neither tax nor standard is sci
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with regard to the relationship between costs and benefits in the framework
we have adopted. It follows that some knowledge of benefits may be helpful.
The question is, what kind of (imperfect) knowledge can in fact be helpful?

Suppose we have reason o believe -that marginal damages from the
pollution in question rise sharply at some point, or, in other words, that
marginal benefits from control fall sharply. Then the marginal benefit curve
would look very. much like MB, in Figure 4, which becomes inelastic at
around ¢®. In this ¢ase, the envnronmental authority ought to auction off
rights just sufficent to-attain ¢°, rather than take a chance on a tax that could
lead to an inefficienitly low level of envirénmental quality, if control costs
have been underestimaied. On the figure, tax ¢, based on a cost {under)
estimate of MC, results in large losses, as measured by the area between
curves MB, and MC, from ¢' to ¢°.

Now suppose the'marginal benefit function is believed 10 be quite elastic,
like MB, in the figure. Again estimating control costs as MC,, the environ-
mental authority sets a standard ¢®. If costs are really MC,, losses are once
again incurred, measured by the area between curves MC, and MB, fromgq'to
g°. This time, however, the losses result not from too much pollunon rather
from “too0 litde,” in the sense that more is being spent on control than it is
worth.

To sum up, where the marginal control cost curve is uncertain, knowledge
of the shape of the marginal benefit curve can be helpful in choosing between
a pollution tax and a standard-and-auction approach to avoid the risk of large
efficiency losses. An inelastic benefit curve would favor a standard, which it
rescmbles, whereas an elastic curve would favor a tax, which it resembles.

Whether it is realistic to expect that an environmental body will have at its

- disposal even the limited knowledge of benefits called for in this approach, I
do not know. But in view of the potential for very large losses if it does not,
research to determine whether, or where, benefit curves exhibit sharp drops
(or damage curves sharp rises) similarly has a potential for a large payoff.
Lacking such knowledge, the choice of tax or standard mightsimply be based
on avoiding what appears to the decision maker to be the larger risk. Where
there is concern that environmental quality reach at least a certain minimal
level, for example, the standard-and-auction approach seems indicated.
Where the concern is more for the possibly excessive costs of reaching a
standard, on the other hand, a tax is appropriate.

Thus far, a case has not been made, in my judgmen, for the general
superiority of a pollution rights auction to a tax. Either mlght be varied for
cost-effectiveness, where time and politics permit. And uncertainty about
control costs can cut in favor of either one, depending, as we have just seen,
on the nature of benefits. But two considerations from outside the realm of
static efficiency analysis do seem to pose special difficulties for a tax.*
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In a growing economy, tax rates would have to be adjusted frequentdy to
maintain a desired quality of the environment. With a rights market, the price
of a right to pollute would rise automatically, that is, without government
intervention. As the demand for rights increases, this shouid be reflected in a
higher price, justas for other scarce resources. A tax can be adjusted to reflect
this, but the point is that the rights market will do so automatically.

A closely related argument concerns the effect of inflation on environ-
mental quality under the two regimes. Again, without frequentadjustment of
rates, quality will be eroded inadvertenty under a tax. A permit system,
however, would maintain quality, while the price of a permit or right simply
shares in the general inflationary rise. In a dynamic setting, then, where
growth and inflation may be significant, a rights auction is likely to do a better
job of protecting the environment than a tax. Still, we probably should not
overlook entirely the advantage of a tax in holding the line on costs.

POLLUTION DAMAGES AND CONTROL COSTS

In order to use effectively any of the instruments for pollution control
that we have just described, something of the damage done by pollution must
be known. And the more ambitious the target, the more must be known. This
section is about methods for assessing damages, or, as we should putit where
a change for the better is under consideration, the benefits of control.
Some attention is also given to the relatively more straighdorward, though suill
challenging, problem of assessing the costs of control. Rather than simply
presenting a bewildering variety of results from literally hundreds of very
diverse empirical studies, 1 shall stress some of the more important and
interesting theoretical issues that arise in the formulation and interpretation
of these studies. Some key results are also presented. The discussion will be
especially relevant to air pollution, because the theory and practice of
damage estimation has been mainly directed to this. It should be obvious, as
we go along, where the discussion applies also to other types of pollution, or
related disamenities such as noise.

Damage Estimation

To understand how damages are estimated, it will be helpful to place
them ina larger framework. This is done in Figure 5. Starting on the left on
the figure, the pattern of economic activity in a region leads to a pattern of
residuals discharge— so many tons of particulates emitted to the atmosphere,
so many gallons of raw or treated sewage dumped into streams, and so on.*
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Economic Emissions Ambient Damages Costs _
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Figure 5.’ Steps in going from activity to costs.

These waste residuals move through the receiving medium, possibly under-
going some physical or chemical transformation in the process, and appear
in concentrations varying with the time and distance from the source of the
discharge.** Ambient concentrations in turn produce physncal damages—
crop loss, increased human deaths, and so on.*

Our problem is to evaluate the damages. One way to do this is obviously
to first determine the physical magnitudes and them impute a value to each.
An alternative, somewhat neater way, if it can be done, is to infer values
directly from pollutant concentrations. This avoids the risk, in the first
method, of failing to capture all of the separate effects. For example, some of
the disutility of pollution is clearly aesthetic. Yet the aesthetic damage is hard
to.measure. What are the appropriate units? Alternatively, aesthetic damage
will be reflected in the value of a location-specific private good, such as a
house in a-polluted area. Other things equal, we would expect a house in a
polluted area to- sell for less than one in an unpolluted area, and the
difference is just the value of damage, inlcuding aesthetic damage.

Actually assessing values is more complicated than this suggests and will
ordinarily require a combination of methods. In the current, fairly primitive
state of our knowledge, it appears that some effects, such as aesthetic losses,
and perhaps materials and some vegetation damage, can be better evaluated
by means of a sophisticated version of the comparison of property values just
described. Risks to human health, on the other hand, may not be captured in
this fashion, at least in part because the risks are not accurately perceived. A
separate assessment of health damage would be required. o

In summary, then, there are two methods of evaluating damages. The
first, a two-step method, first measures separate physical effects of pollution
and then imputes a value to each. The second estimates a relationship
directly bérween ambient concentrations and a measure of value, ordinarily
residential property value. I shall discuss each briefly.¥
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Measurement of Damages, Imputation of Values:
Impacts on Vegetation and Materials

In principle, valuation of nonhuman impacts, such as those on livestack,
crops, commercial marine life, and so on, seemns straightforward. The
observed loss in units of biomass is simply multiplied by the per unit price 1o
obuin a measure of value. Something like this has indeed been done in
countless studies of local impacts of particular pollutants, and the results may
be reasonably accurate. There are pitfalls even here, however, suggested by
economic and econometric theory. :

In the first place, how is the loss “observed”? Two methods are available:
statistical field study, in which actual crop yields, say, are statistically related
to a variety of influences including differences in pollutant concentratons; and
controlled dose-response experiments, in which the effectof a substanceona
laboratory specimen is. studied. An obvious difficulty with the statistical
approach is the presence of other influences on yield. Suppose one or more
of these is related also to pollution. If they are left out of the regression
equation, the estimated relationship between pollution and yield will be
biased. If they are included, all the estimated coefficients are tainted by
multicollinearity, which reduces the likelihood that precise estimates of the
effects of particular pollutants”will be identified. It is also.difficult to
disentangle the effects of different types of pollution, some of which tend to
appear in concert, and which may act synergistically.

Another pitfall in interpreting the statistical results is suggested by our
theoretical analysis of the general equilibrium adjustments to pollution. For
example, instead of suffering heavy crop damage, a farmer might plantaless
valuable, but more pollution-resistant strain, and in so doing limit the
damage. The real loss from pollution in this case is the reduction in new crop
yield plus the difference in value between old and new crops, but only the
former would tend to be captured in the stacistical analysis.*

Fortunately, in the case of nonhuman impacts, such potenua.lly in-
complete or biased results can be supplemented by laboratory experiment.
Thus, damage to the original crop could be studied in a controlled.
environment. But note that this would tend 10 produce an overestimate of the
loss from pollution, since possibilities for defensive adjustments are ignored.

Whether biomass and materials losses are estimated from statistical field
studies or dose-response experiments, or perhaps, best of all, from a mixture
of both, the problem of imputing values remains. Although market price is_
the obvious measure, at least a couple of rather subde pitfalls must be
avoided. One is the effect of a pollution-induced quantity change on price. If,
the quantity change is substantial, and demand is inelastic, market price
could be affected. Further, in a general equilibrium system other prices will
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in turn be affected— for commodities related in consumption, and for factors
of producdon. This is a potendally troublesome issue, since the price changes
imply in each case changes in consumers’ or producers’ surpluses. Clearly,
the researcher must hope price effects can be safely ignored, and some
evidence suggests they can.* .

A different problem is presented by effects of pollution other than simple
reductions-in yield. Substantial evidence exists that both the quality of
crops is also changed, generally for the worse, and that vegetation is made
more susceptible to damage by insects and disease. The compounding effect
probably cannot be ignored. A study by the Stanford Research Institute
(1978) estimates the value of annual damage to vegetation from air poilution
in the United States at US$134 million, but another study suggests that taking
the indirect damages into account would put the figure at more than US$1
billion.**

. Itappears, then, that even the relatively straightforward task of valuing the
nonhuman impacts of pollution must proceed with a great deal of care, with
an eye on pitfalls suggested by economic and statistical theory. In saying this,
I certainly do not wish to give the impression that results obtained to date are
not significant. On the contrary, taken together, the hundreds of statistical
and experimental studies clearly document large and costly impacts on
vegetation, on (commercial) marine life, on materials, and so on. But
challenging theoretical issues must be faced in refining and interpreting the
results. My impression is that actual damages are probably substantially
greater than even the studies suggest, for two reasons. First, theywould tend to
be based on postadjustment, high-pollution equilibria, where the bulk of the
damage may be invisible. Second, many of the effects of pollution, including
synergistic effects such as lowering the resistance of vegetation to pest attack,
are not yet well understood.

Evaluating impacts on Human Health

‘Lack of knowledge is a problem especially for a class of effects we have
not yet discussed —effects on human health. Measurement and evaluation
here run into all of the difficulties already noted, and then some. For
example, one reason it is hard to estimate the effect of pollution on
human health is that controlled experiments cannot be carried out in the
same way they can on plants or mice. The researcher must then rely almost
exclusively on statistical regression analyses of public health data. There has
been a great deal of work in this area, probably the best known (to
economists, at least) being the careful and comprehensive statistical analyses
of the relationship between air pollution and human health by Lave and
Seskin (1970, 1977). The results are not free of controversy, but I think itis fair
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to say that Lave and Seskin, and others, have demenstrated that there is a
relationship between the main stationary source pollutants, sulfates and
particulates, and human morality rates.*!

But the most difficult aspect of evaluating the damage done by pollution
to human health is not determining the extent of the damage. Rather, itis
imputing a value. For impacts on commercial plant and animal species, and
on materials, market prices can serve as measures of value, subject to the
qualifications noted. When it comes to evaluating changes in human
mortality rates, however, the researcher is confronted with the lack of a
measure of value, a willingness to pay analogous to the price for a bushel of
wheat or a pound of shrimp. A number of indirect methods for valuing lives
have accordingly been suggested. In my judgment none is entrely satis-
factory, but let us briefly review them.

At the outset, it ought 1o be clear that we are talking “staustical” life, as
opposed 1o the life of a known individual. Obviously I would be willing to pay
(if 1 had it) an infinite amount to prevent my certain loss of life tomorrow. And
there is considerable evidence that society is similarly willing to go to
enormous expense to save or prolong the life of a known individual. But
this is not germane to the evaluation of pollution damages. . What is to0 be
evaluted in this case is not the certain loss of life of a known individual, but
rather a relatively modest increase in the probability of loss of life for each
individual member of a larger population at risk: in short, statistical life. It is
clear that individuals and governments routinely make choices that involve
trading off money, time, or other goods for small changes in the probability
of loss of life. The methods we shall discuss seek in one way or another to
infer, from these trade-offs, the value of statistical life.

A commonly suggested source of information abourt this value is
expenditure on public programs to save lives. From data on expenditures
and lives saved itis possible to calculate the expenditure per life saved, which
might be assumed the value attached by society to a statistical life. There are
problems, however. Most important, the procedure is circular. The relevant
value, instead of being determined by analytical methods and then given o
the political process, to use as it chooses in assessing and deciding on
programs, is itself extracted from the political process. Thus, one is simply
looking at the outcomes of past decisions and feeding them back into current
assessment. Not surprisingly, since the decisions generally have not reflected
any sort of optimization, a very wide range of values (expenditures per life
saved) has been observed, spanning three orders of magnitude (see Table 1).*

On the other hand, in the few cases where publicagencies have adopted an
explicit benefit-cost framework for making these decisions, the values are just
those calculated by other methods, so here wo, inferring value from the
political process is circular.*
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Table 1. Estimates from Assorted Sources for the Value of ‘Saving a Statistical
Life and Averting Associated Illness and Disability

Estimated Value

Source of Evidence- (USS$ thousands) Reference

Humah capital
- Discounted future earnings
plus toral medical costs . 389
Surveys '
Willingness 1o pay for emergency
coronary'care 28-43
Willingness to pay for flight
- on-airline with better safery.
record 5,000
Political process
" Office of Science and Technology 140
National Academy of Sciences 200
Federal Highway Administration 250
National Highway Traffic Safety
Administration 287
" U.S. Air Force 270-4,500
* Occupational Safery and Health
-+ Administration 1,900-625,000
Consumer Product Safery
, Commission 240-1,%20
Labor Market
Extra wages of workers in risky *
- - accupations 186-260
Extra wages of workers.in risky
. i4nd,ustries 1,500-5,000
Exwra wages for underground
miners ' 68-318
' Hazard pay for pilots 161
Other evidences
. Seat belts and time preference 160-551

Cooper and Rice (1976)

Acton {1973)

Jones-Lee (1976)

U.S. OST (1972)
NAS (1974)
Hapgood (1979)

Hapgood (1979)
Usher (1978)

- Bailey (1978)

Bailey (1978)

Thaler and Rosen (1975)
R.S. Smith (1974 and 1976)
Usher (1973)

Usher (1978)

Blomaquist (1977)

SOURCE: Hamilon (1979).
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Perhaps the most common approach, and the one in fact taken by Lave and
Seskin in valuing their estimated health effects, is the “human capital”
approach. The idea s that the death of an individual causes losses to society in
the form of both medical costs and foregone future contributions to the
national product, the laner measured by the individual’s wage or salary. One
difficulty with this approach is its failure to capture losses in the form of pain
and suffering, by the affected individual and those who care for him. The failure
is pardcularly serious where the individual is not in the labor force.

A more basic difficulty is that foregone earnings do not provide informa-
tion about what an individual would be willing o pay to obtain a given
reduction in the probability of death, which is after all what we are interested in.
For example, suppose 1 am offered a safer widget, one that will reduce the
probability of my suffering a fatal accident during its use from, say, 0.01 to
0.0001, that is, by a factor of 100. The human capital approach implies that I
would be willing to'l percent of the present value of my future earnings for this
opportuniry. Yet, I might, depending on” my preferences, be willing to pay a
good deal more than this.# The human capial approach thus appears to be
conservative, likely to underestimate the value of statistical life. It may be useful,
as a lower bound, where no beuer information is available. -

Ifwillingness to pay is the measure of value, why can’t we simply ask people
what they would be willing to pay for a product or program carrying a specified
reduction in probability of loss of life? I am aware of three or four such surveys,
and results vary widely (see Table 1). There are, in additon, the usual reasons
for concern about the accuracy of responses to hypothetcal questions, and
about distortions due to strategic behavior by the respondents.

The final approach I shall discuss also focuses, correctly, on willingness to
pay, but on the basis of observed behavior generally in the labor market. People
routinely make choices about jobs carrying different degrees of risk. This
approach seeks to infer the value attached to an increment of risk of loss of life
from the resuling pauern of wage differences. The method used is statistical
regression analysis of wages on a variety of influences, such as age, education,
region, and of course degree of risk The estimated risk coeflicient then gives a
measure of the extra compensation required for the individual to bear extra
risk, or his willingness to pay for reduced risk.**

In principle, this is an appropriate method for valuing impacts on health,
because it seeks the right value—willingness to pay for a reducdon in risk—and
does so on the basis of observed behavior. In practice, there are a number of
difficulties. In the first place, much of the modern theory of the labor market
questons the assumptons of perfect mobility and of perfect competition
required for observed wage differences to reflect faithfully auitudes toward risk.
For example, if mobility is restricted, wages will not be bid up to attract or hold
workers to a risky job.
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Second, the wrong attitudes may be reflected, for purposes:of evaluating
effects of pollution on health. People who take risky jobs probably do require
some compensation for bearing the extra risk, but less than the average person
affected by pollution would require for bearing the same risk from the
pollution. The risk in a risky job is often quite glamorous, but there is nothing
glamorous about the risk of sickening and dying from air pollution. Again,
observed wage differences would underestimate willingness o pay for a
reduction in risk from pollution.

Finally, it must be assumed that workers correctly perceive risks. For
example, with risks of latent development of cancers from prolonged exposure
to certain industrial materials only now coming to lighy, it is notlikely that they
have been accurately perceived by the workers. For this reason too, wage
differences would underestimate the value of statistical life. Misperception of
risk could, of course, cut in either direction; workers might be unduly
concerned about the risk of exposure to a substance that they would in fact be

“effectively shielded from, or that would turn out to be relatively harmless.

In raising these questions about the labor market approach, I do not wish
to deny its potential usefulness. Again, 1believe itis appropriate in principle.
But it needs to be used with care, and with an eye on qualifications suggested
by labor market theory. For example, wage-risk differences within occupations
probably would be superior to differences between occupations, since the
former are not impaired by restrictions on mobility.*

Some esumates of the value of statistical life from one or another kind of
labor market evidence are presented in Table 1, along with the human capital
and government expenditure estimates. Note also an estimate based, correctly,
on observed willingness to pay for reduced risk in a different situadon. In Table
2, a few estimates of the value of pollution damages are presented. Note that
since the damage to health is valued on the basis of the human capital method,
the figures in the table are lower bounds.

Discussion of Empirical Results

A number of tentative conclusions can be drawn from the results
reported in both tables. With respect to the value of statistical life (Table 1),
the human capital value does indeed generally fall below the value estimated
from laber market and other observed behavior. One would, therefore,
certainly not be guilty of overvaluing life in employing the human capital
figure. Further, since even the labor market figures tend to be biased
downward, they are probably preferable, as furnishing a tighter lower bound
on the true value. A commonly suggested central tendency for the labor
market value is in the neighborhood of US$300,000 (1979 dollars). The
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Table 2. Selected Estimates of U.S. Air and Water Pollution Damages

sl

Type of Damage Value {Annual US$billions) Source
Stationary source air $10.8 ($4.3 health, $1.1 waddell (1974) for U.S.
pollution . materials, $5.4 aesthetics Environmental Protecuon
and soiling.) Agency
Automotive air 5 National Academy of
pollution Sciences (1974)
Air pollution: health 16.1 (1973) Lave and Seskin (1977)

benefits of 58% abatement
of particulates, 38%
abatement of sulfates,
consistent with 1979
compliance with 1970
Clean Air Act Amendments

Air polluton damage 2.9 Heintz, Hershaft, and Horak
to vegetation {1976) for U.S. Environ-
mental Protecdon Agency

Water pollution: 5.5 by 1985 National Commission on
benefits of Clean Water Water Quality (1976)
Act Amendments of 1972 .
Water pollution 10.1 (60% due 10 loss of Heintz, Hershaft, and Horak
recreation opportunities, (1976) for U.S. Environ-
17% due to production mental Protection Agency
losses)

results in Table 2 are very sketchy. The health damages are probably more
firmly established and a good deal larger—even though they are under-
estimates—than damages to vegetation or structures. Note also thac adjust-
ments for inflation would increase all figures somewhat.

An interesting question, in view of the motivation for this whole
discussion, is whether the calculated values tell us anything about pollution
control policies. Specifically, we might ask whether suggested ambient
standards for particular pollutants are justified on efficiency grounds. To
answer this, we of course need 10 know something of the costs of auaining the
standards. In one case at least, that of air pollution from sulfates and
particulates, there appears to be sufficient informaton about both costs and
benefits. Lave and Seskin use U.S. Environmental Protection Agency
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estimates of the costs and come up with a total in the neighborhood of US$9.5
billion (1973 dollars). This is compared to their estimate of US$16.1 billionin
benefits, again in 1973 dollars, from the same standards. The standards are
justified, then, in a rough way, especially if we bear in mind that only health
benefis have been included, and probably conservatively. Further calcula-
tons would be required to determine “optimal” standards, those that would
result in marginal benefits just equal to marginal costs.

Direct Estimation of Values; Pollution and Property Values

An alternative to the two-step, piecemeal approach to estimating values
is to estimate them directly as a function of differences in ambient
concentrations. As noted earlier in this section, this is normally done by
relating differences in land or property values to differences in air pollution
levels. Well over a dozen studies of this type have been carried out over the
last decade.*” Results are hard to characterize with precision, because quite
different measures of the key variables, pollution and property values, have
been used, and the data are drawn from different times and places.* Butitis
probably fair to say that the existence of a relationship between air pollution
and residendal property values, at least, has been demonstrared.*

One of the potentially very attractive features of this approach is that, in
principle, itcaptures all of the separate effects of pollution—on aesthetics,
on health, on materials, and so on. As noted earlier, however, it seems
doubtful that health-effects, at least, are reflected in residenual property
values, because they probably have not been accurately perceived.

Another difficulty, which this approach shares with all of the examples of
statistical estimation we have discussed, is the presence of other variables that
may bias the estimate. Clearly, land values are affected by a variety of factors
aside from pollution. And we cannot look to experimental data to disentangle
all the effects of pollution, as we can, for example, when attempting to infer its
effect on, say, crop yields.

But there is a positive side to the story, which deserves further discussmn
here because it is both-impertant and special to the property-value method.
Researchers believed originally that, to estimate the damages from pollution—
or as we shall say here in conformity with the literature, the benefits from a
reduction in pollution—the change in property values that would result from
the reduction would have to be predicted. If correc, this raises the question
of how to account for general equilibrium adjusiments to property values
everywhere in the system. Even assuming no prices were affected outside the
area experiencing the reduction, as could be the case if the area were
sufficiently small, the supply of low-pollution sites would have increased, and
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Figure 6. Compensating variation measure of the value of an environmental
improvement.

the price of such sites presumably decreased. And, if outside prices were
affected, demand for the improved sites would also shift, influencing price in
an undetermined direction. -

Fortunately, it can be shown that prediction of a new set of property
values—even for the directly affected sites—is not required to estimate
benefits.* There is sufficient information in the existing property-value-
pollution relationship to infer a correct, compensating variation measure of
the benefits of an improvement. We show this by proceeding indirectly,
through the relationship between income and a reduction in pollution, oran
improvement in environmental quality.

Figure 6 displays a consumer’s indifference curve . for a numeraire,
income net of land rent (where rentis the amount paid per period for the site,
a flow measure related to the site’s capital value by an appropriate discount
factor), and environmental quality. The numeraire represents an aggregate
private good. For a marginal change in quality, dg, the compensating
variation is the change in net income, dm, which would keep the consumeron
the same indifference curve: For a sufficiendy small change, this is approxi-
mately by the slope of the tangent to the curve at the appropriate point.

There is a qualification, easily demonstrated on the figure. Suppose we
are considering-a nonmarginal change, say Ag. The true compensating
variation, read from the indifference curve, is CV. But if the compensating
variation is computed from a point estimate of the income-quality relation-



38 ’ Environment and Policy Institute

p
R
R (q,x)=Hedonic Price
* Function
M. =indifference
Curve
*
q q

Figure 7. Hedonic price function equilibrium.

ship. such as the slope of the tangent line, an overestimate, CV* on the figure,
will resuli. For a nonmarginal improvement, then, a technique such as
the one we are about to discuss, based on a point estimate, will yield an upper
bound to the value of the improvement. Conversely, the value of a non-
marginal deterioration in quality, the amount of the numeraire that would be
requied in compensation, will be underestimated

Now let us redefine the indifference curve in Figure 6 in terms of land
rent R, instead of the numeraire m =Y — R{where Y is income). The new curve
15 a mirror image of the old one, asindicated on Figure 7. Next, we draw in an
opportunity locus for the individual, that describes the relationship between
land rent and environmental quality, keeping constant other site characteris-
ucs that might influence rent. This relationship—between the price of a site
and its characteristics—is often called a hedonic price function.®* Although
we would normally expect the partial relationship between rent and quality
to be positive, as indicated on the figure, noncorner solution requires only
that some indifference curves lie below the rent-quality locus.

Where is the equilibrium, then? Clearly, at the point of tangency where
quality is ¢°. Any other point on the opportunity locus yields inferior utility.
And points on indifference curves to the right of the one shown, though
preferable, are unattainable.

The value of a change in quality (around ¢°) is then given by the slope of
the tangent line at ¢*, which is just the value of derivative of the opportunity
locus, or hedonic price function, at 4*. The value of a change that affects
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several sites—as any conceivable change in the public good, environmenual
quality, will—is the sum of the individual site values. The full empirical
procedure is to (1) estimate, by statistical regression techniques, the hedonic
price function, in particular the relatonship between price and the relevant
measure of environmental quality; (2) take the derivative; (3) multiply it by
the change in quality for each site; and (4) sum the result over all affected sites.
This vields a measure of benefits (for an improvement) or costs (for a
deterioration) directly from the relationship between quality and property
values, without the need for an intermediate determination of the physical
consequences of the change in quality. Nor is there any need to predict the
new equilibrium configuration of rents or property values.

An important qualiﬁcation, noted earlier, is that the consequences be
perceived accuraicly by those making the location decisions. To the exiem
they are not, as is almost certainlv true for at least some consequences 1o
health, separate estimates would be required to capture the full value of a
change.

One other qualification, or perhaps we should call it an assumption
needed for the procedure to yield sensible results, is that the area
experiencing the change be “open,” that is, that there be no restrictions on
mobility. Suppose pollution is decreased in an area. This represents a
consumers’ surplus benefit 1o residents, but the benefit will not be
capitalized into property values unless there is some mechanism to ransfer
the surplus from residents to propertv owners. Competition from potenual
in-migrants from the improved sites normally would do this. Where there are
barriers to entry, however—and note thar even significant costs of migraiion
would fall into this category—some part of the surplus mav not be caprured
in rents and property values. In this case, the estimated propertv value-
pollution relationship will be biased downward.

There is another potential source of (downward) bias of considerable
theoretical interest. Thus far, we—along with most of the researchers who
have studied the relationship between pollution and properiy values—have
ignored the role of wage differences. This is not unreasonable. Within a single
urban labor market, the type of area that has been siudicd, dillerences in
pollution levels cannot be reflected in difierences in wage compensation.
Subject to the qualifications noted, only rent provides a site-specific measure
of value related to pollution. On the other hand, it scems plausible that
individuals might be attracted to a polluted area in a different labor markert by
higher wages there.*

The question is whether the compensation required to hold an individual
at a polluted site comes in the form of lower rents, higher wages. or both.
There are a few empirical studies of the relationship between wages and
environmental quality across urban areas, but they do not really address this
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question, any more than do the more numerous studies of the relationship
between property values and quality within urban areas.* The very recent
theoretical-analyses of Freeman (1979) and Scotchmer (1979) suggest. that
differences.in both rents and wages will contribute to the required compensa-
tion, over a broad range of conditions.

Clearly, the econometric problems involved in an atrempt to disentangle
and identify both components of value would be formidable. This is
probably one good reason why no such study exists, to my knowledge.* Yer,
to the extent that wage differences are relevant, the value of a change in
quality will be underestimated by an approach that takes into account only
differences in intraurban rents or property values. Sull a further source of
downward bias, even if wage differences are appropriately counted, is the
existence of costor other barriers to labor mobility, exactly as in the property-
value estimation.

We have identified a number of theoretical pitfalls—sources of bias that
have nothing to do with econometric or data problems—in using comparative
property values to infer environmental values.® But let me reaffirm the
usefulness of this approach. It is rooted in economic theory. It depends on
observed behavior. And each of the difficulties we have identified can be
characterized as leading unambigucusly to an under- or overestimate,
usually an overestimate, of .the environmenial value at stake. Where a
deterioration in quality is concerned, all effects are unambiguously negative.
An estimated relationship berween quality and property values can be
interpreted as a lower bound, subject to the identfication of other,
conflicting, sources of bias. Where an improvement is concerned, if it is
nonmarginal, the direction of bias is theoretically indeterminate, though all
but one of the identified sources would lead 10 an underestimate of the value.
In an acrual case, the researcher well might have sufficient feel for the data to
at least determine the direction of bias.*

If one is nevertheless unsatisfied with this and all of the other approaches
considered thus far, there remains the possibility of simply asking people
what an improvement in quality would be worth to them. The difficuliies
with surveys here are the same as noted briefly in connection with surveys
designed 1o elicit information about the value of life. First, people may not
know how to respond to a hypothetical question. Second, they will ordinarily
have an incentive to behave strategically, to notreveal the “truth,” even if they
know whatitis, Still, given the difficulties with the alternative approaches, the
use of surveys ought not to be rejected out of hand. And a number of clever
schemes, designed 1o elicit honest responses, have been suggested for
valuing different kinds of public goods— though only a couple are specifical-
ly directed to valuing pollution abatement.’

Before moving on to discuss the estiimation of abatement costs, I should
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acknowledge that the discussion of damages has neglected the question of
how they are distributed. Since policy decisions will be importantly affected
by this, it is clear that empirical studies ought to try to develop information
about the distribution of damages, or the benefits from abatement, as well as
the costs, along with information about the magnitudes. Though the
literature has notalways addressed the distributional impacts, several studies
of these have been made, especially with reference to air pellution.*® I shall
return o the role of damage estimation, and benefit-cost analysis in
environmental decision making, in my conclusion.

Control Cost Estimation

Control costs are those entailed by changing in some respect the pattern
of economic activity that gives rise to pollution. For example, a polluting firm
might invest in waste treatment facilities, relocate, or change its product
mix—or pursue some combination of these and still other measures.
Whatever it does, the consequences will show up on the firm’s balance sheet
in dollars and cents. As such, they are much easier to grasp, and certainly to
evaluate, than the damages done by pollution. This is, as we noted earlier,
one reason why some environmental economists prefer to focus on the
administrative and control costs associated with. the alternadves (taxes,
subsidies, etc.) forachieving a reduction in pollution specified without regard
o the value of damages.

In order to determine these costs, it helps to have a theory or model of the
way a polluter will respond to, say, a tax. We have outlined such a theory in
earlier portions of this study, but this wes done for the purpose of drawing
some qualitative conclusions—about the optimal tax, about the cost of
reduction under a tax as opposed to other policy instruments, and so on.
Here we are interested more in the detailed modeling of adjustments of the
sort mentioned just above—investment in treatment facilities, changes in
input and product mixes, and so on.

Such modeling has in fact been done, especially for water poliution. One
approach taken is extension of the neoclassical (smooth isoguant) model of
the firm to include decisions about how, and how much, to reduce pollution
in response to one or another kind of charge. Within this framework,
pollution has been considered as both an input to production, along the lines
of our optimal tax model (see Pollution Externalities and Economic
Efficiency) and a by-product amenable to treatment, somewhat along the lines
of our cost-effectivé tax model {see The Cost-Effectiveness of a Tax).* The
other approach taken is a still more detailed engineering—economic analysis
of discrete process options, at the plant level, for responding to a charge or
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Figure 8. Marginal cost of BOD discharge reduction in petroleum refining (Russell 1973).

other control on pollution in a given industry. In the more recent
applications, a formal optimizing procedure, linear programming (LP), is
often used to select the options and their levels.®

Whatever the underlying model, the key question is: How can the costs
be estimated in an actual case? Here the engineering—economic process
model has an advantage, in thatitis already in a computational format. The
effect on a cost or profit function of a tax or other constraint on pollution is
readily determined in an LP model. For such an abstract representation of a
production process to yield usable results, though, obviously a great deal of
very detailed technical information is required. The difficulty in acquiring
this information may be compounded by the fact that some of it will be
proprietary.

An alternative way of proceeding in these circumstances, indicated in any
case to give empirical content to the neoclassical model, is by means of
statistical regression analysis of industry data. The idea here is to estimate
changes in inputs, outputs, and costs of production in response to a tax or
some other control on pollution.® Much of the interesting detail of the LP-
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Table 3. Cost of Water Pollution Abatement under Taxes and Direct Controls,
Delaware Estuary, United States (US$ millions/per year)

Dissolved Oxygen (ppm) Program

Uniform Treaument Controls Uniform Tax Zone Tax
2 5.0 2.4 2.4
3-4 20.0 12.0 8.6

SOURCE: Kneese (1977).

process model is lost, of course, but it may not have been available to begin
with, and the cconomeiric model may do reasonably well in tracing the
movements of broad aggregates. Indeed, econometric models have been
used w0 predict the effects of environmental policies on the broadest
aggregates: gross national product, the price level, unemployment, and so
on."

Several results stand out from the many and varied studies. First, there is
in most cascs considerable scope for reducing pollution, and by a variety of
methods in addition 1o “end-of-pipe” treaument of wastes. A detailed look at
the alicrnatives for a number of important industries in the United States,
including pulp and paper, perroleum refining, steel, and coal-clectric energy,
is provided in Kneese and Bower {1979), a review of work by Resources for
the Future in this ared.*

A second imporant point that emerges from much of this same work,
however, is that, beyond a point, the marginal cost of control rises steeply.
Fortunately, this generally occurs ac high levels of conrol. For examiple, as
shown in Figure 8, the marginal cost of BOD discharge reduction in
petroleum refining begins to rise steeply only after a 70 percent reduction has
already been achieved.

A third finding is that a given reduction in aggregate discharges, or
improvement in environmental quality in a region, can be brought about
more cheaply by a 1ax on the discharges than by uniform direct controls on
them. Thisis shown in Table 3 for water pollutionin the Delaware estuary. To
achieve, for example, a 3—4 ppm level of dissolved oxvgen in the waier, the
cost would be US$20 million annually under uniform treatment conurols
(each source reducing discharges by the same percenage). A uniform tax on
discharges would accomplish the same resuls, but at a cost of just US$12
million. Finally, a tax that varied by zone, over 30 zones along the river,
would produce the cleanup at a cost of US$8.6 million. All of this is, of
course, consistentwith our theoretical discussion of the cost-effectiveness of a
tax.
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Table 4. Impact of a Pollution Control Policy on Macroeconomic.Variables,
Expressed as the Percentage Difference Between the Economy Without
the Policy (BASE or FULL) and with the Policy (CEQ or HC), 1976-1983

(percentage)
. Years
Macroeconomic
Variables 1976 1977 1978 1979 1980 1981 1982 1933

Real GNP

BASE-CEQ 009 -048 -1.03 -1.16 -1.42 -1.70 =197 -2.17

BASE-HC 0.4 -059 -1.28 -140 -1.73 -209 -2.44 -2.68

FULL-CEQ 0.1l -05% 093 -l16 -141 -L74 -195 =227
Consumer price index

BASE-CEQ 1.56 226 272 817 864 405 447 471

BASE-HC 1.82 274 840 890 453 508 559 594

FULL-CEQ 1.54 2.32 2.78 3.39 3.84 441, 477 5.84
Growth rate of

consumer price index

BASE-CEQ 0.7 I.1 1.0 1.03 0.3 0.7 0.7 0.7

BASE-HC 09 1.4 1.2 1.0 1.1 1.1 0.9 0.9

FULL-CEQ 0.8 1.2 0.9 0.9 0.9 0.8 0.8 0.8
Unemployment rate

BASE-CEQ -5.56 =735 -241 -202 -1.15 0.00 1.64 3.64

BASE-HC -8.83 -10.29 -361 -3.08 -2.30 ~1.43 0.00 1.82

FULL-CEQ -548 -794 -3.64 -2.13 -2.27 0.00 4.55

SOURCE: Evans (1973).

A final interesting empirical result is that the macroeconomic effects of
current U.S. environmental policies—and also those of at least a couple of
other countries for which studies have been done—are likely to be relatively
modest. That is, the studies do not lend support to either of two extreme
positions that have been advanced in the political debate about environ-
mental policies: (1) that current pelicies will lead to sizable reductions in
output, or rises in prices, as opponents claim; or (2) that they will greatdy
stimulate employment, as proponents claim. Projections from the Chase
macroeconometric model for the United States (Evans 1978) are shown in
Table 4. The figures of the table indicate percentage deviations from a
baseline projection of the economy without existing environmental regula-
tdons. The deviations are not negligible, but neither are they dramatic.
Qutput and prices are adversely, though modestly, affected. Employment is
stimulated presumably by investment in the needed control equipment but
falls back toward the end of the forecast period once the equipment is in place
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and growth has slowed. The moral of this story, I think, is thatenvironmental
policy need not be overly influenced by macroeconomic considerations,
though some coordination with stabilization policy, and perhaps assistance
to adversely affected areas, is certainly appropriate.

CONCLUSION: THE ROLE OF BENEFIT-COST ANALYSIS
IN ENVIRONMENTAL DECISION MAKING

Following the discussion of the estimation of pollution damages, we noted
that the question of their distribution is not generally addressed in the
empirical literature— though several studies have been made, especially for
air pollution (see note 58). Again, given the importance of this question in the
policy arena, it seems clear that future studies ought o uy to develop
information about how damages—and the costs of control—are distributed
across relevant groups in the population.

Another issue we touched on briefly, and one often raised against the
benefit-cost approach to policy and analysis, is whether environmental
impacts are in fact capable of being evaluated. The preceding section’s
discussion has dealt with particular methods of evaluation and the
difficulties as well as the promise, attached to each. But let us now consider
the issue more generally.

In doing an empirical study we might, for example, estimate readily the
value of pollution damage to crops or livestock, butwhatabout risk to human
life? Perhaps this is indeed impossible to value. In any case, a study of
pollution damages should certainly report such crucial physical impacts as,
say, an expected increase in human mortality rates. But before we reject any
auempt at evaluation, we ought to recognize that it is in fact carried out
routinely by individuals—in choice of transport mode, of neighborhood, of
job, and so on. In each of these and other everyday situations, money or
time or both are waded off for a reduction in risk. The values implied by
these trade-offs are precisely the ones we seek.

Government agencies, in deciding on programs that can affect human
health—and other sensitive elements of the environment—necessarily make
“value” judgments, as indeed they should. I would suggest only that these
judgments are likely to be better, in the sense of getting closer to efficiency in
resource allocation, if they are informed by estimates of the values in-
dividuals themselves place on things that affect their health and well-being.
This is not solely a mauer of academic concern. In a world where
environmental standards and related programs increasingly need to be
capable of passing muster at cost- and efficiency-minded agencies such as (in
the United States) the Office of Management and Budget, and the Council on
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Wage and Price Stability, serious attention to commensurate measures of
value does not seem out of place.

Further, systematic consideration of the benefits and costs of a project
need not involve quantitative estimation of all of these, to be useful in
decision making. Suppose we find that just the readily estimated losses due to
adverse impacts on the environment exceed the gains. Then we need
not worry about our inability to evaluate more elusive damages. Of course, it
is important to indicate the unevaluated damages in a qualitative way, to
assure that the quantitative estimate is indeed a lower bound.

Finally, difficult questions are raised by two other often-related objec-
tions to benefit-cost analysis of environmental decisions: that the evaluation
techniques do not deal adequately with intergenerational impacts, and that
they do not deal adequately with uncertainties about impacts. The inter-
generational problem can be viewed as a rather intractable form of the
distribution problem. The difficulty is that future generations are not around
to register their preferences, nor can they be readily compensated for
damages suffered as a result of decisions taken in the present. Where future’
costs—and benefits— of such decisions are appropriately incorporated into
the evaluation procedure, the objection often takes the form of disgreement
with the discount rate used to reduce these future values to present values.

One way of dealing with differing views about the discount rate, hence the
weight accorded future impacts, is to examine the effects of varying the rate.
Where there is uncertainty or controversy about the magniwde of an
important parameter, such as the discount rate, this sort of sensitivity analysis
is particularly appropriate. Less formally, information about the distribution
of benefits and costs over time is likely to be relevant to a political decision
and ought t be included in the evaluation of a proposed environmental
standard or policy. The suggestion here is just the same as the one for dealing
with concerns about contemporaneous distributions. Nothing in the methods
used to evaluate impacts precludes presenting the findings in some richness
of detail.

The uncertainty objection is obviously related to the one that claims some
impacts cannot be evaluated. It is also related to the future generations
problem, since more distant events ordinarily would be less certain. Once
again, I would agree that stochasticity, in nature or in the economy, may
make the information contained in a single number, such as the expected
value of a benefit or cost, inadequate as the sole input to a decision. And once
again, I would suggest that attention be given to higher moments of a
distribution where relevant. If an energy technology, for example, exhibits
some probability, however small, of a catastrophic impact on the environ-
ment, surely this is relevant to a decision on how to regulate itor set standards’
for its use and ought to be included as part of a complete evaluation. This can
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be done informally by simply presenting the information, or more formally
by folding it into models of decision making under uncertainty. The
sensitivity of results to variations that span the range of uncertainty about the
key influences can and should also be examined.

Obviously, a great deal more could be said about each of these objections
to evaluation of environmental impacts. My purpose in raising them here has
been simply to indicate thatenvironmental economists generally are aware of
them, that they have merit in some cases, but that they are not fatal w0
evaluation. On the contrary, where valid they call for the development of
supplementary information, about distributions of costs and benefits, about
elements of probability distributions, about the results of sensitiviry analyses,
and so on.

But I would also argue that even a more restricted benefit-cost analysis can
playarolein environmental decision making. How big a role? Clearly, this is
a question that can be answered only by the concerned decision maker, and
only in a given set of circumstances. One possible guideline, which [ put
forward in a tentative way, is the following. Where the decision in question is
“small,” for example, whether to set an ambient standard for a pollutant atx
ppm or at {x+Ax) ppm, or whether to set a tax on emissions at 8y or $(y+Ay)
per pound, a fairly straightforward consideration of benefits and costs may
suffice. In such a case the analysis is trying to substitute for the market where
the market has failed to do something it ordinarily does well: setting a price
based on the interaciion of demand {benefit) and supply (cost).

Where, on the other hand, the decision is “big,” for example, whether or
not to proceed with development of nuclear power, considerations of
intergenerational equity, of the potental for low-probability catastrophic
events, and so on, may loom larger than considerations of simple efficiency
in resource use. Even in this case, though, efficiency is notirrelevant—just as
equity may not be irrelevant in setting an emissions charge.
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NOTES

1. In addition to the classic article by Samuelson (1954), see also Head
{1962) for a discussion of the auributes of public goods.

2. Problems for polludon control policy raised by spatial variation in
pollution concentrations are considered later in Pollution Control
Policies: A Comparative Analysis.

3. Themodel developed and used here is based fairly closely on one in cthe
volume on the theory of environmental policy by Baumol and Oates
(1975a), though these are differences. Other general equilibrium
models include Ayres and Kneese (1969); Kneese, Ayres, and d’Arge
(1970); Meyer (1969); Tietenberg (1973, 1974a); Page (1973a); and
Maler (1974). Kneese and his collaborators do take account of materials
balance, but not substitution in preduction, including substitution of
other factors for pollution. Maler’s analysis is a good deal more abstract
than the others, employing the methods of algebraic topology now
standard in the general equilibrium literature. More recently, models
combining general equilibrium and dynamic features have been
developed (see Gruver 1976; Comolli 1977; and Forster 1977). Dynamic
models are discussed later and in the next note.

4. The accumulation of waste over time is introduced in a highly
aggregated materials balance model that includes resource extraction,
by d’Arge (1972) and d’Arge and Kogiku (1973). Several other dynamic
models of waste accumulation have also been developed, though these
do not always include extraction and full materials balance. See Keeler,
Spence, and Zeckhauser (1972); Plourde (1972); V.L. Smith {1972); and
Maler (1974). Maler's analysis does account explicidy for materials
balance. These dynamic models are, in essence, optimal growth
models extended to consider the residuals of pollution generated by
consumption. As in the case of optimal growth models with an
extractive resource constraint, the key question is whether a steady state
exists. And again, substitution possibilities, here for pollution, are
clearly decisive. The question, in other words, is whether and at what
rate pollution per unit of output, and also pollution accumulations,
can be reduced. Other questions, relating to the compositon of
investment and of output and to the stability of a tax-adjustment
scheme, are also treated by Gruver (1976), Forster (1977), and Comolli
(1977), respectively. ‘

5. Notice that this is just Samuelson’s (1954) condition for the optimal
supply of a public good: the marginal cost is equated to the sum of
marginal rates of substitution between the good and a numeraire
private good. In this case, of course, the good is abad, pollution, soitis
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10.

11.

12.

the marginal benefit from its use that is equated to the sum of (positive)
marginal rates of substitution.

The distinction between a tax on pollution, as an input to production,
and a tax on output, was made by Plou (1966), who showed that if
pollution were an inferior input it would be increased by a tax on
output.

The discussion here, like the result, is drawn from Baumol and Qates
(1975a). See also Page (1973) and Mailer {1974).

Our framework does not explicity allow for public production, but as
pointed out by Kneese and his collaborators, the optimal provision of a
public good externality may require this, along with fiscal incentives for
individuals. In the case of pollution control, public investment in
treatmnent facilities can complement a tax on polluters. The optimal
mix of these control elements is studied by Bohm {1972a).

The view of nonconvexity developed here is based on thar of Starrent
and Zeckhauser (1 974). A more rigorous, abstract analysis is presented
by Starretw (1972). Other treatments of the connection between
externality and nonconvexity include Portes (1970), Kolm (1971),
Baumol and Bradford (1972), Baumol and Oates (1975a), Kohn and
Aucamp (1976), and Gould (1977).

These and other alternatives are emphasized, under the general
heading of “averting behavior,” by Zeckhauser and Fisher (1976).
Averting behavior is simply an aspect of the general equilibrium
adjustment of an economy to a disturbance, such as an increase in
pollution.

Coase’s original article is much richer in detail than this suggests, and
thereis a bitmore to the theorem. Coase may indeed have been the first
to emphasize the potential for the kind of averting behavior or
adjustment to externality we discussed in the preceding section. For a
very clear presentation of Coase's analysis, as well as extensions and
criticisms, see Randall (1972) and Page (1973a).

This argument— that publicness and the large numbers associated with
it make the Coase Theorem inapplicable—was developed originally by
Wellisz (1964), and by Kneese {1964} with special reference to water

pollution. Schulze and d’Arge (1974) provide a detailed analysis of the

ramifications of transaction costs. For more on the effects of transaction
costs on the bargaining behavior of large and small groups, not
confined to externality situadons, see Olson (1964). Buchanan and
Stubblebine (1962) show that a pollution tax can lead to too fittle
pollution because the victims will bribe the polluters to reduce
pollution beyond the optimal pointinduced by the tax. The significance
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13.

14.

15.

16.

17.

18.

of this result is clearly weakened, it seems to me, by the prohibitive
transaction costs in the typical large-number pollution case. The trans-
action costs argument has been turned around and used in favor of
Coase in an imaginative way by Demsetz{1964). His pointis that, where
transaction costs block a Coasian solution the status quo must be
optimal, in the sense that the benefits from moving are less than the
costs. The difficulty with this argument is that it proves nothing about
the desirability of an alternative solution, such as a tax or other
collective action. Thus, we can tum around the transaction costs
argument once again, and say that, where transaction costs block
formation of a market, the relevant comparison is between doing
nothing, letting the damage take its course, and imposing some sort of
collective control. Itis by no means obvious that the former will always
be preferred. A useful analytical framework here is that of Arrow (1969),
who observes that comparative transaction costs can affect the mode of

-economic organization. Thus, the cost of learning and communicating

informadon, through prices, is low in a market system. On the other
hand, the cost of exclusion may be high for some publicgoods, whichis
why they normally are not left to the market.

The insight into the potential for strategic behavior even in a two-party
setting is due to Wellisz (1964). Mumey (1971) discusses the possibility
that resources will be channeled into threatcning actons or processes.
Income effects are analyzed by Dolbear(1967) and Mishan(1967). Fora
very amusing critique of the Coase Theorem and extensions as applied
to pollution, see Mishan’s (1971} “Pangloss on Pollution.”

Methods of estimating damages are discussed in detail in the next
section.

A version of this result has been obuained or discussed by many people.
See for example Kneese {1964); Ruff (1970); Baumol and Oates (1971,
1975a); Baumol (1972); and Mishan {1974). The clear, nontechnical
discussion by Ruff can be particularly recommended to noneconomists.
A detailed empirical study of the comparative costs of taxes or effluent
charges as opposed to uniform controls (discussed in the text that
follows) to achieve a desired level of water quality in the Delaware
estuary is discussed by Kneese (1977). The conclusion of the study is
that the desired quality can be achieved for about half the cost with
taxes.

For an approach that treats pollution as an input, butis similar in other
respects to ours, see Baumol and Qates {19754).

We must also assume that the firms are price takers in factor markets,
importantly including the market for polluuon That is, the tax rate is
not influenced by firm activites. This issue is further discussed by
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19.

20.

2].

22.

98,

24.
25.

Bohm (1970) and Baumol and Oates (1975a). A potential difficulty with
the factor price assumption is that, after imposition of a tax, the prices
may either be changed, or may no longer reflect real factor scarcities
{assuming they did so in the original problem of social cost minimiza-
tion). My guess is that this difficulty is likely to be of very little empirical
importance.

Itmustalso be true that a, = A,. Since the equations and parameters are
the same in both cases (provided ¢t = A, the solution values of the
variables, including @y, must be the same. Away from equilibrium @, is
in general not equal to A,

The reader seeking a discussion of some of the theoretical efficiency
issues treated in this section, especially taxes versus direct controls, ina
detailed, realistic setting might wish to consult the Kneese-Bower
volume on the economics, technology, and institutions of water quality
management (1968).

Kneese and Schultz (1975), in a nontechnical discussion of the history
of air and water pollution policies in the United States, and desirable
changes in these policies, argue that the incentive to technical change in
pollution control may be the most imporwant criterion for judging a
policy. Discussiosn of the effect of a tax on control technology are found
in Smith (1972), Orr (1976), and, most rigorously and comprehensively,
Magat (1978). For a comparison of technical change under a subsidy for
pollution conrrol as opposed to a tax, see Wenders (unpublished). The
conclusion is that a tax provides superior incentives.

For example, recycling, considered by many to be the ideal control
technology, is not among the mandated technologies that qualify for
water pollution control subsidies (Kneese and Schultz, 1975), with the
result that the choice of technology is biased away from recycling.
Similarly, low-sulfur western {U.S.) coal is discriminated against by the
proposed New Source Performance Standards (NSPS) for coal-burning
plants that mandate scrubbers. The advantages of the low-sulfur coal is
that a plant using it does not need scrubbers to meet any reasonable
ambient air quality standard, and it is this natural advantage that is
impaired by the mandate.

For a detailed discussion of the alternatives for dealing with toxic
substances, see Portney (1978). The Portney article appears in an RFF
book, edited by him, containing articles by RFF researchers on several
aspects of U.S. environmenual policy.

This suggestion is due to Baumol and Oates (1975b).

[t is recognized in a number of early conuributions to the tax versus
subsidy literature or, as it is also known, the bribes versus charges
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30.
81.

32.

83.

34.

literature. See for example Kamien, Schwartz, and Dolbear (1966},
Freeman (1967), and Mills {1968).

The differing implications of tax and subsidy for firm profits are noted
by Bramhall and Mills (1966). For an analysis of long-run effects on
resource allocation among industries, see Porter {1974) and Baumol
and Qates (1975a).

For a detailed critique of current subsidy policy along these lines see
Kneese and Bower (1968) and Kneese and Schultze (1975). A variety of
issues involving more efficient and equitable operation of the subsidy
program is discussed by Renshaw (1974}. He also suggests an argument
Jor a subsidy, namely that a tax could be regressive in its impact on
income distribution.

A result like this is obtained in the more richly detailed analyses of
Tietenberg (1973, 1974a, b) and Hamlen {1978). An important con-
tribution of these analyses, especially Hamlen’s, is the modeling of
spatial diffusion of emissions. Atkinson and Lewis (1976) consider
some issues that arise in the seuing of standards and taxes in a
theoretical and empirical model of air pollution in the St. Louis area.
See Rose-Ackerman {1973) for discussion of a variety of difficulties with
a uniform tax. The spatial dimension may have been used first in
formal externalities models by Fgrsund (1972).

The rights auction is perhaps first and most prominently associated
with the work of Dales (1968). For further discussion of the advantages
(and some disadvantages) see Ferrar and Whinston (1972}, Tietenberg
(1974c), and Baumol and Qates (1979).

For a formal analysis of adjustment costs in pollution control see
Harford (1976).

This is recognized also by Baumnol and Oates (1979) in their discussion
of the advantage of a rights auction over a tax. '

For a more formal derivation of this and other results on the effect of
uncertainty on the choice of control instruments, see Adar and Griffin
(1976). Formal analyses of control under uncertainty are also provided
by Fishelson (1976) and Yohe (1976).

These considerations have been raised by several of the authors who
discuss the merits of the rights auction.

The connection between the level and composition of economic
activity and the pauern of residuals is provided by augmented input-
output models. Along with conventional materials flows, these show
residuals flows, and include a pollution abatement “sector.” The
original suggestion of a model of this sort is probably due to Cumberland
{(1966). An operational version, which takes account also of materials
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balance, is in Cumberland and Korbach {1973). During this period a
somewhat different model, which features a pollutiori abatement
sector but does nat account for materials balance,”was developed by
Leontief (1970} More complete models, which seek to account for
materials flows back and forth from the natural environment to the
economy, have been suggested by Isard (1969) and Victor{1972). Victor
develops such a model and also provides a detailed review of the
literature. More recently, dating from about 1974, an expanded and
improved version of the early models (the SEAS model), has been
developed and used by the U.S. Environmental Protection Agency. For
a detailed (and sometimes critical) discussion of the properties of SEAS
and related models, see Holdren, Harte, and Tonnessen {1978).
These processes are described with the aid of physical diffusion
models. For some discussion and use of diffusion models by an
economist, see Hamlen {1978).

There are literally hundreds of studies of these impacts of pollutant
concentrations, for the most part, naturally enough, by noneconomists.
An extremely useful published reference and guide to these for
economists is the recent volume by Freeman (1979) on the evaluation of
damages—or benefits from environmental improvement An even
more detailed review of the scienufic literature on effecis of air
pollution is provided in an unpublished study by Hamilton (1979).
Much of the discussion in the following text is drawn from these wo
excellent references, and a third (Scotchmer 1979) is described in the
next note. For a comprehensive survey of studies linking air pollution
and human health, see Lave and Seskin (1977). A review of evidence
linking environmental factors to cancer, and suggestions for policies to
deal with this problem, are found in Kneese and Schultze (1976).
Both methods are discussed by Freeman (1979). A useful feature of his
discussion is a treatment of the welfare foundatiens of damage or
benefit estimadion. Empirical resules are also reviewed. A very detailed
review of both of the steps in the first method is provided by Hamilton
(1979). Hamilton’s work is part of a study for the Air Resources Board of
California of methods of estimating and evaluating pollution damages.
Another part of the study is a review and analysis of the second method,
by Scotchmer {1979). As mentioned in the previous note, much of this
section is based on these three references. Another useful source is the
collection of studies on the valuation of social cost edited by Pearce
{1978). For a discussion of issues in the benefit-cost analysis of water
quality programs, see the studies in Peskin and Seskin (1975).

This problem is discussed further in Hamilton (1979), with references
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to studies of actual crop shifts in response to pollution. In principle, a
way to overcome the problem is to take the property-value capializa-
tion approach. As we discuss later, virtually all such studies have been
of residential property values. [ am aware of one study of the effect of
pollution on the price of agricultural land, by Crocker (1971). Advan-
tages and disadvantages of the property-value approach are considered
in the following text. One special disadvaniage in the agriculwral
setting is the possible correlation between air pollution, which pre-
sumably depresses values, and encroaching urban development, which
presumably raises them.

An estimate of crop damage from air pollution in California, though
alarming in some absolute sense, represents less than 1.00 percent of
the total value of California crops, and less than 0.25 percent of the toual
value of U.S. crops (Millecan 1976).

Studies describing effects on various quality characteristics are dis-
cussed in Hamilton (1979). The esumate of over US$1 billion in
damages to vegetation is due to Heck and Brandt {1977).

The first in a series of publications by Lave and Seskin is a 1370 Science
article. Their 1977 book provides a much more comprehensive analysis
and discussion of results. For a guide to the extensive literature on air
pollution and human health, see Lave and Seskin (1977) and Hamilton
(1979).

For example, Bailey (1978) has inferred values ranging from US$1.9
million to US$625 million for a statistical life from standards promul-
gated by the U.5. Occupational Safety and Health Administration.
For example, the U.S. Federal Highway Administration and the
National Highway Traffic Safery Administration both use a figure of
about $250,000 (Hapgood 1979}, derived from explicit “risk-benefic”
analyses.

This conjecture is proved by Conley(1976), who shows that willingness
to pay necessarily would exceed the present value of earnings.
Probably the best-known work here is by Thaler and Rosen (1976), who
provide a theoretical and empirical analysis of interoccupational wage
differences, especially as related to risk differences. There have-been a
number of other studies as well, however. For references, see Hamilton
(1979), Table 1. _

One study 1 am aware of that looks at intraoccupational differences (for
miners) is that of Usher (1973). Interestingly, his estimates are in the
same range as Thaler and Rosen’s (see Table 1),

The pioneering work here, to my knowledge, is due 1o Ridker (1967)
and Ridkerand Henning (1967). For references to and brief descriptions
of the many studies undertaken since, see Freeman (1979). For an
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49,

50.

51.

52.

58.

54.

55.

application to noise pollution consistent with the theory described in
the following text, see Nelson (1978); and for a review of studies of the
relationship between noise and property values and an application to
airportsiting in the London area, see Walters (1975). An estimate of the
relationship between lakeshore property values and lake water quality
is made by David (1968). Freeman {1979) suggests an adaptation to
water quality of the theory originally developed to evaluate differences
in air quality. '

A concise “guided tour” of data, methods, and results for each study is
provided by Freeman (1979). ‘
Two of the early theoretical analyses of the relationship between
pollution and property values, by Strotz (1968) and Lind (1978), focus
on land ‘as a productive input, rather than a residendal site. Other
theoretcal analyses {including Freeman, 1974, 1979; Polinsky and
Shavell, 1975, 1976; and Polinsky and Rubinfeld, 1977} consider
residential property values, as do most of the empirical studies.

The discussion that follows is based on the theoretical analyses of
Scotchmer (1979) and Freeman (1979).

For further discussion of the measurement and interpretation of
hedonic prices, see Rosen (1974).

At first blush, the persisience of wage differences seems inconsistent
with the factor price equalization theorem. But as Freeman (1979) and
Scotchmer (1979) show, conditions needed for the theorem to hold
probably are not met in this situation.

For estimates of the relationship berween urban amenites or dis-
amenities and wage rates, see Hoch (1972), Nordhaus and Tobin
{1978), Tolley (1974), and Meyer and Leone (1977).

For a discussion of how a study might be set up, the kinds of data
needed, and the econometric considerations, see Scotchmer (1979).
A potential source of bias of an indeterminate nature that involves both
theory— under what conditions will surplus be capitalized in property
values—and econometric procedure, is housing-market segmentation.
That is, if an urban housing market is really a set of separate markets,
with barriers to mobility between them, separate hedonic price functions
would have to be estimated. This issue was first raised by Straszheim
(1974) and is discussed by Freeman (1979). A study by Harrison and
Rubinfeld {1978) suggests substantial variation in estimated benefits
from an air-quality improvementin the Boston area depending on how
the marker is stratified. On the other hand, Nelson (1978) finds no
significant difference berween urban and suburban hedonic price
functions in the Washington, D.C., area.
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One other pitfall here that is not really behavioral, rather has to do with
the form in which the data are likely to come, as suggested by Niskanen
and Hanke (1977}, is the existence of income and (especially) property
taxes. See also Freeman {1979) for a detailed discussion and some
estimates of the size and direction of bias in studies that ignore tax
effects.

Both Freeman {1979) and Scotchmer (1979) provide discussions, with
references,. of survey approaches. The studies directed specifically to
valuing pollution abatement are Randall, Ives, and Easumnan (1974),
and Brookshire, Ives, and Schulze (1976).

An early empirical study of some aspects of the distribution of air and
water pollution damages in the United States is by Freeman (1972).
More recent studies include those by Zupan (1973) for air quality in the
New York area; Harrison (1975) for costs of air pollution control;
Dorfman and Snow (1975) for costs of pollution control generally;
Dorfman (1976) for benefits and costs of environmental programs;
Spofford, Russell, and Kelly (1976) for benefit and costs of controlling
air and water pollution in the Delaware estuary; Freeman (1977) for
costs of controlling automotive air pollution; Gianessi, Peskin, and
Wolff {1977) for air pollution policy in the United States; and Peskin
(1978) for the U.S. Clean Air Amendments of 1970.

Distributional considerations have been introduced into models of
representative or legislative environmental decision making by Haefele
(1978), and Dorfinan and Jacoby (1972). For a review and further
analysis, see Portney, Sonstelie, and Kneese (1974), and Kneese and
Bower (1979).

For an example of the former, see Sims (1979), and for the lauer,
Ethridge (1973).

Early RFF studies of industrial water use, such as the one by Lof and
Kneese (1968) for the beet sugar industry, exemplify the first, relacively
informal phase of this line of research. Later RFF studies expanded the
scope of the analysis to take into account all residuals, not just
waterborne ones. In this category are studies of petroleum refining
(Russell, 197}, 1973); steel production (Russell and Vaughn, 1974,
1976); pulp and paper {Bower, Lof, and Hearon, 1971); and steel scrap
recycling (Sawyer, 1974). -

The linear programming approach in the Russell studies has been
further developed by Thompson and his collaborators (Thompson and
Young, 1973; Calloway, Schwartza, and Thompson, 1974; Singleton,
Calloway, and Thompson, 1975; Calloway and Thompson, 1976). The
Calloway and Thompson study is noteworthy in that it considers
several related industries in a region (the Texas Gulf Coast): petroleum
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refining, electric power production, and chemicals. Finally, an explicidy
reginal approach, focusing on all residuals in a geographicaarea, is taken
in the RFF studies of the Delaware estuary by Russell and Spofford
{1972); Spofford, Russell, and Kelly (1976): and Russell and Spofford
(1977).

Much of this work is reviewed in a recent volume by Kneese and
Bower (1979). For a further review of industrial water pollution control
studies in the RFF traditon, see Hanke and Gutmanis (1975).

For such studies of a tax on the sulfur content of fuels in the electric
power industry, see Griffin {1974a, 1974b) and Chapman (1974). Foran
application to an effluent charge in the Canadian brewing industry, see
Sims (1979).

See Evans (1973), and for a review and discussion of the Evans study
and a couple of others, see Haveman and Smith (1978}.

The range of choice in water pollution control is emphasized in an early
RFF study by Davis (1968). ‘
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