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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 coa, 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 initiated 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 management and energy
policies. A Workshop on that theme was he'd 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 usefuil to a wide audience. The Institute requested him 
to elaborate on his pa, r, 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 
pollu-ion types. 

Dr. Toufiq A. Siddiqi 
Project Coordinator 
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ABSTRACT 

The question ofhow to deal with the problem ofpollution-whetherofthe airor ofthe 
water-iscontroversial.Among the policy instruments availableto controlpollution are 
directc6ntrols andeconomic incentives,such as taxes andsubsidies. Thepolicy instruments 
are evaluated and comparedfrom an efficiency perspective,including a look at the Coase 
Theorem; the cost-effectiveness of a tax; a tax versus a subsidy; uniformity, spatial 
variation,and the administrativecosts of a tax; and a tax versus marketablepollution 
permits. The advantagesand disadvantagesofa tax are comparedto theother commonly 
suggested alternativesfor controllingpollution-private bargaining,direct controls, a 
subsidY, and a permit auction s'ystem. 

The methods availablefor determining benefits and costs in environmental decision 
making are examined also, with discussions of measuring impacts on vegetation and 
materials;evaluatingimpacts on human health;andthe directand indirectestimationsof 
values. 

In addition, aformal mathematicalanalysis ispresentedof the conditions requiredfor 
economic efficiency in an economy in the presence ofpollution.Although both the efficiency 
analysis and the description ofbenefit-cost evaluation methods refer to airpollution, the 
concepts andmethods describedareapplicableto otherpollutiontypes. Extensive notes and 
rejerences 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 
instruments that have been proposed for dealing with pollution. For the 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 anialvsis 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 th discussion of benefits and costs is a 
somewhat more formal analysis of the conditions required for economic 
efficiency in all economy in the presence of' pollution. 

Fhe plan of the report is as follows: First, a miodel is developed to 
determi ne tlie efficiency conditions (I also show how a tax on pollution can be 
used to bring them about); second, the advantages and disadvantages ofa tax 
as compared to other commonly suggested alternatives for controlling 
pollution-private bargaining, direct controls, a subsidy, and permita 
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, analvsis in enviro.amental decision making. 

Before proceeding with the formal model, it should be noted that it is 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 applicable 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 ofpollution 
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 ofa kind ofnonconvexity. 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 alternatives 
examined. 

The setting of the problem is as follows: The production of commodities 
by firms generates an air pollution externality-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 tile firm, in the sense that it can be 
substituted for other (costly) inputs, such as la')or and capital. For example, a 
given output can be prodtuced by a process that involves the generation of 10 
tons of smoke, or alternatively "byone that, through the employment of a 
device that catches the smoke, generates just 5 tons. In either case, the smoke 
generated by the activities of all producers constitutes tile externality, which 
then enters the utility f'unctions of all consumers. 

The externality is a pure pulblic good-or "bad"; what one person
"consumes" does not affect the amou,nt available for consumption 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 utility 
functions, but the distitilitv suffered by any con stoner depends also in part on 
his consumption of land, or itt other words, on wherefhe lives.2 

Now let us state the problem formally. It is to maximize the utility of any 
one individual, subject to tihe restrictions that no one else is made worse off, 
and that 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. It is clearly not realistic to imagine a 
planner controlling directly the behavior of such a system down to the level of' 
the consumption, by consunmerj, 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
 

u' (x, ... . s)x ,,, ().. 


subject to 

,s)_u' j= 2,...,ri ...(2) 
fP (YIk ... ,Ynk s ) = 0, = 1 . ...(3) 

and 
in h 

y <- r
j I=1 = I i= 1,... n ...(4) 

where u) ( ) is individualj's utility function; x ijis the amount of good or 
resourcei consumed by individualj;y , is the amount of good or resource i 
produced (y , > or (y, ,,, h ,, A,, is i0) used the amount of resource 
available, s, is the smoke emitted by firm k; s = Y. s is the smoke 
externality; andfk (.)is firm k's production function. A 
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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, xt entering individual 
utility function can be leisure or labor. Although the analysis of externalities 
and optimal taxes has often proceeded in a partial 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 to 
extend existing models of resource depletion to reflect environmental costs. 
But, in a sense, this isalready 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 myjudgment 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 continue to feel 
that the basic concepts-how do externalities arise; what are their optimal
levels; how can a decentralized economy be controlled to bring these 
about?-can be elucidated without introducing the more complicated 
dynamics. 

Now let us briefly indicate the salient features ofeach equation in our static 
general equilibrium model. The thing to note about the objective, consumer 
l's utility function, is that it contains an argument, s, representing the 
externality. This same argument appears in the utility 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 lev el (aJ'for consumer]). The 
second constraint, (3), is the set of production functions. The thing to note 
here is that sk, the smoke emitted by firm A,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, ora 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 e! ?ression 

L=u'(')+ IX X.[-uf+ui(") * 
J " ( •j=2 l f (5) 

+ ,-1': wo(ri- jlZ xi+E*=k1 i*) 

Differentiating with respect to the x ij, y i A,and sk, and assuming no comer 
solutions, we obtain the first order conditoins for a maximum 

u1 - Wi = all 4j 

-IlkfU + Wi=0 all4 k ... (7) 

U, + I ...(8) 
j j=2 allk ""A 

The interesting result here is equation (8), which tells us that each firm
should emit or employ smoke only .to the point where the marginal benefit
from doing so, the value of the marginal product ofsmoke, lk fA, isjust equal
to the marginal cost, literally the value of the weighted sum of marginal
disutilities u' + I X, u.). Since neither the disutilities nor the weightsj=2 
are observable, however, the result as stated may not be very useful. A little 
further analysis can yield one that is. 

Let xI be a good consumed by everyone. From (6), )j = I 4'. The value 
of the marginal damage from pollution then becomes w-1* u,/ -.And as is 
well known, along an indifference curve between two goods, here p'.llution
and x, , the ratio of marginal utilities u, / t, = - dxj / A the marginal rate 
or substitution between the two. This leaves us with the value of damage
equal to wi X (--dx ij/ds), that is, the value of the x, reeded to offset an 
increment of pollution. If we further let xi be the numeraire in this system,
then the value of damage isjust the amount of xi needed, .(-dx i/ds). In 
any case, the value is at least observable in principle.

Now let us obtain the conditions that characterize a competitive equili­
brium. By making the polluting firms subject to a tax, we then readily derive
the optimal tax, that is, the tax required to make the competitive allocation
Pareto-optimal. Almost as a by-product of this analysis we shall derive another 
result that sheds som,: iight on an old controversy in the literature,
concerning the compensadoii 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 to tax 
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the "victim," since by his action-moving next to a smoky factory, for 
example-he increases the damage done by the smoke, and derefore the tax 
paid by the tactorv owner and, ultimately, the loss to owners of factor and to 
consumers of the lactor's output. What we shall show is that the optimal 
compensation is either zero, or a luIIIp sum that does not vary with the 
victim's actions and hence the (anage he suffers. 

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

slightly unusual budget constraint. Expenditures arc Y px,, wherep, is the 

price ofx,, and '< n. Income is I pi x', where x,,, to x,,, are services sold by 

the cons, Ier (tLere may' be just one, labor). To this we add a term, 1, as 
compensation for smoke damage suffered. The budget constraint then takes 

p,x,__ Axthe form I p + tJ or, letting services sold be represented by, = I , r1 

negative x ',s, 

ti ~p x, < t .. (9) 
i = 1 ~ , 1 

The Lagrangian expression for this problem is 

L J=u)(.) + aI(t)- pIx ]). ... (10) 

Differentiating with respect to the x I'and again ignoring corner solutions, 
we obtain 

u + a// -p, = 0. (11) 

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, t s k, representing tax payments, at a per unit rate 
t , for the smoke it emits. 

The Lagrangian expression then is 
n

Lk = P,y, - 1 k -f. f() .... (12)
i= 1 

Differentiating with respect to they,, and s , and once again ignoring corner 
solutions, we obtain 

P,= f0k = 0. ) 

and 

t k - Ilkfsk = 0 ... (14) 
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Comparing these conditions, and (11), to the corresponding ones for aPareto-optimum, (6) - (8), it is ciear that for them to coin,.ide the following 
must hold: 

AA = 1/a, lk-jk ... (15a) 
t = 0 t1 = -u- Xtu (15b) 

='-2
The interesting results are in (15b). Looking at the smoke tax, tk, we seethat it is uniforn, that is, the same for allfinns and just equal to the value of themarginal damage from smoke at the Pareto-optimal smoke level. From our eariierdiscussion of an observable expression for this value, the tax can also be 

written as 

4 = Ydx/ ds. .. .(i5c) 

Notice that the tax is not on output. It is sometimes suggested that theoutput of a good whose marginal social cost diverges from its marginal
private cost, as would be truO where smoke or other pollution is involved,
ought to be reduced by means of a tax. Clearly, this is not correct. It is thesmoke 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 t) = 0. This tells us that compen­
sation must not van, with changes in the victims' consumption levels. Specifically, ifthey move next to a smoky factoiy, thereby suffering an increase in smokedamage, they should neither be compensated for this increase nor taxed toprevent it. In other words, the compensation isnot really compensation, in the sense ofacompensating variation in income. A lump-sum payment can of course be made,
but this would not-indeed, must not-affect the allocation of resources.


Out first result, that a pollution tax ought to be set equal to the marginal
damage from pollution, is well
generally understood (apart from theconfusion about whe1erithe tax i'pplies to the polluting product). Thoughmost derivations are in a partial equilibrium setting and ours, along with a
few others cited in note 3, is part of a 
general ecuilibrium, the intuition
behind the seenis Thisresulh clear. is probably less true for the no­compensation rule. Those who synpathize with pollution victims may bedisturbed, and those who argue that the optimal compensation is in factnegative, that is, the victims ought to be taxed, may also feel let down.

Let us try to indicate why the result makes economic sense.7 Consider an external t'conomy that, like pollution, is also at public good in the sense thatwhat one individual consumes does not reduce the amount available forothers. Examples (assuming no congestion, might be a bridge crossing, or ascenic view-or, if one is fortunate enough to live in the San Francisco Bay 
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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 :ocial cost is zero. 

The case of the external diseconomy is exactly analagous. The producers 
should indeed be taxed, but the consumers should not be compensatcd, or 
at least not in proportion to their consumption. By inhaling smoke, 
consumer] does not provide a benefit to consumerj'-unless, of course,]' is a 
malevolent individual and derives satisfaction from fs 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 little 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 incentive to look 
elsewhere. 

One important qualification to this discussion is that the public good or 
bad externality be excludable, n the sense that an individual can be excluded 
from consumptioa. 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). I 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 equilibria. 

A Qualification: Externality and Nonconvexity 

In the introduction I noted a different qualification to the optimal tax
solution, related to the presence ofa nonconvexity. The basic difficulty is that
externalities can be associated with nonconvexities in affected preference ororoduction sets, and these nonconvexities can lead to multiple tax equilibria.
This sounds rather formiable, but I think the point can be made fairly simply
with the aid of a diagram and some examples.9 

Consider the case of individuals faced with increasing marginal damage
from pollution. As our general equilibrium analysis suggests, they need notaccept this indefinitely. They may instead take action to protect themselves byinstalling some sort of filtering system, for example; or by ceasing to use thecontaminated medium where this is possible, as in the case of a pollutedswimming place; or by moving away. '6 As aresult, the marginal damage falls,
perhaps to zero. The situation is represented in Figure I a, where a well­behaved marginal produce, or benefit, of pollution curve is also shown.

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

A 

Marginal Damage 

Marginal Benefit 

Pollution 

Figure lb. 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 suni of marginal damages would begin to 
fall. A situation like this, with the potential for a second equilibrium, is 
represented in Figure lb. Note finally that, especially in this case, multiple 
equilibria cannot be ruled out. 

I suggested earlier that the nonuniqueness resulting from general 
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 point. Suppose the ex ante pollution concentration is at a point 
where marginal damage is still rising. On the somewhat simpler Figure I a, 
this would mean at some s < s'. Then a tax t*, set as indicated, will clearly lead 
to the A equilibrium, where s=s*. 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 tax is less than the marginal benefit and pollution is ihcreased. The 
equilibrium is at s = s*. 

Now suppose the ex ante concentration is at s > s'. Here marginal damage 
has fallen to zero, and a tax that reflects this must lead to the B equilibrium, 
where s = s**. For ex ante s between s' and s** the optimal tax is just zero, 
and thus remains below the marginal benefit until 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 outcotite that depends onl pollution levels and related adjustments
in force at the tine it is imposed. Since damages generally have not been 
internalized (though this is changing), adjustients will have been made that 
result in low observed marginal dattiages. Inother words, by consulting 
marginal Conditions ii 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 pollution A equilibrium. This may be 
globally optimal, bul the point is we don't know. A benefit-cost analysis of the 
move fronl A to B or vice versa, would be required to determine whether the 
likely local maxim urn at B is also a global maximnurn. The question is whether 

n
(on Figure 1a) the area under theimarginal benefit curve fromts to s** 
exceeds the area urder thre marginal damage curve from s" to s ,or, as in'*
 

this case where marginal damage falls to zero at s', from s*to s'. The answer 
looks easy oit paper, but an actual empirical analysis of the move back from B 
to A could be very difficult, because one would have to determine what 
adjustnments had already been Iade or would be made if pollution loads 
were cut back. 

POLLUTION CONTROL POLICIES: A COMPARATIVE ANALYSIS 

We havejust seen that a tax on pollution carl lead to an optimal degree of
 
control, though the potential for adjusttents by victims can make attain­
menit of a global optimunldifficult. In fact, the other methods we shall
 
discuss-direct control, subsidy, pollution rights market-face the same
 
difficulty, so this is not necessarily art argutnent against a tax. Indeed,
 
there are several advantages to a tax, as compared to those methods. In
 
this section we shall be concerned pritiarily with the comparative strengths
 
and weaknesses of the several alternatives. First, however, we consider a
 
rather novel challenge to all. It has been raised bv Coase (1960) specifically

against a tax as the traditional remedy 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, resources will be put to their highest valued (Pareto-optimal) use 
without any need for government intervention. IWhat does this have to 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 ofwastewater 
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 dischdrge 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 to clean water, he 
would be willing to pay, in total, an amount up to c+d to secure a reduction in 
discharge to s*, whereas the factory would cut back to this level for payment 
ofanything overd. If the farmer does have rights, the factorywould 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 production: and that no intervention by 
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governmeni is reluired to achieve this result. In short, we have established 
tile 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 prac:ical applicability to pollution problems. A 
question arises even its to whether the theorem is correct oIL its own terms. 

In our example tile only affected party was the farmer. But stream
pollution ordinarily will aliect manv parties-other producers, like the 
fartier, and perhaps more important, consumers. Recreational 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
assunies ioi tran sactiOn costs, which is realistic in the two-party setting of his 
examples-a ranlcher whose wandering cattle trample a farmer's crops, a 
confectioner whose machinery disturbs a doctor in an adjacent office, and so 
on. But in the typical many-party pollution case, the transaction costs will be 
prohibitive. All of the aliecled parties would have to be assembled arid asked 
what they would he willing to pay or would require in compensation,
delending on ilh assignment of'property rights. Suppose the d;anage, in the 
aggregate, exceeded the benefit to the pollute ., from a projected increase in 
pollution. If tle danaged parties did not have the right to clean water, thecosts of getting 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 thu assignment of property rights.

Even if the barrier of transaction costs could be overcome somehow,
another confronts a bargainitig solution. Where many parties are involved, 
there N,ill be an incentive for each to engage in strategic misrepresentation of 
prefer,:ices . Suppose, again, that damages exceed benefits and that thevic.ints have no rights. Each will hav"e an incentive to understate willingness
 
no contribute to a bribe to the polluter, on 
the assumption that one portion

will not appreciably alect the total. Yet, if' enough people behave in this
 
fashion, the total will indeed fall below the amount required to compensate
the polluter, and otce again stream water is allocated inefliciently. In other 
words, where the externality is it public good, as pollution normally is, the 
cond.,,ots reluired or the theorem to hold are simply not met. " 

Questions have also been raised as to tile validity of the theorem in a two­
party setting. Let us return to our original example of factory and farm. 
Even here there seems to be scope for strategic behavior that would upset the 
Coaslan eqluilibrium. The lactorV call claiti that its marginal benefit curve, ill 
Figure 2, is really farther to the right, say through point '. Then the bribe it 
can extract froini the farmer is increased, by an atiount equal to e on the 
figure, andt a new equilibriunm, at .s* , is established. If tile potential gains
froti this sort of behavior were large enough, one call iniagine that real 
resources would be used[ (wastefully, froit 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. I 

Another problem for Coase is the presence of incone effects, NNhich can 
drive a wedge between the aniount an individual is willing to pay for, say, 
clean water, and the amount he would require in compensation for loss of 
this good. In our example, and in Coase's, the two parties are producers, so 
this difficulty is not likely to arise. The loss to the farmer is nieasured 
unambiguously by t(he loss of output or the cost of obtaining clean water, 
whichever is less. But where tie damaged party is a consutimer- and this, we 
have argued, is the more typical case-willingness to pay may differ from 
requiired compensation because the former is constrained bv the consumer's 
income. The result is that the assignment of property rights wi/I affect 
resource use.' 4 

In sumnary, then, it appears that the Coast' Theoren fails as a challenge 
to pollution control poll( v nvolving some form of public intervention. It 
does offer an insight into the virtues of the market in dealing with certain 
kinds of externalities, bum 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 nonecononists. The contention is that the information 
required to implement a tax- the marginal damage at the optimal point to all 
pollution receivers-is just not available. One implication is that neither a 
tax, nor the economic tLeory on which it rests, is very relevant to practical 
attempts to deal with pollution. Many ecoii()mists accept, at least provisionally, 
the first part of this criticism, to the effect that we do not know enough about 
datnage functions to design a tax to achieve fill Pareto-optiniality. i' But these 
same econonlists have shown how it tax can be used to achieve tie more 
modest, but still important, objective of cost-effective control. 1'That is, for 
any desired level of control, a tax will achieve it at least cost. We can view th( 
problem as one of choosing, through the political process, a desired level of 
standard of environnental quality- - ,clh as we choose amounts of other 
public goods, such its national defeise- and then seeking a itiethod to 
achieve it at least cost. in what follows, we show that a tax will do this, and 
further that direct controls on emissions, a method favored by many 
nonieconomists, probably will not. There are, however, some circumstances 
in which controls may be superior to a tax, or cati usefully supplement it, as 
well shall indicate. 
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Our aptproajnc in prfovilIg the Cost-Milliiilizaio1 1 Theoirem issimilar to
the one adopted ill,e lprecedinig section. We first derive necessary
conditiions for achieviing a presecSted Ivel of p)ollutionl at llliniltllttll
aind theit show that the saite cotditions are 

Cost 
satisfied by tle(deccitralized 

decisionis of, polluting firns sttbjett to ;ill ia)propriale tax. 
Formnall,, the planliner's proIetll is to tmtintimItize the sum of'expeindittures

oi Iwo kinids of iitilts-- those used to produce cotiventional goods and
serN-i(('s and those tisei to Coiltril pollution-sul).jct't 1t restrictions on
production, nit the relation helw.ell producttion anid pollution, and on
pollttion. Previously, we considered pollution as jist another fictor of' 
prodtictiot. This,(fd
course, inpli d soilie expeltd itiir onI
MCoitrtl, since less
l)Ollitioii ilitil it1iore11(fother, costly iitjliis. Here, hodwever, the expendi­tITre is Made explicit ill order to oh)taii all expressiot fr thle indicated
polltioti tax illtCInUs oft th. Cost of lollution coiittrol. While this has somie
advaiitages in iit+erlpretatioii, ia d ill i lmparingthe 'osts of ttax with those of
otlier ntlthods, such as direct coitirols, itsacrifices soilie detail in modeling
the role of' pollution withil the fitim, as we shall see.17 

li symbols, te problem is: 
minimize 

I I p, r, + P ... (16) 
subjet't to 

J" (r r,,k ) y , k = l m ...(17) 

y S ..()k1.. 
and 

Is < s", ...(19) 

where r,, is the anounit of iiiput i; aild i, viSle amount ofcontrol input
employed by firm 4; p,,istite price ofh; Y, is tile output of firm k; gk ( )is afunction that relaies smoke emissionus to levels of'otput al control fbr each
firm; s* is tIe environmtental quality standard; and other symbols are as 
before. 

At least a couple of alemitrestof
hiis model deseive firther explanation.
As indicated ini(18), smoke et issiois are deterni ned by two things: tit'level
of*otitlt tt andlthe intput (1,)devoted to abatement o cont'rol. This fbOrntlation 
is not itsrigid itsitmay seetin, sitce the control input can be undcerstood rather
broadly a.sitmethod o tech tiqtte for reducing emissions in conjunction with
physical hhitors like labor aid capital. Just one. such input is specified fbr 
simplicity withiout loss of genieraliity. 
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A vector of outputs, the y*, is specified becaLse otherwise the problel 
is trivial. By having the firnis produce nothing, or very linle, the planner 
obiviously could minimize costs and satisfy the smoke constraint. What we 
are interested in are t'e conditions for min imizing costs associated with an' 
given output, just as it: the ordinary theory of the firum. The output actually 
selected will presumably depend oi demand atnd( oI tlie plan ner's, or tle 
firm's, objective. We assume only that it is desircd to produce the chosen 
output at least cost and seek the condi !oris thiat will aISSLire this. As before, we 
do lOt suppose that a planner really Qn determine i lpt use at lie firm level. 
We simply pose the problcm ini order to show how i much less ambitious 
approach, lic setting of a (tniforn) tax, can ,cliCehe the sante resuls. 

Proceeding with the solution, the Lagrangian expression car be 
written- first substituting g ( ) directly for s k - as 

L=ZZ p,r, + p,., + YX*I[f-f + X(g'( )- s). .... (20)
1 k k k 

Differentiating with respect to the r , and v n,d assutmting no corner 
solutions, we obtain the necessary conditions fOr a miniiimuli 

p, - X.If = 0 alli,k, ... (21) 

p,+Xg = 0 all k . (22) 

Now suppose the decisions on input levels will be niade by the individual 
firms. The problem facing each is to niimize the sum of expenditures on 
inputs and a pollution tax, su)bIect to the same restrictions on production and 
the relation between productioi and pollution. Note that resuits willour 
apply to imperfectly "'opetitivefirms as well, since we niay assume they are 
interested in keeping costs down, however much they, hoose to produce. 

The firm's problem, then, is: 
minimize 

p,rA+p,v, +tsA ... (23) 

subject to (17) and (18). The Lagrangian e'xpression-again substituting 
g (') fors -is: 

Lk = TP, .r+P,,vk+ttgI( ")+a1)' -f(l )J ... (24) 

where t4 is the pollution tax. Differentiating with respect to the rk and v k we 
obtain 

p,-a- f , 0 alli ... (25) 
and 

0V+t. ... (26) 
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Comparing these conditions to (21) and (22), it is clear they are the same,
provided the tax t, is set equal to X , the shadow price of the pollutionconstraint, for all A'. X clearly depends on the standard, s*. For full
efficiency, S: Ibewould set Where the marginal damage for pollution just
eqtlts tille marginal betietit, but this brings us back to the preceding section's
ap)roach, which we have since suggested is impaired by lack of infbrmation 
about dall ages.

Still, we have shown a great deal. Let us take stock. We have shown that a 
unfrrn tax on polluters (tk = , all k) will achieve a preselected standard forenvi roitcnntal quality at n oinimcost, provided the tax is set appropriately.
hnportantlv, the resut emerges fioni the decentralized decisions of tile
polluting firns. The central authoritv need know nothingl)out the control
options facing each flrm it setting the tax, and it need (1o nothing beyond
setting tIle tax. On the otiler hand, to set the tax appropriately the authority
must solve for X, the change in the minimum expenditure on production and
control associated with a small change in the pollution constraint. This is akind of aggregate marginal cost of control and in practice might be estimated
froin knowledge of the costs of an "average" polluter. "'Even where this is not
feasible, however, a ti nifm tax has the desirable property of minimizing tie 
cost of achieving some quality standard, and doing so itt decentralized 
itshion. 

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

t g=,/g ... (27) 
The right hand side (rhs) is tire price of the control input divided by its
marginal product, or the marginal cost of cont rol (tile minus Sign corrects f'or
(lie tiegative g k). Now, Suppose the tax required to achieve a giveti quality
statttlard, call it q':', where q relpresents uttits oftpollution abated and is related
inversely to s*, is not known. instead, a tax is set that will in fact result in a
different (qttalitV,('/'. The marginal cost of con rol will still be equated across
 
sources of polluotio, becautse each will push control to the point where tile

marginal cost equals ti common tax. This is shown for two sources with
different control costs inl Figure 3. A tax 1: will achieve tite desired quality
level q* at least cost, but a tax t' will achieve q':' at least cost. 

The advantage of tax direct controlsa over on emissions is easilydemonstrated in this fuortat as well. Suppose the two sources itt Figtare 3 are 
producing the same antou nt of pollution before tilie tax or other cotrol.Now it is dcsirecd to achieve a reduction to q". One olvious way to do this is to
impose a uniform control on each source: a reduction ofq':/2. The dillicultv
is that, itt general, this will result itt violation of' the cost-tiiitizitig
equitiarginal outcme assured by the tax. As long as marginal costs difler, 
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Figure 3. Tile minimum cost tax. 

the cost of achieving q* can be reduced by shifting a unit ofabatemtent 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 ofq. for source A, and q*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 isjust 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 to the polilter to cut 
back on emissions. No matter how low they already are, cutting back further 
will reduce tax payments. This may be especially important 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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. I'lst il5J1)olis, to tlls rili('isilt is il it ae))Cars Itoapply to direct 
44 llll l4 , Midi1(,1441Ihil i,[iltr, to oiri(, jil('lilli\'tvs Suc jh. i uStl)sid\I or it 

cierlllit \s(Iiil 'Is well. C(rulinly' (is is true fotr controls oi emissions, 
witili(ir ilitlii l i ili vi(ilI!v iiloretl. Monitoring costs ilav, however, bem isidc,t~lh hI IM~ ,iilh'tl'1w form of control: i requlire tin that ilh(­vr ilcl 

J)44llii 1() ,JI lillli ei iI iYpc, (1( olitt r( l tl'le illolgp,. This is, ill faci, a very 
p(q)IIIllirlJiIt.lli illlit Illagli ll it" (I both an aid water qualitv in theI 'iil'd s(a s. Mv ,leIlilg is illat if, is no reason to believe mandated 
It'(ilifIlgV will bc1t44i-((lit,( liv 1 0more than otlici'"controls. Horrorstories 
(I4ilIi4'I pit .l -l Ilefficictitcv ill stpecific iicIlii('( earet co1i1inn knowledge 
illii ig si ,llS ()Il'll\il)llillelmtlll (clt i lI liics.-- But teclinolog controls do 

otl'cr Ite ll viili(, (Ifreledt(I mnlliiigtg (osts, anl(d the trade-off may 
(oCCdsiollilh fa1vor ilhil ise.. I ieillaiii solitewhat skeptical I)ecause the 
liilliitllrlii( ' ii'll Iii ll Ihe reiduced all tl at m1(uc(h. As ih( history of 

iitllllliladit iteldvites (iiii auliiobiles suggests, Continuing inspection 
Ia ,v be requlirell t(o tlistre iha iahe devices il-( fuictioning properly, indeed 
tiat die'v ai' iil place aiill liCilolinililg at all. Prospects are pcrhaps better in 
lther ar is, biu itis hard tloimagineia technology that (foes not require some 
Moi(iuiitorilg. A ftiir (lltisioi here ittiglht be that de question of which 
iplproachl to pII)llhutii (otritol atccomplishes a desired degree of control at 
Itast ((ost, itcltidiig oitlitoriig (st, is all empirical one. Cases in which 
iailatintg a tethhitlIogv will rtf)reseiit the least-cost alternative conceivably 

(1(o exist. 

lh'rC o1hllr situatis int'iit llde' e which direlt controls may
iihli(ve ()ii a tax It ),icltpolity Ilisti'rllieit ftr ptotecting Ihe environment. 
Oic is wlhere ihe dcsiled tiissioii IlecI is zeio, ias f'otexample with highly
 
loxic sulisiies. lli 
 t[is Sitiatilli ;i sitmple ban ol use may be indicated." 

A scLtOii( Siiliitilitli titil (iiOils is 0i01'of rapid or tetmporary 
vaiiti(aii ii Isired tIissilli levels, IoF exiipeiI,, ias a consetltence of 
cliaigiig weaillie.r paliltis. Tixes, sulsidies, id the tulbllll)er' f1'pollion
periiiiis so ot ill] bc varjiedl 'ld , '1c1", to tmeet changing emilissioil targets. 
BUl (lts tlight it iimiiicltiil ovtr the short periIls involved. Changing 

(jitipie1 al I li4t1i', which is it(,SciiiallVi tie h pwakor iic-of'dayit,'ili eas 
pli(t'S ;itt, H(ot ill it witl(h (iliilblvel' . Ati iiu-)laj(, tax 5'sclill, Oil airpl) luion~i I'Mr iii1lilllCC, C'OIIl(l bctsupi ~ilici~illcdIIuS(-'lll\' hb '(dirCt'i C0 11, ilS l 

titissiiis ill tliisital cirtirimisiliics, sitlh as ai aitiosihric iiv'rsion that 
iifliibiis itii dlisperl'il of l)olltiji i.21 



Tax Versus Subsidy 

With the exception of tllecases Just discussed, a tax appears generally 
superior to direct comrols. But attax is not tit nly fiscallinstrttntt thail can 
be used to reduc pollutloit. Sonic ecntttttists ht'(e .,uggcsted thatt a subsidy, 
or paynent to redlucc pollution, will work just as well. In its strongts fot, 
the suggestion is that re'sourtce. allocattio . inttliniltg, ti (lltissoll of 
pollutants, does not depend ot ,lie assiglitliteillt of ciivitttiitital property 
rights. Whether the polltter is in flct paid for thc etitisimis iecontrols, Or 
taxed for those ie does not, the otltcttie will te tie sallte. 0111%. th 
distribution of itcoti is at-'cted. 

This itnav soutnd fIuiliat and ineed has beett called a Coasian 
positiot-though Coase cotisidc,'tid tmaitnly two-partty situations ati adlvo­
cated (ir<ect negotiation Itctwceti ihc panrtics as oppscs'd to goxet'inttiet 
intervention in the forni i" cithiecr a tax ot a stitbsidv. Still, if ' ,ccCt thile 
proposition that som' lirni of itittrvettitot ttccossatv ill the I.pical large­i., 
numbers l)ollution case, thc quesiotin of whcthie, tax atnd subsidy ar 
equivalent in their allocativc effeclis, and iftit, which is sitlietior, scelis 
legitimate. What I .hall show is that the. atrc tnt(t cpiivathtt, and that the tax is 
superior, though there is tstpcrficiallhv plitisihhc case for. cqIivaltcc. The 
reasoning here is somewhat sitnilat it) that itl mt carlir antalYsis (Ifthe Coase 
Theorem and its application to polltitiot cotitt'd. 

Before proceeding,Ishould tiote that there isatnolter kind olsuhsidy,one
 

that isinfact a central featute of U.S. etiviroimiteittal policy.This ispayitetit
 
of part or all of the cost of polhution control.The pilttt can be direct, as in 
the case of federal grants to nuitnicipalitics for the construction o'wastewater 
treatment facilities, or indirect, as in the case of tax credit; to Iiils for 
investment iii certain types of control e(qltipilllttt. Fronti t e point of'view of 
economic efliciency this kitd of subsid' has serious drawblacks. These ate 
considered after a discussion of' the first, or Coasian subsidy. 

The Coasian subsidy takes the following Iorti. Starting fronti a it chitark 
level, the polluter is paid for each unit reduction itl ciissions. If' the 
benchmark is s*, actual emissions are s, and payment isat rate t,then the 
subsidy ist(s" - s).It is casy to see that this isijust ecquivalett to atlump-sum 
transfer to the pollIter, ts , couphed to t tax, -is. Since behavior is 
presumably not affected by tlutmp-suti tranisfer, itapplars thatt tlt ,allocativc 
effects of a tax aittlatsublsidv tust be tlie satre. Iiteotie (list,ibution is 
affecte, of Iourse by the disposition of the h1tiip sui ts1. 

There are, however,at least two distinct diffictiltics with this result. One 
has been discussed already incoiiect ion with the Coase'Tlheoreti. Since the 
size of the lump-sunt payment depends ott the beuchtark emtission level, 
the polluter, or for that matter the potential polltier, has a strong incentive to 
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niiisrepieiS(i ill(l tidan iisallocate resources to establish a favorable 
heiihmiirk. "'l Iiiiamnital diiiciihv isthat the beInchtark is set
,urbit rilh. (C(ltinlI; II t tsil)le I)o his-]l ay Ib perhaps tIic onIly practical 
way ...isoil ihc lisis e.liss tilli,,si(cl levels. But this creates an incentive 
oi"'illiissitiis irn would flind profitable itthe ablw.nceIb:o)'c, ('il whit tilt' 


(ilaliv (oitr<ol Il 
all interilit period iii which the lenchlnark is established. 
Moi(>o'\er, setting tIn ll (iiclmark <)tothe l)asis of* observev! emissions 
pc(Ili ies the cleal, iIIron, tIhc ()'ithat lias al:l' ';:d iej control equipment
)r usts iless il]lutin ,g be]rocess. It I ilv ie t ainialpropritate solution ciai,
(leviS'i hlr, (leteri'niig ai b heiitiinarkitich aid polluter, ,rl'oi every 

)ottiiti!lal polluter, hit tii, is tl(.tarly tioit ,t rivial jprolcli.r

A s(((ii<d roasilsoi loi" lie etsseeli
(11istiii)ning s\niiniier\ 
 tax and subsidy


ariSes Whil thew
Illiip slllilis cisidru.d ilorc (rcfillv. Th diffictilty isthit, 
e(' Itelp sum (Un an oil tilte 


dcisiosl;. Be''tise itlhils ail(HeeCl Oni 


illIlh liiger rin,illc have%-, lrcio-t polluting firm's 
lr<lfits, it can ililuel'icc the firm's 

decision ,isto ,liiliel to slav ihbusiness, or whether to enter a polluting
lbiisiiiess ill tOe first plltct. Illus, ('v('inthlotughl I sul)sidv hca<Is to a reduction in 
pollttion lv tach p)ollitir, just as ,ttax does, it will twild to increase thit 
tuniher of ptolluttrs Mt. 'oIT.esp0ildiiigIV, uny ttal aiIIoIIt of pollution.t 

Ovir 'le !oiig.r riut,
wihtn ciitr-yan d exit ael'permitted, the allocative eflects 
oi'a subsidy will ilot he the' salni its those of a tax.", 

Thcre. is a qualificatiot to this propositioni, but it is tt likely to be
Ihl)ortant illPriIC t'. Sti:]<V thC Iuili)-SuIt )ane'nt is not made 
(olititigelt oil (t e receiveswheth lit'itr that it reiiMaits in a polluting
industry. That is, tilefir wotil cm i Titlie to receive tilep- lent even ifit left

tIle industry, otrshut dowl cmtinlpietelv. Since this compcnt of profit does
 
not depetld oil ally decision by the firn--even the decision as to whether to
 
stay ill business -the subsidy would not hold the firm in a 
' olluting business. 

The reason this is not likely to be important in practice is clear. It
Would sinply not be feasihlh,. lhe Piyi<nit would have to go on indefiniitely 
not Onlv to the polluting hIrnll leaves the indust-N or slits down, but alsothati( 

to dwe otm,'Piial lillter.The olbjctivc 
 isto keep Iirms front staying inor
 
Cit< rilig a pOlluitilig a iittr'v to quality, fer the sl ,sidy and this
 
requres iilehliit palyments toall il\c a position todo either.
 

Let us concitl( 
the discussion of tax verstis subsidy byexanining brieflya

difl+'rcmtt kind of* subsidy. As notet earlier, current U.S. environmental 
policy feaotures a(lirect hl i0t1'irtet iIYiaymnt by (ie gov(,rntitent of aportion of
the ti1htter's tottitrl costs. For example, the f'deral governlient now pays 
75 ,ci, the.construction (iss of a ltuticipal waste(water) treatmentnt ofl 
plant, ip from about 50 plCCt intnrelvious years. The difficulties with this 
arraiogenici it are, first, that construction andioperation ofa plant is still alosing 
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proposition for the municipality, and second, that tile choice of control 
technolog, is biased. " 

Unless 100 percent of the cost is paid, constriction still entails i loss in 
revenue. If those who will benefit from heilt
plant are largely in downmstream 
jurisdictions, the incentive to build is weakened. Further, the itcentive to 
operate the plant efficicntly, indeed to operate it at all, is similarlv weakened, 
since operating costs .tareborne enrly by the nlinuicipalitv. The point is, this 
kind of subsidy does tothing to create itcentives for tihefficicnt usc of 
corn mon-property water resotures, as attax or even aICoasia i subsid' dos. 

The second objectioI to the subsidy as cUrreit'V constitutcd is that it 
biases the choice of control technology. Ifcapi tal costs are heavily subsidiZcd 
aid operating costs are 11ot, one would expect capital-intensive muethods of 
waste treatment to b F,u)OI)tldr.The results can Ibe somehat perverse.
Current policy provides atsubsidy in tlctfl'imt of tax credits to iidustrial 
polluters for the installation of certain types of'ot 'ol equipment.Recoverv 
recyclingof residuals do not qualify 1nder this healding. Yet, inl soie 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 optitoality or just
cost-effectiveness in pollution)control, is that it is ti formI. Costly discrimilia­
tion among poliuters is not required to assure the Pareto-optinal or cost­
effective outcome. When comparing a tax to di ect controls, lor example,we

found that the same tax imposed on all polluters would lead to a given

reduction in the total atnoun t of )1polhuiot at least cost. In other words, the
 
environmental authority need not tailor the tax to each l)olluter's individtal
 
circumstances. With direct controls, On the etlher hand, ct,()tas would have to
 
be determin 1based oul individual cotrol cost fi nctioui..- The low adonin­
istrative costs of'a tax, in this respect, are one of itsattractive features-thotIgh 
as we also saw in the comparison with direct controls, the costs of tuonitoring 
can be substantial. 

But there is a problem with the tnifo0rit tax solution that casts doubt on 
the claim of low admtnistrative costs. Consider two sources of pollution, one 
in an area where the capacity of*the ambient environment to disperse or 
assimilate emissions is high, the other in am 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 contritbute more to 
pollution, to discourage polluters from locating there. This can in fact be 
demonstrated more formally, as I now show in the framework of our model 
o.a cost-minimizing tax. 
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The only assumption inl the model that toneeds be changed is that
emissions fron individual sources are added to,-dIc' to produce "pollution."
Instead, we shall aSSUltme that pollution Is alum noto.':,lecessarily linear, of
individual emissions. That is. Nhere we previo uslV defiIed pollution asaggrcgate enlissions, sk, let us now define it as a function, O(s ... , S4), of 
individual emissionis. We require only that emissions by each firm contribute
positively to pollution, that is, that 8O/&Vk> 0. all k.Again, the point of thisformulat ion is that it allows uis to take account of differeiices among sources 
in the contribution of their emissions to pollution.
 

Constraint (19) Inow becomes
 
O(s,. N4,)< s+..... 
 ...(19), 

"andthe necessary conclition (22) becomes 

p, + Xkg = 0. ... (22)' 
The other necessary conditions, including (26), are not affected, so that thetax on firm ,,1k, must be set equal to XOk, which is obviously not the same ingeneral as the tax on finn ,tk,=,k'. The tax on emissions by each source,
in other words, is no longer uniform, and is instead weighted by the
contribution of enissions by that source, Ok, to pollution.2' 

How significant is this modification to the comparative assessment ofpollution taxes? Clearly, if there are a large number of sources in a region,
and something like our 0,,k term must be assessed for each, a tax loses someof its appeal. A practical solution to the dileinmia \night be to make a fairiv
broad cut at discriminating iritong Sources. III the sinplest case, forexample, just two classes of sources might be defined- those characterized

by high assimilative capacity of the recetving melium, and those characterized

by low-and a uniform tax set within each. 'Fhe 
 study of taxes versus dircct
controls on water pollution inthe Delaware estuarv (note 16) represents aconsiderably more albit ious approach, in that it also distinguishes between
it
uniform tax and one that varies by zone, for some 30 different zones. Theadditional flexibility introduced b,' this variation does have an inpact oncontrol costs, though the Major itupact is still )rocluced by the move fromuifort d(irect controls (eq ual pecentage reductions) to a uniform tax. Inother words, fairly substarntial spatial differentiation appears to be computa­
tionally feasible and would yield a savings in control costs but even without 
this a tax is much Stperior to direct controls.

Note that we are in any case not talking about evaluating the damages from 
p1)O11ttion, or itcleed even determining them. The environmental authoritywould 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, stch 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 tniforn tax still leads 
to substantial savings (if the Delaware study is at all rcpresentiative), further 
savings can be had by varying the tax in a realistic way, and thetc cotopllications 
are, in any case, conplications for the use of( other instruments as well. 

Still another such instrument, the sale of pollutin ,ermits or rights, is 
sometimes advocated as being superior to a tax on sexverill grounds, including 
the ability to deal with spatial variation. III the remaintder of this section, I 
consider the relative merits of tax and pollttion rights schemes. 

Tax Versus Pollution Rights: Price Versus Quantity Rationing 

In principle, a tax and a rights auction ought to lead to the s -.ne result. 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 at incentive to 
pursue controls to the point where the cost reaches the price they would pay 
for polluting. But a nmber 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 variation. 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 wotld 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 ior short periods, such as those 
associated with atmospheric inversions. But for longer periods, such as it 
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 ofspatial variation. 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 
function. Where this knowledge is lacking, there is the risk that the target will 
not be achieved, in particular that too much pollution will result. The 
situation is represented in Figure 4. Suppose the target is q*. If the 
environmental authority believes marginal control cost are approximately 
MC, the appropriate tax is 1,. But if marginal control costs aro really more like 
MC 2, then onlyq' <q*will be achieved. Baumol and Oates suggest this is one 
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Benefits, 	 MB1 
Costs
 

ti 
MB2 

q'I q11" 	 Pollution 
Abated 

Figure 4. Tax and standard co pared.	 s 

reason why ta.-es, though recommended persistently by economists, are

viewed wvith skepticism by policyniakers. Of course, tax is not set in
a 

concrete. 
If it does not achieve thle desired objective, it can be moved around 
until it does. Still, changing the tax, especially raising it, could be politically
difficult, and there is also the question ofex ante and ex post control costs. The
initial tax presumably wVill lead to investments in control. Once these 
nvestnents are in place, the cost of adJusting them in response to a change in 

the tax could be substantial.'( 
The skepticism of l)olicnakers-and somle economlists-may be well

foun1lced, then. Onl thie othe hand, settinga standard and sticking by it carries 
a risk of its own. The costs of compliance Could reach ulnacceptable levels. 
This possibility is also illustrated in Figure 4. Suppose, again, the target isq*,
set because the env'ironnmental authority believes marginal control costs are 
in the neighborhood of',IIC,. Ifithey are real ly n earerM1C,, ach ieving thle target

Will entail subIstanltially\ I igher costs, which may imly~l unacceptable sacrifices 
of' other social ol) ect ives. 

It ap~pears, thten, that ei ther-a tax or atstandlard canl le set, and with either 
one society runs thle risk of much larger than anticipated losses in env'iron­
mental amienities or other goods and ser-vices. Thle Source of thle difficult%,,
along with the control cosit uncertainty, is that neither tax nor standard is set 
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with regard to tile relationship between costs and bcnellts iIIthe fiatttewor< 
we have adoptedl. It lulhbws that sone knvowledge ol'bIncits ,naybc hclt4ul. 
The (juestioln is. \%-hilt kind of) iIF,er'ectt kutowhe(Igc cat illfact be helplful? 

Stppose wt h:,ve ,C(,sot-) bcliev( that ,nattgh,,, daia,ges fitoitI Itl 

polltion in (luttstiot rise sharlly at SoltI, il thatpoloit. ()I,. Itth wordts, 

marginatl lte-fits ftoitt ( otrol lill shtittply. ltt c mae
t arginal benleit cttrve 

would look very nmtuch like .1B, it Figuret- 1. which bicoltes inelastic tt 
around q':'.It this case, Iht( (ttnvilt(,tt'ntal] ,tttthority( )tght to auction off 
rigls just sufficetIt to attain q*, rather than takc a ctatce ol a tax that could 
lead to altinelficictitlh Iow hevcl of ecuvittitlettal qualitv, if cottrol costs 
have been uttercstinated. Ot thellfigure, t, lbasd t (under!tax ),l cost 
estimate of JIC, results in large losses, itsneasured b i tl area between 
curves JIB, and .IC-, Ir,'oi q'to q*. 

Now suppose thC tn;argittal bctefit function is belic'ed Ito quitle clastic,b 
like MB, in tite figure. Again estimating control costs as .11C, the entviron­
mental attthorit\' sets a statndar'd q*. If costs ate really .iC,, losses ;itO
otce
 
again incurred, ,neasured by the area between cturves .1C 2 attd .11B, frot q' to 
q*. This time, however, tilt' rathe,losses result t1ot front too tIticlt polltit, 

from "too little,"itttile llote isbeing spent ott it
sense that eonttol tltat is 
worth. 
To so tiup, where the marginal control cost ctrVe istutcertain, knowledge 

of the shape of tite marginal benefit curve caill l)ftl inchoosing betweetnbe htel 
a pollution tax andta stattclard-ancl-auction approich to avoid the risk o,'large 
efficiency losses. Ant inelastic benefit curve would favor a standard, which it 

"
resembles, whereas an elastic cttrve would tvor a tax, which it resetthles. +

Whether it is realistic to expect that artenvirmtueintal body will have at its 
disposal even the limited knowledge of' beefits called for inthis approach, I 
do not know. But itt view of the potetttial for very large losses if it does not, 
research to determine whether, or where, benefit Cttrlves exhibit sharpidrops 
(or damage curves sharp rises) simila, lv Itas a potettial for itlarge payoff. 
Lacking such knowledge, the choice of tax or standard might sinply be based 
on avoiding what appears to tile decision maker to be the larger risk. Where 
there is concern that environtental qutlity reach at least atcertain minimal 
level, for exantple, the stattdard-anttd-aitction approach s-enis indicated. 
Where the concern is more for the possibly excessive costs of reaching a 
standard, on the other hIaud, a tax is appropriate. 

Thus far, a case has not been made, it tV tjudgnttt, for tite general 
superiority of' a pollution rights auction to I tax. Either might be varied for 
cost-effectiveness, where time and politics permit. Ard uncertaittv about 
control costs can cut in f'avor of either one, depending, as we Itave just seen, 
oil the nature of betefits. But two considerations from outside tile realin of 
static efficiency analysis (to seem to pose special CliffietLties for ittax." 



lIitgiowing economv, tax would have toIates be ad justed fi'equentlI to 
maintain a desired uity oftCt,eivironent. With a rights market, the price
of a right to pollute would risc autoiaticallY, that is, without government
intervention. As the deniand for rights increases, this should be reflected in a 
higher Ipice,just as fOr other ,carceresou-ces. A tax can be adjusted to reflect 
this, but the point isthat the rights market will do so automatically.

A closely related argumnent concerns the effecct of inflataion on environ­
mental quality under tie two regines. Again, without freqLenCt adtjlUstilent of 
rates, quality will be eroded inadvertentlv under a tax. A permit system,
however would maintain quality, while the price ofa permit or right simply
shares inthe 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 oil 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 put it where 
a change for the better is under consideration, tile benefits of control.
Some attention is also given to the relatively more straightforward, though still
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, I 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 air pollution,to 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 dfisamenities such as noise.
 

Damage Estimation 

To understand how damages are estimated, it will be helpful to place
them in a 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 ofparticulates 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 CostsActivity Conditions 

Level and Tons of Ppm of SO 2 , Thousands Value ofcomposition S02,gallons or of dissolved of cases of reduction 
of activity of raw sawage, oxygen, etc., lung cancer, inmortalityinaregion etc., emitted at given time rate, or ofat given time or of deadand place fish, etc. fish, etc. 

and place 

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 physical 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 diamage, can be better evaluated 
by means of a sophisticated version of the comparison ofpropertv valuesjust
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.

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 relatiroship
directly between ambient concentrations and a measure of value, ordinatily
residential property value. I shall discuss each briefly." 
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Measurement of Damages, Imputation of %ralues:
 
Impacts on Vegetation and Materials
 

In principle, valuation of nonhuman impacts, such as those on livestock, 
crops, commercial marine life, and so seemson, straightforward. The
observed loss in units ofbiomass is simply multiplied by the per unit price to
obtain 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 concentrations; andcont'rolled dose-response experiments, in which the effect ofa substance on a
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 ofdifferent 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 plant a less
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 statistical analysis."


Fortunately, in the case of nonhuman 
 impacts, such potentially in­
complete or biased results can be supplemented by laboratory experiment.
Thus, damage to the original crop could be studied in a contrulled 
environment. But note that this would tend to 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 ofall, from a mixture 
of both, the problem of imputing values remains. Although market price is
the obvious measure, at least a couple of rather subtle pitfalls must be
avoided. One is the effect ofa 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 



in turn be affected- for coinmodit ies related inco nsu pIioin,and for factors 
ofproduction. This is a potertiall't rouIle)hsonie issue, since the price changes 
imply in each case changes in consuners' or producers' surpluses. Clearly, 
the researcher must hope price effects can be safely ignored, and some 
evidence sugg sts they canl.' 

A different Jroblein is prescnted by effects of pollution other than simple 
reductions in yield. Substantial evidence exists that both the quality of 
crops is also citanged, generally for the worse, and that vegetation is made 
more susceptible to damage by insects and disease. The compounding effect 
prob bly cannot be ignored. A study by the Stanford Reseatch Institute 
(1973) estimates tile value ofanlnuatl (lamage to vegetation from air pollution 
in the United States at US$ 134 million, but another study suggests that taking 
the indirect damages into account would put tie figure at more than US$ I 
billion. '" 

It appears, then, that even the relatively straightforward task of valuing the 
nonhuman impacts of pollution must proceed with a great deal of care, with 
an eve on pitfalls suggested bv economic and statistical theory. In saving this, 
I certainly (1o not wish to give tile impression that results obtained to date are 
not significant. On the contrary, taken together, the hundreds of statistical 
and experimental studies clearly docunent 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. MN impression is that actual daniages are probably substantially 
greater than even the studies suggest, for two reasons. First, theywould tend to 
be based onipostad'ljustinent,high-pollution equilibria, where the bulk of the 
damage may be invisible. Second, many of the effects of pollution, including 
synergistic effects such itslowering the resistance of vegetation to pest attack, 
are not vet well understood. 

Evaluating Impacts on Human Health 

Lack of knowledge is a problem especially for a class of effects we iave 
not yet discussed -effects on human health. Measurement and evalu. on 
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 conprehensive statistical analyses 
of the relationship between air pollution and human health by Lave and 
Seskin (1970, 1977). The rtsults are not free ofcontroversy, but I think it is fair 
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to say that Lave and Seskin, and others, have demonstrated that there is arelationship between the main stationary souRe pollutants, sulfates and 
particulates, and humnan nortalitv raes.1 

But the most difficult aspect of evaluating the damage don~e by pollution
to human health is not determining the extent of the damiage. Rather, it isimputing a value. For impacts on coi]uercial plant and aninal species, andonl nater:als, marker prices can serve as measures of Value, subject to the 
(lualifications noted. When it cones to evNaluating changes in humanmortalitv rates, however, tie researcher is confronted with tile lack of ameasure of value, a willingnes,. to pay analogous to the price for a bushel of
wheat or a potd of shrimp. A ituritber of indirect methods for valuing liveshave accor'dinglV been suggested. In tny tulgmertt none is entirely satis­
factory, but let us brieflv review thern. 

At the outset, it ought to be clear that we are talking "statistical" life, asopposed to the life of'a known individiua,. ObviouslV Iwould be willing to pay(if Ihad it) an infinite amount to prevent my certain loss of life tomorrow. And
there is considerablh evidence that society is similarly willing to go to enormous CXptelnse to save or prolong the life of a known individual. Butthis is not germane to th1e evaltation of )olution damages. What is to beevaluted ill this case is not the certain loss of life of a known individual, butrather a relatively modest increase in the probability of loss of life for each
individutl metitber of a larger population at risk: in short, statistical life. It isclear tha 'dividuals and governments routinely make choices that involve
trading oft money, time, or other goods for small changes in the probabilityof loss of life. The im-, t,,,ls we shall discuss seek in one way or another to 
infer, from these trao, , ,, the value of statistical life. 

A commonly suggested source of inforntation about this valueexpenditure on public programs 
is 

to save lives. From data on expenditures
and lives saved it is 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, tle procedure is circular. The relevant
value, instcad of being determined by analytical methods and then given to
the political process, to use as it chooses 
inassessing and deciding on 
programs, is itself extracted from the political process. Thus, one is simplylooking 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).12

Ot, tle other hand, in the few cases where publicagencies have adopted anexplicit benefit-cost frainework for making these decisions, the values arejust
those calculated by other methods, so here too, 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 

Source of Evidence 

Human capital
 
Discounted future earnings
 

plus total medical costs 


Surveys 
Willingness to pay for emergency 

coronary care 
Willingness to pay for flight 

on airline with better safety 
record 

Political process 
Office of Science and Technology 
National Academy of Sciences 
Federal Highway Administration 
National Highway Traffic Safety 

Administration 
U.S. Air Force 
Occupational Safety and Health 

Admiristration 
Consumer 	Product Safety
 

Commission 


Labor Market 
Extra wages of workers in risky 

occupations 
Extra wages of workers in risky 

industries 
Extra wages for underground 

miners 
Hazard pay for pilots 

Other evidences 
Seat belts and time preference 

SOURCE: Hamilton (1979). 

Estimated Value 
(US$ thousands) 

$89 

28-43 

5,000 

140 
200 
250 

287 
270-4,500 

1,900-625,000 

240-1,920 

136-260 

1,500-5,000 

68-318 
161 

160-551 

Reference 

Cooper and Rice (1976) 

Acton (1973) 

Jones-Lee (1976) 

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

Hapgood (1979) 
Usher (1973) 

Bailey (1978) 

Bailey (1978) 

Thaler and Rosen (1975) 

R.S. Smith (1974 and 1976) 

Usher (1973) 
Usher (1973) 

Blomquist (1977) 
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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 is that the death ofan individual causes losses to society in 
the form of both medical costs and foregone future contributions to the 
national product, the latter measured by the individual's wage or sailary. One 
difficulty with this approach is its failure to capture losses in the form of pain
and suffering, by the aflcted individual and those who care for him. The failure 
is particularly 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 to pay' to obtain a given
reduction in the probability of death, which isafter all what we are interested in. 
For example, suppose I am offered a safer widget, one that will reduce the 
probability of my sUttfering a fatal accident during its use from, say, 0.01 to 
0.0001, that is, by a fictor of 100. The human capital approach implies that I 
Would be willing toI percent of the present value ofinv future earnings for this 
opportunity. Yet, I might, depending on iay preferences, be willing to pay a 
good deal more than this.' The human capital approach thus appears to be 
conservative, likely to underestimate the value o fstatistical life. It nmay beuseful, 
ats a lower bound, where no better information is available. 

If willingness to pay is the measure ofvalue, why can't we simply ask people
what they would be willing to pay fora product or program carrving 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 addition, the usual reasons 
for concern about the accuracy of responses to hypothetical questions, and 
about distortions due to strategic behavior by the respondents.

The final approach I shall discuss also foculses, correctlv, on willingness to 
pay, but oil the basis of observed behavior generally in tile labor market. People
routinely make choices about jobs carrying diff'rent degrees of risk. This 
approach seeks to infer tile value attached to an increment of risk ofloss of life 
from the resulting pattern of wage differences. The method used is statistical 
regression analysis of wages ott a variety of influences, such as age, education,
region, and of course degree of risk. The estimated risk coefficient then gives a 
measure of the extrt compensation required for the individual to bear extra 
risk, or his willingness to pay for reduced risk.' 

In principle, this is an appro l r iate method for valuing impacts on health,
because it seeks the right v'alue-willingness to pay for a reduction in risk-and 
does so on the basis of observed behavior. In practice, there are a number of 
difficulties. In tile first place, much of the modern theory of the labor market 
questions the assumptions of pefect mobility and of' perfect competitionrequired for observed wage differences to reflect faithfullv attitudes toward risk.
For example, if mobility isrestricted, wages will not be bid up to attract or hold 
workers to a risky job. 
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Second, the wrong attitudes nav be reflected, for purposes of evaluati,,g 
effects of pollution on health. People who take risky.jobs probably dto require 
some compensation for bearing tile extra risk, but less than the average person 
affected by pollution would require for bearing the samie risk firom the 
pollution. The risk in a risky job is often quite glamorous, but there is nothing 
glamo, , about the risk of sickening and dving iuml air pollutio. Again, 
observed wage difieiences woul uderesti niate willingness to pay for a 
reduction inl risk fhum polhlution. 

Finally, it must be assuned that workers correctly perceive risks. For 
example, with risks of latent development ofcancers from p rlonged exposure 
to certain industi-ial ritaterials only now (COitingto light, it is not likely that thev 
have been accurately perceived by tie- workers. For this reason too, wage
differences would underestimate tle value of statistical life. Misperception of 
risk could, of course, cut in either direction; workers might be tunduly 
concerned about the risk of'exposure to a substance that they would in fact be 
effectively shielded from, or that would turi out to be relatively harmless. 

In raising these questions about the labor market approach, I do not wish 
to deny its potential usefulness. Again, I believe it is appropi iate in principle. 
But it needs to be used with care, and with an eve 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 estimates of the value of statistical life fror one or another kind of 
labor market evidence are presented in Table I, along with tile human capital 
and government expenditure estimates. Note also an estimate based, correctly, 
on observed willingness to pay for reduced risk in a different situation. In Table 
2, a few estimates of the value of pollution daiages 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 ii,deed generally fall below the value estimated 
from labor 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 preftrable, its 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 

Type of Damage Value (Annual US$billions) Source 

Stationary source air 
pollution 

$10.8 ($4.3 health, $1.1 
materials, $5.4 aesthetics 

Waddell (1974) for U.S. 
Environmental Protection 

and soiling.) Agcncy 

Automotive air 
pollution 

5 National Academy of 
Sciences (1974) 

Air pollution: health 
benefits of 58% abatement 

16.1 (1973) Lave nd Seskin (1977) 

of particulates, 88% 
abatement of sulfates, 
consistent with 1979 
compliance with 1970 
Clean Air Act Amendments 

Air pollution damage 
to vegetation 

2.9 Heintz, Hershaft, and Horak 
(1976) for U.S. Environ­

mental Protection Agency 

Water pollution: 
benefits of Clean Water 
Act Amendments of 1972 

5.5 by 1985 National Commission on 
Water Quality (1976) 

Water pollution 10.1 (60% due to 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
estinates-than damages to vegetation or structures. Note also that 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 to know something of the costs ofattaining the 
standards. In one case at least, that of air pollution from sulfates and
particulates, there appears to be sufficient information 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 ofUS$16.1 billion in 
benefits, again in 1973 dollars, from the same standards. The standards are 
justified, then, in a rough way, especially ifwe bear in mind that only health 
benefits have been included, and probably conservatively. Further calcula­
tions would be reciuired to Jetermine "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 i-I 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." But it is 
probably fair to say that the existence of a relationship between air pollution 
and residential property values, at least, has been demonstrated. 9 

One of the potentially very attractive features of this approach is that, in 
principle, it captures 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 residential 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 ofpollution, 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 dizs_'. 
here because it is both important 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 w iuld result from 
the reduction would have to be predicted. If correct, this raises the question 
of how to account for general equilibrium adjustments 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 oflow-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 sites-isaffected not required to estimate 
benefits.0 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 ofland rent (wherc rent is thc 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, dq, the compensating
variation is the change in net income, dm, which would keep the consumer on 
the same indifference curve. For a sufficiently 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 Aq. The true compensating
variation, read from the indifference curve, is CIt. But if the compensating
va.'iation is computed from a point estimate of the income-quality relation­
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~Curve 

R (q,x)=Hedonic Price 
/At,* =Indifference Function 

q* q 

Figure 7. Hedonic price function equilibrium. 

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

Now let us redefine the indifference curve in Figure 6 ia terms of land 
rent R, instead of the numerairem = Y-R (where Yis income). The new curve 
is a inirror image of the old one, as indicated 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
tics 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 q*. 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 q*) is then given by the slope of 
the tangent line at q*, which isjust the value of derivative of the opportunity
locus, or hedonic price function, at q*. The value of a change that affects 
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several sites-as anv conceivable change in the public good, environmental 
quality, will-is the sum of tIC individual site values. The full empirical
procedure is to (1) estimate, by statistical regression techniques, the hedonic 
price function, in particular the relaionship betweenl price and the relevantirreasure of enviroimnental quality; (2) take the derivative; (3) Inuliplv it by
the chmge it quality fo0r each site; and (4) sum the result over all afflected sites. 
This yields a measure of benefits (for air imt)rovetnntt) or costs (for a
detericoration) directly from the relationship between quality and property
values, without the need for atn intermediate determrination 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. 

Ali imorl)rtat qualification, noted earlier, is that tire consequences be 
p(rceive(l t tehvbcI those making tire location dccisions. ItO ithe exitritey irc trot, its is alt )Itol tetll Ii'tite f*)r at leastll sollit (oillse(iitlcces to 
hiealth. separtt, timates wotld Ie re(ltliite to Cal)ttIte thir fhill valute of,
chittgc.. 

One other qualification, or perhaps we should call it an assumption
needed for the pr)cedlure to yield sensible results, is that the area 
experietcitng tie chatrgt be "'olt."that is, tirat titete be no restrictions otr 
mobility. Suppose prlltu:tit is decreased in an area. This represerts a 
consttiers' strplts teilefirt t residettts, btut the bettefit will not be 
capitalized into rptr alu s trirless Ifrere is soirc mecltatisit to trattsfe.r 
the surplus rom residltrts to proptrty owttrs. Coiripetilioti bront poilelrial
in-migrants from the improved sites uorrmrllv would do this. Where there are
barriers to entry, however-itntl lito(.. (it( ee'(-I sigilificalitll csis oftiigratiuro
 
would fall into this category-Slire pil o.f(the stirplts 1tra 
 ttoI)rcatlltred 
in rents and property values. InI this case, the estimated property value­
pollution relatiotship will be biase,2 dowttw;ard.

There is another potential source of (downward) bias of considerable 
theoretical interest. Thus ,it', we-alog witi tti(rst ()' rit rtseaCitrs wvho
 
have strdied itc relationshiip betweett pollttiont antid rp lrt, alts- hitv
 
ignored the tole of wage diff'hrerces. This is not ulrt-aisonllbh,. Viitfirta sintgle

urban labor market, tile type ofatrea 
 th;t has been sttutlietf. diflb trcicts ill
 
pollutiot 
 levels cairnot be reflected itl diflereices ilt wage (ttrw)etsilitOt.Sublject to tihe qualifications noted, only rent provides a site-speci fit,rrasutrc
of valte related to pollutiotn. Ot tile'other hand, it seelns plaitsiIll('t liat 
individuals might be attracted to a polluted area in a different labor market by 
higher wages there." 

The question is whether the compensation required to hold an individual 
at a polluted site coIrres itt the form of lower rents, higher wages. or bith. 
There are a few empirical studies of the relationship berweetr wages alldt 
environmental qualit:' across trban areas, but they,(1o not really address this 
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question, any more than do the more numerous studies of the relationship
t)etween property values and quality within urban areas. " The very recent 
thearetical analyses of Freeman (1979) and Scotchmer (1979) suggest that 
differences in both rents anvd wages will contribute to the required compensa­
ion, over a broad range of conditions. 

Clearly, the econometric problems involved in an attempt to disentangle 
and ide-tit\ both components of value would be formidable. This is 
probably one good reason why no such study exists, to iny knowledge. "Yet, 
to the extent that %sage 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. Still a further source of 
downward bias, even if wage differences are appropriately counted, is the 
existence of cost or other barriers to labor mobility, exactlvas 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 unambiguously to an under- or overestimate, 
usually an overestimate, of the environmental value at stake. Where a 
deterioration in quality is concerned, all effects are unambiguously negative. 
An estimated relationship between quality and property values can be 
interpreted as a lower bound, subject to the identification 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 to an underestimate of the value. 
In an actual 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 difficulties 
with surveys here are the same as noted briefly in connection with surveys 
designed to 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 not reveal the "truth," even if they 
kmw what it is.Still, given the difficulties with the alternative approaches, the 
use of survevs ought not to be rejected out of hand. And a number of clever 
schemes, designed to elicit honest responses, have been suggested for 
valuing different kinds of public goods- though only a couple are specifical­
lv directed to valuing pollution abatement." 

Before moving on to discuss the estimation of abatement costs, I should 
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acknowledge that tile 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 ,ot always addressed the distributional impacts, several studies 
of these have been made, especially with reference to air pollution. " I shall 
return to 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
ofeconomic activity that gives rise to pollution. For example, a polluting firm 
might invest in waste treatment facilities, relocate, or change its product
mix-or pursuie some combination of these and still other measures. 
Whaever 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 soime environmental economists prefer to focus on the 
administrative and control costs associated with the alternatives (taxes,
subsidies, etc.) forachieving areduction in pollution specified without regard 
to the value of damages. 

III order to determine these costs, it helps to have a theory or model ofthe 
way a polluter will respond to, say, a tax. We have outlined such a theory in 
earlier portions of this study, but this was 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 o; .
 

Such modeling has in fact been done, especially for water pollution. 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
if] response to one or another kind of charge. Within this framework, 
pollution has been considered as both an input to production, along the linesof our optiimal tax model (see Pollution Externalities and Economic 
Efficiency) and a by-product amenable to treatment, somewhat along the lines 
of our cost-effective 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 that it is 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 AbaLtclileil litdet fIaxes anld Direct CoItriols, 
DOaware Estuar', Unuited States (JS$ iiliols/juer year) 

Dissolvvid Oxygen0ppin) Pl-rogra i) 
U-nlilml'l i ll'll (+'1ll'lvailli~llit-1Coflms U I 'lllax ll( "zo t lx -

2 5.0 2..4 2.A 
3-4 20.{ 12.0 8.6 

SOURCE: Klt (I(177,. 

I'O(cess tiolell is lost, ofcllse, bitll it Illav not have )etll availalle, to bgintwith, all the ecotltolliitric lilod ml d"ltavrasollablv well in traciig the 
illovettin(,ns of' )ro( agg'egats. Indt1,(lc, (olit()itriC itlodelts hiave leetn 
istd to ithIlrecicteffets (If liviroillilital policies ol ile- broadest 
aggregIell.s: gross lialilal pirodhte, 

-
the price lv(el, tllenlllo.litil, and o 

()ll,." 

Stvral resilits staltd ott frotil it anv and varied studies. First, there is 
ill ttust (;Itl 1oid(cltit)l, scop)co r0( lli l)ollitio, ltld by i variety of 
Illtllitls ill addition to l-ofd- pip) te"atiteit of'wasics. A deItailed look at 
theiltrn a tivels Ior a lituiiber of itl)ortat industries in tht Inited States,
tticlhtditt 1)0>)ttliiaid pittluttt rtefiting, stccl, atndtcoal-electric elcrgy,
is provided ill Kicse and Bower (1979), a review of work by Resources for 
the Fulill ill tis awt." 

A secotld ittpotram l)int thateiitg.s frotu tnutuh of this samle work,
hlowvr, is tfat, I votid ii poin, ihl, tiargital cost of control rises steeply.
Fornttatelv, tiis g netalfv m((uits a( high le\e(ls oi'cottrol. For example, as 
shomwn itiFigure 8, itc inarginal cost of BOD discharge l'tedction itn 
petroIttuni rf'lining l)cgiltts to rise sitel,)I olViatera 70 l)(trccnt reduction has 
already been acltieetd. 

A third findi ng is that ia given re-ductiott in aggregate discharges, or 
illp)veilicl ill c'lviroilllital quiality ill a1regiolt, (tll) b broutght abott 
ttore clia)ly by :txil (i thc discharges thall by i'lif[irii direct c)trtols Otl 
teiltu. I Ills is s towtt in Table 3 C(jrWitr pollhtiott it Ih( Delawarc estutary. To 
acthi ve, fImr xilllt)le,, t ,-- ill)tt level of' dissolved oxygetn itt Ificwalr, the 
c(ost would be USS20 mtilliotn anttualIv uttder utift'orttt Iritn controls 
(each sourtce reducitng discharges I) the sitc petrcetiag). A utiorttt tax ol 
disctargtes would accom)plisht tlte sati rsiull, but it it cost ofiust USS 12 
million. Finally, a tax that varied by zone, over 30 zones along the river,
would )rod utee tfc cleatitU) at a cost of US$8.6 ttmilliotn. All of* this is, of 
Cou-rse, 'otsiSltent with otr ttheoretical discussion of the cost-effectiveness ofa 
tax. 



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 (CEQor HIC), 1976-1983 
(percentage) 

Macroecononiic 

Variables 


Real GNP
 
BASE-CFQ 


BASE-FIC 


FULL-CEQ 

Consuimer pr1ice.index 

BASE-CEQ 


BASE-HC 


FULL-CEQ 

Growth rate of 

consumer price index 
BASE-CEQ 

BASE-HC 

1976 1977 1978 

Years 
1979 1980 1981 1982 1983 

0.0) -0.48 

0.1.1 -0.5() 
0.11 -0.53 

-1.03 

-1.28 

-0.93 

-1.16 -1.42 

-l..1 -1.73 
-1.16 -I.411 

-1.70 

-2.09 

-1.74 

-1.97 

-2.44 

-1.95 

-2.17 

-2.68 

-2.27 

1.56 2.26 

1.82 2.7.1 
1.5.1 2.32 

2.72 

3.40 

2.78 

3.17 3.64 

3.90 4.53 

3.39 3.8.1 

4.05 

5.03 

4.41 

4.47 

5.59 

4.77 

.1.71 

5.94 

5.34 

0.7 1.1 

0.9 1.4 
1.0 
1.2 

1.03 0.8 
1.0 

0.7 0.7 0.7 

FULL CEQ 0.8 1.2 0.9 0.9 

1.1 

0.9 

1.1 

0.8 

0.9 

0.8 

0.9 

0.8 

Unemployment rate 
BASE-CEQ 

BASE-HC 

FULL-CEQ 

-5.56 

-8.33 

-5.48 

-7.35 

-10.29 

-7.94 

-2.41 

-3.61 

-3.64 

-2.12 

-3.03 

-2.13 

-l.j 

-2.30 

-2.27 

0.00 

-1.43 

0.00 

1.6.4 

0.00 

3.64 

1.82 

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 (o not lend support to either of two extreme 
positions that have been advanced in the political debate about environ­
mental policies: (I) that current policies will lead to sizable reductions in 
output, or rises in prices, itsoppocents claim; or (2) that they will gready 
stimulate employment, as proponents claim. Projections from the Chase 
macroeconometric model for the United States (Evans 1973) are shown in 
Table 4. The figutres of the table indicate percenltage deviations from a 
baseline projection of the econolV without existing environmental regula­
tions. The deviations are not negligible, but neither are the\y dramatic. 
Output and prices are adverse!,. though modestly, affected. Employment is 
stimulated prestmably 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 that environmental 
policy nee, cot be overly influenced by macroeconomic considerations,
though some coordination with stabilization policy, and perhaps assistance 
to adversely aflfcted 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- Lhough 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 to try to develop
information about how damages- and the costs of control-are distributed 
across relevant groups in the population. 

Another issue we touched oil briefly, and one often raised against the 
benefit-cost approach to policy and analysis, is whether environmental 
impacts are in tlact 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 ofpollution damage to crops or livestock, but what about risk to human 
life? Perhaps thi: is indeed impossible to value. In any case, a study of 
pollution damages should certainly report such crucial piysical impacts as, 
say, an expected increase in human mortality rates. But before we reject any 
attempt 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 traded 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 ofgetting closer to efficiency in 
resource allocation, if they are informed by estimates of the values in­
dividuals themselves place on things that affect their heath and well-being.
This is no: solely a matter of academic concern. In a world where 
environmental standards programsand related 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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The ulicertaitylibjection is obviousi' related to te otte 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 infformation contained in a single nutber, such as the expected 
value olfa betefit or cost, inadcqutae as the sole input to aIdecision. 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 ott the environ­
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for its use and ought to be included as part ofacomplete evaluation. This can 
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NOTES
 

I. 	 Ill addition to the classic artitleImy SaIltuclsoll (195.41, we also Head 
1962) r a discussion of ti(- attrilittes of 1iublic goods. 

2. 	 Probleu, fi' pollttion control policy raised lv spattial \'variation ill 
pollitiot coincentrattions ,are considered later in Pollution Control 
Politics: A Comiparative Analysis. 

3. 	 The model developed and used here is based ftililv closely on one in the
 
V\olutie oilthe teory of clivirontienital policy y Bauniol and Oates
 
(1975a), though these are differences. Other general equilibriui
 
Models intl ude A\rcs aind Kiieese 1960); Kieese, Avres, and d'Arge
 
(1970); Me'er (1969): Ticteiberg 173, 1974al; Page (I 973a); and 
Mailer I197-t1). Kneese' and hi; cotllafiorartors (dotalke ;lt',uit of materials 

balance, but 1bt stIbstiittOit ill production, including substitution of 
other factors for pollution. Maler's analysis is a good deal more abstract 
tihan ilte others, emplovintg tile' ntholds of' algebraic topology now 
standard il tile general equilibriui literature. .More recently, llodels 
combining general eoquilibriu ind dynamic features have been 
developed (see Gruver 1976; Coniolli 1977; and Forster 1977). Dvnainic 
models are discussed later and inll t( next note. 

4. 	 The accunulatioin of' wasi over time is iitrodutced in a h ighlv
 
aggregated materials balance niodel that includes resomurce extraction,
 
by d'Arge (1972) andt d'Arge and Kogiku (1973). Several oiter dvnaillic
 
Models of waste accuimniation have also beein developed, though these 
do not always include Cxti action and [ill Iatrials balance. See Keeler, 
Spence, and Zeckhtauscr (197 2); Plourde (1972); V.L. Sinit (1972); and 
Miler (1974). Miller's analysis does account expltitlv for illaterials 
balance. These dvnantic models are, in essence, oplinial growth 
models extended to consider tile residuals of pollution generated by 
constimption. As in the case of' optimal growth models with an 
extractiv'e retsou rce"COlltt rai inl, Ilie' key (uet~ ion is whlet hler ,t steady' state 

exists. And again, sufIsti tiut ion possibilities, here for Ipollution, are 
clearly decisive. The question, in oliter words, is whethev' atnd at what 
rate pollution per unit of output, and also pollution e'cctnulations, 
can be reduced. Otier questions, relating to tilt composition of 
investient and of output and to the stability of a tax-adjustmtent 
scheme, are also treated Lw Gruvcr (1976), Forster (1977), and Comolli 
(1977), respectively. 

5. 	 Notice that this is just Samlitelson's (1954) condition f'or the optimal 
supply of a public good: tile marginal cost is equated to tile sun of 
marginal rates of substitution between the good and a inmeraire 
private good. In this case, of course, the good is a bad, pollution, so it is 
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6. 

7. 

8. 

9. 

10. 

11. 

12. 

1iIvilIlil il ainId I>olii V iiIlliill 

the marginal bentfit firom its use Ihat is CCjIuatCl to ilc sltll of (positive)
 
marginal rates of SubStitttionl.
 
The distinction betweett ;i 
 tax oil pollution, its ait input to productioni, 
and a tax on output, was made h Ploit (I 966), who showed Ihat if 
pollution we're, an inferior iiLpuL it would be inicrtascd b i Iax Oln 
Outpuit. 
The discussion here, like the result, is drawn froi Bautltiiol nimdOates 
(1975a). See also Page (1973) aid Mteilr (197-1. 
Our 'ramtwork does not cxpiliciIt1VI all ow fr J)tllic po'dlc'tion, bil as 
pointted out hr Knteese andl his collaborators, [he optiuial )rovision of a 
putlic good externality narv rcltire this, aloig with fiscal iltcetilves fOr 
indiviriduals. In the case of' pollution coltrol, )ul)lic invesImenit i 
treatment facilities c(aln complement aita x ol polhliters. The opiinal
nix of these c'onttrol eleii,tis is stulied hv Bohiim (1972a). 
The vew oi" uontconl',exvi developed her' is based otl that of, Starrett 
anC ZeckhausCer (1.974I). A nure rigorous, abstract ainalysis is presented
by Starrett (1972). Other treatenttis of the connection between 
externality anti Itontcottrexitv incltdie Portes (1970), Kohl (197 I),
Bauniol and Bradford (1972), Baiulnol aid Oates (1975a), Kohn aid 
Aucatip (1976), and Gould (1977).
These and otlter alternatives are, CII)hasiiZ(, under 1heC general 
heading of "averting behavior," hry Zeckitauser and Fisher (1976).

Averting behavior is sitply anl aspect of tWe general equilibriumli
 
adjustmtent of ail ctiiOlttV to a (list u1rbance, sucht as 
;it increase in 
pollution. 
Coase's originil article is mttuch richer in detail than this suggests, and 
there is a bit more to theitheoreim. Coast, itav indeed have been the first 
to enliphasize potentiial for kindthe the of' arerting behavior or 
adJustument to extermltitv we discussedlit lhe preceding section. For a 
. er, clear preseintitioi of Coase's alialrsis, as well as extentsions and 
criticisns, see Randall (1972) and Page (1973 a).
This argunitent- that publictncss atd lte large nuittbers associated with 
it make the Coase Thteorettm itapplical)l,,--was developed origiially by
Wellisz A"-,,!) and by Kntcese (196-1, with special i'efe'.rtice to water 
pollutit ,tulze and di'Arge (197.1) plrovide i detailed aitalysis of the 
ramifications of transaction costs. For more oil tilte effects of tlransactioit 
costs on the bargaining behavior of large tid stitall groups, not 
confined to externality situations, set, Olsoit (190)6-l). Buchanan atid 
Stubblebine (1962) show that a pollution tax c;il caid t ) too little" 
pollution because the victims will bribe the polluters to reduce 
pollution beyond the optimal point induced by the tax. The significance 
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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 infavor of
Coase in an imaginative way'by Demsetz (1964). His point is that, where 
transaction costs block a Coasian solution statusthe 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 turn 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. It is i no means obvious that the former will always
be preferred. A useful analytical framework here is that ofArrow (1969),
who observes that comparative transaction costs can affect the mode of 
economic organization. Thus, the cost of learning and communicating
information, through prices, is low in a market svstenm. On the other 
hand, the cost ofexclusion maybe high for some public goods, which is 
why they normally are not left to the market. 

13. 	 The insight into the potential for strategic behavior even in a two-party
setting is due to Wellisz (1964). Mumev (1971) discusses the possibility
that resources will be channeled into threatening actions or processes.

14. 	 Income effects are analyzed by Dolbear( 1967) and Mishan (1967). Fora 
very amusing critique of the Coase ',worem and extensions as applied 
to pollution, see Mishan's (1971) "Pangloss on Pollution." 

15. 	 Methods of estimating damages are discussed in detail in the ,,ext 
section. 

16. A version of this result has been obtained or discussed by many people.
See for example Kncese (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 -)posed to uniform controls (discussed in the text that
follows) to achieve desired level of watera 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. 

17. 	 For an approach that treats pollution as an input, but is similar in other 
respects to ours, see Baumol and Oates (1975a).

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

20. 

21. 

22. 

23. 

24. 
25. 
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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 proLbem of social cost minimiza­
tion). Myguess is that this difficulty is likely to be of'very little empirical 
importince.
 
It must also be true that aA = X,. Since the equations and parameters are
 
the .same iv uoth cases (provided I = X), the solution values of the
 
variables, including c, must be the same. Away from equilibrium a, is
 
in general not equal to Xk'
 
The reider seeking a discussion of some of the theoretical efficiency
 
issues treated in this section, especially taxes versus direct controls, in a
 
detailed, realistic setting "light wish to consult the Kneese-Bower
 
volume on the eco-aomics, technology, and institutions ofwater quality
 
management (1968).
 
Kneese and Schultz (975), in a nontechnical discussion of the history
 
of air and water polluion 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 important criterion for judging a
 
policy. Discussiosn of the effect of a tax on control technology are found
 
in Smith (1972), Orr(1976), and, most rigorouslyand comprehensively,
 
Magat (1978). For a comparison of technical change undera subsidy for
 
pollution control 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. environmental policy.
 
This suggestion is due to Baumol and Oates (1975b).
 
It is recognized in a number of early contributions to the tax versus
 
subsidy literature or, as it is also known, the bribes versus charges
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literature. See for example Kamien, Schwartz, and Dolbear (1966), 
Freeman (1967), and Mills (1968). 

26. 	 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 	Oates (1975a). 

27. 	 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 

for a subsidy, namely that a ax could be regressive initsimpact on 
income distribution. 

28. 	A result like this is obtained in the more richly detailed analyses of 
Tietenberg (1973, 1974a, b) and Hanlen (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 setting of standards and taxes in a 
theoretical and enttpirical model of air pollution in the St. Louis area. 
See Rose-Ackermai (1973) for discussion ofa variety ofdifficulties with 
a uniform tax. The spatial dimension may have been used first in 
formal externalities models by Forstnd (1972). 

29. 	 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 Oates (1979).

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

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

32. 	 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).

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

34. 	 The connection between the level and composition of economic 
activity and the pattern 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 pollution abatement 
sector but does not 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 ofSEAS 
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 polluta~it 
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 scientific literature on effects of air 
pollution is provided in an unpublished study, by Hamilton (1979).
Much of the discussion in the following text is drawn from these two 
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 foundations of damage or 
benefit estimation. Empirical results are also reviewed. A very detailed 
review of both of the steps in the first method is provided by Hamilton 
(1979). Hamilton's work ispart of astudy for the Air Resources Board of 
California of methods of estimating and evaluating pollution damages.
Another part of the study isa 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 thie 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 protblem is to take tle property-value capitaliza­
tion approach. As wC discuss later, virtually all such studies have been 
of residential proprty values. I am aware of one study of the effect of 
pollution oil the price of agricultural land, by Crocker (1971). Advan­
tages at(d disadvantages of the property-value approach are considered 
in the following text. One special disadvantage in the agricultural
setting is the possible correlation between air pollution, which pre­
sunably depresscs value, id encroaching urban development, which 
presumably raises the 

39. 	 Al estimlate of crop di.,. fron air pollution in California, though
alarming in sotie abso.... e sense, represents less than 1.00 percent of 
the total valtie of'California crops, and less than 0.25 percent ofthe total 
value 	of U.S. crops (Millecan 1976).

40. 	 Studies describing effects ott various quality characteristics are dis­
cussed in Hamilton (1979). The estimate of over US$1 billion in 
diamages to vegetation is due to Heck and Brandt (1977).

41 . The first in a series of publications bv Lave and Seskin is a 1970 Science 
article. Their 1977 book provides a much more coniprehensivea,lalvsis 
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). 

42. 	 For example, Bailev (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.S. Occupational Safety and Health Administration. 

43. 	 For example, the 	 U.S. Federal Highway Administration and the 
National Highway Traffic Safety Administration both use a figure of 
about $250,000 (Hapgood 1979), derived from explicit "risk-benefit" 
analyses.

44. 	 This conjecture is proved by Conley (1976), who shows that willingness 
to pay necessarily would exceed the present value of earnings.

45. 	 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 cifferences. There have been a 
number of other studies as well, however. For references, see Hamilton 
(1979), Table 1. 

46. 	 One study I am aware of th; t 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).

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



application to noise pollution consistent with tile 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 
airport siting 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 
watei quality of the theory originally developed to evaluate differences 
in air quality. 

48. 	 A concise "guided tour" of data, methods, and results for each study is 
provided by Freeman (1979). 

49. 	 Two of the early theoretical analyses of the relationship oetween 
pollution and property values. bv Strotz 11968 and Lind (1973), focUs 
on land as a productive input, rather than a residential site. Other 
theoretical analyses (including Freeman, 1974, 1979; Polinskv and 
Shavell, 1975, 1976; and Polinskv and Rubinlfeld, 1977) consider 
residential property values, as do most of the empirical studies. 

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

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

52. 	 At first blush, the persistence 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 situa.tion. 

53. 	 For estimates of the relationship between urban amenities or dis­
amenities and wage rates, see Hoch (1972), Nordhaus and Tobin 
(1973), Tolley (1974), and Meyer and Leone (1977). 

54. 	 For a discussion of how a study night be set up, the kinds of data 
needed, and the econometric considerations, see Scotchmer (1979). 

55. 	 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 hedoniL price functions 
would have to be estimated. This issue was first raised by Straszheim 
(1974) and is discussed bv Freeman (1979). A study bv Harrison and 
Rubinfeld (1978) suggests substantial variation in estimated benefits 
from an air-quality improvement in the Boston area depending on how 
the market is stratified. On the other hand, Nelson (1978) finds no 
significant difference between urban and suburban hedonic price 
functions in the Washington, D.C., area. 
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56. 	 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. 

57. 	 Both Freeman (1979) and Scotchier (1979) provide discussions, with 
references, of survey approaches. The studies directed specifically to 
valuing pollution abatement are Randall, Ives, and Eastman (1974), 
and Brookshire, l'es, and Schulze (1976).

58. 	 An early, empirical study of sonic 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;
Dorfinan and Snow (1975) for costs of pollution control generally,
Dorfiman (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 
(1973), and Dorfman and Jacoby (1972). For a review and further 
analysis, see Portney, Sonstelie, and Kneese (1974), and Kneese and 
Bower (1979). 

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

60. 	 Early RFF studies of industrial water use, such as the one by L6f and 
Kneese (1968) for the beet sugar industry, exemplify the first, relatively
informal phase of this line of research. Later RFF studies expanded the 
scope of the to into allanalysis take account residuals, not just
','aterborne ones. In this category are studies of petroleum refining
(Russell, 1971, 1973); steel production (Russell and Vaughn, 1974,
1976); pulp and paper (Bower, L6f, and Hearon, 1971); and steel scrap 
recycling (Sawyer, 1974). 

The linear programming apprcach in the Russell studies has been 
further developed by Thompson and b;s collaborat., -s (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 explicitly
reginal approach, focusing on all residuals in a geographic area, is taken
in the RFF studies of the Delaware estuary bv 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 tradition, see Hanke and Gutmanis (1975).

61. For such studies of a tax on the sulfur content of fuels in the electric 
power industry, see Griffin (1974a, 19 7 4 b) and Chapman (1974). Foran
application to an effluent charge in the Canadian brewing industry, see 
Sims (1979).

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

63. The range ofchoice in water pollution control is emphasized in an early
RFF study by Davis (1968). 
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