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Preface

The labor of nature is paid, not because she does much, but because
she does little. In proportion as she becomes niggardly in her gifts, she
exacts a greater price for her work. Where she is munificently benefi-
cent, she always works gratis.

David Ricardo!

This book interprets nature and the environment as a scarce resource. Whereas
in the past people lived in a paradise of environmental superabundance, at
present environmental goods and services are no longer in ample supply. The
environment fulfills many functions for the economy: it serves as a public-con-
sumption good, as a provider of natural resources, and as receptacle of waste.
These different functions compete with each other. Releasing more pollutants
into the environment reduces environmental quality, and a better environmental
quality implies that the environment’s use as a receptacle of waste has to be
restrained. Consequently, environmental disruption and environmental use are
by nature allocation problems. This is the basic message of this book.

If a resource is scarce and if a zero price is charged for its use, then misal-
location will result. The environment as a receptacle of waste has been heavily
overused, and consequently environmental quality declined. Scarcity requires a
price. This book analyzes how this price should be set, whether a correct price
can be established through the market mechanism, and what role the govern-
ment should play. The book offers a theoretical study of the allocation problem
and describes different policy approaches to the environmental problem. The
entire spectrum of the allocation issue is studied: the use of the environment
in a static context, international and trade aspects of environmental allocation,
regional dimensions, environmental use over time and under uncertainty. The
book incorporates a variety of economic approaches, including neoclassical
analysis, the public-goods approach, benefit-cost analysis, property-rights ideas,
economic policy and public-finance reasoning, international trade theory, re-
gional science, optimization theory, and risk analysis.

'D. Ricardo, Principles of Political Economy and Taxation, 1817, quoted according to Every-
man’s Library, London 1911, Dent, p. 39.
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This book grew out of my research at the University of Mannheim, of
Konstanz and at the Kiel Institute for the World Economy, Germany, and visit-
ing positions at the University of Aberdeen, Scotland, the Australian National
University in Canberra, the Energy Laboratory of the Massachusetts Institute
of Technology as well as the Sloan School of Management, the University of
California at Riverside, the University of New Mexico at Albuquerque, New
York University, and Resources for the Future in Washington. I appreciate
critical comments to previous editions from Ralph d’Arge, Ferdi Dudenhoffer,
Helga Gebauer, Ralf Gronych, Gernot Klepper, Allen V. Kneese, John V. Kru-
tilla, Ngo Van Long, Peter Michaelis, Toby Page, David Pearce, Riidiger Pethig,
Michael Rauscher, Cliff Russell, Hans Werner Sinn, Walter Spofford, Frank
Stéhler, Sabine Toussaint, Wolfgang Vogt, and Ingo Walter. For this edition,
I received critical comments from Riidiger Pethig and Michael Rauscher. My
research assistants Mark Bousfield, Alexander Schrats, and Michael Trinkus
helped to update data. Michael Trinkus has prepared the bibliography.

I am delighted that this book has been accepted by the international aca-
demic community as a standard work in the economics of the environment,
including editions in Chinese (2001) and in Japanese (2006). This seventh edi-
tion has been systematically revised and enlarged. Empirical references, tables,
and figures have been updated. The recent literature has been integrated into
the text. New sections have been added on abatement costs, ambient air qual-
ity standards in the European Union, environmental legislation, the empirical
relationship between trade and environmental quality, global warming, self-
enforcing contracts, the Kyoto Protocol and other global approaches, and EU
emission trading.

I hope that the analysis presented in this book contributes some insights to
the emotional debate on environmental disruption, and I wish that it incorpo-
rates nature and the environment as a scarce good into the body of economic
thought and that it provides an answer of economics as a discipline to a problem
of great importance to our societies.

Horst Siebert
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Introduction






1 The Problem

Air and water have long been prototypes of free goods, available in unlimited
quantities with no price attached to their use. The Rhine River, with its fairy
tales and romantic songs, is an example. It has been used as a common prop-
erty resource in a manner similar to the ozone layer and the oceans. Natural
resources have been employed in economic activities without consideration of
the long-run effects on the life-supporting systems of the planet or the potential
losses to future generations. The joint outputs of consumption and production
activities have not been factored into the calculation of the economic system.
In short, the environment, as the set of natural conditions defining the human
living space, has not been taken into consideration by economic theory.

Since the late 1960s and the early 1970s, we have become increasingly aware
of environmental disruption. The environment has fallen from the paradise of
free goods to the realm of scarcity:

Since the 1970s, the Los Angeles Times publishes a daily smog report in
which the local level of pollution concentrations is noted, such as carbon
monoxide and nitrogen oxide. Other newspapers have followed.

There was no oxygen in the atmosphere when the earth came into existence;
rather, it took 3 billion years for oxygen to appear through the photosynthe-
sis of slowly evolving plants. Today, the photosynthesis of phytoplankton
in the oceans supplies about 70 percent of the oxygen demand of the earth.
Scientists are concerned with pollution of the oceans.'

Since the 1990s, natural scientists have been worried about the depletion of
the ozone layer, the increased carbon dioxide concentration in the atmos-
phere, and global warming.’

Numerous experiments and epidemiological data suggest that there is a
relationship between air and water pollution and a variety of illnesses.’

From the economist’s point of view, the environment has become a scarce
commodity. Scarcity means that competing uses exist for a given good and that

! National Oceanic and Atmospheric Administration (NOAA) of the United States (2002).
2 See Stern 2007, Unep 2007.
3 On data compare Holgate (1999).
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not all demands for its use can be satisfied. The environment is used as a pub-
lic-consumption good, as a provider of natural resources, and as a receptacle
of waste. Since the demand for different uses is greater than the supply, some
of the competing uses have to be reduced or eliminated. The challenge is to
determine which potential uses deserve priority.

Environmental use poses an allocation problem. That is the message of this
book. In chapter 2, we study the basic structure of this allocation problem.
In the past, the environment was used as a common-property resource at a
zero price. This was especially true of its role as a receptacle of waste. This
institutional setting of a zero price implies an overuse of the environment and
a decline in environmental quality. It also causes private and social costs of
production and consumption to diverge. Commodity prices do not indicate
the true opportunity costs of economic activities, and so pollution-intensive
activities become too large relative to an allocation optimum. Sector structure
is distorted in favor of the pollution-intensive sector, and too many resources
of production are attracted to the pollution-intensive sector. The solution to
the environmental problem lies in reducing the divergence of private and social
costs and introducing an institutional framework for market economies such
that all costs of economic activities are attributed to the individual unit.

After introducing the economic dimension of the environmental problem in
part I, we analyze its static allocation aspect in part II. Policy implementation is
discussed in part III. The spatial aspect of the environmental problem includ-
ing the international dimension is examined in part I'V. Finally, in part V, we
consider the intertemporal allocation problems including uncertainty.

Throughout the book, the same basic model is used. The underlying assump-
tions with respect to the production side are presented in chapter 3. Emissions
are interpreted as joint products of output. Also it is assumed that factors
of production are used for abatement. For simplicity, a two-sector model of
the economy is considered. The transformation space, that is, the production
possibilities with respect to private goods and the public-good environmental
quality, is analyzed. It is shown that there is a tradeoff between the production
of private goods and environmental quality. A higher environmental quality
results in fewer private goods, and concomitantly, more private goods can be
obtained only at the cost of a lower environmental quality.

In chapter 4, optimal environmental allocation is defined so that a frame
of reference for environmental policy is established. The implications of the
optimum are studied. We can indicate how the price mechanism has to be cor-
rected in order to take into account environmental quality. We can specify how
a shadow price for pollutants, that is, an emission tax, has to be set. Also we
can show that if a correct emission tax is chosen, the optimum can be reached
with a competitive equilibrium.

Chapter 5 focuses on the public-goods approach to the environmental prob-
lem. If environmental quality is a public good, property rights cannot be defined
and government intervention becomes necessary. The problem arises as to how
the government determines environmental quality. The social-welfare function,
benefit-cost analysis, and the aggregation of individual preferences are studied



The Problem 5

as alternative approaches. According to the Lindahl solution, a Pareto-optimal
allocation of the environment requires individualized prices of environmental
quality to be differentiated according to the individual’s willingness to pay. The
individual, however, can take the position of the free rider and not reveal his or
her true preference. Therefore we have to investigate institutional arrangements
which will reveal and aggregate individual preferences.

The property-rights approach described in chapter 6 represents the coun-
terpoint to the public-goods discussion. If property rights can be adequately
defined, optimal allocation will be attained through private decisions, and
government intervention will be necessary only in order to define and secure
property rights. In fact, it is conceivable that property rights could even be es-
tablished through private bargaining without any government intervention. The
Coase theorem (1960) shows that under specific conditions the allocation result
is independent of the attribution of property rights. The salient point is that
property rights must be assigned. It may not be feasible to make the free-rider
problem disappear in determining optimal environmental quality by defining
property rights, but in any case new property rights have to be set up for the
use of the environment as a receptacle of waste.

In part II, the static allocation aspect is discussed from a theoretical point
of view. In part I1I, policy aspects are studied. From a pragmatic standpoint,
we may start from the assumption that environmental policy has set an environ-
mental-quality target. The problem, then, is to determine how this target can
be transformed to the emission behavior of the polluters. In chapter 7, we use
the theoretical framework of our model to consider how producers react to an
emission tax. First, we use partial equilibrium analysis for a given commodity
price and for perfect competition. We also look into the question of whether
a monopolist can shift the emission tax. Finally, we use a general equilibrium
framework in which the emission tax also affects relative price and in which the
demand side of the economy is taken into consideration. In chapter 8, we con-
trast regulation through permits, emission taxes, pollution licenses, the bubble
concept, cost sharing, and liability as mechanisms for translating quality targets
into individual behavior. The advantages and the disadvantages of different
policy instruments are reviewed. In chapter 9, we develop the idea that the merit
of a specific policy instrument depends on the casuistics of the environmental
problem. Solid waste, emissions from mobile sources, environmental accidents,
vintage damages, pollutants in consumption goods, and externalities in land
use are considered.

In chapter 10, we study some issues of the political economy of environmen-
tal scarcity. The basic principles of a rational environmental policy are developed
such as recognizing the opportunity costs, attributing them to the decentralized
units, having a long-run orientation in preventing future damages, securing con-
tinuity in the policy approach, and not neglecting the interdependence among
pollutants and among environmental media. We then discuss why these rational
principles are not adhered to in environmental policy in the real world.

In part IV, we introduce the spatial dimension of the environmental system
to our analysis. In reality, environmental systems are defined over space. We



6 Economics of the Environment

may distinguish among global systems, such as the ozone layer; international
environmental goods, such as the quality of the Mediterranean Sea; trans-
frontier pollution systems, such as the international diffusion of acid rains;
national environmental media and regional assets as subsystems of nations,
such as the air region of a metropolitan area. In chapter 11, the interrelation
between environmental endowment, competitiveness, and trade is highlighted.
We look into the problem of how environmental abundance or scarcity affects
comparative advantage, the terms of trade, and trade flows. Since environmental
policy must be embedded in an international context, the trade repercussions
of environmental policy are of utmost importance.

The issue of transfrontier pollution is studied in chapter 12. We look at
institutional solutions for transnational spillovers and incentives to cope with
free-rider behavior. How do a noncooperative and a cooperative solution dif-
fer? Can side payments help in bringing about a cooperative solution? Global
environmental media are studied in chapter 13. In the past, they have been used
as open access resources with no scarcity prices being charged for their use. The
noncooperative and the cooperative solutions are analyzed. The role of side
payments is discussed. Elements of a workable permit system are developed.

In chapter 14, regional environmental allocation is analyzed. Should all
areas of a country strive for an identical environmental quality, or should the
quality targets be differentiated among regions? Should policy instruments be
uniform for a nation, or should they be different for different areas? What are the
implications of an environmental policy that is established by autonomous re-
gional authorities compared to a nationally formulated environmental policy?

In part V, the time and risk dimension of environmental allocation is exam-
ined. The environment will be used not only by the present generation but also
by future generations. Pollutants such as DDT may accumulate over time so
that future generations will inherit our stock of pollutants. Or, on the positive
side, succeeding generations will enjoy the benefits of abatement capital and
abatement technology which we have invented. In chapter 15, we determine the
optimal intertemporal allocation of environmental use and its implications. The
problem is to decide which stock of pollutants can be safely passed on to future
generations if we take their well-being into consideration. In this context, the
optimal time path of an emission tax is studied. In chapter 16, we deal with the
problem of economic growth; here we are interested in the extent to which envi-
ronmental quality targets may represent a brake on economic growth. Also the
interrelationship between growth and natural resources is investigated. Finally,
in chapter 17, we study the use of the environment in its different functions
when damages in the future are uncertain. The implications of such a risk on
the optimal environmental quality to be reached and on the policy instruments
are discussed. Moreover, other problems relating to risk management such as
irreversibilities and approaches to allocate the costs of risk reduction to the
decentralized units of an economy are described.



2 Using the Environment — An Allocation Problem

Externalities

Technological externalities are nonmarket interdependencies among economic
activities. Consider, for example, two production activities i and j. An externality
exists if the output Qi in activity i depends on the output Qj or on the inputs
Rj of the other activity. Thus

Qi=F(R;0Q5,R)) (2.1)
where

% #0 or @ +0

0Q; OR;

If the output of good 7 increases while the output of goodj is rising, then
positive externalities exist. If the output of good i decreases while the output
of good j is rising, then negative externalities will prevail (for example, open-pit
mining may reduce the water-table level and consequently affect the productiv-
ity of surrounding agricultural fields). In addition to interdependencies among
production activities, there are technological interactions among consumption
activities (the thesis of “conspicuous consumption” by Veblen') and between
production and consumption activities (cement plant and housing areas, for
example).

In the past, economists have taken an interest in externalities (for example,
Pigou 1920) because externalities violate a condition for the optimality of a
competitive equilibrium in a market economy. In this case, the question arises
as to whether the set of autonomous decisions by individual units constitutes an
optimal allocation. While analyzing externalities, however, the economists have
not taken into account the “technological” systems through which the econom-
ics activities are linked to one another (for example, the groundwater system
in the open-pit-mining example). One such system linking economic activities
is the environment. The examination of these intervening systems permits new
insights into the problem of externalities.

'Th. Veblen, The Theory of the Leisure Class (London: Allen and Unwin, 1925).
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Although the Pigouvian analysis of technological externalities indicated
the right direction for correcting the externalities by a “Pigouvian tax” on
the activity causing the negative externality, it was deficient in two impor-
tant aspects: First, it did not analyze the “technological system” by which
economic activities are linked (besides the interdependence via markets). By
explicitly introducing the technological system of an externality, in our case the
environment, a richer structure can be given to the environmental issue.> Second,
an explicit analysis of the technological system provides the clue for defining
incentives to avoid externalities — not in the general form of a “Pigouvian tax”,
but by setting a price on emissions.

Relationship Between the Environment and the Economic System

The environment may be understood to be the set of natural conditions that
defines the human living space. It has become customary to distinguish among
different environmental systems such as air, water, and land. Within these
categories, one may consider such subdivisions as the meteorological region of
a metropolitan area, atmospheric conditions in a region of the world such as the
Northern Hemisphere, or global systems such as the earth’s atmosphere or the
ozone layer. In the following analysis, the term environment may be understood
to be a specific environmental system.

In an economic interpretation, the environment has four functions. Figure
2-1 illustrates these functions.

Consumption Good

The environment provides public goods for consumption such as air to
breathe, the amenity of the landscape, and the recreational function of nature
(arrow 5 in Fig. 2-1). A public good is characterized by two features: First, a
public good, contrary to a private good, can be used by several individuals at
the same time without the users competing with one another. There is no
rivalry in use. This possibility of collective use or nonrivalry is not a sufficient
characteristic of a public good because collective consumption also exists for
many private goods, at least up to a certain point (for example, a bullfight).
Second, a public good does not permit the exclusion of competing users. An
outstanding example is the lighthouse which can be used as a checkpoint at
sea by every fisherman regardless of whether he wishes to share the costs. In
addition to this technical impossibility of exclusion, there are several goods
for which an exclusion technically is possible (fees for attending school or fees

2 The analysis of externalities clearly benefits from the explicit introduction of the technological
system by which economic activities are interrelated. More specifically, technological exter-
nalities imply a technological system; an interdependence via markets including future
markets does not constitute a technological, but a “pecuniary externality”.



Using the Environment — An Allocation Problem

adeaspue- ay3 sanduj
jJo Ajiuawy aaljesigueng

<

SpPo0g |ejuaWIUOCJIAUTg DiigQng

A

AWOU052 dY) PUL JUSWUOIIAUD JY) UIIMIOQ UONIRINU] “J-T “Si

puen

(saoJnosay |jesnzen)

s|ejua3epy mey

}

I of

juawuoJiAug

aya ul ausiquy s3jueaniiod

®

suoissiwg

i L

— ”— uoizdwnsuod) -

gl SSE——

®

uoI3dNpouy




10 Economics of the Environment

at a university), however, one dispenses with the exclusion of potential users
owing to normative considerations. Therefore, some define a public good as a
commodity from whose use no one can or should be excluded. The nonexclusive
character of the public good can be very often traced to a value judgment or a
supposedly nonexisting exclusion technology (compare chapter 5).

Environmental quality as a consumption good is such a public good. A
technical exclusion, as far as it is possible, is not desirable, and the good can
be used by all individuals. The environment as a public good for consumption
can be used in two ways: First, the environment provides consumption goods
that are measurable in physical units, such as oxygen in pounds inhaled per
minute. Second, the environment provides consumption inputs which are only
qualitatively valued (say, the amenity of the landscape). While in the first case
mass flows from the environment to consumption, this does not necessarily
apply in the second case.

In order to simplify the following analysis, we consider environmental
quality to be a public good without delineating different kinds of consumptive
inputs.> A more detailed analysis of the public-good “environment” should
define acts of consumption such as swimming, breathing, and so on. Then one
would view these acts as the result of inputs to consumption, to which the envi-
ronment contributes in a quantitative as well as a qualitative way.

Supplier of Resources

The environment provides resources that are used as inputs in production ac-
tivities, for example, water, sun, minerals, oxygen for combustion processes,
and so on (arrow 1 in Fig. 2-1). The commodities generated by the resources
are supplied for consumption (arrow 2). In Fig. 2-1 the economic system is
characterized by production, consumption, and emissions; the environmental
system is distinguished by raw materials, land, public environmental goods,
and pollutants ambient in the environment.

Receptacle of Waste

The joint products (arrows 6 and 7) of the production and consumption ac-
tivities which have no further utility are emitted into the environment. Joint
products exist when several goods are produced at the same time. Often the
joint product cannot be used; for example, carbon oxide and sulfur dioxide
arising from burning fossil fuels and carbon monoxide as well as nitrogen
oxides produced by our cars are undersirable by-products. For instance, in

3In the following text, we use the term environmental quality for simplifying purposes,
although the public good environment definitively has a quantitative characteristic, for in-
stance pounds of oxygen consumed.
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Germany, 0.6 million tons of sulfur dioxide were produced in 2000, mostly
from electricity generation, 0.9 million tons of nitrogen oxides, mostly from
transportation, and 0.9 million tons of carbon dioxide.

The reception of emissions, that is, of joint products no longer utilizable,
is the third function which the environment fulfills for the economic system
(arrows 6 and 7). The environment is used as a sink.

The emitted pollutants are absorbed by different environmental media:
atmosphere, land, and water. Then the pollutants are partly decomposed, ac-
cumulated, transported to other areas, or transformed. Emissions, therefore,
are not identical with pollutants ambient in the environment. Emissions are
the undesired joint outputs of production and consumption activities. Pollut-
ants are ambient in a certain environmental medium at a certain time. Emis-
sions are changed into pollutants by diffusion or transformation processes in
the environment (arrow 8). The distinction between emissions and pollutants
ambient in the environment is important. One must always refer to pollutants
when defining the target variable “environmental quality”. However, economic
policy must be directed against the emissions.

In this context, the innovation of environmental economics over the tradi-
tional Pigouvian analysis becomes apparent. Pigou could only indicate the
direction of correcting the externality, but the Pigouvian analysis did not point
out emissions as the basis for a price on negative externalities.

The pollutants ambient in the environment at any certain time influence the
quality of the environmental services, namely, the public-consumption goods
and raw materials. This relationship results from the fact that pollutants can
affect the characteristics of environmental systems. Thus, pollutants influence
air quality; or they may negatively affect a beautiful landscape by reducing vis-
ibility, as is the case in the four corner areas of the southwest United States.
The behavior of ecosystems or meteorological systems may be changed. For
instance, air pollution may reduce the growth rate of trees or may even lead to
their destruction. We define this relationship by a damage function (arrow 9).

Note that at first glance this function may be interpreted as an index func-
tion since, in our simple approach, pollutants both influence and define envi-
ronmental quality (for instance, in parts per million). However, environmental
quality may also be measured in terms of characteristics other than pollutants,
such as the height of trees, longevity of plants, abundance of wildlife, and so
on. Then the damage function can no longer be understood as an index func-
tion. The damage function is understood here in a technical sense; damages are
measured in physical units or in qualitative terms, but they are not yet evaluated
in money terms.

In the literature, the damage function has been interpreted in a broader
sense. Pollutants may not only have an impact on environmental quality as a
public-consumption good or raw materials (that is, nature), but also influence
production processes (for instance, air pollution may lead to a quicker corrosion
of railway tracks or building facades or result in a lower production output).
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Location Space

Finally, the environment which is defined over space provides space for location
for the economic system, namely, land for industrial and residential locations,
agricultural land, and land for infrastructure. This function is similar to the
provision for raw materials.

Lately, the different functions of the environment are summarized by the
term “ecosystem services” (Daily et al. 1997).

Material Flows Between the Environment and the Economic System

To the extent that the interdependence between the environment and the eco-
nomic system is not of a qualitative nature, the interrelationship can be de-
scribed in an input-output table (Leontief 1970). Figure 2-2 illustrates such a
simplified table. While regarding the economy as a set of sectors which produces
for final demand (consumption, capital investment, export, and governmental
demand), square 1 in Fig. 2-2 denotes the interdependence between the sectors
and final demand. An additional split of square 1 would include, for example,
those quantities which sector i provides for sector j (intermediate demand) or
for final demand. The output of a sector would be listed in the rows, and its
inputs in the columns.

Square 2 contains the outputs of the environmental system which are used
as inputs in the different economic sectors (raw materials, water, and oxygen)
or which go directly to final demand (oxygen) without having been used in a
production process. Square 3 comprises the output of the economic system
into the environment, namely, the emissions occurring in the production and
consumption activities. If one imagines the economy has been sectorally disag-
gregated, squares 2 and 3 indicate the environmental inputs by sectors and the
sectoral sources of emissions. A disaggregation of the environment, that is, in
ground, water, and air systems, shows from which environmental system natural
resources come and to which sectors of the environment emissions go. Finally,
square 4 indicates flows among the branches of the environment.

The interdependencies of quantitative supply between the environment and
the economy (listed in Fig. 2-2) are of such a nature that the mass withdrawn
from the environment must flow back to it. Because of the mass-balance con-

Inputs Economy Environment
Outputs

Economy 1 3

Environment 2 q

Fig. 2-2. Input-output system of the economy and the environment
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cept, mass cannot be lost (Kneese, Ayres, and d’Arge 1970). Looking at specific
products, the mass-balance concept has given rise to the concept of closed sub-
stance cycle. Note, however, that mass must not flow back to the environment
during the period in which it was withdrawn. With capital formation, durable
consumer goods, and recycling, it is possible that masses taken from the envi-
ronment today are emitted into the environment in later periods.*

Appendix 2A represents the input-output approach for calculation the
quantity of pollutants (in tons) which are generated per $ 1 million of final
demand for a product (pollutant loading of a product). Moreover, other applica-
tions are indicated.

Competing Uses

The four functions of the environment (public good for consumption, sup-
plier of raw materials, reception medium for pollutants, and space locations)
described are competing with one another if the demand for the environmental
service cannot be met at a given environmental endowment. The fact that the
environment can be utilized for different purposes is one of the chief reasons
br the environmental problem. In the following analysis, these competing uses
are examined more closely.

Congestion of Public Goods

I consider a single use of an environmental medium and ask to what extent its
quality is negatively affected by the number of users. Pure public goods can
be used by all individuals to the same extent owing to the nonexistence of an
exclusion technology. Let U7 denote the quality U of the public good / used
by individual 4. Then we have for the pure public good

Ut=UB=... =U?=1, (2.2)

The congestion problem, on the other hand, is characterized by the fact
that environmental goods have a capacity limit. As soon as the intensity of use
surpasses capacity, the quality of the public good is negatively affected. Let
N denote the quantity of users and N the capacity limit. An additional user
N > N affects the quality of the public good negatively (for example, the quality
of a national park inundated by a great number of visitors). Thus

(2.3)

- a =0 for NN

duf du}  _dUf _dU {<0 for N>N
dN dN = dN dN

4 The implications of the transformation of mass into energy in the mass-balance concept
are not discussed here. Also compare the problem of entropy.
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For congestion, the definition that a public good can or should be used
by everybody simultaneously still applies. However, the public good that is
to be used has changed in its quality. The problem, therefore, is determined by
a qualitative scarcity restriction. Beyond the capacity limit, an additional user
unfavorably affects the quality of the public good available for other users.

The problem of congestion of public goods can be related to spatially
limited environmental goods (say, national parks) or to the entire human
living space. In this global interpretation, the environmental question can
be understood as a congestion problem as described by Boulding’s (1971 b)
paradigm of the spaceship earth: the growth of the world’s population affects
the quality of the human living space when the economic system has nega-
tive impacts on the environment, when space is limited, when the given raw
materials are depletable, and when the regeneration functions of renewable raw
materials are limited. Two components are constitutive in order for this global
congestion problem to arise: First, the demand for the globally interpreted
good “environment” must increase as a result of population growth, economic
development (if the income elasticity of the demand for environment is greater
than 1), or a change of preferences in favor of the public good “environment”
as a result of development processes. Second, the supply of the good “environ-
ment” must be limited.

In the following analysis, the environmental question as a global congestion
problem is explained by a more detailed consideration of some (quantitative
and partly qualitative) constraints, that is, competing uses. These competing
uses have to be considered against the background of a rising demand for en-
vironmental goods. Moreover, the congestion of environmental goods has to
be considered as one reason for the global congestion problem.

Conservation

There is a competitive use between the role of the environment as a public-
consumption good (for example, aesthetic values of nature and landscape,
biodiversity) and its function as a location for economic activities. Krutilla
(1972), influenced by the conservation movement, illustrates this problem with
the Hells Canyon case where a natural amenity may be given away for the min-
ing of raw materials. Another example of competing uses in time is turning
the cathedral of Notre Dame in Paris into a parking lot (Henry 1974). Also,
it cannot be excluded that competing uses occur within the basic function
“public-consumption good” itself (for example, a lake used as a drinking-water
reservoir or for motorboats).

Let U, denote the quality of environmental good /, for example, of a na-
tional park. Note that the quality of a public good also implies a minimal
spatial extension. Let M, denote the amount of land for location of the type
k, let R;, describe the quantity of a resource R, and let U; represent another
environmental good L. Then the competitive use can be written as
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U>Um= R, = (2.4)

That is, the supply of a certain quality U,>U, excludes the simultaneous
use of land for location, as mining ground, and the supply of another public
good L. This competing use is binary in the sense of an “alternative” and exclu-
sive character. Equation 2.4 can also be formulated as a quantitative restriction
of land use expressed in square meters. One specific aspect of these competing
uses is mainly that a minimum quantity of the public good must be used since
the public good is not divisible.

Another qualitative aspect of this restriction is that allocation decisions
can be unilaterally or reciprocally irreversible. The mining of raw materials in
Hell’s Canyon today will preclude its later use as a national park; in contrast,
however, its use as a national park will not prevent (technically) the mining of
raw materials at some future date. This (intertemporal) irreversibility has to be
considered when decisions are made about resource allocations.

Raw-Material Problem

The demand to preserve natural systems for the future can compete with the
raw-material supply function of the environment for the present generation.
This happens, for instance, when the raw materials withdrawn from the envi-
ronment are not renewable. Then the question arises as to which alternative uses
the scarce raw materials should be allocated. In this regard, the static conflict is
not as interesting as the competing alternative uses of raw materials over time.
In the case of raw materials, an additive restriction of the form

E_ Ry<R, (2.5)
1

can be given. The withdrawals of nonrenewable materials have to be summed
over time, with R, denoting the total usable resource for all periods. For
renewable resources, R, has to be explained by a regeneration function.

Use of Space

The factor land can be considered to be a special case of resources that cannot be
regenerated. A number of different economic allocations compete for the factor
land, for example, land for the location of agriculture, industry, residential areas,
mining, and infrastructure. If j denotes the different allocation possibilities of
land of type k, the additive (that is, quantitative) restriction is

% L MysM (2.6)
J
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Within this additive restriction, irreversibilities also arise because the structure
of an area can be interpreted as an embodiment of past locational decisions
or as ossified decisions of the past. The given spatial structure influences the
topical choice of location. Therefore, restriction 2.6 should also be interpreted
with reference to time.

Pollution

This case of competing uses is characterized by the fact that the environment
can be used as not only a public-consumption good, but also a receptive
medium for pollutants. The damage function in Fig. 2-1 expresses this com-
peting use.

The concepts of competing uses and negative externalities reflect the same
empirical phenomenon but from a different point of view. The concept of
competing uses begins with environmental goods and examines alternative
purposes for which an environmental good may be used. The concept of
negative externalities, however, starts out from an economic activity and en-
compasses the effects of externalities on other activities. In both approaches
the environmental system represents a technological link between two economic
activities. We can summarize: Competing uses are one reason for externalities;
negative externalities in the environment are the consequences of unsolved
competing uses. Both formulations are attempts to explain the same problem,
namely, the problem of environmental disruption.

Zero Price of Environmental Use

The environmental problem is one of competing uses and is, therefore, a ques-
tion of scarcity. Thus using the environment presents itself as an allocation
problem to the economist. The question is how the environment should be
allocated to the various competing uses.

In the following discussion, the congestion problem, the conservation issue,
and the question of land use are not examined. We concentrate on the question
of environmental pollution.

In the past, the environment was often used as a receptive medium for
pollutants at a negligible price. The institutional arrangement for the use of
nature’s sources did not put a price on the environment. The environment was
used like the commons in the Middle Ages; it was regarded as a common-prop-
erty resource. The term common-property resource is referred to here as an in-
stitutional arrangement which defines the use of natural resources in a specific
historical setting. These goods were treated as free goods with no price being
attached to them.

Common-property resources may or may not be identical to public goods.
The pure public good is defined by nonrivalry of use (and by nonexisting
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exclusion technologies). Common-property resources are defined with re-
spect to a prevailing institutional framework of pricing environmental ser-
vices. If natural goods are treated as common-property resources because
no exclusion technologies exist, they are also public goods (compare chapters
5 and 6).

What is the consequence of a zero price for a natural resource? Such an
institutional arrangement of environmental use produces a discrepancy be-
tween private and social costs and a suboptimal allocation of the environment
as well as of the production factors, labor and capital. Costs are the evaluated
inputs of factors of production. Opportunity costs are defined as the utility
loss of a forgone opportunity. The opportunity costs of resources used in the
production of good A consist of forgone opportunities of producing good B
(next best opportunity). With a zero price for environmental use, the oppor-
tunity costs, then, are not fully appreciated. Suppose that water is used as
a receptive medium for pollutants by the pulp and paper industry. Then the
opportunity costs may be given, for example, by those utilities forgone in the
use of the water for the production of beer or, if the water can be processed,
by those costs associated with the processing. Alternatively, if the water is to be
used for drinking purposes, the alternative costs lie in the forgone consumption
of drinking water. The opportunity costs of a phosphate open-pit mine are
the decreases in productivity of the agricultural fields nearby. To cite another
example, the alternative costs of air as a receptive medium for pollutants consist
of health damage resulting from pollutants.

If the opportunity costs of environmental use are not considered in private
decisions, there will be a discrepancy between social and private costs relating
to an individual business. Private costs denote factor inputs evaluated from a
single activity’s point of view. Social costs comprise all costs of an economic
activity. Therefore, social costs include not only the value of production factors
used by an individual business, but also negative externalities in other units of
the economy. In the case of environmental disruption, social costs also include
the impairment of environmental quality.

A zero price does not solve the problem of competing uses. Its effect is that
private costs and social costs diverge from each other. The accounts of single
economic units consider only private costs, not those costs caused by negative
externalities in other economic units.

The discrepancy between private and social costs is significant because the
prices of goods do not always include all social costs that come about during
production. This means that the prices of goods which are produced with a
high pollution intensity do not reflect their environmental nuisance. Further,
it signifies that the costs of these goods are calculated at a price that is too
low. What are the consequences of this cost omission? Consider two products,
one being produced with a high proportion of pollution and the other being
produced with less pollution. If no price is demanded for the damage done
to the environment, the price of the detrimental product does not include
the social opportunity costs of the environmental damage. The price of the
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product that damages the environment is too low. Therefore, the demand and
the production of the pollution-intensive good are too high. We have, then, two
different allocation effects:

First, the use of the environment at a zero price leads to an overproduc-
tion of ecologically harmful products. This means that too many resources are
employed in the pollution-intensive sector and too few in the environmentally
favorable sector. The distortion of the relative prices thus causes a systematic
distortion of production in favor of the ecologically damaging products. A
zero price for environmental use, then, can be understood to be an artificial
production benefit for the pollution-intensive sector.

Second, the common-property resource is overused since no price is charged
for it. The consequence is environmental degradation.

With a zero price for environmental use, the economic system does not
include automatic control mechanisms that check an overuse of the environ-
ment and a distortion of the sectoral structure. The economic system does not
provide incentives to reduce pollution. On the contrary, it systematically favors
the products which damage the environment. From the previous analysis it fol-
lows that a zero price cannot bring about an optimal allocation of the environ-
ment among competing uses. A solution to the environmental problem can be
achieved only be deciding which of the competing demands on the environment
is of primary importance. Scarcity calls for the introduction of prices. In the
following analysis, we examine the institutional arrangements through which
prices can be determined so that polluters are forced to take into account the
negative externalities caused by them. Thus, our question is: How can we best
implement the polluter-pays principle?

Environmental Effects of Government Decisions

In addition to the effects of economic decisions in the private sector, government
activities also influence the quality of the environment. A large part of today’s
energy supply is provided by government-influenced enterprises. Since the gen-
eration of energy is one of the critical factors responsible for the development
of pollutants ambient in the air, the government can play an important part
in determining environmental quality. Furthermore, government instruments
that have direct and indirect impacts on space, for example, in regional plan-
ning, influence environmental quality. Other measures, such as stabilization
policies, which at first glance hardly seem to affect the environment can also
have an impact on environmental quality. In the past, environmental effects
were not taken into consideration in government decisions. The government, as
well as the private sector, had not included the environment in its calculations
and so had put the environment at a zero price for its purposes. Consequently,
one of the reasons for environmental degradation has been due to government
activity.
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How Much Environmental Quality?

If a scarcity price has to be determined for the environment, how should
this price be set? Can the market establish such a price? As a first answer,
economists tend to conclude not since the environment is a public good, that
is, it seems property rights for the environment cannot be clearly defined. A
more detailed analysis, however, suggests that property rights to use the envi-
ronment as a receptable of waste can be established. The assignment of such
property rights may be accomplished by private bargaining or by the govern-
ment restructuring the institutional framework of the market economy. One
way of doing this is through the introduction of transferable emission licences
or of emission taxes, that is, effluent charges. In this context, we have to con-
sider the question of which environmental quality we should set. The strength
of transferable emission licences or of an emission tax clearly depends on the
level of environmental quality being sought. Since reaching a specific environ-
mental quality level will imply costs, the benefits and costs of environmental
policy should be considered. Also, the political processes through which the
target variable “environmental quality” is determined is of interest in our
analysis.

A Taxonomy of the Environmental Problem

Theoretical models always abstract from real aspects of a problem. Therefore,
it is worthwhile to survey the main components of a problem even if some
aspects are not analyzed later. The environmental problem, then, should take
into account the following aspects.

Environmental Media. Air, water, land, and natural ecological systems are the
environmental media mentioned most often. Depending on the medium to be
considered, specific problems are to be dealt with. For instance, the diffusion
function differs among environmental media. It may be easier to find solutions
to the environmental problems of smaller systems, such as a pond in a local
neighborhood, than for larger systems, such as the ozone layer of the world.
Purification may be possible after emissions have entered one medium (water)
but not another (air).

Spatial Extent of Environmental Media. Environmental media may be local,
regional, national, international, or global.

Form of Appearance of Pollutants. Pollutants may arise as joint outputs of
consumption or production. This is the case with which I concern myself mostly
in this book. Pollutants may also be found in consumption goods such as DDT
in agricultural products (the case of the apple). Then they are not joint outputs,
but rather joint inputs, for instance, in consumption processes.
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Pollutants may be linked to using a specific good, either a consumption
good or an input (the case of the diesel). Pollutants may also be found in new
products that enter the market, such as chemicals.

Pollutants may arise in a regular fashion (smoke stack) or at random in en-
vironmental accidents (Bhopal, Seveso, Sandoz). Finally, pollutants may arise
when consumption or capital goods are discarded into the environment (beer
cans, cars, refrigerators).

Type of Pollutants. Pollutants may differ with respect to their properties
(organic wastes, chemical properties). They may be poisonous, damaging in
the long run, or neutral.

Origin of Pollutants. Pollutants may stem from raw materials or from energy.
They may come from stationary or mobile sources.

Time Pattern of Generation. Pollutants may occur in a continuous or random
fashion (Bhopal, Seveso, Sandoz). Examples are emissions from smoke stacks
and technical accidents, respectively.

Longevity of Pollutants. Pollutants may be easily absorbed by environmental
media, such as organic wastes in water, or they may take longer, as is the case
with DDT with respect to the food chains in nature. Consequently, we may dis-
tinguish between short-, intermediate-, and long-term problems.

Appendix 2A: Input-Output Analysis and the Environment

Input-output analysis can be used to analyze relationships between the
economic system and the environment (Leontief 1970). Assume a linear func-
tion between the quantity of waste product / and the output level of sector K
to be

W, = dyx Xk

where X can be defined in physical as well as in value terms. The vector of
the wastes w is given by w = Dx, where D denotes the matrix of the coefficients
d,x. For a given final demand y, in reference to the function x = (I-4 )y,
the vector of the pollutants is given by w = D(I-4 )'y.

In this manner, the vector w of the waste products is determined by a sec-
ondary calculation (Leontief and Ford 1972). It is also possible to determine
the vector of the waste products endogenously by introducing w into the
model. In this case, the matrix 4 is extended by the matrix D. The resulting

D
analysis. Nevertheless, it is applicable to problems of linear programming.

matrix [A] is not quadratic and so it is not applicable to input-output
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However, if the assumption is made that the activities w can abate waste prod-
ucts, then a quadratic matrix is given. The problem is

] L

with
[ x input-output coefficient
A= [a,] = _'sl_{l
| Xk
W quantity of emission 2 = 1.../
D =[dyg] = -}'i(] per output unit (joint product)
| Ak

B=[biyl = xk_H:| input of activity H = 1...I per unit of abated

| Wk emissions provided by sector k
_ W,
2= lopl = _WH] waste product 2 = 1.../ caused per output unit

Wy with H =1...1

Here 0,5 denotes the quantity of wastes /2 generated in the abatement of a
unit of waste product H. If the d,x coefficients are negative, then they denote
the use of a waste product as an input. Finally, ¢ is final demand of tolerated
emissions.

The level of emissions can be determined, given levels of ¢ and ¢*. It is
given by the vector w:

NEE AN

Assuming that not only production but also consumption brings about
wastes, the wastes are determined by w* = D* ¢*, where D* = d7x denotes
emission / occurring per unit of final demand k. Then the total emission vector
w of production and consumption may be written as

W=[DI}:][X]+D+C
w

Using this approach, the emissions of an economy can be determined.
The sum of the columns depicts the interdependency between product prices
and value added. For a given value added, the price of the products can be
calculated. This also applies to the calculation of prices of abatement activi-
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ties. Assume that the producers have to abate part of a total waste. If one
transforms the waste products that appear as joint products into a value factor,
then the price change of the goods resulting from this political measure can
be determined.

Let ¢,k denote the part of the pollutant / that is caused by industry K and
that also has to be abated by it. Then we have

I-A' =Dt | py| _ |y
—B';I—Z,t D2 (63))

with p; and p, as price vectors of the activities x and w and w; and w, as the
added values of these activities.

Leontief comes to the conclusion that waste-abatement sectors contribute
to the production of waste products by their demand for inputs from other sec-
tors and through the stimulation of demand itself. Here is how we evaluate this
multiplier of pollution abatement. Assume that the vector of the waste products
w that is connected with a given output vector X is given. If the costs per unit
of alternative waste-abating processes are known, then the minimal costs of the
waste abatement can be calculated in a programming model.

Let / represent the abatement costs without considering the generation of
pollutants in abatement. Let /' represent abatement costs that also take into ac-
count the fact that pollutants are generated in abatement. Then the expression
" | 1 is the desired multiplier. Also, a waste-income multiplier can be calculated.
This multiplier denotes the quantity of waste products per dollar income of a
sector (not as in Leontief’s study, where it is per unit of final demand). Such a
multiplier could be relevant with respect to studies of industrialization.

In a similar way, input-output analysis with fixed coefficients has been used to
estimate embodied pollutant emissions and the embodied energy intensity; that
is, the total emissions and energy required directly and indirectly by the economy
in supporting one unit of monetary value of final demand (Imura et al. 1995).
Moreover, input-output modeling has been applied to estimate primary energy
and greenhouse gas embodiments in goods and services (Lenzen 1998). The
input-output model has also been used in life-cycle assessment to quantify the
environmental implications of alternative products and processes, tracing pollu-
tion discharges and resource use through the chain of producers and consumers
(Lave et al. 1995). Hawdon et al. (1995) showed how a number of the complex
interrelationships between energy, the environment, and economic welfare could
be investigated with an input-output model of the UK, using pollution emission
coefficients and a European sulfur deposition vector. Proops et al. (1993) investi-
gated how economic structural change has brought about increased atmospheric
concentrations of CO,, and how economic structural change may be used to
reduce CO, emissions over the next 20 years by input-output analysis.

Another application of the input-output approach is to study the impact
of an emission tax or of other policy instruments on the price vector of an
economy. This uses the dual of the input-output approach being based on the
columns of the input-output table. In this way, the price effects of carbon tax
can be calculated (Common and Salma 1992b).
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With a similar approach, Heister et al. (1991) estimate the short-run inter-
sectional price effects of taxes on CO, or of CO, certificates. Distributive effects
of CO, taxes on the British economy are analyzed by Symons et al. (1990).

As a general critique, input-output models can only be considered as a first
step for analyzing interdependencies in the environment. Functional relation-
ships are likely to be nonlinear. Threshold effects and irreversibility are relevant
in the environmental context. Linear models cannot deal with them.

Appendix 2B: Applied General Equilibrium Models

Input-output models are extended into applied general equilibrium models by
explicitly introducing a supply and demand system, by integrating nonlinear
relationships, and by taking into account dynamic properties and aspects of
the environmental system including the accumulation of pollutants, the deple-
tion of resource stocks, capital accumulation, and technological change. Quite
a few publications exist on applied general equilibrium models (Adkins and
Garbaccio 1999; Bergman and Henrekson 2003; Boehringer and Loschel 2003;
Conrad 2002a; Kainuma et al. 1999; Shoven and Whalley 1992).

A common procedure in applied general equilibrium models is to “calibrate
the parameters of the model to data from a single year, for instance by using
input-output matrices. In more developed versions, the parameters of the be-
havioral or structural equations are estimated econometrically. The model can
represent partial equilibrium models that take some aspects as given and more
comprehensive models in which most of the processes are endogenous. Models
explicitly model producer and consumer behavior, include the export sector and
import substitution, and factor markets and abatement technologies (Conrad
2002a). A basic model with econometric construction is the Jorgenson-Wilcoxen
model (1990b) in which the abatement costs are explicitly introduced and in
which the impact of environmental policy on economic growth is estimated.
Jorgenson and Wilcoxen (1990c) estimate separate models of production for 35
industrial sectors of the US economy explicitly taking into account substitu-
tion of pollutants. In a separate disaggregate model of the household sector
with 672 types of households, consumer behavior is estimated econometrically.
Then, both the production and the consumer models are incorporated into an
intertemporal equilibrium model. Finally, the impact of environmental regula-
tion on growth is analyzed.

Quite a few applied general equilibrium models analyze the impact of
CO, Policies. MERGE (Model for Evaluating Regional and Global Effects of
Greenhouse Gas Reductions) is a general equilibrium model which provides a
framework for thinking about climate change management proposals (Manne
etal. 1995; Manne and Richels 2003). Another example is CETA, which presents
worldwide economic growth, energy consumption, energy technology choice,
global warming, and global warming costs over a time horizon of more than
200 years (Peck et al. 1995). McKibbin et al. (1998a) developed the G-Cubed
model, a multi-country, multi-sector intertemporal general equilibrium model
for studying a variety of topics such as greenhouse gas policy, trade liberaliza-

2
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tion, tax policy, and macroeconomic policy. A programming environment for
economic equilibrium analysis has also been developed by Rutherford (1994,
1997). These models have been used to analyze the impacts of climate policies
(Bernstein et al. 1998; Jacoby et al. 1998; Kainuma et al. 1999; Manne 1998;
McKibbin et al. 1998Db).

The GREEN (GeneRal Equilibrium ENvironmental) model of the OECD
(Burniaux et al. 1992a,b; Nicoletti 1992; Oliveira-Martins et al. 1992a,b) con-
tains 12 detailed regional submodels, namely 4 OECD regions — the United
States, Japan, EC, and other OECD — and 8 non-OECD regions — the former
USSR, the Central and Eastern-European Countries, China, India, the Energy-
Exporting LDCs, the Dynamic Asian Economies, Brazil, and the Rest of the
World. The model includes 11 production sectors, 15 factors of production,
and 4 consumption goods. The GREEN model runs over a period of 65 years
to 2050. The model has a sequential structure in that the equilibrium in each
period can be calculated independently, but the equilibrium of a given period
will influence the next period. Capital accumulation and resource extraction are
modeled as an intertemporal phenomenon. Whereas the GREEN model does
not portray the intertemporal mechanics of consumption and savings, other
applied general equilibrium models also explicitly consider decisions of the
households (Jorgenson and Wilcoxen 1990; McKibbin et al. 1992).

Another applied general equilibrium model is the DART (Dynamic Ap-
plied Regional Trade) model (Klepper et al. 2003). It is a multi-region, multi-
sector recursive dynamic Computed General Equilibrium model of the world
economy. For instance, for the analysis of the EU emission trading system it
is calibrated to an aggregation of 16 regions, illustrating the 9 countries or
group of countries of the European Union including the accession countries
of Eastern Europe and the other 7 world regions. The economy in each region
is disaggregated into 12 sectors and is modeled as a competitive economy with
flexible prices and market clearing. A representative consumer, a representative
producer in each sector, and regional governments are the agents. All regions
are connected through bilateral trade flows. The DART model has a recursive-
dynamic structure solving for a sequence of static one-period equilibria. The
major exogenous drivers are the rate of productivity growth, the savings rate, the
rate of change of the population, and the change in human capital. The model
is calibrated to the GTAPS database that represents production and trade data
for 1997. A similar model with trade and capital mobility is used by Springer
(2002) to evaluate the impact of CO, reductions on the regions of the world.

Applied general equilibrium models have been used to measure welfare costs
of climate change policies (Bernard and Vielle 2003; Conrad 2002a), to discuss
policy relevant post-Kyoto scenarios (Bohringer and Loschel 2005), the double
dividend hypothesis, and tradable permits for CO, (Conrad 2002b). Applied
general equilibrium models can also have a two-way link between the economy
where on the one hand the economy affects environmental quality and where
on the other hand environmental quality influences economic variables, such
as labor productivity.



Part 11
Static Allocation Aspect






3 Production Theory and Transformation Space

In the following four chapters, the static allocation aspect is analyzed. We
study production theory, assuming emissions as joint outputs of produc-
tion and treating environmental quality as a variable in the production set
(chapter 3). After defining the production possibilities, we study which prices
should be set in order to reach optimal results with respect to a welfare cri-
terion. Also, we analyze whether optimality can be attained in a competitive
equilibrium when environmental quality is taken into consideration (chapter 4).
In chapter 5, we present the public-goods approach to environmental allocation.
Benefitcost analysis, the Lindahl solution, and institutional mechanisms which
reveal individual preferences are discussed. Whereas the public-goods approach
starts from the assumption that environmental quality cannot be attributed to
individuals, the property-rights discussion stresses the point that the introduc-
tion of property rights may solve the allocation problem (chapter 6).

Production Theory

We consider a simplified two-sector economy characterized by pollutants
which are generated as joint products of output and then emitted into the envi-
ronment (emissions). For simplifying purposes, we assume that there is only
one type of pollutant generated by the two sectors:!

SP>H(Q;) Hi>0,H/>0 for i=1,2 3.1)

This emission function assumes that at a given technology the quantity
of pollutants S% increases proportionally or progressively with output Q;, but
excludes the case in which the quantity of pollutants increases regressively.
Figure 3-1a depicts the emission function for the cases H} = 0 (linear curve)
and H/" >0 (strictly convex curve).

The production function is characterized by a declining marginal produc-
tivity and does not distinguish among different production factors. Rather, for
simplicity, we assume only one type of resource R (compare Fig. 3-1b):

! The inequality sign allows for the case where the generation of pollutants is inefficient in
the sense that more pollutants are generated than necessary. Note, however, that because of
the mass-balance concept, emissions are restricted.
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Fig. 3-1. Emission and production functions

Q/<Fi(R) F}>0,F!<0 (3.2)

From Eqgs. 3.1 and 3.2 a function results which shows the emissions to be
dependent on the resource input:

S = HiIFR)] = Zi(R;) Z;>0,Z/"20 (3.1a)

This function shows that the pollutants in this approach can also be
understood to be joint products of the input. Obviously, a model could
be formulated in which Eq. 3.1-a, instead of 3.1, could be used. Note that
Z/ = H|[F!> 0.

If one applies the mass-balance concept to the production function, then
a concave production function implies a convex emission function. This is ex-
plained as follows. Let @ and f§ designate the quantitative content of resources
in commodity 1, and let S4 be the joint product. Then we have

aQ; +pBS7 =R,
so that

1
B

Because the function F is concave, the emission function Z has to be con-
vex. Thus, the mass-balance concept and a concave production function imply
Z}!>0. Such a convex emission function is assumed in the following analysis.
Note that Z? = H'F?+ H!F/, so that Z!> 0 implies that H!> 0.

The pollution-abatement function tells us that pollutants can be reduced
by an input of resources in abatement R, where S’; denotes the abated quan-
tities of the pollutants. As with the production function, here a declining
marginal productivity is assumed to prevail. The abatement function is specific
to each sector, as is the emission function?

1
§{=—(Ry—aQ)) = E[Ri —aFi (R)] =Z;(Ry)

21 do not consider the mass-balance concept in abatement. Note that declining marginal
productivities in abatement imply residuals of abatement activities.
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SISFI(R]) F7<O0,F'>0 (3.3)

In reality, pollutants can be abated by different processes. First, pollut-
ants can be reduced by new production technologies. Here I assume a given
technology. Second, pollutants can be reduced by filtering and withholding
procedures before they actually enter the environmental media. Therefore, one
can start from the fact that the abatement technologies are sector-specific. This
case is assumed here. Finally, pollutants can be abated even when they are al-
ready ambient in the environmental media (water).

The diffusion function in Eq. 3.4 explains the relationship between emis-
sions S% and the quantity of pollutants ambient in the environmental media
S.> A more precise formulation of the diffusion function should take into
consideration the assimilative capacity of the environmental system, that is, its
capacity to receive pollutants and reduce them without changing the quality
of the environment. The determination of this assimilative capacity (in a river
system, for example, the current speed, percentage of oxygen, temperature,
and quantity of pollutants) and its temporal variation can be influenced by
resource inputs (for example, in-stream aeration of a river system and af-
forestation). This purification of media (for example, water management) could
be introduced into the model by an abatement function which is not specific to a
sector (for example, the purification function of a water cooperative). Anyway,
since the diffusion problem is not considered further, Eq. 3.4 is utilized solely as
an equation for defining pollutants ambient in the environment. In this model,
the diffusion function degenerates to a definition; pollutants ambient in the en-
vironment are identical to the total quantity of emissions. In the following, the
concepts of total emissions and pollutants ambient in the environment are used
synonymously because of the nonconsideration of the diffusion problem.

s=Y s?-Y s (3.4)

The damage function in Eq. 3.5 specifies how pollutants S have an effect
on environmental quality. Here the damage function is a physical relationship
and does not evaluate environmental quality in monetary terms. In a simple
interpretation, Eq. 3.5 may be understood as an index function which defines
an index of environmental quality in terms of pollutants. Alternatively, environ-
mental quality may be defined independently of pollutants (for example,
amenity of the landscape and stability of ecological systems). Then Eq. 3.5
defines a physical relationship rather than an index function. Besides damage
to the public-consumption-good environment, one can imagine other damage
functions: Pollutants influence the quality of inputs in production processes,
the production processes themselves, almost finished goods (financial losses),

3 It is assumed here that pollutants ambient in the environment die away at the end of the pe-
riod. In chapter 15 this assumption of the immediate decay of the pollutants is removed.
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S  Fig. 3-2. Damage function

and so on. The damage function, shown in Fig. 3-2, considers only environ-
mental damages

U<KG(S) G'<0,G"<0 (3.5)

A resource restriction limits the production and abatement possibilities of
the economy considered:

Y R+ Y RIKR (3.6)

Transformation Space with Environmental Quality

Equations 3.1 through 3.6 describe the production possibilities of the economy;
if one wants to produce more at a given technology with resources being fully
utilized, then emissions will increase and the quality of the environment will
be reduced. This is due to the fact that, according to the emission function,
emissions rise with increasing output. Also, in order to increase production,
resources must be withdrawn from abatement. Environmental quality then
declines for two reasons: more emissions from increased production and re-
duced abatement. In contrast, an improvement of environmental quality at a
given technology with full utilization of the resources is possible only if more
resources are used in abatement and the production of the commodities is re-
duced. It becomes clear that the central competitive use in the case of environ-
mental pollution exists between the environment as a public-consumption
good and as a receptive medium for pollutants.

Figure 3-3 represents graphically the restrictions described in Egs. 3.1
through 3.6 for a two-commodity economy. The transformation space in
Fig. 3-3 illustrates the maximum production possibilities for commodities 1
and 2 and the public good, environmental quality. Restrictions 3.1 through 3.6
may also be expressed by the equation U = ¢»(Q;, O,). An important question
then, is: What characteristics does the transformation space have? That is, is the
function U = ¢ (Q;, Q,) concave or not (compare Appendix 3 A)?

The following intuitive considerations serve to determine more precisely the
form of the transformation space. A more formal treatment is given in Appen-
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)

Fig. 3-3. Transformation space with environmental quality

dix 3 A. For simplicity, it is assumed here that only one type of abatement
activity exists, and R3 denotes the resource input in abatement. Moreover, it
is assumed that commodity 1 is the pollution-intensive commodity. This can
be expressed as

HFi>H}F} (3.7)

Condition 3.7 can be interpreted with the help of Eq. 3.1 a, for H;F/ is the
first derivative of the Z function. The term

- 95780,

ZI,=H,F,——

0Q; OR;

denotes what quantity of emissions occurs if a resource is used in sector i. Thus
H/F/ can be interpreted as the marginal propensity of the resource input to
pollute. Condition 3.7 states that the marginal propensity of the resource input
to pollute in sector 1 is higher than in sector 2. Sector 1 is the pollution-in-
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tensive sector. For a more detailed interpretation of Eq. 3.7, compare Siebert
et al. (1980, p. 24).

At zero production in both sectors, the maximum environmental quality
(04 in Fig. 3-3) is reached, that is, the original natural condition. Let Q, = 0
and expand the production of commodity 1. Then one can imagine a resource
allocation (R;, R3) such that all pollutants occurring in the production of
commodity 1 are abated (distance 4G in Fig. 3-3). Analogously, AH indicates
those production quantities of commodity 2, when Q; = 0, at which the envi-
ronmental quality remains maximal. Except for the curve GH, the horizontal
roof represents a situation with maximum environmental quality and under-
employment.

Expand the production of commodity 1 at point G for Q, = 0 by 1 unit.
Then the quantity of emissions increases progressively owing to the fact that
H{ > 0. Because environmental quality decreases overproportionally with in-
creased emissions, environmental quality has to fall overproportionally as a
consequence of the increase in production of commodity 1. With an increase in
production of commodity 1, additional resources are used in production. Since
these resources must be withdrawn from abatement, the quantity of abated
emissions falls (an environmental quality declines). We know that as a result of
each unit of input withdrawn from abatement, the unabated emissions increase
overproportionally. This is explained by the decreasing marginal productivity
in abatement. Finally, according to the law of declining marginal returns, each
additional unit of commodity 1 produced requires an increasingly greater input
of resources. Consequently, for a shift from G to B, the quantity of pollutants
has to increase progressively as inputs are reallocated from abatement to the
production of commodity 1. Therefore, environmental quality has to decrease
progressively. The curve GB is concave. The concavity of curve GB can also be
shown formally (Appendix 3A).

The distance BB' denotes that quality of the environment which re-
sults from a total specialization in the production of commodity 1, given full
employment and no abatement. The distance CC'represents that quality of
the environment which corresponds to a total specialization in commodity 2
with no abatement. And CC’ > BB'reminds us that commodity 1 is the pollu-
tion-intensive commodity.*

Define a = Q;/Q, and hold a constant. Consider a point on the curve
GH. A unit of resources is withdrawn from abatement and put into the pro-
duction of commodities 1 and 2 with the quantitative relation a of both com-
modities remaining constant. The quantity of emissions rises progressively in
both sectors; in abatement, the quantity of unabated emissions decreases pro-
gressively, since the marginal productivity of disposal activities increases with
a lower factor input. A reallocation of the resources in favor of production,
given a constant proportion of commodities a, thus causes the emissions to

#Note that the pollution intensity of sectors is defined in terms of marginal propensities.
On the relation of marginal and average pollution intensities, compare Siebert et al. (1980).



Production Theory and Transformation Space 33

rise progressively. At the same time, marginal productivity increases under-
proportionally in production. The curve of the transformation space, for a
held constant, is concave (compare Eq. 3 A.12).

Curve BC represents the transformation problem for the case of resources
not being used in abatement (R; = 0). The projection of curve BC into the
0, O, plane, that is, the curve B’ C', is the traditional transformation curve. In
a situation without environmental policy, the economy is located on curve BC.
Point X on the transformation curve, that is, the vector of goods and thus the
factor allocation {R;, R,}, is determined by the relative price p,/p;.

This intuitive reasoning and formal analysis show that the transformation
space is concave. There is a tradeoff between the production of commodities
and the provision of environmental quality. If one wants a higher output, the
quality of the environment must be reduced. And if one wants the quality of
the environment to be improved, output has to be reduced.

Variables Affecting the Transformation Space

This analysis suggests that the form of the transformation space is affected by
the following variables: resource endowment of the economy, pollution intensity
of the two sectors, and productivity in production and abatement.

In Fig. 3-4a a case is presented in which sector 1 is pollution-intensive
whereas sector 2 produces no pollutants at all. In this case, sector 2 can produce
without negatively affecting environmental quality. Point C depicts a situation
in which all resources are used in the production of commodity 2 and no envi-
ronmental degradation occurs.

In Fig. 3-4b we have assume that curve GB shifts outward to GB". This can
be due to technical progress in the production of commodity 1, in the emis-
sion function (reduced emissions), or in abatement of sector 1. It is conceivable

Fig. 3-4. Specific cases of the transformation space
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that, because of technical progress, sector 1 is no longer the pollution-intensive
sector. Another condition not depicted in Fig. 3-4 is an increase in resource
endowment. In such a case, the whole transformation space shifts outward,
including curve GH in Fig. 3-3.

In reality, we may also observe that pollutants have a negative impact on
production. For example, particulates from mining may reduce the productivi-
ty of nearby citrus trees. Then the production function shown in 3.2 has to be
redefined as

Q,'=F,'(Ri,S) with F'iS<0sF}SS<O (38)

Here Fg <0 indicates that pollutants affect production negatively; that is,
pollutants have a negative productivity effect. And Fgq = dF;5/dS < 0 says
that the negative productivity will become smaller in absolute terms. If Eq. 3.8
holds true, increased production means not only a decline in the quality of
the environment, but also a reduction of output since pollutants will have a
negative impact on output. With a larger stock of pollutants, the transforma-
tion space may tend to contract (curve GB" in Fig. 3-5). From Eq. 3 B.4 in the
appendix we have

U

Fig. 3-5. Transformation space with negative externalities
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> 1

oU <
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00> P15 ¢ZS<F’3 (3.9)

By defining an inverse to the production function 3.8 we get

R;=¢;(Q;,S)

Then ¢;5 indicates the inputs required to compensate for the effect of nega-
tive productivity caused by one unit pollutant, if output in sector i is to be kept
constant. The term ¢;5 + ¢, denotes total inputs required to keep output
constant in both sectors. The right hand side of inquality 3.9 denotes resources
used for abating one unit of pollutant. If the inputs required to compensate
for the negative productivity effect caused by one unit of pollutant are smaller
than those required for abating one unit of pollutant, then 6U/0Q; < 0, that
is, curve GKB" in Fig. 3-5 has a negative slope. If more resources are needed
in order to compensate for the negative productivity effect caused by one unit
of pollutant than those required for its abatement, curve GKB" will have a
positive slope. When S rises, the absolute value of ¢ rises. Also, F4 will fall
and 1/F} will rise.

Compare the transformation space AGB” C" H, in which negative exter-
nalities in production exist (Eq. 3.8), with the case AGBCH, in which no
negative externalities in production exist (Eq. 3.2). One can expect that negative
externalities in production will shift the transformation space inward. Also, the
transformation space may not be concave in the case of negative externalities.
This may raise serious theoretical questions since normally one assumes the
concavity of the transformation space when analyzing the existence of equi-
librium or the properties of optimality in a state of competitive equilibrium.>
Note that points G and H are identical in Figs. 3-3 and 3-5 since there is no
negative productivity effect at maximal environmental quality.

The properties of the transformation space are affected by the intensity of
the negative productivity effect of pollutants. If the negative productivity is
small or negligible, then the transformation space will not curve inward. If sec-
tor 1 is strongly affected by pollutants, then the inward bend will be stronger
for sector 1 than for sector 2.

Note that 6U/6Q;> 0 holds true in section C"B"KL. This means that en-
vironmental quality has positive opportunity costs. One can increase environ-
mental quality and production at the same time. There is no tradeoff between
environmental quality and private outputs.

5 A more detailed analysis is given in Siebert (1982g).
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An Alternative Approach of Production Theory

An alternative approach in the description of the production properties of
an economy is to integrate Eqgs. 3.1, 3.2, and 3.3 into a production function
(Pethig 1979)

0 =Fi(R; 5)
(3.10)

In Eq. 3.10, resource input R; is defined as R; = Ri +R’ ; that is, it indi-
cates total resources used by sector 1 without distinguishing between resources
used for production and those used for abatement. Similarly, S; is defined as
S;=SP— S’ thatis, net emissions. In Eq. 3.10, net emissions are interpreted as a
factor of production with F;g > 0. And S can be interpreted as being an assimi-
lative service which the environment provides for use by firms. Equation 3.10
does not tell anything about which quantities of resources are used for produc-
tion or for abatement. Also, there is no information about gross emissions S% or
the abated emissions S7. The concept underlying Eq. 3.10 assumes that produc-
tion, emission, and abatement technologies can be described as technological
relationships allowing substitution between the resource inputs R; and S;. Note
that R, , can be interpreted as a vector for different types of inputs, such as
labor and capital. Also, observe that S; in Eq. 3.10 indicates net emissions of
sector i, not the stock of pollutants in the environment. Equation 3.10 can easily
be extended in order to allow for a negative productivity effect emanating from
a pool of pollutants by introducing a variable S with Fg < 0.

The law of conservation of matter represents a restriction for Eq. 3.10. In
terms of weight, the sum of regular output and net emissions cannot surpass
the input. Consequently, net emissions must be restricted. For instance, a mo-
notonic function ¢; may restrict net possible emissions:

Si<oi(R) (3.11)

Equation 3.11 specifies the input space of the production function. Assume
that Eq. 3.11 is linear. Then the production technology in 3.10 and 3.11 can

Fig. 3-6. Production function with emissions as input
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be described as in Fig. 3-6. Note that Fis > 0 is assumed for S; < ¢;(R;) and
Fig=0for S; = ¢,(R;); that is, the assimilative capacity of the environment has
a zero productivity if the maximum amount of net possible emissions is used.
In Fig. 3-6 the isoquants indicate the possibilities for substitution between the
inputs R; and S;.

Although in this approach one does not explicitly consider abatement activi-
ties, it has the advantage of lending itself to traditional production theory. For
instance, once a price for pollutants is introduced, traditional microeconomic
results can be reinterpreted with respect to environmental problems. For an
alternative approach including the materials balance, abatement, and nonlinear
production, see Pethig (2006).

Appendix 3A: Properties of the Transformation Space

The transformation space U = ¢ (Q,, Q) is concave if d* U < 0, that is, if the
Hessian matrix H is negative definite:

U *U
e 80? 80,90,
U U (BATD

80,80, 803

The Hessian matrix is negative definite if | H, | = 6°U/0Q% < 0 and if
|Hy|=|H|>0.

In order to analyze the concavity of the transformation space, I assume,
for simplicity, that only one abatement activity exists. Then the problem is
defined by

§=H(Q)+H,(Q)—-S"

Q;=FR;) or R;=F;'(Q) (3A2)
§" = F3(R3)
R = R1 +R2 +R3

Substitution yields

U= G[H(Q)+H,(Q)—-F;(R-R;—R,)] (3A.3)
Now, we have!
' dF _ dF}dR; dR, { dF} dF,dR, 1

=23 1 _F{—>0and —=——=F{—<0
dQ, dR;dR,dQ, Fy dQ, dR,dQ, Fi
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_ay_=G H; F3dR3 =G'| H| - 351_1?_3_
00, do, dR, F{

FI
=G’< ;+F3><o (3 A4

1

2 ds ’ ] ’ _ K ’
6 U =G"= < ; +£> +G’ [H'{‘i‘ 1(dF3/dQ1)F"f3(dF1/dQ1)
1 1

2
’ 1 ! "
~o"(H+5) +or H{+— —rg-BEI) 1 o (B AS)
Fi Fj Fi

Define Ai = H]+ F}/F!>0, E; = G'(H!— F}F!IF{) <0, and D = G'F%/
(F/F5)> 0. Then Eq. 3A.5 becomes

2
OU_ Goatyg, -

80? Fi

The minor H, is negative. It follows from Eq. 3A.6 that curve GB in Fig.
3-3 is strictly concave. Analogously, we obtain dU/0Q, < 0 and 0>U/0Q?, < 0.
We have (for constant Q; and constant R;)

(3 A.6)

U  d[G'[SI(H;+F4/F)]
00,930, 00,
=o~iS_<H' f_3> G’ dF dR, dR,

dQ,\ "' Fi) FidRydR,dQ,

=G" I F, / F, _gﬂ
F2 F’ F| F}

=G"A,A,~D<0 (3 A7)

Equations 3A.6 and 3A.7 are not yet sufficient to establish that H, > 0 as
defined in Eq. 3A.1. The first term of H, is positive, the second is negative.
Only if the product of the cross derivatives as defined in Eq. 3A.7 is smaller
than the product of the derivatives as defined in Eq. 3A.6, will the transforma-
tion function be concave.

The Arrow-Enthoven theorem makes less stringent demands for the ex-
istence of a global maximum. If the target function is concave, then the quasi-
convexity of every restriction is sufficient (thus quasi-concavity, t0o).”> The

2 A.-C. Chiang, Fundamental Methods of Mathematical Economics, 3rd ed. (New York:
McGraw-Hill, 1984).



Production Theory and Transformation Space 39

production, abatement, and damage functions are concave and thereby quasi-
concave too. The emission function is a monotonic function of a variable and
thereby quasi-concave as well as quasi-convex. The resource restriction is linear.
Consequently, the Arrow-Enthoven conditions are fulfilled. Thus the condition
of concavity is more restrictive than the condition for a quasi-concavity.

An alternative (more intuitive) approach for verifying the concavity of
U= ¢ (0, O, runs as follows. The transformation space U = ¢ (Q;, O,)
is concave if every restriction is concave. The production, abatement, and
damage functions are concave. The resource restriction is linear and hence
concave (and convex). The emission function is linear for H} = 0 (and thus
concave and convex). If we assume that H/ = 0, the transformation space
U = ¢ (Q;, Q) is concave because all single restrictions which define it are
concave.

The concavity of the transformation space implies that a cut through the
transformation space for a given U, that is, a given level of pollutants .S, will
also be concave. We have

S =H{(Q)+H,(0)—F3(R;)
dS = 0= H'dQ, + HydQ,—F4(—dR,—dR,)
0 =H{dQ, +H’2dQ2+ﬂdQ1 +-dQ,
Fy F
a9 _ _HM+FYF, A (B AS)
dQ, "+Fy/F, A,

so that the rate of transformation corresponds to the relation of marginal costs
(including costs of abatement):

2 1 1 IF" ’
o ——Z{Al [H'z'+———2<F'z-d—3—Fde 2)]
dQ; Aj (F2) dQ, dQ,

{g_g_h 1 <F dF} F,ﬂ)B (3 A.9)
dQ, (Fy\ 'd, ’dg,

We have’

CdFy_dFydRydRy  dRyt 1 dR
dQ, dRydR,dQ, dR,Fy, Fj\ dR,
dH', dHd d 1
————Q—l—H’{—Q—l<0 and —=Fj— and
dQ, dQ,do, dQ, dg, F
dF| _dF{dR,dR, F{dR,

dQ, dR,dR,dQ, F)dR,
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2 1 I~
d 921 - _iz {A1 [H'2'+——, ; <—F'3’F———31,:2>]
dQ; Af (F3) Fy

y [ngdQ1+ 1 ( FYF, FgF’{dR1)]
4, B i B ik
dQ,dQ, (Fy)? F3 Fy dR,

L dR o 1 de}

" "

—_______+ —_—
FDPdR, P ’FiFydR, (3 A.10)
This implies
: 4 " "
DO o a5 0,5 IR, 4 FIR
dQZ F2 F' F’ dR2 F/ dR2
2
d Q1<0 1+di F Z(HIFI H2F2)>O
do3 dR,/ F\F}
da’Q, -
1=HLES (3 A.lla)
dQ3
1+—1=0
dR, (3 A.11b)

Assume that sector 1 is the pollution-intensive sector, that is, H| F'1 > H5F 5.
Then dR,/dR, < —1 implies that the use of one additional unit of resource in
the less pollution-intensive sector will not require that sector 1 loses one unit
of resource. This is due to the fact that a shift toward the less pollution-inten-
sive sector, for given S, requires less resources in abatement. This reduction in
abatement enables more resources to be made available for sector 2. If sector 2
is assumed to be the pollution-intensive sector, one additional unit of output
by sector 2 requires that sector 1 loses more than one unit of resource. This
follows because additional resources have to be put into abatement in order to
keep a given level of pollution S.

Define a constant relation o = Q,/Q,. Then Eq. 3-A.2 simplifies to

U= G[H(aQ)+H,(Q)—F;(R-R;—R))] B A.12)

It can easily be shown that this curve is concave.*

* Compare H. Siebert (1978b, p. 55).
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Appendix 3B: Transformation Space with Negative Productivity Effect
Assume a production function

Q;=Fi(R;S) with Fj;5<0,F;s5<0 (3 B.1)
The inverse defines the input requirements

Ri=0(0Q:9) (3B.2)

where the properties of the inverse are determined by the assumption on the
production function. Substituting Eq. 3 B.2 into the system of Eqgs. 3.1 and 3.3
through 3.6, we have

U=GlL H(Q)-F[R- ¥ ¢:(Q, G~ (U)]} (3B.3)

Equation 3-B.3 implicitly defines a function between U and Q1; that is, it
defines the transformation space. Equation 3 B.3 should be compared with
Eq. 3A.3 which defines the transformation space for the traditional production
function. From 3 B.3 we have

oU 1
—=0: g5+ 55— 3 B4
80, Fj (3 B4)

The concavity of the transformation space for this case is not analyzed here
further. However, compare Siebert (1982g).






4 Optimal Environmental Use

The transformation space analyzed in chapter 3 describes the production
possibilities of two private goods and the public good “environmental quality”
All combinations of the transformation space can be attained. But which set
of outputs should be sought? In order to answer this question, we must in-
troduce value judgments that eventually allow us to determine the desired set
of outputs.

Criteria for Optimality

For our purposes it is sufficient to review briefly the three most often used op-
timality criteria.!

Koopmans Efficiency

An output is Koopmans-efficient if, with given technology and given resources,
the ith output cannot be increased for given quantities of all other commodi-
ties j. For our problem, this means that an allocation is not efficient if, for a
given output Q; and Q,, environmental quality can be increased. Similarly, an
allocation is not Koopmans-efficient if, for a given environmental quality, the
output of one of the commodities can be increased without having to decrease
the output of the other. Inefficient allocations lie inside the transformation space
in Fig. 3-3. Koopmans efficiency requires that we produce on the transformation
space in order not to waste resources.

Social-Welfare Function

It is assumed that society has a welfare function

W=W(,C,U) (4.1)

! On welfare criteria, compare Mas-Colell et al. (1995). The “maximin” criterion suggested by
Rawls (1971) has received considerable attention in the analysis of resource use, especially
in an intertemporal context. Compare Fisher (1981) p. 71. On ethical issues also compare
Kneese and Schulze (1985).
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or that a politician knows the welfare function of the society. In such a welfare
function, environmental quality is an independent variable. In Fig. 3-3, one
can imagine such a welfare function being represented by a three-dimensional
indifference lid. Higher indifference lids represent higher levels of welfare. The
optimizing problem consists of finding the highest indifference level for a given
transformation space. The optimal point will be reached were an indifference
lid is tangential to the transformation space. Mathematically, the properties of
the optimum can be determined by maximizing Eq. 4.1 subject to constraints
3.1 through 3.6, which define the transformation space.

Pareto Optimality

The Pareto criterion does not start from a social-welfare function; rather, it
assumes individual utility functions in which utility is defined by an ordinal
measure, that is, the utility function is a utility index function. A situation is
Pareto-optimal if, for constant utility of all individuals except j, the utility
of individual j cannot be increased. A situation is not Pareto-optimal if, for
constant utility of all individuals except j, the utility of individual j can be
increased.

To simplify the problem of environmental allocation, we assume an economy
consisting of two individuals, 1 and 2. The utility of both individuals depends on
the quantities consumed of the two private goods and on environmental quality.
Variable C/ denotes the quantity of commodity i consumed by individual ;.
Note that, unlike the consumption quantities of the private goods i, U does not
have a personalized superscript; environmental quality is a public good:?

Wi = Wi(C4, C%, U) 4.2)

Other variables may also enter into the utility function (or the social-welfare
function) such as employment, price-level stability, and equity. In this chapter,
we use the Pareto criterion as a guideline for optimal allocation. In chapter 5
we see that the choice of the value criterion also has important institutional
aspects. For instance, the question arises by which mechanism a social-welfare
function can be aggregated from individual preferences or by which institu-
tional arrangement individual evaluations can be revealed.

2 Alternatively, we could define U7 as the environmental quality used by individual j. Then
we would have to observe the restraint U' = U? = U.
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Optimization Problem

For simplicity, in our economy consisting of two individuals we apply the
Pareto criterion and maximize the utility of individual 1, subject to the utility
of individual 2 remaining constant (Eq. 4.2). The utility that can be obtained by
individual 1 is restricted not only by the condition that the utility of individual 2
has to remain constant but also by the constraint posed by the transforma-
tion space (Egs. 3.1 through 3.6). Finally, the quantity demanded by the two
individuals equals total demand

=X (43)
J
and total demand for a commodity cannot exceed output:
Ci<Q; (4.4)

The reader not familiar with optimization is referred to Appendix 4A. The
problem? consists of maximizing the Lagrangean function

L=w!(C},C3U)~ E Ase[H(Q:)—S71- E 2,10~ Fi(R))]
- E Ast[Si—FiRDI-AsL X Sf— ¥ ST-S1-2y[U-G(S)]
~Ig[X Ri+ ¥ RI-R]-2}[W2-w2(C},ChU)
- z Ai[g C{I—Q,-] (4.5)

Note that the restraints in Eq. 4.5 are the emission function, the production
function, the abatement function, the diffusion function, the damage func-
tion, and the resource restraint. These restraints define the transformation
space. Also, the restraints require the constancy of utility of individual 2, the
identify of total demand and the sum of individual demand, and the limitation
of total demand to feasible output. The necessary conditions for an optimum
of Eq. 4.5 are given in Appendix 4B. The reader is urged to derive the implica-
tions for himself in order to acquire an understanding of the mechanics of the
model.

3For a model with an explicit diffusion function and negative externalities, compare
Siebert (1975-a).
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A Shadow Price for Pollutants

From Appendix 4B we have the following results. Note that all shadow prices
and all variables relate to the optimum. Normally, shadow prices are denoted
by an asterisk, which we omit for simplifying purposes:

Ay=Wh+ 22wy (4.62)

The evaluation of one unit of environmental quality results from the aggrega-
tion of individual utilities (compare the Lindahl solution in chapter 5). Now,
Wi, (CYy, C%5, U”) represents the marginal evaluation of the environment by in-
dividual j. If, however, we assume a social-welfare function in the maximization
problem, we would have 1;;, = WY, that is, the shadow price of environmental
quality would be determined by the “social” evaluation

AS=AS§’=A'S;‘= —G'AU (46b)

The shadow price of pollutants ambient in the environment, emissions,
and abated emissions is equal to the physical marginal damage of one unit of
the emission multiplied by the social evaluation of the environment. Thus we
already have one condition for the determination of an emission tax rate. The
shadow price for emissions has to be set in such a way that it is equal to the
prevented marginal damage of a unit of emission. Note that Eq. 4.6b requires
the same shadow price for pollutants ambient in the environment, for emissions,
and for abated emissions. This is due to the fact that we have used a simplified
form of a diffusion function (Eq. 3.4)

AR

As= = (4.6¢)

The shadow price for pollutants (emissions) has to be set in such a way that
it is equal to marginal abatement costs, 1z /F}. The inverse function to the
abatement function 3.3, R} = ¢;(S}), is an input requirement function. The
first derivative

drR; 1 1
ds! dF'/dst F?

indicates the factor input necessary to reduce one unit of pollution. If this
expression is multiplied by the resource price Az, we obtain the marginal
abatement costs.

Thus, we have two conditions for the shadow price one unit of emission.
These conditions are explained in Fig. 4-1. In Fig. 4-1a, O S, denotes the
quantity of emissions of sector 1, or, starting from S1, the abated emissions. The
curve A4S, denotes the marginal costs of pollution abatement in sector 1.
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With a concave abatement function, marginal costs of abatement rise pro-
gressively. Similarly, 0,S, in Fig. 4-1b denotes emissions of sector 2, and
BS, indicates the marginal abatement costs in sector 2. If both curves are
aggregated horizontally, CS* (Fig. 4-1c) represents the curve of total marginal
abatement costs with OS ° denoting the quantity of emissions in the economy
in a given initial situation. The emission tax is determined by the curve CS°.
Observe that in Fig. 4-1 we have assumed that Ay is given. Consequently, the
curve CS, depicting marginal costs of abatement, will shift if 1z changes.
Stated differently, Az has been assumed to be the shadow price of the optimal
solution. Similarly, the cost curve will shift if the volume of emissions changes.
Therefore, Fig. 4-1 represents a partial equilibrium analysis if one assumes op-
timal values for a set of variables.

Curve DD in Fig. 4-1c specifies the evaluated marginal environmental
damage of emissions (pollutants). It follows from the damage function 3.5
that marginal damage increases progressively (at a constant A;) with increas-
ing emissions. When we read curve DD from S to O, the curve represents the
prevented marginal damage. Note that 1;; has been assumed to be the optimal
shadow price.

The shadow price for emissions should be set in such a way that prevented
marginal damage and marginal costs of abatement are equal. Now, OT is the
optimal level of the shadow price for emissions, S °S"is the quantity of the emis-
sions to be abated, and OS' is the quantity of emissions that is tolerated. Fig. 4-1
shows the tradeoff between the improvement of the environmental quality and
the costs connected with it. If one intends to improve environmental quality by
abating more pollutants, then abatement costs rise, that is, resources have to be
put into abatement and have to be withdrawn from the production activities. The
opportunity costs of a better environment thus consist of the forgone resources
used in production. Note that the interpretation of Fig. 4-1 is consistent with the
analysis of chapter 3, where we have established 0U/0Q, < 0. This implies that
there are opportunity costs of production in terms of environmental losses or
that environmental improvement implies a loss of output.

Figure 4-1c contains the basic message of economics concerning the envi-
ronmental issue. If an environmental problem exists, there must be a scarcity
price for using the environment. This price is determined by the marginal
benefit received from environmental quality and by the costs of achieving
this target. The reader will notice that other approaches such as benefit-cost
analysis or the bargaining solution will lead to the same diagram.

In Eq. 4.6¢c, the costs of environmental policy are expressed by resources
withdrawn from production. Assume that individual utility functions contain
such variables as full employment, price-level stability, balance-of-payments
equilibrium, or equity; then environmental policy may negatively affect these
variables. If this is the case, the prevented damage of abatement is reduced,
and curve DD in Fig. 4-1 will shift downward. Thus, if there are additional
costs of environmental quality, more pollutants will be tolerated. Since we have
to abate a smaller quantity of emissions, the scarcity price for pollutants will
be lower.
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Implications for the Shadow-Price System of the Economy

Setting a price for emissions implies that the price system of the economy will
be affected. What are the implications of a scarcity price for the environment
on the price vector of the economy?

Ai=wl=2w? (4.6d)

The Lagrangean multiplier 4; denotes the shadow price of commodities from
the consumers’ point of view (evaluation by the consumer). Note that /2 is a
multiplier that allows us to transform one unit of utility of individual 1 to one
unit of utility of individual 2:

— == (4.66)

The relative shadow price of the two commodities corresponds to the rela-
tion of their marginal utilities for each individual. We can also say that the
relative utilities among individuals must be equal. This is a well-known result
from traditional consumer theory. While the formal conditions for the house-
hold optimum are not changed when a zero shadow price is assumed for the
environment, the shadow price of the pollution-intensive commodity may be
affected. Its consumption may be lower

Ao, =W —AgHi=A*W} — Ay H; (4.60f)

Whereas /; indicates the marginal evaluation of a commodity by consumers,
Ag; denotes the shadow price for producers (producers’ price). The producers’
price is determined by the evaluation of consumers minus the social costs of
production. The social costs of production are expressed by the pollution per
unit of output H/and the shadow price of pollutants. Equation 4.6-f indicates
that the incentive for producers is corrected. The net price of the pollution-in-
tensive commodity for producers is lowered; thus, the incentive to produce the
pollution-intensive commodity is reduced:

Ao, _ Wi -Hils A2Wi—H'Ag

Ao, WY-Hjds AW3—Hjls

(4.6g2)

With a zero price charged for environmental use (15 = 0), relative prices are
distorted for producers in the sense that not all social costs of production are
attributed to individual producers. If there is a shadow price for pollutants,
relative producers’ price will be changed. Assume that commodity 1 is the
pollution-intensive commodity, that is, H{ F{ > H5 F5. Then the relative price
will be changed in favor of the nonpollution-intensive commodity if an envi-
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ronmental policy is pursued. We can expect that the pollution-intensive sector
will be restricted by the environmental policy

Ar=AgF; (4.6h)

The resource has to be used in private production in such a way that the
resource price is equal to the marginal-value product (the marginal productivi-
ty of the resource multiplied by the shadow price of the commodity*). When
this result is written as

Ar
Ap =R
Ql F;

it indicates that the shadow price of a good has to be equal to its marginal pro-
duction costs. The inverse to the production function is the input requirement
function R, = F;/(Q;). For the first derivative of this function, we have

drR; 1

dQ; Fj

If the resource input for one additional unit of output is multiplied by the
resource price, we obtain the marginal production costs of the commodity.

Conditions 4.6f and 4.6h require that the producers’ price of a commodity
(net price) be identical to the marginal evaluation by consumers minus the
social costs of production.

Optimum and Competitive Equilibrium

In the previous sections of this chapter, I analyzed the implications of a
Pareto optimum when environmental problems exist. Two basic propositions
of welfare economics relate optimal allocation and a competitive equilibrium
to each other (Quirk and Saposnik 1968). These two propositions are as fol-
lows: A competitive equilibrium provides an optimal allocation of resources.
For a given endowment of individuals, an optimal allocation can be obtained
through a competitive equilibrium if an appropriate transfer is used. Do these
two propositions also hold in the case of environmental disruption? In order to
develop our argument, we first characterize the competitive equilibrium. In a
second step, we have to relate optimal allocation to competitive equilibrium.’

4 Rewrite Eq. 4.6-g as
Ao Fi _ Wi'F\+H'F\Ag
Ao, F3 W4 Fhy+ H,Fh Ag

SOn a general equilibrium with explicit consideration of the environment also compare
Dudenhofter (1983), Maler (1985) and Pethig (1979).
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Competitive Equilibrium

A competitive equilibrium is defined as an allocation 4 and a price vector P
so that for [4, P]

1. All markets are cleared.
2. Each consumer maximizes his utility subject to the budget restraint.
3. Each producer maximizes his profit subject to the production function.

Consumers

It is assumed that each consumer maximizes his utility for given prices (p;,
7), where p; are market prices for commodities and 7 is the resource price.
The government levies an emission tax Z. Government receipts from emission
taxes are transferred to the households. Profits of the production sector are
also transferred to the households according to a given distribution parameter
(profit shares). With given factor prices and a given distribution parameter, the
income Y7 is given for the individual household. Household j maximizes the
Lagrangean expression

L = W/(C}, Ch, U)— 1§ (P, C} + 5, CL-Y)

Environmental quality is given for the individual household. The necessary
conditions for the household optimum are

Wi - 24p;<0
and 4.7)
¥ BiCI-Y'<0

Note that 4 is the shadow price of a unit of income (or money) of indi-
vidual j. Since marginal utilities are measured in utils and prices in money, 1y
is a conversion factor which transforms units of money into utils.

Producers
It is assumed that each producer maximizes his profit for given prices p;, 7, Z
IT; = p;Q;— F(R;+ R}) - ZS;

subject to
Qi-Fi(R)<0  S{-F{(R)<O
Hi(Q)-S7<0  -S;+87-8{=0 (4.8)
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From Appendix 4C we have
F2 (B~ ZHDF|(R)) = b1 F (4.9a)
F2(By—ZH) F3(Ry) = p3 F
F2ZF7 (R) (4.9b)

Assume R; > 0. Then Eqgs. 4.9a and 4.9b specify that the producer will use
resources in production up to a point where the marginal-value product of a
resource is equal to the price of the resource. Note that the marginal-value
product in this case is defined with respect to the producers’ price or net price
p;", that is, market price p; minus emission tax Z per unit of output 2H/. Con-
dition 4.9a indicates that an emission tax sets a new price signal for production.
Ceteris paribus, the net price of a pollution-intensive commodity will be lower
because of a higher emission tax per unit of output. Thus, the incentive to
produce the pollution-intensive commodity will be reduced.

Equation 4.9b requires that, for R; > 0, the marginal-value product of a
resource in abatement F ' be equal to the resource price. Assume that 7 and 2
are given; then we have an incentive to use resources for abatement. If, ceteris
paribus, % is increased, F! must fall and R’ must rise.

In Table 4-1 the conditions for Pareto optimality, for a utility maximum
of the household, and for a profit maximum of the firm are reproduced. In-
tuitively, the reader can see that the conditions for the Pareto optimum and
perfect competition are very similar.

Table 4-1. Pareto optimum and competitive equilibrium

Pareto Optimum Competitive Equilibrium?

wi'-21<0 M W -Ap<0 o

2w -22<0 (1a)

(= A H})Fj= 1 <0 @  (B-ZH)F,~F<0 @

AstFy = Ag<0 (@)  ZF7-7<0 )

L Ci-0;=0 @ X cj-g=0 @

J J

R-Y R-Y R[=0 ) R-YR-YR[=0 ®)
i i i i

® It is assumed that §;>0 so that from Eq. 4C.4 Z = A5. Then since A5 <4s/, the term
—r+AgrF'<0 can be written as —r+2ZF;'<0.
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Optimal Environmental Allocation in a Competitive Economy

We can now establish the two propositions of welfare economics for an
economy with environmental disruption.

Proposition 1. Let [4, P] denote a competitive equilibrium with allocation A
and price vector P = (py, p», 7, Z). Let prices be

Pi==t=—2t with AL =4%21%
Pl a2
_r

Ay

Fotst_ —(WhH+ 22 W) G
Ay Ay

Then A is Pareto-optimal.

Proof. Now, A is a competitive equilibrium. Consequently, the price vector
P satisfies the conditions in column 2 of Table 4-1. The market equilibrium
conditions 4 and 5 are given. They are identical to the restraints 4 and 5 of
the optimum. By setting Z equal to —(W. + 2 W?2') G'/}, and with the other
prices as indicated above, and then substituting these prices into the conditions
of a competitive equilibrium (second column), we obtain the conditions of the
optimum. Therefore, the allocation A4 is optimal.

Proposition 2. Let 4 * be a Pareto-optimal allocation so that the conditions
of column 1 in Table 4-1 hold. Then a price vector P* including emission taxes
exists such that [4 *, P *] constitutes a competitive equilibrium.

Proof. Let prices be defined as in proposition 1. Then, after substituting
these definitions into column 1, we obtain the conditions of column 2. These
conditions together with the constraints are identical to those of a competitive
equilibrium. Consequently, 4* is a competitive equilibrium.

Requirements for an Emission-Tax Solution

In this chapter we show that a maximization model yields shadow prices for
environmental use. If we view the implications of an optimization model as a
guideline for economic policy, then our model indicates the informational re-
quirements for the setting of an emission tax. These requirements are:

1. The policymaker needs information on the quantity of emissions. The emis-
sions must be measurable with reasonable costs.
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2. The policymaker needs information on the level of abatement costs for
alternative states of the environment.

3. The policymaker must be able to determine (and to evaluate) prevented
damage.

4. The diffusion function between emissions and pollutants ambient in the
environment must be known.

In chapters 7 and 8 we analyze some of the problems that arise when an emis-
sion tax is implemented.

Appendix 4 A: Nonlinear Optimization

Let f(x) = f(xy, x5, ... ,Xx,,) denote a differentiable concave function that has to
be maximized. Let the vector

g1 (%)
&%)
gx) = : =0

&m(x)
be a differentiable and concave function that has to be regarded as a restric-
tion. Then the optimizing problem is to find a vector x* which maximizes

f(x) under the constraints g(x)> 0 and x> 0. The procedure is to form the
Lagrangean function

L(xA)=f0)+24,(x)

where
Aq
Ay
A= : =0
Am

is the Lagrangean multiplier A and where A’ denotes the row vector of 1. Here
x* is the optimal solution of the maximization problem if a vector 1* = 0 exists
and if

L,(x*A*<0 x*L,(x*A*) =0 x*>0

L;(x*%A%*>0 A¥L(x*A*¥) =0  A*>0
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is fulfilled for L (x, 4). If the qualification of the Slater-secondary condition
is fulfilled, the aforementioned conditions are necessary and sufficient for a

global maximum.

Observe that if g(x) is convex, then the constraint is expressed as

g(x)<0.!

Appendix 4B: Implications of the Allocation Problem

The Kuhn-Tucker conditions for Eq. 4.5 are

%= Wi —2;<0
i
2—2= Wh—Ay+A2Wh<0
oL
— = Ao Fi—Ag<0
R, bOURE
oL

=A.SfF —ARSO
3R '
oL
— = Asp—4s<0
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— = —Ag+4s<0
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i
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where 4 denotes the vector of Lagrangean multipliers. Note that Eq. 3.4 requires
the strict equality. In this case, we can write Eq. 3.4 as two different types
of inequalities (greater than or equal to zero and less than or equal to zero),
thereby implying equality.

The Lagrangean multipliers are interpreted as follows: First, consider a
constraint which restricts the variable by an absolute value such as R. Then
a parametric change in R, that is, dL/dR = Jg, indicates how the value of
the Lagrangean function is changed if R is marginally varied. For instance,
Ar denotes the value of one unit of the resource for the goal function. So
Jg can be interpreted as the shadow price of the resource. Second, now con-
sider the case in which the variable is not restricted by an absolute value but,
rather, by a function, as in Q <F(R). Then we can find an interpretation of the
Lagrangean multiplier by introducing a disposal activity (slack variable). Such
a fictive activity disposes of one unit of a variable. Define D as quantities
of output removed from the system, so that the constraint can be written as
Q+D = F(R). Then the constraint is transformed to —1p[Q +D—F(R)]. The
expression 0L/OD = —J, indicates how the value of the goal function is
changed when one unit of output is eliminated from the system, and 2, is the
shadow price of output.

All other Lagrangean multipliers can be interpreted similarly. In Eq. 4.5
we have already characterized the Lagrangean multiplier by the appropriate
indices.

The interpretation of our optimization problem is made easier by some
reasonable assumptions. Since R; >0 or R; >0, 1 > 0. Also assume that both
sectors produce, so that R;, Q;, S¥ > 0. Let some environmental quality ex-
ist so that U > 0. Let both individuals demand positive quantities of the two
commodities. Finally, if Ag; > 0 (this is an implicit price for pollutants), then
R} > 0. Under these assumptions, the conditions in 4B.1 to 4B.10 are all
equalities.

Appendix 4C: Implications of the Profit Maximum

The Lagrangean function of the problem in 4.8 is

Li= B0~ F(Ri+ R}~ 28, Agp [H{(Q) ~ 871~ 20 [0~ F,(R))]
— Ag[ST—Fi(R))]~ 45, [S7 ~ S-S

The necessary conditions for the maximum of the problem in 4.8 are
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5 Environmental Quality as a Public Good

In this chapter we analyze the public-goods approach to the environmental
problem. Environmental quality is considered to be a public good that must
be consumed in equal amounts by all. This approach starts from the premise
that private property rights cannot be defined for environmental quality (or
if technically feasible, that private property rights should not be defined).
Then the market cannot allocate the environment, and government interven-
tion becomes necessary. How does the government determine the desired envi-
ronmental quality? One approach is to assume a social-welfare function which
allows us to specify the benefits and costs of environmental quality. In a
similar way, benefit-cost analysis implicitly presupposes a social-welfare func-
tion as a guideline for evaluation. Another approach is to base the evaluation of
environmental quality on individual preferences. A Pareto-optimal allocation
requires individualized prices of environmental quality to be assessed according
to the individual’s willingness to pay. If individuals are not inclined to reveal
their true willingness to pay, we have to look into institutional arrangements
that may reveal and aggregate individual preferences.

Characteristics of a Public Good

It is useful to distinguish between the polar cases of private and public goods.
A private good can be attributed to a specific individual. Individuals compete
against each other in using the good, and potential users can be excluded.
There is rivalry in use and private property rights exist. The concept of com-
peting uses can be expressed as

C'+C*+---4+C"=Q (5.1)

where C denotes quantities of a good and the superscripts indicate individu-
als.

A pure public good is consumed in equal amounts by all (Samuelson 1954);
the pure public good cannot be parceled out to individuals. The use by one in-
dividual does not subtract from any other individual’s use. There is no rivalry
in use. Individuals cannot be excluded from using the public good; that is, in
contrast to a private good, property rights cannot be attributed to individuals.
Consequently, a public good U is characterized by

Ul=U?=---=U"=U (5.2)
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Marginal willingness Marginal willingness
to pay to pay

Fig. 5-1. Aggregation of willingness to pay

The difference between the polar cases of private and public goods is
illustrated in Fig. 5-1. Total demand for a private good of an economy is
summed horizontally; that is, we add quantities. In Fig. 5-1a curves B C and
A D indicate the marginal willingness to pay, that is to give up income, of two
different individuals. Marginal willingness to pay decreases with the quantity
according to the usual property of demand functions. Curve BEF denotes the
marginal willingness of both individuals or the willingness to pay signaled in
the market. In the case of a public good, quantities cannot be added; rather,
we add vertically, that is, we sum the individual evaluations. Again curves B C
and A D denote the willingness to pay of both individuals. Since the public
good must be used in equal amounts by all, the willingness to pay of both in-
dividuals, e.g., curve H G D, is found by aggregating vertically.

A public good is characterized by the technical property that the commodity
is to be used in equal amounts by all. Actually, this property depends on the
given exclusion technology. For instance, the lighthouse — the prototype of a
public good — may well be considered to be a private good if a device is neces-
sary to receive signals from the lighthouse. Indeed, we may conceive of exclusion
technologies in many cases so that property rights can be attributed, and public
goods are changed into private ones. However, even if an exclusion technology
exists, we may judge the good so meritorious that the exclusion technology
should not be applied. In this case we speak of a merit good. Also, the exclusion
technology may not be acceptable under normative constraints.

The merit good is on the border line between a private and a pure public
good. Exclusion is technically feasible, for instance by excluding someone from
a school system, and there is some rivalry in use, for instance by an additional
student reducing the quality of a school. Rivalry in use may give rise to conges-
tion problems. Thus, between the polar cases of pure private and pure public
goods we have many intermediate forms. Note that on this border line, the
two characteristics used in Table 5-1 may not be independent of each other;
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Table 5-1. Classification of Goods

Institutional Exclusive Nonexclusive
arrangement property rights property rights

Characteristics of good

Rivalry in use Private good Common-property resource
Merit good
Nonrivalry in use Pure public good

the institutional setting of property rights also defines the characteristics of
goods.

In yet another intermediate form, a public good may be limited by
membership (theory of clubs), by space (local public goods), or by time. In
this case, there is no rivalry for those who can use the good, but some form of
exclusion exists.

In Table 5-1 the two criteria of the institutional arrangement of exclusive
property rights and the characteristics of the good with respect to rivalry or
nonrivalry are used to classify goods.

The terms public good and common-property resource are often used
synonymously. However, they should be clearly distinguished. A common-
property resource is a good for which exclusive property rights are not defined
and where rivalry in use prevails. The nonexistence of exclusive property rights
means that access to the good is not limited or not severely limited. Conse-
quently, the users compete with each other eventually affecting the quantity
available or the quality (congestion). In contrast to merit goods where access is
not limited for normative reasons and where a deliberate decision is taken not
to limit access, in the case of common-property resources, property rights are
not clearly defined because of historical conditions, although exclusion mecha-
nisms are possible. It is mainly for historical reasons that commonproperty
resources are used as free goods. In the past, many goods were free goods
and common-property resources simultaneously; today, because of increased
scarcity and the more comprehensive definition of property rights, they have
become private goods. For instance, fish as a protein source have been used as
a common-property resource in the world’s oceans because no property rights
were assigned. Today, some forms of property rights such as the 200 mile zone
and limitations-on economic harvesting begin to emerge.

How is the environment related to the public-goods concept? In chapter 2 we
discuss the functions of the environment for the economic system; not all these
functions define characteristics of a public good. For instance, in its role as a
receptacle of waste, the environment can be interpreted as a commonproperty
resource, but not as a public good. Similarly, the provision of natural resources
such as water does not fall under the heading of a public good. In ancient times
water may have been used as a free good because of its bounty. This abundance
rendered competing uses and rivalry and hence the installation of a property
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rights system meaningless whatever service water did provide. Water was used
as a common-property resource. But eventually, as water became scarce, a sys-
tem of modified property rights was developed for the different services water
did provide. Property rights for other national resources such as land, oil, and
wood are well established. It is only with respect to the role of the environment
as a supplier of public-consumption goods (such as beautiful landscapes, air
to breathe, or other life-supporting systems) that the public-goods approach
becomes relevant.

For the discussion of this topic, the following aspects should be clearly dis-
tinguished:

1. If the environment is used as a common-property resource (receptacle
of waste, provider of natural resources such as water and fish) and if
this resource becomes scarce, the characteristic of the common-property
resource has to be changed by introducing scarcity prices or other allocation
mechanisms.

2. Some functions of the environment (provision of life-supporting systems,
amenities, and so on) constitute a public good. In the following analysis, we
summarize these functions through use of the term environmental quality.
We know that the definition of a public good depends on existing exclu-
sion technologies and value judgments. Consequently, the problem arises
as to whether, for specific uses of the environment, the public good can
be changed into a private one. In this chapter, we analyze the public-goods
problem within the context of the environmental issue. In chapter 6, the
attribution of property rights is studied.

Allocation of Public Goods

The existence of a public good implies that an individual can take the position
of a free rider. Once the public good exists or once it is produced, an individual
may use the public good, but he may not be willing to contribute to its costs
of production. If the individual is asked to indicate his willingness to pay for
the public good, he may give false answers. For instance, if he expects that his
answer will serve to calculate his share of costs for the public good, he may
understate his preference for the public good (including the extreme case of a
zero willingness to pay), expecting that those with a higher willingness to pay
will guarantee that the good will be provided. If the individual does not an-
ticipate having to contribute to the costs of production, he may overstate his
preference for the public good.

In the case of private goods, the individual cannot take the position of a
free rider. If he wants a specific good, he has to give up income for it. His will-
ingness to pay is indicated by the market price. Since his income could be used
for other goods, the individual’s willingness to pay also indicates his opportunity
costs. Thus, the market process reveals the willingness to pay. This demand-re-
vealing process does not operate in the case of public goods since they cannot
be attributed to individuals.
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The consequence is that public goods should not be allocated through the
market mechanism, in order to prevent a misallocation of resources. Public
goods require government activity. Actually, there is a wide range of poten-
tial government activities. If the public good “environmental quality” cannot
be allocated through the market mechanism, three problems arise as to what
quantity of the public good “environmental quality” should be provided,
by which procedures this target is determined, and by which mechanism the
fulfillment of the target can best be reached.

With respect to the determination of the target variable, we can assume that
the government will determine the desired environmental quality. Either the gov-
ernment knows what the people want, or it does not take individual preferences
into consideration. Western constitutional democracy, having developed over
centuries, stresses that individual value judgments should ultimately deter-
mine the targets of government activity. But how can individual preferences
be revealed if the individual can take the position of the free rider? With this
background, the following approaches to the problem of environmental alloca-
tion can be distinguished:

1. A social-welfare function is given to the policymakers, including environ-
mental quality as an independent vari