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Chapter 1

INTRODUCTION TO DYNAMIC
AND STOCHASTIC APPROACHES
TO THE ENVIRONMENT AND
ECONOMIC DEVELOPMENT

We begin by outlining some of the more salient issues in contemporary
research at the interface of the environment and economic development.
Next, we note that until very recently, environmental issues have largely been
absent in the analyses of economic development. Fortunately, despite the past
neglect of this field, there is now a burgeoning literature in this important
field. Even so, we point out that there is still a dearth of theoretical research
that uses dynamic and stochastic approaches to construct and analyze models
of research questions at the intersection of the environment and economic
development. Therefore, following this introductory chapter, the 12 chapters
of this book show how dynamic and stochastic approaches can be used to
effectively model and thereby shed valuable light on a whole host of hith-
erto largely unstudied research questions concerning the environment and
economic development.

1. Preliminaries

The totality of all the ecological systems in the world constitutes
a very large part of what we might call our natural capital stock.
Following Dasgupta (1996), we can also think of this natural capi-
tal stock as our environmental resource base. Life, as we know it on
planet earth, depends fundamentally on this environmental resource
base. Even so, until very recently, discussions of the salience of
this environmental resource base were largely absent in economic
analyses in general and in studies of economic development in
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particular.1 This unfortunate state of affairs has gradually begun to
change and this change has certainly been accelerated by the publi-
cation of the so-called Brundtland Report in 1987 (see Brundtland,
1987).

This report introduced, inter alia, the notion of sustainable
development to the world and it is fair to say that this notion has
now become a rallying point for researchers in and practitioners of
economic development. Researchers now generally agree that what-
ever else the notion of sustainability may mean, at the very least, this
notion involves the conservation of either a part or all of the earth’s
natural capital stock.2 Given the general interest in the notion of sus-
tainability, researchers have sharpened the focus of this notion by
asking specifically what it would take for the process of economic
development to be sustainable.

Along with this interest in the notion of sustainable develop-
ment, a parallel development that has taken place stems from the
increasingly poor state in which we find the world’s fisheries, forests,
and rangelands. These so-called renewable resources3 have been the
object of rigorous analysis by economists at least since Gordon
(1954). Further, since the publication of Gordon’s (1954) sem-
inal paper, research by the biologist Garrett Hardin (1968), the
economist Herman Daly (1968), and the mathematician Colin
Clark (1973; 1976) has increasingly led to the view that what
economists call renewable resources and what ecologists more gen-
erally call ecological systems are really jointly determined ecological-
economic systems whose evolution over time is dependent on
dynamic and stochastic forces that are partly ecological and partly

1. See Dasgupta (1996), Dasgupta and Ehrlich (1996), and Dasgupta and Maler (1997) for
a more detailed corroboration of this claim.

2. See Goldin and Winters (1995), Perrings (1996), Farmer and Randall (1997), and Pezzey
(1997) for more on the evolution of and the literature concerning the notion of sustainability.

3. Economists commonly distinguish between resources like fisheries and rangelands that
have a natural growth rate and hence are regenerative or renewable and resources like minerals
such as coal that do not have a natural growth rate — that is meaningful in the context of typical
human lifetimes — and hence are non-renewable or exhaustible.



DYNAMIC AND STOCHASTIC APPROACHES TO THE ENVIRONMENT AND ECONOMIC DEVELOPMENT 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/economics/6617.html

December 19, 2007 12:14 SPI-B548 Dynamic and Stochastic Approaches ch01

Introduction to Dynamic and Stochastic Approaches 3

economic in nature. This view has gained broad acceptance in the
last three decades and, as such, it is fair to say that today, natu-
ral resource management in general is really all about the optimal
management of ecological-economic systems.4 Further, the field of
ecological economics itself is now thriving with the launch of a
prominent journal published by Elsevier, Ecological Economics, that
is dedicated to furthering research in this explicitly interdisciplinary
field.

The burgeoning of interest in studying sustainable development
and the tremendous growth of the field of ecological economics
have together greatly influenced contemporary thinking on research
questions concerning the environment and economic development.
In particular, economists now no longer treat the environmental
resource base of developing nations “as an indefinitely large and
adaptable capital stock” (Dasgupta, 1996, p. 390; emphasis in orig-
inal). Similarly, ecologists now understand that it would be a big
mistake to “regard the human presence as an inessential component
of the ecological landscape” (Dasgupta, 1996, p. 390). Finally, we
now have a journal published by Cambridge University Press enti-
tled Environment and Development Economics that is devoted to the
advancement of research on questions at the interface of the envi-
ronment and economic development.

Despite the presence of a sizeable and now growing literature on
the environment and economic development, it is fair to say that
there are very few theoretical studies of research questions in this
field that explicitly incorporate dynamic and stochastic approaches
into their analyses. This state of affairs is both unfortunate and it
provides an incomplete and possibly even erroneous perspective on
basic issues concerning the environment and economic develop-
ment. To see why this might be the case, note that economic devel-
opment is a process and, hence, like all processes, this process is best

4. See Walters (1986), Holling (1996), Perrings (1996), Dasgupta and Maler (1997),
Batabyal (1999), Batabyal and Beladi (1999), and Batabyal and Yoo (2007) for additional details
on this point.



DYNAMIC AND STOCHASTIC APPROACHES TO THE ENVIRONMENT AND ECONOMIC DEVELOPMENT 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/economics/6617.html

December 19, 2007 12:14 SPI-B548 Dynamic and Stochastic Approaches ch01

4 A. A. Batabyal

studied from a dynamic or intertemporal perspective. Second, if eco-
nomic development in a nation is to be sustainable then it is incum-
bent upon this nation to conserve at the very least, as we have already
noted, some part of its natural capital stock. Now, such conserva-
tion will involve the optimal management of ecological-economic
systems5 that are inherently dynamic and stochastic in nature.

Given the above state of affairs, the central objective of this book
is to demonstrate how dynamic and stochastic approaches can be
effectively used to construct and analyze theoretical models that
shed valuable light on hitherto largely unstudied research questions
at the interface of the environment and economic development. The
reader should note well that even though we use the traditional lan-
guage of economics and refer to renewable natural resources, these
resources are dynamic and stochastic ecological-economic systems
that are jointly determined. Following this introductory chapter,
there are 12 essays (chapters) that are grouped into three parts.
Parts II and III are concerned with topics that, broadly speaking,
would fall within the ambit of natural resource economics as that
term is generally understood in economics. In contrast, Part IV of
this book is concerned with questions that traditionally would be
the object of inquiry in environmental economics.

More specifically, Chapters 2 through 4 in Part II of this book
are concerned with a renewable resource of central importance
in developing countries and that resource is swidden agriculture.6

Chapters 5 through 8 comprise Part III of this book and these chap-
ters focus on renewable resources in general and safe drinking water
in particular. Chapter 5 studies the provision of safe drinking water
and Chapter 6 focuses on renewable resource management; both
analyses are conducted in a closed economy setting. Chapters 7 and
8 also focus on renewable resource management issues but now in an
open economy setting. Finally, the five chapters comprising Part IV

5. Such systems include renewable resources such as fisheries, forests, and rangelands and
exhaustible resources such as minerals.

6. Swidden agriculture is also referred to as slash and burn agriculture and as shifting culti-
vation. Therefore, in this book, we shall use these three terms interchangeably.
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of this book analyze the many facets of environmental policy in
developing countries. We now proceed to highlight the contribu-
tions of the individual essays in this book.

2. The Individual Essays

2.1. Agriculture

2.1.1. The Fallow Period in Swidden Agriculture

Small farmers in most tropical developing countries practice swid-
den agriculture. Of the five essential stages in a swidden cycle, the
fifth and final stage is the most salient. In this stage, a cleared par-
cel of forest land (CPFL) is left fallow after one or two harvests.
If the CPFL is left fallow for a sufficiently long period of time,
then nutrients will revert back to the soil and this will permit the
swidden cycle to be repeated. Despite the salience of swidden agri-
culture in tropical developing countries, there is controversy about
the merits of this kind of agriculture. On one hand, Dove (1983),
Southgate (1990), and Pearce and Warford (1993) have noted that
slash and burn agriculture is environmentally destructive because
the land-clearing activities of shifting cultivators is directly linked
to massive and deleterious deforestation. On the other hand, Peters
and Neuenschwander (1988) and Dufour (1990) have claimed that
under some circumstances, swidden agriculture based on long fal-
low periods can be an ecologically and an economically sustainable
practice in tropical forests.

The viability of swidden agriculture in the long run depends cru-
cially on the length of the fallow period; hence, this period must be
chosen optimally. However, beyond recognizing this basic point,
researchers have not explained theoretically how the length of the
fallow period ought to be chosen by a small farmer. In addition,
researchers have not studied the ways in which the choice of the
fallow period length affects the ecology and the economics of the
underlying CPFL. Given this state of affairs, Chapter 2 has three
goals. First, it constructs a three-state, semi-Markov theoretic model
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of a CPFL that has been readied for swidden agriculture. Second, it
shows for a small farmer how the dynamic and the stochastic prop-
erties of this CPFL can be used to derive two objectives that are eco-
logically meaningful. Finally, using these two objectives, Chapter 2
discusses a probabilistic approach to the determination of the opti-
mal length of the fallow period in swidden agriculture.

A key feature of the semi-Markov model of a CPFL in Chapter 2
is that the length of the fallow period is a random variable. In addi-
tion, this chapter notes that leaving the CPFL fallow for a specific
time period does not guarantee that it will revert back to the eco-
logically healthiest state 1. Rare and unpredictable environmental
events and farmer error in setting the length of the fallow period
may result in the CPFL recovering only to the intermediate state 2.
This chapter uses the various transition probabilities of the CPFL
along with the mean times spent by the CPFL in each of the three
states to derive two ecologically meaningful objective functions. The
small farmer of this second chapter optimizes these two ecological
objective functions subject to specific constraints. We now outline
the first of these two optimization problems, and then we comment
on the ecological and the economic meaning of the solution to this
optimization problem.

The first optimization problem faced by our small farmer involves
the minimization of an ecological criterion subject to an economic
constraint. The ecological criterion is the resilience 7 of the CPFL
in the intermediate state 2 and the economic constraint says that
the profits from swidden agriculture must not fall below a certain
minimum threshold. Solving this optimization problem gives us two

7. The response of ecological-economic systems to perturbations is frequently measured
by the notion of resilience. Generally speaking, ecologists distinguish between two kinds of
resilience, namely, resilience in the sense of C.S. Holling and resilience in the sense of S.L. Pimm.
Resilience in the sense of Pimm (1984) is concerned with measuring the rapidity with which a
stable ecological-economic system returns to its original state following a perturbation. In con-
trast, resilience in the sense of Holling refers to “the amount of disturbance that can be sus-
tained [by an ecological-economic system] before a change in system control or structure
occurs” (Holling et al., 1995, p. 50). Because Chapter 2 is concerned with the sustainability
of swidden agriculture, this chapter focuses on Holling and not Pimm resilience.
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first-order necessary conditions for an optimum. Solving these two
equations simultaneously gives us the optimal length of the fallow
period and the shadow value of the profit constraint. One of these
two first-order necessary conditions tells us that in choosing the
length of the fallow period optimally, the small farmer will balance
ecological and economic considerations. Specifically, the optimal
length of the fallow period will be chosen so that the marginal impact
of the length of the fallow period on the probability of the CPFL
being in the intermediate state 2 is set equal to the product of the
shadow value of the profit constraint and the marginal profit from
choosing the fallow period length optimally.

If the fallow period length is chosen in this way, then we can be
reasonably sure that the CPFL will be healthy in the long run. From
an ecological perspective, this means that the resilience of the CPFL
in the intermediate state 2 will be low. In economic terms, this means
that the CPFL will provide our small farmer with a flow of profits
or a flow of consumptive and non-consumptive net benefits in the
long run. Although the dynamic and stochastic analysis in Chapter 2
sheds considerable light on the nature of the fallow period length
choice problem, this chapter does not model the fact that swidden
cultivators typically have a choice as far as what kind of crop they
would like to grow on their CPFL. In addition, this chapter also does
not study the land quality accumulation decision problem faced by
shifting cultivators. These two questions are addressed in Chapter 3.

2.1.2. Crop and Land Quality Accumulation Choices

Chapter 3 has three goals. First, this chapter constructs a dynamic
model of land use by swidden cultivators when these cultivators can
choose whether to grow a cash crop or a food/subsistence crop.
Second, the chapter examines the land quality accumulation deci-
sion problem faced by shifting cultivators. This part of the Chapter 3
analysis provides a second way that can be used to compute the
length of the fallow period optimally. In this way, the Chapter 3 anal-
ysis complements the earlier analysis in Chapter 2. Finally, Chapter 3
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investigates the effects that the optimal land quality accumulation
decision has for the relative price of the food crop in particular and
for slash and burn agriculture in general.

The focus in this chapter is on an economy in which small farmers
(or swidden cultivators) each have a parcel of cleared forest land and
they can choose to grow either a cash crop or a food/subsistence
crop on this land. The cash crop requires labor L and high quality
land Ahq for production. In contrast, the food or subsistence crop
can be grown with labor L and low quality land Alq . Let w, shq ,
and slq denote the factor rewards to labor, to high quality land, and
to low quality land, respectively, and let r denote the interest rate.
Deleterious and unpredictable environmental events can make the
small farmer’s land unfit for cultivation of either the cash crop or
the food crop. Chapter 3 accounts for this possibility by supposing
that with instantaneous probability q, q ∈ (0, 1), the cleared land of
the swidden cultivators will become unfit for cultivation. With this
contingency in mind, the discount rate of the swidden cultivator is
effectively r + q.

The small farmer can convert low quality land into high quality
land by keeping his land fallow for an appropriate length of time.
Put differently, this farmer can choose to accumulate land quality by
keeping his land fallow. The reader should note two things. First, in
the framework of Chapter 3, optimally choosing the length of time
during which the cleared land is to be kept fallow is equivalent to
optimally accumulating land quality. Second, the purpose of invest-
ing in land quality now is to obtain higher profit from the sale of
the cash crop later.

The swidden cultivator under study in Chapter 3 maximizes the
profit from fallowing land. This profit consists of the earnings from
cash crop cultivation less the foregone earnings from food crop cul-
tivation. The solution to this profit-maximization problem gives us
the optimal length of the fallow period. The analysis in Chapter 3
shows that as the return to fallowing land increases, the optimal
length of the fallow period — or the optimal length of time dur-
ing which land quality is accumulated — increases. Second, as our
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swidden cultivator’s discount rate rises, it is optimal to reduce the
length of time during which this cultivator’s land is fallow.

Two additional questions of interest in the context of slash and
burn agriculture are also analyzed in Chapter 3. The first such ques-
tion concerns the discounted lifetime earnings that accrue to the
swidden cultivator as a result of his or her decision to accumu-
late land quality optimally. The analysis here shows that the factor
reward of optimally fallowed high quality land exceeds the factor
reward of low quality land. The second such question concerns the
impact of parametric changes on the factor reward to low quality
land. Comparative statics exercises that are carried out in Chapter 3
result in three specific conclusions. Specifically, we learn that, inter
alia, the factor reward to low quality land falls with increases in the
interest rate and the probability of an environmentally disastrous
event.

Chapter 3 concludes with a very basic result about economies
with slash and burn agriculture. Specifically, it is shown that given
an interest rate r , the relative price of the food crop is likely to be
higher in economies where there is high demand for keeping land
fallow8 because of a high value of the “return to fallowing land”
parameter θ, a high value of the shift variable V , or a low value of
the probability q of an environmentally disastrous event. Why? This
is because a high θ, a high V , or a low q means that the factor reward
for low quality land slq is high. In turn, because the interest rate r
is given, a high slq can be expected to exert an upward pressure on
the relative price of the food crop.

Dickinson (1972), Farnsworth and Golley (1973), and Eckholm
(1976) have noted that swidden cultivators can increase the number
of harvests on a particular CPFL before this CPFL must be fallowed
by applying natural and/or chemical fertilizers. However, beyond
recognizing this essential point, researchers have not theoretically
analyzed the fertilizer use decision problem faced by swidden culti-
vators. In addition, keeping in mind the dynamic and the stochastic

8. Indirectly, this indicates high demand for the cash crop.
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setting in which swidden cultivators typically operate, researchers
also have not studied the conditions under which it is optimal to use
fertilizers. These two questions are analyzed in Chapter 4.

2.1.3. Fertilizer Use in Swidden Agriculture

Chapter 4 focuses on a swidden cultivator with a parcel of land that
has just been cleared for the planting of a particular crop. This cul-
tivator would like to repeat as many swidden cycles as possible on
the CPFL, but in doing this, (s)he must contend with the deteri-
oration in soil fertility on this CPFL. It is possible to extend the
useful life of this CPFL by using fertilizers.9 However, as noted by
Dickinson (1972), Eckholm (1976), and others, fertilizers are costly,
and because swidden cultivators are typically poor, small-scale farm-
ers, they often will not possess the financial resources to purchase
fertilizers. There are two policies available to the swidden cultivator
under study. The first policy is a passive one in which no fertilizer
is used and the cultivator relies solely on natural or environmental
factors to delay the deterioration in soil fertility. The second policy
is an active one in which the cultivator uses fertilizers to decelerate
the deterioration in soil fertility.

The essential stock variable that is affected by the repeated plant-
ing of the crop in question is the stock of soil fertility. Owing to a
variety of reasons, the lowering of the stock of soil fertility is gener-
ally probabilistic and not deterministic. Therefore, the soil fertility
stock is assumed to be a stochastic process that can exist in one of
many possible states. State 0 is the best possible state of existence
for this stock variable. Further, the stock of soil fertility changes
state in accordance with a Wiener or Brownian motion process with
drift δ > 0.10 With repeated planting of the crop in question, soil
fertility on the CPFL deteriorates, the Brownian motion process
changes state, and eventually this process gets to a “breakdown”

9. In the rest of this chapter, when we refer to fertilizer use, we are referring to both natural
and to chemical fertilizer use.

10. For more on the Wiener process, see Ross (1996, Chapter 8) and Ross (2003, Chapter 10).
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state — denoted by f — in which the land must be fallowed.11

When this is done, mathematically, the Brownian motion process
eventually returns to state 0. The cost of the passive or no fertilizer
use policy is c( f ).

The swidden cultivator’s active policy involves the use of one or
more fertilizers. In particular, if the state of the Brownian motion
process is b and the active policy is used, then this policy will be
successful in improving soil fertility with probability p(b), and it
will be unsuccessful with probability 1 − p(b). Further, if the active
policy is successful in improving soil fertility, then the Brownian
motion process being analyzed returns to state 0. In contrast, if
this active policy is unsuccessful in improving soil fertility, then the
Brownian motion process goes to state f .12 The cost of attempting
to improve soil fertility actively in state b is c(b).

In this probabilistic setting, Chapter 4 determines whether the
active or the passive policy minimizes the long-run average cost per
time. The analysis in this chapter shows that the long-run average
cost of raising soil fertility with the active or fertilizer use policy is
given by the ratio of the weighted sum of the two cost expressions
c(b) and c( f ) to the state b, 0 < b < f , in which this policy is
utilized. Similarly, the long-run average cost of the passive policy in
which the swidden cultivator relies exclusively on natural or envi-
ronmental factors to improve soil fertility is given by the ratio of the
product of the drift parameter of the Brownian motion process δ

and the cost of locating and clearing an alternate parcel of forest
land c( f ) to the fallow state f . What this Chapter 4 analysis makes
abundantly clear is that given a specific likelihood function p(b), one
can always use calculus to minimize the above-mentioned long-run

11. An interesting question that emerges in this context is the determination of the optimal
length of time during which the CPFL ought to be fallow. This question is addressed in Batabyal
and Beladi (2004) and in Chapter 2.

12. We understand that the failure of the fertilizer use policy does not necessarily mean that
soil fertility has declined to such an extent that our Wiener process must go to state f . Chapter 4
makes this assumption primarily for reasons of mathematical tractability. Having said this, we
recognize that it is possible that the Wiener process will go to some intermediate state e, where
e is worse than state b but better than state f .
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average cost function. Even so, the more significant point is that the
choice between the active policy and the passive policy is, to a large
extent, dependent on the likelihood function p(b). In particular,
for some specifications of this likelihood function, it makes more
sense for the swidden cultivator to use the active or fertilizer use
policy and for alternate specifications of this same likelihood func-
tion, it is less costly to adopt the passive or no fertilizer use policy.
This completes our brief discussion of the three chapters that ana-
lyze swidden agriculture in developing countries. We now proceed
to comment on the contributions of the four chapters that study
renewable resource use and management in developing countries
in both closed and open economy settings. Providing safe drinking
water to flood victims in a closed economy setting is the subject of
Chapter 5.

2.2. Renewable Resources

2.2.1. Flood Victims and Safe Drinking Water

National and international development agencies have increasingly
begun to embark on a whole host of schemes to provide safe
drinking water (SDW) in developing countries.13 Now, many of
the world’s developing nations, particularly those in South Asia,
are frequently ravaged by floods. Therefore, when a flood occurs,
the question of providing SDW to flood victims assumes particu-
lar salience. How should a government agency that is interested in
distributing SDW to flood victims, go about its task? Further, how
might this agency maximize the net social benefit from the provision
of SDW? Finally, given that SDW is a particularly scarce commodity
in a flood situation, how likely is it that this agency will be unable to
meet the stochastic demand for SDW? Although there are a number
of empirical and case study based analyses of drinking water prob-
lems in developing countries (see Han et al., 1991; Asthana, 1997;
Balint, 1999; Reddy, 1999), and even some studies of drinking water

13. For more on this, see Munasinghe (1992), Balint (1999), and Kleemeier (2000).
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problems in flood situations (see Haque and Zaman, 1993; Emch,
2000), as Chapter 5 points out, there are no theoretical studies of
the above three questions. Hence, the purpose of Chapter 5 is to
show how queuing theory14 can be used to effectively model and
study these three questions concerning the disbursement of SDW
in flood-prone developing countries.

Chapter 5 constructs a queuing theoretic model of a place such
as West Bengal in India that is frequently ravaged by floods.15 A
government agency is entrusted with the task of providing SDW to
flood victims.16 This agency sets up a relief center and it imports
SDW to this center by means of tanker trucks and it “produces”
buckets of SDW in accordance with a Poisson process with rate
λ > 0. The analysis in this chapter supposes that once K buckets
of water have been produced, the agency under study will have
exhausted its available supply of SDW and, hence, it must wait for
more water to appear. Flood victims arrive at this relief center in
accordance with a Poisson process with rate µ > 0. Each victim is
entitled to one bucket of water per day. Upon receipt of this bucket,
the victim leaves the relief center. If this victim happens to arrive at
the center when K buckets of water have already been disbursed,
then (s)he will have to leave the center empty handed. The specific
queuing model used to model these events is the M /M /1 queue
with finite capacity K .17

The first task conducted in Chapter 5 is to determine, from
the standpoint of the government agency providing SDW to flood
victims, the proportion of all flood victims who find the relief center

14. See Ross (2003, Chapter 8) for more on queuing theory.
15. West Bengal is frequently ravaged by floods. As reported in The Economist (Anonymous,

2000, September 30, p. 6), in year 2000 alone, upwards of 17 million people were adversely
affected by floods in this state and in neighboring Bangladesh.

16. Government agencies assigned the task of flood control typically perform many duties, only
one of which is the provision of SDW. Chapter 5 focuses on SDW because of the fundamental
importance of SDW in sustaining human life and because this chapter wishes to shed light on
hitherto unanswered research questions in flood management.

17. For more details on the M /M /1 queue with finite capacity, see Batabyal (1996a) and Ross
(2003, pp. 480–496).
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filled with buckets of SDW. The analysis conducted here shows that
this proportion is equal to the stationary probability (PK ) that the
relief center has K buckets of SDW. Having computed this proba-
bility, the second task that Chapter 5 undertakes is to formulate and
solve an optimization problem for the SDW providing government
agency. Specifically, this agency chooses the rate µ at which SDW is
provided to flood victims to maximize the social net benefit from
the provision of SDW. It is shown that optimality requires the gov-
ernment agency to provide SDW so that the marginal social benefit
from water provision is equal to the marginal social cost.

The final task that is carried out in Chapter 5 is the computation
of the likelihood that the government agency under study will be
unable to meet the stochastic demand for SDW in a flood situation.
The analysis in this part of the chapter shows that the agency in
question will be unable to provide SDW to a flood victim only if
this victim arrives at the relief center after the agency has run out
of SDW for that day. Therefore, the likelihood of interest is actually
a particular stationary probability and this probability is shown to
depend on the parameters of the queue (λ, µ) and on the capacity
of the relief center (K ) for providing SDW. Further, in the general
case, an increase in µ, the rate at which SDW is provided to flood
victims, has an ambiguous impact on the proportion of flood victims
who come to the agency’s relief center and are unable to obtain
SDW. This completes our discussion of the Chapter 5 analysis on
the provision of SDW to flood victims. We now proceed to discuss
renewable resource management in a closed economy setting when
there are potential crisis states to contend with.

2.2.2. Crisis States and Renewable Resource Management

Chapter 6 notes that people in developing countries are significantly
dependent on agriculture and on renewable resources, particularly
those renewable resources that are found in their local environment.
A renewable resource can reasonably be thought to exist in a finite
number of states. Some of these states are desirable and others are
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undesirable. Also, in both these sets of states, some states are better
than others. Restricting attention to the undesirable set of states,
what is important is that some states are likely to be irreversible. In
these irreversible or crisis states,18 the resource is so degraded that
no matter how hard a manager might try, (s)he will be unable to
move the resource to any other state. Given that this is the case, one
way to look at the task of renewable resource management is to say
that a manager’s19 objective is to maximize the amount of time a
resource spends in the desirable set of states. One can also say that
a resource manager’s task is to minimize the amount of time the
resource spends in the undesirable set of states.

Despite the manager’s best efforts, (s)he can never be certain that
the managed resource will not hit an irreversible state. Given this
state of affairs, how should a developing country resource manager
proceed? Chapter 6 studies the properties of the following reason-
able approach. First, identify the crisis state. Next, put in place a
well-designed plan of action. Even with a well-designed plan of
action in place, it is still possible that a managed resource will hit
a crisis state. Consequently, a key question is this: How long until
crisis? In other words, the manager would like to know how long
it will take for the resource to hit the crisis state. Further, on what
does the answer to this question depend? Finally, is the answer his-
tory dependent or independent? In other words, does the answer to
the how long until crisis question depend on the state in which the
manager’s plan of action is put in place? Clearly, answers to these
questions are vital for successful renewable resource management
in developing countries. Yet, there appear to be no previous studies
of these questions. Hence, Chapter 6 provides a theoretical analysis
of these hitherto unstudied research questions.

18. In the rest of our discussion of the contents of Chapter 6, we shall use the terms “irreversible
state” and “crisis state” interchangeably.

19. The manager need not be a single individual. In many developing countries, communi-
ties collectively manage renewable resources. For more on this, see Wade (1988) and Dasgupta
(1996).
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An arbitrary renewable resource is modeled as a discrete-time
Markov chain with a finite number of rank ordered states 0, 1,
2, . . . , S . State 0 is the least desirable state and state S is the most
desirable state. Further, state 0 is the only crisis state and it is
assumed that the resource manager inherits the resource under study
in state S . The focus of attention in this chapter is on two manage-
ment regimes, the so-called lax and the so-called strict management
regimes.

The lax management regime is lax because even though the man-
ager inherits the resource in the best possible state S , his or her
managerial actions are largely unsuccessful in keeping the resource
away from the undesirable states in general and the crisis state in
particular. Therefore, given that the resource is in state S , it is just
as likely that the resource will next be in state 0 as it is that it will
next be in state S − 3. Analysis shows that for the lax management
regime, when the number of states of the resource approaches infin-
ity, the expected amount of time until the laxly managed resource
hits the crisis state is given by the logarithm of the state in which
the manager inherits the resource.

The strict management regime is strict in two senses. First, given
that the resource is now in state S , the likelihood of hitting the
crisis state next is not identical to the likelihood of hitting some
other (non-crisis) state. Second, the probability of hitting the crisis
state next depends on where the resource is initially. In particular,
the closer the initial state is to state S , the less likely it is that the
resource will hit the crisis state. Analysis shows that as the number
of states approaches infinity, the expected amount of time until the
strictly managed resource hits the crisis state is given by twice the
logarithm of the state in which the manager inherits the resource
less the constant 3. Comparing this result with the corresponding
result for the lax management regime, it is clear that it generally
takes longer for the resource to hit the crisis state with the strict
management regime. Specifically, Chapter 6 shows that when S =
1,000,000, it takes approximately 14 (25) time periods to hit the
crisis state with the lax (strict) management regime.
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The analysis of the lax and the strict management regimes in
Chapter 6 show that the answer to the how long until crisis ques-
tion depends on the state in which our resource manager inherits
the resource under study. Hence, the initial condition matters. More
generally, the more desirable the state in which the manager inherits
the resource, the longer it will take for the resource to hit the crisis
state. Chapter 6 looks at renewable resource management in devel-
oping countries that are closed economies. In an open economy
setting, a number of hitherto irrelevant issues become germane.
Chapters 7 and 8 conduct differential game theoretic analyses of
some of these issues and it is to these analyses that we now turn.

2.2.3. Trade in Renewable Resources with Competitive Sellers

Renewable resources such as fish, timber, ivory, and rhino horns
have been traded between countries for quite some time. However,
as noted by Clark (1973), Jablonski (1991), and Pimm et al. (1995),
a great deal of concern has now been expressed about the declining
stock levels of most renewable resources. Therefore, the general and
hitherto unstudied question that is addressed in Chapter 7 concerns
the effect of the stock dependence or the independence of harvest-
ing costs on the efficacy of trade policy. The Stackelberg differential
game theoretic analysis conducted in this chapter shows that the
form of the harvesting cost function has significant implications for
the efficacy of trade policy in promoting the conservation of renew-
able resources.

This chapter first focuses on the efficacy of open loop unit and ad
valorem tariffs when the harvest cost function is stock independent.
It is noted that although open loop tariffs are generally dynami-
cally inconsistent (Karp and Newbery, 1993), for this “stock inde-
pendent” case, the open loop tariffs are dynamically consistent. To
grasp this point, consider the case in which these tariffs are dynam-
ically inconsistent. In this latter case, at some time t > 0 the buyer
would want, if he could, to deviate from the tariff trajectory he
announced at the beginning of the game and announce a different
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tariff trajectory. Being forward looking, the representative competi-
tive seller in this chapter will anticipate the buyer’s desire to change
the tariff trajectory he announced initially and hence this tariff will
fail to achieve its intended objectives.

The goal of the importing nation is to obliquely encourage the
conservation of the renewable resource. Because the tariffs stud-
ied in the first part of this chapter are dynamically consistent, they
will indirectly achieve their intended conservation goals. Even so,
tariffs are not the ideal policy instruments with which to encour-
age resource conservation. This is because tariffs target imports and
they do not do anything directly to encourage conservation of the
renewable resource in the exporting nations.

The second half of Chapter 7 analyzes the efficacy of open loop
unit and ad valorem tariffs when the harvest cost function is stock
dependent. In this case, it is shown that the optimal open loop unit
and ad valorem tariffs are dynamically inconsistent. Further, the anal-
ysis undertaken in this second half demonstrates that attempts to
promote renewable resource conservation by means of trade poli-
cies are problematic in more ways than one. To see this, note that
the analysis in Karp and Newbery (1993) and in Batabyal (1998a)
tells us that even when the open loop unit and ad valorem tariffs are
dynamically inconsistent — and this happens when the harvest cost
function is stock dependent — the buyer in the importing nation
will prefer to use these inconsistent trade policies rather than follow
a dynamically consistent course of action. However, inconsistent
policies are not credible and hence the tariff trajectory announced
by the buyer at the beginning of the game will not be believed by
the sellers and therefore inconsistent policies will typically fail to
achieve their resource conservation objectives.

In contrast, when the harvest cost function is stock independent,
the optimal open loop tariffs are dynamically consistent and hence
believable by the sellers of the resource. Hence, in this case, the
buyer’s trade policies (tariffs) will indirectly attain their conserva-
tion objectives. Although tariffs are an imperfect way of promoting
conservation, the analysis in this chapter shows that they may not
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work as desired. This is because the credibility of the optimal tariffs
depends on the form of the harvest cost function and this form is
not controllable by the buyer. This crucial point has not been recog-
nized previously in the literature on international trade in renewable
resources.

The stock dependent cost function is more appropriate for endan-
gered renewable resources. Such resources are endangered in part
because adequate domestic measures have not been taken in the
pertinent countries to prevent overexploitation. It is for these
endangered resources — where the apposite domestic conserva-
tion measures have not been taken — that imperfect supra-national
measures such as trade policies are most needed. Unfortunately, the
analysis in Chapter 7 tells us that trade policies are likely to be inef-
fective (because they are not credible) precisely when they are most
needed (when the harvest cost function is stock dependent). Does
the basic negative message of Chapter 7 change when a monopson-
istic buyer in the importing nation engages in resource trade with
a monopolistic — and not competitive — seller in the exporting
nation in a Stackelberg differential game? This question is analyzed
in Chapter 8.

2.2.4. Trade in Renewable Resources with a Monopolistic Seller

There are two key differences between exhaustible and renewable
resources. First, exhaustible resources do not regenerate but renew-
able resources do. Second, in contrast with exhaustible resources,
renewable resources are often an argument in the utility functions
of citizens in resource importing nations. Now, the problem of time
inconsistency arises when agents with market power make promises
that they would subsequently like to break. This problem — see
Karp and Newbery (1993) and Groot et al. (2003) — has now
been fairly well studied in the exhaustible resources literature. As
noted in Karp and Newbery (1993, pp. 882–883), a key insight of
this literature is that when (i) the future affects the present, (ii) at
least one economic actor has market power and is able to influence
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the future, and (iii) the actor with market power cannot credibly
commit herself to future actions, the problem of time inconsistency
is salient. These three features are also present in the models ana-
lyzed in Chapter 8. In addition, Karp and Newbery (1993, p. 892)
note that the problem of time inconsistency is caused by stock depen-
dent costs. Therefore, a key question studied in Chapter 8 is whether
stock dependent costs alone account for the time inconsistency
of optimal policies or whether other factors can also cause time
inconsistency.

The analysis in Chapter 8 concentrates on a single buyer who
purchases the resource from a single seller in a Stackelberg differen-
tial game in which the buyer leads. Initially, the focus in this chapter
is on the impact of optimal open loop unit and ad valorem tariffs
when the harvesting cost function is stock independent. In this situ-
ation, Chapter 8 obtains three specific results that are contrary to the
findings in Chapter 7. First, when the single buyer of a renewable
resource faces a monopolistic seller, the buyer’s payoff depends on
which tariff she uses. Second, the two optimal open loop unit and
ad valorem tariffs are not equivalent. Third, when the buyer uses
both tariffs together, she is able to force the monopolistic seller
to behave competitively. This means that the harvest rate of the
resource is the same whether a competitive seller faces an optimal
tariff of either kind or a monopolistic seller faces optimal unit and
ad valorem tariffs.

As in Chapter 7, because the tariffs studied in the case of the
stock independent harvest cost function are time consistent, they
will obliquely achieve their intended conservation aims. Even so,
Chapter 8 points out that if an importing nation’s goal is to encour-
age conservation of the renewable resource in the exporting coun-
try, then tariffs are not the ideal policy tool because tariffs do not
do anything directly to promote conservation of the resource in the
exporting nation. Therefore, from a resource conservation stand-
point, tariffs are blunt policy instruments.

The final contribution of the first part of Chapter 8 is to note
that the result that with a stock independent harvest cost function,
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the optimal tariffs are time consistent, is not general. Even with a
stock independent harvest cost function, when either the biological
growth function of the resource under study is logistic or when the
buyer’s utility depends on consumption and on the resource stock,
the optimal tariffs are time inconsistent.

The second part of Chapter 8 examines the efficacy of open loop
unit and ad valorem tariffs when the harvest cost function is stock
dependent. In this case, the optimal unit and ad valorem tariffs are
time inconsistent. Further, the above discussed three specific results
obtained in the first part of Chapter 8 hold once again with a stock
dependent cost function. In addition, this second part of Chapter 8
corroborates a key Chapter 7 message concerning the problem-
atic nature of efforts to further resource conservation with tariffs.
Specifically, we are reminded that when the harvest cost function is
stock independent, the optimal tariffs are time consistent and hence
believable by the seller. Therefore, in this case, the buyer’s tariffs
will indirectly attain their resource conservation aims.

Ideally, tariffs ought not to be used to promote renewable
resource conservation. This is because tariffs get at the conserva-
tion issue indirectly. However, if the seller is unwilling or unable to
take measures in his own nation to further resource conservation,
then tariffs are one imperfect instrument with which the seller can
be encouraged to take the relevant conservation measures. Even so,
tariffs may not function as desired. This is because the believability of
the optimal tariffs depends on the form of the harvest cost function
and this form is not controllable by the buyer. One would think that
for threatened resources, where the proper domestic conservation
measures have not been taken, imperfect supra-national measures
such as trade policies might be useful. In this regard, the message
from this and the preceding chapter is identical in one fundamental
way. Both chapters tell us that tariffs are likely to be unbelievable
and hence futile for threatened renewable resource trade where the
harvest cost function is generally stock dependent. This brings us
to the third and the last part of this book and this part concerns
environmental policy in developing countries.
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2.3. Environmental Policy

2.3.1. Environmental Policy with Economic Dualism

Much concern has now been expressed about a developing coun-
try (DC) government’s ability to commit to environmental policy
for any reasonable time period. Indeed, some observers have noted
that in the face of pressing employment creation needs, DC govern-
ments may initiate the process of establishing pollution control poli-
cies but their will to continue with such policies is likely to be lim-
ited. This employment/environment question in DCs has received
very little attention in the extant literature.20 Hence, Chapter 9 has
two aims. First, it analyzes an employment driven dynamic model of
environmental policy in a stylized DC. Second, the chapter shows
how the DC government’s optimal course of action is closely related
to its ability to commit to its announced environmental policy.

This chapter uses the specific factors model to study a small, two-
sector, trading DC. The two DC sectors consist of a modern, high-
wage, environmentally intensive sector in which production causes
pollution. The second sector is the traditional, low-wage, environ-
mentally benign sector in which there is no pollution. Workers
migrate from the traditional to the modern sector to obtain higher
wages. Although workers, as consumers, are adversely affected by
pollution, they do not factor this into their migration decisions.
Thus, in the absence of governmental policy, migration takes place
too quickly and, hence, there is excessive pollution in the nation
under study. In this situation, the first-best policy is to tax pollution
directly. However, in many DCs the government does not possess
the wherewithal to tax pollution directly. Therefore, this chapter
assumes that the DC government operates in a second-best envi-
ronment in which it controls pollution with a production tax.

Chapter 9 studies the DC government’s optimal dynamic envi-
ronmental policy under three assumptions about its ability to com-
mit to a specific course of action. In the first case, the government

20. See Lekakis (1991) and Mehmet (1995) for a more detailed corroboration of this claim.
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commits to a tax trajectory for an infinite period of time. In the
second case, the DC government commits to a tax trajectory for a
finite period of time. Unfortunately, in both these cases, the optimal
tax policy is dynamically inconsistent.21 Therefore, forward looking
workers will not believe that the government will carry through
with its initially announced policy, and hence, this policy will fail
to accomplish its aims. In the third case, the government commits
to a tax trajectory for an infinitesimal period of time. In the lim-
iting case in which the period of commitment shrinks to zero, the
government’s tax policy is time consistent.

Section 3 of Chapter 9 depicts the DC government’s optimal
dynamic environmental policy when it displays infinite commit-
ment. In certain specific scenarios, the DC government moves
toward an equilibrium by starting with a large pollution tax. It
then gradually lowers this tax to the steady state level. Specifically,
the government’s open loop tax policy calls for an activist course
of action. In other words, in the model of this chapter, it is typ-
ically suboptimal to set a zero tax at any point in the program.
This notwithstanding, the government’s open loop tax policy is
time inconsistent. This means that unless there is some mecha-
nism by which the DC government can be bound to its initially
announced tax trajectory, this government will fail to achieve its
initially announced employment and environmental objectives.22

Section 4 of Chapter 9 studies the case in which the DC govern-
ment commits to its announced environmental policy for a finite
time period. In the resulting Markov perfect equilibrium, under cer-
tain conditions, an optimal program once again calls for an activist
pollution control policy. Further, while the infinite commitment
case called for starting with a high tax and then lowering this tax
to its steady state value, the limited commitment case calls for

21. The reader will recall that dynamic inconsistency was also the focus of much of the analysis
in Chapters 7 and 8.

22. The extent to which the government will fail to achieve its objectives depends on the nature
and the direction of deviation from the initially announced tax policy.
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equalizing the tax at the beginning and at the end of the program.
While this limited commitment scenario is plausible, this equilib-
rium too is time inconsistent. Hence, pollution and employment in
sector 2 will not be reduced, and migration from the traditional to
the modern sector will not be slowed.

Given this state of affairs, Section 5 of Chapter 9 examines the
case in which the DC government commits to a specific tax policy
for an infinitesimal period. In this setting, the chapter focuses on
the limiting Markov perfect equilibrium in which the government’s
period of commitment shrinks to zero.23 Analysis shows that even
when the DC government displays no commitment to its tax pol-
icy, the welfare loss from being unable to commit is never as great
as the welfare gain from reducing pollution. Consequently, the
optimal pollution tax is positive. Put differently, the passive aspect
(do nothing) of governmental policy is dominated by the activist
aspect (control pollution). This is why the limiting pollution tax is
positive.

It is possible to rank the three policies studied in this chapter
in terms of the government’s preference and the policy’s ability
to achieve its goals. From the standpoint of the DC government’s
payoff, the most desirable policy is the open loop policy. This policy
permits infinite commitment. The second-best policy is the Markov
perfect tax policy with a finite period of commitment. The least
desirable policy is the limiting Markov perfect tax policy. In contrast,
the ranking in terms of goal attainment is exactly the opposite. The
limiting Markov perfect tax policy is credible. Hence, this policy will
be able to reduce pollution. The other two policies are not credible.
Therefore, they will fail to achieve the government’s environmental
goals. This discussion highlights the DC government’s dilemma.
The policy which results in the highest payoff to the government is
the one that is least desirable from the standpoint of goal attainment
and social welfare.

23. For an alternate approach to the construction of dynamically consistent policies, see
Batabyal (1996b; 1996c).
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2.3.2. Environmental Policy in the Presence of an Export Subsidy

A number of DCs have protected their export sectors with sub-
sidies to exporters. Therefore, Chapter 10 studies the conduct of
dynamic environmental policy in a DC in which the export and the
environmentally benign sector is protected with an export subsidy.
The specific question that is analyzed in Chapter 10 is the following.
What are the properties of optimal environmental policy when a DC
government controls pollution by taxing the production of the good
manufactured by the polluting and also the import-competing sec-
tor, and when this government is unable to commit to the tax policy
it announced at the beginning of its tenure in office? It is shown that,
in general, the export subsidy has only a slight impact on the DC
government’s ability to conduct environmental policy effectively.

Chapter 10 uses a specific factors model of the sort used in
Chapter 9 to analyze a small DC.24 One sector of this DC is the tra-
ditional, low-wage, and non-polluting sector. This traditional sector
is also the export sector, and the DC government protects this sector
by granting a subsidy to exporters. For political reasons, this subsidy
cannot be repealed. The second sector is the modern, high-wage
sector in which production causes pollution. This pollution is not
transboundary in nature.25 The modern sector is also the import-
competing sector of the DC.26

Initially, the DC economy is in disequilibrium. A movement
toward equilibrium involves slowing the rate at which workers
migrate from the traditional to the modern sector. Chapter 10
studies the DC government’s optimal intertemporal environmen-
tal policy under three assumptions about its ability to commit to a

24. The focus of Chapter 10 on a small DC means that this DC’s own policies do not affect
world prices. As such, in the rest of our discussion of Chapter 10, we shall not talk about the
terms of trade effects of the DC government’s environmental policies. The principal focus of
Chapter 10 is on the time consistency/inconsistency of alternate pollution control policies. For
more on the terms of trade effects of environmental policies, see Batabyal (1993; 1994a; 1994b).

25. For more on the control of one kind of transboundary pollution, see Batabyal (1996d;
1998b) and Xu and Batabyal (2001a; 2001b).

26. The reader may wish to think of the traditional sector as the agricultural sector, and the
modern — possibly the infant industry — sector as the steel sector.
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particular policy. In the first (second) case, the government com-
mits to its announced tax policy for an infinite (finite) period of
time. In both these cases, the government’s optimal tax policy is
time inconsistent and, hence, implausible. Therefore, a third case
is also studied in which the government commits to its tax policy
for an infinitesimal period of time. In this case, in the limit, as this
period of commitment approaches zero, the government’s tax pol-
icy is time consistent.

When the DC government displays infinite commitment, the
optimal course of action calls for this government to begin with
a zero tax. It then raises this tax over the length of the program,
and then lowers the tax so that in the stationary state, the pollution
tax is, in fact, a subsidy. As explained in this chapter, a tax at time
t = 0 involves costs but it has no positive policy effect. This is why
the optimal initial tax is zero. Further, on account of the positive
export subsidy, the steady state level of labor in the two sectors is
suboptimal. Hence, to encourage some migration from the tradi-
tional to the modern sector in the stationary state, the government
grants a subsidy to the producers of the polluting good.

The open loop tax policy with infinite commitment is time incon-
sistent. Therefore, Chapter 10 next studies a Markov perfect equi-
librium in which the DC government displays finite commitment to
its announced environmental policy. A salient finding in this case is
that the export subsidy now has no effect on the DC government’s
optimal environmental policy. This suggests that distortions that are
not in the polluting sector are far less likely to have a detrimental
impact on the DC government’s ability to conduct environmental
policy effectively. As in the infinite commitment case, the DC gov-
ernment’s optimal tax policy is not always activist; specifically, when
the modern sector’s revenue function is separable in its arguments,
whether commitment is infinite or finite has no bearing on this gov-
ernment’s optimal course of action.

The Markov perfect equilibrium in the finite commitment case
is time inconsistent. Analysis shows that when the DC govern-
ment displays infinitesimal commitment to its announced policy,
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the limiting Markov perfect pollution tax is zero and this tax is
independent of the existing export subsidy. This finding has two
implications. First, the welfare loss from being unable to commit to
environmental policy swamps the welfare gain from reducing pol-
lution. Second, when the DC government revises the pollution tax
continually, this government’s environmental policy is time consis-
tent and hence credible.

The ranking of the three policies studied in this chapter in terms
of the government’s preference and the policy’s ability to achieve its
goals is similar to the ranking in Chapter 9. Therefore, despite the
presence of a distortion in the traditional sector, the DC govern-
ment is, once again, in a situation comparable to that in Chapter 9.
Specifically, the policy that results in the highest reward for the gov-
ernment is the one that is least likely to lead to the satisfaction of
this government’s policy goals. It is in this sense that the fear of
observers who have worried that in the face of urgent employment
creation needs, DC governments are unlikely to be serious about
environmental protection, is justified.

2.3.3. Environmental Policy in the Presence of an Import Tariff

Chapter 11 continues with and generalizes the previous analysis of
dynamic environmental policy in DCs in Chapter 9. In particular,
Chapter 11 makes no assumptions about the form of the underly-
ing revenue functions, and it studies the conduct of environmental
policy by a small-trading DC in which a tariff protects the import-
competing and the polluting sector. The specific question that is
addressed in this chapter is the following. What are the properties
of optimal dynamic environmental policy when a DC government
controls pollution by taxing the production of the good manufac-
tured by the protected sector, and when this government is not
necessarily able to commit to the pollution tax policy it announced
at the beginning of its tenure in office?

The Chapter 11 model is very similar to the models used in
Chapters 9 and 10. Specifically, this chapter uses a dynamic version
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of the Ricardo–Viner model27 to study a small-trading and dualistic
DC. The polluting sector of the DC is also the import-competing
sector and the government uses a positive tariff to protect this sec-
tor. One possible interpretation of this sector is that it is the DC’s
“infant industry.”28 The second sector is the traditional, low-wage,
environmentally benign export sector. The political clout of the
import-competing sector is such that the government is unable to
remove the existing tariff.

The DC economy is initially in disequilibrium because there
are distortions (pollution and the tariff ) in the DC economy. A
move toward equilibrium requires that the production of the pol-
luting good decline over time. Workers have rational expectations.
Chapter 11 analyzes the DC government’s optimal dynamic envi-
ronmental policy under three assumptions about its ability to com-
mit to a particular policy. In the first (second) case, the government
commits to a tax trajectory for an infinite (finite) period of time.
In both these cases, the government’s optimal tax policy is time
inconsistent and, hence, not credible. Therefore, a third case is also
analyzed in which the government commits to its tax policy for an
infinitesimal period of time. In the limiting case in which the period
of commitment approaches zero, the government’s tax policy is time
consistent.

When the DC government displays infinite commitment, in an
optimal program, the government’s pollution tax depends on the
existing tariff. First, at the beginning and at the end of the program,
the magnitude of the optimal pollution tax is equal to the magni-
tude of the existing tariff and both are positive. Second, the optimal
pollution tax at an interior point in the program is generally larger

27. This is a standard model in trade theory. In this model, there are two sectors with a factor
of production specific to each of these two sectors and a mobile factor of production (typically
labor) that can move between these two sectors. For more on this model, see Krugman and
Obstfeld (2000, Chapter 3).

28. An “infant industry” is a nascent indigenous industry. Initially, such industries frequently
have high costs, and, hence, they find it difficult to compete with other, more established, foreign
industries. In turn, this difficulty is often the justification for the protection of “infant industries.”
For more on these issues, see Krugman and Obstfeld (2000, pp. 255–257).
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than the existing positive tariff. Therefore, in an optimal program,
the government begins with a positive pollution tax that is equal
to the tariff, then raises this tax, and finally lowers this tax so that
in the steady state the pollution tax and the tariff are once again
equal and positive.

There are two distortions in the DC economy — the import
tariff and pollution — and the government has available to it a
single policy instrument, namely, the pollution tax. For there to
be an improvement in welfare, the number of policy instruments
generally ought to equal the number of distortions. This means
that the government will not be able to use environmental policy to
raise welfare unambiguously.

The optimal open loop tax policy with infinite commitment,
although activist in nature, is time inconsistent. Hence, Chapter 11
next analyzes a Markov perfect equilibrium in which the DC govern-
ment displays finite commitment to its proclaimed environmental
policy. Analysis shows that a diminution in the length of commit-
ment results in no qualitative change in the government’s optimal
tax policy. Hence, in general, the discussion in the previous two para-
graphs applies to this limited commitment scenario as well. How-
ever, there is one difference. In the infinite commitment case, in the
steady state there is a single distortion in the economy (the tariff )
and the pollution tax raises welfare. However, in the finite commit-
ment case, the government operates in a second-best environment
at all points in time.

The Markov perfect equilibrium in the finite commitment case
is also time inconsistent. Analysis shows that when the DC govern-
ment displays infinitesimal commitment to its proclaimed policy,
the limiting Markov perfect pollution tax which calls for continu-
ous policy revision is positive, equal to the tariff, and time consistent.
This tells us that even when the DC government’s period of com-
mitment is infinitesimal, unlike the result in Chapter 10, it is now
not optimal for the government to set a zero pollution tax. In other
words, the activist course of action dominates the “do nothing” or
passive course of action.
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Three noteworthy outcomes follow from the analysis in
Chapter 11. First, this chapter’s model is richer than the model
in Chapter 9, and it includes the Chapter 9 model as a special case.
Second, this Chapter 11 model is able to shed light on the following
salient question: What effect does an existing distortion (the import
tariff ) have on the DC government’s optimal dynamic environmen-
tal policy? This question cannot be answered using the Chapter 9
model. Third, this chapter’s model also answers the following ques-
tion: What are the properties of optimal dynamic environmental
policy in a second-best environment?29 This question too cannot
be answered with the model in Chapter 9.

2.3.4. Deficits Versus Surpluses and Discretion in
Environmental Policy

In contemporary times, the connections between the environment
and economic development have come to dominate academic and
public debate in most parts of the world. The analyses in Chapters 9
through 11 tell us that under certain circumstances, employment
creation and environmental protection are competing goals. What
this means is that although DCs may begin the process of imple-
menting environmental policies, over time, their commitment to
such policies is likely to wane. The purpose of Chapter 12 is to
study two additional aspects of this basic proposition.

In this regard, the nature of dynamic environmental policy in DCs
in the presence of a (possibly) binding financial or budget constraint
has been little studied in the extant literature.30 Therefore, the first
part of Chapter 12 examines the following question. When faced
with a self-financing or budget constraint, is it optimal for an envi-
ronmental authority (EA) to alter the trajectory of pollution taxes

29. By second-best environment we mean a situation in which (i) the number of distortions
exceeds the number of corrective policy instruments available to the DC government, and (ii)
the DC government is unable to tax pollution directly. In Chapter 11, there are two distortions
(import tariff and pollution) and one policy instrument (pollution tax).

30. For more on the practical effects of budget constraints on the activities of EAs in China
and India, see Sinkule and Ortalano (1995, p. 29) and Dwivedi (1997, pp. 124–125).
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over time? Or, depending on the actual expenses incurred, does it
make more sense for this EA to run deficits/surpluses? Chapters 9
through 11 have demonstrated that a DC government’s announced
environmental policy is frequently dynamically inconsistent. As such,
one can ask what nexus there exists between an EA’s preferences and
credible environmental policy. Specifically, the question analyzed in
the second part of Chapter 12 is this. Should an EA make its prefer-
ences about the relative benefits of environmental protection versus
production of the polluting good public, or should it keep its pref-
erences private?

The analysis in the first part of Chapter 12 focuses on a small,
open, infinite horizon DC whose economy is dualistic. One sector
is the traditional sector in which there is no pollution. Attention is
concentrated primarily on the second and modern sector in which
production causes pollution. The EA maximizes the representative
consumer’s lifetime utility. There are two constraints on the EA’s
optimization problem. The first is the polluting sector’s budget con-
straint. The second constraint arises from the EA’s optimization
problem. Specifically, because the subjective time preference fac-
tor equals the market discount factor, an Euler equation describing
the representative consumer’s consumption in any two time periods
must be accounted for.31

Solving the EA’s optimization problem yields four specific results.
First, the marginal utility of consumption equals the shadow value of
the polluting sector’s resources. Second, there is a wedge between
the shadow value of the EA’s resources and the private value of con-
sumption. Further, this wedge equals the marginal deadweight loss
of the pollution tax measured in terms of the representative con-
sumer’s utility. Third, like the representative consumer, the EA also
finds it optimal to smooth pollution taxes over time. Finally, and
most notably, when faced with a self-financing constraint, the EA
ought to set a constant pollution tax over time. When its expen-
ditures are unusually high, it will be optimal for the EA to run a

31. For more on this, see Obstfeld and Rogoff (1996, p. 3).
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deficit. Similarly, when its expenditures are unusually low, the EA
should run a surplus.

The analysis in the second part of Chapter 12 examines the nexus
between the EA’s preferences and credible environmental policy.
Initially, attention is focused on the so-called discretionary case. In
this case, the EA and the polluting sector play a one-shot game
among themselves. In the equilibrium of this one-shot game, the
optimal level of pollution equals the EA’s type. Further, the equi-
librium expected level of pollution equals the expected value of the
random variable denoting the EA’s type. Finally, this chapter com-
putes the expected loss to the EA in the equilibrium of this discre-
tionary one-shot game. These obtained results are then compared
with the corresponding results when the EA displays commitment
to its environmental policy.

This comparative exercise demonstrates that environmental pol-
icy with commitment results in lower social losses than does envi-
ronmental policy with discretion. In other words, society is better
off when the EA is committed to environmental policy. A salient
implication of the analysis in this part of Chapter 12 is that the EA
will actually prefer a system that mandates secrecy about its true
preferences regarding the relative benefits of environmental protec-
tion versus production of the polluting good. Practically speaking,
this means that it is better to have an EA that displays commitment
to its environmental policy so that the polluting “industries know
what to expect [and] how far to go with respect to changing their
production processes . . .” (Dwivedi, 1997, p. 216).

2.3.5. Personal Versus Public Welfare in Environmental Policymaking

The analysis in Chapter 12 shows that when faced with a self-
financing constraint, it is optimal for the EA to run a deficit/surplus.
Second, social losses are lower when this EA keeps its preferences
private. Given these findings, Chapter 13 analyzes the nature of
the collaboration between an EA and the polluting sector in a DC
when the relative weight that this EA places on public versus its own
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welfare is unknown. In particular, this chapter first documents the
relevance of this issue by discussing actual instances of environmen-
tal policymaking in China and India. Next, within the context of the
above-stated general issue, this chapter sheds light on three specific
questions for any arbitrary time period t .

The first question concerns the determination of the expected
and the actual levels of pollution in the DC’s polluting sector. The
particular object of interest here is an analysis of the equilibrium of
the one-shot game between the EA and the polluting sector. To this
end, Chapter 13 introduces the random variable λ > 0 which cap-
tures the weight that the EA places on public welfare versus its own
welfare. To keep the mathematical analysis tractable, it is assumed
that the expectation in period t − 1 of the value of λ in period t
is unity. An examination of the EA’s optimization problem shows
that when there is uncertainty about an EA’s intentions as far as
public versus private welfare is concerned, the expected amount of
pollution is the same as when λ is known to equal unity. However,
the ex post uncertainty about the type of EA that the polluting sec-
tor is confronted with creates additional variability in the actual
amount of pollution that arises in the polluting sector of the DC
under study.

The second question relates to the computation of the average
social loss arising in part from the uncertainty about the relative
weight that the EA places on public versus its own welfare. The
analysis conducted in the second part of Chapter 13 gives rise to
three noteworthy results. First, we learn that as the parameter χ,
which measures the cost of pollution relative to that of suboptimal
output increases, the expected loss to society decreases. Second, as
the uncertainty associated with the output supply shock (σ2

z ) goes
up, the average loss to society also goes up. Finally, when the uncer-
tainty associated with the EA’s weight over public versus its own
welfare (σ2

λ) increases, once again, the expected loss to society also
increases. This last result tells us that as far as environmental poli-
cymaking is concerned, DCs need to ensure, to the extent possible,
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that individuals who are placed in positions of authority are public
spirited in the discharge of their official duties.

The third and final question involves solving for the optimal value
of the parameter, which measures the relative weight the EA places
on public versus its own welfare. The analysis in this part of Chap-
ter 13 begins by considering the case in which λ is predictable,
and, hence, there is no uncertainty about the relative weight the
EA places on public versus its own welfare. In this case of certainty
about the EA’s type, the relative weight parameter δ is chosen so
that it is equal to the positive wedge between the targeted output
level of the polluting good and the actual output level of this same
good. However, when σ2

λ �= 0 and, hence, λ is unpredictable, the
above-discussed choice of δ is not optimal and we have to contend
with the fact that there is a tradeoff between reducing average pol-
lution by choosing a positive δ and raising the variance of pollution
because the EA’s preferences are stochastic.

3. Conclusions

There is no gainsaying the fact that there is now a sizeable and grow-
ing literature on the environment and economic development. Even
so, there are very few theoretical studies of research questions in this
field that explicitly integrate dynamic and stochastic approaches into
their analyses. As noted in Section 1 of this introductory chapter,
this state of affairs is both regrettable and it provides an incomplete
and perhaps even inaccurate perspective on fundamental issues con-
cerning the environment and economic development.

Given this objectionable state of affairs, our objective in this book
is to demonstrate how dynamic and stochastic approaches can be
effectively used to construct and analyze theoretical models that
shed valuable light on hitherto largely unstudied questions at the
interface of the environment and economic development. To this
end, in this introductory chapter, we have highlighted the ways
in which the analyses in the 12 individual chapters collectively help
accomplish this book’s stated objective. The use of dynamic and
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stochastic approaches to study research questions at the interface
of the environment and economic development is still very much
in its infancy. Therefore, in the coming years, one may look for-
ward to many interesting developments in theoretical research in
this burgeoning new field of inquiry.
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