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International Trade and the Environment:

A Framework for Analysis

Brian R. Copeland and M. Scott Taylor

1.1 Globalization and the Trade vs. Environment debate

“It was the best of times, it was the worgt of times’. This line, written by Charles
Dickens over 100 years ago, captures the present day divide between supporters and critics of
globaization. Over this last decade, North America and much of Europe enjoyed its longest
peacetime expangon, unemployment rates hit historic lows, and red income growth in much of
the developing world soared. To many these are the fruits of globdization. But this same
decade saw little progress in addressing climate change, a decline in fish and forest stocks, and
by some measures rising inequdity in the world digtribution of income. To many others these
are the cogts of globdization.

Debates over “globdization” have been going on for some time. But nowhere has the
divide between the two views of globdization been more apparent than in recent discussons
concerning trade liberdization and the environment.

For the last ten years environmentalists and the trade policy community have squared off
over the environmental consequences of liberalized trade. This debate was fueed by
negotiations over the North American Free Trade Agreement and the Uruguay round of GATT

negotiations, both of which occurred a a time when concerns over globa warming, species



extinction and indudtrid pollution wererisng. The debate was intengfied by the creation of the
World Trade Organization (WTO) and proposds for future rounds of trade negotiations.
Trade negotiators saw the WTO as a step forward because of its improved dispute settlement
procedures and because it closed loopholes in previous trade agreements.  Environmentalists,
however, were disturbed by the intrusion of trade agreements into areas previoudy thought of as
in the redim of purely domestic policy, such as subsidies and product standards.

Some wel-publicized trade disputes have involved the right of governments to redtrict
imports for environmental reasons, as was the case with geneticaly modified food. To the trade
policy community, these types of disputes underscore the need to expand the scope of the
internationa rules-based trading system to ensure that governments do not use redrictive
domestic policy to unfairly redrict imports. To environmentdists, this represents a dangerous
loss of sovereignty, as they fear tha loca government policies will be condraned by
internationd trade tribunds. Perhgps not surprisingly, then, an attempt to initiate a new round of
multilateral  trade negotiations in Seattle became a flashpoint for growing unrest with
globdization.

In our reading of the literature on trade and the environment, we have often found the
ratio of rhetoric to results astonishingly high. Thisis an area of public policy debate sorely in
need of guidance from further theory and empiricad work. A first step towards a resolution
requires us to define terms, develop theory useful to the discussion, and devise methods that
may hdp in the estimation of key empiricd magnitudes. The first purpose of this paper isto
contribute to this effort. A second purpose of this paper isto move two academic communities
closer together — researchers in the fields of internationd trade and those in environmentd

€conomics.



Accordingly this paper develops “tools’ useful to an examination of the trade and
environment debate, and because the debate straddles two fields — environmental economics
and internationa trade — we develop basic concepts from each fiddd. We apologize at the
outset for being pedantic at times, but our objective is to ensure readers from either field can

follow and extend our andysis.

1.2 TheMode

We develop a smple gererd equilibrium modd that may provide a foundation for
further andyss of trade and environmentd policy. In this paper we introduce this generd
equilibrium pollution and trade mode!, acquaint readers with its workings, and define the Scale,
Composition and Technique effects.

The modd we develop is deliberately smple. Despite this, it contains as one specid
case the seminal Heckscher-Ohlin modd of International Trade, and as another, a version of
our Pollution Haven model [Copeland and Taylor (1994)]. Therefore, both factor endowments
and pallution regulations play a role in determining relative prices and hence comparative
advantage. This ensuresthe modd has sufficient richness to address the issues a hand.

While much of environmenta economics makes use of partid equilibrium andyss, we
need a generd equilibrium gpproach to examine the interaction of trading economes. By the
end of this paper we hope to have congtructed, in ardatively transparent way, assimple generd
equilibrium pollution demand and supply system determining equilibrium pollution as a function
of world prices, endowments, technology and preferences. Environmental economists would
refer to our congructs as genera equilibrium margina abatement cost and margind damage

schedules, and this is what they are. This system can then be used to examine to examine the



environmental consequences of growth and trade liberdization. Therefore, it is important the
reader understands what underlies its construction.

It is easy to lose the forest for the trees in a paper with over 70 equations. And while
the paper contains many derivations and diagrams, the reader’s understanding of this paper’s
content relies on grasping the four mgor conceptua steps of our congruction. Before we
launch into the specifics it may be useful to spdll them out here.

The first step is to understand why we can treat pollution as an input into the production
of goods when in fact it is ajoint (and undesirable) output. This is discussed in Section 1.3
where we define the joint production technology and introduce abatement. This leads to a
discussion of potentia versus net output, and a formulation explicitly linking pollution abatement
cods to emissons per unit output. Having pollution as an input facilitates our use of nationd
income or GNP functions in comparative atic exercises, and frees us from the less familiar joint
output approach.

The second step is to understand how we congtruct the generd equilibrium demands for
pollution. Once we tregt pollution as an input we can then ask, for a given price of pollution
emissions, what would the private sector choose to emit? The answer to this question gives us
the genera equilibrium direct demand for pollution. Since this gpproach follows from the private
sector being quoted a price to pallute, it follows most reedily from a formulation with pollution
taxes. Smilarly, for any given level of alowed emissons, we can ask whét is the margind vaue
of one more unit of emissons? This gives us the generd equilibrium inverse demand for
pollution. Again snce this gpproach follows from the private sector being presented with alimit
on emissons, it follows most reedily from aformulation with emission permits.

Because palicy is efficient and there are no other digtortions, the choice of a pollution
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tax or an dlowable emissons limit isinconsequentid to the results. And the two representations
of demand contain the same information. Despite this fact, it should come as no surprise to the
reader that in some casesit is more convenient to use the direct demand and in others cases, the
indirect demand. The direct demand is useful because pollution emissons are written as explicit
function of the pollution tax. The indirect demand is useful because it directly represents the
margind benefit of pollution.  Therefore, the second conceptud step is understanding the
derivation of these two representations of pollution demand, and recognizing their equivaence.

While tregting pollution as an input makes its incluson into generd equilibrium andyss
eader, ressarchers in this fidd must often weigh the rdative merits of the Pollution Haven
Hypothesis and the Factor Endowment Hypothesis. This means we have to dlow relative
prices to reflect the abundance of two primary factors — call them capital and labor — and yet
maintain a role for pollution regulations to matter as well. We need to do this in a tractable
manner if our framework isto remain useful for examining trade and trade policy. To do so, we
make two key assumptions. we assume the abatement activity employs factors in the same
manner as does production of the dirty good; and we assume a specific form for the abatement
production function.

With these two assumptions our three-factor modd smplifies tremendoudy. For
example, if we hold emissons per unit output in the dirty industry constant, our mode! inherits al
the comparative dtatic properties of the Heckscher-Ohlin modd. Specificdly, as we show in
Section 1.4, the Stolper-Samudson theorem holds:  an increase in the relative price of the dirty
good raises the red return to capitd and lowersiit to labor. As well, the Rybczinski theorem
holds as well: therefore, an increase in capitd raises the output of the capita-intendve dirty
good and lowers the output of the |abor-intensive clean good.
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The third conceptua step is for the reader to recognize that the Rybczinski theorem and
the Stolper- Samuleson theorem carry over to determine the properties of both the inverse and
direct demands for pollution. So for example the direct demand has severa ussful properties
that follow from the Rybczinski theorem, and the inverse demand exhibits a Stolper- Samuleson
like property with respect to goods prices.

Finaly we need the reader to understand how we combine the government’s palicy rule
(mapping income, prices and pollution levels into pollution policy) with the private sector's
demand for pollution to solve for the equilibrium level of pollution and its price. While this is
amilar to the partid equilibrium equating of margind damage and margina abatement cog, in
generd equilibrium there are severa complications. To ded with these complications in a
tractable manner it proves useful to employ nationa income or GNP functions. Therefore we
review for the reader the concept of a national income or GNP function and then goply itin a
environmental economics context.

A GNP function captures dl of the production side behavior in our economy and being
amaximum vaue function it has several useful properties. The benefit of this formulation is that
it is more generd than our specific modd, and in many cases easer to ded with. Rather than
differentiating zero profit conditions and resource congtraints we can exploit the properties of
the nationa income function. When ambiguities arise, we can and will apped to our specific
formulation to resolve them. It is then that it becomes necessary to understand how our model
is related to the standard Heckscher-Ohlin modd of internationa trade. Understanding the
congruction and use of GNP functionsis the last conceptua step in this paper.

Once we have grasped how to model pollution as an input, developed a model with
familiar comparative dtatic properties, and represented the entire supply side via a nationd
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income function we define the Scale, Composition and Technique effectsin Section 1.5. We
then demonsrate how changes in pollution caused by shocks to the economy can be
decomposed into these three effects. Researchers will find this decompostion useful for the
examination of trade liberdization and growth. Antwaeller, et d. (2001) provides preiminary
estimates of their magnitudes.

We complete this paper in Section 1.6 by determining the efficient level of pollution
using our pollution supply-and-demand framework. Our pollution supply and demand can be
interpreted as generd equilibrium margina damage and margina abatement cost schedules, and
s0 this section clearly links our gpproach to standard textbook treatments of pollution in

environmenta economics.

1.3 Technology

We dart by consdering a smal open economy that faces fixed world prices. At least
two goods are needed for trade to occur, and for trade to be interesting the two goods should
differ in pollution intensty. Consequently, we assume the economy produces two goods, X and
Y. Good X generates pollution during its production, and good Y does not. We let good Y
be the numeraire (so that p, = 1), and denote the relaive price of good X by p.

There are two primary factors, capitd and labor (K and L), with market returns r and

w. Both factors are indagticdly supplied.! X iscapitd intensveand Y islabor intendve. This

1 Recently, one branch of the environmental literature [the double dividend literature — see Fullerton and
Metcalf (1998) for areview] has focussed on models with endogenous labor supply in order to anlayze the
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means that for any w and r, the capita/labor ratio in X ishigher thanin Y:

Ko Ky (L1)
L« Ly
We assume the capital intensive sector is aso the polluting sector. For indudtria pollution, thisis
consistent with the evidence.2

To keep things smple, we assume that pollution from any given firm harms consumers
but does not affect productivity in other firms.  Aswall, we rule out pollution generated during
consumption.

Both goods are produced with a constant returns to scae technology. The production

function for good Y is

y = HKy,Ly). 1.2

We assumethat H isincreasing and gtrictly concave in inputs.

The X industry jointly produces two outputs — good X and emissons Z. However,
abatement is possible, and so emisson intengity is a choice variable. To capture the possbility
of abatement very smply, suppose that afirm can alocate an endogenous fraction q of itsinputs
to abatement activity. Increases in q reduce pollution, but a the cost of diverting primary

factors from X production. Thejoint production technology is given by:

x = (I-a)F(KxLx), (1.3)

z=f (g)F(KxLy), (1.4)

interaction between pollution taxes and distortionary labor taxes. As our focusison trade policy we follow
the standard international trade literature and treat labor supply as exogenous.
2 For example, see the evidence cited in Antweiler, Copeland and Taylor (2001).
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where F is increasing, concave and linearly homogeneous, 0 £Eq£ 1, f(0)=1,f(1) =0, and
df /dg < 0. Wediscussthe originsof f in detall below.

If g = O, thereis no abatement and by choice of units, each unit of output generates one
unit of pollution. We can think of F(K,Ly) as potentia output; thisis the output of X that would

be generated if there were no pollution abatement. That is, without abatement activity, we have:

X = F(KxLy), (1.5)

Z=X. (1.6)

If firms choose q > O, then some resources are alocated towards abatement. If a
vector (Ky,Lyx) of inputs is allocated to the X sector, then gK units of capital and gL units of
labor are alocated to abatement.3 Equivaently, we can think of the firm as producing a gross or
potential output of F(Ky,Ly), and usng afraction q of this as an input for abatement. This
leaves the firm with anet output (1-q)F(K,Lx) which isavailable for consumption and export.

It is convenient for expository purposes to put a little more structure on (1.4); hence we

adopt the following functiona form for abatement:

f@=@- g (17)

3 We are assuming the abatement technology uses the same factor intensity as the production of the final
good X. Thisis asimple way to capture the notion that abatement is costly, but avoids the complexity of
modelling three activities (each with different factor intensities) in ageneral equilibrium model.
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where 0 < a < 1. Usng (1.3)-(1.7), we can diminae g and invert the joint production

technology to obtain:

X = A[F(KyLy]ta, (1.8)

which isvdid for z £ F, because q 3 0. Tha is, dthough pollution & ajoint output, we can
equivaently tredt it as an input. 4 This dlows us to make use of familiar tools, such as isoquants
and unit cogt functions. One can think of pollution Z as the use of "environmenta services', as
the firm must digoose of its emissons in the environment. Alternatively, if we treat Z explicitly as
pollution emissons, then we can think of the firm as requiring Z pollution permits in order to
produce.

To understand the congtruction of (1.8) it is useful to unbundle abatement. To do so we
need to distinguish between pollution produced, 7, and pollution emitted, z. Recall production
of F produces pollution in direct proportion when there is no abatement; therefore Z” = F. Bt if
abatement occurs we define pallution emissions z, as the difference between pollution produced
and pollution abated. Dencting the quantity abated by A, we have:

z=2"-A
Abatement is like any other ectivity the firm undertakes in the X indusiry. The quantity abated

depends on the amount of resources alocated to abatement, which we denote X', and the

4 This generalizes the model in Copeland and Taylor (1994) to allow for two primary factors. Separability
ensures the marginal rate of substitution between capital and labor is not affected by pollution taxes or
guotas Thiswill alow usto use simple diagrams to illustrate much of our analysis. The unitary elasticity of
substitution assumption implicit in (1.8) simplifies the algebra. Much of our work will generalize to the case
where x = F[z,F(KyLy)], with both F and F being linearly homogeneous. But we have opted the simpler
(albeit more restrictive) specification for clarity.
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amount of pollution potentialy abated, Z. Assuming abatement is a constant returns activity

then alows usto conduct the following transformations:

z=2"- AZ°,x"
=z"- Z°AQ, x* Z2°)
=@- a@))F(K,, L)
=f @)F (K, L))

(1.9)

where the firg line is a definition, the second follows from CRS in abatement, the third by
introducing the definition a(q) = A(1,q), and the fourth by relabeling to match (1.4).

The particular form we adopted for f in (1.7) then corresponds to a particular
abatement production function, A. Our choice in (1.7) has two benefits. Fird, it ensures we
obtain the neat expression (1.8). Thisin turn requires the share of pollution taxesin the vaue of
net output be congtant. This aids in cdculations as it did in Copeland and Taylor (1994).
Second, it ensures the first unit of abatement has a bounded margind product. This feature
makes zero abatement on the part of firms optima for low pollution taxes. This seems sensible,
and in fact this feature of our technology was exploited by Stokey (1998) in explaining the
Environmental Kuznet's Curve.

To undergtand the relationship between net output, potentiad output and the resources
alocated to abatement we depict in Figure 2.1 isoquants for two different levels of net output in
the X sector. The higher isoquant (labeled X;) corresponds to higher output. An isoquant
illugtrates the trade-off between “inputs’ of potentid output, denoted by F, and pollution
emissions, denoted by Z, for a constant amount of net output. The constant returns to scae
assumption implies dl isoquants have the same shape: higher isoquants are radia blow-ups of

lower isoquants.
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At point A on the isoquant for X;, no abatement is undertaken and pollution is
proportional to output.> This correspondsto g =0in (1.3) and (1.4). Smilaly, other points
adong the dashed ray through the origin correspond to the no-abatement points on other
isoquants.

As we move down aong an isoquant, pollution falls because firms alocate resources to
abatement. To maintain a constant level of net output, the inputs into production as measured

by F must increase as the pollution leve fdls.

1.3.1 Cost minimization

In a competitive market, firms choose production techniques to minimize their cost of
production. Because there is pollution, production costs depend on the regulatory regime. If
there is ro regulation, then there is no incentive to abate, and firms choose a point like A in
Figure 2.1. If thereis regulation, the firm's problem is more complex: it mugt satisfy congraints
imposed by the regulator as well as those coming from the market.

Our modd can incorporate a variety of regulatory approaches. For example, in some
jurisdictions, governments impose emisson intendty redrictions.  We could capture this
regulation as a condraint that emissons per unit output not exceed some target. In other cases,
governments charge an emisson tax, which is a fee per unit of emissons released into the
environment. And in other cases, firms must purchase emisson permitsif they want to pollute.

We assume here that firms have to pay a fee for each unit of emissons tha they

5 Recall we have chosen units to make the factor of proportionality, equal to one.
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generate. The fee can ether be an emissons tax, or it can be the market price for a pollution
permit. We make this assumption in part because of its smplicity, but also because it ensures
that the government’ s pollution target isimplemented efficiently.6

Our focus is on the larger issue of how trade liberaization affects the environment, and
we want to ensure that our results are not confused with sde issues arisng from the inefficient
implementation of a pollution target. Notice we are not requiring the pollution target itself be
efficient.

Let us suppose then that firms face a price t for each unit of emissions they generate.
Given the price of emissons t, and the prices of capitd and labor (r and w), firms are now
faced with a standard cost minimization problem. Moreover, because of the separability of our
production function, we can bresk the firm'’s problem into two seps: first minimizing the cost of
producing potentiad output F;, and then finding the mogt efficient way to combine F with
environmenta services to produce net output X.

Firg, the firm can find the minimum cost of producing a unit of F (potentia output).
Because of congtant returns to scale, a unit cost function for F exists, which we denote by ¢’
That is, the firm has only to determine the most efficient techniques to produce one unit of F,

because by congant returns to scae, multiple units are produced by smply scaing up

6 A restriction on emissions per unit of output is not an efficient way to implement a pollution target — it can
be shown to be equivalent to an emissions tax combined with an output subsidy. The output subsidy
component of the policy leads to inefficiently high output. The problem isthat if afirmistold to satisfy a
restriction on emissions per unit of output, it can satisfy the regulation by either reducing emissions or by
increasing output. In fact, in some cases, such a policy can lead to an increase in overall pollution. The
policy can be rendered efficient if it is accompanied by an output tax, in which case it becomes equivalent to
an emissions tax. In some strategic trade policy contexts, a government may actually want to subsidize
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production. The unit cost function for F can be found by solving the following problem:

c" (w,r):?rir}]{rmwl : Fk,1)=1}. (1.10)

The firm chooses the combination of capitd and labor that adlows it to produce a unit of
potentid output a lowest cost. The totd cost of producing more that one unit of F is just
¢ (w,r)F.

Next, the firm can determine how much abatement activity to undertake, by finding the
unit cost function for net output, which we denote by ¢*. Again, by congtant returns to scale, it
auffices to find the efficient production techniques for one unit. The firm weighs emissons
charges againg the cost of foregone potentid output to determine the most codt-effective

techniques of production. Formdly, the firm solves the following cost minimization problem:

c(w,rt)= min{t z+c" (W, r)F :Z2F 2 =:I} . (1.11)
{z.F}

The solution is illudrated in Figure 22. The unit isoquant for net output of X is
illustrated. The isocodt line has dope — c'/t, which is the relative cost of the two inputs
(potential output and environmental services) used to produce net output X. The cost-
minimizing choice of emissons and primary factor inputs (F,,Z,) is & point B.

To solve for the optimal level of emissons per unit of net output a a point like B, we

can solve the problem (1.11), and rearrange the first order conditions to obtain:

output, and if production subsidies are illegal under trade rules, a devious choice of seemingly inefficient
pollution instruments can actually be to acountry’s advantage. But that isan issue for afuture paper.
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=—. 1.12
F a t ( )

Because (1.8) islinearly homogenous, we must dso have:
px =c F+tz (1.13)

Therefore, usng (1.13) and (1.12) we can solve for pollution emissons per unit of net output,

which we denote by e’

==tf1. (1.14)
X

The emisson intengity fals as pollution taxes rise because emissons become more expensive.
The emission intengity rises when the price of the polluting good rises because the resources
used in abatement have become more valuable.

The interior optimum depicted in Figure 2.2 is not assured though.8 Asthe emission tax
fdls, the isocodt line in Figure 2.2 gets steeper; and for a sufficiently low emisson tax, the firm
will find that it is not cogt-effective to aate at dl and will choose point A in the diagram.  To
determine the conditions under which this occurs, definet* as the pollution tax thet leaves afirm
indifferent to abating or not. Whenthereisno abatement at dl, z=x=Fande=1. Evduating

(1.14)  this point yidds

7 Those familiar with the properties of Cobb-Douglas production functions can obtain (1.14) more quickly
by noting from (1.8) that at an interior solution, the share of emission chargesin the total cost of production
of X must be a; that is, tz/px =a. Rearranging yields(1.14).

8 It would be assured if we adopted a formulation where the marginal product of abatement approached
infinity with zero abatement aswe did in Antweiler, Copeland and Taylor (2001).
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t*=ap. (1.15)

For any pollution tax abovet*, the firm actively abates, (1.14) is relevant and emissons per unit
of output, e, are lessthan 1. For any pollution tax below t*, the firm chooses not to abate and
emissons per unit of output are equd to 1: pollution is Smply proportiona to output.

Once we have found the emissons intengity, the economy’s overal quantity of pollution

emissonsissmply

7= ex. (1.16)

Our main interest isin the level of pollution, and so the next step is to show how the economy’s

aggregate output of X is determined.

1.3.2 Net and Potential Production Possihilities

The amplest way to illugtrate the determination of output in a generd equilibrium mode
is with the ad of the production frontier. However, because pollution is endogenous, the
production frontier in our model is three dimendgond; thet is, if we think of pollution and X as
joint autputs, we have three goods. X, Y and Z. Alternatively, if we interpret pollution as an
input, then the feasble production of X and Y varies with the levd of Z, and so there is no
unique relaion between X and Y.

However, by distinguishing between potertid and net output, and exploiting some of the
dructure of our technology, we can illudrate the market equilibrium in a two-dimensond
diagram, asindicated in Figure 2.3.
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Firg we can draw the production frontier for potential output. This indicates the
maximum amount of potentid output F in the X industry that can be produced for any leve of
Y, given factor endowments and technologies. That is, the potentia output frontier illustrates the
production possibilities for the economy if no abatement is undertaken. In Figure 2.3, thisisthe
outermost curve |abeled Potential Frontier.

As wdl, we can draw a conditiond (net) frontier, rdating the maximum leve of net
output X that can be produced for a given output of Y and for a given emisson intengity e. In
Figure 2.3, we have drawvn one such net frontier (for a particular leve of € — thisis the
innermost curve labeed Net Frontier. All net frontiers lie indde the potentid frontier because
some resources are used for abatement unless the economy is pecidized in Y.

For a given emisson intengty e, we can derive the corresponding net frontier from the

potentia frontier asfollows. Subgtituting (1.16) into (1.8) and rearranging yields

/ -
x =" EK LY (117)

Recdlingthat e £ 1, (1.17) implies that net output is afixed fraction of potentia output. We can

dternatively obtain a smple relation between net and potentia output by referring to (1.3):

X =(1-qgFKxLy, (1.18)

where recall that q is the fraction of resources dlocated to abatement. Again, this shows that

net output is a fixed fraction of potentid output for a given emisson intengty. Using (1.18), itis

easy to derive the net frontier graphicaly from the potentid frontier: given any Y, net output X is

obtained by shifting in the potentid output F by afraction 1 -—q.
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Findly, it is useful to combine (1.17) and (1.18) to obtain areation between e and q for

future reference.

e=(1-q®¥7, (1.19)

Since q isthe fraction of vaue-added used in abatement, (1.19) neetly links pollution abatement
costs to emissions per unit of output. Lower emissons per unit output come a the expense of

higher pollution abatement cogts.

1.4 Equilibrium along the Net and Potential Production Frontiers

We can now exploit our two frontiers to illugtrate the equilibrium levels of output and
pollution for a given market goods price p and pollution emisson charge t. Suppose that t is

large enough o0 that firms dlocate some resources to abatement.® Consder the profit

maximizaion problem for afirmin the X sector. Profits pX for afirm producing X are given by

revenue, less paymentsto al labor and capitd employed, and pollution charges:

p*=px-wL, - rK,-tz. (1.20)

But usng (1.16) we can iminate z from (1.20):

p* =pl- te)x- wL, - rK,. (1.21)

9 If t isso low that firms do not abate, then the net and gross frontiers coincide. Firmsin X then receive p(1-
t) per unit of X produced.
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Aslong as the pollution tax is high enough so that abatement occurs, we can exploit the
results of the firm’s cogt minimization problem by usng (1.14) to diminate e from (1.21). This

yidds

p*=p@- a)x- wi, - rK,. (1.22)

We can therefore think of the firm as choosing x subject to the technology (1.17), while
facing a producer price of g= p(1-a) for net output. In aggregate firms behavior leads to a
production point dong the net frontier where the absolute value of the dope of the net frontier is
equal to the producer price q° p(1- a). Thisispoint A in Figure 2.3. Pollution can then be
determined in the bottom haf of the diagram, by recdling that z = ex. Thisyidds point D in the
diagram, which corresponds to a pollution level of Z,.

Alternatively, we can depict the equilibrium dong the potentia frontier. In the
aggregate, the behavior of firms will place the economy on the potentia frontier. Knowing that
some of the potential output will be redlocated to abatement, and using (1.18), we can rewrite

(1.22) as

p =qF-wL - rK, (1.23)

where g isthe producer price afirm obtains for producing one unit of potential output F:

q- =pQ- a)ea’(l'a) = p(1- a)1- q). (1.24)

Hence, referring to (1.23), we can think of the firm's profit maximization problem

entirely in terms of a decison about how much gross output to produce, providing that we use
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the correct producer price . Given that good Y is the numeraire, the relative producer price
of Fisd, and so the market outcome is at point B. This is where the absolute value of the
dope of the potential frontier is equal to . At this point, producers receive an effective price
for gross output of d = p(1 - a)(1 - g). Thisislessthan p because only afraction 1 - g of
output is avallable for sde outsde the firm (the rest is used for abatement), and of that only a
fraction (1 - a) remains after pollution taxes are paid.

Fndly, we can d=0 illudrate equilibrium pollution by combining (1.16) and (1.17) to

obtain:
7=/, (1.25)

For a given emission intengity, pollution is directly proportiona to gross output, and this relation
is plotted in the bottom half of the diagram. Consequently, once F is determined by o a point

B, we can drop down to point C to determine pollution.

1.4.1 Uses of the Two Frontiers

The two frontiers can be used to darify the digtinction between production of find
goods and production for abatement. In Figure 2.3, Point A represents the production point on
the net frontier. This is he quantity of X actudly available for consumption or trade. The
distance BA represents that portion of gross X production used in the abatement process; and
hence the ratio of BA to gross production B represents the share of production in the dirty

industry alocated to abatement; that is q.
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As wadll, note that potentia output (represented by the outer frontier) is determined by
technology and endowments adone and is independent of the level of pollution. Thisis a useful
reminder that an economy cannot pollute itsalf to prosperity. It can at best abate nothing and
produce the maximum level of outputs congstent with its endowments and technology. This
seems like asmple point, but often when authors adopt a formulation where pollution is an input
it appears that generating more pollution generates more income. In fact, dl asociety can dois
decide how to divide its potential output across two aggregate goods — pollution prevention and
real consumption.

Improvements in the technology for producing goods shifts out the gross and net
frontiers uniformly, but improvement in the abatement technology aone shifts the net frontier
outwards leaving the gross frontier unaffected. For example, an improvement in abatement
technology shifts the net frontier towards the gross frontier. The gross frontier is unaffected, but
g" must rise because with a constant product price and fixed tax, g fals. The economy moves
towards the dirty good industry.

And findly note that if emissons per unit of output are hed fixed, then changes in
potentia and net output mimic one another. For example, if factor endowments change then

both potential output and net output change, but the ratio of the two would remain the same.

1.4.2 Equilibrium using dgebra

We can aso use dgebra to determine the production side equilibrium. We will specify
the equilibrium conditions in terms of gross output. There are two sorts of equilibrium

conditions for a competitive smal open economy: free entry conditions and full employment
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conditions. 10 With free entry, if both sectors are active, we must have zero profits in each
sector. Thisimpliesthat price must equa unit cost. We previoudy derived the unit cost function

for Fin (1.10). Smilarly, the unit cost function for Y is

cY(w,r):r{rm{rk +wl : H(k1)=1}. (1.26)

Thefree entry conditions are therefore:

cFw,r)=q", (1.27)

c'(w,r)=1. (1.28)

In each sector, the producer price must equal the unit cost when there is positive production.
These two conditions jointly determined factor prices (w,r).

The full employment conditions Smply require that the demand for each of the primary
factors equa supply. The factor demands can be determined from the cost functions with the
ad of Shephard's Lemmall For example, in sector Y, the amount of labor required to
produce one unit of Y ( which we denote a, ) is obtained by taking the derivative of the unit

cost function with respect to the wage:

_ fie¥(w,r)

a y(wr) w

10 The reader who wants more details on analyzing simple general equilibrium trade models is referred to
Dixit and Norman (1980) and Woodland (1982).
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Total labor demand in sector Y is therefore a, Y, which is the totd output of Y
multiplied by the unit labor requirement. Other factor demands are determined anal ogoudy, and
recdling that factor supplies are exogenous, we may therefore write the full employment

conditionsas.

arwr)F+a (wr)Y=L

ae (W, 1)F + 3 (W)Y =K (1.29)

wherea; ° 1ic' / Tw, and a; ° 1 /9.

It is now very important to recognize that our system of endogenous variables resembles
the standard 2-sector Heckscher-Ohlin modd. Specificaly, the system of equations (1.27) -
(1.28) can be solved for equilibrium factor prices (w,r) as a function of d adone. With factor
prices then determined, (1.29) solves for outputs (Y ,F) asfunctionsof K and L. Net output of
X can then be determined by (1.17), and total pollution can be obtained from ether (1.16) or
(1.25).

This solution method follows since d is given by (1.24) and it depends on both e —
which is endogenous — and world prices p — which are not. Therefore, our system has the
property that for a given emission per unit output, e, we can solve for al remaining endogenous
vaiadles The emisson intendty is determined by (1.14). The emission price is of course a

policy choice and we will discussits determination leter.

1.4.3 Comparétive Statics

11 See Dixit and Norman (1980) and Woodland (1982) for derivation of Shepherd's Lenma and its
application to the analysis of simple general equilibrium trade models.
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The system (1.27) - (1.29) looks very much like the standard two-sector competitive
trade moddl —and indeed it is. The only difference is that the producer price d” differs from the
market price to take into account pollution taxes and abatement. Thisis very useful, because it
means that for given pollution taxes (or given emisson intengties), the modd inherits the
standard properties of the Heckscher-Ohlin mode of internationd trade,

Firg, the Stolper-Samueson Theorem holds: an increase in the producer price of a
good increases the red return to the factor used intensively in the production of that good, and
lowers the redl return to the other factor. To see this, note that as long as the economy is
diverdfied in production, factor prices are determined by (1.27)-(1.28). Thisis illudrated in
Figure 2.4. The zero profit conditions for F and Y have been illustrated (there are two zero
profit curves for F illustrated in the diagram, corresponding to two different levels of ). The
zero profit curves are level curves of the cost function, and so are downward doping (along a
curve of congtant cost, an increase in w requires afal in r to keep costs constant); and they are
convex because cogt functions are concave in input prices. Moreover, the absolute vaue of the
dope of the zero profit condition is the capita / |abor ratio. To seethis, consder the zero profit

curvefor Y inthefigure. Along the curve, we have:

aw| Y/ qr kK,

drly " e Iqw L,

where the find result follows from using Shepherd’'s Lemma again. Because we have assumed
that X is capitd intendve relativeto Y (recdl (1.1)), the zero profit curve for F is stegper than
that for Y. Theinitid equilibrium factor prices are (Wo,fo).

Now suppose that " rises from qoF to qf. This would happen either if p rises or if the
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government lowers the pollution tax. Then the zero profit curve for F shifts out and we can see
that an increase in the producer price of F causesr to rise and w to fal. That is, areduction in
the pollution tax will raise the return to the factor which the polluting sector uses ntensvely
(capitd) and reduce the return to the factor used intengively in the rest of the economy (labor).

Next, the Rybczinski Theorem holds for a given emisson intengty. An increase in the
endowment of capital increases the output of the capita intensive good (X or F) and reduces
the output of the labor intensve good (Y). To seethis, first note that as long as the economy is
diversfied, changes in factor endowments have no effect on factor prices, because for a
diversfied economy, factor prices are completely determined by (1.27)-(1.28) which is not
affected by factor endowment changes. Consequently, the effect of endowment changes can be
obtained from (1.29), treating factor prices as congtant. Adjustment to endowment changes
takes place entirely via changesin output, not via changesin factor prices.

For congtant factor prices, the equationsin (1.29) are linear, asillugtrated in Figure 2.5.
Because Y is labor intensve, the full employment condition for labor (the curve labdled L") is
flatter than that for capital (two such curves areilludtrated - labdled "K " and "K ;") . Theinitid
outputs are (F,,Yo). Suppose the endowment of capita rises. Then the full employment
condition for capital shifts out from K, to K;. This increases the output of F (and hence dso
X), and reduces the output of Y. The intuition for this is that as the capita intensve sector
expands, it requires labor to be used in conjunction with the new capita. But this labor must be
drawn from sector Y, S0 Y contracts (which in turn free up even more capita to reinforce the
expansion of the X sector).

The Rybczinski theorem will be important in helping us understand the incidence of
pollution across the world. It implies, for example, that holding the emission intengity and goods
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prices congtant, a capitd inflow will stimulate the polluting industry and lead to a contraction of
the clean indudtry.

Before moving on to andyze the comparative gatics of the equilibrium, it isworth noting
that we could reformulate the equilibrium conditions in terms of net output. If we divide both

sdesof (1.27) by €/ we obtain:

F
S = pli-a), (130
c’(wr)=1. (1.31)

The right hand sde of (1.30) is the producer price of net output, taking into account pollution
tax payments, and the right hand side of (1.30) is the unit cost of producing X, less payments for
pollution. Hence (1.30) is smply the zero profit condition for X producers.

And smilarly, the full employment conditions can be written in terms of the net output of

L= a y(w,r)X +ay (w,r)Y

K= ay (W, 1) X+ a(w, r)Y (1:32)
which is equivdent to (1.29) once we note that:
a (W, r) =a g (wr)/er®?)
(W) =agg(w,r) (133)

a/(1-a)

B (W,r) = age(w,r)/ €

Because the system (1.30)- (1.33) isatrandformation of the system (1.27)- (1.29), the two are

equivaent, and either one may be used to analyze the equilibrium.
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1.4.4 Consumers

We assume there are N identica consumers in the economy. Each consumer cares
about both consumption and environmenta quaity. We assume that pollution is harmful to
consumers and that it is a pure public bad (dl consumers experience the same leve of pollution).

The utility function of atypica consumer is given by

U(xy,2 =u(x,y)- h(2) (1.34)

where u(x,y) isincreasing, homothetic and concave; and hisincreasing and convex.

For amplicity, we have assumed that preferences over consumption goods are
homothetic and that the utility function is strongly separable with respect to consumption goods
and environmentd qudlity.

Homotheticity is a sandard assumption in the internationd trade literature, and it helpsin
two ways. Fird, it ensures that we can write the indirect utility function as smply an increasing
function of redl income : nomina income divided by apriceindex.12 Thusit dlows usto Ssmplify
our decison problem through a form of aggregation. The other benefit of assuming
homotheticity isthat it ensures that the relative demand for goods is unaffected by income levels.

This is very hdpful because it dlows us to explain trade patterns as functions of regulation

12 To see this note, a homothetic function is an increasing transform of afunction homogenous of degree 1;
that is, u = g(f(x,y)) where f is homogenous of degree 1 and g isincreasing. If f ishomogenous of degree 1,
then demands are x = a(p)l, and y = b(p)l and using linear homogeneity we can write u = g(I f(a(p),b(p))).
Define k(p) = f X(.), then we have u = g(I/k(p)) where k(p) is the price index specific to the function f, and
utility isan increasing function of real income so defined.
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differences and relative costs done.13

The strong separability assumption means that the margind rate of subgtitution between
X and 'Y isnot affected by the leve of environmenta qudity and it dso limits the extent to which
goods prices can affect the demand for environmental quality.

Each consumer maximizes utility, treeting pollution, prices and per-capita income, |, as

given. Thisyiddsan indirect utility function of the following form:

V(p.1,2) =u1/b(p))- h(2) (1.35)

The function v is the indirect utility function dud to u(x,y), and b isapriceindex. The functionv
is increasing and concave because of the structure we imposed on u.  Note that it is our
homotheticity assumption that has dlowed us to write indirect utility as afunction of red income,

defined as;

R=—. (1.36)

1.4.5 Nationd Income and Revenue Functions

National and per capita.income will play a key role in our andyss. Aswe saw above,

consumer utility depends on income; and this means that a consumer's demand for both

13 Without homotheticity over goods consumption, the relative demand for goods would vary with income:
rich and poor countries would have different spending patterns, and trade would depend on the interaction
between factor endowments, regulation, and income-induced differences in national spending patterns.
This would conplicate our model, and distract from out main goals, but the interested reader should be able
to extend the analysisto allow for this added motive for trade.
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consumption goods and environmenta quadity will depend on income. This, in turn, will mean
that efficient environmenta policy will depend on consumer income.

Because we have a generd equilibrium mode, income is endogenous. Income is the
vaue of paymentsto dl factors, including any pollution charges, or equivaently, it is the value of
net goods production. Income will therefore depend on what the economy produces, aswell as
on goods prices and environmenta policy. Thet is, the determination of income requires that we
solve the entire generd equilibrium of the economy.

Fortunately, there is a Smpler way to obtain an expresson for the economy’s income
that avoids having to resolve the entire modd every time we want to undertake a comparative
datic exercise. As has become standard in the internationd trade literature, we can exploit the
fact thet the private sector of a perfectly competitive economy maximizes the vaue of nationa
incomel4 That is we can represent national income as the solution to an optimization problem.
15 The implied maximum vaue function will then have anumber of very nice properties that will
help us in our andyss. An added benefit of this gpproach is that we can define a nationd
income function for a very generad economy, and so in some cases it will dlow us to easly
generdize our results beyond the confines of the smple technology we have assumed for our
economy. But as well, we will be adle to exploit the structure imposed by our technology
assumptions to get cdlean results to build intuition.

Let us gart then by assuming a somewhat more generd technology than we have used

s far. Let T(K,L,Z) be a two-dimensgond convex production possibility set with constant

14 |t isat this point that our assumption that pollution does not cause production externalities is exploited.
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reurns to scde. That is, T is the set of dl combinations of net outputs (X,Y) that can be
produced given the primary factor endowments K and L, and for a given leve of pollution Z.
The production technology we specified in (1.2)-(1.8) is an example of such a technology.

Now define the maximum vaue function G as follows

G(p*, p’.K.L,2)= m%{pxx+ Py ()1 T(K.L2} (1.37)

The function G, which we cdl the national income function, tells us the vaue of nationd
income & world prices, for any level of pollution and factor endowment, given the underlying
technology. One can show that the first order conditions for the solution to the maximum
problem in (1.37) are exactly the same as the equilibrium conditions for our competitive
economy. 16

We have treated aggregate pollution as exogenous in (1.37) and hence we will show
how to make it endogenous below. Also note that dthough we suppress the price of Y
throughout most of our andysis because we are treeting it as the numeraire, we have included
p" in the above for clarity. In most of our gpplications, we will set p* = p, and p’ = 1, and with
dight abuse of notation will refer to the nationa income function as G(p,K,L,z), where the role

of theprice of Y is suppressed.

15 See Woodland (1982) and Dixit and Norman (1980) for a detailed analysis of the national income
function (sometimes called the revenue function). Copeland (1994) applies the national income function to
economies with pollution.

16 Woodland (1982) does this explicitly. The interested reader should demonstrate that the first order
conditions for (1.37) are equivalent to the equilibrium conditions already spelled out in terms of either gross
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The nationd income function has a number of very useful properties, many of which
fallow from its being a maximum vaue function. These are discussed in detail in Woodland
(1982), and here we smply point out those properties that will be of particular relevance.

Firgt, Hotdling's Lemma holds; that is, outputs can be recovered by differentiating with

respect to goods prices.

16(p°. P KL2) _ 1p% P KLY

P o (1.38)

This follows from the envel ope theorem.
Next, the returns to capita and labor can be found by differentiating with respect to the

relevant factor endowment;

16(p%p" K L2)_  f6(pLPKLZ _

i , T (1.39)

The intuition for this is Sraightforward.  Suppose the economy acquires an extra unit of capitd.
The derivative G/ JK tels us how much national income rises because of the extra unit of
cgpitd. But this must be the vaue of the margind product of capitd, which in a competitive
market is equd to the market return to capitd. Similarly, an extra worker earns the vaue of his

or her margind product, which isthe wage.

1.4.6 Generd equilibrium margina abatement cost

or net output. To do so, it proves useful to solve for the cost function in (1.11) explicitly and then isolate
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Perhaps the most useful property for our purposesis that if we gpply the same logic as
above, then the derivative of the nationa income function with respect to pollution emissonsiis

equd to the price the firms have to pay for the right to pollute:

ﬂG(loX,py,K,L,z)_t
9z -

(1.40)

The intuition is the same as aove: if the private sector is dlowed to release one more unit of
emissons, nationa income will rise by the vaue of the margind product of emissons, whichina
competitive market is equa to the price paid by the firm for the right to pollute. If we think of
environmenta services as an input, then the logic is exactly the same as that we exploited in
discussing factor returns above.

The expresson G/1z can be interpreted as a generd equilibrium marginal
abatement cost. If we think of reducing emissions z, then the fal in nationd income due to a
drop in dlowable emissons is just G / Yz; that is, it measures the cost to the economy of
adjusting to a lower emission target. Reduced emissions will be achieved by the private sector
intwo ways. by investing more in abatement activity, and by producing less of the dirty good X
and more of the clean good Y. In the latter case, the cost to the economy of abatement is the
cost of moving aong the production frontier from X towards Y. With ether a market for
emission permits or a pollution tax, the private sector will choose the most efficient combination
of these two dtrategies. The derivative G / z measures the cost to the economy of reducing

emissons when the emission reduction is achieved at lowest possible cost.

c(w,rn).
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Another interpretation of the result in (1.40) then isSmply that the pollution charge paid
by the firm will equd the margind abatement codt. Thisis a familiar result from environmentd

economics, dthough thereit is usudly presented in apartid equilibrium framework.

1.4.7 More properties

Because G is a maximum vaue function, it has an important curvature property: it is
convex in prices. The economic interpretation of this is that output supplies dope upwards.

Thais

TG = Tx 3 ﬁ _ﬂs 0. (1.41)

ﬂpXZ ﬂpx ’ ﬂpyz - ﬂpy

And because of constant returns to scale, G is concave in endowments:

o _w ,, TG _w
K2 K~ 12 L

G 1t
£0, —S=_—£O0. 1.42
12 9z (1.42)
That is, inverse demands for dl factors dope downwards. Holding al other endowments fixed,
increasing the supply of, say, labor, will typicaly reduce (or more generdly, will not increase)
the value of its margind product. Mogt relevant to usis the last result in (1.42): it saysthet the
generd equilibrium margind abatement cost curve dopes down.

And findly, G has a couple of homogeneity properties. Fird, it is homogenous of

degree 1 in prices, thet is:
G( p*I p’,K, LD =1 G(p",p’,K,L,z) for| >0 (1.43)
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This just says that doubling al goods prices doubles nationd income, but has no effect on
production decisons. Second, G is homogeneous of degree one in endowments. Doubling all
endowments, but leaving prices unchanged just scales up the economy.

G(p*, I K,IL,I 2 =1 G(p*,p",K,L,2) for| >0

Thisfollows from congtant returns to scae.

1.4.8. Endogenous Pollution with a Nationa Income Function

It might appear that a potentid limitation of the usefulness of (1.37) isthat the emission
levd z is treasted as exogenous when solving the optimization problem. This is fine if the
government regulaes pollution using an emisson permit sysem. In that case the government
specifies the overdl supply of pollution permits, and the private sector through its competitive
behavior ends up maximizing the vaue of nationd income, given the fixed available aggregeate
supply of emisson permits. However, if there is no regulation, or if there is a fixed pollution tax
in place, then we do not want to treat z as exogenous. It turns out there are two ways of
defining a nationd income function with endogenous pollution; one involves usng (1.37) but
tregting z as endogenous, and the other gpproach involves defining a different nationd income
function. Because both approaches have their uses, we will do both.

First, we can exploit (1.40). If Z is exogenous, then (1.40) gives us the equilibrium
market price of an emissons permit. But suppose ingtead that there is an exogenous pollution

tax t and that zis determined by the market response to the tax. Then if we treat t asfixed ,



(1.40) determines z endogenoudy. Referring to Figure 2.6, we can think ether d afixed z
determining t, or afixed t determining z

An dternative and perhaps more direct approach is to revert to the origind
interpretation of our technology as a joint production technology producing three outputs
(X,Y,Z). And suppose that there is an exogenous pollution tax t. Then standard competitive
economic theory tdlls us thet the private sector will maximize the vaue of output given the prices
of X,Y,and Z. The only dight twist to keep in mind here is tha the price of pollution is
negetive from the point of view of firms, because they must pay atax on emissons. Therefore,

we can define 17

G(p*, p’.t,K,L) = max {pxx+ p'y-tz: (xy)T T(K,L, z)}. (1.44)
{xyz}

Thisis the value of net revenue generated by the private sector; however, nationd income aso

includes pollution tax revenue. Consequently, totd nationa incomeis.

I:é(p,t,K,L)+tz_

But notice that when we add pollution tax revenue to G, we aelet with:

I=px+y,

17 Thisisthe approach taken in Copeland (1994).
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and so it should not surprise the reeder that if we treated the equilibrium pollution Z, that solved
our problem (1.44), and confronted the economy with a fixed number of pollution permits Z,,

then we would have:

G(p, K, L,Z,) = G(pt ,K,L)+tZ,.

Thefuncion G sdtisfies al the same properties as G that we outlined above, with the
exception of (1.40) because it is a function of t ingead of Z. Ingtead, we have the following

envelope property, which is an application of Hotelling's Lemma

1G(p.t K, L) _

m -Z(pt K, L). (1.45)

That is, we can obtain the derived demand for pollution by differentiating the nationa income
function G with respect to the pollution tax. Moreover, because G is convex in dl prices

(indudingt), we have G, ® 0, whichimplies

ﬂ—ZE,O.

It

The derived demand for the right to pollute is decreasing in the pollution tax.
Findly, (1.45) and (1.40) are related. The former describes the derived demand for

pollution; the latter is the inverse demand. Both describe the same curve in Figure 2.6.

1.5 Scale Technique and Composition Effects

Because the linkages between the economy and the environmert are both subtle and
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complex, it is useful to decompose changes in pollution into three fundamenta forces. scae,
composition and technique effects. This gpproach was used by Grossman and Krueger (1993)
to interpret the empirical evidence in their influentia study of the potential effects of NAFTA on
the environment, and we have found it useful to help dlarify both theoreticd and empirica
andydgs. It is particularly useful in comparing the effects of different types of shocks to the
economy. For example, both trade liberdization and capital accumulation tend to raise the
productive capacity of the economy (this will lead to a scale effect in each case), but they may
dimulate very different types of economic activity (their compostion effects will differ).
Moreover, because they both raise income and because environmenta quality isanorma good,
both types of changes could lead the government to tighten environmenta policy (which will lead
to a technique effect). By bresking the effects of policy changes into scale, technique, and
compodition effects, we can clarify how different types of shocks have both common and
divergent effects on the economy. Moreover, as shown in Antweller, Copdand and Taylor
(2001) this gpproach can dso help us disentangle the effects of different types of shocks

empirically.

15.1 Ddfinitions

In this section, we will define the scale, technique and composition effects, and give
some examplesto illustrate how to employ them.

Trade and growth both stimulate economic activity, and therefore loth increase the
economy's scale. To be more precise, we need a measure of the scae of the economy; that is,
we need an index of output. There many ways to creste such a quantity index, but for
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amplicity, we will use the vaue of net output a a given leve of world prices as our measure of

the economy's scale. Our measure of scale, S, is defined as

S=pyx+ p;y (1.46)

where p;, and p§ denote the base-period level of world prices; that is, the leve of world

prices prior to any shocks that we analyze. If world prices change, we continue to construct S
ugng the old (initid) world prices. This is so that scde will not change smply because of a
change in vauation. But of course if the outputs of x and y change in response to world price
changes, then our measure of scale will change — we evauate the new outputs at the old prices.
Given this definition of scae, and choosing units to set base-period pricesto unity (that

is, weset p, = p = 1), wenow use (1.46) to write pollution as

z=ex=§ S (1.47)

where | 4 = pOX/S = x/Sis the value share of net output of x in total output evauated a base-
period prices. Hence pollution emissions depend on the emissons intensity of production, e, the
importance of the dirty good industry in the economy, j , and the scale of the economy, S.

Taking logs and totdly differentiating yields our decompostion:

AN AN

7 =S+, + e (1.48)

where% = dz/z, etc.
The firg term is the scale effect. It measures the increase in pollution that would be
generated if the economy were smply scaled up, holding congtant the mix of goods produced

and production techniques. As an example, if there were congtant returnsto scae and dl of the
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endowments of the economy grew by 10%, and if there were no change in relative prices or
emissons intengties, then we should expect to see a 10% increase in pollution.

The second term is the composition effect as captured by the change in the share of
the dirty good in nationd income. If we hold the scale of the economy and emissions intensities
congtant, then an economy that devotes more of its resources to producing the polluting good
will pollute more.

Findly, we have the technique effect, captured by the last term in (1.48). Holding all
else congtant, areduction in the emissons intengty will reduce pollution.

Let us illugrate these concepts using some diagrams.  We will work through severd
examples both to illustrate how the modd works, and to show how different sources of
economic growth affect pollution in different ways. Becauseit is cumbersome to illugtrate shifts

in both net and gross frontiers, we will focus on the net frontier throughout.

1.5.2 The Scae Effect: Baanced growth

To isolate the scale effect it is useful to assume that the emissons intengty is held fixed.
This would be the case for example if the government had a fixed pollution tax. To Sart we
illustrate in Fgure 2.7 an initid equilibrium with point A indicating the initia output point (on the
net frontier) with producers receiving p(1-a) per unit of net output. In the lower pand of the
figure we graph a pollution emissons function z = ex with a given fixed emisson intendty of &,
Given the initid production point, A, the initid leve of pallution is z, Suppose we scale up the

economy by increasing each of the endowments by an equd percentage. Because of constant
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returns to scae, the new production frontier is just aradid expanson of the old one. The new
production point isat point B, which must be on the same ray through the origin as A. Pollution
has increased from z, t0 z, and thisincrease represents the pure scae effect.

Referring to (1.48) we see there is no technique effect because we have held policy
congtant by assumption; and there is no composition effect because both the X and Y sectors
expand equaly. Therefore, we conclude balanced growth in endowments in the presence of a

fixed emisson intengty will raise pollution via a pure scale effect.

1.5.3 The Composition Effect: Capitd Accumulation

Next consder the compostion effect. To do so we again fix the emissionsintensty, and
now congder a change in only the endowment of capital. The consequence of this change for
both pollution and outputs is illustrated in Figure 2.8. In this case, the outward shift of the
production frontier is skewed towards the X-axis, because industry X is capitd intensve. Ata
constant producer price p(1-a), production in our economy moves from point A to point C.
We know from the Rybczinski theorem that the economy produces more X and less Y a C
than at A.

Both scde and composition effects are operative; and we now illustrate how to
decompose the movement from A to C into these two effects. The line denoted P, measures the
vaue of the initia output a our base-period world prices; thisisthe initid scale of the economy
a point A. This line is steeper than the producer price line because of pollution policy (and
possbly aso because of trade barriers). For any movement dong the R, the scde of the

economy is condant. We therefore decompose the total change in the economy into a
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movement from A to B, and from B to C.

The movement from A to B is a pure compostion effect, because we have
hypothetically held the scde of the economy congtant, and found the pure effect of increasing
the share of X in the economy. This composition effect yields an increase in pollution from z; to
Z,. Notethisispostive, because X isthe dirty industry.

Next, the movement from B to C is the pure scale effect - it isthe effect on pollution of
increasng the scde of the economy, while holding the compostion of output fixed. That is,
adong a ray through the origin and through point B, the composition of production is congant.
Pallution risesfrom z, to z. viathe scde effect.18

With capita accumulation, both the scae and composition effects are postive, and
therefore the net effect isto raise pollution.

If we instead were to consider growth in the endowment of |abor, we would aso obtain
a positive scae effect, but pollution would fal via the compostion effect. We know from the
Rybczinski theorem that an increase in the supply of [abor will raise the output of the clean good
Y and lower the output of the dirty good. Therefore, the compostion effect of labor
accumulation has an opposite effect to that of capital accumulation.

Summing up, the compostion effect is pogitive if a shock to the economy leads it to
produce a basket of goods that is more pollution intensive on average than it did previoudy. In

the moded above, this is a smple observation, but in more genera models this basic result il

18 Onecould alternatively consider the scale effect first, and then the composition effect. Aswithincome
and substitution effects, when we consider a discrete change, the magnitude (but not the direction) of the
effects will depend on the order in which they are constructed.
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holds true.19

1.5.4 The Technique Effect: a Change in Emisson Intengity

To examine the technique effect we now consder the effects of a change in pollution
policy. Suppose there is an exogenous increase in the pollution emissonstax. From (1.22) we
know the producer price for net output is unaffected by this change, but from (1.14) the
emissons intengty has to fal. As aresult, the net frontier must shift in as more resources are
alocated to abatement.20 The effects of this exogenous policy change are illugtrated in Figure
2.9. Initidly, the economy is a point A, pollution is z, and emissions per unit of output are e,.
An increase n the pollution tax increases abatement activity and hence reduces emissons per
unit of output (e fdls to e;). The pollution function in the lower part of the diagram shifts up (for
any leve of x output, there is less pollution). Holding output a A, pollution fdlsfrom z;to z;.
This is the technique effect: a higher pollution tax leads to cleaner production techniques, and,
holding the scale and composition of output fixed, this lowers pollution emissons.

The policy change aso has two other effects. Note that because the production frontier
rotates inward, the find equilibrium isat point C. This movement is comprised of a scale effect
(A to B) leading to the further drop in pollution from z to z,, and the composition effect (B to
C) reducing pallution even moreto z.. Thereisafdl inthe scae of output because of increased
abatement (which consumes resources). There is a compostion effect because the resource

cost of further abatement affects the dirty industry disproportionately. As a result, the

19 see for example the discussion of composition effectsin Copeland and Taylor (1994).
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opportunity cost of producing X rises and with constant prices, producers shift towards the
cleangood Y.

Tightening up pollution policy therefore reduces pollution via three effects cleaner
techniques, lower scale of output, and a shift in the composition of economic activity towards

the cleaner good.

1.6 Endogenous Pollution Policy

So far, we have andyzed the equilibrium of the economy under the assumption that
pollution policy is exogenous. In generd, we expect pollution policy to be endogenous. In
particular, we expect that changes in per capita income will lead to an increase in the demand
for environmenta quality, and, if governments are respongive, this may lead to atightening up of
pollution regulations. Both trade and growth affect per-capitaincome, and we need to account
for possible endogenous policy responses when andyzing their effects on the environment. As
well, endogenous policy differences across countries can themsaves be a cause of internationa
trade. This is the wel-known Pollution Haven Hypothesis, and we will need to understand
how pollution policy varies with the economic characteristics of a country in order to fully
andyzeit.

There are many ways to model endogenous environmentd policy. One is to assume
that the government is respongive to the preferences of consumers and provides efficient policy.
Another is to assume governments respond to interest group pressure dong the lines of

Grossman and Helpman (1994). Here we will assume policy is efficient. This choice is mede

20 The potential frontier remainsin place.
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because the mgor theories in this area focus on cross-country differences in ether income or
factor endowments as a basis for trade, whereas much of the recent political economy literature
has focused on explaining within country but across indudtry variation in protection. Aswell,
efficient policy has played a centrd role in the literature and al of the politicadl economy
approaches tend to build on the analytics of the efficient policy gpproach. It will dso serveasa
ussful base case to compare with other scenarios.

The efficient level of pallution is determined by weighing the benefits of pollution against
the costs. As we showed earlier, it is helpful to treet pollution (or environmenta services) asan
input used by producers. Moreover, as we have shown pollution is an input with a variable
aggregate supply. A dandard tool for andyzing input markets is the demand and supply
diagram; and we find that it is useful to use such a diagram to illudtrate the equilibrium level of
pollution. The demand for pollution is a derived demand, as firmsin the X sector derive benefits
from securing the right to pollute. The "supply" of pollution reflects the policy regime. When
pollution policy is optimd, the supply of pollution reflects the aggregate willingness to dlow
environmenta damage.  The interaction between these demand and supply sde factors

determines the equilibrium level of pollution.

1.6.1 The Demand for Pollution

We have dready described many features of the private sector’s demand for pollution.
In our previous andyss we fixed the emisson intengty for many of our results, and this requires
us to fix the paollution tax or permit pricet. For example, when we found higher pollution levels

with either baanced factor growth (the scde effect example) or capitd accumulation (the
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compodtion effect example), implicit in our andyss was an outward shift in pollution demand by
the private sector in both these cases. Similarly, when we found a negative relationship between
lower emisson intengties and pollution, this in effect illustrated that our pollution demand curve
has negative dope. Higher pollution taxes lower pollution. Therefore our earlier exercises were
very ample characterizations of the private sector’s derived demand for pollution.

At this point we want to be a little more explicit about the properties of pollution
demand, as wdll asto introduce a convenient diagram. Starting with agenera technology, recal
from the properties of the national income function that the inverse demand for pollution is given

byZ 1

t =G(p.K,L2. (1.49)

This defines an impliait function z = Z(t ,p,K,L). We can differentiate and solve for the dope of

the pollution demand curve:

—~=—=¢£0 (1.50)

The dope of the derived demand for pollution is non-positive because G is concave. 22
We can say more about pollution demand by recalling pollution is determined by the
emisson intengty and the output of x. Thisyidds a direct derived demand for the right to pollute

asafunction of the pollution tax t, factor endowments and the price of X.

21 Asweindicated earlier, we will suppresstherole of the price of p” in G because we have set p¥ = 1.
22 For general technology, it is possible that pollution demand may have flat regions. For example, the
model presented in Copeland and Taylor (2000) exhibits this property.
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z=¢(p/t) x(p,t,K, L) (1.51)

where e is defined in (1.14) and we have made use of (1.44) to write output as a function of
goods prices, taxes and endowments. The dope of the generd equilibrium pollution demand is
given by

%:e[x+ex[ <0 (1.52)
and hence while (1.50) tells us pollution demand dopes downward, (1.52) identifies the two
mechanisms at work in creating the negative dope.

The derived demand for pollution isillugtrated in Figure 2.10. Pollution demand dopes
down for two reasons. firdt, higher pollution taxes make abatement more profitable, thereby
reducing the emissons intengty of production. Thisis the technique effect captured by the first
termin (1.52). In discrete form this would represent a movement from z to z in Figure 2.9.
Second, with greater abatement efforts resources are drawn away from production of fina
goods and services and this causes the output of x to fal as producers exit the x industry and
move into y. This change is due to both scale and composition effects. And again in discrete
terms thisis the movement from z to z. in Figure 2.9.

Pollution demand shifts in response to changes in factor endowments and goods prices.
An increase in the endowment of capitd shifts the demand for pollution to the right. To seethis,
firg recdl from the production sde equilibrium conditions that output X (or F) is only afunction

of t through its effect on emissions per unit output. Therefore we could write the direct demand

to reflect this:
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z=¢(p/t)x(p,e(p/t),K, L) (1.53)

Then differentiate with respect to K to obtain:

dx(p.e(p/t),K. L) _ 4 (1.54)
dK |

dz
—=¢(p/t
K (p/t)

For a given pallution tax and goods price, an increase in K has no effect on the emisson
intengty. Therefore, the effect of capitd accumulation on the demand for pollution depends on
the response of the output of X. But we can now invoke the Rybczinski theorem since eisheld
fixed when we take this derivative. And hence capital accumulation stimulates output of the
capital-intensve dirty good X, and so the demand for pollution rises (the private sector will wart
to pollute more for any given t). We illudrate this shift in Figure 2.10. For the initid pollution
tax t,, pollution demand rises from z to z. Thisisexactly the same astheincreasein pollution
illugtrated in Figure 2.8 when we considered an increase in capitdl.

We could dternatively have differentiated (1.49) set dt = 0 and solved for the resulting
change in z from the change in K. This would have required us to sign the cross derivative Gz«
which a priori is uncertain. As well, usng the direct demand we can dso employ Jones
magnification effect that capital intensive output rises more than proportionately with capitd.
Therefore, when cdculating quantity responses in pollution demand, using the direct demand is
more convenient.

In contrast to the case of capita, an increase in the endowment of |abor shifts pollution

demand to the l&ft:

a7



dz _ dx(p,e(p/t), K, D
—~ =¢g(p/t <0.
dL e(p/t) dL

(1.55)

This again follows from the Rybczinski Theorem.
Findly, an increase in the price of the dirty good shifts pollution demand to the right
because abatement becomes relatively more expensive, and because factors are drawn into the

now more attractive dirty good industry:

dz dg(p/t)
—= +e(pl/t
o= g AP

(+) (+)

dx(p.e(p/t), K D _ 4
dp (1.56)

As discussed earlier, the pollution demand curve can be thought of as a general equilibrium
margind abatement cost curve - it measures the opportunity cost to the economy of reduced
pollution emissors. Capitd accumulation and increases in the dirty good price raise margind
abatement cogts and increases in the endowment of labor reduce margina abatement costs.

To examine how the margina benefit of polluting has changed with the price of the dirty
good, we may want to employ the inverse demand however. In this case we would find:

it _
—=G,(p,K,L,z> 0

fip

and because of the structure imposed by our modd, we can use (1.53) to show that:

ﬂ_tB :_Gpr >1

o (1.57)
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and hence the margind benefit of polluting rises more than proportionately from an increase in
the price of the dirty good. And consequently, for applications where we are interested in price
responses, employing the inverse demand curve is often convenient.

The pollution demand curvein (1.49) can be thought of asamargina benefit of polluting
curve. With this interpretation, we have just shown how changes in endowments and goods
prices affect the margnd benefit of polluting. An increase in the price of the dirty good
increases the margina benefit of polluting because the vaue of the margind product of emissions
is higher. Capitd accumulation increases the margind benefit of polluting because amore
capitd abundant country is relatively more productive in the dirty industry. And labor
accumulation reduces the margind benefit of polluting because it makes the economy more

productive in the clean indudtry.

1.6.2 Margind Damage and the " Supply" of Pollution

Let us now find the optimd pollution policy. The demand for pollution as captured by
(1.49) messures the margind benefit of polluting. To determine the optima pollution policy, we
need to balance this againg the margind damage from polluting. Because we have assumed dl
consumers are identica, the government finds the optima policy by choosing the pollution level
to maximize the utility of a representative consumer subject to production possibilities and
private sector behavior.

We dat by formulating the government's problem with genera preferences and

technology:

Max {V(p.!.2) st.| =G(p,K,L,Z)/ N} (1.58)
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where V isthe indirect utility function of atypica consumer. All N consumers are identical and

S0 each receives the sameincome23 Thefirst order condition for the choice of pollution is:

dp di
V.—+V,—+V,.=0. 1.59
Pdz 'dz Z (159)

An increase in pollution will affect goods prices, income and environmental damage, and each of
these affects the consumer. If we divide both sdes of (1.59) by V,, rearrange, and use Roy's

identity, we have:

(1.60)

where D" is the demand for X by atypicd consumer. The term on the right hand side of (1.60)
isthe margind rate of subgtitution between emissons and income; in other words it measures the
typica consumer's willingness to pay for reduced emissions. In the environmentd literature, this

isreferred to as "margina damage’. We denote thisby MD, and hence we define:

MD© — (1.61)

<<

To further smplify (1.60), use the congraint in (1.58) and the properties of the nationa income

function to obtain:
dl Gy dp +G, x@ +t
—o—dz T (162)
dz N N

23 The government may use either pollution permits or emission taxes. In either case, any revenue accruing
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Substituting (1.62) and (1.61) into (1.60) yields

t=N- MD+ m%. (1.63)
where m = NeD* —x isimports of X (if X is exported, then m < 0). The condition (1.63) says
that the government should choose pollution so that the emissons price faced by the private
sector is equa to aggregate marginal damage plus a term that reflects the terms of trade effect
induced by changes in pollution.

To interpret (1.63), let us first assume there is no internationa trade, so that m=0. In

this case, (1.63) reducesto:

t =N. MD. (1.64)

Recdl that environmentad qudlity is a pure public good (or equivaently, pollution is a pure public
bad). The condition (1.64) is smply the Samueson rule for public goods provison: the
government chooses pollution so that firms face an emissons price which is equd to the sum of
the margind damages across dl consumers. Notice that the direct effect of pollution on goods
prices drops out of the rule for optimal policy if the country does not trade. The reason for this
is that dthough an increase in pollution lowers prices to consumers, it dso lowers producer
prices and hence lowers income.  Without internationa trade and with an efficient domestic
market, these two effects exactly offset each other.

Now introduce international trade in goods. Then the world price p of dirty goods is

determined by globa demand and supply for the dirty good. If Home changes its emissons

to the government is embodied in G asareturn to z and is rebated to consumers in lump sum.
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policy, this will affect Home's demand and supply for the dirty good, and therefore globd
demand and supply will be affected. If Homeis smdl in world markets, however, this effect will
be smdl, and Home's domestic emissions policy will have a regligible effect on world prices.
Thet is, if Home is small, it is essentidly a price taker in world markets.  In the internationd
trade literature, the small country assumption isthat domestic policies have no effect on world
prices. For many, if not mogt, countries in the world, this is a redigtic assumption. Under the
small country assumption, dp/dz = 0, and so (1.63) again reduces to the Smple Samuelson rule
in (1.64). That is, when a smal country is open to internationd trade, its efficient pollution
policy is amply to interndize the pollution externdity and ensure that firms face an emissons
charge that is equa to the aggregate margina damage.

If the Home country is large, then changesin its emission policy may affect world goods
prices. This is because an increase in its dlowable emissons will simulate the supply of the
dirty good, and if the Home country is sufficiently big, this can push down the world price of the
dirty good. Because changes in world prices affect the price a which Home buys and sdis
goods from foreigners, this effect shows up in the optima policy rule. That is, if a country is
large, then it has market power; and one way to exploit this power is to use pollution policy to
try to manipulate world prices.

If Home imports the dirty good and the world price of the dirty good fdls, Home's
terms of trade improve. That is, an increase in domestic emissions can yield an added benefit to
home by reducing the world price of the good that it imports. This means that a dirty good
importer thet is large in world markets has an drategic incentive to set the domestic price of
emissons somewhat below margind damage in order to manipulate the world price of dirty
goods. In contrast, a dirty good exporter is worse off if the price of dirty goods fals, because
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the price a which it sdls its exports drops. Such a country has a strategic incentive to set the
domedtic price of emissons somewhat above margina damage in order to reduce the world
supply of dirty goods and thereby get a better price for exports.

The strategc manipulation of pollution policy to affect world prices has played an
important role in the palicy literature. In such cases, the government uses pollution policy both to
target pollution and as an ingrument of internationa trade policy. This raises a number of
complicated issues, such as why a government with market power doesn't use some other
instrument (such as atrade barrier or other more direct taxes and subsidies) to manipulate world
prices. In fact, if a government is unredtricted in its choice of policy ingruments, the first best
policy is to use trade policy to exploit its globa market power and use environmenta policy
soldy to interndize externdities, so we again obtain (1.64).24 Aswadl, if pollution policy is st
a the regiond or locd levd, then even in a large country, the individud regulator may not
perceive any market power. At this point we do not want to focus on these and other issues of
drategic trade policy, and so we will smply assume that countries (or regulators) are smal in
world markets.

With our smal country assumption then, the government's optima pollution policy is
given by (1.64). Atthispoint it isingructive to exploit some of the structure (homotheticity and

separability) we have put on preferences. Referring to (1.35), we can write (1.64) as.

b(ph" ()

t=N-[-V,/V]=N. V(R

=N. MD(p,R2) (1.65)
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where recdl that R = 1/b(p) denotes redl income. The assumption of homotheticity in goods
consumption alows us to write margind damage as a function of red income, goods prices and
emissons. MD = MD(p,R,2).

Next, we can use the national income function to substitute for real income and rewrite

(1.65) as

G(p K,L,2 Z]

t = N- MD|p,
[p Nb (p)

(1.66)
We can think of (1.66) as the government’s genera equilibrium supply curve for pollution. It

reflects the country’s willingness to dlow pollution. The pollution supply curve is upward

doping:

= t 5> 0 (1.67)
bu

wherewe haveused G, =t. Thedgnof (1.67) followsin our case from the convexity of h and
concavity of u, but more generally margind damage dopes upwards because increases in
pollution tend to make environmentd qudity scarce relative to consumption. Hence a
diminishing margind rate of subgtitution between consumption and environmenta qudlity yields
the result.

The pollution supply curve dso shifts with changes in prices or red income. Condder

an increase in red income, holding prices congtant. From (1.65) we obtain:

24 However, if a country signs a free trade agreement, it is restricted in its use of trade policy. The
government is then forced to look for second best trade policy instruments. The question then is whether
environmental policy is an attractive candidate for such arole.
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MDg =- b (2)/ V' (R). (1.68)

If v is concave, then MD,, is podtive. Margind damage is increasing in red income because
environmental qudity isanorma good. If v islinear, then red income gains have no effect on
margind damage.

It is worth considering a Smple example to illugtrate how pollution policy depends on

income. Assume utility tekes the following form:

V(pl,2) = In%eﬁg- Z.

Then (1.65) becomes:

t =b(p)R=9l.

That is, the efficient price of emissions is directly proportiond to aggregete income in this
example.

Findly, consder achange in relative prices, holding red income congtant. Thisisapure
subdtitution effect. From (1.65) it is easy to obtan that margind damage shifts up with an
increase in p. Recdl that b(p) isrisng inp. As p rises, goods get more expensive rdative to
environmental qudity. At the margin, environmenta quaity is now more highly vaued and the

willingness of ditizensto supply pollution fals.

1.6.3 Market Equilibrium
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The equilibrium leve of pollution is determined by the interaction between the pollution

demand curve and society's willingness to tolerate pollution as captured by supply:

G(p.K L 2

Gz(p!K L, Z) =N- MD(pa
Nb(p)

2) . (1.69)

This is illugrated in Figure 211. The efficient level of pallution z, is determined by the

intersection of the pollution supply and pollution demand curves. To implement this efficient
level of pallution the government can employ either a pollutiontax t , or the issue z, marketable
permits which would yield an equilibrium permit price t,,. Any equilibrium that can be
implemented with atax can adso be implemented with a permit system.

This figure dso makes clear the link between our generd equilibrium modd and the
dandard treatment of optimad emissons in patid equilibium modds in environmenta
economics textbooks. As we noted earlier, pollution demand can be interpreted as the generd
equilibrium margind abatement cogts, and pollution "supply” is Smply margind damage. That is,
optima pollution emissions are determined by equating margind abatement cods to margind
damage. The differenceisthat in our framework, the choice of emissons z aso Smultaneoudy
determines nationa income G(p,K,L,z) and al factor prices, such as wages and the return to
capita are fully endogenous. Moreover, our structure alows for an examination of how shocks
to the economy as a whole, such as capitd accumulation or trade liberdization, will affect

pollution via their effects on margind abatement costs or margina damage.

1.7 Conclusion
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This paper has set out a generd equilibrium pollution and trade modd to provide a
framework for future andyss of the trade and environment debate. We have drawn quite
heavily from trade theory, but in the end have developed a smple pollution demand and supply
system featuring margina abatement cost and margind damage schedules.  These congtructs
should be familiar to environmental economists. We have intertiondly kept the modd quite
gmple, as this should dlow others to extend our anadyss to condder the environmenta
consequences of growth, the impact of trade liberdization, and strategic interaction across
countries.2

The framework aso provides, as specia cases, canonica models capturing both the
Pollution Haven Hypothesis and the Factor Endowment Hypothesis. And as demonstrated
in Antweller et d. (2001), it yields a paramonious reduced form suitable for empirica estimation

and hypothesis testing.

25 We have, of course, imposed some assumptions that limit our analysis in some directions. In particular,
two very important issues that we have not mentioned are the role of production externalities, and the
presence of international spillovers in pollution. For an examination of these issues see Copeland and
Taylor (1995), Brander and Taylor (1997), and Copeland and Taylor (1999).
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Figure 2.1 Isoquants for the X industry



Figure 2.2 Cost minimization in the X industry
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Figure 2. 3 Potential and Net production frontiers
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Figure 2. 4 Producer prices and factor prices



Figure 2.5 Effect of endowment changes on outputs



Figure 2.6 Pollution demand



Figure 2.7 The Scale Effect



Figure2.8 The Composition Effect
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Figure 2.9 The Technique Effect
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Figure 2.10 Capital accumulation



Figure 2.11 Optimal Pollution



