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Chapter 3
Equity and Efficiency in Environmental
Markets: Global Trade in Carbon Dioxide
Emissions

Graciela Chichilnisky
Geoffrey Heal
David Starrett

3.1 Equity, Efficiency, and Carbon Dioxide Abatement

This chapter addresses a topical issue: the creation of a global market for car-
bon dioxide (CO2) emission permits.1 The recent adoption in the Kyoto Pro-
tocol of an ambitious target for global CO2 emission has focused attention on
policy instruments for achieving this goal. In addition, increasing awareness
of the economic burden of environmental protection has produced an interest
in market-based policy instruments that can minimize detailed government in-
tervention. As a result markets for emission rights are today the approach of
choice of the U.S. administration.2

This chapter is based on Chichilnisky, G., Heal, G., and Starrett, D. ‘‘International Markets with
Emissions Rights of Greenhouse Gases: Equity and Efficiency,’’ Center for Economic Policy Research
Publication No. 81, Stanford University, Fall 1993.

1The atmospheric concentration of CO2 has become a matter of international concern. It is generally
recognized that it has the capacity to change the global climate in ways that are potentially harmful and
irreversible. For a review, see Chichilnisky and Heal [3] and Chichilnisky et al. [8]. Consequently, coun-
tries at the 1992 Earth Summit in Rio de Janeiro agreed to cut back CO2 emissions to their 1990 levels
by the end of the twentieth century. This policy could easily cost several percent of GNP (see Weyant
[27]). In conformity with the conclusions of the Earth Summit, the U.S. administration has recently made
a tentative move in the direction of capping CO2 emissions in industrial countries.

2According to a statement by Tim Wirth, U.S. assistant secretary of state for global affairs, at the
1996 Berlin Conference of the Parties of the Framework Convention on Climate Change.
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We show that a market for emission permits has an important characteristic
not previously noted, a characteristic that has significant economic and politi-
cal implications. When the level of emissions affects utilities, there is an un-
expected link between equity and efficiency: The initial distribution of prop-
erty rights or emission permits determines whether a competitive global CO2

permit market will operate efficiently.3 Prior to now it has been generally as-
sumed that the manner in which emission permits are initially distributed will
not affect the efficiency of the market.4 We show here that of all the many
possible ways of distributing a given total of emission rights, very few are
compatible with efficient markets. In this case equity and efficiency are not
orthogonal, as in the first and second theorems of welfare economics for stan-
dard competitive markets. How does this happen?

The key to this result is the fact that the atmospheric concentration of CO2

is a privately produced public good, privately produced but affecting the utility
levels of all people. The reason is that CO2 mixes thoroughly in the atmo-
sphere, leading to a uniform concentration over the globe. Therefore, we have
a global public good. People or regions cannot choose their concentration lev-
els independently. However, the concentration is determined by every indi-
vidual who runs a car or a heating furnace and by every firm operating trans-
portation or burning fuel in any other way.5 Therefore, we have a privately
produced public good. The fact that CO2 concentration is a privately pro-
duced public good affecting the welfare levels of individuals leads to the
equity-efficiency interaction. As noted, everyone has de facto to consume the
same CO2 concentration. For efficiency this common level must be what they
demand, given prices and their incomes. In summary, for agents to demand
freely the same amounts of CO2 at an equilibrium requires a particular choice
of the distribution of income.

Similar points were made in Chichilnisky [2] and Chichilnisky and Heal [4],6

where this simple observation was shown to have other far-reaching conse-
quences. In particular these papers establish that the equalization of marginal
abatement costs across countries is neither sufficient nor necessary for Pareto
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3The term efficiently here is used in the standard economic sense of ‘‘so as to attain Pareto efficiency.’’
4It will of course affect the distribution of income resulting from the operation of the market. This is

the original Coase [9] position: that whatever the initial distribution of permits, trading rights can bring
about a Pareto-efficient allocation of resources. In fact a stronger claim is sometimes made: that the
equilibrium allocation of resources is not affected by the initial distribution of permits. Clearly, the con-
ditions for this stronger claim to be true are very restrictive indeed—a total absence of income effects;
see Milgrom and Roberts [22], chapter 2.

5Carbon dioxide, a public bad, is a by-product of the consumption and production of private goods.
6There is also an early discussion of closely related issues in Laffont [19] and Eyckmans et al. [13].
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efficiency: Pareto-efficient allocations may have different marginal costs. Here
we show that this line of argument, when developed further, implies that effi-
ciency and distribution cannot be separated in environmental markets. Effi-
ciency requires an appropriate distribution of property rights. The fact that
many distributions of property rights lead to inefficient outcomes allows us to
construct an example of a two-region world in which a transfer of property
rights from the North to the South, accompanied by a decrease in the total of
emission permits, leaves both regions better off.

Finally, we investigate the extent to which an equilibrium concept related to
that of Lindahl is the appropriate concept in permit markets. There is a simple
reason that this might be so: A Lindahl equilibrium is the only market equilib-
rium known to lead to Pareto efficiency with public goods.7 As a permit market
is a market that determines the production of public goods, we might therefore
expect that efficiency would require the key feature of a Lindahl equilibrium,
namely, a multiplicity of prices, in fact one price per pair of traders. In a Lin-
dahl equilibrium each producer of a public good is paid for her production by
each consumer, and the per unit payment typically varies from consumer to
consumer. Therefore, relative to the framework of a Lindahl equilibrium, a
permit market as formalized here is an ‘‘incomplete market’’ because everyone
pays the same price for the permits. This can be interpreted as assuming that
the ‘‘individualized’’ markets between buyers and sellers are missing. Our main
result shows that, in a certain sense, it is possible to compensate for the absence
of individualized markets by reallocating property rights in tradable permits.8

3.2 Efficiency and International Emissions

Following the model set out in Chichilnisky [2] and developed further in Chi-
chilnisky and Heal [4], we consider a world economy with I regions, I � 2,
indexed by i � 1, ..., I. Each region has a utility function ui , which depends on
its consumption of a vector of private goods ci � (ci,1, ci,2, ..., ci,M ), where M
is the number of private goods (indexed by m), and also on the quality of the
world’s atmosphere, a, which is a public good.9 The quality of the atmosphere
a can be thought of as a measure of abatement. It could be measured by, for
example, the reciprocal or the negative of the concentration of CO2 : The more
abatement there is, the lower is this concentration. The concentration of CO2

48 • Chichilnisky, Heal, and Starrett

7See Foley [14].
8The dimensionality of the space of permit allocations equals that of the space of Lindahl prices

needed to complete the market, so that the two approaches are mathematically equivalent.
9Formally, ui (ci , a) measures welfare, where ui : is a continuous, strictly concave andM�1� → �

increasing function. It is assumed to be twice continuously differentiable.



Name /C0651/C0651_CH03     04/28/00 06:23AM     Plate # 0-Composite pg 49   # 4

is ‘‘produced’’ by emissions of carbon, which are positively associated with the
levels of production of private goods. Let yi be a vector (yi, m) in R M giving the
production levels of the M private goods in country i. Then

I

a � a , a � F (y ) for each country i � 1, ..., I, and� i i i i
i�1

�Fi � 0 �i (3.1)
�yi,m

The production functions or abatement functions Fi are continuously differ-
entiable and strictly concave and show the trade-off between the level of abate-
ment or quality of the atmosphere and the output of consumption.10 An allo-
cation of consumption and abatement across all countries is a vector

(M�1)I(c , a , ..., c , a ) � � ,1 1 I I

as for each of the I regions there are M private goods and one level of abate-
ment. An allocation is feasible if it satisfies constraint (3.1), and the condition
that the total consumption of each private good worldwide be equal to the total
production, that is,

c � y (3.2)� �i i
i�1,...,I i�1,...,I

Constraint (3.2) allows private goods to be transferred freely between regions;
that is, it allows unrestricted lump-sum international redistributions. This is a
rather strong assumption that gives a full first-best solution. It is not of course
equivalent to modeling free trade in international markets because the latter
requires that each region trade within its budget: each region must satisfy a
balance of payments condition.11

3.2.1 Characterization of Pareto Efficiency — In this section we provide a
characterization of Pareto-efficient allocations. This section does not address
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10We can suppose that the functions Fi embody information about countries’ initial endowments of
goods. By assuming strict concavity, we are bypassing the possible nonconvexities associated with exter-
nalities (Starrett [24]).

11See Chichilnisky and Heal [5]. International trade between regions would require that

�i, (c � y )p � 0, (3.3)i i

where p � � m is a world price vector. This condition requires the value of the difference between con-
sumption and production to be zero at world prices, which implies that for each region the value of goods
that are imported and for which consumption exceeds production equals the value of goods that are
exported and for which production therefore exceeds consumption.
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any institutional framework, as it does not presume any structure, such as emis-
sion markets or emission taxes. It describes the conditions that any resource
allocation must satisfy if it is efficient, whatever the institutional structure
through which it is implemented.

Lump-Sum Transfers

An allocation is called feasible with lump sum transfers if it satisfies constraints
(3.1) and (3.2). Such an allocation is Pareto(M�1)I(c*, a*, ..., c*, a * ) � R1 1 I I

efficient if there is no other feasible allocation at which every region’s utility is
at least as high, and one’s utility is strictly higher.12 It is immediate therefore
that a Pareto-efficient allocation solves the following problem:

max u (c , a) subject to u (c , a) � N �k �/ i, k � 1, ..., I,i i k k k

I Iy � c �m,� �i�1 i,m i�1 i,m

a � F (y ), and a � a. (3.4)�i i i i i

Here Nk is a utility level specified for region k.13

To solve problem (3.4) we can write out the corresponding Lagrangian
I I

L � u c , F (y ) � l u c , F (y ) � N� � �� � � � � �i i i i k k k i i k
i�1 k�1,...,I,k�/ i i�1

M I

� u y � c ,� � �� �m i,m i,m
m�1 i�1 i

where a has been replaced by �i Fi (yi ) in view of (3.1). Differentiating L with
respect to the components of ci and yi and equating to zero gives the first-order
conditions for efficiency (3.5) and (3.6):

equal marginal valuations of consumption

�u �ui k� l �m � 1, ..., M and �k �/ i,k�c �ci,m k,m

(3.5)

50 • Chichilnisky, Heal, and Starrett

12A Pareto-efficient allocation can be characterized as a solution to the problem of maximizing the
utility of a designated region, subject to the others all reaching prescribed utility levels. The solutions of
this problem (as the prescribed utility levels vary over all feasible values) describe the utility possibility
frontier.

13Observe that the second line of this problem allows unrestricted international lump-sum redistri-
bution. Worldwide consumption has to equal worldwide production, with no region-by-region balanced
budgets required.
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where i is the designated region whose utility is being maximized, lk is a La-
grange multiplier associated with the constraint that region k should reach a
specified welfare level, and

Lindahl-Bowen-Samuelson condition

�u �ui k� �lk�F �c �F �ci i,m k k,m� �m, and for k �/ i, � �m.
�y �u �y �ui,m k k,m k� l � lk k k k�a �a

(3.6)

Each of these systems of equations has a simple interpretation. The first
system, (3.5), requires that for any good m the marginal social value of con-
sumption be the same for all regions i. We refer here to the ‘‘marginal social
value of consumption by region i’’ because the marginal utilities of consump-
tion are weighted by the terms lk , which represent the shadow price or social
value of utility in region k. The second set of equations, (3.6), is a slight
modification of the conventional Lindahl-Bowen condition, popularized by
Samuelson. It requires that the marginal rate of transformation between the
public good and a private good be equal to the sum of the marginal rates of
substitution. (See also chapter 13 for a detailed analysis of efficiency con-
ditions.)

Without Lump-Sum Transfers

If we restrict international lump-sum redistributions, the corresponding char-
acterization of (constrained) Pareto efficiency is different. For example, if we
model an autarchic world where in each region consumption is required to
equal production, the second line of the problem (3.4) is dropped and the vec-
tor yi in the third line replaced by ci . In this case the necessary conditions for
Pareto efficiency are just (3.6). Condition (3.5) is no longer required.

Should Marginal Costs Be Equal?

Note that the marginal cost of abatement in region i in terms of good m is
just the reciprocal of the marginal productivity with respect to m of the func-
tion Fi :

1
MC (a ) � � . (3.7)i,m i �Fi

�yi,m

3 Equity and Efficiency in Environmental Markets • 51
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Proposition 1 1 4 At a Pareto-efficient allocation in(c*, a*, ..., c*, a*),1 1 I I

each country the marginal cost of abatement in terms of private goodMC (a*)i i

m is inversely proportional to the marginal valuation of the private good m,
li�ui /�ci,m. In particular, at a Pareto efficient allocation, the marginal costs will
be equal across countries if and only if the marginal valuations of the private
goods are equal; that is, for each good m, li�ui /�ci,m is independent of i.

It follows that with lump-sum transfers, as represented by constraint (3.2),
marginal costs will always be equalized, as private goods can always be shifted
between countries by lump-sum redistributions to equate their marginal val-
uations. However, if each country is required to consume what it produces or
is required to trade internationally subject to a standard balance of trade con-
straint, this is not true.15 Therefore, in general equalization of marginal costs
across countries is not necessary for efficiency.

3.3 International Emission Markets

In section 3.2 we characterized in equations (3.5) and (3.6) allocations that are
Pareto efficient in an institution-free framework as well as those in which each
region consumes what it produces.

Next we introduce an institutional framework: an international market for
tradable permits. The aim is to investigate the first-best efficiency of the equi-
libria in this market. To model a policy-relevant situation, assume that the ini-
tial distribution of emission permits is the only variable used to address distri-
butional issues.16 Each region is given an initial endowment of permits to emit
Ei units of CO2 , where �i Ei � E*, the desired level of total emissions. Re-
gions trade these and behave as price takers in a market in which there is a
single price pe for a permit to emit one unit.

If the number of units of CO2 emitted exceeds the number of permits a
region has, the region must buy the difference in the permit market. Otherwise,
it can sell excess permits and use the proceeds to buy private goods at prices
pl . A region therefore maximizes its utility ui (ci , a) subject to the following
budget constraint:

M M

c p � y p � p (E � a ). (3.8)� �i,m m i,m m e i i
m�1 m�1

52 • Chichilnisky, Heal, and Starrett

14Chichilnisky and Heal [4] established the following proposition in the case of one private good.
The extension to the present case, which differs only in having many private goods is immediate.

15See Chichilnisky and Heal [5].
16In particular, unrestricted lump-sum redistributions of private goods are not possible.
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The difference between actual emissions ei and target emissions Ei is ei �
Ei � � ai � Ei , where is the emission level of region i when abatementN Ne ei i

is zero.17 The budget constraint requires that in each region the value of con-
sumption equal the value of production plus the net revenue from the sale of
permits. This can be rewritten as

M M

c p � y p � �p (E � a ). (3.9)� �� �i,m m i,m m e i i
m�1 m�1

The left-hand side is the difference between the value of domestic consumption
and production, that is, the balance of trade. A surplus of consumption over
production 18 is funded by the revenue generated by sales of permits in inter-
national markets. Conversely, a net purchase of permits in international mar-
kets has to be matched by a surplus of production over consumption and there-
fore a net export position.

A comparison of the balance-of-trade condition (3.9) with the actual budget
constraint (3.3) suggests that controlling the initial endowments of emission
rights can act as a substitute for lump-sum transfers. This point is developed
later in section 3.4.

Each region seeks to maximize its utility ui (ci , a) subject to the budget
constraint (3.8) and to the production relations given in (3.1). We assume that
in so doing it supposes the total level of emissions to be fixed at E*, the desired
total level. This in effect implies the existence of a credible intergovernment
agency (the UNFCC, for example) that sets and implements global emission
targets.19

3.3.1 Market Behavior — Maximizing its welfare subject to the budget con-
straint (3.9), each region chooses consumption levels and abatement or emis-
sion levels to satisfy the following first-order conditions:

�ui

�c pi,l lMRS � price ratio, or � , (3.10)
�u pi j

�ci, j

3 Equity and Efficiency in Environmental Markets • 53

17For simplicity we have dropped the constant terms in Ne .i
18That is, a position of net imports.
19An alternative, which we do not explore here, would be to look for a Nash equilibrium in countries’

abatement levels. In this Nash case each country would observe the emissions of each other and then
choose its optimal emission level on the assumption that these levels are fixed. This approach is developed
in Heal and Lin [18] (chapter 5 in this volume). For a similar development, see Dasgupta and Heal [12],
chapter 3.
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and

�F pi lMRT � price ratio, or � � . (3.11)
�y pi,l e

These are standard conditions for utility maximization subject to production
and budget constraints. First-order condition (3.10) just requires that marginal
rates of substitution between goods be equated to their price ratios, and (3.11)
requires tangency between the production possibility frontier and an isoprofit
hyperplane.

3.3.2 Market Solutions that Are Not Pareto Optimal — How do first-order
conditions (3.10) and (3.11) characterizing a region’s optimal market choice
compare with conditions (3.5) and (3.6), which describe Pareto-efficient allo-
cations? Condition (3.11) from regional utility maximization is the same as the
Bowen-Lindahl-Samuelson condition (3.6) for the efficient provision of public
goods, provided that

�u �ui klkp �c cm i,m k, m� � �k �/ i. (3.12)
p �u �ue k kI I� l � lk�1 k k�1 k�a �a

Condition (3.12) can hold only if the marginal valuations of the mth private
good, and are independent of i and k, that is, are the�u /c l (�u /�c ),i k, m k k k,m

same for all regions.
Condition (3.5) is required for Pareto efficiency—equalization of the mar-

ginal valuation of consumption across countries—and automatically implies
this. However, there is nothing equivalent to (3.5) in the solutions to the re-
gions’ optimization problems. The only other condition from each regions’
own optimization problems is (3.10), which does not imply equality of mar-
ginal valuations across countries.

In brief, utility maximization subject to the budget constraint (3.8) does
not lead to the conditions needed for Pareto efficiency, as illustrated in fig-
ures 3.1 and 3.3 below. The next section provides a simple geometric example
illustrating this result. There is an additional requirement represented by (3.5).
For the Bowen-Lindahl-Samuelson condition to hold, we need the marginal
valuation of consumption to be the same in all regions; that is, �u /�c �i i,m

This condition would of course be satisfied if therel (�u /�c ) �m, �k �/ i.k k k,m

54 • Chichilnisky, Heal, and Starrett
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were policy instruments available to redistribute freely all resources without
restriction across regions— if, for example, lump-sum redistributions were
possible. In the absence of such instruments, what is required to ensure that
(3.5) is met and efficiency attained in the permit market?

3.4 Equity and Efficiency in Permit Markets

Competitive permit markets do not generally lead to the conditions for Pareto
efficiency because there is nothing that ensures that condition (3.5), �ui /�ci,m �
lk (�uk /�ck,m) �m � 1, ..., M and is satisfied. Now this is clearly a�k �/ i,
condition on the distribution of income or wealth. Look in more detail at the
determinants of the terms �ui /�ci,m. As ui � ui (ci , E*), where E* is fixed, the
derivatives of ui with respect to consumption can depend only on consumption
levels.20 In the absence of policy instruments to achieve unrestricted redistri-
butions across regions, the only variables then available for ensuring that mar-
ginal social valuations of consumption are equalized are the initial allocations
of permits, and therefore only those initial permit allocations that ensure that
(3.5) is satisfied will lead to Pareto-efficient allocations. We formalize this in
the following and show that very few initial allocations satisfy this condition.

3.4.1 Why Distribution Matters — An intuitive explanation for the depen-
dence of efficiency on distribution is as follows. Because we are trading a
public good, everyone must consume the same amount at equilibrium, a physi-
cal requirement resulting from the fact that the gas CO2 distributes uniformly
across the world. Achieving more targets typically requires more instruments,
and here the extra instruments are the distribution of emission permits or prop-
erty rights. The efficient distributions of property rights are those at which
there are market-clearing prices such that all regions demand freely the same
level of the public good. If regions’ preferences were similar, this would require
similar income levels. A useful comparison is with a Lindahl equilibrium, the
standard market equilibrium concept for public goods, in which the extra in-
struments are provided by region-specific prices. Recall that at a Lindahl equi-
librium the prices for public goods will typically be different for different
consumers, so that with Lindahl markets different regions would pay different
prices for emission permits. In this case permit trading would not equalize
marginal abatement costs across regions.

3 Equity and Efficiency in Environmental Markets • 55

20These in turn depend, by the budget constraint (3.8), on prices pm, production levels yi,m, abatement
levels ai , and initial endowments of emission rights Ei . Once prices are given, production and abatement
levels are fully determined by (3.11).
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Another explanation for the significance of the distribution of property
rights is as follows:

1. Trading emission permits naturally leads to the equalization of marginal
abatement costs across countries. By obvious arguments each country equates
the marginal cost of abatement to the price of an emission permit, which by
assumption is the same for all countries (see equation [3.11]).

2. Equalization of marginal costs is efficient only if marginal social val-
uations of consumption are equalized (see proposition 1). Therefore, permit
trading is efficient only if marginal social valuations of consumption are equal-
ized. This can be achieved only by an appropriate redistribution of wealth.

3. The assignment of property rights brings about a redistribution of
wealth. The efficient allocations of permits are those that equate marginal val-
uations of consumption.

3.4.2 An Example: One Private Good and Two Regions — Imagine two
regions trading one private good and one public good (abatement). Figure 3.1
shows the abatement-production frontier and the preferences over combina-
tions of public and private goods for each region. An emission level E* has
been chosen that we assume is a level associated with a Pareto-efficient allo-
cation. Therefore, the question before us is, When can we attain this efficient
allocation of resources by trading emission permits?

The total abatement level of the two regions must be �E*, and because they
are identical, each must produce a level of abatement of �E*/2. Each region’s
production of the private good is now determined to be the level that corre-
sponds to an abatement level of �E*/2, so that the production points of the
regions are now determined as in figure 3.1. As a result, the relative price of
the public and private good is determined and is the slope of the frontier at this
point. Each region’s consumption of the public good abatement is the total
amount of abatement produced, A* � �E*, and its consumption of the private
good is determined by maximizing utility subject to the equation

c � y � p (E � a ),i i e i i

where ci and yi are region i’s consumption and production of the single private
good and pe is the relative price of the emission permits. Here yi , pe, and ai are
fully determined from the total level of emissions E* by the following chain.
Total emissions E* imply individual emissions E*/2, which imply abatement
levels, which imply production levels and the price of permits relative to the
consumption good. Therefore, only Ei , the initial endowment of permits, is

56 • Chichilnisky, Heal, and Starrett
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available to control consumption ci. This variable must therefore be used to
ensure that marginal valuations of the private good satisfy the condition (3.5)
needed for Pareto efficiency. Figure 3.1 illustrates how this can be done. If both
regions are given endowments of permits equal to their levels of emission, nei-
ther will trade permits, and each will consume the amount of the private good
that it produces. They will consume levels of the private good given by the
horizontal coordinate of the production point in figure 3.1, y*. Their con-
sumption of the public good abatement will be the sum of the production lev-
els of both regions, A*. Each region’s consumption vector has a vertical coor-
dinate equal to A* and a horizontal coordinate equal to its consumption of the
private good, namely (y*, A*).21

Consider further the case in which both regions have an initial allocation of
permits equal to their production of CO2. As they both neither import nor ex-
port the private good and so consume and produce the same amounts and also

3 Equity and Efficiency in Environmental Markets • 57

Figure 3.1 Only specific distributions of property rights lead to Pareto efficiency.

21In general this is production plus imports from the sale of permits or minus exports to pay for the
purchase of permits. Both are zero if countries are given endowments of permits equal to their levels of
emission.
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consume the same amount of the public good, their marginal valuations of the
private goods must be the same.

Suppose now that condition (3.5) requires for efficiency that the mar-
ginal valuations of the private good are different, that is, that �u /�c �1 1, l

where 1 and 2 are the two regions and l denotes thel (�u /�c ) � �u /�c ,2 2 2, l 2 2, l

single private good. Then to satisfy (3.5) region 2’s consumption of the private
good has to be decreased and region 1’s increased from their common produc-
tion level. This can be achieved by giving region 1 an endowment of permits
(b) in excess of its emissions and region 2 an endowment (b�) less than its
emissions. Region 1 then increases its consumption of the private good by sell-
ing its spare permits and using the proceeds to buy the private good, whereas
region 2 is forced to sell the private good to buy permits. Region 1’s marginal
utility of the private good will be less than region 2’s, and the ratio will decrease
continuously from unity as region 1’s initial endowment of permits is raised
above the emission level corresponding to its production of the private good
(and region 2’s is correspondingly reduced).

Consider the straight line pe through the regions’ production points tangent
to the production frontier, as shown in figure 3.1. Each region produces a mix
of abatement and private good given by the point of tangency and then trades
private goods for emission permits along the line tangent to the production
frontier. If it has more permits than needed (i.e., more than E*/2), it will add
consumption of the private good by selling permits and buying the private good
along the tangency line, whose slope is the relative price of permits and the
private good. As it moves along this line, its consumption of abatement remains
constant.22 However, its consumption of the private good changes. The other
region will be symmetrically placed on this line relative to the production point
(y*, A*). In this way we can reach an allocation at which all markets will clear,
total emissions will be E*, and condition (3.5) needed for efficiency will be
satisfied. We can do this by picking the permit allocations and therefore con-
sumption levels of the private good correctly. As the ratio of the regions’ mar-
ginal utilities changes continuously with their initial allocations of permits,
there will generally be at most a finite number of initial allocations at which
the efficiency conditions hold. In this simple example, there will be just one
initial distribution of permits that will lead to efficiency. This argument illus-
trates the following result.

Proposition 2 Let E* be the level of total emissions at a Pareto-efficient
allocation of resources in the economy described in section 2 with one private
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good and two regions. Then of all possible ways of allocating the total emission
E* among the regions as initial endowments, only a subset of measure zero
will lead to market equilibria that are Pareto efficient. Alternatively, almost
every allocation of permits between regions will lead to inefficient outcomes.

For a proof, see the Appendix.23

The diagrammatic analysis illustrating proposition 2 can in fact be pushed
further, as in figure 3.2. As figure 3.1 shows, each possible distribution of the
total emission permits E* between the two regions leads them to a pair of levels
of consumption of the private good given by the horizontal coordinates of pairs
of points, such as (a, a�) or (b, b�), which are symmetrically placed on the line
that is tangent to the production frontier at the production point. These pairs of
points in turn give rise to consumption vectors for the public and private and
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Figure 3.2 Redistribution of a fixed total of emission rights leads to a utility possibil-
ity curve inside the Pareto frontier.

23The results in proposition 2 are robust. They hold not only for first-best, or Pareto, efficiency, as
discussed previously, but also for efficiency subject to an arbitrary abatement constraint (see Heal [17]).
In this case it is still true that only certain specific distributions of emission rights are compatible with
efficiency, defined now as maximization of the sum of utilities subject to feasibility constraints and also
to a politically imposed constraint on the level of emissions.
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private goods, together represented by points such as b� and b* in figure 3.1.
From figure 3.1 we can ascertain the utility levels of these points. Suppose that
we plot the utility levels arising from all such possible distributions of the total
E* permits. What does this set of points look like?

We know that few points will be Pareto efficient, so that this must form a
curve largely inside the utility possibility frontier, touching this frontier at a
finite number of points, at most. In fact in the present two-region fully sym-
metric case, it is easy to see that once we have an allocation of permits that
satisfies (3.5), departures from this allocation increase the difference from
equality of the two sides in (3.5), so that the efficient allocation is unique.
Figure 3.2 therefore illustrates the set of utility vectors associated with different
allocations of the total of E* permits and also shows the overall utility possibil-
ity frontier. Each point on the frontier corresponds to a different total emission
level and therefore to a different total number of permits, and for each point on
the frontier there is one way of allocating the corresponding total of permits
that is efficient and gives the utility vector on the utility possibility frontier. 24

3.4.3 Pareto-Improving Reallocations from North to South: Win-Win
Solutions — A consequence of proposition 2 is that in general a competitive
market in emission permits admits changes in the total and the distribution of
permits that are Pareto improving, something that is of course not possible in
competitive markets for private goods. Figure 3.3 illustrates such a situation.

This figure refers to two regions, called, for obvious reasons, North and
South. Both are identical in production possibilities and preferences. The pro-
duction frontier and two indifference curves are shown. We consider a decrease
in the total number of emission permits (an increase in abatement) coupled with
a transfer of permits from the North to the South and show that this can be
Pareto improving for both regions simultaneously.

The initial abatement level is given by the vertical coordinate of the lower
of the two solid horizontal lines and the final by that of the higher. The initial
production point is therefore determined so that abatement by each region is
half the initial total. Relative prices of permits and the private good are given
by the slope of the production frontier at this point, and the initial permit dis-
tribution is such that the initial abatement levels of the North and South are as
shown. This leads to consumption levels for the North and the South on the
higher and the lower indifference curve, respectively.

Now consider a different and lower total of emission permits, one corre-
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24Lin [20] solves analytically for the curves in figure 2 for specific utility and production functions.
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sponding to the higher final abatement level. Each region has to produce less
of the private good and abate more, as shown by the point ‘‘final production.’’
At the same time as the total abatement target is raised, the South’s abatement
target is lowered (from ‘‘South initial’’ to ‘‘South final’’), and the North’s is
raised. In other words permits are transferred from North to South while the
total is reduced. The new equilibrium consumption levels are as shown. Both
regions are now better off, and the level of world emissions is lower.

3.4.4 The General Case — The result in proposition 2 holds for the general
case, but the argument is less intuitive. Formally, we establish the following
proposition:

Proposition 3 Let E* be the level of total emissions at a Pareto-efficient
allocation of resources in the economy described in section 2. Assume that
regions maximize utility subject to the budget constraint (3.8) given by the
ability to trade emission permits. Assume furthermore that a regularity condi-
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Figure 3.3 A redistribution of property rights from North to South can make both
better off.
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tion defined in the Appendix is satisfied. Then of all possible ways of allocating
the total emission E* among the regions as initial endowments, only a subset
of measure zero will lead to market equilibria that are Pareto efficient. Alter-
natively, almost every allocation of permits between regions will lead to inef-
ficient outcomes. If the inequality (I � 1) � m � (I � 1) � m holds, then only
a finite number of ways of allocating the emission rights lead to efficiency.

The proof of this proposition is given in the Appendix. Strict concavity and the
regularity assumption are needed for this result. Otherwise, one can construct
counterexamples. For example, with quasi-linear preferences of the form
ui (a) � ai ci , ai 	 0, there might be infinitely many allocations of permits that
will lead to efficient outcomes.

Although the dependence of efficiency on distribution runs quite counter to
the thrust of the first and second welfare theorems, there are parallels in the
literature. For example, in economies with increasing returns to scale, there are
some allocations of a given total of initial endowments that are compatible with
attainment of efficiency at a marginal cost-pricing equilibrium and some that
are not (see Brown and Heal [1]). The orthogonality of efficiency and distri-
bution might therefore be limited to ‘‘classical’’ economic environments free
from increasing returns and public goods or externalities. In fact, there is a
perspective from which increasing returns and public goods are closely related,
so that this connection is not surprising.

3.5 Lindahl Permit Markets

In this section we compare the permits markets modeled previously in which
there is a uniform price for all buyers and sellers, with a Lindahl-type frame-
work in which each region may pay a different price for emission permits. This
is motivated by reference to a Lindahl equilibrium, at which each producer of
a public good is paid by every consumer for each unit produced, and in prin-
ciple all consumers may pay different prices to a given producer. 25 In the pres-
ent context the exact analog would be the following. Any region considering
producing one more unit of emissions would have to purchase from every other
the right to emit that extra unit. It would therefore have to buy an emission
permit from each affected region, with possibly a different price ruling in each
bilateral trade. This would give as many prices as there are in a Lindahl
equilibrium.
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25For a definition of Lindahl equilibria, see Foley [14] or Dasgupta and Heal [12].
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An alternative way of interpreting such a model is to think of markets for
externalities, as described by Meade [21] in his famous bees and apples ex-
ample (see Dasgupta and Heal [12] for an exposition relevant to the present
model). In this context each pairwise externality is a separate commodity, sepa-
rately priced. There are therefore as many prices as there are pairs of interacting
producers and consumers of externalities. In the present context, as the exter-
nalities imposed on a region depend only on the sum of emissions by other and
not on the identities of the emitters, the dimensionality can be reduced so that
the number of prices equals the number of regions rather than the number of
pairs. There is a price for buying the right to pollute from each region that is
the same for every buyer. At a normal Lindahl equilibrium, there are I 2 prices,
one between each pair of the I regions, as each is both a buyer and a seller of
emission rights, whereas with each charging a different price for a permit, there
are only I prices. By comparison, in the framework modeled previously, there
is only one price.

If each region faces a region-specific price for emission permits, the budget
constraint (3.8) is changed to

c p � y p � p (E � a ), (3.13)� �i, l l i, l l i,e i i
l l

where pi,e is the price of an emission permit to i. Instead of (3.11), each region’s
first-order condition in production now becomes

�F pi l� � . (3.14)
�y pi,l i,e

Recall that a necessary condition for efficiency is (3.6):

Lindahl-Bowen-Samuelson condition

�u �ui k� �lk�F �c �F �ci i,l k k,l� �l, and for k �/ i, � �l,
�y �u �y �ui,l k k,l k� l � lk k k k�a �a

so that in place of (3.12) the condition for permit markets to attain efficiency is

�uklkp �cl k,l� �k. (3.15)
p �uk,e k� lk k �a
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Because the permit price pk,e is region specific, this condition can now be sat-
isfied without lk (�uk /�ck,l ) being the same for all k. In other words this con-
dition for Pareto efficiency can be satisfied now without an optimal distribution
of income or wealth, which equates marginal valuations of consumption.
Therefore, if redistribution of private goods or emission permits is ruled out,
there is a real efficiency gain to having permit prices that are region specific,
for without them it would not be possible to attain a Pareto-efficient allocation.

Appendix

Proof of Proposition 3

The first-order conditions for efficiency are

equal marginal valuations of consumption

�u �ui k� l �l � 1, ..., m and �k �/ i,k�c �ci,l i, l

where region i is the designated region whose utility is being maximized, lk is
a Lagrange multiplier associated with the constraint that region k reach a speci-
fied welfare level, and

Lindahl-Bowen-Samuelson condition

�u �ui k� �lk�F �c �F �ci i,l k k,l� �l, and for k �/ i, � �l.
�y �u �y �ui,l k k,l k� l � lk k k k�a �a

The first set of conditions, �ui /�ci,l � lk (�uk /�ck,l ) �l, constitute a�k �/ i,
system of (I � 1) � m equations. If they are satisfied, then the second set of
conditions is also satisfied at an equilibrium of a permit market. Therefore, we
need to check only when the equal marginal valuation conditions are satisfied.
Rewrite them as

�u �ui k� l � 0. (3.16)k�c �ci,l k,l

Efficiency now requires that we locate a zero of a system of (I � 1) � m
nonlinear equations given by (3.16).
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What are the independent arguments of the functions in (3.16)? Note that
once the prices of all goods are chosen, the production levels of private goods
and of abatement are determined by equation (3.11), giving first-order condi-
tions in production. And these levels, together with prices and endowments of
permits, determine consumption levels through the budget constraint (3.8) and
the first-order conditions on consumption (3.10). Therefore, the arguments of
(3.16) can be taken to be Ei , i � 1, ..., I and pl , l � 1, ..., m and e. Now, as the
Ei are nonnegative and sum to a fixed number, they form a space of dimension
(I � 1). As there are only m relative prices, the left hand side of system (3.16)
is a function, call it V, defined on In fact it is de-(I�1) m (I�1)�m� � � � � .
fined on a subset of because if E is the vector of endowments and p(I�1)�m�
the vector of relative prices, then p � p(E): Equilibrium relative prices are
determined by initial endowments. The graph of p � p(E) is a subset of

and indeed would be the equilibrium manifold of the economy under(I�1)�m�
suitable regularity conditions.

The function V takes values in (I�1)�m� :

�u (x) �u (x)i k(I�1)�m (I�1)�mV : � → � , V(x) � � l ,k�c �ci,l k,l

where Proposition 3 uses the following regularity condition,(I�1)�mx � � .
which essentially states that the first-order conditions for efficiency in equation
(3.5) change smoothly as prices and permit allocations change:

Regularity condition. The matrix of first partial derivatives of the function
V has full rank.

Note that V is defined on a compact set in (I�1)�m� .
We now distinguish two cases: (1) (I � 1) � m � (I � 1) � m and

(2) (I � 1) � m 	 (I � 1) � m. In case 1 the dimension of the domain of V is
less than or equal to that of the range, the regularity condition implies that the
matrix of first partial derivatives is 1 to 1, and the compactness of the domain
implies that the number of zeros of V is finite.

In case 2 the dimension of the domain exceeds that of the range. By basic
transversality theory, the dimension of a preimage of zero is a manifold of
codimension (I � 1) � m � (I � 1) � m 	 0 and is therefore a set of mea-
sure zero.

Note that an efficient equilibrium will be in the intersection of the graph of
p � p(E) with the zeros ofV. In the case of two regions, there is a simple proof
that this intersection is nonempty.
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CNRS, 1977.

20. Lin, Y. ‘‘A Two-Country Analysis of Efficient Allocations in Permit Mar-
kets.’’ Mimeograph, Department of Economics, Columbia University, fall
1993.

21. Meade, J. ‘‘External Economies and Diseconomies in a Competitive Situ-
ation.’’ The Economic Journal 62 (1952): 54 –67. Reprinted in Readings
in Welfare Economics, ed. Kenneth Arrow and Tibor Scitovsky. London:
Allan and Unwin, 1969, pp. 54 –67.

22. Milgrom, P., and J. Roberts. Economics, Organization and Management.
New York: Prentice Hall, 1992, chap. 2.

23. Noll, R. ‘‘Implementing Marketable Emission Permits.’’ American Eco-
nomic Review Papers and Proceedings 72 (1982): 120 –24.

24. Starrett, D. ‘‘Fundamental Nonconvexities in the Theory of Externali-
ties.’’ Journal of Economic Theory (1972).

25. Stavins, R. ‘‘Transaction Costs and the Performance of Markets for Pol-
lution Control.’’ Faculty Research Working Paper Series, R93-14, John F.
Kennedy School of Government, fall 1993.

26. Stavins, R., and R. Hahn. ‘‘Trading in Greenhouse Permits: A Critical
Examination of Design and Implementation Issues.’’ Faculty Research
Working Paper Series, R93-15, John F. Kennedy School of Government,
fall 1993.

27. Weyant, J. ‘‘Costs of Reducing Global Carbon Emissions: An Overview.’’
Journal of Economic Perspectives (fall 1993).

3 Equity and Efficiency in Environmental Markets • 67


