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ABSTRACT
Strategies for the International Protection of the Environment*

This paper provides a general framework for studying the profitability and stability
of international agreements to protect the environment in the presence of
trans-frontier or global pollution. N countries are assumed to bargain on
emission control. Each country decides whether or not to coordinate its strategy
with other countries. A coalition is formed when both profitability and stability (no
free riding) conditions are satisfied. The analysis shows that such coalitions exist
but that only a small number of countries decide to cooperate. The paper thus
explores the possibility of expanding such coalitions through transfers thatinduce
other countries to cooperate. It is shown that large stable coalitions exist when
low environmental interdependence exists and/or when the environmental
damage functions are near-separable with respect to domestic and imported
emissions. It is also shown that there are cases in which environmental
negotiations can achieve substantial emission control even if countries behave
non-cooperatively.
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NON-TECHNICAL SUMMARY

Every year large amounts of pollutants are discharged into the environment as
a result of human activity. Some emissions are transported in the atmosphere
and in water affecting other countries as well as the global environment. There
are many examples of such trans-frontier pollution. The current policy debate
centres on atmospheric emissions and the associated damages: carbon dioxide
and other greenhouse gases in relation to global warming; CFC in connection
with the ozone layer; and sulphur dioxide and nitrous oxide, which are mainly
responsible for acid depositions.

The transportation of poilutants in the atmosphere and in water is a source of
substantial interdependence among countries: each country receives benefits
from using the environment as a receptacle for emissions and is damaged by
environmental abuse. While the benefits are related to domestic emissions only,
in the presence of trans-frontier and global pollution, the damage is related to
both domestic and foreign emissions and to the foreign emissions which reach
the country from other countries. The problem is therefore one of intemational
externalities, which in the absence of supra-national institutions can enly be
solved by international agreements between sovereign countries.

Several difficulties arise, however, because of asymmetries between the
countries concerned: attitudes towards the environment differ between countries
according to their preferences, their levels of development and their
environmental endowments. An additional difficulty is the incentive to free-ride:
each country would like to enjoy a cleaner global environment without paying for
it. There is therefore an intrinsic instability in any agreement.

This paper presents a game-theoretical framework for analysing the profitability
and stability of international agreements to protect the environment in the
presence of trans-frontier or global pollution. The players are sovereign countries
which interact in a common environment which fulfils many competing functions.
The interaction among countries depends on a very small set of crucial
parameters related to preferences, to technologies and to the transportation of
emissions in the environment. In turn, these parameters are closely related to
the specific pollutant involved. This shows that one should not analyse
environmental negotiations or policies ‘as such’, but should place the analysis
into a context: the analysis also provides a kind of taxonomy of the different
cases, which also helps to explain some conflicting results in the recent literature.

Starting from this framework the main resuits of our analysis can be summarized
as follows:



1) For some poliutants, when the interdependence of emissions is very high,
effective environmental protection can be achieved not only by cooperative
agreements, but also by non-cooperative emission control. As interdependence
decreases, environmental protection can only be achieved by cooperative
agreements.

2) In the presence of trans-national transportation of pollutants, cooperation
among all countries in environmental policy is profitable vis-a-vis
non-cooperative behaviour. In the absence of binding agreements, however, the
free-rider problem makes full cooperative outcomes unstable.

3) In many cases there exist small coalitions among sub-groups of couniries,
which are profitable and stable even if they are second best in terms of aggregate
emissions. In such cases the interaction among players does not correspond to

a Prisoner’s Dilemma: other models (chicken or coordination games) can be
more appropriate.

4) The gains from the partial cooperation in 3) can be used to expand a coalition
by self-financed utility transfers, if environmental policy is backed by other policy
instruments and if a minimum degree of commitment is introduced into the game.

To sum up, partial cooperation in environmental policy can be profitable and
sometimes stable. The resulting coalitions tend to involve a small number of
countries. Wider profitable agreements on pollution control cannot be reached
by environmental negotiations alone (if emissions are the only strategic variable).
By changing the strategy (including an extra policy instrument such as trade,
development or debt policy) and by allowing some change in the rules of the
game (for example, allowing a minimum degree of commitment amoeng a small
sub-group of players in the original sub-coalition), partial coalitions can be
expanded. The paper provides examples of how far a small coalition can be
expanded and under what conditions a partial coalition can ‘buy’ full cooperation.

Our results have some direct policy implications. The common method for
reaching agreement on the protection of the global or international environment
is comprehensive negotiation. Aside from the Montreal protocol on CFCs, the
most important example of this is the current negotiation on climate change,
called for by the UN and involving 137 countries and the EC. These negotiations
which seek full cooperation are usually very difficult and despite the difficulties,
the recent trend has been to make negotiations even more comprehensive.

Our results provide an alternative blueprint for such negotiations: countries (or
groups of countries) with stronger environmental preferences should begin by
forming small coalitions and then try to ‘buy’ other countries instead of aiming for
a comprehensive agreement at the outset. This blueprint may be relevant if one
considers that the key players in environmental negotiations are actually few (say



the EC, the US, USSR, China and Brazil) and that some of them appear to be
already committed.

In addition, the analysis shows that in some cases non cooperative emission
control can be the only effective way and explains, accordingly, why there are
many ‘agreements’ which basically formalize emission reductions which would
have been attained without them.




STRATEGIES FOR THE INTERNATIONAL PROTECTION OF THE ENVIRONMENT

Carlo Carraro and Domenico Siniscalco
LIntroduction

Every year a large amount of pollutants is discharged in the environment, as a
result of human activity in each country. Some emissions are transported in the
atmosphere and in the water and affect other countries as well as global
environment. The trans—frontier diffusion of pollutants creates a problem of
"international externalities”, with negative consequences on welfare and optimality.
A further problem confronting policy-makers is that, in the present institutional
setting, there is no such an institution to impose super-national regulations to
protect the international environment. '

This paper explores the possibilities to protect {rans-national commeons, such
as the atmosphere or the oceans, by means of agreements among sovereign
countries. These agreements can be cooperative or can simply reflect non-
coeperative behaviour. To analyse this issue we characterize international
negotiations as bargaining games in which sovereign countries bargain to set
emission limits. We show how the alternative outcomes crucially depend on a small
set of fundamentals, such as preferences and technology, and on the damage related
to the transportation of the different pollutants in the environmental media. The
analysis makes it possible to re-interpret and systematize some recent and often
controversial results set forth in the literature with reference to specific pollutants,
such as carbon dioxide, sulphur dicxide, and CFC (CY, Barrett, 1989,1990; Bohm,
1990; Hoel, 1990, 1991; Raitala-Pohjola-Tahvonen, 1990; Maler,1989, 1990;
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Newbery, 1990; Van Der Ploeg-De Zeeuw, 1990). In addition it explores new
strategies to protect the international or the global environment.

The main conclusions can be summarized as follows:

1) the strategic interaction among countries in 2 common environment does not
lead necessarily to the "tragedy of commons", but there is a full range of voluntary
agreements to control emissions, even if cooperation among all countries is typically
unstable;

il) beyond non-cooperative emission control, in particular, there exist partial
cooperative agreements among sub-group of countries which are not undermined
by free riding;

iii) the partial coalitions mentioned above tend to be small; in such cases,
however, gains from partial cooperation can be used to sustain much broader
coalitions by inducing other countries to cooperate through seli-financed utility
transfers. To sustain broader coalitions, however, two conditions must be met:
environmental policy must be backed by other policy instruments, and a minimum
degree of commitment must often be introduced into the game.

The main policy implications of the analysis are straightforward: partial
cooperation in environmental policy can be profitable and, sometimes, stable. The
resulting coalitions tend to involve a small number of countries. These coalitions
however can be expanded through appropriate changes in the strategies to sustain
environmental cooperation. This route to environmental protection seems to be
much simpler to achieve and maintain than a full cooperative agreement among all
countries. It could therefore provide an alternative and more pragmatic blueprint
for environmental negotiations, which usually seek full cooperation.

‘The paper is divided into four sections. Section two introduces a general



framework and defines the main kind of agreements which can lead to pollution
contrel; it also provide three main results on stable coalitions. Section three
specialises the results to a class of benefit and damage functions, showing that the
various kind of agreements proposed in section two may correspond to possible
outcomes in plausible situations; section four, finally, discusses the main results
and policy implications of the proposed analysis, toghether with some extensions

and scope for furher work.

II. The Analytical Framework

IL.1 Plavers, Pavoffs, Strategies

Consider n countries (n=2) that interact in a common environment, and bargain
over emissions of specific pollutants. Each country i benefits from using the
environment as a factor of production and as a receptacle for emissions. Its welfare,
however, is negatively affected both by its own emissions xj and by a given share gj
of other countries’ emissions X-x;, where X=x]+...4Xj+...+Xy. Parameter g is
computed using a pollutant-specific transportation model; ¢j can be interpreted as
an aggregate parameter derived from a general transportation model (e.g. the
RAINS model) that identifies the amount of pollutant ajj transported from country j
to country i. We focus on a single, aggregate parameter for simplicity's sake.

Country i's benefit and damage enter a welfare function Pi(x) = Bj(x;) -
Dj(xi,@j(X~x1)), where Bj(x;) denotes benefits arising from the use of environment
for production and consumption activities, Di(xj,a3(X~x1)) denotes damages (utility

losses) determined by pollution emissions, and x = (x...xp).



Consider the benefit function Bi(xj): a reduction in pollution, which can be
achieved through domestic environmental policies, is costly and reduces benefits.
The benefit function, which depends on abatement cost, is country—specific and is
related to technology, economic structure, the level of development and
environmental endowments. By technology we mean more than the mechanical
process of turning inputs into outputs; we mean useful knowledge and experience,
institutions and organizational form, norms and values that impinge upon and
govern the processes of production and exchange.

The damage function Dj(x;j,zi(X-x;)) depends on country's perceived effects of
emissions of a given pollutant, as well as on the evaluation of such effects. It is thus
mainly based on a subjective, country-specific, evaluation of environmental goods.
The parameter aj, 0=gj=<1, reflects pollution externalities; it is equal to zero if the
pollutant has only local effects, i.e. when foreign emissions do not reach country i; it
can be equal to one if domestic and imported emissions have equal weight for
country i, as in the case of global pollutants such as greenhouse gases. The specific
functional form of Dj(.) can be determined using appropriate models of
Environmental Impact Evaluation (EIE). Such models usually contain both the
measurement of the relevant physical damages and their evaluation, the two being
summarized in an index.

Let 6; be the maximum level of pollution emission for country i; it is computed
by maximising environmental benefits Bj(xj) without taking into account the
associated costs evaluated through the function Dj(.); 4 is also a measure of country
dimension and development.

The "emission game" between the n countries is thus defined by a triple

(N,S,P), and by appropriate rules; as usual, N={1...n} is the set of players,



8=81x...xSy, where §j=[0,6i], is the strategy space, P=(P1(x)...Pp(x)) is the payoff
vector. Complete information is assumed. Problems arising in the presence of
asymmetric information will briefly be mentioned in section IV.

In this context, a country may decide whether or not to cooperate with other
countries in order to reduce total emissions (by taking into account reciprocal
externalities). Cooperative agreements are assumed not to be binding. As in the
actual practice, countries consider one pollutant at a time. The decision whether or
not to cooperate is the outcome of a "metagame” in which each country anticipates
the choice (cooperative or non—-cocperative) of the other countries, and the relative
outcomes in terms of emission levels.

We restrict the analysis to one-shot games. Analysing repeated games would
be relevant (in terms of additional equilibrium outcomes) only if appropriate trigger
or stick/carrot strategies could sustain cooperation as an equilibrium outcome.
Emissions, however, can hardly be conceived as a trigger variable which is
expanded in response to other countries' defection: emission reduction, in most
cases such as CO2 or CFC, invelves substantial irreversible investments; expanding
emissions as a retaliation, moreover, would generate an environmental damage
primarily to the triggering country; finally, emission expansions can hardly be used
as a selective punishment. Other effective punishments (e.g. trade protectionism)
could be even more costly for the triggering country and therefore not credible. For
these reasons we believe that trigger or stick/carrot strategies are of little help in
sustaining cooperation, and that the equilibria of the repeated game would coincide
with the equilibria of the one-shot game. We thus concentrate our attention on the
latter.

Let us solve the game by analysing its outcomes under alternative strategic



combinations.

First we assume that countries play simultaneously, and non-cooperatively.
In this case, country i's optimal level of emissions is determined by equating
marginal benefits and marginal costs, given the emission levels set by the other
countries. The solution of the system of first-order conditions determines the Nash
equilibria of the game. For simplicity's sake, we assume the equilibrium to be
unique.

The Nash equilibrium of the non-cooperative game can also be determined by
computing the fixed point of countries best-reply functions. Let Rj(x), x=(x1.xp), be
country i's best reply function, where Rj(x) = {xj : Pj(xj, X—xj)=Pj(si,%Xg-51),
Kg=x]+.--+%j—] +8{+Xj41+...+Xp, for all 5;€S;}. The non-cooperative equilibrium x©
is defined by x© = R(x©), where R(x) = (R1(x)...Rp(x)).

Alternatively, countries can decide to set emissions cooperatively. In this case,
we assume that a bargaining process takes place in order to achieve a Pareto
optimal cutcome. The bargaining process may lead to the formation of a coalition
among j countries, where j goes from 2 (the smaller feasible coalition) to n (when all
countries set emissions by taking into account reciprocal externalities). We name
full cooperation a coalition formed by n countries.

In this work we determine the cooperative cutcome of the game by using the
Nash bargaining solution. This is meant to capture a dynamic bargaining process in
which countries alternate offers until an agreement is reached, and in which the
time-interval between successive offers is arbitrarily short. As argued by Binmore-
Rubinstein-Wolinsky(1986), the outcome of such a dynamic bargaining process
coincides with the Nash bargaining solution of the one-shot game.

Moreover, we use the non-cooperative equilibrium x© = (x91...x%n) as the



threat point of the bargaining process. This means to interpret the alternating
offers model as a model in which players face a risk that, if the agreement is
delayed, then the opportunity they hope to exploit it jointly may be lost.

More formally, using the Nash bargaining solution corresponds to say that,
when j countries reach an agreement, they set emissions in order to maximise the
joint product of the difference between P;j(x) and P9j, the non-cooperative welfare.

Before setting emission levels each country must therefore decide whether to
act cooperatively or not. We model this decision problem by defining a "metagame”
In which countries choose between the cooperative and the non cooperative strategy
anticipating the outcomes of the related emission game. Most environmental
studies model this "metagame" as a one-shot "Prisoner's Dilemma" in which non-—
cooperation is the dominant strategy. As we show in the next section, there exist

many environmental problems that do not correspond to a "Prisoner’s Dilemma”.

1.2 Profitability and Stability

Let Pj(j) be the welfare obtained by country i when it decides to cooperate, and
Qi) be its welfare when it does not join the coalition formed by j countries.
Moreover let J be the set of cooperating countries, whereas JO denotes the set of
countries that play non-cooperatively.

Let us suppose, for simplicity, that all countries are symmetric, that is the
welfare function Pj(x) is not country specific. We do not therefore index the welfare
functions P and Q and their parameters.

The minimum requirement to be imposed for an environmental coalition to be
formed is that the welfare of each country signing the cooperative agreement be

larger than its welfare under no cooperation. In other words, country i gains from



Jjoining the coalition, with respect to the non-cooperative welfare, if P(j) > Po. This
leads to:

Definition 1: A coalition formed by j players is profitable if P(j) > P° for all
countries belonging to J.

This is of course a minimum requirement that may not suffice to induce
countries to sign the agreement. As stated in the introduction, the main problem
preventing the formation of any coalition is the possibility of free-riding by some
countries. The usual explanation is the following: 2s one country can profit from the
reduction of emissions by cooperating countries, it has an incentive to let other
countries to sign the cooperative agreement. If all countries are symmetrie, no
cooperation takes place. In other words, the "metagame” in which countries choose
between cooperation and non-cooperation is represented as a Prisoner's Dilemma.
In such game, cooperation is profitable, but each country has an incentive to defect
once the other countries cooperate. This leads all countries not to cooperate. As we
will see, however, this representation of countries' strategic choice may not be
appropriate if countries’ best-reply function are near-orthogonal.

Let us define the problem formally. For each country, the crucial comparisen is
between P(j), the payoff it gets if it.join the coalition, and Q(j-1), the country's
payoffl when it chooses not to sign the cooperative agreement. Let us define by L)
the function denoting country's incentive to defect from a coalition formed by j
players, i.e. L(j) = Q(G-1) - P(j). Moreover, let P(j+1) - Q(j) = -L{+1), be the
Incentive for a non-cooperating country to join a j coalition (that therefore becomes

aj+1 coalition).
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Definition 2: A coalition formed by j players is stable if there is no incentive to

defect, i.e. Q(i-1) — P{j) < 0, for all countries belonging to J, and there is no incentive
to broaden the coalition, i.e. P(j+1) - Q() < 0, for &l countries belonging to Jo.

This leads directly to:

Proposition 1: A stable coalition is defined by the largest integer j lower than
orequal toj* = arg min [%; L(j)]
o

Proof: This proposition can easily be proved by noting that a coalition is stable for
all j" such that LG*) < 0, and LG*+1) > 0.

We will later show that for given, sufficiently general, welfare functions, stable
coalitions exist. This is not, however, a satisfactory response to the problem of
protecting international commons because, as shown in section ITI, stable coalitions
are generally formed by j* <n players, where j* is a small number, whatever n. We
are therefore concerned with the following question: can the i* players who
cooperate expand the coalition through self-financed utility transfers to the
remaining players that, by definition, have no incentive to join it?

In order to add one player to a J—coalition, the gain that the J players obtain
from meving to a j+1-coalition must be larger than the loss in which incurs the j+1
player by entering it, i.e.

(1) Z@i6+D - PiG) > Qj+10)-Pj+1G+1)
iedJ
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This condition makes it possible to self-finance an enlarged coalition. Is the
broadened coalition stable? The j+1 player does not defect if the transfer is larger
than Qj+1(j)—Pj+1(j+1); however, as by definition of stable coalition, Pj(j+1) <
Qi(+1), i&d, the j players of the original coalition have an incentive to defect; this
Incentive is larger because of the transfer to the j+1 player. Hence the j+1 coalition
is unstable. This leads to the following conclusion: utility transfers from countries
belonging to a stable coalition to non-cooperating countries cennot be used to
expand the initial coalition (because the larger coalition would be unstable), unless
the rules of the game are changed.

Suppose therefore that some countries, but not all, are committed to carry on
the environmental policy. This obviously changes the rules of the game. The
questions to be answered are the following: if all players of the initial, stable,
coalition are committed to cooperation, how many other countries can be induced to
Jjoin the coalition through appropriate monetary transfers from the initial coalition
to the newly entered countries? Which is the minimum number of countries that
must be committed to cooperation if full cooperation (a situation in which all
countries sign the cooperative agreement) is to be achieved? The answer is provided

by the following two propesitions:

Proposition 2: If j countries are committed to carry on the cooperative
agreement whatever the number of countries in the coalition, and if P(j+s)>P(j),
QG+s)>Q() for all pesitive s, ssn—j-1, then at most r countries can be induced to Jjoin
the initial coalition, where r is the largest integer satisfying:
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2) T <jPG+0)-POVIQG+r-1)-PG+0)] = i/(db1 - 1)
where P1 = [Q(+r-1)-PHLIPG+r)-P§)]

Proof: The initial j countries can use their gain from broadening the coalition to
finance other countries'cooperation. This gain is j[P(j +r)=-P@] > 0 if PG+r)>P(j). For
transfers to be seli~fnanced, it must be larger then the incentive to defect for the r
countries that have to enter the coalition. This is r[QG+r-1)-P({+1r)]. Hence:

(2) JPG+0)-PI > r[QG+r-1)-P(+1)]

Moreover, the maximum transfer j[P(j+r)-P(j)] must be larger than the loss

that the total entering countries suffer; this is r[QQ)-PG+1)], ie.
@ JPG+n-P(] > rlQG)-QG+r-1)+(Q(+r-1)-PG+1))]

Notice that (Q({)-Q(j+r-1))<0 and (QG+r-1)-P(+r))>0. Hence, (2" implies (3).
As (2) implies (2'), the proposition is proved. The newly entered countries has no
incentive to defect, and gain from Joining the coalition; the initial cooperating
countries gain from expanding the coalition, and are committed to cooperation. The

new equilibrium constitutes a Pareto improvement.

Proposition 3: If Q(n-1) > Q() for all positive j<n~-1, the minimum fraction of

countries that must be committed to a cooperative strategy for all n countries to
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cooperate is defined by the lowest ratio j | n such that:

@) ¥n > [Qn-1)-PM)VQ-1)-P()] = 1/(1+®9)

where  ®g = [Pa)-PG)VIQn-1-P(w)

Proof: Assume j countries are committed to carry on the cooperative strategy
whatever the coalition that is formed. Given the assumed bargaining process, their
emissions are still a function of the fraction of players in the coalition. Suppose the j
players accept to transfer part or all of the gain from moving to a n—coalition to the
n-j players that do not cooperate. This transfer should compensate the n-j players
for the loss from joining the coalition, and should also offset their incentive to defect
from the n-coalition. In order to compensate the n-j players for the loss from

Jjoining the n-coalition we must have:

B JP@-PE) > (n-(QG)-Pn)

This condition ensures that the enlarged coalition is self-financed. It can be

re—written as:
(5% J[QE-PQE)] > nlQG)-P(m)]
In order to offset the incentive to deviate from the n—coalition the gain P(n)

plus the transfer j(P(n)-P())/(n—j) must be larger than the defector's welfare Q(n—
1), i.e. re-arranging the equation:



T

®) j(Qn-1)-PG) > n(Q(n-1)-P(n))

which is equivalent to (4). Notice that both sides of the equation are positive.

Eg. (6} can be re—written as:
(68) QM-1)-QEN+QM-PGN > nl(Qn-1)-QGN+QG)-P))]

Let us show that (6" implies (5!). Assume that (") holds as an equality and
solve it with respect to Q()-P(j). Then replace this expression into eq. (5'). We get
(2-))[Q(n-1)-Q() > 0 which is satisfied for all positive j < n-1. Hence, condition 4
garantees that both the financing condition (5), and the no-defection condition (6)
are satisfied. As a consequence, the n-j players joining the initial coalition have no
Incentive to defect. The initial j players are instead committed to cooperate. Notice
that the fraction of players that must be committed to cooperation decreases as the
gain from full cooperation increases, and the incentive to deviate from full
cooperation decreases. Finally, the move to the n-coalition is a Pareto

improvement. This proves the proposition.

There exist another possibility to expand an environmental coalition. As non—
cooperating countries gain when the cooperative agreement is broadened (because
they receive less emissions), they could use their own additionzal gains to induce
some countries to enter the coalition. Suppose therefore that non—cooperating
countries agreé to finance environmental cooperation (emission reduction in other
countries). Which is the largest number of countries that can be induced to join a
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stable j coalition?

Proposition 4: A stable outside supported coalition formed by j+r players

exists if P(j+s)>P(j) and Q(j+s)>Q(j) for all positive s<n—j-1, and:

ws) (+r)/n < 1/(1+6) where 8 = [Q(+r-1)=-P{+DVIQG+r)~-QG)]

Proof: Assume a stable j-coalition. Countries who do not join the coalition gain from
financing, through appropriate transfers, a larger coalition, if Q(j+r) —their payoff
when the j+r-coalition is formed - less (Q(j+r— 1)-PG+1))G+r)/(n—j~r) — the transfer
to the j+r cooperating countries - is larger than Q@) - their payoff before
broadening the coalition. This is true if (7) holds. Moreover, QG+r)-(Q(j+r-1)-
P(+1))(j+r)/(n—j-r) must be larger than P(j+r+1), i.e. no more countries want to join

the coalition. This is true if:
@) 5-DIQ(+n)-P(+r+1)] > G+DIQG+r-1)-P+1)]
which can be written as:
&) n[QG+r)-PG+r+1)] > G+DIQG+r)-P(+r)+Q[+r-1)-PG+r+1)]
Comparing (7) and (8"), it is easy to see that (7) implies (8') (and therefore (8)).
We are left with the proof that the players in the j+r coalition have no

Incentive to defect. This is true if P(j+r) — the welfare when the J+r coalition is

formed - plus Q(G+r-1)-P(j+r) - the transfer each cooperating country receives - is
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not lower than Q(j+r-1) - the welfare that each cooperating country would receive
by defecting from the coalition. This implies Q(j+r-1) = Q(+r-1), which obviocusly
holds (we assume that when a country is indifferent between cooperation and
defection, it cooperates). Moreover, P(+r)+[QG+r-1)-P(+1)] is larger than P(j), the
welfare that countries in the stable coalition received before its expansion, becanse
P(+r)>P(j) by assumption and Q{+r-1)-P§+r)>0 by the instability condition; it is
also larger than Q(j), the welfare that countries entering the coalition received
before, because Q(+r-1)>Q() by assumption.

As a consequence all players in the j+r coalition do not defect, all players
outside the coalition do not want to join it, and the move to a j+r coalition

constitutes a Pareto improvement. This completes the proof.

We have thus proposed two ways of expanding a stable coalition. In the first
one, we determine the minimum number of countries that must commit themselves
%o 2 cooperative behaviour in order to achieve an equilibrium in which more

countries cooperate. We call this minimum commitment to cooperation. In the next

section, we show that the commitment of few countries may lead to a stable
coalition formed by all countries. In the second one, we consider the incentive that
non cooperating countries may have to finance other countries' cooperative
behaviour (emission reductions). We call this outside support to cooperation. In the
next section, we show that with this type of menetary transfers the number of
players belonging to a stable coalition may be doubled or even tripled.

Two important remarks must be made in order to clarify some implications of

previous results:
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Remark 1: When the coalition is sustained by a minimum degree of
commitment, and when it is sustained by transfers from non-cooperating to
cooperating countries, an additional policy instrument has to be introduced. Utility
transfers are indeed impossible and/or inefficient if exclusively based on emission
contractions. Large profitable and stable coalitions can therefore be obtained only if
countries bargain over different policy instruments: some examples could be the
coordination of environmental and trade policies, or environmental and debt

policies when LDC countries are concerned.

Remark 2: If a stable coalition, however sustained, exists, the metagame in
which countries decide whether or not to cooperate is not a Prisoner's Dilemma.
Assume countries are symmetric. Assume that a stable coalition is formed: no
incentive to defect exists; all countries, however, have an additional incentive not to
cooperate: as non-cooperating countries gain from the others' cooperative
behaviour, each country has an incentive to let other countries form the coalition.
This is not a Priscner's Dilemma because the situation in which a group of countries
cooperate and the others do not cooperate is an equilibrium of the "metagame”, as

shown by the following 2x2 representation:

Table 1

Country i
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In this table, C.a.nd N denotes the cooperative and non-cooperative strategy
respectively, and the payoff pair (v1,y2) indicates countries' welfare (the ranking is
ordinal). The table represents a situation in which j-1 countries cooperate. A stable
coalition is formed by j countries. Countries i and h do not belong to the set of j-1
cooperating players. Both have an incentive to Jjoin the coalition (by definition of
stability). However, country i's most preferred outcome is the one in which it does
not cooperate, but the other country does cooperate, thus forming a stable j
coaiition. However, if country h does not act cooperatively, country i chooses to
cooperate in order to belong to the stable coalition (by definition of stability). Hence
non-cooperation is not the dominant strategy.

This game is known as a chicken gamel. There are two equilibria (N,C) and
(C,N), but all players, who prefer not to cooperate, have an incentive to convince the
others to cooperate. The game has no dominant strategy; each countiry may commit
himself to noen-cooperation, thus achieving the worst outcome (N,N). The
cooperative outcome (C,C) is not Pareto optimal; it cannot thus be sustained by the
usual trigger mechanism in repeated games.

The empasse is solved by the introduction of asymmetries into the game. If
countries have different preferences, technology or environmental endowment, it is
possible to figure out which countries are likely to form a coalition. For example, in
the case of outside supported stable coalitions, countries with higher abatement

costs are likely to finance emission reductions in countries with lower abatement

1 In the political science literature, it is currently debated whether the game
described al?ove is a chicken e rather than a coordination game. As we want to
emphasize the potential instaigﬂ?ty, at least in the symmetric case, arising from the
Incentive to commit not to cooperate, we prefer to identify the game as a chicken
game.
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costs who therefore form the coalition. In the case of stable coalitions with
minimum commitment, countries in which environmental policy is part of a
package of coordinated policies, or large countries that heavily affect the global
environment, are more likely to commit themselves to cooperation, thus attracting

other cooperators. If the game were repeated, countries with higher discount rate

would be more likely to form a coalition.
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III. Reaction Functions and Stable Coalitions

II1.1 The Damage Function

In this section we show that there exist stable coalitions, outside supported
coalitions, and coalitions with minimum commitment that are formed by more than
two players. Moreover, we show that the existence of such coalitions crucially
depends on the elasticity of countries' best-reply functions.

For analytical reasons, we restrict ourselves to linear reaction functions. As we
will see, however, linearity is not crucial for the results.

Let the benefit function be represented by a concave function which exhibits

decreasing returns of environment exploitation. For example:
) Bilx) = kilx3-%23/2]  i=1,..n

‘When emissions have no cost, the optimal emission level is 6, which therefore
denotes the maximum level of country i's emissions. This parameter depends on
country technology, economic structure, development and environmental
endowment; ki parametrizes total benefit from emissions (the larger kj, the larger
the benefit): it can be seen as a technological parameter.

The damage function is more difficult to specify, being strictly related to the
specific pollutant, to adaptation costs, and to country's preferences. We choose the
following functional form: Dy, K —x5)) = Yamij(xj + 2¢(X~x7))(x;)®. This function
accounts for the previously described features: mj parametrizes the level of
perceived damage from pollution, ¢j is the share of imported emissions (O=gj=14),

and ¢ is the degree of separability of the damage function. When @ = 0, the function
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is separable; as ¢ grows, the negative effects of local emissions are progressively
amplified by imported emissions. Notice that, when ¢ = 0, countries' best reply
functions are orthogonal. As ¢ grows, they become increasingly sloped. Parameter ¢
is pollutant specific; it thus assumes the same value for all countries.

For analytical reasons, we consider two cases: in the first one, the damage
function is separable (¢=0); in the second one, local and imported emissions have

negative, equally weighted, multiplicative effects on national welfare (¢=1):

Case 1 (¢=0): Djlxj,ai(X-x{)) = Yamj(xj + 2ai(X-xj))

Case 2 (¢=1): Dj(xi,o(X-x3i)) = Yamjx;(xj + 2aiX-x3))

These two cases have different implications. As previously noticed, in Case 1,
countries’ best-reply functions are orthogonal, whereas in Case 2, countries' best—
reply functions are negatively sloped2. This implies a different impact of free-riding
behaviour on countries’ welfare, and, therefore, different conclusions about stability

of cooperative environmental agreements.

II1.2 Non—cooperative equilibrium

Let us consider first the non-cooperative equilibrium. As a monotone
transformation of payoffs does not affect the equilibrium ocutcomes of the game, we
divide country i's payoff function by k;. In Case 1, country i's best—reply function is:

2In Case 2, we could have chosen a fully quadratic damage function 2m;(xj+ai(X-
%3))2; This would not change our conclusions, because the reaction function would
still be linear and negatively sloped.
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(10Y xj=6i-mj2kj=7; i=1,.n
whereas, in Case 2,

(10" =i =96jhj - Biln-D/hilxa; i=L,..,n

where hj = 1 + mi/kj, fi = cimi/ki, and x3; = (X-xj)/(n-1) is the average
emissions of the other countries (which are taken as given when computing the
best-reply function).

Eq. (10') denotes a set of n orthogonal best—reply functions, whereas (10")
represents a set of negatively sloped linear functions. The slope decreases as ¢j and
mj/kj become small, i.e. countries are less interdependent when imported emissions
are low, and when the perceived damage is small with respect to abatement costs.
This is a sufficient, non-necessary condition: as Case 1 (¢=0) shows, the best-reply
function can be orthogonal even when ¢j and mj/k;j are very large. Figures 1a and 1b
show the reaction functions in Case 1 and 2.

More generally, consider a separable damage function Dj(x) = dj(xj) + Ci(gj(X~
%)) and a general benefit function Bj(xj). If we linearise country i's best-reply

function around the equilibrium point, we get
(11) x5 =c1/B~B"-4d"P] i=1,...n

where the constant ¢ and the second order derivatives B";, d"j are computed

at the non-cooperative equilibrium x©. Notice that the linearised best-reply
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function are orthogonal, whatever the functions dj(xj) and Cilai(X-x)), and
whatever the transportation parameter gj. Case 1 therefore represents a linear
approximation of a more general case with separable damage functions.

Consider now a non-separable damage function Dj(xj,ei(X-x;)) and a general
benefit function Bj(xj). Linearizing country i's best reply function around the

equilibrium vector x0, we get:

B"3 - [8D"3/6x%4] B"y - [8D';1/6x;]

where D'; = 8D (x3,a(X~x;))/dx;, and the constant ¢2 and the second derivatives
[6D'y/éx;], [6D'3/dx25] are computed at the non-cooperative equilibrium. If [6D'y/6x3;]
is negative and B"; - [6D'j/5x1] is positive, we obtain a set of negatively-sloped
Linerarised best-reply functions, of which eqgs (8") are just a particular case. Case 2
is therefore a linear approximation of a genaral case with non-separable damage
function where (mj/k;)/(1+mj/k;) is equal to {[6D'j/6x3;)/[B"; - 6D'y/dx;]}. Notice that,
in the general non-separable case, the slope of the reaction function increases as
foreign emissions increasingly affect the home country (aj grows), as the slope of the
marginal benefit function decreases, and as the perceived marginal damage from
local and foreign emissions increases.

Having clarified the relationship between the general case and the two
examples that we consider for analytical purposes, let us compute the non-

cooperative equilibrium of the game. Assume, as a benchmark, that all countries



-~ B

are symmetric, that is the benefit and damage functions are not country-specific.

We have:

Case 1.
(13" x05=7 POj=%r2-f(n-1)r i=l.n

Case 2.
(13") x0; = &/[h+f(n-1)] PO; = 62h/[2(h+B(n-1))2] i=1...n

where P¢; denotes the equilibrium welfare for each country; the index i is no
longer used to identify the parameters of the model. It is easy to check that & > x0; >
0 in both Cases. This implies that emission reductions can be achieved even non—
cooperatively, namely a non-cooperative environmental policy can reduce emissions
by (6-x©3)>0. This difference is large whenever the ratio m/k (the relative perceived
damage) is large. This result seems to be in line with some recent experience (e.g.
the Montreal protocol on CFC) where a non—cooperative reduction of emissions
occurred in the presence of low abatement costs, high perceived damage, and high
transportation. As we will see, these episodes are better explained as non-
cooperative emission reductions rather than as the outcome of cooperative

agreements.

IT1.3 Cooperative outcomes

If a country decides to join a coalition, it sets emissions by maximising the
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Joint product of the difference between Pj(x) and P9j, jEJ. As previously explained,
this could be interpreted as the outcome of a bargaining process in which the time-
interval between subsequent offers is arbitrarily small. Country i's (Nash)

cooperative emissions, and the relative welfare, are:

Case 1.
(14) x() =7 - (-1 Pi() = Po; + %82(G-1)2 icJ

Case 2.
(14" x%G) = 6(h-B)/6 >0 ieJ

Pi() = 62(h-A)h2+ph(2-3)-282G-1)1/262  icJ

where 6 = h2 -+ Bh(n+j-3)-p2[2(n-1)—j(n-j)] can be shown to be positive for all
n,j=2 and h>g (we recall that h-f=1+(1-@)m/k>0 for all a€[0,1/2]). 1t is easy to
check the following proposition:

Propeosition 5: Countries' maximum welfare is achieved when cll players
cooperate (j=n). In this case the cooperative welfare Pi(r) is larger than the non—
cooperative welfare P9y, i=1...n, for all values of the transportation parameter
a<[0,1/2] and of the cost | benefit parameter m | k>0.

Proof: The first part of the proposition is proved by showing that, in both cases,

P;(j) is an increasing function of j when j>j*. Hence, Pj(j) is maximum for j=nif
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P(n)>P(2). In Case 1, 3Pi()/dj = 2(j-1), which is positive for j>j*=1. In Case 2,
OP;(5)/5] = 6282[h(j-1)+8(32-j(n+4)+2)1(h-5)2/63
which is positive for j > j* = [B(n+4)-h+(h2-28h(n-2)+82(n2+8n-8))21/68,
where 1 < j* < n, for all n=2. Moreover, it can be easily checked that P(n)>P(2) if
h>8.

The second part of the proposition is shown by looking at:

Case 1.
Pj(n)-Po; = %82(n-1)2 i=l.n

Case 2.
Pj(n)-Poj = 6282(n-1)2/2[h+28(n-1))[h+f(n-1)}2 i=1..n

which are positive for all =[0,1/2] and m/k>0.
It is important to assess profitability and stability of coalitions formed by j

players. Let us denote by yi(j), iEJ9, the emissions of countries that do not join the
coalition. Qi(), IEJ9, is their welfare. We have:
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Case 1.
(%) wid =7 Qi) =Poj +B2j(j-1) icJo

Case 2.
(A5 7() = 6h+B(-2)V6 > 0 forallj=1 icJo

Qi() = 62h[h+4(-2)12/262 ieJo

Notice that, when j=0 (no player cooperates), egs. (15) reproduce the non—
cooperative equilibrium.

We can also clarify the difference between the two benchmark cases (¢=0 and
¢=1) by comparing the behaviour of players who do not cooperate. This is done by
the next Proposition:

Proposition 6: For all j = 2 and all n, countries' emissions can be ranked in
the following way:

Case 1.
6> x% = yi() > %i(§) > x3(n) > 0
Case 2.
4 > ¥i() > x% > xi()
%) > xj(n) for all 2sj=n, iff h > f(n-1)

Proof. Case 1 is trivial. The ranking for Case 2 can be shown by locking at the
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following equations:

¥i()-%0; = 682j(j-1)/8(h+B(n-1)) > for j=2
x0i-%36) = 88G-1)(bB(n~j-1))6(h+B(n-1)) > O for j=2
xi()-xi(n) = 68(n—3)(h-B))/6(h+f(n-1)) = 0 for h>pj

Remark 3: This proposition shows that countries that do not Jjoin the coalition
Increase their emissions, with respect to the non-cooperative case, only when the
damage function is non separable. This is relevant because in the separable case,
cooperating countries do not suffer the damage originating from increased
emissions by non-cooperating countries. This makes cooperation more profitable
(and stable, as shown later) in the separable case. The problem is further clarified
by Figures 2a and 2b that show the "best-reply functions" of an average cooperating
country vs. an average non-cooperating countries, in the two Cases. In Case 1, the

reaction functions are orthogonal, whereas in Case 2 they are negatively sloped.

The four equations are:

Case 1.

xi() =7-BG-D  y@ =<

Case 2.
xi() = [0 - Bln-)yi(HVTh+28G-1)]

¥i0) = [d - Bix;(N/h+28G-1)]
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Notice that, in Case 2, the slope decreases as j, the coalition dimension,
increases (in Fig. 2, full lines denote reaction curves when J is small, whereas
broken lines denote reaction curves when j is close to n). Therefore, the welfare gain
that a free-rider can achieve is larger the larger the number of cooperating
countries (in other words, the difference between v;()-x;(j) increases as Jj increases).

Moreover, the two reaction curves tend to be orthogonal as a and m/k become small.

L4 Coalitions

We now have all information to verify the existence of profitable and stable
cozalitions in the two benchmark cases we are analysing. The profitability of a
coalition can be assessed by comparing P;(j) and P9;, whereas stability can be
checked by showing that the sign of L;(j) = Qg(j-l);Pi(j) changes at some j* < n.

We show that:

Proposition 7: Ir case 1, Pi(j) > P9; for all j > 1, whereas, in Case 2, Pi(j) > Po;
if JIn, the share of countries that cooperate, is larger than s*(j), where
. Bi[h(j+1)-2B]
(16) ST(J) = mmmmmmm e e —————— > 0
J(h=B) [h(h+2B(3-1))I%-(h2-Bh(J(J-1)+3)+282)

Moreover, 3s™(j)/&j < 0, and 65™(j)/og < 0, where g=h /B, ég/da < 0, bg/dm < 0.

Proof: In Case 1, Pj(§)-P9;=%82j(j~1)>0 for j>1, which proves the first part of
the Proposition. In Case 2, the numerator of the difference P;(3)-Po; is:

(17) n282[28-h(j+1)]-2nB282-Fh(2-j+3)+h2]+[283-B2h(2(+ 1)-3j+5)+
+28b2(2-2j+2)+h3(j-1)]
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whereas the denominator is positive. Solving eq. (17), we get condition (16).
Moreover, s*(j) is positive because the numerator of (16) is positive for allj = 1,
wherease the denominator is positive because it is positive for j=2 and it is a
growing function of j for all h and §. Finally, tedious algebra show that s*(j)

decreases as j increases, and as a and m decreases.

Remark 4: In Case 2, Proposition 7 proposes a condition j/n>s*(j), in which
both sides depend on j, the number of cooperating players. This may raise some
doubts on the existence of a critical level j*, 2<j*<n, that satisfies i*m=s"G%.
However, j/n is a growing function of j, whereas s*(j) is a decreasing function of 3-
Moreover, 2/n is lower than s5*(2), whereas n-1/n is larger than s*(n-1). Hence,
there exists a unique j* such that j*/n = s*(*) (because s*(j) is monotone); moreover,

j* is smaller as @ and m/k become smaller, i.e. as the reaction curves become
orthogonal.

Proposition 8: In both Case 1 and Case 2, there exists a stable coalition. In

Case 1, the steble coalition is formed by 3 players, whereas in Case 2 there exists a
stable coalition if n < n*, where

(18) n* =[5g-2-g2+2(g-1)(glg+2)¥)/(3g-2) g=h/f=2

In Case 2, the number of players forming the coclition is 2 for all finite g
Proof: In Case 1, Qj(-1) - P;j(j) = %82(j-3)(j-1) which is equal to zero when j=3
(the smallest coalition is formed by two countries. i.e. j=2). Hence, there is a unique

stable coalition formed by three players. In Case 2, we show the existence of a



=81 =

stable coalition by using Weierstrass theorem. Assume for 2 moment that j is a real
number; Ly(2) < 0 if n<[5g-2-g2+2(g-1)(g(g+2))%3]/(3g-2), whereas Li(n)>0 for g=2.
Moreover, the function Li() is continuous. Hence, by Weierstrass theorem, there
exists a real number j# such that Li(G¥)=0. The stable coalition is formed by the
largest integer j smaller than or equal to j¥. However, Li(3) > 0 for n > [Bg+4-
g2+(g-l)(g(g+4))%]/2g which is implied by nz3, whatever the value of g<=. Hence,
for all n*=n=3 there exists a unique stable coalition formed by two players only.

Remark 5: This proposition shows that in both Cases there exists a stable
coalition. In Case 2, the existence condition (18) depends on g: in particular, én*/ég
> 0. As g is a decreasing function of @, this means that a stable coalition is more
likely to exists when « is small, i.e. when the reaction functions tend to be
orthogenal. The condition is not binding when =0 (g=w), that is when orthogonality
holds. When g is large (above 100), condition (18) can be approximated by the
following inequality:

(19) n=sg3

which clarifies that a stable coalition cannot exists if there are "too many"
players in the game, and/or the slope of countries' best-reply functions is "too"

negative (the slope absolute value increases as g decreases).

Remark 6: The results of Proposition 7 confirms that the "metagame” in
which countries decide whether to cooperate or not is not a Prisoner's Dilemma.

However, the number of cooperating players is very smail (2 or 3); our results cannot
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therefore be considered a satisfactory solution to the problem of reducing global
emissjons. We must explore other ways of achieving stable (and large) coalitions by
intreducing the possibility of utility transfers (through an additional policy

instrument) and partial commitment.

J1.5 Expanding coalitions.

The first possibility to expand a coalition proposed in the previous section is
based on the commitment of some players belonging to the original coalition. What
we want to determine is: (i) the largest coalition that can be attained if the j
members of the criginal stable coalition are committed to cooperation; (ii) what is
the minimum commitment which is necessary to achieve full cooperation.

This analysis could be relevant when some countries are committed to carry
out a cooperative environmental policy (whatever the behaviour of other countries)
because environmental cooperation is part of a wider program of cooperative
policies (for example, EEC countries).

Consider first the case in which j countries belonging to a stable coalition are
committed to cooperation. Using Proposition 2, we compute the following tables,
that show the largest attainable coalition in Case 1 and Case 2, as a function of the
number of players of the game:

Table 1: Case 1.

Countries n=10 n=100 n=1000

Coalition J+r=7 Jj+rs7 J+xrs7

e i e L L T T T p———
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In Case 2, the coalition dimension is also a function of reaction functions’

slope, as summarised by the parameter g=2:

Table 2: Case 2.

Elasticity g=2 g=10 g=100
n=10 j+rs2 j+rs<s2 Jj+xrs4
n=100 J+rs2 J+rs<2 J+xrs2

--------------------------u--au--—-x------g-n-----‘¢=--=--:

Notice that, in Case 1, the largest coalition is independent of n, the number of
Players of the game; by contrast, in Case 2, as n grows, the incentive to defect
becomes larger: this makes it irrelevant the original j countries' commitment and
their monetary transfers to other countries. The largest coalition is still formed by
two countries only.

Secondly, we consider the minimum degree of commitment that has to be

introduced to achieve full cooperation. Using Proposition 8, we get:

Table 3: Case 1.
Countries n=10 n=100 n=1000
Coalition j25 j=60 j=2618

In Case 2, the number of committed countries also depends on reaction

functions' slope:
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Table 4: Case 2.
Elasticity g=2 g=10 g=100
n=10 j=9 =7 j=26
n=100 j=98 j=91 j=z68

Notice that, unless the reaction curves are orthogonal (Case 1) or near—
orthogonal (Case 2, g=100), almost all countries ought to commit themselves to

cooperation in order to achieve an equilibrium in which all countries cooperate.

Remark 7: Previous tables show that, in the two benchmark cases, the
commitment of j* countries is sufficient to lead to full cooperation, if the j* countries
are ready to transfer gains from cooperation to the other countries. It is however
necessary that: (i) there exists an additional policy instrument with which utility
transfers can be carried out; hence, environmental policy should better be studied in
connection with other policies; (ii) for the countries committed to cooperation, there
exist gains coming from other types of policy coordination that compensate for the
loss originating from the monetary transfers and the commitment to cooperation.
Again, therefore, environmental policy ought to be analysed considering its

relationship with other policy decisions.

The second possibility proposed in the previous section is based on the non-
cooperating countries’ incentive to finance cooperative emission reductions. This is

the case, for example, of countries with large abatement costs that may finance
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emission reductions in countries with low abatement costs. The possibility exists
even when countries are symmetric. Using Proposition 4, we obtain the following

tables, that show the largest stable coalition attainable through monetary transfers

from non-cooperating countries:

Table 5: Case 1.

I N N NN R R R EX IR S A R DN NN N A EE ST EEEsrEmsDos

Countries n=10 n=100 n=1000

Coalition J+rs7 Jj+r=67 j+rs666

xz--us-'-------'=:-ntz:--z:::z‘n-‘u‘:u-ﬂan--:znx:--haxﬂw-zz

Table 6: Case 2.

-u=----------m----a:---uz-nnzssszgz---:-=-azn-z-n=-----n-z=

Elasticity =2 g=10 g=100
n=10 j+rs2 j+rsé J+xrs7
n=100 j+r=s38 Jj+r=s45 j+r=<60

---------n------.---------w--xu--u-----ug------—-u---------

These results show that outside support to environmental cooperation
(monetary transfers from non-cooperating to cooperating countries) can be a
powerful instrument to achieve large stable coalitions. Even in the non-separable
case (Case 2), large stable coalitions can be attained.

Remark 8: The possibility that some countries finance other countries’
cooperative emission reductions can have relevant effects on the global
environment. However, even in this case, an additional policy instrument, through

which utility transfers are carried out, has to be designed; moreover, feedback
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effects on environmental coordination ought to be explored, unless this policy
instrument is independent of emissions. Finally, the non-cooperating countries (at
the environmental level) should coordinate their decisions on the second policy

instruments, in order to rule out free-riding on utility transfers.

IV Main Results and Policy Implications

IV.1 Non-cooperative vs. Cooperative Emission Control
The analysis presented so far has been carried out into two steps. The first

step introduces the main definitions and concepts by means of a general model,
whithout assuming any particular form for the benefit and damage functions. The
second step shows that the various kinds of outcomes examined in general terms
may correspond to plausible situations.

Consider first non—cooperative emission control. Countries which interact ina
common environment with mutual externalities set their emissions by equating
their own marginal benefit to marginal damage, given emissions set by the other
countries. In this context, country i's actual emissions are lower than emissions é;
which maximise the benefit; moreover, non-cooperative emissions are increasingly
reduced if the transportation of the pollutant is high, the damage is high, the
abatement costs are low. The non-cooperative reduction of emissions, in other
words, is greater the higher is interdependence, i.e. whenever the best-reply
functions are mutually elastic and negatively sloped.

There are reasons to believe that some international protocols to protect the

commons are to be obtained (or have been obtained) as non-cooperative cutcomes,
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and that the corresponding negotiations can be seen as pre-play communications in
order to reach a Nash equilibrium.

Consider now cooperation. Countries, in this case, bargain over emission levels
in order to achieve an optimal aggregate outcome; they set emissions by taking into
account reciprocal externalities. As showed in section III, cooperation among all
countries is profitable and optimal, but it is intrinsically undermined by free-
riding behaviour. If the best-reply functions are orthogonal or near orthogonal,
however, there is scope for cooperation, and partial cooperative agreements among
small groups of countries can be profitable and stable.

The above considerations suggest that, in environmental negotiations, there is
2 sort of trade—off. When the best-reply functions are negatively sloped there is a
high degree of interdependence and non—cooperative emission control can lead to
substantial results. However, if one or more countries unilaterally or cooperatively
reduce emissions below the non-cooperative level, this contraction is offset by an
expansion by non-cooperating countries. This kind of interaction undermines
cooperation, because the free-riding behaviour implies a substantial loss for
countries who wish to cooperate.

With orthogonal or near orthogonal best-reply functions the situation is
somehow opposite. Non-cooperative emission control leads to small emission
reductions, but the scope for cooperation is now greater: if 2 number of countries
cooperatively reduce their emissions, this reduction is not offset by free—riders, who
simply enjoy a better environment without paying for it. In this case, gains from
partial coopération can be used to finance various cooperative agreements. We
explored two possibilities: first, a small coalition can use the gains from partial
cooperation to induce other countries to enter the coalition, by compensating gains
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from free-riding. In this case, a minimum degree of commitment to cooperation is
required. Secondly, a group of non-cooperating countries can subsidize a
cooperative reduction of emissions in other countries.

' The expanded coalitions, which can be self-financed up to a certain number of
players, require that environmental policy be backed by other instruments (e.g.
trade or financial policy) to transfer welfare; this requires a change of strategy vis a
vis the typical environmental negotiation, where countries bargain only on
emissions. In addition to this, expanded coalition may also require a commitment
by a certain number of countries; this commitment, which is much less demanding
than the commitment by all countries, may even lead to full cooperaticn.

The choice between cooperation and non-cooperation, as well as the level of
emissions in each case, are the key decisions of the game. As we just recalled, they
crucially depend on the slope of countries' best-reply functions.

IV.2 The Determinants of Interdependence

As the relative slope of the best-reply functions is so important, let us re—
consider, from the economic point of view, the main conditions which lie behind the
different cases.

Let us first consider a non-separable damage function, and the related payoff
and best-reply functions as in Case 2 of section III. In this case, the reaction
functions tend to become mutually elastic if ¢ is large, and/or if g = h/f is small (ie.
m/k is large), and/or ¢ is large. The first condition is quite easy to understand: with
a high transportation parameter a, a great proportion of foreign emissions hit
country i, which therefore changes its action in response to greater foreign

emissions.
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The second condition (m/k large) needs some discussion. For any given
damage, if the abatement cost is very high, country i will respond to a contraction of
foreign emissions by expanding its own. By the same token, the higher is the
damage the greater will be the contraction in response to greater foreign emissions
(and viceversa): hence the high interdependence.

The above examples, of course, are only sufficient conditions, because
orthogonal best—reply functions can be obtained even under the third condition (¢
small): in this case, if ¢ is sufficiently small, the best-reply functions are orthogonal
even when a and m/k are very large. This is the case, for example, of a damage
function separable in domestic and foreign emissions, as in Case 1 of section III.
This specification, which is rather common in the literature (Cf. Maler,1990;
Hoel,1990), implies that, at the margin, country i will not respond to other
countries’ emission variations (each country has a dominant strategy in terms of
emissions).

Over and above the examples, it is important to understand that the pattern of
envircnmental interaction among countries depends on the mutual elasticity of the
best-reply functions, which determines the interdependence of decisions. ‘

How often can environmental interdependence be captured by orthogonal,
rather than negatively sloped, reaction functions? Given the relevance of their
slope, we believe that the crucial parameters and functions in a model of
environmental policy coordination can only come from serious applied work.

Estimates of the international transportation of pollutants can be obtained
with specific models, such as the RAINS model of SO2 and NOX developed by
IIASA; they can also be based on judgemental evaluations: in the case of pollutants
with only global effects, such as CO2 or CFC, for example, parameter a implies full
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transnational effect.

Estimates of the abatement costs of various emissions (i.e. the estimate of the
parameters entering the benefit function) do not involve particular difficulties, and
can be based on single-country or multi-country econometric models, which
consider a full range of macro-economic feedbacks. A interesting OECD paper
(Holler-Dean-Nicolaisen, 1990) surveys a dozen of recent models which assess the
cost of abating greenhouse gases emissions. Beyond the data, the paper is relevant
because it contains a very detailed discussion of the problems which can be met in
such an assessment. To our purpose, it is sufficient to recall that the benefits from
pollution and the associated abatement costs are related to the level of
development, the economic structure and, above all, to the specific pollutant
involved (suffice it to compare the abatement costs of CFC and CO2: reducing CFC
is a matter of changing technologies in sprays and refrigerating devices; reducing
COZ2 affects energy consumption, which is closely related to development and to
life-style).

The most serious difficulties arise in estimating a damage function. On the
empirical ground, a damage function can be obtained econometrically, by estimating
the first order conditions, under several, rather heroic, assumptions. Alternatively,
it can be calculated by means of appropriate environmental evaluation models,
which summarize in an index the physical damage of a given pollutant and its
evaluation. Taking into consideration several damages, adaptation costs and the
like, the indexes produced by ecological models embody a sort of utility function,
which simply reflects the model builder's (or the user's) preferences, but are far
from being "objective™. In this field, therefore, much work still has to be done to

merge the economic and the ecological approach.



Despite these difficulties, we believe that a meaningful analysis of
International interactions in environmental policy cannot be carried out without
empirical data. Only empirical work can Jjustify alternative specifications of
countries’ interdependence. Only empirical work, moreover, can support the
intuition we submit: while in the traditional case of commeon-property goods
(fisheries, pastures, forests, etc.) the best-reply functions are non-orthogonal, in
the case of some global pollutants, e.g. CO2, the best-reply functions are probably
orthogonal (or near-orthogonal), because the damage function is plausibly
nonlinear but separable. In plain words, the damage resulting from various
emissions is associated to the total amount of pollutant in country i, as a sum of
domestically produced and imported emissions.3

This intuition of course needs further investigation on the empirical ground.
But if it proves correct, the analysis of cocperative agreements carried out in section
mmaybemmerelemtfurmmemnentpoﬁcydismssioml‘heﬁuitﬁﬂnessofthe
analysis is enhanced if cne takes a few large groups of countries — such as the EEC,
US, USSR, Eastern Europe, China the NICS and the LDCs- as the relevant
players. In this case a stable coalition of three committed players could even lead to
'full cooperation (see section III above).

To elaborate this point, assume.that a small group of big players - say the
seven big groups mentioned above - negotiate over the reduction of a specific

pollutant, say COZ, in the presence of near-orthogenal best-reply functions. Non

3 Non separable effects probably occur if we consider that various pollutants

roduce combined effects (for example the damage of CO and SO2 is combined).

]F["hm sort of considerations is usually ruled out in environmental negotiations which
consider one pollutant only.
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cooperative control, in this case, implies a limited reduction of emissions. There is
some scope, however, for partial cooperation. Let three countries form a stable and
profitable coalition. If these countries commit themselves to cooperation they can
"buy” all the other players and reach full cooperation by self financed utility
transfers.

Another possibility is to create coalitions that are sustained by transfers from,
non-cooperating to cooperating countries. In this casegtoo, utility transfers are
viable and efficient only if environmental policy is backed by other policy
instruments. This case provides = rationale to the recent European proposal of
subsidizing a pollution reduction in some areas, e. £ Easi:;em Europe or the LDCs,
especially if they have relatively lower abatement costs. This proposal has been the
object of much analytical work (e.g. Newbery, 1989; Maler; 1990).

It may be interesting to note that the possibility of partial agreements, which
is usually discarded in theoretical models, is often adtf*ocated in applied policy
prooposals (Nitze, 1990). This case gives a rationale to the advocates of a
Progressive extension of environmental cooperation fré:m Europe, to OECD, to
China, Russia and the NICS and the LDCS. To extend cooperation, however,
environmental policy ought to be linked to other poli@:ies, such as technology
transfevs, debt policy, development aid, trade policy, ete.

IV.3 Conclusions and scope for further work

In the next few years, the international Protection of the environment will
increasingly rely on international agreements, which however seem to involve

substantial difficulties as they seek to reach a cooperative ;agreement among & large



- 43 -

number of countries. To what extent can the proposed analysis be useful, and how
can it be extended? :

We believe that our results show that "tragedy” is not the inevitable outcome
for the trans-national commons in the absence of a supernational institution; a
Leviathan does not s¢em to be the only way to protect the international
environment whenever property rights are not applicable, as it was claimed in the
early literature on the commons (Hardin, 1968; Hardin-Baden, 1877; for a recent
discussion Cf. McCay-Acheson, 1987; Ostrom, 1990). On the contrary, our analysis
shows that there is a range of possible voluntary agreements among sovereign
countries to protect the atmosphere and the oceans.4

Our model makes it possible to systematize different "models of agreement”
which are often discussed in the applied policy Literature {e.g. Bohm, 1989; Grubb,
1989; Nitze, 19940). It chows that.non—cooperative emission control can be
appropriate in some cases of high int.erdependence. It shows that in other cases
they are almost ineffective, but there is room for small coalitions. In the latter case,
it explores mechanisms ‘which can sustain and expand cooperative agreements. The
message of this paper ls that this sort of agreements are much easier to achieve
than full cooperation, which is difficult to reach and typically unstable.

If we want to use our framework for policy analysis, however, other problems
must be preliminaril_y solved. First of zll, asymmetric players ought to be

introduced. The empirical analysis, incidentally, would become much easier if we

4 This does not mean, of course, that a super-national environmental agency is
not desirable. On the contrary, cooperative agreements can be seen as ways of
setting such an institution.
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allowed for countries’ asymmetries in preferences, damages and abatement costs.
These asymmetries can help explaining who starts a coalition, and who has an
incentive to expand it. Secondly, it would be essential to provide a sort of taxonomy
relating the various pollutants to appropriate damage functions. Only in this case,
will it be possible to contextualize policy analysis, and to obtain meaningful results
for each case. Thirdly, it would be necessary to re—appraise the instruments to
implement cooperation. Emissions, in many cases, are very difficult to monitor. The
various economic instruments to implement an agreement, therefore, must be
designed in order to prevent cheating. So far, the literature compared the various
agreements in terms of efficiency, i.e. maximum profitability. Our analysis proposes
another criterion: an instrument must be efficient, but it must also be effective in
preventing or discouraging free-riding. In other words, it must be designed also to
promote the stability of the agreements.

Finally, we should work on two extensions. Firstly, asymmetric information.
As we mentioned already, preferences cannot be observed. If we remove the
assumption of complete information, each country that is induced to enter a
coalition would be tempted to overstate the cost and claim for greater incentives.
The solution to this problem is to embody an appropriate information or self-
selection premium in the incentive to each country that enters the coalition.
Secondly, the benefit function must account for the effects of transfers. This
prevents the analysis of environmental policy as such, and requires to integrate it
in a wider analysis which considers also trade, development and other economic

variables in the payoff of each country.
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