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Abstract

This paper emphasizes the value of addressing both environmental and de-
velopment objectives. We consider one altruistic developed country and several
heterogeneous developing countries. It is demonstrated that the coordination
issue of countries to tackle climate change finds a simple solution when develop-
ing countries can expect to receive development aid transfers from the developed
country. The timing of decision is central to the mechanism: Development aid
transfers should be decided after global pollution is observed. The main restric-
tion of our result is that it only holds if the developed country is altruistic enough
to make positive development aid transfers to developing countries. Nevertheless,
even from a purely selfish point of view, it is profitable for the developed country
to implement an altruistic policy — which leads to higher welfare for all countries.
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1 Introduction

In a world of rising inequalities and climate change, development and environmental
policies are of crucial importance and represent a major challenge for governmental and
international institutions. Combating climate change requires efforts from all countries,
even if some differ in terms of wealth, and coordination between them. The public-
good aspect of emissions abatement is such that coordination failure typically leads to
an insufficient amount of pollution reduction. Moreover, emission reduction efforts are
extremely demanding for developing countries, which face several other challenges such
as peace, education and health. Ambitious development policies are hence a prerequi-
site for the poorest countries to have the capacity to implement environmental policies.
Nonetheless, development and environmental policies are often thought of separately.
As such, the United Nations devote two of its most important programmes to devel-
opment and environmental issues, with the United Nations Development Programme
on one hand and the United Nations Environment Programme on the other. In the
United States, development and environmental affairs are delegated to two powerful
independent agencies, the US Agency for International Development and the Environ-
mental Protection Agency. In recent years, there are initiatives that attempt to link
the two aspects. For instance, the World Bank Group, whose objective is to promote
the development of countries, announced on 3 December 2018 during the 2018 United
Nations Climate Change Conference that it would invest 200 billion of US dollars to
support countries taking action against climate change from 2021-25. In this vein, the
current paper emphasizes the value of addressing both environmental and development
objectives in a single framework. In particular, it is shown that a well-designed inter-
connection of development and environmental policies can help to solve coordination
problems between developed and developing countries.

We consider one developed country and several heterogeneous developing countries.
All the countries are assumed to be concerned about their own consumption and the
sum of all emissions abatement. Furthermore, the developed country cares also for the
welfare of the developing countries. Countries fail to properly internalize the benefits
that their emissions abatement have on the other countries. When the environmental
dimension is considered in isolation, coordination has proved being very difficult to
achieve, with significant problems of information asymmetry resulting from the inabil-

ity to accurately observe other countries’ environmental efforts and associated costs.



The difficulties that countries have had in agreeing on a level of emission reductions
during the various rounds of United Nations Climate Change Conferences highlight
this coordination problem.

The main result of the paper shows that the coordination issue finds a simple so-
lution when developing countries can expect to receive development aid transfers from
the developed country. Indeed, even though developing countries do not care for the
welfare of the other countries, they anticipate that making sub-optimal environmental
efforts will lower the amount of transfers they will receive from the developed country,
as this latter will decide to make greater abatement and will be more affected by pol-
lution, fewer resources being left for development-aid purposes. Once the endogeneity
of development aid transfers is properly taken into account, the best strategy of the
developing countries involves abating exactly the socially optimal level. This provides
them with the best combination of monetary transfers and environmental benefits.

The timing of decision is central to the mechanism. For incentives to work properly,
development aid transfers should be decided after global pollution is observed. In
practice, this means that developed countries should not commit to a given amount of
aid at climate negotiations, but to a given degree of altruism which will determine the
transfers they will make later on, once aggregate abatement is observed. An interesting
aspect of the mechanism is that there is no need to observe each country’s abatement.
Global pollution and country specific consumption levels are sufficient information.
The anticipation of forthcoming development aid transfer allows therefore to solve the
coordination problem in spite of information asymmetry.

The main restriction of our result is that it holds only if the developed country is
altruistic enough to make positive development aid transfers to developing countries.
Otherwise, developing countries anticipate that they will not receive development aid
and therefore tend to reduce their efforts. This is of course a serious problem in
today’s world where key players are more inclined to reduce their transfer to developing
countries. As we will explain, however, the altruistic policy is profitable even from a
purely selfish point of view. In other words, exhibiting altruistic preferences can be
used as a strategic device by the developed country to generate efficiency gains, which
will be shared among all countries.

To our best knowledge, there is no paper that is particularly close to ours. Neverthe-
less, the current paper contributes to several strands of literature such as environmental

economics and development economics, and more specifically to the literature that is at



the intersection of the two (for instance, (Chambers and Jensen| (2002), Bretschger and
Vinogradoval (2015), Hamdi-Cherif et al.| (2011))). The paper connects to the literature
on household behavior, and more specifically the Rotten Kid theorem, introduced by
Becker| (1974)), more broadly investigated by Bergstrom| (1989)).

The remainder of the paper is structured as follows. Section [2] presents the modeling
assumptions. In Section [3| the Pareto optimal allocations are determined. Section
analyzes the interaction between abatement and transfer decisions and compares two
decision processes: simultaneous and sequential decisions. Section |5| examines how our

results depend on altruism. Finally, Section [6] concludes.

2 Setting

We consider n + 1 countries indexed by ¢ € {0,..,n}. Each country i € {0,..,n} has
an exogenous endowment w; € R, and emits GHG emissions, which generate global
pollution. They can abate an amount a; € Ry of GHG emissions at a cost ¢;(a;).
The function a; — c¢(a;) is increasing and convex, with ¢(0) = 0. We denote by
a = (ag, - ,ay,) the vector of emissions abatement. The total amount of emissions
abatement is A = )", a; which benefits to all country. More precisely, each country
i € {0, -+ ,n| is assumed to obtain a benefit b;(A) from global emissions abatement,
where the function b;(.) is increasing and concave, with b}(o0) = 0.

Country 0 differs from the others by being altruistic. This may lead country 0 to
transfer an amount m; to country i. We denote by M = >"""  m; the aggregate level
of transfer paid by country 0. For simplicity sake, we will generally use the adjective
“developed” to refer to country 0 and the adjective “developing” to refer to countries
1,--- ,n, even though our analysis does not require to make formal assumptions about
the distribution of the w;.

The developing countries (i € {1,..,n}) are selfish and derive a utility

U, = u; (w; — ¢i(a;) + b;(A) +my), (1)
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where the function wu; is increasing and concave. The developed country is altruistic

and derives a utility

U() = Ug (wo — Co(a()) + bo(A) — M) + i /\zUza (2)



where the U; are the utilities of the developing countries detailed in equation (1. The
weight \; > 0 determines the degree of altruism that country 0 has for country 7. The
function ug is an increasing and concave function. For technical convenience all utility,
cost and benefit functions (i.e. the u;, ¢; and b;) are assumed to be twice continuously
differentiable.

The setting described above is one with a “public good” (aggregate abatement)
which is individually provisioned (through individual abatement activities). For the
model to be fully specified, one has to assume some structure of decision process based
on game theory. We will in fact consider two decision processes and compare the out-
comes they provide. In the first one, called “simultaneous choice model”, abatement
and transfers decisions are taken simultaneously, generating a Nash-equilibrium. In
the second one, called “sequential choice model”, all the countries decide first the level
of abatement, solving a Nash equilibrium, and in a second stage the developed coun-
try decide the level of transfers. As we are interested in discussing how inefficient
these decision processes may be, we start by characterizing the set of Pareto optimal

allocations.

3 Pareto optimal allocations

The notion of Pareto optimality is standard and does not need to be introduced.
shows that achieving Pareto optimality consists in reaching the unique vector of effi-
cient emissions abatement and distributing the aggregate wealth across all countries.
The constraints to achieve Pareto optimality are that consumption is positive and the

developed country is altruistic enough. Formally:

Proposition 1 A pair (a,m) of abatement and transfer vectors achieves a Pareto

optimal allocation if and only if:

1. a = a°"*, where a’® is the unique solution of:
Zb;(A) = Cfi(a’i) fOTi € {07 o 7”}7
=0
and:

2. m is any vector of transfers such that:

3 my < wy — colal) + bo(A)

Jj=1



and for alli € {1,---n}:

w; — ci(a?) + bi( A% +m;

n

ug (wo — co(al") + bo( A% — Z mj>

Jj=1

v

0,

v

)\ﬂL; (UJ@ — ci(afpt) + bi(AOPt) + ml> .

Proof. See Appendix[A1 =

The optimal abatement levels are such that the effects of each country’s abatement
on all other countries are internalized. The fact that all Pareto optimal allocations
involve the same abatement levels directly results from the assumption that wealth,
abatement costs and benefits are perfect substitute. The result would not generalize
to settings where the utility of country ¢ would be a more complex function of w;, a;
and A. Such most general frameworks are unfortunately quite intractable - without
mentioning calibration issues. Our simplified setting has the advantage of providing
a simple understanding of the sub-optimalities that can result from non-cooperative
decision processes.

It is noteworthy that achieving optimality may require to have transfer from devel-
oping countries to the developed country. In the following, we will constrain transfers
to be non-negative reflecting the fact that the developed country cannot decide to take
resources from the developing countries. This non-negativity constraint on transfers
will create a potential source of inefficiency that will add to the other sources of inef-
ficiencies we consider, and in particular to those related to the decision processes that

we explore in the following section.

4 Interaction between aid and abatement decisions

We now compare two decision processes which, as they both use the concept of a Nash
equilibrium, may yield on sub-optimal allocations. We find that while sub-optimality
is systematic with one of these decision processes (the “simultaneous choice model”
considered in Section [4.1]), this is not the case with the other (the “sequential choice
model” considered in Section . Hence, we show that a way to avoid the sub-
optimalities that typically arise in a Nash equilibrium with a public good is to choose

an appropriate sequence of abatement and transfer decisions.



4.1 Simultaneous choice model

The first decision process we consider is one where abatement and transfer decisions
are taken simultaneously. The outcome is assumed to form a Nash equilibrium. We
we will use the subscript “sim” to refer to the outcome of simultaneous decision model.
Formally, the developed country takes the abatement levels (a$™, - - - a*"™) of the devel-
oping countries as given, and choose abatement i and transfers m*™, to maximize

its utility:

(ag””, mSim) = arg max ugp (’wo — Co(ao) + b(] (A) — mk> + Z )\zUz
o k=1 i=1
s.t. A—ao—i-Za“m7 m; > 0; (3)
U, = u; (wz ci(as™) + by(A) + mz>
A developing country i € {1,--- ,n} takes the transfer m;"™ and abatement levels as””

for j # i, as given and chooses its own abatement to maximize its welfare:

ai"™ = arg max u; (wi —ci(a;) + b;(A) + mfim)

)

st. A=a; + Zajim. (4)
=0
J#i
A Nash equilibrium is obtained when equations (3)) and (4)) simultaneously hold. The

existence and the uniqueness will be discussed in Section 5.

Proposition 2 In the simultaneous choice model, aggregate abatement is strictly lower
than in the Pareto optimal allocations (37, as™ < S°r  ad™).

Moreover, in the case where transfers are not strictly binding in 0 (i.e. when m$™ >
0 for alli), the abatement of the developed country is strictly larger than at the optimum

(ag™ > agpt).

Proof. See Appendix[A.2] m

Proposition 2 shows that the simultaneous choice model yields an inefficiently low
level of abatement. This reflects that a Nash equilibrium typically provides a sub-
optimal provision of public good. Interestingly, we see that when the developed country

is wealthy and altruistic enough to provide positive transfers to developing countries,



its own abatement level is above what it should do at the optimum. The sub-optimality
is therefore double-faceted. First, there is a low aggregate level of abatement involving
a level of pollution higher than at the optimum. Second, this aggregate abatement is
obtained through a mis-allocation of individual abatements, with too much abatement
by the developed country and too little by the developing countries.

A way to restore optimality would be to allow a form of contracting where each
transfer given to a developing country (m;) is conditional to its level of abatement (a;)]]
This would however require that the developed country could observe the individual
abatement a; and has a perfect knowledge on both the cost functions a; — ¢;(a;)
and the benefits functions A — b;(A). This is of course questionable. Moreover,
committing to an allocation rule can be particularly costly. The sequential game we
develop below aims at solving the sub-optimality without requiring the observability of
individual abatement decisions, abatement costs and benefits, and without committing

to an allocation rule.

4.2 Sequential choice model

We now consider a two-stage decision process. In the first stage, all the countries
choose their emissions abatement simultaneously, determining a vector of abatement
a®*? which solves a Nash equilibrium. In the second stage, the developed country

observes the aggregate level of abatement A4 = ™" a’! as well as the available

i=0 i
wealth of the developing countries, that is the amount w; + ¢;(a;*?) + b;(A*?), and
decides of the transfers m?®?. Importantly, all countries anticipate the second stage of
the decision process when they choose their level of abatement a®**? at the first stage.

The decision process can be formalized as follows:

Stage 2: At this stage, the developed country takes the vector abatement a*“? as

given and chooses the vector of transfers m*“? to maximize its utility;

! An ongoing debate in the development economics literature has been engaged regarding whether
foreign aid should be conditional to developing countries’ efforts. For instance, |Svensson| (2000)) and
Svensson| (2003)), analyze whether it is efficient and feasible to implement conditional aid, without

considering environmental issues.



n

m*? = arg max u (wo — co(ag) + bo(A™?) — mk) + Z AU
k=1 j

s.t. A% = Zaseq; m; > 0; (5)

)
=0

Ui = U; <U)Z — ci(afeq) -+ bi(Aseq) -+ m1> .

This optimization problem yields a reaction function a**? — m**4(a*?). The lower the
available wealth of a developing country (w; —¢;(a;) 4 b;(A**?)), the more the developed

country transfers aid to the latter.

Stage 1: At Stage 1, all countries simultaneously choose their abatement levels,
anticipating that altruistic transfers will adjust to abatement decisions through the

function a**? — m*4(a**?). The developed country’s abatement is given by :
ag’? = arg max Uo (wo — coag) + bo(A Z m:(a ) + Z AU

St A = ap + Za?eq; a = (a0> aieq’ R aseq); (6)

»'n
=1

U = us(wi = (@) + bi(A) + mi“(a)).

The developing country i € {1,---,n} takes abatement a;*, for j # i, as given, and

implements a level of abatement provided by:

seq

a;"" = arg max u; (wi —ci(a;) + bi(A) + mfeq(a)>
st. A=a; + Zajeq; a = (ageq7 Cee g, ’azeq)' (7)
=0
JFi

A Nash equilibrium is obtained when equations @ and hold simultaneously.
The existence and the uniqueness will also be discussed in Section 5. Resolution of
the sequential choice model is quite involved. In particular one has to pay attention
that the non-negativity constraint imposed on transfers has the consequence that the
seq (g seq

ag? -+ ag, -+ ,as%?) are in general not concave (these functions

r'n

functions a; — m;
are typically flat and equal to zero for low values of a; and then positive when a; is

above some threshold). This in turn implies that the problems of developing countries



are typically not convex, with in some cases multiple solutions. The impact of these
non-convexities will be further investigated in Section 5. We can however readily state

an important result, that holds when all transfers are positive.

Proposition 3 In the sequential choice model, if no transfer is binding in O then the

seq
i

allocation is Pareto optimal (i.e. m;** > 0 for all i = a**? = a”").

Proof. See Appendix[A.3] =

Proposition [3| shows that even if all the countries are engaged in a non-cooperative
game of public good provision (abatement decisions follow from a Nash equilibrium),
altruistic transfers may play the role of a coordinating device, providing a Pareto-
efficient outcome. The outcome obtained in this sequential model is actually the one
that the developed country would have chosen if it could have perfect knowledge on
all abatement cost and benefit functions, and decide about all actions (including the
abatement of developing countries). What is remarkable, though, is that the sequential
choice model is able to implement such outcome, without having symmetric information
on cost and benefit functions, and without constraining developing countries in their
abatement decisions. The developed country only needs to know its own cost and

seq

;- and

benefit decision, and must be able to observe the aggregate abatement y ., a

the available wealth (the w; — ¢;(a;*?) 4+ b;(A%?)) of each developing country. This
is much less restrictive than imposing knowledge of the a; and the functions ¢;(.) and
b;(.). The endowments w; typically reflect production abilities, with abatement cost and
benefits directly impacting the production activities. Abatement may consist in using
less polluting and more costly inputs, while “climate benefits” may directly impact the

production with, for example, fewer interruptions, capital destruction and crop damage

seq
a;

resulting from extreme events. Observing w; — ¢;(a;?) + b;(A%?) involves observing
actual production outcomes, which is much easier than to observe abatement choices,
and their related costs and benefits.

From a theoretical point of view, Proposition [3| can be seen as an application of
the Rotten Kid theorem, initially introduced by Becker| (1974)) in a specific setting and
more broadly investigated by Bergstrom| (1989). The Rotten Kid theorem states that,
if a head of household is sufficiently rich and caring towards other household members,
then it is in the interest of other household members to take measures that maximize
total household utility. Our analytical framework differs from the latter in two aspects.

First, in the Rotten Kid theorem, children do not possess money while the developing

10



countries have initial endowments, which induces the non-negativity constraint imposed
on transfers. Secondly, in the Rotten Kid theorem, the children play first and the
parent plays second. Here the developed country chooses the abatement at the same
time as the developing countries but decides the transfer later on, which generates
multiple solutions. We know from Bergstrom! (1989) that a key property required for
the Rotten Kid theorem to hold is that of transferable utilities, which in our setting
comes from the assumption that wealth, costs and benefits are perfect substitute.
While this assumption could seem reasonable if we see abatement costs and benefits as
variation on production levels, it would no longer be the case if one introduces other
forms of benefits, like changes in health and mortality. This is certainly an important
limit of the analysis, a limit which however concerns most of the economics literature
on climate change. |(Cornes and Silval (1999) demonstrate that the Rotten Kid theorem
also holds in the absence of transferable utility if the externalities are assumed to take
the form of a specific public good, such that the total quantity of the public good is
the sum of individual contributions. In the case of climate change, countries make
abatement whose costs are non linear. Thus in such a case, the total quantity of the
public good is not the sum of individual contributions.

A second restriction of Proposition [3] is that it only bears on the case where the

transfers m;

are positive. One may be concerned that this does not reflect today’s
reality where transfers remain limited and not exclusively motivated by altruistic pur-
poseE] Although this source of concern is definitely legitimate, especially in a period
where altruistic policies seem to loose in popularity, we explain below why our frame-

work could provide an argument for exhibiting greater altruistic motives.

5 Considerations on altruism

In this Section, we aim to explain the effects of exhibiting greater or weaker degrees
of altruism. In order to simplify the analysis we focus on the case where there is only
one developed and one developing country (that corresponds to the case where n = 1).
Most of the insights would actually extend to the case where there are many countries
at play, though the analysis would be much more cumbersome. Indeed, instead of

having a single source of non-convexity, there would be n of them.

2 According to |Alesina and Dollar (2000), donors are driven by several motives, such as altruism,

past history or geographical proximity.
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In all the sequel we consider the wealth levels wy and w; as given and we note
A1 the degree of altruism of the developed country. We discuss the impact of \; on
the outcome of the sequential and simultaneous choice model. First, we state a result

about the existence of a Nash equilibrium in the simultaneous choice model.

Proposition 4 In the simultaneous choice model with two countries, there exists a

single Nash equilibrium.

Proof. See Appendix[A.4] m
We now state a result about the existence of a Nash equilibrium in the sequential

choice model and its properties.

Proposition 5 In the sequential choice model with two countries, there exist A < A <
\, such that:

1. If \y < A there exists a single Nash equilibrium and the level of transfer is mi? =

0.

2. If \i > X there exists a single Nash equilibrium and the level of transfer is m;* >

0.

3. If A < M\ < X there are two Nash equilibria, one equilibrium such that the level

of transfer is mi™ = 0 and the other one such that mi* > 0.

Moreover, if \; > X, the Nash equilibrium with m3* > 0 Pareto-dominates the Nash
equilibrium with m{* = 0. If \; < N\, the Nash equilibrium with mi™ = 0 is preferred

seq

by the developing country to the Nash equilibrium with mi™" > 0.

Proof. See Appendix [A.5] =

Proposition [f clarifies how the level of transfer depends on the degree of altruism.
For low levels of altruism (A1 < A), the transfer is always equal to zero and there is no
gain in announcing transfer at the second stage. The developing country anticipates
that there will be no transfer, and has no incentive to choose the socially optimal
abatement level as in the simultaneous choice model. For high levels of altruism (A, >
\), the transfer is always strictly positive. The sequential choice model delivers the

virtuous outcome described in Proposition 3] as the transfer incentivizes the developing

country to choose the socially optimal abatement level. For intermediate levels of

12



altruism (A < A\; < A), two equilibria exist, with and without transfer. Moreover, the
developed country always prefers the equilibrium with transfer, while the preference
of the developing country depends on the level of altruism. When A; is below A,
the developing country prefers the equilibrium without transfer and each equilibrium
might emerge. When \; is above 5\, the developing country prefers the equilibrium
with transfer, which implies that this equilibrium Pareto dominates the one without
transfer. In this case, if both countries are rational and know that the other is also
rational, they will both choose the abatement level corresponding to the equilibrium
with transfer.

One important question is to know how altruism can help countries to move from
the equilibrium without transfer to the Pareto optimal equilibrium with transfer. When
the level of altruism crosses the threshold 5\, this shift occurs and leads to a significant
efficiency gain. Comparing the efficient and inefficient Nash equilibrium that exist
when \; = 5\, we see that all utility gains are attributed to the developed country as
the utility of the developing country remains the same. This means that if the true
degree of altruism of the developed country is below 5\, it may be in its own interest
to behave as if its degree of altruism were just above A. In other words, "exhibiting
altruistic preferences" can be used as a strategic device by the developed country to
generate efficiency gains. If the altruism increases a bit more, the utility gains are
shared by both countries.

To illustrate Proposition 5] we develop a simple numerical exercise. The specification
is detailed in Appendix [A.6] Figure [I] displays five figures concerning the abatement
ag, ai, the utility levels ug, u; and the amount of transfer m depending on the degree
of altruism of the developed country. On the five figures we see the existence of two
equilibria if A is between A and ), as shown by the dashed lines.

The first figure on the top left depicts the level of abatement from the developed
country, ag. If X is below \, ag increases with A: The more the developed country
cares about the developing country, the higher will be its contribution to the public
good as it internalizes the marginal benefits of the developing country. The figure on
the top right shows that a; decreases with A in the equilibrium with m null: As ag
increases with altruism, the developing country can lower its effort and free-ride on the
developed country’s abatement efforts. On the other hand if A is above A, the transfer
is operational and the developing country achieves the socially optimal abatement level.

The second row of figure [1] displays the levels of utility depending on A. If A is below

13



A, the utility ug of the developed country decreases as its contribution ao increases.
As soon as A is above A, we see that uo increases at a higher level than its level
when the transfer is null. This illustrates the idea that the developed country gains
to exhibit altruistic preferences as it leads to a significant efficiency gain. Concerning
the developing country, its utility u; increases with altruism as it implies either higher
abatement effort from the developed country if m is null or a higher transfer if m is
positive. If A is between A and A\, meaning there are two Nash equilibria, we see that
the equilibrium with A above )\ Pareto-dominates as u; with a positive transfer becomes
higher than u; with no transfer. Finally, the last figure on the bottom displays the
level of transfer m. If \ is below ), the transfer is null. If A is above A and below \, the
transfer can be either null or positive. Once ) is above A, there is a unique equilibrium

in which the transfer increases with the degree of altruism.
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Figure 1: Abatement efforts, utility levels and transfer with respect to altruism A in

the sequential game with n =1
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6 Conclusion

This short paper aims at delivering two messages. First, development and environmen-
tal policies should be thought together rather than separately. Our result emphasizes
that transfers related to development policies can serve as a coordination device, avoid-
ing suboptimalities arising in non-cooperative provision of environmental goods. This
involves using an appropriate decision process, where transfers are decided in a second
stage, as a function of aggregate abatements. The coordination mechanism, however,
only works if the developed country is altruistic (or wealthy) enough so that positive
transfers actually flow from the developed country to developing countries.

The second point is that even if the developed country is selfish, the efficiency gains
arising when implementing altruistic policies may be larger than the “cost” of helping
developing countries. Development policies are then more than a transfer of wealth
from developed to developing countries that reduces inequality, but also a way to face

global environmental challenges, and in particular those related to climate change.
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A Appendixes

A.1 Proof of Proposition

A feasible allocation is Pareto optimal if there exists ~; for all i € [1,..,n] such that:

max g (wo — ¢o(ag) + bo(A) — i mk) + i ViU (wj —cj(a;) +bj(A) + mj>

k=1 j=1

n n 8
st. A= Zak; wo — co(ag) + bo(A) — ka > 0; (®)
k=0 k=1

w; — ci(a;) +b;(A)+m; >0 and >N, Vi€l ..,n].

The first order condition of relative to m; implies:

U (wo — colao) +bo(A) — imj) > A (wi —cifa;) + b;(A) + m,) (9)

The first order conditions of (8]) relative to ag and a; (i € [1, .., N]) are respectively:

b3(A) = colao), (10)

bi(A) = (a). (11)

M= 1=

§=0
We denote a?® the Pareto optimal allocation which is the solution of and .

Note that abatement a®” is the same for all the Pareto optimal allocations.
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A.2 Proof of Proposition

The first order condition of relative to m; tells that m; = 0 if:

)\Z’LL; <U}Z — ci(ai) + bZ(A)> < uo <w0 — Co(a,() + b() ka> (12)
k;éz
Otherwise, m; > 0 is such that:

3

Aiu;<wi—ci(ai)+bi(A)+mi):u()(wo—co(ao)—l—bo(A)— mk> (13)

k=1
The first order condition of relative to a¢ and the first order condition of

relative to a; are respectively:
- u;(> / / I
ZAj—u,()bj(A) +by(A) = ch(ao), (14)
j=t OV

bi(A) = ci(ai). (15)

We show that Zl 0 f”” < ZZ o a” by contradiction. We assume that Y 1 af™ >
S, a?. Then, and (14) imply a§™ < ag” (given that Aju}(.) < ug(.) in (14)).
Moreover, and imply ai™ < a?. Thus, >0 af™ < 3" af?, which con-
tradicts our hypothesis.

We now assume that none of the m; are strictly binding in zero, which means

that Aju)(.) = ug(.) in (14). Given that Y7 ai™ < Y7 af¥, and imply

opt
szm>aP.

A.3 Proof of Proposition

We show that the allocation in the sequential game is Pareto optimal, if no transfer is
binding in zero.

The first order condition of relative to m; tells that m; = 0 if:

i <wi —ci(a;) + bi(A)) < ug (wg — co(ag) + bo(A ka> (16)
k;éz

Otherwise, m; > 0 is such that:

n

i (wi —ci(a;) + b;(A) + mz) = uyg (wo —coap) + bo(A) — mk> (17)

k=1
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Thus, defines indirectly m;“(a) > 0, otherwise m;“(a) = 0.
The first order condition of @ relative to ag and the first order condition of

relative to a; are respectively:

pIRY Zii:;bé(fb +by(4) = co(ao), (18)
bi(A) + dgf;q = ci(a;). (19)

The comparative statics of relative to a; gives:

dmseq
da

)] = o + 50+ ) — g [ - LB o)

J k=1
in which d;; = 1 if « = j and d;; = 0 otherwise. Equation tells with by taking
i = j that for any j € [1,..,n|:

bh(A) — dzz = 0. (21)

Equation then tells with 1} that bi(A) + dzlj%q = 0 for any i # j, which gives by

summing;:

dm
/ k_ _
> A+ qn, = 0. (22)
k=1 k=1
k#j k#j

The sum of and glves =Y b (A) 4+ by(A), which gives with :
k#j

Zb’ )+ by(A) = c(a;). (23)
k;éz

Equations , and imply that the allocation in this game is Pareto optimal

if no m; is binding in 0.

A.4 Proof of Proposition

With only one developing country, the first order condition of relative to m; tells
that my = 0 if Mu)(.) < wy(.). Otherwise, my > 0 is such that \uj(.) = ug(.).
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Moreover, the first order condition of relative to ag and the first order condition of

(4]) relative to a; are respectively:

Ay ()0 (A) = () (ch(ao) — B(A)), (24)

bi(A) = ci(ar). (25)

which determine best response functions a}(a;) and a8(ag) respectively (represented

in figure 2[a)). We show below that the slope of the function aj(a;) is larger than
—1 and the slope of the inverse function of a%(ag) is lower than —1. So they cross
once at most. Moreover, by looking at extreme values (ap = 0 and ay = o0), we see
that they necessarily cross. In summary, a}(ag) and aj(a;) cross once and only once in
(a5™ ag™), and there is a single Nash equilibrium.

To complete the proof, let us analyze the slopes of best response functions aj(a;)

and a$(ag). The derivation of (24) relative to a; states how a$(a;) evolves with a;:

day —1+p
- 26
daq 14+« (26)
in which we have: a = _#{)’b” > 0 and § = 0 when m; is not binding in 0, and o =
1 0

_upecf—Auf bR —ufl (cf—b))? g bi(eg—bp) . T .
NIRRT >0 and g = N b 0 when m; is binding in 0. Thus,

the slope of a$(a;) is larger than —1. Note that a$(a;) goes from (a;, ag) = (0,a$(0)) to
(a1,a9) = (00,0). The derivation of relative to ag states how a%(ag) evolves with

ag.

dab -1

—_— = 77 27

dao _a ( >
by

Thus, the slope of all’(ao) is between —1 and 0, and the slope of the inverse function of
a8 (ag) is lower than —1. Note that the inverse function of a’(ag) goes from (a1, ag) =
(07 OO) to (a’hao) = (a’{(O),O)

A.5 Proof of Proposition

With only one developing country, the first order condition of relative to m; tells
that my = 0 if \uf(.) < ug(.). Otherwise, m; > 0 is such that:

Ajuy <w1 —c1(ar) + b1 (A) + m1> = ug (wo — ¢o(ag) + bo(A) — ml). (28)

Thus, defines indirectly mi“(ag,a;) > 0, otherwise mi“(ag,a;) = 0. Moreover,
the first order condition of @ relative to ag and the first order condition of relative
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Qo

sim |

(a) Simultaneous choice model (b) Sequential choice model

Figure 2: Abatement best response functions in the simultaneous and sequential choice

models with one developing country

to a, are respectively:

Ay (b5 (A) = ug () (ch(ao) — bo(A)), (29)
B(A) + dgjjq — (), (30)

q

where dggq = 0 if m}° % = by(A) if mi* is not binding in
0. and determine best response functions aj(a;) (continuous) and a®(ay)
(discontinuous) respectively. In figure [J(b), we represent aj(a;) and two curves al(ag)

and all(ag) representing b} (A) = ¢} (a1) and b} (A) + by(A) = ¢|(a;) respectively. Note

is binding in 0 and

that al(ag) < al’(ap). Note also that the best response function a}(ag) is composed
partly of al(ag) and partly of alf(ag), such that for any ag the utility of country 1 is
the highest possible. Similarly to appendix we can show that a}(a;) crosses once
and only once al(ay) and al’(ag), which is in (@™, a5™) and (a$*, ad”") respectively.
Are (a5, ag™) and (af,ag”") Nash equilibria? In what follows, as represented in
figure (b), we denote U™, Ul UP" and U/ the utility levels reached by country 1
for abatement (a5, a5™), (al’(ag™), ag™), (a, ad") and (al(a"), al’") respectively.
We also denote W™, W WP and W/ the corresponding wealth levels reached by
country 1. Abatement (aj™, ag™) is a Nash equilibrium if U3 > U], and abatement
(a$”", a") is a Nash equilibrium if U”* > U!. Let us analyze when this is the case.

The aggregate wealth is larger in the Pareto optimal allocation (ag’,a{") then in
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(all(ag™), a5™). Moreover, in these two allocations, weighted marginal utilities are

equalized across countries as m; is not binding in 0. This implies that U}’ < U

R
With —2-2 b __ 1 (where Ry = ), we have ( (defined

Rb’ wo—cp+bo

in appendix [A.4)) smaller than 1 and the function a$(a;) decreases with a; for sure. In

opt

this case, we have aj™ < al sim

and ag™ > ad”" for sure. Given that there is no transfer
in the context of al(ag), ag?" < a§™ implies that U < U™,

With additional condltlons, we can show as explained further below that W;*" a " and
W increase with \; at a higher rate than W™ and W{. In this case, there exists ),
A and X such that A < A < X and:

i) For \; < A, U < U{. In this case, U < Ul and Ul < U™ < Ul < U™
imply that there is one and only one Nash equilibrium, which is (aj™, a5™).

i) For A < A < A, Ul < U™ < U™ In this case, Ul < U and Ui’
U < U™ imply that there are two Nash equilibria. Moreover, no equilibrium
Pareto dominates the other (U < U™ and UP > Ug'™).

i) For A < A\; < A, U < Usim < U, In this case, Ul < Us™ and Ul <
Usim < U™ imply that there are two Nash equilibria. Moreover, one equilibrium
Pareto dominates the other (U > U™ and USP" > Ug'™).

iv) For A < Ay, U™ < U, In this case, U™ < U and Ul < Us™ < U1 < U
imply that there is one and only one Nash equilibrium, which is (a$*, a’).

To complete the proof, let us explain why W and W/! increase with \; at a
higher rate than W™ and W/ with some additional conditions. Given that a change
of \; does not affect the wealth of country 1 through a; by the envelop theorem and

that " does not depend on \;, we have:

dwszm dagzm

= (A 1
d)\l 1( ) dAl (3 )
dwit Omi“N dag™  Omi
Ve (ya > p
d\ ( 1A+ dag / d\ O\ (32)
dWopt a seq
- = (33)
d\ o\
aw!
=0 34
d)\l ( )
Computing Bgffq with the derivation of relative to Ay, we get i Au:'ﬁug

. dasi asim 1 b/
Computing —2— with derivations of and ' relative to A\, gives do/\ < /\—17

dAr
Moreover, |b)| < ¢, and |b] + aml | < ¢ in (a§™, ag™) and (all(ag™),as™). Thus,
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to have W and W' increasing with \; at a higher rate than W™ and W/, we

just need Qii—:l, < W, which is the case if blb < @(wl c1 + by + my) and
0 v

ZCO o < (wg —co+byg—myq). The two later inequahtles are true with b; small relative

to the Wealth of country 1, ¢y small relative to the wealth of country 0 and coefficients

| )| reasonable for some functions f(.) of the model.

A.6 Specification of the illustration for Proposition

5i
For the numerical exercise, we choose u;(.) = log(.), ¢;(a;) = a; %~ + bi(A) = B;A". The
developed country is indexed by 0 and the developing country is indexed by 1. The

parameters used to simulate the graphs in Figure [1| are detailed in the following table:

Parameters Qp aq (50 (51 Mo m ﬁg 61 Wo | W
Value 0110112 |2 (05055 |5 |50 115
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