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1 Introduction

Efficient management of the global commons suchtalsility of climatic conditions and the
conservation of biodiversity requires a grand d¢wmadi of the nation states responsible for
environmental regulation and legislation. Howevkge grand coalition will generally not be
stable as individual countries have an incentiviake a free-rider position in the provision of
such global environmental goods. This paper exasnihe options to establish a stable
international climate agreement (ICA) that comeglase as possible to the first best — but
generally unstable — grand coalition. The notiorstability we employ is crucial. We use the
concept of internal and external stability. A ctah is said to be stable if and only if no
coalition member has an incentive to leave (intestability) and no non-member has an
incentive to join (external stabilitylf. d’Aspremontet al. (1983). This notion of stability is
applicable when the membership decision is takdy @mce (and for all). As we will relax
this assumption and allow for renegotiations, wk miroduce an appropriate refinement of

the stability concept in Section 2 below.

There exists by now an extensive literature ondtadbility of international environmental
agreements. Here we focus on games where a siqigleraent is proposed that can be signed
or not. This class of games is usually calbadtel games with open membershipfferent
solution concepts have been employed to analyseytphe of game. Hoel (1992) considers a
‘constrained social optimum’ where social net b#sefrom greenhouse gas (GHG)
abatement are maximised subject to an individuabmality constraint that requires that
coalition members gain compared to the non-cooperaquilibrium. Eyckmans (1999)
examines coalition stability for uniform abatemeefforts using a similar individual

rationality constraint. Individual rationality ids@ a condition of the core solutions considered
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by e.g. Chander and Tulkens (1995). It is implci#ssumed that a coalition would completely
dissolve if a coalition member leaves. By contrdst notion of (internal and external)
stability implicitly assumes that the remaining ldo@n stays intact if a coalition member
leaves. Only single deviations are considered. @ight call this the pessimistic view where
deviations occur whenever they are immediately ifadole. Solution concepts relying on
individual rationality are more optimistic in therse that players are assumed to always stick
to a coalition if their coalition payoff exceedsthnon-cooperative payoff. In this paper we

take a pessimistic — or cautious — view.

We explore the stability of international climatgr@ements. Each player (countries or
regions) chooses whether or not to sign the agmeeared become a member of a unique
coalition (the climate agreement). Then the caalitand the remaining singletons fix their
abatement levels playing a Nash-Cournot game. Adeatent is a pure public good, the
equilibrium of the abatement game is generallyficeit. Only the coalition of all, the grand
coalition, would overcome the inefficiency. Thesfdture on cartel membership games has
emphasised, however, that large coalitions, indlgidhe grand coalition, are only stable if
gains from cooperation are small, that is, wheneweatition formation is rather unimportant.
If gains from cooperation are large, the analydiscartel games shows that only small
coalitions that achieve relatively little are stalfe.g. Barrett 1994, Finus and Rundshagen
2003). These results have been obtained for moddls identical players and do not
generalise when players differ (see Weikard 20@)r results in this paper are also in
contrast to these earlier findings. We show thatdlare options to stabilise successful ICAs.

There are three main drivers of our result.

First, we consider asymmetric countries. With aswtmim countries, in particular when
countries differ in abatement cost, a coalition eaploit cheap abatement options if a low

cost country joins the coalition. Low cost courdrage attractive as coalition partners.
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Second, we consider transfers between coalition lmeesn Transfers or, more precisely, the
sharing of the coalition payoff among members carnubed to set incentives for low cost
countries to join the coalition. In the debate imate change policies a number of different
sharing rules for international climate agreeméiatge been suggested; see Retsal (1998).
Only few studies have addressed the impacts oérefft sharing rules on the stability of
international climate agreements. Bosadtoal (2003) consider sharing rules for abatement
costs, Altamirano-Cabrera and Finus (2006) conssgtaring rules for tradable emission
permits and Weikard, Finus and Altamirano-Cabr@@06) consider sharing rules for the
gains from cooperation. The differences are crudiadharing rules are applied to costs or
permits, there is no guarantee that payoffs satiséyindividual rationality constraint. By
contrast, if sharing is applied to the gains frobomeration, individual rationality is always
satisfied as long as a coalition is at all profiéal.e. it achieves at least the sum of what its
members can achieve without cooperation. Recentlylaas of sharing rules has been
proposed that divides the difference between tfaditmm payoff and the sum of the outside
option payoffs of coalition members (Eyckmans amntu§ 2004, Fuentes-Albero and Rubio
2005, Weikard 2005, Carraet al 2006, McGinty 2007). The outside option payofthe
payoff a player would receive when leaving the itma. It is obvious that the internal
stability condition can only be met when the caoatitpayoff exceeds the sum of the outside
option payoffs. On the other hand, if the coalitipayoff exceeds the sum of the outside
option payoffs, then well-designed transfers caargutee internal stability. Here we adopt an

adjusted “optimal sharing rule” designed for aiegttvith renegotiations.

Third, we allow for renegotiations of the agreem®&#negotiations improve the incentives to
join a coalition. Players may be forced to coopeadithe first stage if there is a credible threat
of punishment at the second stage. Moreover thensestage payoffs can be used to reward

members of the first stage agreement. Similar toapproach Ulph (2004) and Rubio and
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Ulph (2007) have studied renegotiations of inteamatl environmental agreements and
dynamic membership. However, their approach isinedfto symmetric countries and does

not capture abatement cost differences and thednmbdransfers to stabilise agreements.

To study the effects of optimally designed sharings in an empirical setting and to illustrate
their impacts we examine the stability of ICAs. We this using the STACO model
introduced by Finust al. (2006) and refined by Nagashima et al. (2006). GDAs a global
model comprising 12-regions for each of which atveget cost and benefit functions are
defined. The numerical analysis in this paper eddethe work of Weikard, Finus and
Altamirano-Cabrera (2006) who consider results frdtm STACO model and compare
proportional sharing of gains from cooperation adcw to past emissions, regional income,
population and other indicators. They find thatesmission-based proportional sharing rule
performs best in the sense that it stabilises &tiovathat gives higher global net benefits and
lower stocks of carbon pollution than any othertteg examined rules. However, as only a
limited set of rules was examined in that studyreinained an open question whether
coalitions can be stabilised that perform evenebe®ur analysis in this paper shows that an
optimal transfer rule gives significantly bettesuéts. If we do not consider renegotiations, we
find that there exist stable coalitions of up tow of 12 regions. The best performing stable
coalition comprises 5 regions and achieves about dbthe gains the Grand Coalition could
achieve as compared to non-cooperation. With reragms, considering two commitment
periods, we even find a stable grand coalitionhe first commitment period of 10 or 20
years, followed by a 5 regions coalition for them® commitment period. These agreements

achieve 59% of the potential gains over a century.

The paper is organised as follows. The next seatimoduces optimal sharing rules for a
multi-period setting. Section 3 provides a briekowew of empirical specifications of the

STACO model for our case of ICAs. Section 4 presém results. Section 5 concludes.



2  Optimal sharing in Pareto perfect coalitions

We consider an open membership cartel formationegamh renegotiations. That is, we
consider several but finitely many periods (comneititnperiods) in each of which a single
coalition or cartel (the ICA) can form. In eachipdrt =1,....,T individual countriesi CIN
decide to join or not to join the agreement. Paydiffat accrue in periotldepend on the
coalition formed in that perioKk' O N . Payoffs are determined from costs and benefits of
equilibrium abatement of GHGs in an abatement gHratis specified in the next section.
Here it is sufficient to note that GHG abatemend jgublic good. It is well known for public
goods games that the grand coalitisn= N is efficient, while any partial agreement with
K ON is not (e.g. Dasgupta 1982). In a public goodsegamsingleton coalitiorK ={i} will
not be effective and give the same payoffskas 0. We will refer to both cases as ‘all-
singletons’. To be more precise about payoffs, dbatement game in periddinvokes a
partition functionV'(K') that determines payoffg; for the coalition and for each singleton
player Vjt(Kt), jOK" in periodt. Before we can introduce our notion of stabilibf @
sequence of coalitions) we need to define indiiiquaayoffs for coalition members. We
assume that some sharing rul@pplies that distributes the coalition paydf(K)among
members. Thus we arrive at a per-member partition functisp called a valuation function.
For convenience we denote it B('K) and individual payoffs under coalitiok when

sharing ruler applies are denoted By ('K). Of course, for every sharing rutewe have

V, (K) :Z\/i(rK). We adopt the shorthand notatith;, for K\{i}} with iOK andK,; for

0K

KO{} with jOK . Define the coalition surplu§, =V, ( K)—z V(K;). We call V,(K})

0K

1 We skip the time-superscript where it is not esaken
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i's outside option payoff or defection payoff. Ndtet it is, of course, independent of the

sharing rule applied by coalitiol _, .
Now consider the final periotland consider the following class of sharing rditescoalition
KT:
Each coalition membearlJK " receives
VI('KT)=V"(K])+s forall iOKT, (1)

with )’ =5, and

ioKT
foralliOK", s >0 if and only if S:2C

By construction, sharing according to (1) — optirslaaring — gives each coalition member at

least its outside option payoff if this is feasitle. if S ; 20. Hence, optimal sharing gives

priority to setting incentives to join the agreemafeikard (2005) shows that every coalition
that is internally stable under some arbitrary istgarule will also be internally stable under
the family of sharing rules characterised by (T)e Tinderlying standard notion of stability is

as follows (d’Aspremongt al 1983):
DEeFINITION 1 A coalitionK is stable under sharing rulgif it is

() internally stable, i.e.
V.("K)2V/(K,) foralliOK,

and

(ii) externally stable, i.e.



V,(K)>V,("K,;) forall jON\K 2

In a setting with renegotiations, the notion obdity of Definition 1 has to be refined. First,

strictly speaking, the object of stability is nanger a coalition under a sharing rulebut

rather sequence of coalitions coupled with sharinigs <r1Kl,...,rT KT>. We adopt the

terminology that coalitiodK' is generalised stablender sharing rule if no member wants
to leave and no non-member wants to join. It isangmt to note that generalised stability of a
coalition in a given period may depend on the tioas formed and the sharing rules applied

in other periods and therefore Definition 1 doesapply but needs refinement.

The coalition formation game we study is a finiéggential game and the equilibrium concept
employed is renegotiation proof equilibrium intreed by Farrell and Maskin (1989)This
equilibrium concept is a refinement of Selten’s@a91975) subgame perfect equilibrium that
rules out the play of a Pareto dominated subgamemniequilibrium path of play. In the

following we will refer to it adPareto perfect equilibrium

Before formally defining Pareto perfect sequendesoalitions, we need to introduce some

further notation and a definition of generalisezbdity.
Denote by"K," the stable coalition with sharing rukethat gives the worst payoff of all stable
coalitions to player in periodT, that is V" ("K") < V/('K") for all stable'K" .

We can now recursively define generalised stabifitgefinition of Pareto perfect equilibrium

follows.

2 The tie-breaking rule is here that a player waold the coalition if she is indifferent betweerirjimg and
staying out. Hence, by this definition, the empét 8 is not externally stable, and a trivial coalitien
internally stable.

® See also Bernheim and Ray (1989). A related bwinger equilibrium concept is Bernheim, Peleg and
Whinston’s (1987) coalition-proof equilibrium.
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DEFINITION 2 (i) In the last period a coalitio’ is generalised stable under sharing

rule r' if and only if it is stable.
(i) A sequence of coalitionérHKT‘l, rTKT>is generalised stable if and only if

"KT is generalised stable,

and for alliOK ™™

VIHTTKTY V(KT 2 V(KT + YT(KD), 2)

and for all jON\K™™
VjT—l(KT—l) +\/jT( r KT) S \/jT—l( gt K+'Ij'—l) + \J/T( WK T) . (3)

(iif) For longer sequences conditions for genssalistability can be established by

working backwards from (2) and (3). L&{' be the worst generally stable coalition

sequence for player
A sequence of coalitions of lengih—-t+1, i.e. <rth,...,rT K’ > is generalised stable

if the subsequence of length -t, i.e. <’MK”1,...,rT KT> , IS generalised stable and

if for all iOK"

VAR VKD 2 V(K ) + W

T=t+l

and for all jON\K"

T
VJt(Kt)+ Z\/jl’(r KT)>\/jt(S K_:J)_l_vyﬁll

T=t+1
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DerNITION 3 (i) In the last period, coalitioK ™ is Pareto perfect under sharing rule

r' if and only if it is stable and Pareto undominagdany other stable coalition.
(ii) A sequence of coalitioné“tKt : ...,“TKT> is Pareto perfect if and only if

it is generalised stable and Pareto undominatecryy other generalised stable

sequence stretching fronto T

and all its subsequence<s‘t_1Kt’l,...,rTKT>, <r‘_2K“2,...,rTKT>, ...,<‘TKT> are
generalised stable and Pareto undominated.

In the remainder of the paper we confine the amatgsa two-period gamd, = 2. To extend

the analysis to more periods is straightforwardglaon Definitions 2 and 3, but tedious.
For T =2, V?("K?) is the worst credible punishment that can be iragami in period 2.
Condition (2) requires of a Pareto perfect equ'ilitnr<’1K1, r2K2> that the payoff of a period-

1 coalition member (left hand side) is at leastaage as the payoff from defecting from

coalition K* (right hand side). It is a credible threat ti#* will be played as it is a Pareto

perfect subgame. Condition (3) requires that glston player in period 1 receives at least as
much as when entering coalitidf'. Conditions (2) and (3) are generalisations ofrtbgons

of internal and external stability, respectivelpn Wwhat follows we will sometimes say
“coalition K* is generalised stable” in place of the correctleagthy phrase “coalitiorK* is
part of a generalised stable sequence of coalitidigs just means that no memberét has

an incentive to leave and no non-member has amtiveeto join.

Using definition 2 we can now establish a condititon determine whether for a given
sequence of partition functions we can find valuadi (or sharing rules) such that a sequence

of coalitions is Pareto perfect. For simplicity westrict the exposition to a time invariant
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partition function. Again, generalisations are igi&orward but involve more tedious

notation?

First, we focus on generalised internal stabilisom condition (2) we can see that a coalition

K' can only be part of a generalised stable sequiémeeh member oK' receives at least

its defection payoff
D, (K) =V, (K3)+V ("K?).

Therefore, a necessary condition for generaliséeinal stability ofK* is that the sum of

payoffs of the coalition members is at least agdas the sum of their defection payoffs:

> (v (K +V (CKD) 2 X D(KY. @

ikt ikt

The generalised stability df* depends upon defection payoffs of the membeis'oéind the
sharing ruler? applied in period 2; the latter only if there @i OK' n K 2. The defection
payoff is further specified by the partition furgstithat determines the payoffs of the singleton
players and, hence, the period-1 outside optionfpa§ i OK*, i.e. V,(K%) is independent of
sharing. If playeri OK' defects, then her period-2 payoff \6("K?). If the player is
singleton, i.e.i OK?, the payoff is independent of the sharing mildf i JK?, then sharing
rule w applies and receives the worst possible payoff compatible iAdreto perfection of

WK.Z .

The next step in our argument is to determine hiearisg in coalitionsK* and K? can be

arranged such that condition (4) is met in all sasbere this is possible for a given partition

function. To achieve this, the sharing rule applied toK? should distribute the coalition

* Note that the partition function we use in seci@rand 4 is not time-invariant.
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surplus S ., entirely to members oK' n K?, leaving members oK” that are not members

of K" with their outside option payoff. Intuitively thigwards coalition members of the first
period and lowers their incentive for defectionnkle, by construction we have the following:
ProOPOSITION]: (i) Consider a Pareto perfect period-2 coalitkbh. Suppose sharing in

period 2 is arranged such thaf)_ V. ("K?) = S... Then, if for suchK? and r?

iTKinK?
condition (4) is not met, thenﬁrlKl,rzK2> iIs not generalised internally stable and

cannot be a Pareto perfect equilibrium for any seqga of sharing rules',r?.

(i) Again, let K? be Pareto perfect. Suppose sharing in perioda2raged as stated

under (i). Then, if for suctkK? and r? condition (4) is met forlK', then there exists a

sharing ruler™ such thar< K, r2K2> is generalised internally stable.

Proof. We do not work out a formal proof. Part (i) folle from the construction @& Part (ii)

follows from the fact that in (4) the period-1 dtiah payoff Z\/i (rl K" is independent of

ioK*
r' and from the fact that there is no restrictionronHence, as long as (4) holds, the period-1

coalition payoff V., can always be distributed in a way to meet the gdised internal
stability condition (2) for each and evarylK*. m

Proposition 1 allows us to identify all coalitiotisat can be generalised stable for a given
partition function. We call a sharing rule thatisfs (2) for alliOK' whenever (4) is

satisfied an “optimal sharing rule”. Optimal sharirequires thatr® is chosen such that

V ("KY 2 D(KY-V ("K?) forall iOK™.

Next, we turn to external stability. The followingroposition establishes that external

stability, condition (3), is of little concern wham optimal sharing rule is applied.



13
PrROPOSITION 2: Consider a Pareto perfect period-2 equilibridﬁKz. If K' is
generalised externally unstable under an optimatist ruler® (applied to Kij) such
that there existsjK* and such thatv, (K")+V, ("K?) < \ (" Ki)+V (K,
meaning thaj prefers to enter coalitioi® under sharing rule®, then the enlarged

coalition '1Kij will be generalised internally (and the equililniuplayed in the
continuation game i§ K?).

Proof By assumption V, ("KL)+V ("K)2V (K)+V (" K?). By definition.
V, ("K?) <V, ("K?). Hence, we have/, ("KL)+V (K% 2V (KY)+V (*K?) which is
what, according to (2), generalised internal siybdf Kij requires. Furthermore;* is an
optimal sharing rule, if (2) applies fothen it applies to all[] rlKiJ. . =

Propositions 1 and 2 allow us to identify the latgéor most successful) Pareto perfect
coalitions in a coalition formation game for the@wsion public goods. To this we turn now.
As a model with heterogeneous players does noilyeddld general analytical results, we

resort to numerical simulations.

3  Numerical model and data

This section and the next provide an applicatioe. idéntify the best Pareto perfect equilibria
in a greenhouse gas abatement game, that is wefyd@rsequence of international climate
agreements that is generalised stable and thaéwashia higher global payoff than other
generalised stable agreements. The stage gamensigenis standard in this domacf.(e.g

Carraro and Siniscalco 1993, Barrett 1994, Bottmaeh Carraro 1997, Rubio and Ulph 2007).

It consists of an announcement game followed bgl@iement game. We explore this game
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as a one-shot game (i.e. with one commitment pegaod with one round of renegotiations
(i.e. with two commitment periods). Formally the stageng is characterised by a set of

regions N ={1,2,...,n}. At the beginning of commitment peridad(t =1,2) each player
chooses from a strategy sgt[1{0,1} ; o; =0 means that is not joining the ICA in periott
o, =1 means that joins the ICA in period. As before, we denote biK' O N the set of

coalition members (signatories) in commitment ptioNow consider a given coalitioK .

Chander and Tulkens (1995) call this a ‘partialeagnent’. In the periot-abatement game

members ofK' act like a single player and maximise their jguatyoff. They adopt GHG
abatement paths which are jointly optimal respotseghers’' abatement paths. Other players,

the singletons, maximise individual payoffs. Thelppt abatement paths which are optimal

responses to others' emissions. Generally we déadi1G abatement path in periply G’ .

The periodt Nash equilibrium abatement strategy is denotedgbyK'). The abatement

game described generates a partition function ghats payoffs for the coalition and the

singletons for every coalition that may fornGenerally, each player receives benddjtsom

total abatemeng' :ZiDN g and incurs costs; for own abatement' . A singleton player

under coalitionK' receives
V(K =B (T (K) = ¢(G'(K)), for alliOIN\K". (5)

The coalition payoff is given by

Vi (K = Y (B (@ (K)) = (9" (K))). (6)

iOK*

® One qualification is needed. The partial agreerabatement game generates a partition function ibitipas
unique solution. This condition is satisfied in #mapirical setting of the STACO model.
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The partition function on which the stability angilyis based arises from the abatement game

characterised by (5) and (6).

To further specify the model, we adopt the STACQdeiantroduced by Finust al. (2006)
and refined by Nagashinet al (2006) and Weikard, Dellink and Van lerland (2pQ8ere,
we focus on the main features of the model. Weidenswelve world regions; USA (USA),
Japan (JPN), European Union-15 (EU15), other OEGiInties (OOE), Eastern European
countries (EET), former Soviet Union (FSU), enemgyporting countries (EEX), China
(CHN), India (IND), dynamic Asian economies (DAByazil (BRA) and rest of the world
(ROW). We account for benefits from abatement tinity, but adopt a shorter planning
horizon of 100 years, ranging from 2011 to 2110, determining abatement paths. In this
setting the intertemporal aspects of climate chamgevell reflected. Benefits from abatement
are avoided damages which, in turn, depend on sibCQO;; each region receives a share of
global benefits. As described in Delliek al (2004), marginal benefits can be assumed to be
constant. Marginal abatement costs are assumesldagbadratic function of the region’s own
abatement level. The assumption of linear benefitplies that regions have dominant
strategies; the optimal response functions do eeidepend on the actions of other players,
nor on the stock of greenhouse gases. We caliltinatenodel as far as possible (regional
emission and GDP paths, regional abatement costf)eoMIT-EPPA model (Babikest al.
2001 and Ellerman and Decaux 1998), but as thisemdds not contain a damage cost
module, we have to rely on other sources (mainlgdNaus and Boyer 2001 and Tol 1997) for
calibrating the benefits from abatement; see Delihal. (2004) and Nagashinet al (2006)

for more details.
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4  Results and discussion

This section presents the results of coalition fron for the STACO game with one

commitment period (4.1) and two commitment peri@GHg).

4.1  Optimal sharing in the one-shot game

In the one-shot game, coalition members committement and transfer paths for the full
planning period of 100 years. We find 108 stablg Bareto undominated coalitions. In Table
1 we present net present values (NPVs) and regulti@ concentrations for the benchmark

cases (All-Singletons and Grand Coalition) andlierbest performing stable coalitions.

With asymmetric players, as in our setting, glgmayoff does not just depend on the number
of players in the coalition but also on their cluteastics. For instance, coalitions where
China is a member will generally implement highbatement levels than coalitions where
China is not involved. As China’s marginal abatet=osts are very low compared to other
regions, the efficient division of abatement elowill involve a substantial contribution of

China. In fact, China appears as member in allbest-performing coalitions. Of course,

China’s involvement in a coalition requires suftici availability of transfers — else China

would prefer to take a free-rider position. We fl@dina in 50 out of 108 stable coalitions.

Table 2 provides more detailed information for ttwn-cooperative (“All-Singletons”) case,
which is dominated, and for the best performindplsta@oalition. We report abatement levels
and payoffs for individual regions. As a referengleatement in 2011 and discounted payoffs
are reported. The best performing coalition cosasist the USA, Central and Eastern

European Countries in Transition (EET), China, &ndnd the Dynamic Asian Economies
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(DAE). All regions are better off under partial gavation than in the non-cooperative

situation, showing that the gains from cooperatimsubstantial.

Table 1. Best performing stable coalitions — onetgfame

Coalition members

NPV of payoff

Concentrations

[Billion US$] 2110 [Gton]
All-Singletons* 5238 680
Grand Coalition* 15211 612
USA, EET, CHN, IND, DAE 9830 659
EU15, EET, EEX, CHN, IND 9810 659
EU15, OOE, EET, CHN, IND 9701 659
EU15, EET, CHN, IND, DAE 9697 659
USA, EET, EEX, CHN, DAE, BRA 9613 660
EU15, OOE, EET, EEX, CHN, BRA 9486 660
USA, CHN, IND, DAE, BRA 9484 660
EU15, EET, EEX, CHN, DAE, BRA 9484 660
USA, OOE, EET, EEX, CHN 9469 660
EU15, EEX, CHN, IND, BRA 9455 660

* All-Singletons and Grand Coalition are not stable

Table 2. Key results for selected coalitions — ehet game*

Coalition of
All-Singletons USA, EET, CHN, IND, DAE
Abatement in Abatement in Incentive to
2011 2011 NPV of change signal
[% of BaU NPV of payoff: [% of BaU NPV of payoff transfer (NPV)
emissions]  [Billion US$] emissions]  [Billion US$]  [Billion US$] [Billion US$]
USA 9.¢ 1117 13.2 1603 -663 -9
JPN 25 943 2.5 1933 0 -207
EU15 7.6 1240 7.6 2595 0 -274
OOE 5.6 188 5.6 386 0 -19
EET 4.4 71 28.7 138 64 -1
FSU 6.7 362 6.7 749 0 -59
EEX 1.9 164 1.9 336 0 -15
CHN 14.8 298 50.1 415 452 -2
IND 105 268 37.8 485 83 -3
DAE 1.9 136 18.1 261 64 -1
BRA 0.1 84 0.1 172 0 -4
ROW 6.3 365 6.3 755 0 -60
Globa 8.C 523¢ 16.¢ 983( 0 -654

* Bold numbers indicate membership.
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The member with the highest marginal benefits frabatement in the best performing
equilibrium is the USA, thus, the transfer schemelves a payment from the USA to the
other regions, as shown in Table 2. The low matgbatement costs in China induce a huge

abatement effort in China and the associated emstkargely funded by the transfer scheme.

The main beneficiaries from this coalition are tia® outsiders: Japan and the European
Union benefit much from the coalition’s increasédt@ment, compared to the All-Singletons
case. They do not increase their abatement effoawever. This reflects the public good

characteristic of abatement. Thus, their incentovpin the coalition (to change membership)

is large and negative.

4.2  Optimal sharing in the renegotiation game

Renegotiations after 50 years

As discussed in the introduction, renegotiationsy nmfluence the outcome as players can
change their membership decision. Introducing andoof renegotiations after 50 years may
induce larger coalitions in the first stage, as-noaperative behaviour may be punished by

playing a worse equilibrium in the second stage.

As Table 3 shows, there are multiple equilibrighe second stage. This opens possibilities
for punishment and brings about a huge number wifibga in the first stage. Table 3 reports
NPVs of payoffs for the 10 best performing Paretofgrt coalition sequences (PPCs). The

table offers a number of interesting observations.

First, although the second stage of the game hstsoder time horizon than the one-shot
game, the best performing equilibria are largely same. The best performing generalised
stable coalitions in the first stage are, howewssre ambitious. Where in the one-shot game

46% of the potential gain from cooperation may &&ped, the two-stage game can close the
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gap between All-Singletons and the Grand Coalition 57%. The combination of
renegotiations and a scheme of optimal transferkemaa significant difference. In
comparison, a two-stage game with an exogenousféamnule can only reap 25% of the

potential gain¢f. Weikard, Dellink and Van lerland 2006).

Secondly, the three best performing PPCs (and m#mgr PPCs) contain one of the three
high damage regions (USA, Japan or EU15) in tst sitage but another high damage region
in the second stage. As these regions have streegrider incentives in the second stage
coalition, they can “persuade” another region io fhe coalition in the first stage, i.e. free-

riding in both stages has become more difficult thuhe possibility of punishment.

Thirdly, the bonus that permanent members receideides that many coalition members
from the second stage are also present in thestage: EET, China and India are present in
all 10 best performing PPCs at both stages. Fordgens with high marginal benefits, this
bonus is not always sufficient to compensate ferltige free-rider incentives and the high
transfers that they have to pay when joining aitoal Thus, we find that especially the

OECD regions are just temporary members of a céroaalition.

Table 3. Best performing stable coalitions — reregons after 50 years

Coalition members NPV of payoff [billion US$]
1% stage 2" stage i'st. 2%st.  Total

JPN, OOE, EET, FSU, CHN, IND, DAE, ROW USA, EET, BHND, DAE 6528 4409 10937
JPN, OOE, EET, FSU, CHN, IND, DAE, ROW EU15, EEEX CHN, IND 6528 4402 10930

EU15, EET, FSU, CHN, IND, DAE, ROW USA, EET, CHNND, DAE 6511 4409 10920
EU15, EET, FSU, CHN, IND, DAE, ROW EU15, EET, EESKIN, IND 6511 4402 10912
JPN, OOE, EET, FSU, CHN, IND, DAE, ROW EU15, EEHIT, IND, DAE 6528 4352 10880
USA, OOE, EET, EEX, CHN, IND, ROW USA, EET, CHN,INDAE 6469 4409 10878
JPN, OOE, EET, FSU, CHN, IND, DAE, ROW EU15, OOETE CHN, IND 6528 4346 10874
USA, EET, EEX, CHN, IND, DAE, ROW USA, EET, CHN, DN DAE 6463 4409 10872
USA, OOE, EET, EEX, CHN, IND, ROW EU15, EET, EEXHE, IND 6469 4402 10871

USA, OOE, EET, FSU, EEX, CHN, IND USA, EET, CHN,DNDAE 6458 4409 10868
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Table 4 gives the main regional results for thet Ipesforming sequence of coalitions. As
there are no punishments in the second (last) yagdefinition, the equilibria in this stage are
not only self-enforcing, but also individually béiceal: all players are worse off when they
leave the coalition, though the differences areetones small. This can be seen from the
negative incentives to change membership in thergestage. Note also that the USA, as the
only non-permanent member in the second stage,rensjives its outside option payoff (the
permanent members divide the surplus), and thusdentive to change membership in this

stage is exactly zero.

The punishment options are clearly visible in theentives to change membership for the
coalition members in the first stage. All temporaoalition members would be better off if
they could free-ride and leave the coalition. Tlikcision is, however, not based on a simple
comparison of net benefits within the first stagat, on their net benefits over the full century.
As free-riding would be punished in the second estagd the punishments are sufficiently
severe, it is possible to enforce cooperation @nfitst stage. For the permanent members, the
situation is different. they can also be threatem#d cooperation (i.e. the “stick” can be
used), but they benefit from the “carrot”: they id& the surplus that is generated in both

stages among themselves.

As in the one-shot game, the non-participating OEEflons, in this case USA in the first
stage and EU15 in both stages, benefit stronglyn ftbe coalition that is formed, as their

climate damages are substantially reduced, whdie dwn abatement costs are moderate.
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Table 4. Key results for the coalition of {JPN, OCGEET, FSU, CHN, IND, DAE, ROW} and

{USA, EET, CHN, IND, DAE} in the first and secorthpe, respectively — renegotiations

after 50 years*

Incentive to change

Abatement NPV of payoff NPV of transfer signal (NPV)
1com- 2“com- 1%com- 2"%com- 1%com- 2" com-
mitment  mitment  mitment  mitment  mitment  mitment

2011 2061 period period period period period period
(% of BaU (% of BaU Billion Billion Billion Billion Billion Billion
emissions) emissions)  US$ Uss Uss Uss Uss Us$
USA 9.9 8.7 1701 722 0 -295 -266.2 0.0
JPN 6.5 2.6 657 865 -668 0 436.1 -90.7
EU15 7.6 5.7 1817 1161 0 0 -273.3 -120.2
OOE 21.0 2.9 164 173 -47 0 87.2 -8.4
EET 33.0 17.3 122 62 80 28 -25.3 -0.7
FSU 18.4 5.0 291 336 -126 0 170.6 -25.9
EEX 1.9 1.7 235 150 0 0 -31.0 -6.7
CHN 59.0 26.8 447 188 583 200 -149.9 -2.3
IND 44.2 16.9 450 219 194 38 -107.4 -2.6
DAE 21.8 13.0 233 117 108 29 -50.4 -1.4
BRA 0.1 0.1 120 77 0 0 -18.4 -1.6
ROW 20.8 4.4 293 338 -125 0 171.9 -26.2
Global 6528 4409 0 0

* Bold numbers indicate membership.

The pattern of transfers across coalition memiselargely conform expectations: the regions

with large marginal benefits benefit from the higibatement levels in the regions with low

marginal abatement costs and co-finance thesedfigtement levels. Furthermore, permanent

members appropriate the entire surplus generatdatiebgoalition, and thus transfers tend to

go from temporary members to permanent memberditiGoal maximisation requires that

marginal abatement costs are equal across coatitenbers and equal to the sum of marginal

benefits of all coalition members. For singletomsgrginal abatement costs equal their own

marginal benefits.
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Optimal renegotiation time

Earlier renegotiations may induce even larger tioak in the first stage, as second stage
payoffs are large compared to first stage paydifais, the threats that can be imposed on
regions in the first stage are relatively large. iAss likely that the first stage generalised
stable coalitions are more ambitious than the stabhlitions in the second stage (see also
Welikard, Dellink and Van lerland, 2006) and thetfistage is now relatively short, this may
not increase the performance of the resulting dayial over the century. It may, however,
boost cooperation in the first stage. While earn@regotiations thus increase threats that help
to stabilise larger coalitions, later renegotiasionaintain the benefits of a larger coalition for
longer. As these two mechanisms counteract eadctr,othere is an optimal renegotiation
moment where the additional benefit from high armhibalances with prolonged ambition in

the first phase.

We find that the moment of renegotiation only affethe equilibria that emerge in the first
commitment period, as shown in Table 5. Stabihtyhie second commitment period is robust
with respect to the length of the period. In thestficommitment period, however, the
possibilities for credible punishment are crucial the stabilisation of more ambitious
coalitions: the later the renegotiations, the wedle threats and hence the less ambitious the

best performing PPCs.
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Table 5. Key results for different moments of retiagons

Best performing RPC

Renegotiations Members 2 commitment NPV of  Concentra-
after ... years  Members'tommitment period period payoff tions 2110
10 USA, JPN, EU15, OOE, EET, FSU, USA, EET, CHN, IND, 10451 657
EEX, CHN, IND, DAE, BRA, ROW DAE
20 USA, JPN, EU15, OOE, EET, FSU, USA, EET, CHN, IND, 11073 654
EEX, CHN, IND, DAE, BRA, ROW DAE
30 USA, JPN, OOE, EET, FSU, EEX, USA, EET, CHN, IND, 11431 654
CHN, IND, DAE, BRA, ROW DAE
40 USA, EET, FSU, EEX, CHN, IND, USA, EET, CHN, IND, 11238 655
DAE, BRA, ROW DAE
50 JPN, OOE, EET, FSU, CHN, IND, USA, EET, CHN, IND, 10937 655
DAE, ROW DAE
60 USA, EET, EEX, CHN, IND, ROW  USA, EET, CHN, IND, 10647 656
DAE
70 USA, OOE, EET, EEX, CHN, IND  USA, EET, CHN, IND, 10397 657
DAE
80 EU15, EET, CHN, IND, ROW USA, EET, CHN, IND, 10096 657
DAE
90 USA, EET, EEX, CHN, IND USA, EET, CHN, IND, 9938 658
DAE

When the renegotiation moment is sufficiently eattye Grand Coalition can be stabilised in
the first commitment period. In fact, most largealttons are generalised stable when
renegotiations are held after 10 or 20 years, diolythe 11-player coalitions where Brazil or
Japan free-ride. The intuition behind this resaltthat these two regions have very steep
marginal abatement cost curves. Their participaitiotine coalition requires that even though
they are temporary members and will not get momn tkheir outside-option payoff, a
substantial share of the surplus generated by tadition would go to these regions to
compensate their high abatement costs. But theticypation would hardly benefit other

regions, as their abatement levels would remaativelly small.

Because the larger stable coalitions exist for @tsh first commitment period, they do not
contribute very much to the payoff over the enftanning horizon. Although the Grand
Coalition is stabilised when renegotiations aredhafter 20 years, only 59% of the total

potential gains of cooperation are reaped (100%henfirst stage, 46% in the second stage).
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The best moment to renegotiate, in terms of maxngipayoff of the best performing RPC, is

after 30 years: this balances a sufficiently loimgt fcommitment period to enable prolonged

strong abatement policies with sufficiently highiethts to ensure stability of this ambitious

coalition in the first commitment period. In thisase, 62% of the potential gains of

cooperation are reaped. By contrast, the worstgairaion moment is after 90 years, where

only 47% of the potential gains may be reaped -dlfpdretter than what can be achieved in

the one-shot game.

Table 6. Key results for the coalition of {USA, JRDOE, EET, FSU, EEX, CHN, IND, DAE,

BRA, ROW} and {USA, EET, CHN, IND, DAE} in thetfasd second phase, respectively —

renegotiations after 30 years

Incentive to change

Abatement NPV of payoff NPV of transfer signal (NPV)
1com- 2“com- 1%com- 2"com- 1%com- 2" com-
mitment  mitment  mitment  mitment  mitment  mitment

2011 2041 period period period period period period
(% of BaU (% of BaU  Billion Billion Billion Billion Billion Billion
emissions) emissions)  US$ Uss$ Uss Uss Uss Uss
USA 19.7 10.6 1570 1071 323 -434 -425.9 -5.9
JPN 9.4 2.8 353 1282 =779 0 650.2 -135.5
EU15 7.6 6.5 1577 1721 0 0 -291.5 -179.3
OOE 26.1 3.8 90 256 -73 0 130.0 -12.5
EET 41.4 20.7 76 92 60 41 8.0 -0.5
FSU 229 5.3 153 497 -170 0 254.4 -38.7
EEX 239 1.8 76 223 -22 0 113.1 -10.0
CHN 76.5 30.6 359 277 688 296 -94.0 -1.5
IND 56.6 21.3 303 322 128 54 -1.9 -1.8
DAE 29.2 15.1 148 173 65 42 11.2 -1.0
BRA 5.1 0.1 44 114 -52 0 57.7 2.4
ROW 26.5 4.9 154 501 -168 0 256.3 -39.2
Global 4902 6529 0 0

* Bold numbers indicate membership.

The regional results of the overall best performCs are presented in Table 6. The most

striking result is that all signatories that aré remaining in the coalition in the second stage
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have an incentive to leave the coalition in thstfgtage, if they would not be punished in the
second stage. For some regions, abatement levelgeay large in the first stage, especially
for China and India. In the absence of transfeln&would lose more than 300 billion US$
on their own abatement effoft€learly, they need to be compensated for this sithstantial
transfers. Japan is willing to provide these trarssfas its benefits from global abatement are
very high. The USA has a prominent position in #agilibrium: they benefit from the large
credible threats that enforce an ambitious coalitiothe first stage, and they benefit from the
division of surplus among permanent members. lolabs terms (NPV of payoff), they are
the main beneficiary of the agreement, togetheh tie European Union (EU15), who benefit

from free riding.

Figure 1 shows annual global abatement percentigethe best performing PPC of the
different specifications and, for comparison, fdre tAll-Singletons case. In all cases,
abatement percentages are falling for the firse@ades, but increase slightly thereafter. The
falling percentages are caused by increases inifasamission levels that have a bigger
impact than the increased abatement levels indiogeédchnological progress. The slowdown
of emission growth in the later decades causeseatsatt percentages to slightly increase
towards the end of the century (cf. Nagashahal 2005). The figure clearly shows the trade-
off between ambition level and duration of thetfcemmitment period, and also shows that
the optimal transfer scheme is able to induce anlislly higher abatement levels throughout

the century than when no agreement is signed.

® This can be seen in the table as the payoff mimgransfers received.
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Figure 1. Global emission reductions in percentaigeshe All-Singletons case and the best

performing PPCs in the different simulations

Conclusion

Although our analysis employs a cautious equililbriconcept — we assume that a region
would defect from a coalition if its free-rider mdf/is larger than its payoff in the coalition —,
we find equilibria with a large degree of coopematiOur findings are in contrast to many
other studies that find only small stable coalifaonsisting of no more than two or three
players; see.g.the Barrett's (1994) theoretical analysis andahalysis of Finugt al. (2006)
using the STACO model. There are three main drieérgur results. First, a well-designed
transfer scheme is a useful tool to stabilise lacgalitions, as in our setting players differ in
marginal benefits and marginal cost. Second, tlster scheme that we suggest is

specifically designed to increase the incentivegoia the coalition. With such optimal
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transfers internal stability can be achieved far lrgest possible set of coalitions. Third, we
introduce renegotiations. A later commitment pergash be used to threaten potential free-
riders into cooperation. Together, these sticks eamdots provide substantial incentives to

stabilise more successful international climatditonas.
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