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Abstract

International environmental agreements have been and are negotiated to facilitate mitiga-
tion efforts on climate change. To avoid severe impacts, global cooperation is required
as the reduction of greenhouse gas emissions represents a global public good. However,
free-riding incentives impede the voluntary contribution of abatement by sovereign coun-
tries. The present thesis studies how climate cooperation could advance under different
treaty designs in the face of free-riding incentives.

The thesis uses integrated assessment models to quantify regional differences with re-
spect to costs and benefits from mitigating climate change and identifies regions that gain
from cooperation as well as potential losers. Within the numerical models, transfers are
found to enhance cooperation such that stable agreements could close the gap between
full cooperation and no cooperation roughly half with respect to global welfare. The
magnitudes of transfer payments show comparably moderate magnitudes resulting from
modeling assumptions on costs and benefits of mitigation. Following this assessment, the
thesis studies the implementation of payments. Adverse effects of transfers are identified
which have the potential to impede cooperation on climate change. Moderate magni-
tudes of transfers are found to be of advantage by limiting the potential adverse effects on
recipient countries, for which negative consequences could especially be relevant when
transfers are based on equity considerations.

Defining the obligations of a treaty in a more moderate way might enhance cooperation
also with respect to two other design options: (i) including unrestricted emissions trading
with countries that do not have abatement targets and (ii) formulating the obligations of
a treaty in emission assignments. The thesis finds that both treaty design options imply
additional welfare gains for which the coalition pays and that no country can be excluded
from. While global welfare is enhanced, free-riding is likely to become more attractive.
In turn, (i) restricting the amount of emission permits in the market for the coalition or (ii)
basing a treaty on emission taxes may enhance the participation in the agreement because
welfare gains for free-riders are reduced. However, the thesis finds that both agreements
under ambitious or moderate obligations could be more successful with respect to global
welfare depending on modeling parameters.
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Zusammenfassung

Internationale Umweltabkommen wurden und werden verhandelt, um fortschreitenden
Klimawandel zu begrenzen. Kooperation ist erforderlich, da durch die Reduzierung von
Treibhausgasemissionen ein globales öffentliches Gut bereitgestellt wird und steigende
Temperaturen nur durch globale Anstrengungen vermieden werden können. Aller-
dings erschweren Trittbrettfahreranreize freiwillige Emissionsreduktionen von souverä-
nen Staaten. Die vorliegende Arbeit befasst sich mit der Frage, wie Kooperation beim
Klimaschutz unter verschiedenen Gestaltungen eines internationalen Vertrages trotz Tritt-
brettfahreranreizen zustande kommen kann.

Die Arbeit verwendet integrierte Bewertungsmodelle, um regionale Kosten und Nutzen
von Emissionsvermeidung zu quantifizieren, und identifiziert Regionen, die von interna-
tionaler Kooperation profitieren, sowie potentielle Verlierer. Die numerischen Modelle
zeigen, dass Transferzahlungen zwischen Ländern Kooperation fördern könnten, sodass
die Lücke bzgl. globaler Wohlfahrt zwischen voller Kooperation und Abwesenheit von
Kooperation etwa zur Hälfte geschlossen werden könnte. Die Höhe der erforderlichen
Zahlungen ist dabei vergleichsweise moderat, was aus Modellannahmen bzgl. der Kosten
und des Nutzens von Vermeidung folgt. Anschließend untersucht die Arbeit die Imple-
mentierung der finanziellen Leistungen. Mögliche negative Konzequenzen der Trans-
ferzahlungen werden identifiziert, die das Potential haben, Kooperation zu erschweren.
Moderate Zahlungshöhen erweisen sich auch hier als vorteilhaft, indem sie die poten-
tiellen negativen Effekte für Empfängerländer begrenzen, die besonders bei Transferleis-
tungen, die auf Gerechtigkeitsmotiven beruhen, wichtig werden.

Die Festlegung von moderateren Zielen könnte auch in Bezug auf zwei andere Elemente
eines Vertrages förderlich für Kooperation sein: (i) die Einbeziehung von unbegrenztem
Emissionshandel mit Ländern ohne Reduktionsziele und (ii) die Festschreibung von Ver-
meidungszielen durch feste Emissionsreduktionen. Die Arbeit zeigt, dass beide Gestal-
tungen eines internationalen Klimavertrages dazu führen, dass die Koalition für zusätz-
liche Wohlfahrtssteigerungen zahlt. Obwohl die globale Wohlfahrt zunimmt, werden
Trittbrettfahreranreize größer. Demnach reduziert ein Vertrag, der (i) die Menge an Zerti-
fikaten im Emissionshandel begrenzt oder (ii) die Implementierung einer Emissionssteuer
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vorsieht, Trittbrettfahreranreize. Die Arbeit zeigt, dass sowohl Abkommen mit ambitio-
nierten oder mit moderaten Zielen zu höherer globaler Wohlfahrt führen können, abhängig
von Parameterwerten in den Modellen.



Chapter 1

Introduction

International environmental agreements have been and are negotiated to confront the
global challenge of climate change. A future agreement will have to impose ambi-
tious greenhouse gas reduction targets to reach the internationally acknowledged goal
of limiting global warming to 2◦C. The joint effort is necessary because the emissions of
greenhouse gases represent a global externality1 causing possibly severe impacts, a prob-
lem that nations acting in isolation can hardly solve. The externality nature of climate
change however also inhibits cooperation, and mitigation efforts so far fall short of the
required action.

The starting point of the present thesis is the assumption that the participation of countries
in a global agreement on climate change is impeded by free-riding incentives which arise
from the externality. Climate agreements therefore need to encourage the participation of
sovereign countries by specific treaty designs that address the climate change externality.

This introduction provides the background that makes these assumptions plausible and
specifies international climate agreements as the overarching research topic. The first part
discusses the benefits and costs of climate change mitigation characterizing the exter-
nality. The second part identifies the challenges regarding global cooperation that climate
change entails. The last part describes the specific research questions of the present thesis.

1.1 The Economics of Climate Change

1.1.1 The Anthropogenic Greenhouse Effect

The world has witnessed a tremendous increase in economic activity over the last 200
years. Not only has the population grown from about one billion in 1820 (Maddison,

1An externality is a situation in which one agent’s actions influence other agents without their consent.
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12 Chapter 1 Introduction

2001) to over seven billion in 2012 (WorldBank, 2012b), the global economy has under-
gone a remarkable development in the meantime. From 1000 to 1820, the average income
per capita rose only by about 50%. In contrast, the global Gross Domestic Product (GDP)
per capita changed from $6672 in 1820 to $5709 in 1998 (Maddison, 2001) inducing a
sharp increase in global output.

The development of the world economy complemented a heavy increase in the utilization
of fossil fuels as countries have switched from traditional energy carriers (such as biomass
and wind) to more efficient and accessible fossil fuels (such as coal and kerosene). Hall
et al. (2003) remark that the use of hydrocarbons has grown nearly 800-fold since 1750.
This expansion went hand in hand with increasing standards of living (Barro and Sala-I-
Martin, 2004) but also increasing pressure on the environment, causing new challenges
for society. With respect to fossil fuels, this is especially due to the fact that in the process
of their combustion large amounts of the greenhouse gas (GHG) CO2 are emitted.

The released CO2 adds to the stock of its atmospheric concentration, leading to a sharp
increase of the content of this gas in the atmosphere (Figure 1.1). CO2 is known to cause
the greenhouse effect, which was first discovered by Joseph Fourier in 1827 and then as-
sessed for the global atmosphere by Svante Arrhenius in 1896 (Archer and Rahmstorf,
2011). As sunlight with near infra-red wavelengths and below passes the atmosphere al-
most completely and heats the planet, far infra-red rays are re-emitted by the earth as a
grey body. The molecules of the atmosphere absorb light of these higher wavelengths and
therefore keep the energy partly to increase the atmospheric temperature further. How-
ever, because the infra-red light is not fully absorbed, changes in the composition of the
atmosphere, such as concentration increases of GHGs, alter the energy balance of the
planet and induce rises in the average atmospheric temperature.

Investigating the impact of a growing concentration of GHGs, the Intergovernmental
Panel on Climate Change (IPCC) has assessed with "high confidence" that the increase
of the earth’s mean temperature due to a doubling of CO2 concentrations with respect to
pre-industrial levels is "likely in the range 1.5-4.5◦C" (IPCC, 2013). Projections of tem-
perature changes until 2100 depend crucially on the pathway of GHG-emissions over time
and the concentration levels they induce. This is depicted in figure 1.2: Four representa-
tive concentration pathways were developed, ranging from concentration levels in 2100
of 490 ppm (RCP2.6) to 1300 ppm CO2-equivalent (RCP8.5) (van Vuuren et al., 2011),
and their corresponding temperature profiles assessed with an ensemble of climate models
(IPCC, 2013). Projected temperature increases of 4◦C at the end of the century are in the
range of possible scenarios and the implied impacts on bio-physical and socio-economic
systems can be severe (WorldBank, 2012a).

2the subsequent GDP per capita numbers are in 1990 international dollars
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Figure 1.1: CO2 concentration in
the atmosphere in parts per mil-
lion (ppm) from 7995 B.C. (start
of horizontal axis) to 2005 (end of
horizontal axis), source: Bernstein
et al. (2007)

Figure 1.2: Observed time-profile of global mean
temperature above pre-industrial level and projected
changes for different emission-scenarios with mea-
sure of uncertainty in shaded areas, source: IPCC
(2013)

1.1.2 Impacts of Climate Change

Consequences of a warming planet have occurred to date due to the already changing
climate and are projected to be diverse and regionally specific in the future (Tol, 2009).
The IPCC identifies different sectors for which higher average surface temperatures put
stresses on natural and socio-economic systems (Field et al., 2014): (i) freshwater re-
sources, (ii) terrestrial and freshwater ecosystems, (iii) coastal systems and low-lying ar-
eas, (iv) marine systems, (v) food production systems and food security, (vi) urban areas,
(vii) rural areas, (viii) key economic sectors and services, (ix) human health, (x) human
security, (xi) livelihood and poverty.

Each area is affected by a changing climate via specific mechanisms. Regional and global
water scarcity will be aggravated when temperatures rise (Schewe et al., 2014) while
flooding frequencies tend to increase for many rivers (Dankers et al., 2014). Eco-systems
will experience changes in their structure while their species are put to an increasing
risk of extinction when the climate warms (Field et al., 2014). Due to sea-levels rising,
coastal areas will be exposed to more severe danger from flooding and losses of land
(Nicholls and Cazenave, 2010). Ocean acidification due to the take-up of carbon from the
atmosphere induces species to migrate, populations to change and coral reefs to die (Field
et al., 2014). In the agricultural sector, yields have been shown to decrease especially in
low-latitudes and under higher emission scenarios (Rosenzweig et al., 2014). Extreme
events will damage the infrastructure (Field et al., 2014). Various impacts on human
health resulting from, for example, increased heat waves (Thomas et al., 2012) or an
increased spreading of diseases like Malaria (Caminade et al., 2014) have been shown to
be relevant.
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Figure 1.3: Risk of severe changes associated with temperature increases in key areas,
source: Field et al. (2014)

It is a specific feature of climate change that multiple bio-physical systems will be af-
fected. In addition, the fact that impacts involve long time horizons and uncertainties
combined with irreversibilities characterizes the challenge. Because the stock of GHGs
increases in the atmosphere through the accumulation of emissions, bio-physical systems
are influenced on a time scale of centuries. The emissions of today therefore impact future
generations, while uncertainties remain as to what the exact consequences of a warming
planet will be. Figure 1.3 gives an assessment of key risks associated with increasing tem-
peratures. In addition to these gradual risks, Lenton et al. (2008) describe important tip-
ping elements of the climate system and their uncertainties. For elements like the Green-
land ice sheet or the Indian summer monsoon, gradual changes in the GHG-concentration
lead to large-scale non-monotonous transformations of the sub-systems, with the possi-
bility of non-reversibility. Thus, the impacts of uncertain climate change are exacerbated
both quantitatively and in a qualitative way as marginal changes in concentration may
lead to significant changes on a global scale.

The impacts outlined above are triggered by a warming planet, for which higher temper-
atures are in turn induced by an increase in the atmospheric concentration of GHGs. For
individual impacts the origin of a particular rise in temperature is not of relevance. It is
global emissions that matter because the emissions of a single country disperse through-
out the atmosphere within a year but remain there for hundreds of years (Victor, 2011).
This is known as an externality in economics, where one economic agents action affects
others without their consent.
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1.1.3 The Global Public Good of Abatement

The impacts of global warming can be attenuated by reducing the emissions of GHGs
and therefore reducing the effects of the externality. Abating GHGs in turn represents
a global public good: emission reductions are non-excludable and non-rivalrous. First,
the benefits of abatement arise from avoided damages due to a reduction in temperature
– a global property. An economic agent responsible for the reduction can therefore not
exclude anyone from reduced damages elsewhere. Second, the fact that one agent enjoys
reduced damages does not interfere with the way a different agent enjoys them.

The presence of externalities or public goods implies a market failure (Dahlman, 1979).
The outcome of a free-market system is potentially not Pareto-efficient, meaning that
there is the possibility to make participants in the market better off while making no one
else worse off. In the presence of market failures social costs of the externality typically
differ from private costs (Hindriks and Myles, 2004). A Pareto-improvement may there-
fore be induced if a regulator increases the price of the externality to its social costs by
implementing policy instruments to internalize the externality.

For climate change, the market failure arises because agents do not take into account the
damages they inflict on society when emitting as only a negligible part of damages accrues
to them. An immediate way to increase the price of the externality, and hence increasing
individual costs from emitting, is the implementation of an emissions tax. The usage
of the disposal space of the atmosphere is not free anymore and, under a perfect market
systems, the least cost options to reduce emissions would be exploited until marginal costs
are equal to the price (Staub-Kaminski et al., 2014), inducing cost-efficient abatement.

Mitigating climate change can also be achieved by limiting the amount of GHGs that
economies are allowed to emit. Under a perfect market, there exists a one-to-one corre-
spondence to the implementation of a tax when a market for emission rights exists that
ensures a common price.3 Another class of instruments to influence the outcome of a
market is termed "command-and-control": policy instruments such as the introduction of
standards or the prohibition of certain ways of production target economic decisions in a
straight-forward way. The last set of instruments is usually less cost-efficient compared to
taxes or carbon markets because a regulator would have to know the costs of all abatement
options in the economy to implement the least cost measures (Tietenberg, 1990).

The implementation of policy instruments for mitigating climate change does not only
avoid damages. While possibly inducing a Pareto-improving outcome, it entails abate-
ment costs of transforming fossil-fuel based economies to using other energy-carriers.
Figure 1.4 depicts the origin of GHG emissions by economic sector and shows that the

3Hepburn (2006) discusses circumstances under which this symmetry breaks.
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Figure 1.4: Global GHG emissions in MtCO2-equivalent (year 2009) by sector, data from
WorldResourceInstitute (2014)

energy supply and industry sectors are responsible for the highest share of emissions,
while the other sectors still make up over 50% of total emissions.

Academic literature assesses the least cost options of abatement when different levels of
climate policy are in place. Kriegler et al. (2013) show that it is a common feature of
abatement pathways to exhibit a pronounced change in the energy system. This change
entails a decrease in energy intensity together with the electrification of energy end use
and the decarbonization (i.e. reduction of the carbon intensity of energy output) of the
electricity sector. The non-electric energy end use sector is hardest to decarbonize. The
costs of abatement depend on the policy target. Increasing the stringency of climate tar-
gets implies increasing costs as more expensive options need to be exploited (Kriegler
et al., 2014). Tavoni and Tol (2010) find in a meta-study that average abatement costs in-
crease from 0.48% of loss in discounted GDP when reaching a GHG-concentration level
of 650 ppm (CO2-equivalent) in 2100 to 3.62% when staying below 450 ppm.4

The mitigation of climate change therefore entails both benefits when impacts are avoided
at otherwise higher temperatures and costs when emissions are abated. The next section
discusses what the evaluation of both cost components under different levels of abatement
implies for decision-making.

1.1.4 Defining a Policy Target on Climate Change

Cost-benefit analysis is an economic tool to compare "the desirable and undesirable im-
pacts of proposed policies" (Arrow et al., 1996b). In the case of climate change, a theoret-
ical cost-benefit analysis would value total avoided climate damages against total abate-

4They, however, conclude that this statistic is biased and that the mean of more ambitious abatement
scenarios is much higher, reaching close to 9% of discounted GDP losses.
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ment costs of climate targets in a combined analysis. Thus, all impacts from climate
change and the costs of the different mitigation options would have to be converted into a
common and comparable unit. In theory, when net benefits are at an optimum, marginal
benefits equal marginal costs: at this point the next additional unit of abatement would
induce higher abatement costs than benefits, identifying an optimal target of global GHG-
emissions (respective concentration and temperature).

Several strands of literature use the framework of cost-benefit analysis in order to study
climate change decision-making (Nordhaus, 2008; Carbone et al., 2009; Heitzig et al.,
2011). Integrated Assessment Models (IAMs) numerically quantify costs and benefits
of different levels of climate policy to derive estimates on an optimal level of GHG-
emissions, an approach first introduced by Nordhaus with the DICE model (Nordhaus,
1994). IAMs have received increasing attention in the academic literature to evaluate
climate change and are used to advise decision-makers on the optimal level of climate
policy (see for example U.S.InteragencyWorkingGroup, 2013).

IAMs principally allow to address core challenges that climate change entails. Stern
(2008) highlights three aspects: (i) intra-and intertemporal equity considerations, (ii) un-
certainty, and (iii) international climate policy. While cost-benefit analysis is an important
and frequently applied tool to assess these aspects of climate policy, analyses based on
IAMs are also complicated by these challenges, see for example Pindyck (2013). This
section discusses intra- and intertemporal equity and uncertainty by considering the dif-
ficulties that arise when evaluating climate change based on cost-benefit analyses. In
section 1.2, the framework is extended to the setting of multiple countries deciding on the
policy target when facing the international climate externality. Free-riding incentives and
their influence on cooperation within climate change are thus identified.

Intra- and intertemporal equity

To perform a cost-benefit analysis, IAMs need to quantify both components for different
levels of climate policy. Assessing abatement costs involves projections of the global
economy for several decades, for which assumptions on model input are difficult to verify
(Schneider, 1997; Scher and Koomey, 2011; Schwanitz, 2013). Moreover, especially
the monetary valuation of climate change impacts is very challenging (Ackerman et al.,
2009). Where markets exist (for example impacts in the agricultural, energy or forestry
sector), an assessment based on price and quantity changes is possible. Opposed to these
’market-impacts’, converting impacts on health or the environment into monetary values
is both difficult as well as ethically questionable. If assessed economically, non-market
impacts are usually measured in willingness to pay of consumers. The comparability of
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monetary damages is thus impeded as the willingness to pay may depend on the income
level of consumers as well as other factors. In addition, there is large general uncertainty
about the actual consequences of a warming climate and current assessments of impacts
are in all probability incomplete (section 1.1.2, Stern 2013).

If all costs associated with climate change were converted into monetary values, equity
considerations would complicate the evaluation of costs that accrue to different countries.
Several studies have stressed that regional heterogeneity in abatement costs and especially
in damages from climate change is important. Low-latitude regions will experience larger
impacts from climate change – at least in relative terms – , which host the poorest coun-
tries in the world (Füssel, 2010; Sinivasan, 2010; Mendelsohn et al., 2006). Regarding
costs of mitigation, Tavoni et al. (2013) find that OECD countries bear mitigation costs
below world average when keeping the temperature increase below 2◦C, while growing
developing countries are slightly above average with energy exporting countries incurring
the highest costs. Jakob and Steckel (2014) indicate that a large, maybe even the larger,
share of emission reduction would have to be achieved by developing countries.

When evaluating climate change policies, IAMs therefore often implement social welfare
functions to convert monetary costs to welfare in order to aggregate different countries.
The use of an appropriate utility as well as aggregate welfare function is fundamental in
defining a target that is socially optimal (Botzen and van den Bergh, 2014). Also because
different functions are employed, studies frequently find varying magnitudes of climate
change damages. Tol et al. (2004) show that different welfare functions can even switch
the sign of aggregate global impacts of climate change. The IPCC reports income losses
of up to 2% at a temperature increase of 2◦C (Field et al., 2014), while Stern et al. (2006)
argue for losses of "20% of GDP or more" in the absence of abatement.

While the debate on the appropriate social welfare function within a generation is un-
settled, recent discussions have put more focus on intertemporal equity. The costs of
reducing GHG emissions accrue mostly in the near term future, the benefits will be felt
much later when temperature reductions avoid damages because of the stock nature of
the problem. In order to compare monetary values at different times, discounting needs
to be applied (Arrow et al., 1996a). Different approaches exist (Arrow et al., 2013): (i)
being "prescriptive", the discount rate is determined based on policy choices, (ii) a "de-
scriptive" way determines the discount rate based on observed behavior, for example in
financial markets. Stern et al. (2006) argue prescriptively for a low discount rate based
on a low pure rate of time preference, making more ambitious mitigation efficient, while
Nordhaus (2007) puts forward arguments to use observable values that generally imply
higher discounting. The academic debate is not settled.
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Uncertainty

Due to uncertainty about costs (Rogelj et al., 2013) and especially benefits (IEA, 2007) of
mitigation, cost-benefit analysis of climate change has been extended to expected utility
theory, where next to intra- and intertemporal equity parameters the level of risk aversion
enters the social welfare function. Anthoff et al. (2009) study the influence of the most
important parameters in decision making, combining intra- and intertemporal distribution
with uncertainty. They conclude that the range of possible parameter values leads to
differences in the valuation of damages within the range of orders of magnitude. Very
different reductions in GHG emissions would thus be socially optimal.

A recent debate has however argued that expected cost-benefit analysis might not be ap-
plicable to climate change due to large uncertainties coupled with the possibility of catas-
trophic impacts (Weitzman, 2009). While the so-called "dismal-theorem" raises impor-
tant implications for climate change decision-making (Millner, 2013), other scholars have
critized in how far the results are valid for climate policy (Nordhaus, 2012).

In light of the discussed drawbacks of a climate cost-benefit analysis, other concepts might
be preferable (van den Bergh, 2004). The definition of sustainability goals (Spangenberg,
2011) or the precautionary principle (Gollier and Treich, 2003) highlight the aspect of
preserving the planets opportunities for future generations. Defining a goal for climate
policy based on these principles however again poses the question which quantitative
target should be set at which time as the costs of mitigation are fundamental as well.

Cost-benefit analyses based on IAMs incorporate the most important mechanisms to eval-
uate climate change and allow a quantification of a climate policy target. For decades they
have thus remained an important tool for the evaluation of climate change, despite the as-
sociated problems. When taking advantage of the merits this approach entails, one should
however always contemplate its drawbacks (Hahn, 2005). The next section applies this
concept to study the climate externality when sovereign countries decide on climate pol-
icy, thus reasoning the need for international cooperation.

1.2 Climate Change Cooperation

The social optimum of a global cost-benefit analysis of climate change is defined by the
Samuelson public goods optimality rule, by which the sum of marginal benefits equals
marginal costs. However, no single ’world government’ exists that would have the au-
thority to enforce the regulatory action required. Rather, regulation would need to be
implemented at a national level, with agreement of the national authority. This section
first describes how rational decisions of governments in the face of the climate exter-
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nality lead nations to emit too much when valuing individual benefits against costs of
mitigation. Cooperation between countries is needed in order to solve the global climate
problem. In the second part, international environmental agreements are introduced as a
possible means to achieve cooperation.

1.2.1 Incentives for Unilateral Abatement

The emissions of an individual country influence the welfare of all other countries due
to the climate externality. In addition, while governments are able to implement regu-
latory measures to limit the emissions on their territory, they are not able to control the
emissions of other countries. This is a typical situation of conflict and cooperation. In
economics, game theory is frequently applied in order to analyze the strategic behav-
ior of individual decision-makers whose actions influence one another. The fundaments
of game theory go back to the seminal book of von Neumann and Morgenstern (1944).
Nash (1950) introduced a central concept of equilibrium that determines decisions in a
non-cooperative notion, which economists often apply to describe the behavior of ratio-
nal agents. A Nash-equilibrium is a combination of choices of each decision-maker such
that none has an incentive to change her choice given that no one else switches choices:
at this point individual utilities are maximized given the decisions of the others.5

Consider two symmetric countries deciding how much to emit in a cost-benefit frame-
work. Due to the climate externality, individual damages of one country depend on how
much both countries cumulatively emit, while individual mitigation costs are only a func-
tion of individual emissions. The best outcome of an individual country is defined by its
marginal benefits and marginal costs, determining the Nash-equilibrium of the game.

The marginal benefit (MB1) curve of figure 1.5 illustrates how marginal benefits of a
single country change when it reduces emissions from its level without regulation, EBAU

(Business-As-Usual, BAU). When marginal benefits of the country in question equal its
marginal costs, the next unit of emission reduction would lead to higher costs than the
individual benefits gained. EN is the level of emissions at individual optimality given
the emissions of the other country, indicating the Nash-equilibrium. However, also the

5 Formally, a game as a situation where a set of n players I, each having a utility (or payoff) function
(ui)i∈I , seek to maximize their utility. Each player can choose her strategy from a set of strategies Si
without knowing or being able to influence the strategies of the other player. A Nash-equilibrium is a vector
of strategy combinations s∗ = (s∗i )i∈I ∈ S1× ...×Sn, such that:

∀ i ∈ I : ui(s∗1, ...,s
∗
i , ...,s

∗
n)≥ ui(s∗1, ...,si, ...,s∗n), ∀ si 6= s∗i .

For s∗, no player has an incentive to change strategies given that no other player switches her choices: at
this point individual utilities are maxmized given the strategies of the other players.
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Figure 1.5: Individual (MB1) and total marginal benefits (MB1+MB2) and marginal costs
(MC1) dependent on the emissions of one country, adapted from Perman et al. (2003)

benefits of the other country increase upon choosing to reduce emissions from the EBAU

level to EN , which is illustrated in the (MB1+MB2)-curve. In fact, the total benefits gained
from reducing emissions of one country below the Nash-equilibrium level outweigh the
additional costs. This is the case until emissions are reduced to EO, the social optimum
given the emissions of the other country are optimal, where the sum of marginal benefits
equals marginal costs (Carraro and Siniscalco, 1992). Because private and social costs of
the externality differ, a single decision-maker will emit too much by choosing EN .

In the case of climate change, many more countries than two are involved. Close to 200
regulators have to choose emission levels, while benefits of mitigation that accrue to a
single country contribute little to global benefits. Emission levels of a country acting in
isolation, based on a cost-benefit analysis, will therefore be far from optimum as only a
fraction of the externality is internalized (Nordhaus and Yang, 1996).

1.2.2 International Environmental Agreements

If countries acted in complete isolation from each other, an approximation to their emis-
sion levels would be given by the Nash-equilibrium of the emissions game. Contrary to
this non-cooperative notion, a different description is necessary since international nego-
tiations have been taking place and agreements on climate change have been implemented
since 1992, when countries signed the United Nations Framework Convention on Climate
Change (UNFCCC). It specifies the goal of "preventing dangerous anthropogenic inter-
ference with the earth’s climate system" (UNFCCC, 1992), thus defining a cooperative
approach among countries.

The aim of the UNFCCC has been to develop legally binding international agreements on
climate change. In 1997, the Kyoto Protocol was the first treaty assigning binding emis-
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sion reduction targets to a set of developed countries. The agreement specified no obli-
gations for developing countries. In order to enhance action on climate change, a global
temperature target was acknowledged by the majority of the international community in
2010 (UNFCCC, 2011a): limiting global warming to 2◦C. However, negotiations failed
to reach a new treaty that would implement the required emission reductions. Countries
specified pledges for emission targets, which are not consistent with keeping the 2◦C-
target (Rogelj et al., 2010). More so, yearly GHG emissions continue to increase until
this date (Edenhofer et al., 2014). Currently, the Ad Hoc Working Group on the Durban
Platform for Enhanced Action is designing a new treaty to come into force in 2020 in
order to reach the 2◦C-target (UNFCCC, 2011b).

Some observers are skeptical, however, that the current efforts to establish an agreement
will be more successful than past attempts (Schreurs, 2012; Kriegler et al., 2013). Plau-
sible answers to the discrepancy between the 2◦C-target and national action is given by
the coalition formation literature which studies how cooperation in the presence of public
goods may come about. When modeling the behavior of countries facing the externality
of climate change, one of the crucial aspects to take into account is the fact that countries
are sovereign and that under international law governments are not obliged to cooperate
(Barrett, 2003).

The cartel formation game formalizes an approach apt to combine the anarchic state of
international policy with the cooperative setting at negotiations. In the first stage of the
game, the lack of a supra-national authority to implement regulatory measures is recog-
nized by preserving the sovereignty of countries to decide non-cooperatively whether to
join the agreement or not. The Nash-equilibrium in participation choices is a state where
no signatory has an incentive to leave and no non-signatory wants to join an agreement
(the equilibrium concepts stems from cartel stability, see d’Aspremont and Gabszewicz,
1986). In the second stage of the game, acknowledging the cooperative setting of negoti-
ations, the coalition decides cooperatively among its signatories on the level of abatement
while all non-signatories decide individually and non-cooperatively on their abatement.

Early research using this approach concluded that participation and the gains from co-
operating are low when the problem involves a large gap in global welfare between the
Nash-equilibrium of the simple emissions game and the fully cooperative agreement (Car-
raro and Siniscalco, 1998; Barrett, 1999). High free-riding incentives have been identi-
fied as the reason for this conclusion: When a coalition forms in the first stage of the
game, signatories will internalize the externality among them in the second stage and –
if there is much to gain from cooperating – increase abatement efforts in order to reach
the best outcome for their group of countries. Figure 1.6 illustrates how the net benefit
of a signatory increases with coalition size. However, since abatement is a public good,
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Figure 1.6: Net benefits for signatories to an agreement and for non-signatories dependent
on the coalition size for a simple symmetric and quadratic net-benefit function

all non-signatories will enjoy the benefits of increased global abatement at free costs.
This creates a high incentive not to join the agreement and free-ride on the efforts of the
coalition, illustrated in figure 1.6 in which the net-benefits to non-signatories always ex-
ceed those of signatories. As this rationale is the same for all countries, the decision to
join an agreement is negative for most countries and overall a low level of cooperation is
achieved.

The finding that participation is low for the emissions game leads many scholars to in-
vestigate how different treaty design options added to the simple cartel formation game
influence global cooperation on climate change (Barrett, 2006; Carraro et al., 2009; Ey-
ckmans and Finus, 2007; Finus, 2008; Dellink, 2011). As emphasized by, for example,
Carraro (1999) and Barrett (2003), international environmental agreements need to be
"self-enforcing" by design: Due to the lack of a supra-national authority, countries need
to have an incentive to join the treaty based on self-interest.

The IPCC has identified multiple means to add to a treaty in order to enhance the success
of an IEA (Stavins et al., 2014). Next to changing membership rules (Finus, 2008), linking
climate treaties to other international agreements (Lessman and Edenhofer, 2011) and
punishing non-members for free-riding (Lessmann et al., 2009), these topics include:

• Transfers. Section 1.1.4 discussed that both damages from climate change as well as
abatement costs are distributed unequally among countries. When a treaty specifies
a global temperature target, countries will therefore experience different benefits and
costs leading to some countries gaining from cooperation while others lose. In order
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to balance these gains and losses, transfers have been identified as a tool to enhance
cooperation (Weikard, 2009; Finus and Pintassilgo, 2013). In addition, the poorest
regions of the world will be affected most by climate change impacts and abatement,
at least in relative terms. Transfers have also been discussed based on equity con-
siderations to support the less developed countries and compensate them for their
mitigation efforts (Tavoni et al., 2013).

• Modesty. Finus and Maus (2008) study treaties that assign only moderate abatement
efforts for signatories, such that not the entire externality is internalized inside the
coalition. Free-riding may be considerably reduced when formulating treaties in
less stringent targets, enlarging the size of the coalition and therefore possibly also
improving the environmental effectiveness of the treaty.

• Uncertainty. Studying the effect of uncertainty on coalition formation has recently
received increasing attention. However, consistent insights regarding the success of
a stable agreement under uncertainty are so far lacking (Na and Shin, 1998; Ulph,
2004; Kolstad, 2007; Karp, 2012; Finus et al., 2013). Conclusive policy recommen-
dations are subject to future research.

A comprehensive design of a new global treaty is critical in order to induce immediate
abatement efforts as the impacts of climate change become more obvious (Field et al.,
2014) and the delay of action increases mitigation costs of the 2◦C-target (Luderer et al.,
2013). More research regarding the design of climate treaties is therefore in demand.

1.3 Objectives and Outline

Reaching a global solution on climate change poses a demanding challenge for the in-
ternational community. The impacts of a changing climate may be severe and can only
be limited if all countries reduce GHG emissions in the long run. Yet, the sovereignty of
individual nations impedes the implementation of ambitious climate policy on a country
level because mitigation of climate change represents a global public good. While inter-
national environmental agreements provide a means to coordinate action, a treaty needs
to be self-enforcing, as argued above, by encouraging participation based on self-interest.

This thesis aims at contributing to the understanding of climate change treaties by study-
ing the cartel formation game when welfare is assessed based on the costs and benefits of
mitigation. In addition, specific measures to possibly enhance cooperation are analyzed.

Regional differences in the costs and benefits from mitigation will be taken into account,
extending the literature in this respect. An empirically calibrated IAM is utilized, in which
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different world regions influence each other through the externality of global warming:
the Model of International Climate Agreements (MICA). Combining an optimal growth
framework with a climate module, the model takes account of regionally specific benefits
and costs of abatement over a long time horizon. While this approach is useful when
focusing on questions related to the heterogeneity of players, models with symmetric
players will be used when research questions with different aims are investigated.

Explicitly, chapters two to six address the following objectives:

1. The empirics of the climate game. The thesis investigates the effect of empirically
calibrated heterogeneity on climate treaties. The characteristics of countries that gain
from cooperation and those that lose are explored. Additionally, the environmental
effectiveness of and participation in stable agreements is quantitatively assessed.

2. The effect of transfers. The thesis provides insights into how much participation can
potentially be enhanced when sharing the gains of cooperation by means of different
transfer mechanisms. It addresses the design of transfer schemes with a special focus
on their impact regarding the success of agreements and their robustness against
particular adverse effects.

3. Modesty in the design of a climate treaty. The thesis investigates whether alterna-
tive design options of two key treaty elements can relax the burden of members to a
coalition and therefore enhance cooperation: including unrestricted emissions trad-
ing with non-signatories and formulating a treaty based on emission reduction targets
when abatement costs are uncertain. The effect on global welfare of different treaty
designs is assessed.

Chapter two illustrates fundamental stability concepts for the case of describing the cli-
mate game with empirically calibrated IAMs. In addition to specifying the known concept
of internal stability, it extends the notion of "Potential Internal Stability" for this class of
models on an abstract level. Therewith, transfers are identified that, once implemented
within a coalition, induce internal stability for a specific coalition. Additionally, the no-
tion of core stability is applied to IAMs. Both concepts emphasize the heterogeneous
setting of empirically calibrated models. A computational procedure is proposed that en-
ables to test for potential internal stability and blocking power. This chapter is availabe as
a CORE working paper.6

Based on the concepts of the previous chapter, chapter three analyzes stability for five
different IAMs (MICA, STACO, WITCH, CWS, and RICE). Within a comparison, the

6Ulrike Kornek, Kai Lessmann, Henry Tulkens. Transferable- and Non-transferable Utility Implemen-
tations of Coalitional Stability in Integrated Assessment Models. CORE Discussion Paper 35, 2014
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chapter investigates the stability of coalitions and evaluates environmental effectiveness
and participation of stable treaties to identify robust results and differences. Stability is
analyzed based on the properties of world regions. Transfers are characterized according
to their ability to enhance cooperation. This chapter is under review at Environmental and

Resource Economics.7

Chapter four analyzes transfers as a means to enhance cooperation in more detail. Trans-
fers are implemented based on an international carbon market, with a special focus on
compensating developing regions for their mitigation efforts. The carbon permit is first
identified as congruent to conventional resources and adverse effects similar to the "re-
source curse" are qualitatively discussed. A quantitative assessment using the model
MICA shows in how far certain transfer schemes can provide for increased coopera-
tion even under the presence of a curse. The analysis of the potential design of transfer
schemes in order to enhance cooperation is deepened with respect to transfers discussed
in the previous chapter. This chapter has been submitted to Climate Change Economics.8

Chapter five discusses a different way to incorporate developing regions into a global
mitigation effort. The Kyoto Protocol included the possibility of developing regions to
engage in permit trade if emissions are reduced below their baseline. The chapter critically
discusses the consequences on the stability of a climate treaty when including this trade
option based on a version of MICA with homogeneous world regions. Finally, suggestions
for alternative design choices are investigated. This chapter has been published in The

Manchester School.9

Chapter six addresses climate treaty design under uncertain abatement costs. As policy
instruments perform differently under uncertainty, the chapter studies cooperation when
formulating a treaty either in fixed emission assignments, emission taxes or international
carbon markets. The success of international environmental agreements under these dif-
ferent design options is assessed using an analytical model of reduced complexity. This
chapter has been submitted to Journal of Environmental Economics and Management.10

Finally, chapter seven critically discusses the results of the previous chapters. It presents
a common narrative of the policy implications and puts the results into perspective. The
chapter concludes with an outlook on future research.

7 Kai Lessmann, Ulrike Kornek, Valentina Bosetti, Robertus Dellink, Johannes Emmerling, Johan Ey-
ckmans, Miyuki Nagashima, Hans-Peter Weikard, and Zili Yang. The stability and effectiveness of climate
coalitions: A comparative analysis of multiple integrated assessment models.

8Ulrike Kornek, Jan Steckel, Kai Lessmann, and Ottmar Edenhofer. The Climate Rent Curse: New
Challenges for Burden Sharing.

9Kai Lessmann, Robert Marschinski, Michael Finus, Ulrike Kornek, and Ottmar Edenhofer. Emissions
trading with non-signatories in a climate agreement- an analysis of coalition stability. The Manchester
School, 2013. doi: 10.1111/manc.12045

10Ulrike Kornek and Robert Marschinski. Prices vs. Quantities for International Environmental Agree-
ments.
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1 Introduction

In the game theoretically inspired literature, that deals with the stability of international

environmental agreements in view of which countries form coalitions, two alternative

concepts are considered. Potential internal stability (PIS) on the one hand, introduced by

Carraro et al. (2006), is a property that holds in any coalition if the agreement is such that

a transfer scheme exists that guarantees all members at least their outside payoff. Core

stability (CS) on the other hand, introduced in the field by Chander and Tulkens (1995,

1997), is a property that prevails in the grand coalition if no other coalition can provide

each of its members a higher payoff when deviating from an agreement proposed for the

grand coalition.

Both concepts, which are formulated analytically in terms of transferable utility (TU)

games, make use of transfers among players. Using this instrument, Weikard (2009)

defines the class of transfers necessary to induce PIS. Similarly, Chander and Tulkens

(1995, 1997) give a formula of transfers that they show to be sufficient to induce CS in a

wide class of international environmental games.

With Eyckmans and Tulkens (2003), the CS concept has been introduced in a numerical

simulation model of the world economy dubbed CWS, with a view of computing the

international transfers asserted to ensure the core stability of possible agreements. Since

then, other authors have done the same with the PIS concept, introducing it in other

simulation models, namely Nagashima et al. (2009) with STACO and Bosetti et al. (2013)

with WITCH. The latter paper introduces extensions to non-transferable utility (NTU).

Obviously, an interesting comparison exercise focusing on the coalition stability issue

was called for. Lessmann et al. (2014) analyze five integrated assessment models (IAMs)

with respect to stability: MICA (Lessmann and Edenhofer, 2011), STACO (Finus et al.,

2006), CWS (Eyckmans and Tulkens, 2003), WITCH (Bosetti et al., 2006), and RICE

(Yang, 2008). To enlighten the results of this first comparison paper as well as future

ones, the present note aims at making explicit some aspects of the underlying theory and

of computational methodologies involved: while these are basically common to all five

models, there are nevertheless important differences that deserve to be pointed out to

make the comparability credible.

Our main concern is with the formulation of transfers between players in the alternative

frameworks of TU vs NTU. Furthermore, as the economic models underlying the game

differ considerably in terms of their scope, we aim here at a unifying presentation.

After reviewing in Section 2 the basic structure of IAMs, showing how strategic and

coalitional games are associated with them and reminding one of the source of TU vs

3
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NTU distinction, we define in Section 3 the two stability concepts in their TU version and

describe the role of transfers in the achievement of coalitional stability in either case. We

extend the definitions in Section 4 to the NTU form of the game, substituting transfers of

a standard economic commodity for transfers of utilities. We verify the extent to which

results known for the game in the TU form do still hold in the NTU case. We finally

propose in Section 5 methods for testing the stability of coalitions by means of a simple

optimization problem. Section 6 discusses briefly the practicality of transfers.

2 The IAMs and their associated games

2.1 The worldwide economic-environmental models

This section introduces the generic IAM to which the descriptions of this work apply,

following the well-known RICE-model (Nordhaus and Yang, 1996). The specific IAM

may differ in model setup concerning decision variables and constraints.

Consider an international economy with environmental externalities, consisting of n ∈N
countries indexed by i ∈ N ⊂ N and whose activities (consumption, labor, investment,

capital accumulation) extend over T periods, indexed t ∈ {1, . . . ,T} = T . Within that

framework, the characteristic feature of integrated assessment models is to include the

environmental dimension of the activities, namely emissions of pollutants and reception

of ambient pollutants.

The general economic activities are supposed to be those of market economies, and the

resulting emitted pollutants in all countries are assumed to accumulate over time as a sin-

gle stock affecting all countries around the planet, hence a worldwide environmental and

stock externality. This also reflects the models’ intended application to climate change.

Countries are assumed to be acting so as to maximize a over time collective utility func-

tion, ui, specific for each of them, whose arguments are the domestic aggregate con-

sumptions in each period, Cit > 0. Felicity at time t, uit , is assumed to be additively

separable over the periods T . The consumptions are made feasible from the production

of commodities, in aggregate amounts Yit > 0, after deducting investment decisions Iit

and possibly diminished at each t by the domestic damages Dit(∆t) > 0 incurred from

the temperature change ∆t . Thus, for each country i, the assumed objective is to maxi-

mize

ui = ∑
t∈T

β t−1uit(Cit) (1)

4

42
Chapter 2 Transferable and Non Transferable Utility Implementations of

Coalitional Stability in Integrated Assessment Models



with 0 < β t−1 < 1 discount factors and for which at each t

Cit = Yit − Iit −Dit(∆t)

holds. In each country, production at each t results from the use of inputs such as labor

Lit and capital Kit , according to some production function

Yit = fit(Lit ,Kit),

with labor treated as exogenous (i.e. given) and capital resulting from accumulated in-

vestments Iit according to the relation Kit = Kit−1 + Iit . Production also generates pol-

luting emissions, Eit , the sum of which over all countries determines, in turn, the level

of the worldwide externality ∆t . One thus has for each i and t, in addition to the two

equations above,

Eit = git(Yit)

and

∆t = h(∆t−1,∑
i∈N

Eit). (2)

Additionally, the optimization problem is complemented by the ability of each region to

reduce emissions via an (implicit or explicit) abatement cost function.

These are the bare bones of many IAMs1. Concerning the five IAMs in question, some

are more detailed on production (WITCH) or include other activities such as trade (MICA),

others being even less detailed (STACO).

As it is stated thus far, an IAM may be seen as essentially descriptive. Assuming that

in all countries utility maximization is spontaneous, because occurring through compet-

itive market forces, the models’ solution is a worldwide Pareto efficient trajectory of

consumptions, productions and capital accumulations when the externality of equation

(2) is not present. This cannot be asserted concerning the environmental variables: due

to the externality they generate, pollutant emissions and the resulting levels of ambient

pollutants prevent a market world economy from achieving efficiency. If the purpose is

to correct for that, the models can be taken as prescriptive and their solution interpreted

as policies, that is, decision variables. Beyond Pareto efficiency other objectives may be

sought for, such as coalitional stability of the solution, as done here.

1To our knowledge, first formulated by Nordhaus (1994) in a world model called DICE that was not
differentiating utilities across countries. This last feature – without which the issues raised in this paper do
not exist – was introduced in Nordhaus and Yang (1996).
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2.2 The associated games

This is where game theoretic concepts can come into play, if a precise connection is

made between the components of the economy and the elements that constitute a game.

To that effect, remembering that a game (in strategic form) is mathematically defined, in

general, as a triplet comprising a set of players, the set of strategies of the players, and

the players’ payoffs, let us define the international environmental externality game as

Γ = (N,(Xi)i∈N ,(ui)i∈N) (3)

where N, the set of players, is the set of countries, (Xi)i∈N is a family of sets of strategies

accessible to each player, and (ui)i∈N is the vector of the players’ payoffs, taken to be the

values of the countries’ collective utility functions (1).

What the players’ sets of strategies exactly are may remain unspecified at this point (they

do differ according to the IAM under consideration). Be it sufficient to point out now

that the externality feature - a crucial one in this case - is not lost in the passage from the

economy to the game: the variables Eit and ∆t will remain present in the accessible sets

(Xi)i∈N as well as the transition equation (2) that links them. For the time being and until

further notice, let us denote simply by xi any element of the set (Xi), and call a strategy

profile any list, denoted x, of strategies of all players.

Pursuing in the direction of cooperative games, the stability literature considers players

forming coalitions, that is, subsets S of N, and coordinating thereby their behavior on

the externality (typically, in our economic application, participants in an environmental

agreement among the coalition members). We specify this in the game by assuming that

if a coalition S forms, its members have access, acting jointly, to a set XS = ×i∈SXi of

joint strategies (xi)i∈S, on which they maximize their joint payoffs according to a social

welfare function specific to the IAM. We shall denote by xS the elements of XS. We

simultaneously assume that the non-members maximize their individual payoffs over

their respective strategy sets. Based on this twofold assumption, the outcome of the

formation of a coalition is a particular strategy profile x̃S =de f
(
(x̃i)i∈S,(x̃ j) j∈N\S

)
, that

Chander and Tulkens (1995, 1997) have called “partial agreement Nash equilibrium with

respect to coalition S ” (PANE wrt S), for which we extend the concept to allow for

general social welfare functions to be maximized. This efficient solution wrt a coalition

S will play a key role in the rest of this paper.

For the sake of completeness, let us point out that the formation of a coalition in the game

Γ is approached differently depending upon the literature where the stability concepts

that we wish to compare originate. In the PIS literature, to be a member of a coalition
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is treated as a strategic variable in the first stage of a two stage game, whose solution

consists of, for each i, the fact of belonging or not to some coalition S (knowing that

it will implement a PANE wrt that S). In the second stage the solution consists of the

emission strategies of the PANE wrt the coalition chosen at the first stage. In the CS

literature, Γ is treated instead as a single stage coalitional cooperative game whose core

solution directly specifies which coalition forms. This difference in origins is without

impact, though, on the issues and results dealt within this paper.

2.3 TU vs NTU games and transfers

The TU vs NTU distinction intervenes when a precise specification is needed for the

expression of “maximizing joint payoffs“ used above for describing the behavior of the

members of a coalition. For this purpose, a function may be specified, called the “coali-

tion function“2, whose arguments are all possible coalitions S ⊆ N and the image some

expression of the best outcome that the members of S can achieve as a group, that is,

using the joint strategies XS they have access to.3 And to the definition (3) of the game

in strategic form there may be added, as a complement, a definition of the game in coali-

tional form4 or, for short, of a coalitional game. We present here three alternative forms

of that function which are used in the IAM literature and are the source of the distinction

between TU vs NTU games.

If the coalition function associates with each subset S of N a real number denoted v(S),

this scalar being the one that maximizes the (unweighted) sum of the individual payoffs

achieved by the members, the game is called TU and denoted (N,v) in this coalitional

form. The number v(S) is called the “worth“ of the coalition S. In behavioral terms – that

is, in terms of strategies –, this “best“ outcome is obtained from maximizing v(S) over

the joint strategy set XS defined above.5 Notice that by doing so it is also assumed that

once achieved, this maximum joint payoff is possibly redistributed among the coalition

members in any way they please, by means of transfers between players inside the coali-

tion.6 The transfers of payoffs that we state here are usually called transfers of utility if

2We are adopting the terminology of Peleg and Sudhoelter (2007), p.9.
3Thus, in addition to the individual players i, coalitions are also considered as elements of the definition

of the game.
4For a long time, actually since von Neumann and Morgenstern (1944, ChapterXI), the coalitional func-

tion was called the “characteristic function’, and the game so defined called ”game in characteristic function
form“. By now, and since Aumann (1989, pp. 9 and 49), the term coalitional that we are using here seems
to have been definitively adopted, as in Peleg and Sudhoelter (2007).

5Any joint strategies that yield v(N) are called “efficient” strategies, and correspond to a Pareto optimum
of the world economy.

6This is indeed desirable if there are members for which the joint strategy happens not to be beneficial
in terms of their own payoff function.
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the coalition function v(S) is defined as above. Hence the acronym TU game. Among the

five IAMs reviewed in the comparison paper, CWS and STACO make use of coalition

functions of the kind just described and are thus TU games.

In a second form, the coalition function associates with each S a set of vectors of the

individual payoffs, denoted V (S), achieved by the coalition members playing their joint

strategies. The game then is called NTU, for non-transferable utility, and denoted (N,V )

in its coalitional form. The best outcome in this case is not represented by the sum of the

vector’s components, as it would be with with TU, but instead by the vectors itself. The

reason for that lies in the underlying economic model, where the assumptions needed

to justify the summation of utilities (and consequently of payoffs in the game) are con-

sidered not to be verified. In fact, the admissibility of summation or non-summation of

payoffs corresponds to alternative assumptions made on the nature of the utility functions

in the economy. To the TU formulation there correspond two features7: (i) that individ-

ual utilities are expressed in units of a common numeraire good, e.g. in dollar units of

GDP, and (ii) that the utility functions are quasi-linear (i.e. linear in the numeraire com-

modity). Accepting these two restrictions and thus adding up unweighted utilities across

individual players does not make the analysis meaningless, but it makes it dependent to

quite particular interpersonal considerations.

If the two restrictions above are not accepted, identifying a best outcome for a coalition’s

choice of a joint strategy requires identifying, in the payoff space, vectors that do not

dominate one another in the sense of vector maximization (as in Kuhn and Tucker’s

theorem, that is, in a Pareto sense). Such vector maximization does not yield a unique

solution, in general, so that the image V of the coalition function V (S) is to be taken as

the set of undominated payoff vectors in the payoffs space8. In NTU coalitional games

the worth of coalition S is thus represented by a set of vectors of payoffs.

The coalition function for NTU may also be defined as a single vector of the individ-

ual payoffs achieved by the coalition members playing one of their joint strategies and

identified via a specific social welfare function to be maximized. The functional form

of social welfare is taken to be the weighted sum of the players payoffs. The weights -

denote them by λi > 0 for each i ∈ S - are determined by considerations derived from

the underlying economic model, in the spirit of some utilitarian social welfare function

for instance, based on equity considerations, or in relation with the marginal utility of

income of the economic agents, that the players represent. The coalitional form of the

game in this case should be written vλ (S). Among the five IAMs reviewed in the com-

7As mentioned in Peleg and Sudhoelter (2007), pp. 1-2, referring to Aumann (1960).
8In the space of strategies, each such vector being induced by a (possibly) different joint stategy of the

members of S.
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parison paper, MICA, RICE, and WITCH make use of coalition functions of the kind

just described.9 No transfers of the payoffs vλ (S) within the coalition can be envisaged,

though, because of their non-comparability.

But the meaninglessness of transferring payoffs should not preclude the possibility of

transferring instead some physical commodity (that induces payoffs), in the hope of

obtaining, in the NTU form of the environmental externality game, stability properties

similar to those well established for its TU form, which are repeated in Section 3 and

applicable to CWS and STACO. We deal analytically with such “non-utility transfers“ in

Section 4 below, applicable to MICA, RICE, and WITCH.

Transfers play an important role in both forms of coalition functions: they shift payoffs,

directly or indirectly, between the players. The reason for doing that lies, as suggested

in footnote 6, in a possible discrepancy between the payoff a player obtains when imple-

menting his part of the joint strategy xS and the payoff attributed to him at, for example,

the non-cooperative Nash-equilibrium of the game in (3). However, are the transfers

themselves elements of the strategy sets?

The answer is ”no” for the games associated with the five IAMs here under review. In all

cases, the solution concept sought for10 is obtained from computing first the worths of

the coalitions of interest from strategy sets XS that ignore transfers, after which, ex post,

transfers between players are computed so as to find (if possible) a vector of payoffs of

all players that achieves the said solution concept. With this methodology, the virtue of

the transfers, on which the computational experiment of the Lessmann et al. (2014) paper

reports, is conceptual rather than behavioral. They serve to appreciate the feasibility of

the stability concepts, but are not an expression of behavioral assumptions on the players.

We now move, in sections 3 and 4, to the detailed analysis of coalitional stability, respec-

tively for the TU version and the NTU version of the environmental externality game.

3 The Stability Concepts in the TU-case

3.1 Potential Internal Stability (PIS)

The PIS concept derives from the notion of internal stability (IS) introduced in the inter-

national environmental game by Carraro and Siniscalco (1993) and Barrett (1994). As

9For analyses of these models with λi-weighted utilities but without the application of transfers see
Lessmann et al. (2009) for MICA and Yang (2008) for RICE. Bosetti et al. (2013) analyze stability results
in WITCH and consider transfers by redistributing the present value of consumption rather than utility (see
discussion below equation 11).

10Namely, a potentially internally stable strategy for some coalitions, or a core stable strategy for the
grand coalition, which will be described in detail in sections 3 and 4 below.
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mentioned in Section 2.2, a two-stage cartel formation game is defined where in the first

stage players decide on being part of a coalition. In the second stage the players im-

plement the11 PANE wrt the so chosen coalition. This defines the equilibrium vector of

strategies in Γ.

IS is then a property of the coalition chosen at the first stage. It is verified if for each of

its members the payoff of being inside the coalition is higher than when being outside of

it, and thus higher than when being a free-rider vis-a-vis the remainder of the coalition.

Formally, and more precisely:

A coalition S is internally stable if ∀i ∈ S, uS
i ≥ uS\{i}

i , (4)

with uS
i the payoff of player i at the PANE wrt to the coalition S when i is a member of

it, and uS\{i}
i player i’s payoff as a singleton at the (new12) PANE wrt the coalition S\{i}

that i is no longer a member of.

Three points need to be made. First, note that in each of these two situations, the payoffs

uS
i and uS\{i}

i result from joint strategies chosen by the coalitions S and S \ {i} respec-

tively. For a given S, verifying the right hand side of (4) requires re-computing as many

other PANEs as there are members in S. Thus, when the number of countries is large, and

the number of coalitions is, in turn, very large, the computational task of checking for

IS for each coalition ends up being quite considerable. Next, notice that, as stated, this

definition of IS is independent of whether or not the payoff functions are quasilinear and

TU or the coalition function is represented by vλ and payoffs are NTU, as discussed in

section 2.3 above. Finally, the payoffs mentioned in (4), as well as the strategies that in-

duce them, bear on the whole period 1 . . .T: thus, by construction of the model, coalitions

remain fixed over time.

PIS is a weakening of the IS requirement. It is defined as follows (see Carraro et al.

2006):

A coalition S is potentially internally stable if ∑
i∈S

uS
i ≥∑

i∈S
uS\{i}

i . (5)

If this inequality is satisfied, the total payoffs of the coalitions’ members, i.e. the left

hand side, is sufficient to cover the total of the free-rider payoffs, i.e. the right hand side,

that all these members might claim simultaneously, even if for some members condition

(4) does not hold. Therefore, as observed by Carraro et al. (2006), if (5) is satisfied, a

scheme of payoff transfers among the members of S – from those for which (4) holds
11For every coalition S, this equilibrium is proved to be unique by Chander and Tulkens (1997) in the

usual analytical form of the environmental externality game, which is independent of IAMs. When used in
the present applications to IAMs, the uniqueness of such equilibrium is assumed, and much needed as seen
in the sequel.

12Because the defection of i induces the remaining members of S to adapt their equilibrium strategies.
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with strict inequality to those for which (4) does not hold – can be devised such that,

by implementing such a scheme, the coalition S would become internally stable in the

sense of (4). Hence the ”potential” qualification. The transfers are not explicitly stated

by these authors, but Weikard (2009) has formulated conditions that they should satisfy

for a specific analytical model.

There is in particular a feasibility condition: for PIS to prevail, the total of transfers,

formulated in units of payoffs as done above, should not exceed the (positive) difference

between the two sides of the inequality (5). If that difference is negative, the sum of

the members’ payoffs on the left hand side is not sufficient to cover the claims stated by

these same members in the right hand side. Then, PIS does not hold among the members

of coalition S.

For a given game, whether or not the PIS property is satisfied by all coalitions, by only a

few, or perhaps by no coalition at all, depends on the specifics of each game (that is, prop-

erties of their strategy sets and payoff functions), and within each game, on the specifics

of the members of each coalition.13 It may hold for some coalitions, and not for other

ones. Weikard (2009) shows that within a simple analytical model large heterogeneity in

damages from emissions among the members induces a coalition to become PIS. To the

best of our knowledge, no general analytical condition has been formulated so far that

guarantees the existence of PIS coalitions in more complex versions of the environmental

externality game.14 However, in numerical simulations of the IAM type, Carraro et al.

(2006), as well as Brechet et al. (2011) found some of them, and these findings led to the

Lessmann et al. (2014) comparison paper, seeking for determinants of potential internal

stability of coalitions.

Because the PIS concept is formulated in terms of sums of payoffs, and such sums are

economically meaningful only if payoffs are quasi-linear, as argued in Section 2.3, the

concept has been used in IAMs that assume TU. To overcome this limitation, we seek in

Section 4 below for an extension of PIS to the NTU case.

3.2 Core Stability (CS)

When Γ is treated as a coalitional game, the fact that players form coalitions is not ren-

dered explicit as a distinct strategic variable as in the case of IS. Instead, it is included as

part of the solution concept of the game.

13In view of the remark that prompted the next to last footnote, notice that the summand on the right of
(5) bears on a number equal to |S| of possibly different PANE’s.

14Brechet et al. (2011, pp. 62-63) provide logical arguments explaining why PIS may not hold in general.
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The core of a coalitional TU game (N,v) is defined as the set of payoffs vectors

u∗∗ = (u∗∗1 , . . . ,u∗∗n ),feasible for coalition N, such that (see Myerson (1991) p.462)

∀S⊆ N, ∑
i∈S

u∗∗i ≥ v(S). (6)

By feasibility is meant that N, the grand coalition, has access to some joint strategies15

x∗∗ = (x∗∗1 , . . . ,x∗∗n ) for its members16, which yield ui(x∗∗) =de f (u∗∗i ) for each of them,

and satisfies

∑
i∈N

ui(x∗∗)≤ v(N). (7)

When equality holds in (7) the core joint strategy x∗∗ is an efficient one, and (6) says

that for the members of any coalition S, this strategy profile yields aggregate payoffs

(the LHS of equation 6) larger than the best this coalition can possibly do (the RHS of

equation (6)). Thus, no coalition can pretend to “block“ the proposed vector u∗∗ or to

improve upon it. The vector u∗∗, as well as the coalition N and the strategy profile x∗∗

that induces it, are stable in that sense.

Defined in this way, the core appears as a set in the space of payoffs and in the strategy

space as well. From the use of the additive coalition function in the specification of the

non-blocking condition (6), the possibility of payoff transfers inside coalition N is im-

plicitly at play. Indeed it was stated earlier that “the joint payoff is possibly redistributed

among the coalition members in any way they please”. However, such transfers may

not be necessary. This is the case if for all the members of N the efficient strategies x∗∗i
happen to yield individual payoffs that directly meet (6). The simplest example of that is

when all players are assumed to be identical: with the standard analytical model, Chan-

der and Tulkens (1995) show, in their Section 6, that an efficient strategy profile without

transfers is in the core in that case. We leave it as a conjecture whether in anyone of

the five IAMs, with their parameters modified so as to be “symmetric“ (that is, countries

being identical), one could obtain the same result.

Thus, CS does not rest in an essential way on the notion of transfers, as it is sometimes

believed. However, when the CS property is not met by an efficient strategy in an en-

vironmental game, the claim of Chander and Tulkens (1995, 1997) is that the particular

transfers they define are a sufficient instrument to obtain stability. While this was first

established for the analytic model in its static version, an extension to a formulation

adapted to the intertemporal framework of IAMs led to the formula of “generalized GTT

transfers“ given in equations (30) and (31) of Eyckmans and Tulkens (2003). Introduc-

15There may be many.
16since S = N in this case, x∗∗is also a strategy profile.
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ing it in the simulations done with CWS, and repeating the exercise with Brechet et al.

(2011) has revealed that the optima so computed, supplemented by the generalized GTT

transfers, are indeed solutions in the core of the CWS game. To our knowledge, there

has been so far no reporting of tests of that property with the other TU-IAM, namely

STACO.

As a final remark, since the games constructed from CWS and STACO are TU games,

the transfers are expressed, as suggested above, in units of payoffs, that is, in units of

discounted sums of aggregate consumptions in the various countries over the whole time

horizon of the models, see equation (1). This raises the practical question of when these

sums are to be paid and received. At whatever times they are paid, the amount of con-

sumption at these points in time needs to be sufficient to ensure the feasibility of the

transfer (formalized below in equation 13). The same question of when transfers are

paid arises in the next section and we postpose the discussion of it to the concluding

section of the paper.

The extension of the PIS and core stability concepts to the NTU case will be our second

purpose in the next section.

4 The Stability Concepts in the NTU-case

In this section we present how the two stability concepts translate to the NTU setting with

a transferable commodity. We take advantage of the fact that in the underlying economic

model there is at least one commodity which is transferable and yields utility, and we

use this one for transfers. As was the case for TU transfers in the preceding section,

commodity transfers are treated below “ex post“, that is, they are not part of the strategy

sets of the players, but are introduced after an optimum without transfers is obtained, as a

computational operation with no explicit behavioral motivation on the part of the players.

4.1 Differences between transfers in the TU and the NTU games

Transfers in our model are just numbers denoted τit ∈ R, satisfying the condition that

one unit of it added to a player i has to be balanced by an equal reduction from another

player, i.e. and more generally, for any transfer we have ∑i τi = 0, with τi = (τit). As

we wish to restrict transfers to occur within coalitions, the set of all possible transfers we
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shall admit as possibly occurring when S forms reads:

T(S) = {(τi) = (τit) : i ∈ N, t ∈ T ∧ ∀t ∈ T : ∑
i∈S

τit = 0

∧ ∀ j /∈ S : (τ jt) = 0}.
(8)

Both the units in which transfers are expressed as well as the way in which transfers enter

the players’ payoff functions differ depending upon the TU vs NTU formulation of the

game. In the former, we repeatedly mentioned above that transfers are implicit in the

definition of coalition functions as well as in the results obtained with them. To make

them explicit we may rewrite the individual payoff function (1) of player i when he is a

member of S and after transfers as:

uTU,S
i = (∑

t∈T
β t−1uit(Cit))+ τSu

i , (9)

in which indeed the transfer τSu
i (> 0 if received by i, < 0 if paid by i) is expressed in the

same units as the discounted payoff, and done ex post, that is, as a lump sum separate

from the choice of Cit , hence the superscript u and the absence of a time index.17

In the NTU formulation, one may propose to write18 the players’ individual payoff func-

tions as:

uNTU,S
i = ∑

t∈T
β t−1uit(Cit + τSc

it ) (10)

where the transfer is now denoted τSc
it , expressed at each time t in the same units as the

composite commodity (hence the superscript c). Discounted over the whole time period

T with discount-factor rit , it amounts to the single number that we now define as

τ̄Sc
i = ∑

t∈T
ritτSc

it , (11)

as done in Bosetti et al. (2013).19 Bosetti et al. add the discounted transfers in equation

(11) to the discounted sum of consumption streams ∑t∈T ritCit , an approximation to util-

ity, in order to test the PIS-property of a coalition. This procedure however neglects the

fact that marginal utility is non-constant and can therefore not provide a definite test of

17This is exactly what Eyckmans and Tulkens (2003) do for CWS (see their equations (30) and (31),
which are more explicit on the time dimension than equation (1) in Brechet et al. 2011), and repeated in the
Lessmann et al. (2014) comparison paper. The same applies to STACO as appears from formulae of their
transfers given as equations (13) and ff. in the Nagashima et al. (2009) version of the model, and repeated
in the comparison paper.

18As done for WITCH in Bosetti et al. (2013), see their equation (4), and also in the Lessmann et al.
(2014) comparison paper.

19See in particular equations (7) and (8).
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whether a coalition is PIS via ex-post re-distribution. The definition of PIS given below

is based on utility rather than discounted comsumption and is therefore more general.

The role that the transfers defined in equation (10) play in the two stability concepts is

presented in the next subsections.

4.2 Potential Internal Stability in IAMs under NTU

For any coalition S, IS under NTU is defined exactly as in equation (4) when the game

is of vλ -type. For PIS, since we cannot use the summation of utilities as in equation (5),

we express the definition of the concept in the NTU case in terms of vectors of payoffs

as determined by the functions (10).

As these result from strategy profiles specific to each coalition S, we have to rephrase (5)

in a way that expresses them fully. This is done as follows: A coalition S is potentially

internally stable in the vλ environmental externality game if, given the PANE x̃S that

prevails when coalition S forms as well as, for each i ∈ S, the PANE x̃S\{i} prevailing

in the coalition S \ {i} that forms when player i defects from S, there exists a transfer

scheme (τSc
i ) ∈ T(S) and inducing payoffs ũNTU,S

i such that

∀i ∈ S, ũNTU,S
i =de f ∑

t∈T
β t−1ui(C̃S

it + τSc
it )

≥ ũNTU,S\{i}
i = ui(x̃

S\{i}
i ), (12)

where C̃S
it is the it-th consumption component of the strategy profile x̃S

i .

As seen in this last expression the commodity transfers (8) can replace the utility transfers

for coalition S to ensure its members at least their outside option payoffs ũS\{i}
i . Doing so

a feasibility issue arises in commodity terms: the amount of commodity to be transferred

by the members of S to the possibly defecting members at each point in time must be

feasible for this task, the amount being taken from the commodities that coalition S

produces. Since transfers are redistributed in an ex-post fashion without influencing the

underlying economies at the PANE wrt S, the amount of commodity paid by any region

has to be deducted purely from consumption so that investment decisions can remain at

their respective level:

C̃it + τ̃it > 0 ∀i ∈ S ∀ t ∈ T. (13)

This feasibility constraint applies to all IAMs. Additionally and depending on the specific

modeling context, other constraints may be added to ensure that ex-post redistribution is

feasible for all economies.
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In Bosetti et al. (2013) results as computed with WITCH are reported on PIS holding for

(some) coalitions, albeit basing the redistribution on the present value of consumption

and transfers defined as in equation (11). Typically, the grand coalition is never PIS (as

indicated on the second and last lines of their Table 3), but various smaller ones are.

Other IAMs with NTU have thus far not been subject to PIS analysis with coalitions.

As a closing remark on PIS, applying this NTU-definition to a TU-game should lead to

the same conclusions as when using the simple TU definition in (5), due to the fact that

in both cases transfers are ex-post and do not influence the solutions x̃S: only a fixed

’cake’ is distributed. Yet the cake is of a different composition as well as subject to

different limitations as to its size. Therefore it is not clear whether a same game, treated

successively as TU and NTU would lead to identical coalitions being either PIS or not.

4.3 Core stability in IAMs under NTU

The core of a coalitional NTU game (N,V ) is defined as the set of payoffs vectors

u∗∗ = (u∗∗1 , . . . ,u∗∗n ), feasible for coalition N, which are not dominated by feasible payoff

vectors of the members of any other coalition. Formally,

∀S⊆ N, and ∀i ∈ S, u∗∗i ≥ u∗Si (14)

needs to hold for all feasible payoff vectors (u∗Si ) ∈V (S) of the coalitions S.

More explicitly, in terms of strategies, by “no domination“ is meant that N, the grand

coalition, has access to some joint strategies20 x∗∗ = (x∗∗1 , . . . ,x∗∗n ) for its members21,

which yield ui(x∗∗) =de f (u∗∗i ) for each of them, and is such that there exists no coalition

S⊂ N for which a PANE wrt S, x̃S, yields

ui(xS)≥ ui(x∗∗) ∀i ∈ S with > for at least one i. (15)

For S = N, expression (15) replaces, in this NTU definition of the core, the efficiency

requirement (7) in the TU case. For all other S, equation (15) ensures that no coalition

can “block“ the proposed vector u∗∗ by pretending to improve upon it. The vector u∗∗,

as well as the coalition N and the strategy profile x∗∗ that induce it, are “NTU-stable” in

that sense.

Turning to IAMs, the issue of interest is to find out whether a computed efficient solu-

tion could belong to the NTU core, with or without transfers (and not, as is sometimes

believed, to compute the entire core). To that effect, let us briefly recall how this is done

20There may be many.
21since S = N in this case, x∗∗is also a strategy profile.
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in the TU framework, e.g. with CWS22. Compute first the efficient solution (with all

weights equal to 1) , and record in particular the payoff of each player at that solution.

Compute next the worth of each coalition (with the same equal weights), that is, a single

number for each coalition, and compare this number with the sum of the payoffs that the

coalition members obtain at the efficient solution, another single number. If the differ-

ence between the former and the latter is positive for all coalitions, the efficient solution

already belongs to the TU core, without transfers. If this difference is negative for one or

more coalitions, it does not, but after applying GTT transfers to the efficient solution, and

making the comparison again, it appears that the difference is positive for all coalitions.

Thus, efficiency with transfers yields a solution in the core of the game associated with

CWS, for the parameter values used in that experiment.

In the NTU framework, parts of that procedure can be followed, while others cannot

for the obvious reason of non-additivity of payoffs. Nevertheless, let us follow that path.

Take an IAM, compute a PANE of the Grand Coalition, and record the individual payoffs

so obtained, as well as, of course, the strategy profile that induced them. Check whether

or not these strategies, after having been introduced as arguments of the individual (NTU)

payoff functions, are undominated in the sense of (14). If they are undominated, we claim

that the solution is in the NTU core.

For the case of ex-post transfers (τit) ∈ T(S) that induce feasible payoff-vectors of the

sub-coalitions, a procedure to test for the blocking power of a coalition S is proprosed

in section 5.3. With this method, a payoff vector uN of the Grand Coalition can be

rejected to belong to the core if a blocking coalition is found with respect to the case

that a transfer scheme (τit) ∈ T(S) exists that, once implemented, violates equation (14).

However, since not the entire accessible strategy space is tested in this manner, only

potential candidates of u∗∗ can be identified.

To our knowledge, none of the five IAMs here under review has been subject to CS

analysis with NTU coalitions23.

5 Testing for stability

5.1 A method to test for PIS

In case of NTU of the vλ -type (models MICA, RICE, and WITCH), we can test for PIS

of a coalition by considering all possible transfer schemes as control variables in a maxi-

mization problem. Indeed, at the PANE wrt to some coalition S, given the corresponding
22see the details in Table 5, pp. 321-322 of Eyckmans and Tulkens (2003).
23In the Lessmann et al. (2014) comparison paper, CS is not dealt with at all, but is announced for later.
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utility vector (uS
i )i∈S, take as fixed the vector of consumptions C̃S of its members. Then,

for an arbitrary but fixed coalition member k solve

max
(τkt)

uk(C̃S
kt + τkt), (τit) ∈ T(S) (16)

subject to u j(C̃S
jt + τ jt)≥ uS\{ j}

j for j ∈ S\{k} (17)

C̃it + τit > 0 for i ∈ S, t ∈ T (18)

....

That is, redistribute consumption of all i ∈ S at each time t such that all members except

player k receive at least their outside payoff, and player k receives as much as possible

given this restriction. Additional feasibility constraints can be added to this procedure

that are specific to the IAM. Then S is PIS if the payoff ũS
k = uS

k(C
S
kt +τ∗kt) of k, with (τ∗kt)

the solution to (16–17), exceeds her outside payoff uS\{k}
k .24

5.2 A continuous measure of PIS

The excess surplus per member of the coalition, by which we mean any surplus that is not

necessary to make the coalition PIS, may serve as a continuous indicator of the degree of

stability.

For j ∈ S \{k}, the (C̃S
jt + τ∗jt) are minimal in the sense that they generate no more than

the necessary outside payoff. By maximizing the left-over consumption

max
∆Ct

Λ = ∑
t

1
1+ rkt

·∆Ct (19)

subject to uk(C̃S
kt + τ∗kt −∆Ct)≥ uS\{k}

k (20)

∆Ct ≥ 0 (21)

C̃S
kt + τ∗kt −∆Ct > 0 for t ∈ T (22)

....

while ensuring the arbitrary but fixed member k from (16–17) at least her outside payoff,

the maximum amount of money still to be distributed among the members is determined,

where rkt is the discount-rate of member k. If S is not PIS, one may drop the conditions

(21) and allow Λ to be negative. This then indicates how much consumption S is lacking.

The per-member indicator Λ/|S| resembles the continuous measure.

24This approach is similar to the linear programming problem proposed for example in Friedman (1986,
pp. 187-217) to test whether the core is nonempty in TU games.
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5.3 An algorithm to test for Blocking Power

Consider a feasible payoff vector (ũN
i )i∈N , possibly induced by a transfer scheme (τi) ∈

T(N) in the grand coalition N, and a potentially blocking coalition S. The question then

is whether there exists a transfer scheme (τi) ∈ T(S) that ensures every member j ∈ S

at least her inside-payoff ũN
j so that (14) is not fulfilled. In order to derive this, we set

up a maximization procedure. Choose an arbitrary but fixed member j ∈ S. Maximize

her payoff with arbitrary transfers (τi) ∈ T(S) subject to the constraints that every other

member k ∈ S\{ j} receives at least the payoff ũN
k :

max
(τi)

u j(C̃S
jt + τ jt), (τi) ∈ T(S) (23)

subject to uk(C̃S
kt + τkt)≥ ũN

k ∀k ∈ S\{ j} (24)

C̃S
kt + τkt > 0 for t ∈ T (25)

....

with C̃S
jt being the jt-th component of a strategy profile x̃S

j that the coalition S has access

to. This ensures that every member k ∈ S \ { j} receives the inside payoff ũN
k and that

member j will get the highest payoff possible under these constraints. If the resulting

payoff of player j is greater than her payoff in the grand coalition, ũN
j , then the solution to

problem (23), (ũS
i )i∈N , contradicts (14) and the coalition S can block the grand coalition.

6 Concluding remark

A “practically“ minded reader might ask the question: when are these stability enhancing

transfers ever paid and received? The dynamic nature of the ex-post transfers we propose

in the NTU formulation of IAMs reveals that they need to be paid over the entire time

horizon of the model. Therefore, just as the agreement of a stable coalition prescribes

abatement efforts for every period, transfers are specified as binding for every period as

well. For the case of TU, transfers are formulated in discounted present value terms,

which makes it possible that they are paid in the final period after all benefits and costs

have accrued. However, also in this case a dynamic formulation based on the consump-

tion streams available to the regions could be feasible. Now, given the extremely long

extension of that time path, the decisional aspects of the optimizations achieved by IAMs

such as those reviewed here cannot be considered as realistic.
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There is nevertheless an interest in defining and computing them as they confirm and

illustrate the qualitative assertions of the theory, and give some orders of magnitude of

their quantitative importance, relative to the rest of the economy.

Yet, the lack of realism just mentioned is not to be found in essential properties neither of

the stability concepts nor of the transfers instrument. It is rather due to the methodology

of open loop dynamic optimization used in all five IAMs. Other techniques have been

proposed to avoid the rigidities of this method, but their implementation in numerical

IAMs is currently at a exploratory stage only.
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1 Introduction

1.1 Motivation

This paper reports results from a comparison of models that explore international coali-

tions for climate policy. These models investigate the incentives of different nations

to commit themselves to a climate agreement and examine the extent to which climate

agreements are stabilized when participation is driven only by the self-interest of its

members.

International climate policy suffers from the adverse incentive structure of public good

provision, and it is well known that non-cooperative behavior results in under-provision

of such goods. How much a climate coalition improves upon this dilemma depends on

the costs and benefits of the individual nations. It is particularly dependant on their het-

erogeneity and whether nations can compensate each other, i.e. the existence of transfer

schemes. In this paper we investigate this for the first time using an ensemble of five

numerical models of climate coalition formation. Numerical models give particularly

valuable insights beyond those of their analytical counterparts, when the analysis de-

pends on regional heterogeneities in costs and benefits, quantitative estimates (i.e. their

order of magnitude), or detailed representations of reaction functions.

The models in this study are diverse both in their modeling approaches and in the data

sources used for calibration, representing a range of estimates for the costs and benefits

of real-world regions and their dynamics. Consequently, the models do not necessarily

agree in their assessment of the stability of specific coalitions.

The aim of this study is to make the differences in the underlying assumptions of costs

and benefits, and their implications for key model results, transparent. We quantify these

differences using new, model independent metrics, and we subsequently ask what these

metrics can contribute to understanding diverging coalition stability results and the effect

of transfers across the models.

Early theoretical investigations of coalition stability have often begun with the assump-

tion of identical (symmetric) players. This has resulted in a pessimistic assessment of

the scope of self-enforcing agreements to improve cooperation on international environ-

mental issues. In their seminal paper Carraro and Siniscalco (1993) find stable coalitions

to be generally small in size. While stable coalitions may be large in the model setup

of Barrett (1994), this only holds if the gains from cooperation are small. Much of the

ensuing research has investigated this dilemma and ways around it.1

1For a survey of this literature see Finus (2008), Eyckmans (2012) and Benchekroun and Long (2012).
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The theoretical potential for transfer payments to increase participation and environmen-

tal performance of a coalition has been long known (Carraro and Siniscalco, 1993). Yet

when real world heterogeneity is included, transfers that do not consider strategic im-

plications are unlikely to improve an agreement and may even damage its success (Na-

gashima et al., 2009; Weikard et al., 2006). In contrast, transfers designed specifically

to make cooperation more attractive than the free-riding alternative greatly improve the

success of coalitions (Carraro et al., 2006; Nagashima et al., 2009; Weikard, 2009). Sim-

ilarly, McGinty (2007) shows the beneficial effect of such transfers within the modeling

framework of Barrett (1994).

Regardless of the design of transfers, the asymmetries in the costs and benefits of climate

policy are shown to be important for the achievement of cooperation. Barrett (2001)

stresses that asymmetry of players complements the effect of transfers; together, asym-

metry and transfers may well improve cooperation. Weikard (2009) shows that higher

levels of participation under transfers that target the free-riding incentive are spurred by

stronger asymmetry among the coalition members, including the possibility of full co-

operation. Fuentes-Albero and Rubio (2010) confirm this and show that differences in

marginal damages (rather than abatement costs or the level of damages) are key to this

result. Recently Karp and Simon (2013) obtained comprehensive results showing how

the functional specification of costs and benefits of abatement impacts on the equilibrium

coalition size.

While these studies firmly establish a more optimistic prospect for cooperation and high-

light the importance of heterogeneity, the degree of asymmetry often remains a con-

ceptual assumption. Notable exceptions are Carraro et al. (2006) and Nagashima et al.

(2009), which rely on integrated assessment models to quantify asymmetries.

To improve the understanding of real-world asymmetries, both the mechanics and the

calibration of the models are of central importance. However, the uncertainties are large,

both within each model (most prominently concerning model parameters) and between

models (concerning model structure). Previously, the issue of how uncertainty and the

prospect of future learning about climate change impacts affects international coopera-

tion, has been addressed by including uncertainty in the structure of the coalition forma-

tion game (Finus and Pintassilgo, 2013; Kolstad and Ulph, 2008, 2011). In this paper,

uncertainty is reflected in the diversity of assumptions of the models compared. The

strength is threefold: it makes uncertainty more transparent; it helps identify robust re-

sults across modeling assumptions and parameterizations; and it enables us to learn from

the differences.
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Our contribution is a better understanding of the well-known cooperation failure, partic-

ularly in the heterogeneous setting provided by these numerical models. In addition, we

identify transfers and assess their magnitude and direction when used as a tool to enhance

cooperation.

1.2 International Climate Agreements

Central to this study is the concept of “self-enforcing agreements” or “coalition stabil-

ity”. A climate coalition is a subset of the world’s regions that agree to cooperate on

climate change mitigation policies. More specifically, we assume that within the coali-

tion, climate change is addressed in an efficient manner, i.e. in a manner that maximizes

coalitional welfare.2 The coalition adopts a joint climate policy and interacts with the

remaining regions as a single player. Each player is assumed to act selfishly with respect

to the others.

Coalition formation is hence modeled as a game with two stages: a “participation stage

game,” where players decide to either become members of the coalition or to remain out-

side; and an “emission stage game” where players choose economic strategies which (di-

rectly or indirectly) determine the emissions and abatement of greenhouse gases. Strate-

gies therefore result from a combination of the membership decision in the first stage and

the economic strategies of the players in the second stage of the game.3 This setup is sim-

ilar to the Partial Agreement Nash Equilibrium (PANE) concept introduced by Chander

and Tulkens (1995).

The equilibrium concept in stage 1 is cartel stability (d’Aspremont and Gabszewicz,

1986) in all models. A coalition is considered “stable” if it satisfies two conditions.

First, it is internally stable, meaning that no member is willing to leave the coalition.

Second it is externally stable, meaning that all non-members prefer to remain singletons.4

Formally, any given coalition S is stable if for the payoff of player i facing coalition S,

πi(S), we have:

πi(S)≥ πi(S\{i}) for all i ∈ S, π j(S)≥ π j(S∪{ j}) for all j /∈ S (1)

2Most models implement Pareto-efficiency through maximization of the utilitarian sum of individual
welfare per region. MICA computes Pareto-efficient strategies by solving a competitive equilibrium on
international commodity markets with full internalization of the climate change externality.

3The strategy set in stage 2 depends on the specific features of the models. These range from choos-
ing abatement directly to the indirect approach of choosing to invest in a broad variety of capital stocks
(including energy and abatement technologies). See the appendix for details.

4This notion of cartel stability was first applied to international environmental agreements by Hoel
(1992), Carraro and Siniscalco (1993), and Barrett (1994).
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Cartel stability allows us to analyze the whole range of partial cooperation. Note that the

notion of “core stability” was simultaneously developed for this class of models (Chander

and Tulkens, 1995). Core stability derives directly from classical cooperative game the-

ory. Its specific properties are quite different from those of cartel stability so its analysis

is left for future research but the tools that facilitate this model comparison are also appli-

cable to core stability, see Kornek et al. (2014) and footnote 13. We refer the interested

reader to Bréchet et al. (2011) who take a comparative look at both concepts.

Thus building solely on cartel stability, we aim to explore the drivers of cooperation.

In particular we also examine the effects of transfer schemes on the prospects for co-

operation. To investigate transfers, we employ the concept of potential internal stability

(PIS, as defined in Carraro et al., 2006). A coalition is said to satisfy the PIS property

if a transfer scheme exists that can redistribute payoffs within the coalition such that the

coalition is internally stable. Formally, PIS requires the existence of a vector of transfers

τi with ∑i τi = 0 such that:

πi(S)+ τi ≥ πi(S\{i}) for all i ∈ S (2)

Note that the simple addition of transfers in condition (2) is only appropriate in models

with transferable utility. For models that do not assume transferable utility but feature

a transferable commodity (e.g. consumption), transfers can be implemented at the com-

modity level. Here, a transfer scheme consists of a redistribution of the commodity

between regions for each time period.5

The rest of the paper is structured as follows. An overview of the different integrated

assessment models used in this analysis is given in section 2. Section 3 focuses on the

role of transfers. Section 4 summarizes results and concludes.

2 Characterization of the Models

In all models in this study, economic strategies are derived with respect to climate change

mitigation from a dynamic optimization framework. Each model combines the two level

game described above with an integrated climate economy model in the second stage.

These models are solved numerically, and thus their parameters need to be calibrated.

Reflecting uncertainty in knowledge over climate change economics, calibration varies

with the different empirical estimates of costs and benefits of climate change abatement

5We apply the procedure thus outlined for the models MICA, WITCH and RICE, for details see Kornek
et al. (2014).
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used for the specific models. More detailed information on the models can be found in

the appendix.

In the Stability of Coalitions model (STACO) each region’s monetary payoff equals re-

gional benefits (avoided damages) less costs of abatement (Nagashima et al., 2009, 2011).

The time dependence of both benefits and costs is calculated through an approximation

of a Ramsey type growth model (Ramsey, 1928). STACO does not model the consump-

tion/savings decision endogenously. Instead it uses exogenous baseline projections for

economic development and carbon emissions.

The other four models determine each region’s payoff through the use of dynamic, long-

term, perfect foresight, Ramsey-type optimal growth models which determine savings

behavior and abatement endogenously.

The first multi-region economic-climate model following this approach was RICE (Nord-

haus and Yang, 1996) and we use an updated version in this study (Yang, 2008). RICE

examines the relationship between economic growth, greenhouse gas emissions and cli-

mate change by explicitly modeling the stock of emissions in the atmosphere and the

resulting global temperature.

Closely related to this is the ClimNeg World Simulation (CWS) model, a modified ver-

sion of the RICE model, updated with new data on its cost and damage parameters

(Bréchet et al., 2011; Eyckmans and Finus, 2006; Eyckmans and Tulkens, 2003). As

one of its prominent distinctions, the payoff in CWS is in monetary units rather than an

abstract utility metric, which facilitates an implementation of transfer payments at the

payoff level.

The Model of International Climate Agreements (MICA) follows the same economic

framework as RICE but with different assumptions about costs and benefits. Formally,

its main distinction is to include the international goods markets (Kornek et al., 2013;

Lessmann and Edenhofer, 2011; Lessmann et al., 2009).

The aforementioned models rely on stylized abatement cost functions to model emissions

reductions. In contrast, WITCH incorporates an explicit representation of mitigation

options, particularly in the energy system (Bosetti et al., 2006). With this level of detail

comes a trade-off: the higher computational complexity necessitates the use of selected

coalitions.

2.1 Non-cooperative and fully cooperative solutions

The modeling assumptions, model structures, and data sources of the five models reflect

quite different views of the world economy and its development (see Table 1). A key
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Table 1: Modeling assumptions and key numbers of non-cooperative equilibrium
and fully cooperative solution

Modeling assumptions MICA STACO CWS WITCH RICE

Initial year 2005 2011 2000 2005 2000
Time Horizon (years) 190 95a 330 145 245
Number of regions 11 12 6 13 6
Pure rate of time preference
(percent)

3.0 1.5 b 1.5 3.0 3.0

Elast. of marginal utility 1.0 1.0 b 0.0 1.0 1.0

Non-cooperative equilibrium MICA STACO CWS WITCH RICE

Mean GDP growth ratec 2.06 1.97 1.54 1.56 1.24
Mean interest ratec,d 5.26 4.17 1.50 5.35 4.98
GHG emissions (GtC) 2015-
2100

1516 1827 1754 1963 1404

Non-cooperative GHG reduc-
tions (percent)e

9.8 12.1 10.2 13.0 5.0

Mean GHG intensity (GtC/tn$) 0.12 0.14 0.13 0.15 0.13
Climate change damage in 2100
(percent)f

5.8 7.8 3.2 9.3 1.6

Carbon price 2100: reg. mean
($/tC)

12 89 49 38 8

Cooperative solution MICA STACO CWS WITCH RICE

GHG emissions (GtC) 2015-
2100

953 984 1094 1122 1242

Climate change damage in 2100
(percent)f

3.8 4.0 1.9 4.9 1.5

Carbon price 2100: reg. mean
($/tC)

369 966 529 858 208

Carbon price growth rate to 2100
(percent)

1.90 1.69 0.90 1.02 1.02

a In STACO, climate change damages are considered for a 300 year period.
b STACO derives the interest rate for discounting payoffs using the Keynes-Ramsey rule to
ensure consistency with a logarithmic utility function and a pure rate of 1.5 percent
c Using a time horizon of 100 years
d The endogenous rate at which monetary values are discounted in the model, averaged over
regions and time
e Emission reduction in the non-cooperative equilibrium relative to a business-as-usual scenario
without climate change damages
f Damages are reported as a share of 2100 economic product
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difference between the models is the way they value the present against the future. For

monetary values such as abatement costs or climate change damages, this is determined

by each models’ endogenous interest rate. Simple Ramsey models suggest that this inter-

est rate depends on the pure rate of time preference and, if the intertemporal elasticity of

substitution is strictly positive, on consumption growth. This follows from the Keynes-

Ramsey rule ċ/c = 1/η (r−ρ) with per capita consumption c and ċ its derivative with

respect to time, and two preference parameters: the elasticity of marginal utility η and

pure rate of time preference ρ . At the interest rate r households are indifferent between

one unit now or (1+ r) units later. Table 1 (top section) shows how models differ in their

preference parameters.

Together with assumed projections of technological progress, these preference param-

eters determine the growth rates of economic output (Table 1, middle section) which

range from 1.2 percent to 2.1 percent per year over the first century. The pure rate of

time preference is highest for MICA, WITCH, and RICE at 3 percent, which has a direct

consequence on the interest rates in these models (around 5 percent).6 For these models,

all costs and benefits occurring in the future will be discounted at this higher rate. For

STACO, the pure rate of time preference is lower (at 1.5 percent) but the (exogenous)

assumption of relatively strong growth in the coming decades leads to a high initial dis-

count rate, especially for emerging economies, which declines over time to values of

around 3 percent, giving an average of 4.2 percent. Finally, in CWS the interest rate, at

1.5 percent, is the same as the pure rate of time preference, which is the lowest of all the

models.

A non-cooperative equilibrium is one where no coalition forms. In the non-cooperative

equilibrium, greenhouse gas emissions are of the same order of magnitude in all models,

with moderately lower values in MICA and RICE. As regional damages are internal-

ized in the non-cooperative equilibrium, emissions are lower compared to a hypothetical

case without damages. We measure these emission reductions relative to a no damage

business-as-usual scenario (BAU) and find that they are of comparable magnitude in 4

out of 5 models (about 10 percent of emissions), and 5 percent in RICE.

In the cooperative solution for the grand coalition, emissions are substantially lower than

those in the non-cooperative equilibrium (Table 1, bottom section). This is again with

the exception of RICE, which is probably due to the extent of climate change damages.

In the other models, emission reductions bring down climate change damages by several

percentage points in 2100. In STACO and WITCH in particular, high damages occurring

in the non-cooperative equilibrium are reduced by about four percentage points. In con-

6To be precise, the pure rates of time preference are constant in RICE and MICA, but diminish in WITCH
from an initial 3 percent to 2 percent over the course of a century.
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Figure 1: Aggregate damages 2015–2100 in the non-cooperative equilibrium in trillion
US$, discounted at the model specific discount rates

trast, the formation of the grand coalition in RICE leaves climate change damages almost

unchanged. When we derive a metric for damages in the next sections, we will see that

damage estimates are indeed relatively low in RICE.

2.2 Cost/benefit information

In this section, we introduce two metrics to characterize the severity of climate change

damages and abatement costs in the models, both globally and on the regional scale. Per-

haps the most intuitive metric would be to compare marginal cost functions and marginal

damage functions. Unfortunately this information is not easy to extract from, or make

comparable between, the models. Instead we propose alternative metrics based on model

output rather than assumptions regarding functional forms and parameter values.

Measuring marginal climate change damages

Figure 1 compares aggregate discounted damages in the non-cooperative equilibrium

across the models. The figure highlights that the damage calibration is low in RICE,

also reflected in the relatively low carbon price in the cooperative solution; the average

9
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price in 2100 is 208 $/tC compared to a range from 369 to 966 $/tC in the other models

(Table 1).7

In order to compare the marginal damages from climate change between regions for each

model, we take a slightly different approach to that provided by the total damages shown

in Figure 1. Instead, we say that a region has high marginal damages if the carbon price

of the grand coalition is significantly reduced when the region in question leaves. The

impact on the coalitional carbon price is a good indicator of how much the region is

affected by climate change; this region’s damages are reflected in the carbon price if and

only if the region is part of the coalition.

We take the discounted sum of this carbon price difference for each region in the grand

coalition compared to the sub-coalition when the one region in question is leaving, and

average the differences. Taking the average only matters when coalitions do not establish

a uniform carbon price, which is the case for WITCH and RICE. We normalize this

metric to the maximal difference over all regions (Figure 2).

Each model yields a different distribution of marginal damages across regions. In particu-

lar there is no agreement between the models about the region incurring highest marginal

damages. This reflects the fact that the assumptions made by the models about the re-

gional distribution of damages differ greatly. These differences concerning the marginal

damage assumptions are a primary driver of the results of the comparison.

Measuring regional marginal abatement costs

For our metric of regional abatement costs, we look at the cumulative emissions reduction

in each region at a uniform carbon price. Higher emissions reductions at such a global

carbon price signal a flatter marginal abatement cost curve up to this point, and hence

lower abatement costs for a prescribed abatement target. Since high figures indicate low

marginal costs, we talk about this metric as being the region’s “abatement potential”.

Technically, all models implement the common carbon price scenario by imposing the

same global emissions tax trajectory under conditions of disabled climate change dam-

ages. The cumulative abatement is the absolute emissions reduction, summed over each

model’s time horizon.

We find the global abatement potential to be largest in case of MICA, followed by

WITCH, STACO, CWS, and RICE in declining order. Only about two thirds of the

7Technically, the STACO model only considers benefits from abatement, and payoffs do not depend on
the level of damages.
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Figure 2: Climate change damages and abatement potential indicators scaled to [−1,1].

The climate change marginal damage indicator for a particular region was calculated by

taking the average of the difference in discounted carbon prices of the grand coalition

and the grand coalition minus the particular region at hand. This indicator was normal-

ized relative to the maximum average difference over all regions. Abatement potential

was calculated by implementing a common carbon tax trajectory for all regions in every

model. The resulting abatement trajectory (measured in tons) was integrated over each

model’s time horizon and scaled according to the maximum abatement level. Model

regions are specified in the appendix.

abatement prescribed by MICA are achieved in RICE. Despite this, we see that the po-

tential and hence abatement costs are of the same order of magnitude in all five models.

Figure 2 shows the abatement potential indicator for each model. The abatement po-

tential indicator is the tax scenario normalized to the maximum abatement level over all

regions. The indicator shows that China and India always rank high on abatement poten-

tial while for Japan the mitigation costs are perceived to be amongst the highest. We will

use the information from this table extensively when discussing the main objectives of

this paper: incentives of specific regions to join a climate agreement and the characteri-

zation of transfers. In general, one can say that the models seem to be in good agreement

over their assumptions on the costs of abatement.

11

3.2 Characterization of the Models 73



2.3 Incentives of regions

The incentive to remain in a coalition (or in short: incentive to stay) is defined as the

payoff received as a member of a given coalition minus the payoff of being outside the

coalition (i.e. as a free-riding non-member). For the following discussion, we want to

structure the driving forces that determine the incentive to stay for a given region in the

following way:

1. First, the benefit of joining the coalition, which is in turn influenced by:

(a) the extent of climate change damages in this region. When a region joins the

coalition, any damages it incurs are henceforth internalized by all coalition

members. Thus, the higher the marginal damages in the joining region, the

greater the abatement of the coalition as a whole. Any region benefits from

such additional abatement, and this is particularly pronounced for a region

with high marginal damage.

(b) the response of non members. For example, the free-riding non-members

are likely to raise their emissions in reaction to the reduced emissions of the

coalition. Such “leaked” emissions offset the abatement of the coalition and

therefore reduce the benefit of joining such a coalition.

2. Second, the additional costs incurred by the region upon joining the coalition. We

distinguish the abatement costs of a coalition member and other opportunity costs

as follows:

(a) abatement costs are a result of the distribution of emission reductions which

are determined by efficiency in abatement (i.e. the lower the marginal costs,

the more a region needs to abate), and the overall ambition of the coali-

tion, which depends on the collective marginal climate change damages of

all coalition members.

(b) other opportunity costs emerge when regions are coupled through more chan-

nels than just the externality. For example, when carbon pricing affects the

world demand for fossil resources, price changes in such resources will rep-

resent a cost of participating in the coalition for net exporters of such fuels.

The extent of 1a and 2a in the models is covered by the indicators derived above and sum-

marized in Figure 2 . We will see that often these indicators suffice to understand model

behavior. Before we take a look at the incentives, we discuss how damages, abatement

12
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Figure 3: Carbon price in the OECD coalition (as average net present value). Percentages
indicate how climate change damages in the member regions contribute to the overall
carbon price.

and leakage vary by considering the OECD coalition. For our purposes, all regions gen-

erating at least half their economic output from OECD countries are considered members

of this coalition.

Distribution of Damages

The extent to which a region benefits from abatement is measured through the carbon

price (see discussion of Figure 2). Figure 3 reports the percentage decrease in abatement

price when a nation leaves the OECD coalition.8

The absolute level of the carbon price, given above each bar, shows the ambition in the

coalition’s emissions reductions across the models. In the case of the STACO model, the

OECD coalition combines regions with high damages. This makes the carbon price of

this coalition very high, and free-riding on this coalition’s abatement very attractive. In

contrast, the ambition of the OECD coalition and hence the incentive to free-ride is much

lower in MICA.
8Since marginal damages are not entirely flat in any of the models but STACO, this procedure is just an

approximation of the decomposition of the cooperative carbon price but since the abatement of the OECD
coalition is unambitious and leakage is small, the error is negligible.
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Figure 4: Allocation of emission reductions in the OECD coalition as percentages of
overall emissions reduction, the time horizon is one century.

There is reasonable agreement across the models that it is the USA and Europe9 which

contribute the most to damages: they both score highly in every model. The USA and

Europe would therefore gain much from the abatement undertaken by the coalition. Their

share of coalitional abatement must, of course, be taken into account to determine the

incentive of these regions.

Distribution of Abatement

There are many ways to distribute overall abatement amongst the members of climate

coalitions, guided by many criteria, e.g. pragmatic, normative or incentive compatible.

The default distribution in coalition models is normative: the maximization of coalition

welfare.10 We follow this approach.

Figure 4 shows that the OECD coalition’s total abatement over the first century is quite

different across the models, partly because the composition of the coalition is different

between models. However, since differences turn out to be large even when regions

are identical, we conclude that much of the variation in abatement allocation is due to

different cost and benefit assumptions.

9Specifically, we will refer to model regions EUR, EU, and OLDEURO as “Europe”.
10Some models use a weighted sum in the social welfare function, see model factsheets in the appendix.
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The distribution of abatement for a given country varies substantially across the models.

For example, the USA share falls anywhere within the range of 20-60 percent, that of

Japan between 1 and 18 percent, and for Europe within the range 10-30 percent. All

models agree that the largest share of abatement ought to be achieved in the USA, often

followed by Europe.11

Leakage Emissions

Carbon emissions are said to “leak” out of the climate coalition if non-members increase

their emissions in response to the coalition’s abatement. The amount of leakage de-

pends on the sensitivity of the reaction functions of nations not in the coalition. These

reaction functions depend largely on model features that determine the ways in which

non-members are affected by the coalition.

There is zero leakage in STACO. This is a consequence of assuming constant marginal

damages, which implies that abatement is chosen independently by each region. In all

other models, the regions react to the abatement decisions of the others. MICA, CWS,

and RICE show only very moderate leakage: leakage rates per region are less than one

percent of the coalition’s abatement (not shown).

Regions in WITCH show the strongest free-riding behavior in terms of leakage, with total

leakage rates of 16 percent of the OECD’s coalition abatement (not shown). In WITCH,

the coalition affects non-members through an additional channel: energy markets (see

Bosetti and De Cian, 2013, for details). The coalition’s abatement effort drives down

oil prices and free-riders increase their consumption of the carbon-intensive oil grades in

particular.

Overall incentives

The interplay of all the drivers discussed above jointly shapes the incentive to join or

leave a given coalition. We consider the OECD coalition and the grand coalition in turn.

Figure 5 shows the incentive to stay inside the OECD coalition for its members. If the

incentive to stay was positive for all members, the coalition would be internally stable

without transfers. Conversely, the figure shows which regions are responsible when the

OECD coalition fails to be internally stable in any of the models. For easy reference, the

indicators of abatement potential and climate change damages from Figure 2 are repeated

in Figure 5.

11In MICA, the largest share falls onto the rest-of-the-world (ROW) region, which includes several non-
OECD countries.
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Figure 5: Incentive to stay in the OECD coalition, calculated as the difference between
inside and outside payoff and scaled to the gap in global aggregated payoff between
non-cooperative equilibrium (=0) and cooperative solution for grand coalition (=100).
The inset tables list the regional indicators of climate change damages and abatement
potential, denoted “D” and “A”, respectively.

While the models all agree that the OECD coalition is not internally stable, each model

suggests that different regions want to leave the coalition. For example, the USA would

support the OECD coalition in MICA and CWS, but would not support it in STACO,

WITCH, or RICE.

In general, low abatement potential and high marginal damages have a positive effect on

the incentive to stay. Low abatement potential indicates a steep marginal abatement cost

function and therefore a low mitigation burden. High marginal damages indicate that a

region will benefit much from increased coalitional abatement.

According to this logic, the incentives for Europe appear relatively simple: in all models

Europe is a coalition member characterized by relatively high marginal damages and low

abatement potential. Such players have much to gain from cooperation, but have low

costs as their share of the mitigation burden is small. The models therefore agree that

Europe would want to remain in the OECD coalition.
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This is not the case for the USA, which has a strong motivation to defect from the OECD

coalition. This is because the USA’s estimated abatement potential is high, which means

that the USA would carry a large share of the emission reductions in the coalition. In fact

three of the models find that the USA would not support the OECD coalition (STACO,

WITCH, and RICE). In MICA and CWS however, the costs are more than compensated

for by large benefits. In these models the USA incur the highest marginal damages of

all coalition members and thus have an incentive to remain in the coalition. It also helps

that in these two models the ambition level of the OECD coalition is low, resulting in a

low burden for its members as most high marginal damage regions are outside the OECD

coalition.

Japan is modeled as a single country region in three of the five models. The models

unanimously see little abatement potential in Japan alone, mainly due to the relatively

small size of its economy. Thus Japan would carry only a small burden, which makes

it better off inside the coalition in MICA and STACO. In CWS, the estimated marginal

damages are also very low for Japan. Japan can therefore defect (and save on abatement

costs) without substantially lowering the ambition level of the coalition, which turns

out to be preferred by Japan. The larger Canada/Japan/New Zealand aggregate region

of WITCH incurs substantial abatement costs, tipping the balance towards defection as

marginal damages are only average compared to the other OECD players.

Moving to the grand coalition, positive net incentives to stay become rare (not shown).

This is a consequence of more ambitious emission reductions in this coalition, which

places a larger burden on all members. The few exceptions are either of the high dam-

age/low burden type discussed above (e.g. Japan and Europe in STACO, and Sub Saharan

Africa (SSA) in WITCH) or very large players (ROW in CWS and RICE). The latter ag-

gregate much of the world’s damages and abatement potential due to their sheer size.

In WITCH, net revenues from trade in oil are part of the region’s income and an addi-

tional driver of incentives. Coalitions that strongly abate emissions consume substan-

tially less oil leading to a drop in prices. In turn, this increases the outsiders’ consump-

tion. Therefore oil-rich regions, while cutting their own oil consumption when joining

the coalition, receive large revenues. Interestingly, the model shows that extraction does

not change very much and the price differences are only minor. However, the pattern

of consumption changes between different grades of oil, leading to increased exports of

low carbon intensive grades. The top three regions, showing the strongest increase in oil

revenues, prefer to stay in the grand coalition.12 This effect is negative for the regions

Canada/Japan/New Zealand and South Korea/South Africa/Australia.

12Model regions Middle East and North Africa (MENA), Non-EU Eastern Europe (TE), and Sub Saharan
Africa (SSA).
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3 Transfers

3.1 Stable coalitions

In this section, we compare two stability concepts without transfers (internal/external

stability, IES, and internal stability, IS) with potential internal stability (PIS).13 Table 2

shows the number of stable coalitions for each stability concept, along with maximum

coalition size, maximum abatement achieved and maximum welfare achieved. For the

latter two measures, we use the “closing the gap” indicator to characterize the perfor-

mance of coalitions. This indicator relates global emission reductions and welfare to

the gap between the non-cooperative equilibrium – set to zero – and to the cooperative

solution for the grand coalition, set to unity (cf. Eyckmans and Finus, 2007).

We find coalitions that are internally/externally stable to be small and achieve little,

which is in line with existing literature. CWS is an interesting exception: the best in-

ternally/externally stable coalition achieves 77 percent of the global welfare gains of the

grand coalition. This is due to the very large region ROW which enables a two player

coalition to abate a large share of global emissions. The best performing coalition that

does not include ROW achieves a closing the gap indicator for welfare of only 21 percent.

When we focus on internal stability alone, more coalitions are stable, and their per-

formance improves. We highlight two observations: first, participation remains almost

unchanged (with the exception of an increase from 3 to 4 players in one model, MICA);

second, the performance improvement when ignoring external stability is substantial for

some models, and negligible in others.

Turning to coalition with PIS, the transfers implicit in this concept have a strong effect:

the number of stable coalitions increases by 1-2 orders of magnitude. The corresponding

improvement in the closing the gap indicator is also large. The CWS model even finds the

grand coalition to have the PIS property. In MICA, STACO, and WITCH, PIS transfers

improve the closing the gap indicator from single digit values to values roughly half that

of the grand coalition (47, 68, and 38 percent, respectively). In STACO, the coalition with

PIS generating the highest global welfare is not only internally stable after receiving the

implied transfers but is also externally stable.14

13These are the most commonly used concepts for this set of models in previous studies. The analysis
could be extended to include blocking power (or core stability) which, for the sake of brevity, we leave for
future work.

14Technically, this is because the STACO model is characterized by superadditivity, which means that the
total worth of a group of players involved in a merger does not decrease, see Eyckmans et al. (2013) for
details.
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Table 2: Stable coalitions for internal/external stability and potential internal sta-
bility.

Model Concepta Number stable Max. size Max. abat.b Max. welf.c

MICA
IES 1 (0.05%) 3 0.06 0.09
IS 54 (2.64%) 4 0.17 0.24
PISe 481 (23.50%) 6 0.31 0.47

STACO
IES 1 (0.02%) 2 0.03 0.03
IS 23 (0.56%) 2 0.07 0.07
PIS 2130 (52.01%) 9 0.59 0.68

CWS
IES 1 (1.59%) 2 0.67 0.77
IS 5 (7.94%) 2 0.67 0.77
PIS 55 (87.30%) 6 1.00 1.00

WITCHd
IES 1 2 0.03 0.05
IS 1 2 0.03 0.05
PISe,f 5 4 0.17 0.38

RICE
IES 0 (0.00%)
IS 3 (4.76%) 2 0.03 0.06
PISe,f 7 (11.11%) 2 0.12 0.11

a Stability concepts are abbreviated IES (internal/external stability), IS (internal stability), and
PIS (potential internal stability)
b The maximum global abatement achieved by a coalition is measured by the closing the gap
indicator from 0=non-cooperative equilibrium to 1=cooperative solution for the grand coalition.
c Maximum global welfare is measured by the closing the gap indicator.
d In WITCH, only seven selected coalitions were analyzed.
e In order to determine the PIS-property, the maximization procedure described in Kornek et al.
(2014) was employed.
f For the maximization procedure, the discount-rate was held fixed at the level of the PANE-
solution.

Thus, the model comparison shows that transfers exist that make it possible to stabilize

coalitions that substantially close the welfare gap. This is a considerably more optimistic

message than the traditional conclusion derived from analytical models so far. With our

multi-model approach, we conclude that this claim is robust with respect to modeling

approaches and parameterizations.

3.2 Transfers and stable coalitions

The PIS transfers in the preceding section are determined by stability considerations. In

contrast, transfers based on conventional burden sharing rules (Table 3) are designed to

be either equitable or pragmatic. How does this departure from incentive compatibility

affect the ability of conventional burden sharing schemes to induce stable coalitions?
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Table 3: Permit allocation schemes. The permit allocation for a coalition S is determined
as follows: each member i of S receives qit = ωit ·Qt where Qt = ∑ j∈S e jt are the avail-
able permits within S. Population, emissions and economic product are abbreviated pop,
e, and y. Non-cooperative equilibrium is abbreviated NC, business-as-usual ND. The
schemes are taken from Altamirano-Cabrera and Finus (2006)

Scheme Distribution key

Egalitarian ωit = popit/∑ j∈S pop jt
Grandfathering ωit = ei,t0/∑ j∈S e j,t0
Quota Nash ωit = eNC

it /∑ j∈S eNC
jt

Quota BAU ωit = eND
it /∑ j∈S eND

jt

Historic responsibility ωit =
(
eND

it

)−1
/∑ j∈S

(
eND

jt

)−1

Ability to pay ωit = (yit/popit)
−1 /∑ j∈S (yit/popit)

−1

Ability to pollute ωit = (eit/popit)
−1 /∑ j∈S (eit/popit)

−1

Energy efficiency ωit = (eit/yit)
−1 /∑ j∈S (eit/yit)

−1

To evaluate how burden sharing affects stability of coalitions, we convert permit alloca-

tions to monetary transfers using the carbon price of the coalition. The monetary transfers

are added either to the consumption streams or payoff (in case of CWS and STACO).15

In a first look at the implications of the conventional transfer schemes, we analyze how

a selection of four schemes from Table 3 affects internal stability. Table 4 shows the

number of internally stable coalitions under these transfers and how this number changes

in relation to the scenario without transfers.

The main conclusion is that transfer schemes that were designed without coalition sta-

bility in mind have an almost unanimously adverse effect on stability. This is evident

from the decrease in the number of internally stable coalitions (cf. the almost exclusively

negative numbers in the column ∆coal). An exception is “grandfathering” in CWS.

In Table 5 we compare two additional statistics of the conventional transfer schemes to

the PIS-transfers to investigate the poor performance of conventional transfer schemes.

The first column of each model shows the share of members of coalitions with PIS where

the direction of transfers coincides with PIS transfers i.e. regions that need a positive

15In two models, there is no single carbon price within the coalition (WITCH and RICE) because maxi-
mization of social welfare for the coalition balances marginal value of emissions in terms of utility but not
monetary units. This is different in MICA (where international trade balances marginal utility of consump-
tion) and CWS (which uses a linear utility function). In WITCH and RICE, we instead use the social cost
of carbon for the conversion (computed as the marginal utility of carbon inside the coalition divided by the
marginal utility of average per-capita consumption inside the coalition).
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Table 4: How transfers affect coalition stability.

Transfer: grandfathering egalitarian historic responsibility ability to pay
Model coala ∆coalb coala ∆coalb coala ∆coalb coala ∆coalb

MICA 6 -48 4 -50 5 -49 4 -50
STACO 3 -20 9 -14 0 -23 11 -12
CWS 16 11 0 -5 0 -5 3 -2
WITCHc 1 0 0 -1 0 -1 1 0
RICE 1 -2 0 -3 0 -3 0 -3

a Number of internally stable coalitions
b Number of internally stable coalitions relative to no-transfers
c Only selected coalition were analyzed in WITCH

transfer are receivers. By definition, PIS transfers reach the perfect score of 100 percent

and other transfers score lower.

We find that most conventional transfer schemes stay well below 100 percent for this

indicator and often around 50 percent or lower. Most models find that specific transfer

schemes do better; however, the models disagree on which transfer scheme performs

best.

The second column displays the average flow of money between the regions across the

ensemble. Models agree that the stability-enhancing PIS-transfers need relatively small

flows of money. Of the other schemes, transfers for “quota BAU” and “grandfathering”

are roughly in the same order of magnitude. These two schemes often also score high on

the direction indicator. In the other transfers schemes, more money is transferred than is

necessary for internal stability.

Thus, we have identified two problems of the conventional transfer schemes with respect

to their negative effect on stability, namely the direction of the induced transfers and their

magnitude.

To investigate how PIS transfers depend on the properties of coalition members, we

relate properties of coalition members to the frequency with which they receive a positive

transfer. The results are found in Table 6.

We find significant agreement between the models regarding the relationship between

damages and transfers. The more damages a region incurs from climate change, the

more likely it is that this region has a surplus to share with other members i.e. PIS

transfers will be negative. We find no significant correlation between transfers and either

abatement potential or abatement per unit damage, although the results do indicate that

in most cases the direction of the relationship is the same.
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Table 6: Characterization of PIS transfers with properties of players. We
show the correlation coefficients of the percentage of coalitions in which
a player receives positive transfers to this player’s abatement potential and
damages indicators and their ratio. The significance of the one-sided corre-
lation is indicated with a “*” for the p=0.05 level and a “**” for the p=0.01
level.

Percentage of positive transfer received

Abatement Potential Damages Damages/ Abatement

MICA −0.502 −0.802∗∗ −0.593
STACO 0.250 −0.960∗∗ −0.827∗∗
CWS −0.857∗ −0.914∗ −0.114
WITCH 0.499 0.273 0.078
RICE −0.014 −0.186 −0.357

4 Summary and Conclusions

We have compared five different models to explore the stability and performance of inter-

national coalitions for climate change mitigation in a setting where regional heterogene-

ity reflects real-world asymmetries of regions. To facilitate comparison of the impact of

modeling assumptions on the costs and benefits of mitigation we developed two indica-

tors measuring, first, the regional abatement potential and, second, regional exposure to

climate change damages. While the models’ estimates for abatement potentials are in

agreement for key world regions, we find substantial differences in the climate change

damage estimates that the models produce for certain regions. To a large extent, the

differences reflect the variations in the literature sources upon which the model parame-

terizations are based, and therefore they reflect the uncertainty over costs and benefits of

climate change mitigation in the literature (cf. Metz et al., 2007).

It is therefore not surprising that the models differ in their assessment of whether certain

coalitions are stable, and whether certain world regions or nations have an incentive to be

members of a given coalition. A notable exception is the assessment of the EU, for which

all the models unanimously attest an incentive to support a coalition of OECD countries.

However, when we turn from the identity of the players to their cost-benefit character-

istics in terms of the two indicators suggested in this study, the models are remarkably

consistent in their predictions. We find that the indicators of a region’s abatement po-

tential and its exposure to climate change damages substantially reflect its incentives and

allow us to understand its preference for or against membership in a coalition. When

regional abatement potential is low (implying a steep marginal abatement cost function)
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or regional marginal climate change damages are high, there is a greater chance for a

positive incentive to stay in a coalition.

In the absence of transfers, all models agree that stable coalitions tend to be small and

achieve little, due to a lack of internal stability of larger, more ambitious coalitions. This

is in accordance with the theoretical literature and therefore not surprising.

Transfers designed to minimize free-riding incentives as far as possible achieve much

more: the models find that coalitions with PIS are substantially larger than internally

stable coalitions and achieve about half or more of what full cooperation would achieve

both in welfare and in terms of greenhouse gas abatement.

In contrast, conventional transfer schemes do not improve cooperation; they often even

undermine existing stable coalitions. The reason is, of course, that conventional transfers

do not reflect incentives; among other things they are frequently too large in magnitude

and transfer wealth in the wrong direction, i.e. regions that need transfers to be convinced

to stay in a coalition are effectively paying regions that have no incentive to defect from

the coalition. Conversely, we conclude that when transfers are designed to take incentives

into account, the financial flows need to be small compared to the cases, for example, of

an allocation based on historic emissions.

Finally, we examine how the properties of coalition members affect the PIS transfers nec-

essary to stabilize the coalition. We find that players with high damages tend to benefit

enough from cooperation to allow them to share some of the gains, and thus compensate

those players with high abatement potential that provide the necessary mitigation.

For future research, there are several possible extensions of this analysis. First, our sta-

bility analysis focused on one particular non-cooperative concept (internal/external sta-

bility) but could be extended to alternative game theoretic stability concepts.

Second, we found that on many issues, the different models were remarkably unanimous.

However, where results were substantially different it could be argued that this is caused

by differences in assumptions. In this paper we preferred to represent a broad range

of possible future economic dynamics. More insights into the modeling details, or the

parameters causing models to diverge in their assessment could, however, be gained by a

close harmonizing of baseline assumptions of the models.

Third, our analysis has stressed that assumptions on climate change damages are very

influential but at the same time highly uncertain. This concerns both the data and the

modeling. Additional empirical studies on the economic impact of climate change are

badly needed, and the modeling of climate change damages could be improved beyond

the standard assumption found in the participating models.
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A Appendix: Model Factsheets

Model: MICA (Modeling Internation Climate Agreements), PIK, Germany

Model concept Solution method
Multi-region optimal growth model with cli-
mate externality and international trade

Competitive equilibrium, full internalization
of climate change damage within the coali-
tion; implemented as non-linear optimization
problem solved with a modified Negishi algo-
rithm

Welfare concept Parametric specification
Discounted utilitarianism in each region, joint
welfare maximization with constant Negishi
weights for the coalition

Pure rate of time preference ρ = 3%, elastic-
ity of marginal utility η = 1

Markets and Trade Model anticipation
Consumption good Perfect foresight

Number of region: 11
AFR Sub-Saharan Africa without South Africa
CHN China
EUR EU-27
IND India
JPN Japan
LAM All American countries except Canada and the United States
MEA North Africa, Middle Eastern and Arab Gulf countries, resource exporting countries

within the former Soviet Union, and Pakistan
OAS South East Asia, North Korea, South Korea, Mongolia, Nepal, Afghanistan
ROW Australia, Canada, New Zealand, South Africa and non-EU27 European states

except Russia
RUS Russia
USA United States of America

Base year Time horizon and step
2005 2005–2195, 10 years

Climate Climate change
Greenhouse Gases: CO2 Temperature response model

Carbon dioxide concentration (ppm)
Temperature change (C°)

Mitigation options Climate impacts
Abatement cost function for CO2 based on mit-
igation cost information from the REMIND
model (Luderer et al., 2013)

Region-specific quadratic damage function in
temperature increase
Damage as [%] of GDP based on Fankhauser
(1995) following Finus et al. (2006)

Land use Resources considered
— —
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Model: STACO-3 (Stability of Coalitions), Wageningen University, The Netherlands

Model concept Solution method
Combined game-theoretic and integrated
assessment model with regional benefits
(avoided damages) and abatement costs of
greenhouse gas emissions

Partial agreement Nash equilibrium between
signatories and singletons

Welfare concept: Discounted net present value of regional payoff in each region, joint payoff
maximization within coalitions; no full welfare evaluation but the Keynes-Ramsey rule used for
discounting payoffs is consistent with a logarithmic utility function.
Parametric specification:Pure rate of time preference ρ = 1.5%; implicitly η = 1

Markets and Trade Model anticipation
Carbon Trade is modelled as transfers be-
tween coalition members

Perfect foresight

Number of region: 12
BRA Brazil
CHN China
EUR EU and EFTA (EU-27, Iceland, Liechtenstein, Norway, Switzerland)
HIA High-income Asia (Indonesia, Malaysia, Philippines, Singapore, South Korea,

Taiwan, and Thailand)
IND India
JPN Japan
MES Middle Eastern countries
OHI Other high income countries (including for example, Australia, Canada and

New Zealand)
ROE Rest of Europe
ROW Rest of the world
RUS Russia
USA United States of America

Base year Time horizon and step
2011 2011 - 2106, 5 years

Climate Climate change
Greenhouse Gases: CO2, CH4, N2O, PFCs,
HFCs, SF6, based on EPPA-5 model to calibrate
the regional GHGs BAU emission paths

CO2-e concentration (ppm)
Radiative Forcing (W/m2)
Temperature change (°C)

Mitigation options: Regional abatement cost functions for GHGs are based on regional cost
parameters from the EPPA model (Morris et al., 2008)
Climate impacts: Benefits are calculated as the net present value of the stream of future avoided
damages from a unit of abatement in the current period, taking regional GDP growth and inertia
in the climate system into account (Nagashima et al., 2011). This function is calibrated to a
simple climate module, based on the DICE model (Nordhaus, 2008), but calibrated on the EPPA-
5 model (Paltsev, 2010; Paltsev et al., 2005). The linear global benefit function is based on
estimates of climate damage by Tol (2009). Benefits are allocated across regions with a share
for each region (Finus et al., 2006).

Land use — Resources considered —

Notes: Exogenous technological change (annual efficiency improvement in abatement costs) is
considered to be 0.5 - 2 % per year (regionally differentiated)
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Model: CWS (ClimNeg World Simulation model, Version 2.0), KU Leuven, Belgium

Model concept Solution method
Multi-region optimal growth model with cli-
mate externality, maximization of coalition
welfare, internalization of climate externality
for coalition members

Nash equilibrium of carbon emission game
solved by tatonnement algorithm between
coalition and non-members

Welfare concept Parametric specification
Discounted utilitarianism in each region,
coalition’s welfare maximization with equal
welfare weights for all members

ρ = 1.5% (constant), η = 0 (linear in con-
sumption)

Markets and Trade Model anticipation
no trade in goods, trade in carbon emission
permits (optional)

Perfect foresight

Number of region: 6
USA: United States of America
JAP: Japan
EU: South East Asia
China: China
FSU: Former Soviet Union
ROW: Rest of the World

Base year Time horizon and step
2000 2000–2310, 10 years

Climate Climate change
Greenhouse Gases: CO2 3-box model of carbon cycle (atmosphere,

lower and upper ocean)
CO2-e concentration (ppm)
Radiative Forcing (W/m2 )
Atmospheric and ocean temperature change
(C°)

Mitigation options Climate impacts
Exogenous emission efficiency improvement
over time plus region-specific abatement cost
functions (power functions, exponent 2.887)

Region-specific damage function, power
function of atmospheric temperature change
(exponent 3.0), damage as [%] of GDP

Land use Resources considered
– –
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Model: WITCH (World Induced Technical Change Hybrid model, version 2012),
FEEM, Italy

Model concept Solution method
Hybrid Optimal growth model, including a
bottom-up energy sector and a simple climate
model, embedded in a game theoretic setup

Regional growth models solved by non-linear
optimization and game theoretic setup solved
by tatonnement algorithm between coalitions
and non-members (Nash equilibrium)

Welfare concept Parametric specification
Discounted Utilitarianism, coalition’s welfare
maximization with equal welfare weights for
all members

ρ = 3% decreasing, η = 1 (log of consump-
tion)

Markets and Trade Model anticipation
Oil Perfect foresight

Number of region: 13
CAJAZ: Canada, Japan, New Zeland
CHINA: China, including Taiwan
EASIA: South East Asia
INDIA: India
KOSAU: South Korea, South Africa, Australia
LACA: Latin America, Mexico and Caribbean
MENA: Middle East and North Africa
NEWEURO: EU new countries, CHE, NOR oldeuro: EU old countries (EU-15)
SASIA: South Asia
SSA: Sub Saharan Africa
TE: Non-EU Eastern Europe, including Russia
USA: United States of America

Base year Time horizon and step
2005 2005–2150, 5 years

Climate Climate change
Greenhouse Gases:
CO2, CH4, N2O, HFCs, CFCs, SFs
Aerosols considered: yes

3-box model of carbon cycle
CO2-e concentration (ppm)
Radiative Forcing (W/m2 )
Temperature change (C°)

Mitigation options Climate impacts
Abatement cost functions for non-CO2 GHGs
Land use
Decarbonization options in the Energy system
(Renewables, Nuclear, Biomass, CCS)

Region-specific damage function with linear
and power function term with exponent 2.2
in the temperature increase Damage as [%] of
GDP

Land use Resources considered
Emissions from land use change are considered Coal, Oil, Gas, Uranium, Biomass
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Model: RICE Regional Integrated model of Climate and the Economy, SUNY
Binghampton, USA

Model concept Solution method
Multi-region Ramsey-type growth model
with joint production of GHG emission that
causes climate externality

the non-cooperative Nash equilibrium; coop-
erative solutions under various assumptions
of incentive compatibilities; coalition solu-
tions (called “hybrid” Nash equilibria in Yang
(2008))

Welfare concept Parametric specification
Discounted sum of regional utility functions. Pure rate of time preference ρ = 3%, elastic-

ity of marginal utility η = 1

Markets and Trade Model anticipation
- Perfect foresight

Number of region: 6
CHN China
EEC Eastern European countries and the former Soviet Union
EU European Union
OHI Other high-income countries
ROW Rest of the world
USA United States of America

Base year Time horizon and step
2000 2000-2245 (5 years)

Climate Climate change
CO2 emissions and other exogenously set GHG
emissions

the Schneider box model

Mitigation options Climate impacts
Mitigation cost functions based on Nordhaus
and Yang (1996) and updated with Yang (2008)
which contains updates provided by Nordhaus

Climate damage functions based on Nordhaus
and Yang (1996) and updated with Yang (2008)
which contains updates provided by Nordhaus

Land use Resources considered
exogenously set Availability of fossil fuel resources at global

level has been checked implicitly
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Abstract

The literature on the "resource curse" has made a strong point that large incomes
from resource endowments may have adverse effects on the growth prospects of a
country. Conceivably the income generated from emission permit allocations, as
suggested in the context of international climate policy, could have a comparable
impact. Effects of a "climate rent curse" have so far not been considered in the de-
sign of permit allocation schemes. In this study, we first determine when to expect
a climate rent curse conceptually by analyzing its potential channels. Then we use
a numerical model to explore the extent of consequences that a climate rent curse
would have on international climate agreements. We show that given the suscepti-
bility to a curse, permit allocation schemes may fail to encourage the participation
of recipient countries in an international mitigation effort. We present transfers
schemes that enhance cooperation and limit adverse effects on recipients.

Keywords: Climate Finance, International Environmental Agreements, Resource
Curse
JEL Classifications: C61, C72, O11, Q54, Q56

1 Introduction

In the past, extensive resource rents have often caused more harm than good. Even

though they provide financial inflows that could potentially foster economic growth and

enable investment, raise factor productivity and/or reduce distortionary taxes, particularly
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in poor countries (Van der Ploeg and Venables, 2011), empirical evidence implies that

the inflow of revenues generated by natural resources is correlated with poor growth

prospects, a phenomenon termed the "natural resource curse" (see Van der Ploeg, 2011,

for a detailed review of the literature).

Other rents with similar characteristics might also induce negative effects on growth

prospects. Examples include inflows from foreign aid (Svensson, 2000; Rajan and Sub-

ramanian, 2008, 2011) or foreign direct investments (Alfaro et al., 2004). In this study,

we ask whether rents created by climate policy are likely to have similar adverse effects

and, if so, how they affect the attractiveness of joining an international mitigation effort.

Climate policy induces rents in particular when mitigation policy is enforced by an in-

ternational emissions trading scheme. Trading schemes are attractive because they gen-

erally achieve cost efficient emission reductions and have the flexibility to implement

different burden sharing schemes. Today, domestic trading schemes are already the most

widely used instrument to regulate emissions (Meckling and Hepburn, 2013). For the

future, linking regional trading schemes (Flachsland et al., 2009; Fankhauser and Hep-

burn, 2010b) or setting up a global emissions trading scheme (Bosetti and Frankel, 2011;

Messner et al., 2010; WBGU, 2009) are commonly proposed ways forward for climate

policy, even though it might be doubted that the latter will be established (Newell et al.,

2013).

Within an international carbon market the scarcity price of allowances assigns a signif-

icant monetary value to the permit volume. The regional share of this carbon market

value is determined by the initial allocation of allowances among participants, e.g. based

on population, GDP or historic emission (Luderer et al., 2012b). Subsequent trade in

permits will equalize marginal abatement costs and implicitly induces transfers among

countries. The revenues of a net seller of emission permits constitute a ’climate rent’

whenever they exceed the corresponding costs for abating emissions (Jakob et al., in

press).

Naturally, each country tends to prefer an allocation scheme with large net transfers to

itself. To overcome this conflict of interests, proposed allocations are often related to

normative principles connected to equity or fairness, such as a per-capita allocation of

permits or an allocation based on historic responsibility of emissions (Edenhofer et al.,

2010b). As a consequence, large scale climate rents occur in developing countries, which

sometimes even show gains rather than costs when joining the international mitigation

effort (Calvin et al., 2012; Edenhofer et al., 2010a; Luderer et al., 2012a).

The flexibility about the distribution of costs is an important tool to persuade countries to

participate in coordinated international climate policy. When countries form coalitions

2
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within an international climate agreement, free-riding incentives impede cooperation be-

cause the abatement of emissions represents a global public good (Carraro and Sinis-

calco, 1993; Barrett, 2003). While many studies conclude that climate coalitions may

remain small and ineffective without additional means (Barrett, 1994; Rubio and Ulph,

2006), Carraro et al. (2006) demonstrate that transfers enable the members of an agree-

ment to share the gains of cooperation, possibly making cooperation more attractive for

the entire coalition (see also Brechet et al. 2011, Altamirano-Cabrera and Finus 2006).

Transfers to developing countries could therefore be a game changer from a strategic

point of view. Studies that numerically estimate potential transfers to developing coun-

tries find inflows in a carbon market to be in the range of resource incomes in the past

when being measured in percentage of GDP (Jakob et al., in press; Bowen et al., 2014).

The generation of this rent by climate policy has not only the potential to damage eco-

nomic growth in low-income countries but also to reduce the incentives to join the inter-

national mitigation effort.

This paper combines insights from the resource curse literature with coalition theory by

exploring the trade-off between additional revenues versus reduced growth and its impli-

cations for the success of climate agreements. We first argue that adverse effects similar

to the natural resource curse are relevant for exports in a carbon market as well. We

translate this insights to a numerical model and study in how far including a ‘climate rent

curse’ reduces the desire for large permit allocations. The results indicate that the climate

rent curse requires transfer schemes for enhancing international cooperation which take

into account these adverse effects.

The text is structured as follows: In section 2 we recapitulate the most important mech-

anisms of the resource curse. In section 3 we will compare climate- to resource rents

and discuss whether effects that have been observed for natural resources also need to

be expected for the climate rent. Based on these insights we evaluate the trade-off posed

by the climate rent curse in an extended version of the numerical Model of International

Climate Agreements (MICA) (Lessmann et al., 2009), which is introduced in section 4.

In section 5, we use the model to discuss the implications of a climate rent curse on

coalition formation. Finally, section 6 concludes.

2 The Resource Curse in the Literature

A broad empirical literature on the “curse” of abundant resources, initiated by Sachs and

Warner (1995), empirically shows that the growth rate of a country is negatively affected

by increasing shares of resource exports in its economic output. Sachs and Warner test
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a linear relationship between resource export shares and a reduction of the growth rate

in a cross country regression analysis. The coefficient of proportionality is a measure of

the aggregate strength of the adverse effect, an information we will use in our model in

sections 4 and 5. On a disaggregated level, the literature discusses several causes of the

resource curse. In the following, we will shortly introduce the most important channels:

Dutch Disease, price volatility, and the quality of institutions and rent seeking.

2.1 Dutch Disease

Dutch Disease generally refers to additional revenues from resource exports having a

negative effect on the (exporting) manufacturing sector, mainly due to an appreciation of

the real exchange rate (Corden and Neary, 1982; Corden, 1984). The "spending effect"

leads to a contraction of the traded goods sector and an expansion of the non-traded sec-

tor. Depending on the characteristics of the exporting country’s economy, its industrial

structure can suffer a long-lasting effect of lower growth rates (van Wijnbergen, 1984).

However, while empirical studies generally offer support for a contraction of the traded

sector within a country after additional international revenue (see Van der Ploeg 2011

for a review), the exact long term consequences of an initial appreciation of the real

exchange are country specific (Torvik, 2001).

2.2 Volatility

Prices of commodities have been shown to be more volatile than those of manufactures

over the past centuries (Jacks et al., 2011). According to Van der Ploeg and Poelhekke

(2009, 2010), an economy that largely depends on volatile revenues from resource ex-

ports exhibits increased macroeconomic variability. The instability of economic output

in turn induces negative effects on long term growth prospects (see e.g. the fundamental

study by Ramey and Ramey, 1995). The magnitude of the negative impact is depen-

dent on the general level of economic variability and the respective institutions in place

(Van der Ploeg and Poelhekke, 2010). For instance, if financial markets are less devel-

oped, the instability of the growth rate leads to an inefficient increase in the interest rate

and also to restrictions in borrowing. As a consequence, innovation and growth become

hampered causing the adverse effects shown empirically.

2.3 Rent Seeking, Institutions, and Governance

Resource rents induce rent seeking, which hurts innovative activities and thus distorts

long term growth (Murphy et al., 1993). Given an aggregated demand externality income
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is lowered by more than the extra income from resources (Murphy et al., 1989). Weak

institutions encourage rent-seeking activities and corruption in times of high resource

inflows, in turn leading to even worse institutions (Murphy et al., 1993).

In contrast, good institutions, e.g. characterized by a highly developed legal system and

transparency, increase the likelihood that more people engage in productive activities

rather than rent-seeking, now benefiting from the aggregated demand externality. Em-

pirically Mehlum et al. (2006a,b) show that countries with sufficiently good institutional

quality have not experienced a curse.

Negative effects of resource incomes, in particular rent-seeking, are inversely related to

the technological complexity of extracting, selling and transporting a particular resource

at a given low level of institutional quality (Boschini et al., 2007). Mavrotas et al. (2011)

show empirically that natural point-sources as for example diamonds, but also coffee

and cacao retard democratic and institutional development. One major reason can be

attributed to the fact that they fuel distributional conflicts (Wick and Bulte, 2006; Schol-

laert and Van de Gaer, 2009). Conflicts – as an extreme form of rent seeking – generally

become more likely with high resource incomes as the increased availability of finance

makes rebellion feasible (Collier and Hoeffler, 2004).

Finally, the quality of institutions is also related to the governance dimension of resource

incomes. Governments might be tempted to raise public expenditure to a degree that is

unsustainable once resource incomes decrease or vanish (Robinson et al., 2006). Hence,

this might lead to a political lock-in into granted benefits, which is hard to overcome.

2.4 Lessons from the literature

Despite challenges to the initial discovery that there is a universal natural resource curse

(Brunnschweiler and Bulte, 2008)1, the general finding that resource wealth is – under

certain conditions – associated with surprisingly low or even negative growth rates, has

proven very robust (Van der Ploeg, 2011). It is challenging to disentangle the importance

of the different channels of the natural resource curse in the empirical magnitude of

reduced growth prospects found by Sachs and Warner (1995) and subsequent studies,

especially since their specific importance may differ from case to case. In our model,

we will thus take an aggregated perspective to study the effects of a curse on climate

cooperation. Furthermore, two aspects that the discussion so far has highlighted will be

important: First, the adverse effects from conventional resources strongly depend on the

1The results of Brunnschweiler and Bulte have subsequently been rejected by Van der Ploeg and Poel-
hekke (2010), and the more recent literature indeed shows that whether resources have a negative or positive
influence on long term growth depends largely on numerous circumstances (Van der Ploeg, 2011).
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characteristics of the individual countries. Second, and related, the resource curse is not

inevitable. Rather, stable institutions, including also financial ones, seem to mitigate the

potentially negative effects.

3 Characteristics of the Climate Rent

Whether carbon rents impose a threat to growth prospects largely depends on the insti-

tutional design of a carbon market.2 This section will first discuss the analogy between

resources and carbon permits and subsequently discusses which regions might potentially

be vulnerable to a climate rent curse, taking a more detailed look at different channels

discussed in section 2.

3.1 Permits as Resources

Constituting a (tradable) right to emit, a carbon permit becomes a valuable asset in any

fossil fuel based economy. In the context of the European market (EU-ETS), Benz and

Trück (2009) argue that a CO2-permit enters the tradable commodity market when a

firm’s emissions are already equal to its current permit holdings, and production either

needs be cut down or additional permits have to be purchased. Hence, permits are needed

as a basic input factor to production (Benz and Trück, 2006): they can only be used once;

they are substitutable by switching to a different, i.e. less carbon-intensive technology;

arbitrary amounts can be traded; the transport cost of permits is negligible. In this sense,

permits exhibit considerable similarities to traditional resources.

There are crucial differences of carbon allowances and conventional resources as well,

which we also highlight in the discussion below. Perhaps most importantly, the permit

creates an artificial scarcity and political decisions will have a substantial influence on

supply- and demand dynamics in a carbon market. Owners of conventional resources can

decide independently when to sell their assets. In a carbon market, by contrast, permits

could lose their value by governmental decision when a commitment period ends.

3.2 Rents from Permit Exports

If initial permit holdings exceed cost-efficient emissions in some country and the car-

bon market is sufficiently integrated in space (Flachsland et al., 2009; Fankhauser and

Hepburn, 2010b), trade between countries will equalize marginal abatement costs. If the

revenues from exporting exceed mitigation costs in some country, the inflow represents

2See (Jakob et al., in press) for a detailed discussion of rents in various climate finance settings.
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a climate rent.34 Permit exports are our central interest when drawing the analogy be-

tween the natural resource curse and the climate rent curse as resource exports determine

the curse effects found in the empirical literature. The exact consequences of adverse

effects from permit exports will depend on the domestic design of the international car-

bon market. Under free allocation of permits the entire climate rent is obtained by the

producers. However, if permits are auctioned, large parts will accrue to the government,

raising public revenues.

Revenues from permit exports can be substantial: Depending on the allocation scheme,

Jacoby et al. (2008) using the EPPA model find that financial inflows to developing coun-

tries could be in the range between USD 14 to USD 900 in the year 2020 (when global

emissions are to be cut by 50% in 2050 relative to 2020). Using different models, Jones

et al. (2013), Bowen et al. (2014) and Jakob et al. (in press) find regional inflows to reach

maxima (all in Sub Saharan Africa) between 11% (Jones et al., 2013, using the MiniCam

model) and 41% of economic output (Bowen et al., 2014, using WITCH). The alloca-

tion scheme determines whether inflows are significant or negligible (Using ReMind-R,

Jakob et al., in press, find ranges to vary between <1% for Sub Saharan Africa in a

grandfathering-like approach to 14.5% in an equal per capita regime).

3.3 Climate Rents and the Resource Curse

Although payments within a carbon market potentially exceed revenues from resources,

it can be debated whether climate rents are necessarily prone to Dutch Disease, volatility,

and rent seeking. As there is basically no empirical evidence we are limited to roughly

estimate and shortly discuss the relevance of particular channels for climate rents.

First, Dutch Disease can majorly be attributed to inflows of foreign currency from trade,

hence permit exports would function in a comparable way. However, the severity seems

to be largely ambiguous and country specific.

Second, carbon prices are known to be volatile, as prices in the EU Emissions Trading

Scheme (EU-ETS) have proven (Lutz et al., 2013), also compared to other commodities

like crude oil or minerals (see table 1). Adverse impacts of carbon price volatility are

therefore plausible.

3We distinguish these climate rents from any rent in a carbon market in which the initial allocation is
cost-efficient and rents occur due to the scarcity of permits.

4This is a crucial difference to e.g. a carbon tax: while for the implementation of a tax on emissions
financial support could be implemented through direct transfers of money, in an emissions trading scheme
the sale of surplus permits induces financial flows indirectly.
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Table 1: Volatilities of specific goods

Good Volatility

EUAsa,b 0.099c

Crude oila 0.102d

Steela 0.042d

All Commodities 0.080e

Food 0.084e

Agricultural raw materials 0.061e

Minerals ores and metals 0.099e

a Volatilities are calculated as in Jacks et al.
(2011) as the standard deviation of logged
monthly price ratios, that is, the standard de-
viation of the percentage changes in price
over a given period
b December 12
c ECX, 2012; 51 observations, 2008–2012
d Index Mundi, 2012; 51 observations, 2008–
2012
e Jacks et al. 2011; 2005–2008

The extend of volatility will largely depend on the market design. Geographical inte-

gration of heterogeneous countries will likely decrease volatility5, even though regular

causes of price instability like business cycles, technology shocks or fuel prices will re-

main. Taking advantage of the freedom in when to emit, variability of the carbon price

could be greatly reduced by increasing the duration of the commitment periods or al-

lowing for banking between them (see also Fankhauser and Hepburn 2010a).6 Other

mechanisms, e.g. price floors, are discussed to stabilize prizes, see Newell et al. (2013)

for a detailed discussion.

Third, one could argue that permits fulfill characteristics that seem to facilitate rent seek-

ing, being presumably easy to "extract"7 as well as a point resource, at least when issued

to governments (as for example done in the Kyoto Protocol). However, due to interna-

tional control selling permits would probably be difficult on informal markets, reducing

the possibility for rent-seeking activities and conflicts. Also, permits do not necessarily

fulfill the negative characteristics of point-resources. For instance, it is debatable whether

permits administrated by a central government induce grievance by parts of the popula-

5Jacks et al. (2011) show that world market integration has a positive impact on the stability of commod-
ity prices.

6In the case of the EU ETS a remarkable decrease of the permit price was observed towards the end of
the first commitment period.

7Exporting allocated permits above the level of uncontrolled emissions exhibits only transaction costs.
When exporting permits below that level, the costs of extracting include mitigation costs.
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tion that might not have access to the resource in the same way as it has been observed

for other natural resources.

Whether climate rents can be absorbed and potential negative effects can be mitigated

will crucially hinge on the institutional quality of receiving countries. Jakob et al. (forth-

coming) demonstrate that countries with lowest values for institutional quality and con-

trol of corruption would also receive the largest financial inflows, if a per-capita allo-

cation scheme was adopted in a global carbon market. In contrast, when looking at

countries that managed large resource incomes relatively well, it can be found that their

institutional quality is comparably high (see also Table A in the Appendix).

When we now turn to modeling the magnitude of adverse effects when countries cooper-

ate on climate change, it is therefore important to take into account in how far countries

are susceptible to a potential climate rent curse. Looking at institutional quality and

proxies for the quality of financial markets (Table 2) for aggregated regions used in our

numerical model MICA we find that mostly the regions Africa (AFR), Middle-Eastern,

North-African, and central Asian countries (MEA), other Asian countries (OAS), Russia

(RUS), Latin-America (LAM), and India (IND) show levels of institutional quality that

might not cope with large levels of financial inflows. When modeling the influence of a

climate rent curse on cooperation in the next sections, we will therefore assume adverse

effects to occur only in those regions.

4 The Climate Rent Curse in a Coalition Formation Model

We model the formation of an international climate agreement following the standard

two-stage game introduced by Carraro and Siniscalco (1993) and Barrett (1994). In

the first stage regions choose whether to join the agreement, which is followed by the

decision on economic strategies in the second stage. Members of a treaty form a stable

coalition when no member would be better off if she left the treaty (internal stability)

and no non-member would rather join (external stability). As external stability has been

identified not to be the main bottleneck of coalition formation (Dellink, 2011), we will

focus on internal stability in the following analysis.

With our aim of analyzing climate coalition formation under the influence of a climate

rent curse, we apply the Model of International Climate Agreements (MICA).8 MICA

allows to quantify the trade-off between receiving additional revenues when joining

an international mitigation effort and suffering from adverse consequences on growth.

8MICA has been introduced and used in Lessmann et al. (2009); in this paper we present an updated
version with heterogeneous players calibrated to eleven world regions.
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Changes in economic strategies in the second stage due to a potential curse will affect

cooperation in the first stage. This section provides an introduction of the main features

of MICA, while a detailed description of model equations and solution techniques are

found in the appendix.

Economic Strategies

For each of the eleven world regions i differentiated in MICA (see table 6), growth in eco-

nomic output of a generic good GDP(i, t) over time t follows a Ramsey-type modeling

of endogenous capital accumulation (Ramsey, 1928). A region’s social welfare aggre-

gates the discounted utility of its population over time, for which utility is a function of

per capita consumption. Economic output covers consumption, investment, international

exports and emission mitigation expenditures.

Global warming is driven by carbon-dioxide emissions, which are modeled as a side ef-

fect of production. A climate module computes the increase in global mean temperature

that arises from aggregate emissions. The loop with the economy is closed by a climate

change damage function which translates temperature rise into a fraction of domestic

output that is lost. Climate change mitigation takes the form of an aggregate mitigation

option that allows to reduce emissions at increasing marginal costs for each region.

Climate change is thus a global public bad. The extent to which the climate externality

is internalized depends on the degree of cooperation among world regions in an interna-

tional climate agreement. Members to a coalition maximize their aggregate social wel-

fare, thus internalizing the emission externality among themselves, while non-members

maximize their individual welfare.

Finally, coalitions can trade permits: Emissions for each region have to be covered by

the initial allowance net of exports. Given an exogenous initial allocation of permits,

regions trade until their marginal abatement costs are equalized. Those regions that are

over-allocated with permits are able to sell the excess to those that demand them, thus

receiving an export revenue π(i, t) proportional to the endogenous carbon price.

Climate Rent Curse

A potential climate rent curse is introduced in MICA by adversely affecting the endoge-

nous growth in economic output when revenues from exporting permits are received.

Sections 2 and 3 discussed several causes of the natural resource curse, of which all are

relevant in the context of possible adverse effects within a carbon market. We therefore

take a macroeconomic perspective and aggregate the different channels of the curse in

11
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one parameter, following empirical estimates of Sachs and Warner (1995): A high pos-

itive share of export revenues π relative to the gross domestic product GDP reduces the

growth rate in a vulnerable region i (see section 3.3) from the counterfactual g0 to g∗

according to9

g∗(i, t) = g0(i, t)−ϕ · π(i, t)
GDP(i, t)

. (1)

Growth rates of economic output g0 and g∗ at time t are averaged over the next twenty

years, and the parameter ϕ determines the severity of the ‘curse’ effect. For our default

analysis the strength of the curse effect ϕ takes on the value of 9.43 as estimated by Sachs

and Warner (1995) in their basic regression with only the initial GDP and the resource

income controlled for in the empirical analysis.

Within MICA, the counterfactual economic product GDP(i, t) is known and taken from

a model run assuming no climate rent curse over that period. This also defines the asso-

ciated growth rates g0(i, t). Together with the revenues from permit-trade π(i, t), defined

through the different allocation schemes within the model, g∗(i, t) can directly be cal-

culated. We adjust the total factor productivity until growth rates in MICA are equal to

the reduced growth rate g∗.10 When adjusted values for the total factor productivity are

found, the model is re-run to produce results that include the climate rent curse. Eval-

uating their welfare under reduced growth, regions take the adverse effect into account

when deciding about their participation without preventing its cause.

Therefore, regions in our model do not optimize with respect to the full set of strategies

available to them. Decision makers of each region are assumed to take the adverse effects

of a climate rent curse into account when deciding whether to join the agreement or not,

without taking measures to prevent it. This neglects that some of the adverse effects could

be addressed by policy instruments to manage the revenues.11 In this sense, our analysis

can be understood as a second-best setting, in which institutional changes to mitigate

the effects of a curse are hard to realize. This setting allows to assess the influence of a

climate rent curse on international climate policy.

9The linear relationship between decreases in growth rates and export shares assumes that the first dollar
induces adverse effects on recipients, which is a questionable assumption. As the relationship is most likely
non-linear, our modeling approach most likely overestimates the adverse effect of small inflows and might
in turn underestimate the negative effect of large payments.

10This modeling assumption is in line with the most prominent channels inducing the curse: unproductive
rent-seeking as well as inefficient rises in the interest rate hampering innovation. In addition, ingenuine
investment decisions can also be attributed to less total factor productivity.

11Rodrik (2007) discusses in great detail how policy reforms should be designed in order to enhance the
growth prospects in the face of various economic and institutional constraints. In our model, an endogenous
choice of the strength of the resource curse is not considered

12
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We relax the strength of the climate rent curse from its default magnitude, ϕ = 9.43, by

performing a sensitivity analysis in section 5.3. Firstly, the sensitivity analysis acknowl-

edges the fact that the carbon permit is not entirely congruent to resources. Secondly,

mitigating the influence of certain adverse effects may be possible in the long run – re-

laxing the assumptions on our second best setting. As a last point, we take into account

that governments may not be fully benevolent in the sense that they refuse to receive the

revenues and drop out of the agreement in anticipation of the climate rent curse, but that

some countries may still join the coalition. It is an interesting field of future research to

incorporate the political economy aspects of the problem into our analysis.

5 Implications of the Climate Rent Curse for Climate Coali-
tion Formation

We first discuss stability in MICA under four different transfer schemes when adverse

effects from permit trade are absent. The results are contrasted to the impacts of a climate

rent curse on cooperation presented in the second part. Statistics of the entire ensemble of

coalitions (amounting to 2037 distinct ones) will determine general findings, while spe-

cific examples concerning the grand coalition, comprising all regions, will demonstrate

the effects in more detail.

5.1 Stability Analysis without the Climate Rent Curse

Stable cooperation in MICA typically involves only few regions and achieves little in

terms of mitigating climate change. 54 internally stable coalitions emerge, which on

average abate 5% of the emission reductions that the grand coalition would realize. The

internally stable coalition with the best performance in environmental terms achieves

17% (188 GtC over 190 years) of the abatement undergone in the grand coalition, see

table 3.

For most coalitions, some members gain from the joint abatement effort while others

experience large mitigation costs and lose from cooperating. Transfers between members

could share the gains and losses and encourage participation in the agreement. We study

the influence of four transfer schemes, three conventional mechanisms and one optimized

for coalition stability:

1. Historic-Responsibility (HR): permits are handed out inversely proportional to the

emission-population ratio of the regions in the starting year weighted with the

current population (based on Altamirano-Cabrera and Finus, 2006).

13
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2. Equal-Per-Capita (PC): permits are handed out proportional to the population (based

on Altamirano-Cabrera and Finus, 2006).

3. Per-Capita-Convergence (PCC): starting with the permits being allocated by grand-

fathering in the first period, it gradually (with a weighted sum) converges to the

equal-per-capita permit scheme; transition is completed after 50 years (based on

Leimbach et al., 2010).

4. Optimal Transfers (OT): We follow the algorithm proposed in Kornek et al. (2014)

and identify the transfers-schemes which achieve internal stability in our model if

feasible by transferring the gains of some regions to regions that have an incentive

to leave the agreement. The left-over surplus, free to be allocated inside the coali-

tion, is equally shared among the members so as to leave everyone of them with a

positive incentive to remain a member.

Conventional transfer schemes (Historic-Responsibility, Equal-Per-Capita, Per-Capita-

Convergence) are motivated by equity considerations and distribute the burden of abate-

ment costs based on normative criteria. They address the incentives of developing regions

to join the cooperative abatement effort. Table 3 displays the number of individual re-

gions across all possible coalitions, for which the participation in an agreement is encour-

aged by receiving a payment from another member: after the transfer, these regions are

internally stable. Notably, 99.9 % (99.4 %, 84.8 %) of the regions stabilized by the con-

ventional transfer schemes are developing regions in the case of Historic-Responsibility

(Equal-Per-Capita, Per-Capita-Convergence).12 The payments are of quite significant

magnitude: up to 14.2 % of current GDP are received, similar to payments observed in

the previous literature (see section 3.2). However, the burden on members that pay is too

large and only few coalitions remain internally stable as a whole.

Large transfers that reduce the incentive of paying regions to join the agreement are

avoided for the optimal transfers scheme (OT, see Weikard et al. 2006). Table 3 shows

the average magnitude of payments for all four burden sharing schemes: optimal trans-

fers that induce internal stability of entire coalitions demand much less payments from

members than conventional transfer schemes. We find 481 coalitions in MICA that be-

come internally stable under the optimal transfer scheme, among which the largest in-

clude six regions, see table 3. The maximum environmental effectiveness almost doubles

compared to the internally stable coalitions in the no-transfer case.

While cooperation can be enhanced by transfers, either for developing regions under the

conventional transfer schemes or for entire coalitions under the optimal transfer scheme,
12Developing regions are identified according to the list given by ISI (2012). A region in MICA counts

as ’developing’ if more than 50 % of its GDP is made up of developing countries.
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Table 3: Characteristics of the four transfer schemes (HR: Historic Responsibility,
PC: Equal-Per-Capita, PCC: Per-Capita-Convergence, OT: Optimal Transfers):
a) Basic setting without adverse effects from exporting and b) with taking the
climate rent curse into account

No-
transfer

HR PC PCC OT

a)Without climate rent curse

Avg.a total payment (Tr USD)b - 0.76 0.37 0.14 0.02
Max. total transfer (Tr USD)c - 6.23 1.84 0.61 0.08
Max.a transfer (percent of current GDP) - 14.2 5.3 2.2 1.0

Internally stable coalitions:
Number 54 16 24 36 481
Max. participation 4 3 3 3 6
Max. Abatement (percent of GC)d 17.0 9.4 9.4 16.2 31.4

Regions stabilized by transfer:e

Number - 2042 2718 2932 900
Avg.a total transfer received (Tr USD)b - 0.86 0.48 0.19 0.02
Max.a transfer (percent of current GDP) - 13.7 5.3 2.2 1.0

b)With climate rent curse, regions stabilized by transfer

Destabilized regions, number: - 2004 2690 2468 581
Remaining positive
Vulnerable regions - 34 12 26 3
Non-vulnerable regions - 4 16 438 316

a Over whole ensemble
b Discounted sum of transfers over entire time horizon
c Discounted sum of transfers over entire time horizon, maximum of whole ensemble
d Percentage of abatement that the grand coalition comprising all regions would realize
e Participation in an agreement is encouraged by receiving a payment from another member

significant adverse effects caused by receiving large revenues could alter this positive

assessment of transfers. The effects of a climate rent curse on the incentive to cooperate

are investigated in the next section.

5.2 The Influence of the Climate Rent Curse

Regions, for which the transfer scheme would otherwise encourage cooperation, almost

exclusively switch to a negative incentive to cooperate when taking the climate rent curse

into account – for all four transfer schemes (see table 3). For Historic-Responsibility

(Equal-Per-Capita, Per-Capita-Convergence, Optimal Transfers13) out of 2038 (2702,

13The OT-transfers stay at their level without the climate rent curse.
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Figure 1: Discounted sum of difference in budget-decisions when no adverse effects oc-
cur (ϕ = 0) to when the climate finance curse is taken into account (ϕ = 9.43) (entire
time horizon), inside the grand coalition and with the Equal-Per-Capita-scheme imple-
mented

2494, 584) regions, which are vulnerable to the climate rent curse and receive payments

in order to cooperate, only 34 (12, 26, 3) still remain with a positive incentive to partici-

pate after taking the adverse effects on growth prospects from transfers into account. For

the optimal transfer scheme, only 30 affected coalitions remain internally stable under a

climate rent curse.

To track the reasons for the exclusive negative effect in more detail, it is worthwhile to

analyze in which way the climate rent curse affects the welfare of vulnerable regions.

When economic output is negatively affected, regions have to change their expenditures

on the options consumption, saving, mitigation costs, damage costs, and net exports (see

equation (17) in the Appendix). Figure 1 displays the change in the decisions when the

climate rent curse is introduced inside the grand coalition and with the Equal-Per-Capita-

scheme in place: the discounted sum (over the entire time horizon) of the difference in

each expenditure option with a climate rent curse and without any adverse effects.

Each expenditure option is negatively influenced for regions affected by the climate rent

curse, i.e. Africa (AFR), India (IND), Latin-America (LAM), and Other-Asian (OAS),

which reflects the fact that production without the curse is, as expected, higher. Interest-

ingly, the figure depicts that this change in production is over-proportionally transformed
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into a cut in consumption. The allocation in efficient saving is changing comparably less.

This is due to the fact that losses in capital from decreases in production in one period can

be compensated by international trade in later periods. The interest rate, governing the

investment decision, is determined by the production of all regions and is therefore only

marginally affected by the decrease in total factor productivity of vulnerable regions. In

consequence, saving decreases moderately for vulnerable regions, which in turn leads to

less production in later periods and overall to sharp decreases in consumption.14

Including the effects of a climate rent curse, the transfers based on normative criteria are

not able to encourage the participation of developing regions and to compensate them

for their mitigation effort. Rather, decreased growth prospects induce an overall negative

effect on climate coalition formation when receiving permit revenues.

5.3 Varying the Strength of the Climate Rent Curse

As discussed in section 4, there are multiple reasons that justify to vary the strength of

the curse from its default value of ϕ = 9.43. In this section we first estimate the effect of

different magnitudes of the strength in a static approximation. In a second step, we use

our model MICA to demonstrate the effects in a dynamic coalition formation model.

Consider first a rough estimate of when the values of ϕ are small enough so that a transfer

induces an increase in welfare of a region. In accordance with MICA, the welfare of

a region with initial consumption c, growth rate of consumption over 20 years g and

constant interest rate r is approximately given by

U(c,g)≈ c+
c0 · expg·20

(1+ r)20 .

Increasing the initial consumption c0 by Δc, we assume the growth rate g to be negatively

affected: g = g0 −ϕ Δc
Δc+c0

. The change in welfare, approximated for small ϕ , is:

ΔU =U(c0 +Δc,g0 −ϕ
Δc

Δc+ c0
)−U(c0,g0)≈ Δc−ϕ

c0 · expg0·20

(1+ r)20
Δc ·20
Δc+ c0

.

Thus, an estimated upper bound on ϕ for the change ΔU to be positive is:

ϕ <
(1+ Δc

c0
) 1

20
expg0·20
(1+r)20

.

14The negative contributions from damages are due to the fact that without a climate rent curse, production
in affected regions is higher. This is turn leads to higher damages as these are proportional to the output, see
equation (5).
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Figure 2: Percentage of affected regions encouraged to participate by the transfer scheme
without any adverse effect and destabilized under different strengths of the climate rent
curse (for ϕ see equation 1); transfer schemes HR: Historic Responsibility, PC: Equal-
Per-Capita, PCC: Per-Capita-Convergence, OT: Optimal Transfers

MICA exhibits average values of g0 = 4.0% and r = 5.9% in the period of 2005 to 2025.

Using transfers in MICA in the range Δc
c0

= 0.001...0.15 (see table 3) in the estimate

above, the upper bound on ϕ is 7.0...8.1, which is less than the estimate of Sachs and

Warner (1995) of ϕ = 9.43. Following this approximation, the strength of the curse

would have to be of the order of ϕ = 7 for the transfer to still induce higher welfare.

Turning to MICA, figure 2 summarizes the results by showing the percentage of vulner-

able regions that the respective transfer scheme encouraged to participate and that the

climate rent curse destabilized at different strengths of ϕ = (2,4,6,8,9.43). The points

’ϕ = 9.43’ represent the data from table 3.

The figure shows that for strengths of the curse ϕ ≥ 8, over 75% of internally stabilized

regions switch to a negative incentive to cooperate under a curse. For the three conven-

tional transfers a negative outcome is more likely with larger magnitudes of the transfer

in the beginning of the time horizon for ϕ ≥ 8 (not shown). Due to the saving dynam-

ics of MICA, if a transfer is received during the first period, it will not solely influence

consumption in the beginning but also at later periods (see the discussion of figure 1).

Therefore all conventional transfer schemes perform badly as they induce large transfers

especially in the first century.

18

116 Chapter 4 The Climate Rent Curse: New Challenges for Burden Sharing



Table 4: Performance of internally stable coalitions under the optimal transfer
scheme that are affected by the climate rent curse under varying strengths ϕ

ϕ 0 2 4 6 8 9

Nb. of internally stable coalitions 430 269 174 96 46 30
Max. abatement (percent of GC)a 31.4 26.6 23.9 21.7 17.0 17.0

Max. participation 6 6 5 5 4 4

a Percentage of abatement that the grand coalition comprising all regions would realize

Lowering ϕ further, the negative effect of the curse on internal stability is greatly re-

duced. Decreasing ϕ from 6 to 4 seems to induce the largest number of regions to

change to a positive incentive to stay inside the agreement for the conventional transfer

schemes. The timing of transfers is now less important. When ϕ decreases to a value of

4, the majority of vulnerable regions, which the conventional transfer scheme internally

stabilized, remains with a positive incentive to stay inside the agreement even if the cli-

mate rent curse is taken into account. In MICA, there is no sharp border at the value of

ϕ = 7 as the preceding calculation suggested. This is due to the dynamic nature of the

savings decision, changes in model variables over time and because the results consider

the difference in welfare levels between cooperating and free-riding, which determines

internal stability as opposed to welfare considered in the estimate.

For the optimal transfer scheme the number of regions destabilized remains high when

reducing the strength ϕ .15 However, the number of internally stable coalitions increases

greatly when the strength of the curse is reduced. Table 4 shows the maximum size and

environmental effectiveness of internally stable coalitions that are affected by a climate

rent curse in the form of reduced growth rates.16 At a strength of ϕ = 4, 174 internally

stable coalitions exist with the best performing one reaching an abatement of 23.9 % of

the social optimum and with a maximum participation of 5 regions. Due to the greatly

stabilizing characteristics of this transfer scheme, cooperation remains significantly en-

hanced for moderate strengths of the curse.

In conclusion, due to the various aspects our model incorporates – most prominently

the dynamics as well as costs and benefits from joining versus free-riding on a climate

agreement – our study provides an insight into the order of magnitude of adverse effects

from transfers under climate policy. The sensitivity analysis suggests that the strength of

the climate rent curse needs to be decreased to values of approximately 4 – or half of its

15This is due to the fact that by design this mechanism leaves the regions only with a slightly positive
incentive to stay inside the coalition without a curse. Inducing only moderate negative effects can already
reduce the value of the stability function to negative signs.

16The best performing internally stable coalition under the OT-scheme that is not affected by the curse
achieves an abatement of 19.3 % of the social optimum.
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historically observed level – in order for the transfers to largely preserve their intended

effects. Especially the optimal transfer scheme performs well in terms of enhancing

cooperation.

6 Discussion and Conclusion

To mitigate climate change internationally coordinated action at unprecedented scales

would be required (Meinshausen et al., 2009; Kriegler et al., 2014). Developing coun-

tries play a central role for the joint mitigation effort as they would carry a significant

burden of policy costs (Tavoni et al., 2013) and may need compensation to encourage

their participation. Luckily – one might think – the costs of mitigation are comparably

low or even negative for developing countries, if climate policy is enforced via a carbon

market and an allocation scheme based on equity principles is applied (Luderer et al.,

2012a). Revenues from exporting permits could therefore encourage the participation of

countries in an international climate agreement. In this respect, transfers may be pivotal

to enhance cooperation on climate change (Dellink, 2011).

In the light of our analysis we conclude that climate rents induced by international car-

bon markets show characteristics comparable to resource rents that have been harmful for

long-term economic growth of countries in the past. Even though not totally congruent,

all channels of the resource curse might be relevant for, and contribute to, a potential cli-

mate rent curse. Volatility of permit prices observed today is comparable or even higher

than volatility observed on resource markets. Institutional quality in countries potentially

receiving the climate rent based on ethical considerations is at present significantly lower

than in countries that managed to absorb resource rents relatively well in the past, and

rent-seeking can be expected to be high.

In how far an over-allocation with permits is a blessing or a curse for countries suscep-

tible to this ‘climate rent curse’ is a trade-off between the revenues from permit sales

and the adverse effects associated with it. Given our assumptions on how vulnerable

economies are affected, and how severe the effect on growth is, our numerical experi-

ments suggest that for a range of equitable, pragmatic and incentive compatible alloca-

tion schemes, the influence of transfers in permits is almost exclusively negative.

As a consequence, based on our coalition model, we find the incentives to remain a mem-

ber to decrease significantly as soon as countries anticipate the climate rent curse. This

of course assumes rational behavior of agents and – maybe more important – benevolent

behavior of negotiators and governments whose explicitly damaging – i.e. rent seeking

– behavior is a major driver of the curse. Therefore, in a climate negotiation game,
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countries that are identified to be vulnerable to a curse might nevertheless join a climate

coalition. However, we interpret our results from a different angle. Reasonably expecting

a climate rent curse, how should climate policy be designed to avoid negative effects on

developing countries’ long term growth prospects while ensuring significant mitigation

of climate change?

Based on our analysis we can derive different answers to this question. When assuming

a carbon market involving transfers to developing countries it is crucial to bring down

the severity of the curse in those countries. Trying to neutralize particular channels of

the resource curse might be a way to achieve this goal.

The quality of institutions seems to be a pivotal prerequisite to control rent-seeking and

to provide the necessary quality of financial markets to control for volatility. As it can be

assumed that institutional quality increases with economic development it may be rea-

sonable to postpone transfers in time until developing countries have reached a particular

level of institutional quality. In this respect the design of a carbon market can have an

impact on the severity of the resource curse. Integrating a maximum number of hetero-

geneous countries in combination with a flexible design regarding the freedom in when

to emit (e.g. by allowing for banking) can bring down price volatility significantly.

Choosing a different allocation scheme implying less trade, e.g. grand-fathering or opti-

mal transfers, can be less problematic with respect to rent seeking, but is however difficult

to justify from an equity perspective. This raises the general question whether develop-

ing countries can and should be integrated into an international carbon market or whether

other instruments are preferable.

Observing that transfers have potentially damaging effects, a carbon tax regime might

generally be preferable over a quantity instrument. Raising a carbon tax would give less

room for rent seeking, reducing the influence of artificial scarcities (Nordhaus, 2007).

Spending effects implied by Dutch-Disease can probably be avoided and in addition

volatility concerns raised in a carbon market can be eased. However, a carbon tax in

developing countries implies that mitigation costs would need to be covered by them-

selves, which again raises questions of equity and justice and might even slow down

poor countries’ growth prospects (Jakob and Steckel, 2014).

It is also conceivable that transfers could be collected and managed internationally. For

example, a fund could be used to provide necessary additional investments needed to

finance low-carbon technologies (Jakob et al., in press) or foster investments in infras-

tructure needed to avoid lock-ins (Mattauch et al., 2012). Also, revenues generated by

an international carbon market could be used to buy down the costs of low carbon tech-

nologies.
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In any case, simply integrating developing countries into a – Kyoto like – global carbon

market and designing climate policy in a way that would leave them with extraordinary

climate rents might corrupt their long term growth prospects. Transfers could fail to

enhance international cooperation on climate change and might even hamper the success

of negotiations.

A Institutional quality of countries that managed resource in-
comes relatively well

Table 5: Governance indicators in countries that have not experienced negative growth effects
from large resource inflows for the year 2010. Source: WorldBank (2012)

Country
Voice and Political Govern-

ment
Regu-
latory

Rule Control
of

Account-
ability

Stability Effective-
ness

Quality of Law Corruption

Australia 1.43 0.81 1.82 1.66 1.77 2.06
Botswana 0.43 0.91 0.51 0.47 0.66 0.97
Canada 1.38 0.94 1.87 1.69 1.79 2.06
Netherlands 1.49 0.93 1.73 1.79 1.81 2.15
Norway 1.62 1.29 1.79 1.48 1.93 2.07
United States 1.16 0.31 1.44 1.42 1.58 1.23

Mean 1.29 0.91 1.58 1.47 1.63 1.84
Median 1.43 0.93 1.79 1.66 1.79 2.06
Min 0.43 0.31 0.51 0.47 0.66 0.97
Max 1.62 1.29 1.87 1.79 1.93 2.36

B Model Equations

In this section, we present the details of our numerical model. The model builds on Lessmann
et al. (2009) and Lessmann and Edenhofer (2011) but uses eleven world regions as players, in-
stead of nine symmetric players in cited studies. In the following, we first describe the model
equations, their calibration, and the numerical procedure to solve the model.

Preferences

We model the world economy as a set of N = 11 regions (or players), see table 6. Players decide
in an intertemporal setting which share of income to consume today and which share to save
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Table 6: Regions as defined in MICA and corresponding world regions

Model region Countries

AFR Sub-Saharan Africa w/o South Africa
CHN China
EUR EU27 countries
IND India
JPN Japan
LAM All American countries but Canada and the US
MEA North Africa, Middle Eastern and Arab Gulf Countries, Resource exporting

countries of FSU, Pakistan
OAS South East Asia, both Koreas, Mongolia, Nepal, Afghanistan
ROW Non-EU27 European states w/o Russia, Australia, Canada, New Zealand

and South Africa
RUS Russia
USA USA

and invest for future consumption. Intertemporal welfare Wi and instantaneous utility function U
based on per capita consumption are given by:

Wi =
∫ ∞

0
pit U(cit/pit)e−ρt dt (2)

U(cit/pit) = log(cit/pit). (3)

Here, cit and pit denote consumption and population in region i at time t, respectively. Parameter
ρ is the pure rate of time preference, and parameter η denotes the elasticity of marginal utility.

Technology

The economic output yit in each region is produced with a constant elasticity of substitution (CES)
production technology F with share parameter γ and elasticity of substitution ρF . αit is the total
factor productivity. Climate change damages (defined below in Equation 16) destroy a fraction
Ωit of the production. Economic output is further reduced by abatement costs Λit (defined in
equation 9). Labor lit is given exogenously. F is calibrated using the initial values of output,
labor productivity, labor, and capital (yi0, λi0, li0, and ki0).

yit = (1−Λit −Ωit )F(lit ,kit) (4)

F(lit ,kit) = αit yi0

[
(1− γ)

(
λit lit
λi0li0

)ρF

+ γ
(

kit

ki0

)ρF
](1/ρF )

(5)

Labor lit is given exogenously, as is labor productivity λit . Capital kit accumulates with invest-
ments iit and is depreciated at rate δi.
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d
dt

kit = iit −δikit (6)

(7)

Emissions and Emission Allowances

Greenhouse gas emissions eit are a byproduct of economic activity yit . We assume that the emis-
sion intensity σit falls exogenously due to technological progress:
σit = σ0(i)

[
·(1−σmin(i))expν1(i)·t+ν2(i)·t2

+σmin(i)
]
. Beyond this, emissions may be reduced

by abatement ait at the cost of Λit , where the generic functional form is taken form Nordhaus and
Yang (1996).

eit = yit σit (1−ait) (8)

Λit = b1
it · (ait)

b2
i (9)

Emission allowances may be traded internationally (zit denotes import or exports of allowances by
region i), but we exclude intertemporal banking and borrowing of allowances, i.e. total imported
and exported allowances must be balanced in every period, with initial allowances equal to qit .

eit ≤ qit − zit (10)

∑
j

z jt = 0, ∀t (11)

Climate Dynamics

Global warming is driven by total global emissions of CO2 into the atmosphere, which are equal
to cumulative total emission allowances Qt .

d
dt

Ct = ζ Qt −κ(Ct −C0)+ψ Et (12)

d
dt

Et = Qt (13)

Qt = ∑
i

qit (14)

Equation 12 translates global emissions into carbon concentration in the atmosphere C. Con-
centration C rises with global allowances (same as emissions), where ζ converts emissions into
a change in concentration, and it decreases due to the carbon uptake of the oceans proportional
(κ) to the increase above the pre-industrial level C0. The final term limits the ocean carbon up-
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take (to the fraction 1−ψ/ζ κ in equilibrium). For more details on the climate equations see
Petschel-Held et al. (1999).

d
dt

Tt = μ log(Ct/C0)−φ(Tt −T0) (15)

Equation 15 transforms concentration levels into a global mean atmospheric temperature increase
T . Here, parameter μ controls the strength of the temperature reaction to a change in concen-
tration, whereas parameter φ is related to its timing. Together, they have an interpretation as the
“climate sensitivity” (μ/φ · log2), i.e. the equilibrium temperature increase for a doubling of the
concentration. In view of the inertia of the climate system, we run the model for 250 years in
steps of 10 years.

The climate change damage function is taken from Dellink et al. (2004):

Ωit = θ2i(Tt)
2 (16)

Two sets of “book keeping” equations complete the model: the budget constraints for consump-
tion and investments for each region at every point in time, as well as the intertemporal budget
constraint ensuring that over the entire time horizon, the import value must equal the export value
in each region.

yit +mit = cit + iit +bit + xit (17)∫ ∞

0
pt mit dt =

∫ ∞

0
pt xit + pz

t zitdt (18)

Variables mit and xit are imports and exports of region i, respectively, and pt and pz
t are the prices

of goods and allowances, respectively.

Algorithm to implement the curse

Knowing the unaffected growth rates g0(i, t), the time-path of economic output GDP(i, t), and the
revenues from permit trade π(i, t) within MICA, the target growth rate g∗(i, t) can be calculated
according to equation (1). For time period t, we adjust the total factor productivity twenty years
ahead α(i, t +20) to reduce GDP(i, t +20) such that the growth rate drops to g∗(i, t). The growth
rates g0(i, t ′ > t) are updated to take this new value into account. We find that adjusting α(i, t)
has only a small influence on the growth rate of the previous steps, and we can therefore apply
this algorithm successively for all times t.

The specified way implicitly assumes that the reduction in total factor productivity is not per-
manent but that countries recover from it fully within a decade after the revenue from resources
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vanishes. This view is optimistic and represents a lower bound to the negative effects of the
climate rent curse.

Model Calibration

The focus of this model is on the incentive of regions to participate in the international abatement
effort. For the calibration of the model, two aspects are therefore of primary importance: the
costs of emissions reductions and associated benefits, i.e. foregone damages.

For an estimate of mitigation costs, we calibrate our model to a large scale integrated assess-
ment model, REMIND-R (Leimbach et al., 2010). MICA and REMIND-R share some important
features, resulting in similar economic dynamics: both are multi-region optimal growth models
driven by the maximization of intertemporal utility, and both allow for intertemporal trade. Thus,
when using the same initial values (ki0, li0, yi0), exogenous population scenario (lit ), and param-
eter values where possible (i.e. in the utility function: ρ , η , in the production function: γ , ρF ,
and in capital dynamics: δi), and calibrating the labor productivity (λit ), the economic dynamics
in absence of climate policy or climate change damages are in “good agreement.” We measure
this agreement by computing the coefficient of determination R2 for yit , and cit over the first 10
decades. With rare exceptions, the resulting R2 are large (columns 1-2 of Table 7). The exogenous
decline in emission intensity σit was chosen by calibrating the parameters (σ0(i), σmin(i), ν1(i),
ν2(i)) such that emissions over the century coincide. Here we report remaining difference as the
deviation of cumulative emissions over the first century, with values around 5 % in all regions
(see column 4 in table 7).

The actual costs of reducing emission by ait percent versus these baseline dynamics are defined
by the cost function Λ (equation 9). We calibrate its parameters, b1

it and b2
i , to reproduce the

abatement costs in REMIND-R, such that both models reduce emissions by the same amount
over the century under the two carbon tax scenarios (high tax and low tax). For this, the b1

it follow
the generic equation (b1

it = b0
i · eϑi·t + binf

i ), whose parameters (b0
i , ϑi, binf

i ) are then found to
best fit to the abatement of REMIND-R. The remaining difference is reported in columns 5-6 in
table 7.

Information on climate change damages is available in the literature in form of damage functions.
We use the damage function from Dellink et al. (2004), which we rescale to the spacial layout of
our eleven regions (see (Nordhaus, 2002) for a discussion of spatial rescaling).

Solving the Model for the Game’s Equilibrium

We are considering a two stage game of, first, membership in an international environmental
agreement (IEA), and second, an emission game where players choose their emission allowances.

The game is solved numerically by backward induction, i.e. first we compute partial agreement
Nash equilibria (PANE, cf. Chander and Tulkens 1995) for all possible coalitions, then we test
these coalitions for internal and external stability according to the following criteria:
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Table 7: Remaining errors in the calibration of MICA. We measure the goodness-of-fit by the
R2 value, except for emissions where the difference in their cumulative amount over the century
is reported.

No climate damages Tax Abatement
Region Product Consumption Emissions (%) low tax high tax

AFR 0.971 0.961 6.514 0.939 0.950
CHN 0.938 0.932 1.341 0.865 0.958
EUR 0.981 0.922 1.806 0.932 0.923
IND 0.998 0.957 1.723 0.954 0.973
JPN 0.988 0.852 -0.158 0.945 0.966
LAM 0.987 0.990 0.849 0.901 0.911
MEA 0.990 0.984 2.893 0.983 0.993
OAS 0.993 0.932 3.309 0.895 0.909
ROW 0.993 0.919 4.274 0.895 0.943
RUS 0.982 0.835 0.617 0.984 0.911
USA 0.991 0.954 2.341 0.980 0.992

Wi|S ≥ Wi|S\{i} for i ∈ S (internal stability) (19)

Wj
∣∣
S > Wj

∣∣
S∪{ j} for j /∈ S (external stability) (20)

The computation of the PANE for the second stage is complicated by the fact that we are looking
at an intertemporal optimization model featuring an environmental externality as well as inter-
national trade. To our knowledge, there are no out-of-the-box solvers available to solve such a
model in primal form. Lessmann et al. (2009) suggest an iterative approach based on Negishi’s
approach (Negishi, 1972). For this study, we use a modified version of the iterative algorithm,
which works as follows:

Negishi’s approach searches for the social planner solution that corresponds to a competitive
equilibrium by varying the weights ωi in the joint welfare maximization:17

max
{i jt ,a jt ,m jt ,x jt ,z jt : j=1...N}

N

∑
i=1

ωi Wi (21)

subject to Equations 2–17 (22)

Since this exploits the fundamental theorems of welfare economics, the approach cannot be ap-
plied for an economy with externalities. In principle, this problem is circumvented by making
any external effect on other players exogenous to model (turning variables into parameters that
are adjusted in an iteration).

17Note that the intertemporal budget constraint Equation (18), which contains the (a priori unknown)
market clearing prices is omitted from the model.
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Here, the externalities are climate change damages through aggregate global emissions. In Nash
equilibrium, players will only anticipate the effect that their emissions have on their own eco-
nomic output, not the effect onto other players’ output. We can mimic this in a social planner
solution by giving each player his own perception of the causal link between emissions and global
warming. Instead of Equation (12), which describes one trajectory of concentration Ct , we intro-
duce N equations for Cit :

d
dt

Cit = ζ

(
qit +∑

j 
=i
q jt

)
−κ(Ct −C0)+ψ Et ∀i/∈S (23)

d
dt

Cit = ζ

(
∑
k∈S

qkt + ∑
j/∈S

q jt

)
−κ(Ct −C0)+ψ Et ∀i∈S (24)

Here, the allowance choices of other players enter as a fixed value (a parameter, indicated by
the bar), set to the levels of the corresponding variables during the previous iteration (or some
initial value). The sum of allowances in Equation (13) needs to be adjusted analogously, and
the temperature Equation (15) will consequently have N instances for Tit , too. The temperature
change Tit , anticipated by player i, will then enter in Equation (16) instead of Tt .

The thusly modified model is then solved in a nested iteration: In the inner iteration we solve the
model for a given vector q = (qit) of allowance choices repeatedly, updating qit = qit at the end of
each iteration, i.e. we perform a fixed point iteration of the mapping q = G(q) where G is the best
response of players to the exogenously given strategy qit of the other players. If the inner iteration
converges, it converges to a Nash equilibrium in allowance choices. However, the international
markets for allowances and private goods may not be a competitive equilibrium. This is what the
outer iteration achieves.

The outer iteration follows the standard Negishi approach: we adjust the welfare weights ωi in
the joint welfare function (Equation 21) until the intertemporal budget constraint (Equation 18)
is satisfied. The resulting equilibrium is the desired PANE.

Numerical Verification of the Equilibrium

We verify the resulting candidate PANE equilibrium strategies in emissions and trade numerically
by comparing them to the results of the following maximization problems:

∀i max
{iit ,ait ,mit ,xit ,zit}

Wi

subject to Equations 2–18 and prices pt , pz
t

(25)

Deviations of this model from our solution should be within the order of magnitude of numerical
accuracy only, which is what we find (not shown). In particular, simultaneous clearance of all
international markets confirms the competitive equilibrium in international trade.
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Abstract

We investigate how different designs of carbon offset mechanisms, like the Ky-
oto Protocol’s Clean Development Mechanism (CDM), affect the success of self-
enforcing climate treaties. In a game-theoretic numerical model of coalition forma-
tion we find that participation in the agreement is negatively affected when strate-
gic behaviour and free-rider incentives matter. This does not change when sell-
ing targets restrict credit supply. Substantially higher participation emerges when
the treaty restricts its signatories not to use the gains from credit trading to lower
their emission caps. Despite the high sensitivity of participation to different CDM-
design, we find that global welfare levels achieved in various equilibria are remark-
ably similar.

1 Introduction

The Kyoto Protocol introduced three flexible mechanisms. The emission trading sys-

tem (ETS) and joint implementation (JI) allow trading in emission entitlements among

Annex I countries, those countries which accepted emission ceilings. In contrast, the

Clean Development Mechanism (CDM) provides an opportunity for Annex I countries

to buy emission credits from non-Annex I countries, i.e. mainly developing countries,

which have not accepted emission ceilings. The CDM includes an additionality clause

which requires that emission credits offered by non-Annex I countries must correspond

∗Potsdam Institute for Climate Impact Research, PO Box 60 12 03, D-14412 Potsdam, Germany
†Department of Economics, University of Bath, 3 East, Bath, BA2 7AY, UK
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to a reduction of emission levels “below [what] would have occurred in the absence of

the registered CDM-project activity” (UNFCCC, 2002, p. 43). All three flexible mech-

anisms provide opportunities to save abatement costs. This is in particular true for the

CDM because the difference in marginal abatement costs between Annex I and non-

Annex I countries is likely to be large. On the one hand, Annex I countries have to resort

to increasingly costly abatement options to meet their emission caps. On the other hand,

non-Annex I countries do not face such constraints on their emissions. Additionally, they

typically face less steep marginal abatement cost functions compared to Annex I coun-

tries.1 As compliance costs are a major obstacle for signing ambitious climate treaties,

one is inclined to expect that all flexible mechanisms, and in particular the CDM, should

have a positive effect on the incentive to sign a climate treaty. However, the question

arises whether this conclusion is also true when departing from the assumption of a first-

best world, explicitly considering strategic effects and the need for self-enforcing treaties

due to the lack of a supranational enforcement power. Given the current efforts to nego-

tiate a post-Kyoto agreement, it is therefore of great importance to understand how the

design of offset mechanisms will affect participation and the success of future climate

treaties.

In a strategic context, there are at least two reasons why a credit trading scheme between

members and non-members of a climate treaty may not have the intended positive effect

on the success of a climate treaty. First, the option of emission credit trading will affect

equilibrium emissions of members and non-members. If abatement cost savings translate

into more ambitious abatement targets of members and this is matched by less ambitious

abatement targets by non-members, free-riding might become more attractive. This is

an equilibrium effect associated with carbon leakage. Second, CDM-trading implies

efficiency improvements and therefore gains from trade, but these gains are in general

unevenly distributed between members and non-members. When the CDM-seller rather

than the CDM-buyer realizes most of the gains, the effect on the treaty may be negligible.

The first issue can be addressed by restricting the members’ choices of emission al-

lowances such that the gains from trade are not used for the implementation of more

ambitious abatement targets. The second issue could be fixed through the implemen-

tation of selling targets.2 If non-Annex I countries can only sell emission credits that

correspond to emission reductions below baseline emissions, a share of the gains from

trade can be shifted to the members, making it more attractive for members to stay in

1This is for instance illustrated by the marginal abatement cost curves from two integrated assessment
models reported in Criqui et al. (1999).

2Selling targets (Kim and Baumert, 2002), similar to non-binding targets (Philibert, 2000) and no-lose
targets (Meckling and Chung, 2009), specify an emission path relative to a baseline with the understanding
that only below this emission path emission reductions can be sold as credits.
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a climate treaty and/or for non-members to join a treaty. We investigate the different

options in a systematic way.

Our paper draws on two strands of literature. The first strand analyzes the stability of

self-enforcing international environmental agreements. This literature goes back to Hoel

(1992), Barrett (1994), and Carraro and Siniscalco (1993). Since then various depar-

tures from the standard model have been analyzed which include for instance trade in

commodities (Eichner and Pethig, 2013a) and trade policies (Barrett, 1997; Eichner and

Pethig, 2013b; Lessmann et al., 2009), linking environmental agreements to negotiations

on other issues in general (Folmer et al., 1993) and to cooperation in research and devel-

opment specifically (Botteon and Carraro, 1998; Carraro and Siniscalco, 1997; Lessmann

and Edenhofer, 2010), a minimum participation clause (Carraro et al., 2009; Weikard

et al., 2009), multiple agreements (Asheim et al., 2006; Eyckmans and Finus, 2006; Fi-

nus and Rundshagen, 2003) and modest emission reductions (Barrett, 2002; Finus and

Maus, 2008). The two papers closest to ours are Altamirano-Cabrera and Finus (2006)

and Hoel and Schneider (1997). However, the first paper analyzes emissions trading

only among coalition members, and not among coalition members and outsiders as we

do. The second paper considers the possibility that coalition members buy additional

emission reductions from non-members, even though Hoel and Schneider do not use the

term CDM. But, as argued in Finus (2003, p. 116-118), this paper suffers from a couple

of conceptual shortcomings which by construction lead to smaller coalitions through the

CDM.

The second strand of literature analyzes the strategic incentive under a permit trading

scheme with endogenous choice of emission allowances,3 but stability of treaties is tested

in a rather simplistic way. In a stylized model, Helm (2003) compares the Nash equi-

librium among individual countries in a scenario without trading to a scenario in which

permit trading is anticipated. He shows that the effect of permit trading on global emis-

sions is ambiguous: countries with steep damage-cost functions may abate more but

countries with flat damage-cost functions may choose larger emission allowances. His

results are driven by countries’ anticipation of how their allowance choices influence the

equilibrium permit price and hence their revenues from trade. Furthermore, he shows

that even if the scenario with permit trade would reduce emissions globally, this scenario

may be vetoed by individual countries because it makes some of them worse off. And,

conversely, a scenario implying higher global emissions may be endorsed by all coun-

3Additional considerations when several individual carbon-markets exist are discussed in Fankhauser
and Hepburn (2010). They analyze how different market designs influence the success of linking domestic
carbon-markets across borders in the face of economic and political obstacles. In the present paper, we
assume a common perfect carbon-market to be in place and study its strategic implications on coalition
formation. Departures from this assumption are briefly discussed in Section 5.
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tries due to its welfare enhancing effect. However, in Helm (2003), the decision whether

to participate in an agreement abstracts from strategic membership decisions and is only

based on the concept of profitability, similar to the analysis conducted in Carbone et al.

(2009), who base their analysis on a calibrated CGE model. Moreover, in Carbone et al.

(2009) and Helm (2003) the design of an agreement is different from our game-theoretic

model of coalition formation. In our paper, members of an agreement cooperate and

internalize the externality among themselves (though not with respect to outsiders). In

contrast, in those two papers, countries entering an agreement just benefit from the pos-

sibility of permit trading, but all countries decide non-cooperatively on their emission

allowances before trade takes place.

In what follows, in Section 2, we first discuss the setup and develop an intuitive under-

standing of the main driving forces. Then we informally introduce our numerical model

in Section 3 and provide the details in the Appendix. Section 4 reports and discusses our

results, and Section 5 concludes.

2 Model: Setting, Policy Options and Driving Forces

2.1 Coalition formation game

The aim of this study is to investigate the impact of various designs of the CDM on the

success of self-enforcing international environmental agreements. We follow the main-

stream of the literature and model an agreement as a two-stage cartel formation game

with N players. The game is solved by backwards induction. In the first stage, players

decide on membership, i.e. whether to sign an agreement and hence become a coalition

member (which we sometimes also call signatory), or to remain a non-member (to which

we refer sometimes also as non-signatory), acting as a singleton. In the second stage,

players decide on their economic strategies. In our model, this means that countries

decide on the number of emission allowances they issue to their industry, taking in con-

sideration the possibility of exporting excess allowances or importing allowances if they

are short, as this follows from the market equilibrium in the CDM-market.

In the second stage, we solve for a Nash equilibrium between the coalition and the re-

maining players, often termed Partial Agreement Nash equilibrium (PANE, Chander and

Tulkens, 1995) in the specific context of a single coalition, a special case of the social

coalitional equilibrium (Ichiishi, 1981). This implies that the coalition de facto acts as a

single player, coordinating strategies such as to internalize the externalities among their

members. Non-members simply maximize their own welfare. To determine the first

stage, we apply the concept of cartel stability following d’Aspremont and Gabszewicz

4
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(1986). In equilibrium, players have no incentive to revise their membership strategy,

given the strategies of other players. That is, a coalition is internally stable if no member

has an incentive to leave and externally stable if no non-member wants to join the coali-

tion. Note that for symmetric players, following Hoel (1992) and Finus and Maus (2008)

stability can be compactly summarized by a stability function,

Φ =Wi∈S(n)−Wi/∈S(n−1), (1)

with a coalition of n symmetric members being internally stable if the stability function

Φ is non-negative at n and externally stable if it is negative at n+1 and where S denotes

the coalition and Wi individual welfare of player i.

The details of the underlying economic model are further explained in Section 3 and all

details are provided in the Appendix.

2.2 CDM policy designs

In our model, all regions can decrease their emissions by lowering the emission-intensity

of their production. In addition, coalition members have a second option for mitigating

climate change: they can buy permits on the international CDM-market. This is im-

plemented through the choice of emission allowances for all regions. A region’s actual

emissions may exceed its allowances if the shortfall is matched by imported emission

permits. Likewise, regions may export emission permits, selling surplus emission al-

lowances by choosing lower emissions. In the analysis of different designs of offset

mechanisms, we consider the following scenarios:

NT As a benchmark, we consider the No-Trade-scenario without permit trade. This

allows to explore the incremental effects of allowing for CDM-trade; all discussions of

relative effects will be related to the NT-scenario. Note that we also sometimes refer

to the non-cooperative equilibrium, which is different. The NT-scenario allows for the

possibility of coalition formation whereas the non-cooperative equilibrium corresponds

to the “all singletons coalition structure”, i.e. no coalition has formed.

CDM/ut This scenario assumes unrestricted trading of CDM-credits as an integral part

of the climate treaty. That is, the coalition maximizes welfare by choosing emission

allowances, taking full account of the possibility of unrestricted CDM-trade.

5
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CDM/rt The restricted trade CDM-scenario assumes that CDM-trading is included in

the climate treaty to reduce implementation costs but allowance choices remain at their

NT-benchmark values. This design requires the ability of coalition members to com-

mit to constrain emission allowances, similar to the commitment required for minimum

participation clauses, burden sharing rules, or “modest” abatement targets. Essentially,

coalition members only make use of CDM-trading to lower their abatement costs, but do

not use the gains from trade to choose more ambitious emission targets compared to the

NT-scenario.4

Selling targets We generalize the Kyoto Protocol’s concept of additionality by intro-

ducing selling targets for the CDM-supplier. A selling target specifies reductions relative

to the NT-baseline scenario that need to be achieved before any emission credits can be

sold in the CDM-market. We refer to a selling target below the NT-baseline as being

stringent, and a selling target above the baseline is said to produce hot air. Our default

requirement of additionality corresponds to the special case of taking the NT-baseline

as the selling target, i.e. a selling target sel = 0.0. In contrast, a selling target sel = 0.1

would require 10 percent additional emission reduction below the NT-baseline.

2.3 General effects of CDM-trading on stability of agreements

In this section, we briefly discuss some general effects of CDM-trading on the stability of

coalitions. As CDM-trade may raise both the payoff of members as well as that of non-

members overall conclusions depend on the relative size of the effects. In the following,

we decompose the overall effect into different driving forces, which, in equilibrium, work

simultaneously in most scenarios.

We distinguish three groups of players: a) members, b) non-members and c) a repre-

sentative CDM-supplier. Members choose their emission allowances cooperatively and

if their actual emissions are in excess of their allowances, they can buy credits from

the CDM-supplier. Members who leave the agreement become non-members. Non-

members choose their emission allowances non-cooperatively but cannot trade credits.

Also the CDM-supplier chooses emission allowances non-cooperatively and if the actual

emissions fall short of allowances, he can sell credits to members. The CDM-supplier

does not make a membership decision, though he will only engage in credit trading if

this improves his welfare position compared to the NT-scenario.

4See for example Courtois and Haeringer (2012).
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Taken together, only the CDM-supplier and coalition members sell and buy permits, but

non-members can be indirectly affected through changes of equilibrium emissions. Three

types of effects can be distinguished:

i. Cost-Effectiveness Effect. Trade between coalition members and the CDM-supplier

occurs whenever the marginal abatement costs of the CDM-supplier are lower

than those of coalition members. Then, the coalition can substitute costly do-

mestic abatement by cheaper CDM-permits thus improving cost-effectiveness of

their abatement. If total abatement efforts remain constant, non-signatories are un-

affected by trade. Overall, it becomes more attractive to stay in the coalition and/or

to join the coalition.

ii. Ambition Effect. If signatories anticipate the options of permit-trading, the possi-

bility of buying credits de facto shifts their marginal abatement cost curve down-

ward. Consequently, in equilibrium, the coalition will increase its abatement ef-

forts, choosing lower emission allowances. This will have a positive effect on

signatories but the effect on non-signatories will be even greater since they will

get the extra abatement at zero cost. Hence, the impact of the ambition effect on

the size of stable coalitions will be most likely negative.

iii. Leakage Effect. For downward sloping reaction functions in abatement space (be-

cause abatement levels are strategic substitutes), additional abatement by signa-

tories will be partially offset by increased emissions of non-signatories, which is

typically called carbon leakage. This undermines the benefits of signatories while

saving costs of non-signatories. The leakage effect will clearly lead to smaller

stable coalitions.

As the first effect has a positive impact, the third one a negative and the second one

also most likely a negative impact on the stability of coalitions, a quantitative analysis

is necessary to derive more conclusive results. This will be conducted with a numerical

model which is described subsequently.

3 Numerical model

3.1 Basic Setting

We use an extended version of the numerical model MICA (Modeling International Cli-

mate Agreements) in our analysis, which builds on the multi-region optimal growth

model with international trade presented in Lessmann et al. (2009). The most important
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extension concerns the trade of emission permits. A detailed description of the model

can be found in the Appendix.

MICA is an optimal growth model of the Ramsey type with N world regions. Each re-

gion allocates income to either consumption or investment at every point in time. Regions

maximize welfare, which is the net present value of utility, either as a singleton if they do

not belong to the coalition or jointly if they are a coalition member. We assume a stan-

dard utility function, i.e. utility is increasing in per capita consumption with diminishing

marginal utility and is discounted at the pure rate of time preference. Income stems from

the production of a single good, assuming a neoclassical production function with capital

and labor as factor inputs. Economic growth is driven by exogenous population growth

as well as exogenously improving labor productivity.

Greenhouse gas emissions are modeled as a byproduct of economic activities. Total

global emissions drive greenhouse gas concentration, which in turn determines the tem-

perature increase relative to pre-industrial levels. The damage function, adapted from

Nordhaus and Boyer (2000), translates global warming into negative economic impacts.

Impacts can be reduced at the cost of investing in a generic mitigation option, which

lowers the emission intensity of economic production.

An alternative way of meeting emission targets is to buy emission allowances from other

regions. In accordance with the Kyoto Protocol, we impose two restrictions on emission

credit trading between coalition members and outsiders. (1) Under the Kyoto Proto-

col, countries that provide CDM-credits must be signatories of the protocol but without

abatement commitment (i.e. they are non-Annex I countries) and conversely non-Annex I

countries cannot offer CDM-credits. This is why we distinguish between “regular” non-

members and a representative CDM-supplier who can offer CDM-credits to coalition

members but who will never join the coalition. We assume that the CDM-supplier has

little own motivation to reduce emissions.5 (2) Following the Kyoto Protocol’s addition-

ality clause, we make it a default requirement that CDM-credits represent true emission

reductions (as opposed to so called “hot air”). Additionality is defined in relation to the

no-trade-scenario (NT-scenario). We assume a perfectly competitive market of emission

credits. Trade in goods is the means to finance imports of allowances. Goods from

different regions are perfect substitutes.

5Technically, we implement this by limiting this region’s perceived climate change damages to a fraction
(1 percent) of its actual damages (cf. Section A.7).
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3.2 Calibration

In this analysis, we restrict our attention to symmetric players as it is common practice

in many stylized models of coalition formation (e.g. Barrett, 2006; Carraro et al., 2009;

Ulph, 2004).6 This renders the analysis much simpler and in particular more transpar-

ent. Nevertheless, we calibrate the model such that aggregate values (e.g. total global

emissions, economic output as well as greenhouse gas concentration and temperature

increase) correspond to those of other climate-economy growth models, e.g. RICE-2010

(Nordhaus, 2010), REMIND-R (Leimbach et al., 2010), or WITCH (Bosetti et al., 2006).

The model is run over 250 years in 10 year periods, but reported results relate to the

first 100 years. For instance, in the business-as-usual scenario, which corresponds to

the non-cooperative equilibrium with no CDM-trade, average economic growth over the

next century is approximately 2.4 percent (cf. 2.2 percent in RICE-2010), and CO2

emissions rise from close to 8GtC in 2005 to about 20GtC in 2105 (cf. 7.8GtC and

19.5GtC in RICE-2010), triggering a temperature rise by 2.0◦C in 2105 with climate

change damages amounting to 6.1 percent of economic output (cf. 2.8◦C and 3.3 per-

cent in RICE-2010). In contrast, under full cooperative behavior (i.e. all climate change

damages are internalized), global CO2 emissions in 2105 are 13.8GtC; the associated

increase in global mean temperature is 1.5◦C with damages amounting to 4.1 percent of

economic output in that year (cf. 2.0◦C and 2.3 percent in RICE-2010).7

4 Results

4.1 No Trade-baseline (NT)

We begin with our benchmark, the no-trade-scenario. The stability function Φ is shown

in Figure 1, which we may recall is the difference between the welfare of a player as a

member in a coalition with n members, and the welfare when he leaves the coalition, be-

coming a non-member, and hence the coalition size is n−1 (Equation 1). As mentioned

in Section 2.1, a coalition with n symmetric members is stable if the stability function is

non-negative at n and negative at n+ 1. Thus, the stability function of the NT-scenario

indicates that only a coalition of 2 players is stable.

6More precisely, symmetry applies to signatories and non-signatories, but not to the CDM-supplier for
whom we assume much lower perception of damages (1% of the damages other players face). Hence, in the
NT-scenario, the CDM-supplier’s emission allowances are much higher than those of all other players and
hence his marginal abatement costs are much lower. Another asymmetry with respect to the CDM-supplier
is considered in Section 4.7 in the context of a sensitivity analysis.

7Data from RICE-2010 has been taken from Nordhaus (2010) and its supporting material if possible, and
from the available spreadsheet version of the model otherwise.
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Figure 1: Stability functions with no CDM-trading (NT),
with unrestricted trade of CDM-credits (CDM/ut) and
with restricted credit trade (CDM/rt)

4.2 Unrestricted CDM-trading without selling targets (CDM/ut)

Figure 1 also shows how the coalition stability function changes when CDM-trading is

part of the agreement and unrestricted (denoted CDM/ut). Evidently, introducing CDM-

trading is counterproductive for participation as the stability function lies below the sta-

bility function of the NT-baseline scenario, though in this specific example the actual size

of the largest stable coalition still remains at 2, just as in the previous NT-scenario.

The reason why stability decreases with CDM/ut is that the ambition effect identified

in Section 2.3 outweighs the benefits from the cost-effectiveness effect accruing to the

coalition (the third effect, the leakage effect, is less important). Figures 2 and 3 show

the interaction of coalition members and CDM-supplier in detail. Without CDM-trade

(NT scenario), the CDM-supplier emits substantially more than coalition members. But

in the CDM/ut-scenario, the CDM-supplier reduces emissions down to the same level as

the one chosen by coalition members, in order to sell CDM-credits: at this level, marginal

abatement costs equal the permit price. The CDM-credits are purchased by the coalition,

but the lower abatement costs are mainly used to realize additional abatement rather than

to replace costly domestic abatement by cheaper one from the CDM country (cf. member

allowance choice in Figure 2). This behavior of coalition members is driven by the shape

of the marginal damage function, which is almost flat around the equilibrium. With
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Figure 2: Emissions of a representative coalition member
for different coalition sizes (cumulative emissions over a
time horizon of 100 years).

(nearly) constant marginal damages, the coalition members simply keep on investing in

abatement until marginal abatement costs reach the level of the sum of marginal damages

of coalition members.

Overall, the abatement cost reduction from CDM-trade results in lower global emissions.

Thus, non-members benefit from lower damages. Though coalition members also benefit

from lower damages due to the increased net abatement by the coalition, their abatement

costs will generally rise due to the implementation of more ambitious abatement targets.

Therefore, the gains from CDM-trade are larger for non-members than for members and

hence it becomes more attractive to leave a coalition of a given size as displayed in

Figure 1.

4.3 Unrestricted CDM-trade with selling targets (CDM/ut/sel)

Figure 4 provides an alternative illustration why CDM-trade does not lead to larger coali-

tions. It shows the gains from CDM-trade, i.e. the increase in global welfare as measured

by the model’s objective function, relative to welfare in the NT-baseline scenario. These

gains are unequally distributed among the different groups of players. For the default

value of a zero selling target, which corresponds to the default additionality assumption,

the welfare gains are appropriated by non-members and the CDM-supplier. In particular,
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Figure 3: Emissions and allowances of the CDM-supplier
for different coalition sizes (cumulative emissions over a
time horizon of 100 years).

the CDM-supplier benefits from selling emission allowances to coalition members. This

is shown in Figure 4 for a fixed coalition size of two members, but it also holds for other

coalition sizes. This figure also shows that the coalition members suffer a slight loss

of welfare relative to the NT-scenario. This is a side-effect of leakage: in equilibrium,

members buy credits at their marginal damages, but due to leakage the actual reduction

of global emissions is less. For small coalition, this effects dominates the efficiency gains

from trade, for larger coalitions, this leakage effect vanishes.

Figure 4 also visualizes how the gains from CDM-trade may be shifted from the CDM-

supplier to coalition members using selling targets. Selling targets specify emission re-

ductions for the CDM-supplier relative to his baseline emissions projected for this par-

ticular coalition size (in our case this is the NT-scenario) that they need to achieve before

they are allowed to sell further reductions into the CDM-market. For instance, a sell-

ing target of 0.2 implies that the CDM-supplier has to reduce 20 percent compared to

baseline emissions before selling emission credits.

More stringent selling targets shift welfare gains from the CDM-supplier to coalition

members. Essentially, by imposing selling targets, the coalition receives an emission

reduction up to the selling target for free and only pays for additional emission reductions

beyond the target. These gains come at the expense of the CDM-supplier. In equilibrium,

global levels of welfare and emissions remain constant for all selling targets because the
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Figure 4: Welfare gains from CDM-trade (CDM/ut/sel)
relative to the NT-scenario for a representative coalition
of two players.

selling targets do not alter marginal abatement costs and marginal damages, which in

turn determine the equilibrium allocation of abatement.8 This is evident from Figure 5,

which shows the change in global total emissions (in teratons of carbon) and welfare (in

terms of social welfare as defined by the model’s objective function) brought about by

CDM-trade: positive numbers indicate that CDM-trade raises emissions (or welfare).

In view of the fact that selling targets improve welfare of coalition members, a positive

effect of selling targets on stability is very plausible. Indeed, the stability function for

CDM/ut in Figure 1 would shift upwards with more stringent selling targets (not shown).

However, again, in this example, the shift is not sufficient to generate stable coalitions

larger than two members. The largest stable coalition therefore remains unchanged.

In summary, the first type of offset design in the form of adding the CDM to the coalition

agreement has a negative impact on coalition stability: the benefits from CDM-trade are

realized on the side of the CDM-supplier rather than on the side of coalition members;

more importantly, non-members’ welfare is increased, which raises the incentive to free-

ride. Selling targets allow to counteract this effect. However, in our model, this is not

sufficient to raise participation above the NT-benchmark.

8Similar to the findings in Manne and Stephan (2005), a separability of efficiency and equity (i.e. the
global least-cost allocation of abatement between countries and the distribution of the associated abatement
costs) holds in MICA due to the feature of international trade in goods.
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Figure 5: Changes of global emissions and global welfare
when going from the NT-scenario to the CDM-scenarios
for different selling targets. Numbers are for a represen-
tative coalition of four players, and welfare gains are ex-
pressed as the difference in aggregate welfare between the
scenarios.

4.4 Restricted CDM-trade without selling targets (CDM/rt)

In the previous section it became clear that unrestricted CDM-credit trading exacerbates

the free-riding problem because coalition members have incentives to abate in excess

of the NT-scenario. The alternative design of restricted CDM-trade tries to remedy this

problem. CDM-trade is introduced solely to reduce compliance costs for a given level of

allowance choices. Essentially, this places a constraint on coalition members’ emission

allowances such that they cannot fall below their emissions in the NT-scenario. Hence,

we reduce the leakage effect and avoid that non-members benefit from additional abate-

ment by the coalition.

Analogously to the CDM/ut-scenario, the CDM/rt-scenario is illustrated in Figure 1, Fig-

ure 2, Figure 3 and Figure 5. In Figure 1, we see our intuition about the overall effect

of this CDM-design confirmed: Coalition stability is improved such that a coalition of

four players becomes stable. For a given coalition size, and for the default additional-

ity assumption (i.e. a zero selling target) global welfare gains in the CDM/rt-scenario

fall short of those in the CDM/ut. This is because the additional constraint in CDM/rt

prevents further abatement by the coalition compared to the NT-scenario. Furthermore,
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we see that due to the additionality clause and the restricted trade setting, equilibrium

allowances of members and CDM-supplier correspond to their NT-baseline emissions,

and their emissions are higher than under CDM/ut (Figures 2 and 3) for a given coalition

size. We now turn to explore whether selling targets could shift the stability function

even further upward as they did in the CDM/ut-scenario.

4.5 Restricted CDM-trade with selling targets (CDM/rt/sel)

The effect of CDM with selling targets on global emissions and welfare (for a given

coalition) is shown in Figure 5. Selling targets require additional abatement from the

CDM-supplier before he can sell credits in the market, and the CDM/rt assumption effec-

tively establishes a lower bound for abatement by the coalition. Therefore, selling targets

reduce global emissions. Since this moves global emissions closer to the social optimum,

it has a positive impact on global welfare. This is quite contrary to CDM/ut where selling

targets only redistributed welfare gains among players (i.e. between CDM-supplier and

coalition members), leaving the global levels of welfare and emissions untouched. Also

in contrast to CDM/ut where members’ gains increase and non-members’ gains remain

constant through an increase in selling targets (Fig.4), now members’ and non-members’

gains increase, but the difference between both declines with more stringent selling tar-

gets (Fig.6), which may negatively affect the stability of coalitions.

The intuition for this is as follows: For CDM/rt, members and non-members benefit from

globally reduced emissions. Members also benefit from a bounty of cheap CDM-credits

but with more stringent selling targets, credits become scarcer and more expensive, thus

diminishing this benefit. For negative selling targets (i.e. hot air) this trend is reversed.

While the world may be worse off with negative selling targets for a given coalition size

(Figure 5) and likewise, also members and non-members (Figure 6), the negative effect

on non-members exceeds that on members. Both are negatively affected by higher global

emissions. However, for coalition members this is partially offset by the greater amount

of CDM-credits which are now available at a lower price, leading to a stabilization of a

coalition of five members for a selling target of −0.2. Thus, there is a trade-off between

environmental effectiveness and participation. The effect is similar to the idea of “mod-

est” emission reductions analyzed in Finus and Maus (2008). Given this trade-off, it is

therefore important to have a look at the overall effects.
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Figure 6: Welfare gains from CDM-trade (CDM/rt/sel)
relative to the NT scenario assuming a representative sta-
ble coalition of four players.

4.6 The overall effect of selling targets on global welfare

Until now we analysed the impact of various CDM-trading scenarios on the size of sta-

ble coalitions. We also considered for a given coalition size how selling targets affect

the welfare of the three groups in our model, as well as overall welfare. The impact on

individual welfare was useful to understand how selling targets may change the incentive

to leave or join the coalition. The impact on global welfare was useful in order to un-

derstand whether selling targets could be desirable from a normative point of view. The

previous discussion revealed that effects are not always straightforward and that there

may be trade-offs between the size of stable coalitions and global emissions. Hence, we

now look at the overall effect.

Figure 7 summarizes the effect of credit trading on participation in the agreement and

global welfare. Participation is indicated by the numbers next to the bullets. The level

of welfare achieved in the presence of a given stable coalitions is scaled from 0 percent

(non-cooperative equilibrium) to 100 percent (full cooperation, social optimum). Under

the NT-scenario, a coalition of two members achieves a welfare level of about 10 percent.

Under CDM/rt, we find a positive effect of CDM-credit trading on participation and

global welfare compared to the NT-scenario. For CDM/rt, welfare increases to levels

of about 35 to 40 percent and membership ranges between 2 and 5 members. Selling
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Figure 7: Participation and global welfare for different
selling targets. Welfare is scaled to the gap between no co-
operation (0 percent) and full cooperation (100 percent).

targets have not much impact on global welfare because more stringent selling targets

reduce participation, though for a given coalition size they increase welfare as discussed

above. In fact, as is evident from Figure 7, the two opposing effects more or less offset

each other.

The CDM/ut-scenario is much simpler. The largest stable coalition always has two mem-

bers, unless “hot air” undermines stability completely. Through trading, global welfare

increases compared to the NT-scenario. However, as discussed previously, the global

welfare achieved by a 2 player coalition is independent of selling targets because selling

targets only redistribute welfare.

Taken together, both CDM/ut and CDM/rt improve upon the NT-baseline, with both

achieving similar levels of global welfare, irrespective of selling targets.

4.7 Sensitivity analysis

In the previous analysis, we only considered the case of symmetric players in order to

focus on strategic effects of treaty design without having to deal with the complications

that asymmetry entails. The only departure from symmetry relates to the CDM-supplier

for which we assumed a substantially lower anticipation of climate change damages.

This implied that the CDM-supplier’s willingness to abate out of self-interest in the
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non-cooperative and the NT-scenario is much lower than that of all other players. As a

consequence, the CDM-supplier has much lower marginal abatement costs before trade

takes place. In this section, we explore a variation of this approach: we start with the

CDM-supplier being perfectly symmetric to all other players. Then, we gradually re-

duce the CDM-suppliers marginal abatement costs (by shifting them downward) in order

to increase the supply of CDM-credits.9 To keep everything else as much the same as

possible (i.e. same overall equilibrium emissions compared to symmetry), and to be able

to discuss the effects in a ceteris paribus manner, we simultaneously reduce the CDM-

supplier’s marginal damages (by shifting them downward).10 This means equilibrium

emissions in the CDM-supplier region are about the same as before as long as there is no

CDM-trade, but once trade is considered more CDM-credits are on offer.11

Figure 8 summarizes the results. Four main conclusions are important. First, CDM-

trading improves upon the NT-scenario. Second, restricted and unrestricted trade do

9In terms of the model equations given in the Appendix, this is implemented by increasing the investment
effectiveness parameter ξi in Equation 10.

10Implemented by reducing parameter θ1i of the damage function in Equation 16.
11We owe this scenario to an anonymous referee.
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not make much of a difference in terms of the overall outcome. Third, for restricted

trade, there is a trade-off between participation and welfare for different selling targets.

If selling targets do not affect membership, they improve global welfare. But selling

targets may lead to lower participation. Overall, selling targets cannot really improve

the overall welfare of restricted trade, and are anyway irrelevant for unrestricted trade as

argued above. These three conclusions show the robustness of our conclusions obtained

above. Fourth, due to the fact that we can now model the volume in CDM-trade through

a variation of heterogeneity between the CDM-supplier and the remaining players, a new

facet comes into play. The larger the degree of heterogeneity and hence the larger the

volume in CDM-trade, the larger will be participation and the larger the relative welfare

gains in a stable agreement. Also the difference in relative performance of an agreement

with CDM-trade (CDM/ut and CDM/rt) compared to one without (NT) increases. This

last conclusion is in line with intuition: if CDM-trade can improve upon the success of

treaty formation in a strategic context at all, then this improvement will be particularly

large for large trade volumes.

5 Conclusion

This paper investigated how the success of a self-enforcing climate agreement is affected

by emissions trading between Annex I and non-Annex I members of a climate agreement,

as for instance the Clean Development Mechanism (CDM) of the Kyoto Protocol. In a

first-best world, the CDM will clearly have an unequivocally positive effect, as it lowers

total abatement cost. However, in a world with strategic interactions between countries

and free-riding behavior, this is less evident. The interplay of three effects of the CDM –

the cost-effectiveness, ambition, and leakage effects – will determine the overall impact

on international cooperation, requiring a detailed analysis based on numerical simula-

tions. For instance, if the gains from CDM-trade are higher for non-members than for

members of a climate agreement, participation will actually be discouraged.

For the design of emission credit trading without any restriction (CDM/ut), we have

shown that a negative impact on participation in the climate agreement should be ex-

pected. This can be understood as the unfavorable domination of the ambition effect over

the cost-effectiveness effect: the availability of low-cost CDM abatement is used by the

coalition to implement additional reductions and achieve lower global emissions, from

which all countries benefit, but only the coalition members bear the costs. But while

the ambition effect adversely affects the incentive to participate, any coalition that is sta-

ble despite this will achieve more emissions abatement than the comparable coalitions
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without CDM (NT) or with restricted trade (CDM/rt). Thus, CDM/ut tends to produce

narrow-but-deep climate agreements.

Putting an additional constraint on the CDM-supplier country by means of selling targets

(CDM/ut/sel) allows to shift a larger share of the gains from trade of the CDM towards

coalition members. Hence, we should expect that this improves membership in an agree-

ment. However, in our model this effect turned out to be too weak to have a significant

positive influence on the performance of the unrestricted CDM.

In view of this negative result, we investigated the alternative CDM design of restricted

trade (CDM/rt) which excludes the possibility that the coalition countries use CDM-trade

to achieve more ambitious reduction targets. And even though for a given coalition size

this implies higher global emissions and hence lower global welfare than unrestriced

trade, our model also showed that this type of CDM has indeed a positive impact on

participation, leading to larger stable coalitions compared to both the no CDM (NT) and

unrestricted CDM (CDM/ut) cases. Compared to the stable coalitions of the unrestricted

CDM design, stable agreements under CDM/rt are hence broad-but-shallow.

If, in addition, selling targets are introduced under this type of CDM (CDM/rt/sel), global

welfare can be further increased since the CDM-supplier now has to carry out additional

abatement (at her own cost) before selling credits on the CDM-market. However, it turns

out that the stringency of the selling target has an ambivalent effect: although a more

demanding selling target always implies higher global welfare for a given coalition size,

the size of the largest coalition that is stable actually becomes smaller. As a consequence,

a converse reasoning applies to the role of hot air (i.e. negative selling targets): while

reducing the environmental effectiveness of an agreement, which clearly leads to reduced

global welfare levels, it may at the same time help to draw additional members into

the coalition. This is because it becomes less costly to comply with the watered down

agreement. However, our simulations showed that the resulting larger coalitions were

hardly able to outperform smaller coalitions without hot air.

Finally, the analysis of the aggregate impact of the different designs of the CDM on

global welfare levels confirmed – as perhaps one of the most important result of our

paper – that both the unrestricted (CDM/ut) and restricted (CDM/rt) type of CDM lead

to significant welfare gains as compared to the no-trade base case (NT) (as long as the

amount of hot air possibly introduced in CDM/rt remains small). When the resulting

stable coalitions are compared across designs, it turns out that both CDM approaches

lead to similar global welfare levels, despite the differences in participation levels. This

remains true for all selling targets and any degree of heterogeneity we considered. Het-

erogeneity does, however, make a difference for the additional global welfare attainable
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through CDM: the larger the asymmetry between CDM-seller and buyers, the higher the

volume of CDM-trade, and hence the higher the gains from agreement formation.

In summary, how an offset mechanism like the CDM is incorporated into an agreement

has far reaching consequences concerning its participation, the agreement’s ambition,

and its distributional implications. Yet, the net effect in terms of the global welfare

achieved when taking all strategic interaction into account is surprisingly similar for all

the options considered here. Nevertheless, if high participation is seen as a value in itself,

e.g. when the stable agreement is understood as the part of a process where climate policy

is first “broad, then deep” (Schmalensee, 1998), this could tip the scales towards the

CDM/rt design. However, a full formal analysis to investigate this point comprehensively

would require a model of dynamic membership and is beyond the scope of this paper.

While our model also shares many restrictions of stylized models, we think that one of

the most interesting extension for future research is this consideration of dynamic mem-

bership. That is, whereas in our model the membership is a one-shot decision based

on discounted utility, one could allow for the possibility that countries can revise their

decision continuously as in Rubio and Ulph (2007). This would allow to study how

the design of emission credit schemes affects participation in successive climate agree-

ments. It might be that the possibility of offering CDM-credits may not pay in the long-

run if current CDM-suppliers do not accept emission ceilings in a future climate treaty

simply because being a non-Annex I country and CDM-supplier is more attractive than

becoming an Annex I country. Another interesting aspect would be the impact of the co-

existence of and links between different permit trading schemes, as currently observed

in various regions, like EU, US, and Australia, on the formation of climate treaties. Such

an analysis would require to consider coalition formation games with multiple coalitions

as for instance analyzed in Finus (2008) and Finus and Rundshagen (2003), but such an

extension would certainly be non-trivial in our rich policy setting.
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A Model Equations

In this section, we present the details of our numerical model. The model builds on Lessmann
et al. (2009) and Lessmann and Edenhofer (2010) and is extended to include the endogenous
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choice and trade of emission allowances. In the following, we first describe the model equations,
their calibration, and the numerical procedure to solve the model.

A.1 Preferences

The world economy is modelled as a set of N = 9 regions (or players). Players decide in an
intertemporal setting which share of income to consume today and which share to save and invest
for future consumption. Intertemporal welfare Wi and instantaneous utility function U , which is
based on per capita consumption, are given by:

Wi =
∫ ∞

0
lit U(cit/lit)e−ρt dt (2)

U(cit/lit) =





(cit/lit)1−η

1−η
if η 6= 1

log(cit/lit) if η = 1
(3)

where cit and lit denote consumption and labor in region i at time t, respectively. Parameter ρ is
the pure rate of time preference, and parameter η denotes the elasticity of marginal utility.

A.2 Technology

The economic output yit in each region is produced with a Cobb-Douglas production technology
F with a capital income share of β . Climate change damages (to be defined below in Equation 16)
destroy a fraction 1−Ωit of the production.

yit = ΩitF(kit , lit) (4)

F(lit ,kit) = (λit lit)1−β kβ
it (5)

Labor lit is given exogenously, as is labor productivity λit , which grows at a fixed rate α: λit =

exp{αt}. Capital kit accumulates with investments iit , assuming zero depreciation.

d
dt

kit = iit (6)

(7)

A.3 Emissions and Emission Allowances

Greenhouse gas emissions eit are a byproduct of economic activity yit . We assume that the
emission-intensity falls exogenously due to technological progress at rate ν . Beyond this, emis-
sions may be reduced by investments bit into abatement ait , bringing down the instantaneous
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emission-intensity σit . Parameters ξi describes the effectiveness of these investments, and γ the
effectiveness of the abatement option.

eit = σit e−ν t yit (8)

σit = (1+ait)
−γ (9)

d
dt

ait = ξi bit (10)

Emissions can exceed allowances qit , which in our model are chosen endogenously by individual
regions. Emission allowances may be traded internationally (zit denotes allowance exports by
region i), but we exclude intertemporal banking and borrowing, i.e. total imported and exported
allowances must be balanced in every period.

eit = qit − zit (11)

∑
j

z jt = 0, t = 1, . . . (12)

A.4 Climate Dynamics

Global warming is driven by total global emissions of CO2 into the atmosphere, which are equal
to cumulative total emission allowances ∑i qit . For details on the following climate equations, see
Petschel-Held et al. (1999).

d
dt

Ct = ζ ∑
j

q jt −κ(Ct −C0)+ψ Et (13)

d
dt

Et = ∑
j

q jt (14)

Equation 13 translates global emissions into carbon concentration in the atmosphere Ct . Con-
centration Ct rises with global allowances (like emissions do), where ζ converts emissions into
changes in concentration, and it decreases with the carbon uptake of oceans proportional (with
factor κ) to the increase above the pre-industrial level C0. The final term limits the ocean carbon
uptake (to the fraction 1−ψ/ζ κ in equilibrium).

d
dt

Tt = µ log(Ct/C0)−φ(Tt −T0) (15)

Equation 15 transforms concentration levels into a global mean atmospheric temperature increase
T . Parameter µ controls the strength of the temperature reaction due to a change in concentration,
whereas parameter φ is related to its timing. Together, they can be interpreted as “climate sensi-
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Parameter Symbol Value

Rate of labor efficiency improvement α 0.023
Income share capital β 0.35
Abatement cost exponent γ 0.2
Emission/concentration conversion factor ζ 0.47
Elasticity of marginal utility η 1
Damage function coefficient θ1i 0.02
Damage function exponent θ2 1.5
Rate of ocean CO2 uptake κ 2.15e-2
Labor efficiency λ eαt

Radiative temperature driving factor µ 8.7e-2
Exogenous rate of decarbonization ν 0.01
Effectiveness of investments in ait ξi 5.0
Pure rate of time preference ρ 0.01
Temperature damping factor φ 1.7e-2
Atmospheric retention factor ψ 1.51e-3
Initial labor productivity a0 1
Initial concentration C0 377
Initial cumulative emissions E0 501
Initial capital stock k0 70
Initial labor l0 6.6
Initial temperature change T0 0.41

Table 1: Parameters and initial values.

tivity” (µ/φ · log2), i.e. the equilibrium temperature increase due to a doubling of concentration.
In view of the inertia of the climate system, we run the model for 250 years in steps of 10 years.

The climate change damage function Ωit is taken from Nordhaus and Yang (1996):

Ωit = 1/(1+θ1i(Tt)
θ2i) (16)

Parameters θ1i and θ2i describe the vulnerability of region i.

Two sets of “book keeping” equations complete the model: the budget constraints for consump-
tion and investments for each region at every point in time, as well as the intertemporal budget
constraints ensuring that, over the entire time horizon, the import value must equal the export
value in each region.

yit +mit = cit + iit +bit + xit (17)∫ ∞

0
pt mit dt =

∫ ∞

0
pt xit + pz

t zitdt (18)

Variables mit and xit are imports and exports of region i, respectively, and pt and pz
t are the prices

of goods and allowances, respectively.
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A.5 Solving the Model for the Game’s Equilibrium

As detailed in the main text, we are considering a two stage game of coalition formation in which
in the first stage, decisions about membership in an international environmental agreement (IEA),
and in the second stage decision about emission allowances are taken by players.

The game is solved numerically by backward induction, i.e. first we compute PANE for all pos-
sible coalitions, then we test these coalitions for internal and external stability according to the
following criteria:

Wi|S ≥ Wi|S\{i} for i ∈ S (internal stability) (19)

Wj
∣∣
S > Wj

∣∣
S∪{ j} for j /∈ S (external stability) (20)

The computation of the PANE in the second stage is complicated by the fact that we are looking
at an intertemporal optimization model, featuring an environmental externality as well as inter-
national trade at the same time. To the best of our knowledge, there are no out-of-the-box solvers
available to solve such a model in primal form. Lessmann et al. (2009) suggest an iterative ap-
proach based on Negishi’s approach (Negishi, 1972). In this paper, we use a modified version of
the iterative algorithm, which works as follows.

Negishi’s approach searches for the social planner solution that corresponds to a competitive
equilibrium by varying the weights δi under the assumption of joint welfare maximization:12

max
{i jt ,b jt ,m jt ,x jt ,z jt : j=1...N}

N

∑
i=1

δi Wi (21)

subject to Equations 2-17. (22)

Since this approach exploits the fundamental theorems of welfare economics, it cannot be applied
to an economy with externalities. In principle, this problem can be circumvented by making any
external effect on other players exogenous to the model (converting variables into parameters that
are adjusted in an iteration).

In our context, externalities are climate change damages caused by aggregate global emissions.
In the Nash equilibrium, players will only anticipate the effect that their emissions have on their
own economic output, not, however, the effect this has on other players’ output. We can mimic
this in a social planner solution by giving each player his own perception of the causal link
between emissions and global warming. Instead of Equation 13, which describes one trajectory
of concentration Ct , we introduce N equations for Cit :

12Note that the intertemporal budget constraint Equation 18, which contains the (a priori unknown) mar-
ket clearing prices, is omitted from the model.
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d
dt

Cit = ζ

(
qit +∑

j 6=i
q jt

)
−κ(Ct −C0)+ψ Et ∀i/∈S (23)

d
dt

Cit = ζ

(
∑
k∈S

qkt + ∑
j/∈S

q jt

)
−κ(Ct −C0)+ψ Et ∀i∈S (24)

where the allowance choices of other players enter as a fixed value (a parameter, indicated by the
bar), and are set to the levels of the corresponding variables during the previous iteration (or some
initial value). The sum of allowances in Equation 14 needs to be adjusted analogously, and the
temperature Equation 15 will consequently have N instances of Tit , too. The temperature change
Tit , anticipated by player i, will then enter in Equation 16 instead of Tt .

The so modified model is then solved in a nested iteration: in the inner iteration, we solve the
model for a given vector q = (qit) of allowance choices repeatedly, updating qit = qit at the end
of each iteration, i.e. we perform a fixed point iteration of the mapping q = G(q) where G is
the best response of players to the exogenously given strategy qit of the other players. If the
inner iteration converges, it converges to a Nash equilibrium in allowance choices. However, the
markets for allowances and private goods may not be a competitive equilibrium. This is what the
outer iteration achieves.

The outer iteration follows the standard Negishi approach: we adjust the welfare weights δi in the
joint welfare function (Equation 21) until the intertemporal budget constraints (Equation 18) are
satisfied. The resulting equilibrium is the desired PANE.

A.6 Numerical Verification of the Equilibrium

We verify the resulting ‘candidate’ PANE equilibrium strategies in emissions and trade numeri-
cally by comparing them to the results of the following maximization problems:

∀i max
{iit ,bit ,mit ,xit ,zit}

Wi

subject to Equations 2-18 and prices pt , pz
t .

(25)

Deviations of this model from our solution should be only within the order of magnitude of
numerical accuracy, which is what we find (not shown). In particular, simultaneous clearance of
all international markets confirms the competitive equilibrium in international trade.

A.7 Internalization of Damages

In the model and its solution algorithm outlined above, climate change damages that occur within
a region (or coalition of regions) are fully internalized. However, a region may not internalize all
of the damages occurring on its territory, e.g. due to lack of information, or if a region represents
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a large number of countries that do not coordinate their actions. In such cases, full internalization
of damages of this group would overestimate the abatement taken by this player. This point
was already made in Nordhaus and Yang (1996, p. 743). Therefore, they divide the damages
perceived by such a representative player by the number of countries represented by her. This is
implemented in our model in the following way: the anticipated climate change damages Ωit in
Equation 16 are only a fraction 1/ni of the original right-hand-side of the equation. In Equation 5,
we add the remaining damages Ω̄it that were not anticipated, i.e. (Ωit + Ω̄it) instead of just Ωit .
The parameter Ω̄it then needs to be updated in an iteration to Ω̄it = (ni− 1)Ωit . Through this
procedure, full damages take effect even though only a fraction is anticipated.

For the calculations in this study, we set ni = 1 for all players but the CDM-supplier, where
we chose ni = 100 such that only very little abatement action is taken in the business-as-usual
scenario.
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Prices vs. Quantities for International Environmental

Agreements

Ulrike Kornek ∗ Robert Marschinski∗†

Abstract

Does the choice between price-based or quantity-based regulation matter for the
formation of an international environmental agreement? We introduce uncertainty
on baseline emissions in a standard coalition formation model and let countries
choose their regulatory instrument. It is shown that a coalition of cooperating coun-
tries is more likely to prefer a quantity regulation than non-cooperating countries.
Compared to the case without uncertainty this implies stronger free-riding incen-
tives and lower equilibrium participation in agreements that are based on quantities.
A restriction to price-based agreements leads to higher participation, but does not
necessarily raise global welfare. Tradable quantities can both increase participation
in the agreement and achieve higher levels of global welfare. Overall, our results
suggest that free-riding incentives in global public good problems with uncertainty
may be underestimated if the strategic implications of instrument choice are ig-
nored.

Keywords: International Environmental Agreements; Uncertainty; Climate Change;
Prices vs. Quantities; Global Public Goods
JEL Classifications: C72, D81, H41, Q54

1 Introduction

It is one of the principle insights from the theory of self-enforcing international environ-

mental agreements that free-riding incentives undermine international cooperation in the

presence of public goods (Barrett, 1994; Karp and Simon, 2013). In the field of climate

change this is seen as one reason for the so far inconclusive efforts of the international

community toward a comprehensive global agreement. Consequently, the design char-

acteristics of any such agreement (’treaty design’) should facilitate the cooperation of

countries who base their participation decision on self-interest.
∗Potsdam Institute for Climate Impact Research, PO Box 60 12 03, D-14412 Potsdam, Germany
†Technische Universität Berlin, Department ’Economics of Climate Change’, Strasse des 17. Juni 145,

10623 Berlin, Germany
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A key design element of the Kyoto-Protocol is that it defined precise emission assign-

ments for each eligible country, a choice likely to be retained by a possible successor

agreement. The focus on "targets and timetables" (Victor, 2011) represents an intu-

itive approach and might be motivated by the desire to avoid extreme damages (WBGU,

2009). However, in light of the US’ early and Canada’s later withdrawal from the Kyoto

Protocol, the question arises whether this choice of emission assignments might actually

undermine the incentive of countries to join the agreement.

Other forms of treaty design have been forwarded and investigated (e.g. Barrett and

Stavins 2003). One proposal is a coordinated emission price (Cooper, 1998), which all

participating countries would levy as a tax on the emissions generated on their terri-

tory. In an idealized economic setting this approach would be equivalent to Kyoto-style

emission assignments, i.e. there would be a one-to-one correspondence between a given

emission assignment and a tax level. However, there are many real-world characteristics

under which the symmetry between the two approaches breaks down (Nordhaus, 2007).

One particularly relevant example is the presence of uncertainty – a ubiquitous feature in

most environmental issue areas, in particular climate change.

In terms of global efficiency – i.e. when considering the world as one region with a single

regulator – many studies have investigated the ranking of price vs. quantity instruments

under uncertainty (e.g. Weitzman, 1974; Stavins, 1996; Krysiak, 2008). However, the

policy relevant multi-country setting and the strategic effect of each instrument on coun-

tries’ incentive to join an international agreement have so far been mostly neglected, with

the exception of Endres and Finus (1999) and a limited number of qualitative discussions

(Hepburn, 2006; McKibbin et al., 2012). This sharply contrasts with the fact that in

global public good problems the global welfare resulting from an agreement typically

depends on the number of participating countries.

For the formal analysis of international environmental agreements (IEAs) and the stabil-

ity of coalitions, most studies adopt the approach first employed by Hoel (1992), Carraro

and Siniscalco (1993), and Barrett (1994). It assumes a payoff function for each coun-

try consisting of costs from private and benefits from global pollution abatement. Even

though the assumption of payoff-functions with perfect information appears strong, only

relatively few authors have investigated how uncertainty impacts the formation of self-

enforcing agreements.

Na and Shin (1998), Ulph (2004), and Kolstad (2007) all study the implications of un-

certain abatement benefits, albeit under different assumptions about the type of uncer-

tainty and learning. Due to their idiosyncratic models, no clear-cut conclusions emerge

from this group of contributions, with some finding uncertainty being conducive to co-

2
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operation, while others observe a negative impact. Karp (2012) shows that the effect of

uncertainty on membership and global welfare of a self-enforcing agreement depends on

the shape of the probability distribution of the uncertain benefit-parameter. Finus et al.

(2013) find that the level of risk aversion plays a decisive role in determining how uncer-

tainty influences coalition formation. Finus and Pintassilgo (2010) investigate uncertain

benefits and costs of abatement, whereas Finus and Pintassilgo (2013) focus on uncertain

benefits only. Since countries are modelled as ex-post heterogeneous and transfers are

allowed, both contributions find that larger coalitions can be stabilized under certainty

than with uncertainty.

Overall, the existing literature suggests that the presence of uncertainty could undermine

cooperation (Kolstad and Ulph, 2008, 2011; Barrett, 2013). However, one option for

mitigating the effects of uncertain abatement costs has been omitted: changing coun-

tries’ decision variable from quantities to prices. This distinction between instruments

under uncertainty goes back to the seminal work of Weitzman (1974), who studied the

policy choice of a single decision-maker in a general cost-benefit setting. He demon-

strated that expected welfare is higher under a price instrument whenever marginal costs

are relatively steeper than marginal benefits. This finding has generally been reaffirmed

in the subsequent literature, which incorporated correlation between cost and benefit un-

certainty (Stavins, 1996), the possibility of tradable quantities (Williams, 2002), or the

presence of a stock as opposed to a flow externality (Newell and Pizer, 2003).

What the above studies do not take into account, but arguably constitutes a crucial char-

acteristic of global environmental problems (like climate change), is that the public good

is supplied by many countries, each having its own sovereign regulator. The uncertainty

about benefits and costs of abatement can be expected to influence countries’ decision

to participate or not in an environmental agreement. For instance, former US President

George W. Bush apparently singled out this aspect as a main reason for the US’ with-

drawal from the Kyoto Protocol (Kolstad, 2007).

The problem of prices versus quantities may therefore go beyond its relevance for the

welfare of a fixed group of cooperating countries and bear strategic implications for co-

operation. When an IEA falls short of implementing the Pareto optimum of full partici-

pation, the level of global welfare depends on how much of the externality is internalized,

which depends on the size of the coalition of cooperating countries (Barrett, 1994), and

on how abatement costs are distributed. This paper’s objective is to study how the choice

between a quantity- or price-based formulation of a treaty influences the resulting num-

ber of participating countries, their internal welfare, and global welfare.
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We find that the larger the group of potentially cooperating countries becomes, the stronger

is its preference for a treaty based on quantities. This choice would generate higher wel-

fare for the treaty’s participants, and also globally. However, it is counteracted by greater

free-riding incentives resulting from this type of formulation, which undermines coun-

tries’ willingness to actually participate in the cooperative effort. Restricting the agree-

ment to prices leads to higher participation but not necessarily to higher global welfare.

A coalition-wide market for tradable emission permits can create an additional incentive

to join the agreement, and might thereby turn uncertainty into a facilitator of cooperation.

The remainder of this article is structured as follows. The general model is defined in

Section 2. Section 3 derives the expected damages and abatement costs for the price and

quantity policy. The resulting equilibrium in instrument choice for a given coalition size

is characterized in Section 4. Section 5 analyzes the strategic implications of a treaty’s

formulation in prices or quantities on the free-riding incentive. The option of tradable

quantities is discussed in Section 6. Numerical examples of the equilibrium outcome of

the full game are presented in Section 7. The final section concludes.

2 The Model

Our analysis of self-enforcing IEAs follows the predominant approach of modelling the

decision to join the coalition as the first stage in a one-shot cartel-formation game. Fol-

lowing d’Aspremont and Gabszewicz (1986), the equilibrium is characterized by a single

coalition that is both internally (no member has an incentive to leave) and externally (no

non-member wants to join) stable.1

In the second stage of the game, we model instrument choice as a strategic variable,

allowing members and non-members to either adopt an emission assignment (quantity

policy) or an emission tax (price policy). As is the typical case in reality, the international

agreement is based on one type of instrument only, applicable to all members. In the third

and last stage, countries decide on the level of regulation. In both stages two and three

we make the usual assumption of joint total cost minimization for the coalition. Non-

members choose their strategy non-cooperatively so as to minimize their individual total

costs. Choices within the last stage may be taken either simultaneously or sequentially

(with the coalition as Stackelberg leader). In sum, the game’s structure is

1st stage: Countries choose whether to be members of the coalition.

1Countries are assumed to be represented by a single regulator. We use these terms - countries and
regulators - interchangeably.
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2nd stage: The coalition (as a whole) and all non-members (individually) choose

between price or quantity regulation.2

3rd stage: The coalition and the non-members choose their level of regulation

either simultaneously or sequentially, where in the latter case the coalition acts as

Stackelberg leader.

Uncertainty, to be formalized below, is only resolved after the last stage, forcing all

countries to choose their strategies under incomplete information, based on expected

total costs. The game is solved by backwards induction.

Our approach allows studying the implications of endogenous instrument choice along

three main questions. First, what determines the optimal choice between prices and quan-

tities for a given coalition (second stage)? This generalizes the Weitzman (1974) analysis

to the case of multiple regulators. Second, what is the effect on the free-riding incentive

and, consequently, participation in an international agreement (first stage)? Third and

last, what are the implications for global welfare, which is a result of participation and

instrument choice in the subgame-perfect equilibrium of the game?

With regard to the payoff function, we choose a formalization as a global public ’bad’

game in emissions among the N countries, and use a total cost framework common

in the literature on IEAs (Carraro and Siniscalco, 1993; Finus and Rundshagen, 1998).

The total costs TCi for each country i are the sum of quadratic damages D from global

emissions and quadratic abatement costs Ci incurred for reducing individual emissions

(see Appendix E for a complete list of symbols):

TCi = D(e) + Ci (ei ) = d1 · e +
d2

2
· e2 +

1
2

(εi − ei )2. (1)

ei represent emissions of country i, which are themselves a function of the implemented

policy (discussed in detail in the next section). Global emissions are given by e =
∑N

i=1 ei , d1 and d2 are damage parameters, and εi a parameter representing baseline

(or business-as-usual) emissions of country i, i.e. ei = εi if country i adopts no emission

policy.

For the case of climate change all three parameters in the total costs (d1, d2, εi) are

uncertain (Webster et al., 2002; Quirion, 2010; Dellink et al., 2008). However, in order

to keep the analysis tractable and because uncertain abatement costs seem to be a crucial

determinant of countries’ decision to join an agreement or not, we focus on modeling

2The case of Stackelberg-leadership of the coalition in instrument choice is not considered here, but we
discuss in Section 5.2 the case when only a price-based agreement is available.
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uncertain baseline emissions, which have been identified as a major driver of total cost

uncertainty (Edenhofer et al., 2006).

We assume εi to be distributed according to a given probability density function.3 Be-

cause total costs are quadratic and countries are ex-ante symmetric, uncertainty of base-

line emissions can be fully characterized by two parameters. First, all countries face

the same level of uncertainty, expressed by the standard deviation σ of baseline emis-

sions. Accordingly, setting σ = 0 recovers the certainty case. Second, we allow baseline

emissions to be positively correlated between countries and denote the coefficient of cor-

relation by ρ ∈ [0,1]. This parameter captures the relative strength of local stochasticity

of baseline emissions due to, for example, domestic growth shocks, against global fac-

tors affecting baseline emissions of all countries in the same direction, e.g. technology

shocks that induce fuel switching or changes in productivity. In case of strong global

interdependence (high ρ), uncontrolled emissions pose a greater risk of high damages,

because positive shocks in baseline emissions will not cancel out but rather reinforce

each other.4

Each country can regulate its contribution ei to the public bad by either adopting an

emission assignment ēi , which fixes its amount of emissions, or by an emission tax pi ,

which fixes the economy’s ex-post marginal abatement costs, but not its emission level.

3 Expected Total Costs under Prices vs. Quantities

In this section we solve the game’s last stage, in which countries minimize expected to-

tal costs, taking the coalition size k and the instrument choice of all countries as given.

Formally, the symmetry break-up between price and quantity stems from the assumed

ability of firms to react to baseline emissions after they have been observed (as in Weitz-

man 1974). Firms are modelled implicitly by the abatement costs Ci . With an emission

tax pi country i’s economy thus reduces emissions until marginal abatement costs equal

the tax (emissions and marginal costs have the same dimension due to the normalization

3Uncertainty on the intercept of the marginal benefits is not considered, since Weitzman (1974) showed
that it does not affect the optimal choice. Results only change if it becomes correlated to uncertainty on the
cost-parameter (Stavins, 1996). The same holds for our analysis.

4With uncertainty of baseline emissions εi , the payoff function Eq. (1) becomes mathematically equiva-
lent to the one of Weitzman (1974) and subsequent contributions, which all assumed an uncertain intercept
of the marginal abatement cost function. However, Weitzman derived his specification from a more gen-
eral payoff function by using a Taylor approximation in the optimum’s neighborhood. Such an approach
would be possible in our case as well, but only at the price of introducing different parameter sets for each
coalition size, since each one has its own optimum. Although this could make the analysis more general to
some extent, it would also make it less clear. Conversely, proceeding with Eq. (1) makes our results readily
comparable to previous work on the question of instrument choice under uncertainty.
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of Eq. 1):

pi = −C ′i (ei ) = εi − ei ⇒ ei = εi − pi . (2)

Positive shocks on baseline emissions directly translate into positive shocks on ex-post

emissions, and vice versa. To fix ex-post emissions the regulator can adopt a quantity

target with an emissions assignment ēi .5

Appendix A shows that the first-order conditions are linear in the policy instrument and in

εi , implying that both instruments’ optimal level remains unchanged when passing from

certainty to uncertainty. The relationship between the optimal instruments (indicated

by ’∗’) is given by the regulator’s analogue of Eq. (2)

ē∗j (k) = E[ε] − p∗j (k), j ∈ {nm,m}, (3)

where we used the E[·]-operator to denote the expected value and the subscripts ‘nm’and

‘m’ to identify, respectively, non-members and members of the coalition. In what fol-

lows, we only consider interior solutions. The optimal emission assignments ē∗j were

derived by Barrett (1994) for the case of a Stackelberg equilibrium and by Finus and

Ruebbelke (2008) for simultaneous choice.

Inserting Eqs. (2) and (3) in the abatement cost function shows that implementing a

quantity policy leads to an expected abatement costs mark-up of 1/2 · σ2 vis-à-vis the

price policy:

E[Cj (ē∗)]|ē∗ =
1
2

{
E[ε] − ē∗j (k)

}2
+

1
2
σ2 (4)

E[Cj (ē∗)]|p∗ =
1
2

{
E[ε] − ē∗j (k)

}2
, (5)

where the symbol ·|ē∗/p∗ denotes the conditionality on the respective instrument.

Expected damages are, due to symmetry, only a function of the expected emission levels

of members and non-members, and of the total number of countries implementing a price

policy, hereafter denoted by ` ∈ [0,N],

E[D (e)] = d1 · e∗(k) +
d2

2
· [e∗(k)

]2

︸                            ︷︷                            ︸
certainty term

+σ2 · d2

2
· [` + `(` − 1)ρ

]
︸                          ︷︷                          ︸

uncertainty term

(6)

as can be confirmed by inserting Eqs. (2) and (3) into the damage function. Here,

e∗(k) =
∑N

i=1 ē∗i (k) denotes the expected amount of global emissions at the optimum

5We assume that a quantity target is always binding, i.e. ei = ēi . For this to be reasonable the implied
abatement must be sufficiently larger than the typical baseline fluctuation σ.
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in the presence of a coalition of size k, which – as argued earlier – is independent of the

instrument choice.

The first term in Eq. (6) is identical to the damage function obtained under certainty.

Uncertainty (σ > 0) generates an additional term that unambiguously increases expected

damages if at least one country adopts a price regulation (` ≥ 1). If countries’ baseline

emissions are uncorrelated (ρ = 0), total emissions uncertainty is the sum of individual

uncertainties across all countries with price policy. In case of positive correlation (ρ > 0)

expected damages are further amplified since shocks then tend to reinforce each other.

Global total costs therefore depend on the size of the coalition k and the number of

countries with price-based regulation `:

N∑

i=1

E[TCi (k)] = N ·
{

d1 · e∗(k) +
d2

2
· [e∗(k)

]2
+ σ2 · d2

2
· [` + `(` − 1)ρ

]}

+

N∑

i=1

1
2

{
E[ε] − ē∗i (k)

}2
+ (N − `) · 1

2
σ2. (7)

The number of members k of the agreement determines expected global emissions and

the certainty equivalent parts of Eqs. (4), (5), and (6), meaning that global total costs

will be far from the social optimum unless participation is sufficiently high (so as to

enable the internalization of the externality). In other words, the rate of participation is

an essential determinant of a treaty’s environmental effectiveness. In addition, when the

number ` of countries with price regulation increases, expected damages increase for all

countries and expected abatement costs decrease, with the net effect on global total costs

depending on d2 and ρ.

By setting the number of countries to one, Eq. (7) recovers the benchmark result of

Weitzman (1974): the choice between price (` = 1) and quantity (` = 0) regulation

is determined by the net effect of reducing expected abatement costs by 1/2 · σ2 and

increasing damage costs by 1/2 · d2 · σ2 when switching from the quantity to the price

instrument. In our case, in which the slope of marginal abatement costs is normalized to

one, the price instrument is preferred whenever d2 < 1. The next section analyzes how

this result is modified in a strategic multi-country setting.

4 Instrument Choice for a Given Coalition Size

This section derives the optimal instrument choice for singletons and the coalition and

solves the second stage of the game. The size k of the coalition, being the outcome of

the first stage, is taken as given.
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4.1 Instrument Choice of Singletons

A singleton country i prefers the instrument with the lower expected total costs, given

the instrument choice of all other countries. Hence, if the total cost difference ∆

∆ = E[TCnm]|p∗ − E[TCnm]|ē∗ (8)

is negative, it will adopt a price regulation. According to Eq. (6), this difference depends

on the number of countries (singletons and coalition) other than i with a price policy,

which we denote by `−i . Using Eqs. (4), (5), and (6), and taking into account that the

total number ` of countries with price policy differs by one in the two terms on the RHS

of Eq. (8), the following holds:

Lemma 1
A singleton prefers a price over a quantity policy iff

∆ =
1
2
σ2 {d2 · (1 + 2ρ · `−i ) − 1} < 0. (9)

Three observations can be made. First, higher uncertainty amplifies the relative advan-

tage of the preferred instrument but does not influence the sign of ∆. Second, the choice

depends on the value of d2, i.e. the relative slope of marginal damages and abatement

costs. Third, there is a strategic interaction term shifting the relative advantage toward

quantities whenever ρ > 0. While the first two are standard findings, the last effect is an

adjustment of the single-regulator basic Weitzman (1974) rule. It reflects the increased

risk of high damages when emission shocks are correlated, and may lead the singleton

to prefer an emissions assignment even when marginal abatement costs are steeper than

marginal benefits.

For ρ > 0, the interaction term also implies that in the all-singleton Nash-equilibrium a

mix of countries with price and with quantity policy might be observed. Conversely, for

ρ = 0 all countries would adopt the same instrument.

4.2 Instrument Choice of the Coalition

The instrument choice of a coalition of size k is again determined by the difference in

expected total costs, but in this case computed as the sum across all members:

∆k = E[
k∑

i=1

TCm(k)]|p∗ − E[
k∑

i=1

TCm(k)]|ē∗ . (10)
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Considering the instrument choice of the non-members as fixed, Eqs. (4), (5), and (6)

yield the following lemma :

Lemma 2
A coalition of size k prefers a price over a quantity policy iff

∆k = k · 1
2
σ2

{
d2 ·

[
k + ρ(k2 + 2k · `−k − k)

]
− 1

}
< 0. (11)

Herein, the number of non-members with a price policy is denoted by `−k . Several effects

can be identified: First, because emissions are a public bad, marginal damages add up

vertically and hence the effective ratio of marginal damages and marginal abatement costs

is k-times higher for the coalition than for singletons, as captured by the first k in the

term amplifying d2. Second, if baseline emissions are correlated (ρ > 0), the incentive

to choose quantities even grows with k2. This reflects the fact that marginal abatement

costs partially add up horizontally for the coalition.6 Third, the strategic interaction effect

observed for singletons also characterizes the coalition’s choice: the higher the number of

non-members with price policy, the stronger becomes its incentive to choose quantities.

Because it affects all coalition members equally, this interaction effect is again k times

stronger than for singletons. Finally, as all discussed effects apply to the total costs of all

members, the entire cost difference scales with k.

In sum, coalitions are more likely than singletons to prefer quantities over prices, espe-

cially if the considered coalition is large, uncertainty is correlated, and the number of

non-members with price policy is high.

4.3 Equilibrium of the Second Stage

By Eqs. (9) and (11), the instrument choice of each country depends on the parameter

values d2 and ρ, the coalition size k, and the choice of the other countries, i.e. `−i and `−k .

Therefore, in order to solve for the second stage’s equilibrium it remains to determine

the consistent combinations of instrument choice.

Consider first the simplest situation: the all-singleton case. The RHS of Eq. (9) can be

solved for the value of `−i at which it switches from a negative to a positive sign. The

nearest higher integer of this number, denoted `∞, represents the maximum number of

6Eq. (11) reduces to Eq. (28) in Weitzman (1974) if `−k = 0 and when aggregating the coalition into a
single regulator with k firms.
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countries with a price policy any equilibrium can support. For ρ , 07 this parameter

equals:

`∞ = max
(⌈

1
2ρ

(
1
d2
− 1

)⌉
,0

)
, (12)

where d·e is the ceiling-function, i.e. the function that returns the nearest higher integer

number. In line with intuition, d2 < 1 must hold for `∞ to be positive, i.e. the basic

Weitzman criterion for choosing a price instrument must be fulfilled as a prerequisite. It

follows that the equilibrium number of singletons implementing a price policy is exactly

`∞ if the total number of countries N is sufficiently large (for sure if N → ∞, hence the

notation) or, otherwise, equal to N .

Next, Appendix B shows that the distinction `∞ Q N is relevant for the equilibrium

instrument choice of a coalition of size k, as summarized in the following result:

Result 1
In equilibrium a coalition implements quantities if its size k is greater than or equal

to kq , with

1. `∞ > N : kq =


N + 1

2ρ − 1
2 −

√
(N + 1

2ρ − 1
2 )2 − 1

d2ρ
ρ , 0

1
d2
, otherwise

2. `∞ ≤ N : kq = 3.

Consider the first case `∞ > N : by Eq. (9) all singletons choose a price regulation, no

matter how large the coalition is and what instrument it implements. The preference of

the coalition, determined by ∆k from Eq. (11), increasingly moves toward quantities for

growing k, with the eventual switch occurring at k = kq if it exists. In fact, the root may

not exist or may be higher than N , in which case the coalition always chooses prices.

Second, for `∞ ≤ N even the all-singleton equilibrium would comprise N − `∞ countries

implementing quantities, reflecting the potentially higher damages present in this case.

As a consequence, coalitions of size greater than two will regulate by quantities in order

to mitigate the risk of high damages present when marginal damages are steep (d2 large)

or uncertainties are highly correlated (ρ large).8 If the size of the coalition is smaller than

the number of countries that implement quantities in the all-singleton case (k + `∞ ≤ N),

`∞ non-members use a price policy. But as k increases and k + `∞ > N , the total number

of countries with price regulation will decrease.

7For ρ = 0 equilibria with all-singletons are characterized by dominant strategies in instrument choice:
d2 ≤ 1 implies `∞ = ∞, i.e. all countries choose prices, while d2 > 1 implies `∞ = 0, i.e. all countries
choose quantities.

8For k = 2 equilibria with the coalition choosing prices or quantities exist.
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5 Free-riding and Participation under Prices vs. Quantities

In the previous section we showed that the more countries join a coalition, the more likely

it becomes that it will adopt a treaty based on quantities. The choice of each country to

either become a member of such a coalition or to free-ride constitutes the first stage of

our game. In this section we analyze how the incentive to free-ride is influenced by the

presence of uncertainty and endogenous instrument choice. However, since a closed-

form solution of the game does not exist (Barrett, 1994), the analysis cannot provide

explicit expressions for the size of the stable coalition and global total costs. We will

resort to numerical solutions to illustrate the magnitude of the effects in Section 7.

5.1 Free-riding Incentive under Endogenous Instrument Choice of the Coali-
tion

The free-riding incentive is commonly studied by considering the difference in welfare

– in our model equivalent to negative expected total costs – between being a member of

a coalition of size k and being a non-member of a coalition of size k − 1, the so-called

stability function (see Hoel 1992):

Φ(k) := E[TCnm(k − 1)] − E[TCm(k)]. (13)

If Φ(k) is negative, the coalition of size k is internally unstable because the k-th member

has an incentive to leave in order to decrease its total costs. The largest coalition size

k for which expression (13) is still positive represents the equilibrium outcome of the

first stage, i.e. the endogenous participation in the agreement (external stability holds by

symmetry). Here, we take the function Φ(k) as a continuous indicator of the free-riding

incentive: if its value becomes lower – e.g. for higher values of ρ or σ – we conclude

that free-riding is aggravated (and vice versa), even if the equilibrium participation may

not change due to the discrete nature of the coalition model.

To compute (13) we have to determine which instrument a coalition member would im-

plement when leaving the agreement. In case the resulting group of non-members com-

prises both countries with price and with quantity regulation, it cannot be inferred from

the equilibrium conditions to which group the additional non-member would belong,

since the conditions only allow to determine the total number of countries with prices,

but not their identity. We assume that in this case all non-members have – and expect –

the same probability for becoming a country with price regulation. Under this assump-

tion, Appendix C derives the following result:
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Result 2
Let k∗ be the equilibrium participation under certainty. Uncertainty (σ > 0) in-

creases the free-riding incentive whenever kq + 1 ≤ k∗ and `∞ ≥ 1.

Endogenous instrument choice under uncertainty aggravates free-riding whenever three

not very restrictive conditions are met: (i) the coalition’s rational best choice is to adopt a

quantity regulation, (ii) this remains to be the case even if the coalition’s size is reduced

by one, and (iii) quantities are not a dominant strategy.9 As a corollary, the free-riding

incentive is always weakly increased if the coalition’s agreement is exogenously con-

strained to quantities, e.g. for political reasons.

Intuitively, free-riding can be more attractive than in the certainty case because non-

members not only benefit from the coalition’s choice regarding emission reductions – the

origin of free-riding in the standard case with certainty – but also with regard to the policy

instrument. Free-riders can switch from the socially preferable quantity instrument to

the individually preferable price-based regulation. The reduction in expected abatement

costs outweighs the increase in expected damages – given that prices are superior for

singletons.

The uncertainty-related increase of the free-riding incentive is stronger if emission un-

certainty is correlated and the coalition is large. In this case the quantity agreement

alleviates the trade-off between instruments for free-riders by reducing the risk of high

damages present when ρ > 0. If emission uncertainty is uncorrelated, the increase in the

free-riding incentive reduces to the basic Weitzman gain of the single regulator case, as

there is no strategic interaction with the instrument choice of the coalition.10

Hence, due to uncertainty there exists an additional instrument-related dimension of free-

riding, which aggravates the standard free-riding incentive. By using quantities the coali-

tion’s own ambitiousness undermines participation and therefore the environmental ef-

fectiveness of the treaty. Our result thus echos a known insight from studies of public

good games (Barrett, 2002; Lessmann et al., 2013): ambitious targets of a coalition de-

9Trivially, for `∞ > N and k∗ < kq the free-riding incentive is not changed under uncertainty because
both coalition and singletons implement prices. In the special case of `∞ > N and kq + 1 > k∗ ≥ kq , the
free-riding incentive is decreased because the leaving member would suffer from the coalition’s collective
instrument switch.

10The components of enhanced free-riding can be illustrated by discussing Eq. (C.1) derived in the proof
of Result 2, which represents the downward shift of the stability function: 1

2σ
2 {·d2[1 + 2ρ(N − k)] − 1}. In

the case of uncorrelated uncertainties, ρ = 0, the expression simplifies to 1
2σ

2 {·d2[1] − 1}, which represents
the single regulator gain from instrument switch as in Weitzman (1974). If uncertainties are correlated,
ρ > 0, the presence of k members with quantity regulations reduces the individual increase in expected
damages by decreasing the risk of high damages, which is represented by the term 2ρ(N − k) that adds to
the uncorrelated damage increase. Thus, the trade-off between instruments for free-riders is alleviated by
the coalition and free-riding is more attractive.
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crease the incentive to join the treaty. ”Modesty” (Finus and Maus, 2008) in the form of

a commitment to prices could improve the situation.

5.2 Free-riding Incentive under an Agreement Restricted to Prices

Because the coalition chooses its instrument after the participation decision is made,

members do not anticipate the effect of their choice on the equilibrium size of the coali-

tion and the resulting total costs. To illustrate how results might change if the effects

of endogeneous instrument choice on free-riding are taken into account, we study the

situation in which the treaty instrument is restricted to prices.11

It turns out that restricting the treaty to prices would in fact mitigate the additional free-

riding incentive observed in the endogenous choice case (Result 2):

Result 3
Compared to a treaty with endogenous instrument choice, a restriction to a price-

based treaty decreases the free-riding incentive for all coalition sizes k within kq+1 ≤
k ≤ `∞.

To understand the intuition of this result, it is again instructive to distinguish the cases

`∞ > N and `∞ ≤ N . In the former, non-members always implement prices, irrespective

of the size of the coalition. The coalition members – now by definition – do the same,

and hence the possibility of additional free-riding benefits from instrument choice, as

described in Result 2, vanishes. Since free-riding is increased under endogenous choice,

a treaty restricted to prices weakly enhances participation.

The case of `∞ ≤ N is more complicated, as a large enough coalition – in which all

members are obliged to implement prices – could lead to a situation in which the total

number of countries with prices becomes greater than `∞. A cooperating country would

be forced to implement prices when it would – as a singleton – choose quantities to

reduce its individual total costs. In these circumstances the free-riding incentive in the

presence of a (forcedly) price-based agreement could become higher than for a quantity-

based agreement. To exclude this implausible case, Result 3 makes the restriction of k ≤
`∞. Given that, it is clear that any new coalition member will benefit from eliminating

the abatement cost mark-up associated with a quantity regulation, while uncertainty on

damages does not change because the total number of countries implementing prices

11In principle, one could introduce a pre-stage to the game in Section 2 in which countries can vote
whether they prefer a treaty based on quantities or prices without knowing whether they will be a signatory
to the agreement or not (as in Finus and Maus 2008). However, no closed-form solution of our model
exists and we cannot solve for the resulting total costs in equilibrium. The following analysis nevertheless
identifies the driving forces that would govern such a choice.
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remains constant at `∞ for all coalition sizes (i.e. additional members of the coalition

always ’crowd out’ a singleton with price instrument). In such a setting, the presence of

uncertainty actually leads to a lower free-riding incentive than in the certainty case, and

therefore also with respect to endogenous instrument choice.

Result 3 shows that an ex-ante restriction to a price-based agreement would mitigate

free-riding in a situation where marginal damages are moderately flat, such that single-

tons tend to prefer prices, while the coalition - at least at some critical size - prefers to

implement a quantity policy. For climate change, marginal damages have been described

as relatively flat in the short to medium term (Pizer, 2002), suggesting that this case could

indeed be empirically relevant.

Comparing the global total costs (in equilibrium) of treaties based on either prices or

quantities does not yield a clear-cut result. With quantities the resulting coalition may

be smaller, which likely decreases the agreement’s environmental effectiveness and thus

increases the certainty terms in the global total cost expression Eq. (7). However, even

if the price-based agreement increases the number of member countries, this is likely to

come at the cost of higher global emission uncertainty, since the total number of coun-

tries with prices might be higher than under a quantity-based agreement. Hence, a price-

based agreement tends to decrease the certainty terms in Eq. (7), but also to increase

the uncertainty-related terms. The net effect depends on which contribution dominates,

which in turn depends on the values of all parameters of the model. An exact quantifi-

cation cannot be derived analytically due to the absence of a closed-form solution of the

game.

6 Extension: Tradable Quantities

One driver of the potentially higher free-riding incentive under uncertainty is the abate-

ment cost mark-up incurred by members of a quantity-based agreement. In this section,

we therefore consider an extension of the model addressing uncertain abatement costs:

an agreement with tradable quantities. Under this approach, each member country still

has a quantitative emission assignment. However, actual emissions are determined only

after uncertainty has been resolved, by means of a competitive market in which member

countries can buy and sell emission rights. Trading allows to smooth the uncertain real-

izations of baseline emissions among the coalition members (unless ρ = 1), and hence

decreases their individually expected abatement costs. The policy level of emissions is

not affected by the decision to implement tradable quantities compared to fixed quanti-

ties because the first-order conditions are linear in emissions and the uncertain baseline
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emissions. Thus, Eq. (6) still holds, whereas expected abatement costs become lower

than in Eq. (4), namely:12

E[Cm(e)]|ẽ∗
k

=
1
2

[
E[ε] − ē∗m(k)

]2
+

1
2
σ2 − 1

2
σ2 k − 1

k
(1 − ρ). (14)

The symbol |ẽ∗
k

denotes expected costs with tradable emission rights. Hence, this ap-

proach is always at least as good as the non-tradable emission assignments analyzed

before. Based on the last equation, Appendix D derives the following result:

Result 4
Whenever ρ < 1 and k ≥ kq , tradable quantities lead to a lower free-riding incentive

than non-tradable quantities. For sufficiently large k and small ρ, the equilibrium

participation can become higher than in the case without uncertainty.

The first statement stems from the fact that the gains from emissions trading are kept

exclusively within the coalition, while non-members do not experience any change at all.

Clearly, this shifts the stability function upwards and makes free-riding less attractive

than under the previously considered quantity approach.

The second part shows that emissions trading may turn uncertainty into an ally of coop-

eration. In fact, with increasing coalition size k, the mark-up on abatement costs asso-

ciated with baseline emission uncertainty becomes smaller and smaller, reaching zero in

the limit of k → ∞ and ρ = 0. In other words, with ρ < 1 tradable quantities behave

similar to prices for large k coalitions, allowing to combine the advantages of the two

instruments. This is not possible for singletons, for whom instrument choice always en-

tails a trade-off. As a consequence, the incentives to join such an agreement can become

higher than in the certainty case.

7 Numerical Examples

So far we used an analytical approach to identify the different effects that determine par-

ticipation in and expected total costs of a treaty in the presence of uncertainty. As a

consequence, our analysis lacks information on the relative importance of the individual

effects. This section presents a series of numerical simulations to illustrate the quan-

titative impact of endogenous instrument choice on coalition formation. Table 1 lists

numerically derived equilibria for various levels of uncertainty and for three different

possibilities of instrument choice (horizontal dimension) and sets of parameters (vertical

dimension). The parameters are such that the coalition’s equilibrium choice always falls

12See Williams (2002) for an equivalent equation and its derivation.
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Table 1: Numerical solutions of the game specified in Section 2, in which the coali-
tion acts as a Stackelberg leader in the last stage. N = 100, d1 = 0.1 and values for
d2, σ and ρ as indicated. `∞ follows as defined in Eq. (12), k∗ is the resulting size of
the stable coalition, E[TCm] the expected total costs of the members and

∑N
i=1 E[TCi]

the global expected total costs

Endogenous choice
(always quantitites)

Restriction to prices Endogenous choice
(always tradable
quantities)

σ k∗ E[TCm]

∑N
i=1

E[TCi] k∗ E[TCm]

∑N
i=1

E[TCi] k∗ E[TCm]

∑N
i=1

E[TCi]

d2 = 0.200, ρ = 0.00⇒ `∞ = In f

0.00 18 0.09 8.83 18 0.09 8.83 18 0.09 8.83
0.15 14 0.29 29.06 18 0.31 31.33 19 0.28 28.88
0.30 5 0.98 95.43 18 0.99 98.83 21 0.94 95.08

d2 = 0.077, ρ = 0.20⇒ `∞ = 30.00

0.00 9 0.18 17.92 9 0.18 17.92 9 0.18 17.92
0.15 8 0.37 36.85 11 0.36 35.16 10 0.36 36.78
0.30 3 0.93 93.02 15 0.88 87.38 12 0.90 92.71

d2 = 0.077, ρ = 1.00⇒ `∞ = 6.00

0.00 9 0.18 17.92 9 0.18 17.92 9 0.18 17.92
0.15 8 0.23 22.57 8 0.21 22.57 8 0.23 22.57
0.30 8 0.35 35.10 7 0.31 35.47 8 0.35 35.10

on quantitites (left column) or respectively tradable quantities (right column). For the

last stage of the game, in which the policy level is chosen, we assume the coalition to act

as Stackelberg leader.

The first column of Table 1, the case in which the coalition endogenously chooses to

implement quantities, shows that for all three parameter sets a higher level of uncertainty

leads to a lower level of equilibrium participation in the agreement, in line with Result 2.

The next column demonstrates how – at zero (ρ = 0) or moderate (ρ = 0.2) correlation

– the increase in free-riding due to uncertainty can be mitigated by restriction to a price-

based agreement, thus confirming Result 3. However, although the commitment to prices

leads to higher participation, it does not guarantee lower expected total costs for coalition

members or globally: for the case of ρ = 0, a five-countries coalition implementing

quantities still realizes a lower level of expected total costs for all countries than a much

larger coalition of size 18 that implements prices. Hence, there is no conflict between a

price-based or a quantity-based agreement in this case, since the coalition’s endogenous

choice of quantities induces the equilibrium that is preferable from all perspectives.

17

6.7 Numerical Examples 185



This situation changes when increasing the coefficient of correlation to ρ = 0.2: the

restriction to prices lifts equilibrium participation even above the certainty level (i.e.

uncertainty becomes an ally of cooperation), and now also decreases both the coalition

members’ and global expected total costs. As discussed in Section 5.2, the extra incentive

to join a price-constrained agreement stems from the fact that entry into the coalition

allows to reduce expected abatement costs (no uncertainty cost mark-up for countries

with prices) without increasing the level of global damage uncertainty, since – as long as

k ≤ `∞ – the total number of countries with quantities remains constant.

If ρ is increased to the extreme case of perfect correlation, the restriction to prices turns

again into a disadvantage: as the bottom section of Table 1 shows, participation is lower

and total costs are higher (or equal) than for the endogenous choice equilibrium with

quantities. Because of the low `∞ = 6 value, the restriction to prices now has the effect

of pushing the total number of countries with prices above the number observed in the

all-singletons equilibrium. Thus, committing to prices no longer represents ”modesty”

(Finus and Maus, 2008) but rather self-imposed uncooperativeness, which creates an

additional incentive not to join the agreement. Total costs of the remaining members are

lower than in the endogenous choice case, but globally the world is worse off.

Finally, when changing to the ’prices vs. tradable quantities’ setting and the coalition’s

equilibrium choice falls on the latter (right column), the outcome always improves upon

the endogenous choice case without trade, except if ρ = 1, when it is equal. In the

most favorable case, i.e. with ρ = 0, participation becomes higher with than without

uncertainty, confirming Result 4. A treaty implementing emissions trading is superior to

the other design options with respect to participation, the coalition’s and global expected

total costs.

If correlation increases to ρ = 0.2, the endogenous equilibrium choice of tradable quan-

tities still leads to a higher level of participation than in the certainty case, but remains

lower than for a treaty restricted to prices. The latter is now also preferable from a total

costs perspective, showing how the benefits of trade rely quite strongly on a low level of

uncertainty correlation.

8 Discussion and Conclusion

To limit the impacts of transboundary environmental pollutants, treaties like the Helsinki-

Protocol, the Montreal-Protocol, or the Kyoto-Protocol established "targets and timeta-

bles" (Victor, 2011) of the emission reductions of participating countries. As shown by

Weitzman (1974) and others, an alternative formulation based on emission taxes might

18

186 Chapter 6 Prices vs. Quantities for International Environmental Agreements



enhance the welfare of cooperating countries when costs of abatement are uncertain. Our

study shows – for the first time – that in the presence of global public goods, for which

cost uncertainty is ubiquitous, the choice of the policy instrument also bears a strategic

dimension influencing cooperation: on the one hand a treaty based on quantities could

be socially preferable to one based on prices, but on the other hand it also increases the

free-riding incentive.

The intuition of our main result follows the one first described by Weitzman (1974), who

considers instrument choice in the absence of international strategic effects. The choice

between a quantity or price instrument is characterized by the conflicting objectives of

avoiding unexpectedly high damages and avoiding unexpectedly high abatement costs:

in case of a relatively higher importance of damages the quantity instrument should be

chosen. A coalition of countries by definition internalizes all damages of its members,

while non-cooperating countries take only their own individual damages into account. As

a consequence, avoiding unexpectedly high damages is relatively more important for a

coalition than for a same size group of non-cooperating countries (all else equal). Hence

we find that cooperation shifts instrument preference in the direction of quantities.

The choice of non-cooperating countries is in principle characterized by the same conflict

between damages and abatement costs as the coalition’s. But because free-riders inter-

nalize only their own damages, they gain from adopting the individually preferred price

policy instead of the socially preferred quantity regulation. A coalition that has adopted a

quantity regulation generally alleviates the trade-off between instruments for free-riders,

because by fixing its own emissions the coalition also reduces the damage uncertainty

faced by the non-cooperating countries. Hence, the coalition’s instrument choice - if it

falls on quantities - can make free-riding more attractive.

We demonstrate that an alternative formulation of a treaty based on prices always de-

creases the free-riding incentive, but may not necessarily enhance global welfare. The

reason is that each country’s welfare is influenced by instrument choice in a two-fold

way: a treaty’s instrument determines (i) the participation rate in the agreement and hence

the expected environmental effectiveness of the treaty and (ii) the uncertainty about dam-

ages of each country. A treaty based on prices ensures a higher number of cooperating

countries, which likely increases the internalization of the emission externality. How-

ever, because a price-based treaty excludes quantities for cooperating countries (which

might be the socially preferable instrument), there could be a higher level of uncertainty

about emissions compared to a quantity-based treaty with lower participation, which in-

creases each country’s expected damages. Any one of the two effects might dominate.

Furthermore, our analysis suggests that the conflict resulting from these opposing effects
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could be alleviated if the treaty includes emissions trading among its members, in which

case uncertainty could even amplify the incentive to cooperate.

Our model shows how free-riding incentives can be shaped differently according to

whether an international agreement adopts a price or quantity formulation, thus address-

ing one of the major obstacles to cooperation in the presence of public goods (Barrett,

2003). We therefore present novel insights about the question of instrument choice un-

der uncertainty by considering the case of multiple regulators. Although our results are

derived within a special theoretical model of reduced complexity to derive analytical in-

sights, the basic mechanisms extend to more general settings. Any environmental prob-

lem with a transboundary pollution externality, unless linear in costs or damages, implies

a trade-off between prices and quantities under abatement cost uncertainty.13 Therefore,

a treaty formulated in quantities will benefit free-riders by reducing uncertainty about

damages (and hence expected damages) and will increase expected compliance costs for

coalition members compared to a price-based regulation.

From a policy perspective, our results can contribute to a better understanding of the

international community’s ongoing struggle to agree on a new climate treaty with Kyoto-

style emission targets. Such targets could result in high abatement costs, which countries

seek to avoid, while uncertainty about high damages is moderate as marginal damages

are rather flat in the short to medium term (Pizer, 2002). Our analysis suggests that

cooperation might be facilitated if countries negotiated over carbon prices instead of

emission targets, as also recently discussed by Weitzman (2014).

Appendices

A First order conditions (FOC)

We first discuss the choice of the policy level for singletons, who minimize their total costs given
the choices of the other countries:

min
xi

E[TCi] = d1 · E[e(xi )] +
d2

2
· E[e(xi )2] +

1
2

E[{εi − ei (xi )}2], xi ∈ {ēi ,pi }. (A.1)

with a given policy instrument choice of prices or quantities from the second stage. This can
be rewritten as follows, where for shortness we drop the dependence of emissions on the policy

13See footnote 4.
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instrument choice:

min
xi

E[TCi] =d1 ·
N∑

i=1

E[ei] +
d2

2
·


N∑

i=1

E[e2
i ] +

N∑

i,i′
E[ei · ei′]


+

1
2

E[ε2] − E[εiei] +
1
2

E[e2
i ]. (A.2)

Knowing that ei =


ēi xi = ēi

εi − pi xi = pi
, the first order condition when country i chooses quantities

reads

ē∗nm =
E[ε] − d1 − d2

[∑`−i
i′=1(E[ε] − pi′ ) +

∑N
i′=`−i+1, i′,i ēi′

]
d2 + 1

(A.3)

and when choosing prices

E[ε] − p∗nm =
E[ε] − d1 − d2

[∑`−i
i′=1, i′,i (E[ε] − pi′ ) +

∑N
i′=`−i+1 ēi′

]
d2 + 1

(A.4)

which implicitly define the optimal policy levels, together with the equations below. Eqs. (A.3)
and (A.4) become identical when setting E[ε] − p∗nm = ē∗nm as in Eq. (3).

A coalition of size k minimizes its joint expected total costs:

min
xi, i≤k

k∑

i=1

E[TCi] =

k∑

i=1

[
d1 · E[e(xi )] +

d2

2
· E[e(xi )2] +

1
2

E[{εi − ei (xi )}2]
]
, xi ∈ {ēi ,pi }.

(A.5)

For the coalition we therefore get the following FOCs, when choosing quantities:

ē∗m =
E[ε] − kd1 · ∂ē

∂ē∗m
− d2k (N − k)ē∗nm · ∂ē

∂ē∗m

d2k2 · ∂ē
∂ē∗m

+ 1
(A.6)

when choosing prices:

E[ε] − p∗m =
E[ε] − kd1 · ∂ē

∂(E[ε]−p∗m)
− d2k (N − k)ē∗nm · ∂ē

∂(E[ε]−p∗m)

d2k2 · ∂ē

∂(E[ε]−p∗m)
+ 1

(A.7)

The two cases again match when setting E[ε] − p∗m = ē∗m. One finds the equilibrium of the last
stage by using Eqs. (A.3) and (A.6) and setting ∂ē

∂ē∗m
= 1 for simultaneous and ∂e

∂ē∗m
= 1

d2 (N−k )+1

for sequential choice.
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B Derivation of Result 1

If `∞ > N , non-signatories will always implement prices meaning that `−k = N − k. Inserting
this in Eq. (11), the decision to switch from prices to quantities as k increases is determined by
∆k becoming positive:

∆k =
1
2
σ2


d2 ·


k + ρ(k2 + 2k · (N − k) − k)︸                                ︷︷                                ︸

=k+ρ(2Nk−k2−k )


− 1


k ≥ 0 (B.1)

Solving for the smaller root in the case of equality leads to the first condition of this result. When
setting ρ = 0, Eq. (11) is linear and can be directly solved for its root, deriving the second
condition.

For `∞ ≤ N , we know from Eq. (9) that d2(1 + 2ρ`∞) − 1 ≥ 0 (*). If the coalition were to
implement prices leaving the non-members to choose their instrument, is there an incentive for
it to switch to quantities? Consider first the case where k > `∞, meaning that since all coalition
members would implement prices, none of the outsiders will go for that instrument. Inserting this
to determine the total cost difference ∆k , Eq. (11), gives:

∆k =
1
2
σ2


d2 ·


k + ρ · (k2 − k)︸   ︷︷   ︸

≥(`∞+1)2−(`∞+1)≥2`∞


− 1.


k . (B.2)

With (*), this is always greater than or equal to zero: the coalition has an incentive to switch to
quantities, therefore this is not an equilibrium. Second, if k ≤ `∞, `∞ − k non-members would
implement prices if the coalition implements prices collectively. Again inserting to Eq. (11), the
total cost difference:

∆k =
1
2
σ2

{
d2 ·

[
k + ρ(k2 + 2k (`∞ − k) − k)

]
− 1.

}
k (B.3)

=
1
2
σ2


d2 ·


k + 2ρ`∞ + ρ (2`∞(k − 1) − k2 − k)︸                       ︷︷                       ︸

≥2k (k−1)−k2−k≥0 ∀ k≥3


− 1.


k (B.4)

is always greater than or equal to zero ∀ k ≥ 3 with the help of (*) and the coalition would switch
to quantities.

C Derivation of Result 2

If `∞ > N the all-singleton equilibrium consists only of prices: d2
[
1 + 2ρ(N − 1)

] − 1 < 0
(**). Within the regime in which both the coalitions at size k and at k − 1 implement quantities,
a non-member will increase the number of countries implementing prices by one when leaving.
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The difference in total costs from free-riding, Eq. (13), is:

Φ(k) = Φ̄(k) +
1
2
σ2 {

d2 · [1 + 2ρ(N − k)
] − 1

}
︸                                    ︷︷                                    ︸

<0

, (C.1)

where Φ̄(k) is the difference in total costs under certainty. Using (**), the summand is always
negative and the free-riding incentive is increased when σ > 0.

For the case of `∞ ≤ N , Eq. (9) implies d2
[
1 + 2ρ(`∞ − 1)

] − 1 < 0 (***). If k > 3, again both
coalitions (k, k − 1) will implement quantities. If k + `∞ ≤ N , `∞ non-signatories will implement
prices, leading to the fact that the total number of countries implementing prices stays the same
for both scenarios. The difference in total costs from free-riding, Eq. (13), then reflects the fact
that the non-member has the chance to switch to prices when becoming a free-rider while damage
increases are fixed:

Φ(k) = Φ̄(k) − 1
2
σ2

{
`∞

N − k + 1

}
. (C.2)

Therefore, free-riding is aggravated. If k + `∞ > N , all non-signatories will implement prices.
A member country will therefore increase the number of countries implementing prices by one
when becoming a free-rider. The difference in total costs from free-riding is:

Φ(k) = Φ̄(k) +
1
2
σ2


d2 ·


1 + 2ρ (N − k)︸   ︷︷   ︸

≤`∞−1


− 1

︸                                       ︷︷                                       ︸
<0

. (C.3)

With the help of (***), the summand is again always negative meaning that free-riding is aggra-
vated.

D Derivation of Result 4

The first part of this result was already derived non-formally in the corresponding section. The
second part can easily be demonstrated when we assume ρ = 0. The difference in total costs from
free-riding is

Φ(k) = Φ̄(k) +
σ2

2

(
d2 − 1 +

k − 1
k

)
. (D.1)

If we let k approach infinity, the second summand reduces to 1/2 · d2 · σ2, which is always
positive. Therefore, the free-riding incentive is decreased compared to certainty.
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E List of symbols

Table 2: List of symbols with explanation

i, i′ Indices running over all countries
j Index running over representative coalition member and non-member
m, nm Subscript indicating members and non-members, respectively
TC Total costs, sum of damages and abatement costs
D, C Damages, abatement costs
d1, d2 Damage parameters
εi Country i’s uncertain baseline emissions
E[·] Expectation value operator
σ, ρ Parameters characterizing uncertainty in baseline emissions: standard deviation and co-

efficient of correlation between two distinct countries, respectively
N Total number of countries
k Size of the coalition
ei Individual ex-post emissions
e, e∗ Level of global emissions and level at optimum for a certain coalition, respectively
pi , p∗j Price and optimal price set by regulator, respectively
ēi , ē∗j Quantity and optimal level of quantity set by regulator, respectively
ẽ∗
k

Optimal total emission allowances of the coalition in an emissions trading regime
E[·]|ē∗/p∗ Expected value under either instrument
∆, ∆k Difference in expected total costs when switching the instrument from prices to quantities

for: a single regulator; a coalition of size k, respectively
`, `−i ,
`−k

Number of: countries with prices; countries but i with prices; non-members to coalition
of size k with prices, respectively

`∞ Maximum number of countries with prices in the all-singleton equilibrium (and exact
number for N → ∞)

kq For all k > kq the k-coalition implements quantities in equilibrium
Φ(k) Stability function: difference in expected total costs of a non-member in the presence of

a (k − 1)-coalition and a member in presence of a (k)-coalition
Φ̄(k) Stability function under certainty
S Set of coalition members
xi Decision variable for the minimization problem
∂ē
∂ē∗m

Derivative of expected emissions of non-members with respect to emissions of a member
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Chapter 7

Synthesis and Outlook

Climate change mitigation efforts currently lack the required ambition to reach the in-
ternationally acknowledged goal of limiting global warming to 2◦C. This thesis rests on
the plausible assumption that free-riding incentives of sovereign countries impede com-
prehensive cooperation and are in part responsible for the current stalemate of interna-
tional negotiations. The previous chapters use the climate cartel formation game to assess
free-riding incentives and study different treaty designs to achieve cooperation in a self-
enforcing way. This section summarizes the results. Chapters 2 to 4 focus on the influence
of regional differences with respect to costs and benefits from abatement on treaty design
and are therefore collectively summarized in section 7.1. The results suggests that trans-
fers could be important to enhance cooperation in several numerical models and appendix
A adds an analytical investigation concerning some underlying mechanisms. The results
of chapters 5 and 6, focusing on specific design options in a less complex setting, are
presented in section 7.2. A critical discussion of the results of all chapters follows. The
last section concludes with an outlook on future research.

7.1 A Numerical Assessment of Climate Treaties and
Potential Transfers

Climate change and its mitigation will entail regionally different costs. A numerically
based assessment of regional climate damages and abatement costs facilitates the under-
standing of climate coalition formation and provides quantitative estimates on how key
results are influenced by different treaty designs. Integrated assessment models (IAMs)
offer a framework for an economic cost-benefit analysis under different degrees of cooper-
ation and allow to calibrate the climate cartel formation game to empirical data. Chapters
2 to 4 employ IAMs to address the following objectives.
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Objectives

Chapters 2 to 4 identify regions that gain from cooperation, as well as potential losers.
Concerning entire coalitions, stable agreements are characterized with respect to their en-
vironmental effectiveness and participation. Addressing the ability to incorporate trans-
fers in a climate treaty, the chapters quantify by how much environmental effectiveness
and participation can potentially be enhanced when the gains of cooperation are shared.
Furthermore, the design of transfer schemes is analyzed with a focus on their impact on
cooperation and the robustness of transfers against particular adverse effects.

Results

Due to regional differences in costs and benefits of abatement there could be considerable
scope for enhancing cooperation and the resulting improvement on mitigating climate
change. The comparison of five IAMs in chapter 3 indicates that in all models regions
with high marginal damages from climate change and low abatement potential are more
likely to have an incentive to stay in an agreement. Such regions are required to con-
tribute little to the joint abatement effort while they gain much from cooperation both by
increasing the ambition level of the coalition when joining and by experiencing high ben-
efits from abatement. However, while the models assume a similar regional distribution
of abatement potentials, the identity of regions with high marginal damages varies across
models. Thus, common regions mostly differ in their incentive to join an agreement in
each model.

The models show that some regions lose from cooperating because they have to abate
much in order to reach the environmental target but gain less from reduced climate change.
As has been described in previous literature, regions with a positive incentive to cooperate
may therefore need to compensate other countries for their mitigation effort in order to
stabilize the entire coalition.

A more optimistic picture of achieving higher cooperation therefore relies on the availabil-
ity of transfers. While chapter 3 shows that environmentally effective coalitions are typi-
cally not stable without additional measures, transfers are able to increase both the size of
internally stable coalitions as well as the global welfare level. To obtain this insight, chap-
ter 2 extends the concept of "potential internal stability" to include the non-transferable
utility models of chapters 3 and 4. An algorithm is developed that tests whether a transfer
scheme exists such that after the redistribution a coalition is internally stable and thus if
the property of potential internal stability holds.
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Chapter 3 shows that in four models the grand coalition comprising all players is not po-
tentially internally stable. Ambitious mitigation of climate change under full cooperation
induces high free-riding incentives: damages from climate change are reduced by several
percentage points of economic output under full cooperation compared to no cooperation
in four models, with one model reducing damages from 9.3 percentage points in 2100 to
4.9 percentage points (see table 1 of chapter 3). Potentially internally stable coalitions
partially close this cooperation gap. For four models, the best performing coalitions that
can be stabilized via transfers reach a global welfare level that represents roughly 50%
or more of the improvement the grand coalition realizes compared to no cooperation.
Coalitions of up to nine regions can be stabilized (see table 2 of chapter 3).

Chapter 3 also finds that transfers to achieve the stabilization of larger coalitions involve
moderate magnitudes of payments compared to some conventional transfer schemes that
have been proposed in the previous literature, a result that appendix A further analyzes
and that the final discussion revisits in section 7.3. Considering, for example, a trans-
fer scheme based on the "historical responsibility of emissions", all models of chapters
3 show that the magnitude of the equity-based transfer scheme is at least one order of
magnitude higher than of transfers that induce potential internal stability.

Chapter 4 looks into the effects of climate transfers in more detail, with a special focus
on their implementation. For climate policy conventional transfer schemes, such as the
"historical responsibility of emissions", are often recommended to be based on a carbon
market: trade in permits in principle leads to cost-efficient abatement through establishing
a common carbon price and offers the possibility of implementing transfers. When a
country is initially over-allocated with permits, revenues from exporting permits would
induce a climate rent when they exceed the country’s abatement costs.

Previous literature showed that large scale climate rents can occur in developing regions
when an initial allocation of permits is based on equity principles. In accordance, chapter
4 finds that especially the participation of developing regions is encouraged under equity-
based transfer schemes. However, the chapter argues that large-scale over-allocations
with permits exhibit considerable similarities to abundance in resources, which has been
shown to induce negative effects. Empirical studies found that for some countries the
inflow of large revenues from exporting traditional resources has caused the so-called
"resource curse": countries whose economic output is to a large share based on resource
exports have experienced lower economic growth rates over the past decades.

Chapter 4 assumes similar adverse effects to occur also when specific regions are over-
allocated with carbon permits and introduces such adverse effects in the integrated assess-
ment model MICA. The chapter studies how a "climate rent curse" influences the ability
of transfers to enhance cooperation. The analysis suggests that cooperating on climate
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change could largely become impeded if countries anticipate the effects of a curse. When
receiving the revenues from permit trade would otherwise encourage the cooperation of
regions, the effects of a curse reverse the incentive to join the agreement for all four dif-
ferent transfer schemes that are investigated and the majority of coalitions. Thus, the
results suggest that a climate rent curse demands transfers schemes that take account of
the adverse effects on recipient countries in order to enhance international cooperation.

Chapter 4 shows that the exclusive negative effect of a climate rent curse results from
the significant historical strength of the resource curse, for which the empirical literature
estimated that an additional export share of 10% of economic output reduces the growth
rate by roughly 1%. As there is practically no empirical data on potential adverse effects
of permit exports so far, the climate rent curse could induce negative impacts of less mag-
nitude. In MICA, when the strength of the climate rent curse is at about half of its historic
magnitude (meaning a reduction in the growth rate of about 0.5% of percentage points un-
der an additional export share of 10%), the largest share of receiving world regions again
benefit enough from the inflow of revenues to agree to cooperate. In particular, coalitions
with considerable environmental effectiveness remain stabilized under transfers that in-
duce potential internal stability for moderate strengths of the curse. As these payments
are of less magnitude, negative effects on growth prospects are also comparably small.

In summary, allowing for transfers among heterogeneous signatories might be conducive
to cooperation. Payments of moderate magnitude compared to schemes that are based
on equity principles could be preferable by stabilizing coalitions of higher environmental
effectiveness and by exhibiting relatively little potential for adverse effects.

7.2 Modest Design Elements of Climate Treaties

As the results on transfers have demonstrated, specific design options can shape free-
riding incentives differently. Chapters 5 and 6 use models of reduced complexity to derive
further insights on alternative treaty designs by addressing the following objectives:

Objectives

Chapters 5 and 6 assess how two key treaty design elements influence the prospects for
cooperation: (i) incorporating unrestricted trade in emission permits with non-signatories;
(ii) formulating an international climate treaty based on emission assignments in the pres-
ence of uncertainty. Alternative treaty designs are studied with respect to how they affect
the burden of signatories to an agreement. The chapters discuss the potential for a modest
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design of an agreement to increase participation in or to enhance global welfare resulting
from an international agreement.

Results

Within the Kyoto-Protocol, the Clean Development Mechanism (CDM) is an example
of emissions trading with non-signatories. CDM allows countries that took on abate-
ment targets to buy emission reduction credits from countries without obligations, thus
potentially providing cheap emission credits to replace costly abatement of signatories.
Using a version of the integrated assessment model MICA with homogeneous world re-
gions, chapter 5 shows: (i) upon introducing the possibility of CDM-trade, coalitions
significantly increase their emission reduction targets and comply with the obligations by
importing CDM-credits because they anticipate the low cost options; (ii) hardly any of
the abatement of signatories is replaced by cheaper abatement of the CDM-supplier.

When allowing for CDM-trade, a coalition of given size therefore increases global welfare
and the environmental effectiveness of the treaty. However, as there is almost no reduction
in compliance costs, signatories simply pay for additional abatement of CDM-suppliers.
Because non-signatories benefit at zero costs, the incentive to join the agreement is re-
duced compared to the case in which a climate treaty does not offer for CDM-trade. In
equilibrium, the size of the stable coalition is unchanged compared to the case in which a
treaty does not allow for CDM trade while global welfare is enhanced.

Trade in permits would decrease the compliance costs of signatories if a treaty restricted
the increase in abatement targets of the coalition. Chapter 5 therefore explores a scenario
in which the emission reduction target of the coalition is set to the level of emissions that
would be chosen if the treaty did not offer the option of CDM. In MICA, an agreement
consisting of up to five regions is stable due to the decrease of the burden on signatories.

However, chapter 5 finds hardly any difference with respect to global welfare between
agreements showing higher participation that are restricted in CDM-trade and ones that
anticipate CDM-trade and exhibit lower participation. Both treaty designs increase en-
vironmental effectiveness, the former implying more ambitious abatement targets of an
agreement while the latter increases the number of cooperating countries.

A similar effect arises in chapter 6, which differentiates the policy instrument in which the
commitments of an international environmental agreement are formulated. As is known
from previous literature, introducing uncertainty about abatement costs breaks the eco-
nomic symmetry between the three instruments of precise emission assignments, emis-
sion taxes, and international carbon markets. Chapter 6 shows that the choice of the policy
instrument also influences climate coalition formation.
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Chapter 6 uses an analytical model to investigate the effects of policy instrument choice
on cooperation. If some country caps its emissions as opposed to regulating via an emis-
sion tax, it experiences a markup in expected abatement costs – a result known from
the literature – but also decreases expected damages for each country, not only for itself
as considered in previous studies. Because signatories internalize the higher expected
damages they inflict on each other, chapter 6 shows that a coalition prefers basing its
treaty on emission assignments if the number of signatories is sufficiently high. Non-
signatories benefit in a two-fold way: the coalition decreases uncertainty about damages
globally when choosing emission assignments and non-signatories have a higher chance
of eliminating the abatement-cost markup by regulating based on emission taxes. Thus,
the presence of uncertainty about abatement costs increases free-riding incentives when a
treaty is formulated in emission assignments. If the coalition were to formulate their obli-
gations using emission taxes, chapter 6 shows that participation in the agreement would
likely increase.

As high participation is critical to achieve environmental effectiveness of a treaty, for-
mulating the obligations of signatories based on emission assignments likely hinders the
success of the agreement compared to when the treaty is specified in emission taxes.
However, global welfare also increases when signatories choose emission assignments to
meet their obligations because the coalition decreases uncertainty about damages for each
country. Hence, chapter 6 concludes that depending on the values of the model parameters
either design option may lead to higher welfare levels.

A common emission trading system among the coalition is able to mitigate the conflict
between emission assignments and taxes because trade in permits reduces expected com-
pliance costs. This resembles an exclusive benefit to signatories and increases the incen-
tive to join the agreement. Indeed, chapter 6 shows that participation and global welfare
gains may even increase under uncertainty when a treaty offers permit trading.

In summary, both unrestricted emissions-trading with non-signatories and formulating
a treaty based on emission assignments imply an increased burden on signatories to an
agreement. Free-riding could be reduced by alternative treaty designs, which could raise
participation in the agreement, but global welfare may not necessarily increase.

7.3 Discussion: A Common Insight?

The thesis addressed the design of international climate treaties from an economic point
of view and showed that there could be considerable scope to enhance participation and
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environmental effectiveness of a future climate agreement. Special treaty design is how-
ever needed to reduce free-riding incentives.

As a common narrative, the analyses showed that the burden on signatories to an agree-
ment should be reduced to enhance participation in the treaty. Thus, formulating the
obligations of a future climate treaty in a more moderate way might be preferable when
aiming at higher global welfare levels. The results of the thesis indicated that (i) a moder-
ate redistribution among the signatories to the treaty and (ii) a moderate design of abate-
ment targets – either with respect to policy levels or the applied policy instrument – could
be conducive to international cooperation on climate change.

The common insight of moderate treaty obligations leading to higher participation and
potentially more environmental effectiveness of a global treaty reflects the public good
nature of climate change mitigation. The conclusion might therefore extend to other ele-
ments of a treaty. A specific design option could be analyzed with respect to whether it
has the potential to increase the burden on signatories who would provide gains for non-
signatories, thus aggravating free-riding. By avoiding such treaty designs, participation
in an international climate treaty might increase.

However, chapters 5 and 6 showed that more moderate targets may increase the participa-
tion rate but also imply efficiency losses of a given coalition, and a more moderate treaty
does not necessarily increase global welfare. If one would aim for "broad, then deep"
agreements (quotation Schmalensee 1998, also echoed in Urpelainen 2013), treaty design
elements that lead to higher participation might be preferable in the short term, even if
more ambitious treaties lead to similar welfare levels. Concerning the cartel-formation
game that was applied in this thesis, such an assessment must be left on a qualitative level
because the game is one-shot in nature and cannot capture such intertemporal aspects.

Many other drawbacks of the methods employed in this thesis are relevant. The following
discussion therefore first puts the insights presented in perspective as to what their con-
tribution is regarding implications for actual treaty design. The need for more complex
models arises, which is however discussed to involve several difficulties. The section ends
with a suggestion about the context in which the presented results are constructive.

Critical Perspective of Results

The first point that puts the results into perspective concerns the methodological approach.
The insights of chapters 2 to 6 rest on describing climate coalition formation based on a
cartel formation game and modeling the objective function of countries in a cost-benefit
framework. This approach focuses on the incentives of countries to participate in a joint
abatement effort while abstracting from the problem of compliance with the obligations
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of the treaty. Thus, the analyses focus on a – as argued in Barrett (2003) – very important
subquestion with respect to the more complex process of international negotiations on
climate change.

As a second point, the degree of cooperation as modeled in chapters 2 to 6 could be un-
derstood as assuming a potential "lower bound" to the decision of countries to join an
agreement. The incentives of countries to cooperate are assessed from a selfish perspec-
tive as decisions are based on comparing net benefits between joining an agreement and
free-riding on it. There is no assessment of altruism (Gsottbauer and van den Bergh,
2013), reciprocity (Falk and Fischbacher, 2006), far-sightedness (Ray and Vohra, 1999),
or other relevant processes. Clearly, weighing the costs of being a signatory against the
benefits it entails will be an integral part of a country’s decision process at the actual ne-
gotiations. Although alternative descriptions of the climate game1, alternative solution
concepts2, or different evaluations of the negotiation process as such3 are at least equally
important, the approach of the present thesis allows to study how to shape free-riding in-
centives differently depending on the treaty design. The results suggest ways to enhance
cooperation in the face of countries acting, at least partly, based on self-interest.

As a last point, each chapter investigated a specific subquestion with respect to how a
particular treaty design influences free-riding and the global welfare level. The models
were designed especially for the purpose of each study, exhibiting as much complexity as
necessary but as little as possible. Thus, the analyses only give insights into the mech-
anisms at play and deliver arguments about some effects of certain design options. The
results do not provide a general statement about how to design a comprehensive interna-
tional climate treaty. Such an assessment would have to perform a numerical ranking of
all possible effects each design option would entail.

More Complex Models?

A critical extension to the less complex models of chapters 5 and 6 would thus be an
empirically based numerical implementation of all parameters to assess the relative im-
portance of each effect described. While numerical results were presented in both chapters
to a certain extent, a more realistic quantification using IAMs may reveal the implications
that the different choices entail in more detail.

1see, for example, alternative one-shot payoff-structures (Pittel and Rübbelke, 2012) or repeated games
(Heitzig et al., 2011)

2see, for example, core-theoretic solutions (Chander and Tulkens, 1995) or other cooperative approaches
(Myerson, 1991)

3see, for example, the international relations literature (Luterbacher and Sprinz, 2001) or political econ-
omy aspects of the negotiation process (Michaelowa and Michaelowa, 2012)
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Chapters 3 and 4 used IAMs to quantitatively analyze transfers, suggesting that stability-
enhancing payments are of moderate magnitude compared to some transfer mechanisms
based on equity principles. As suggested by investigating an analytical model (see ap-
pendix A), comparably moderate magnitudes of stability-enhancing transfers result from
a combination of several modeling assumptions in each IAM. Due to a large amount
of baseline emissions over the next century as well as high short-term mitigation costs,
there is a considerable amount of valuable permits to potentially be redistributed among
the market participants, leading to possibly large payments. In addition, moderate dam-
ages from climate change lead to smaller transfers necessary to induce internal stability,
which among other things stems from discounting future benefits compared to short-term
abatement costs. The robustness of the assumptions on damages is, however, particularly
questionable as the comparison of five IAMs in chapter 3 revealed that the distribution of
global damages on world regions is quite differently implemented in each model.

This hinges on the difficulties that arise when more complex models are used to describe
the climate game. While IAMs are able to incorporate important mechanisms to evalu-
ate climate change (Parson and Fisher-Vanden, 1997), results derived from these models
critically depend on their parameterization (Hof et al., 2008; Ackerman et al., 2009). An
empirical calibration is especially difficult with respect to damages from climate change,
see Stern (2013) and section 1.1.4. Therefore, the magnitude of transfer payments to en-
hance cooperation could well change when future research on the impacts from climate
change reveals new estimates. In addition, the intertemporal dimension of climate change
leads to high abatement costs in the short term and moderate marginal benefits because
damages occur in the future. Assuming the coalition to remain fixed over a time horizon
of several decades to centuries therefore also crucially influences the quantification of the
net-benefits that different degrees of cooperation entail.

A comparative quantification of all effects that chapters 3 to 6 describe would be very
challenging and would require a common model of higher complexity, for which compre-
hensive conclusions are hard to justify. Concerning IAMs, two important objections to
larger complexity should be mentioned. First, results of IAMs may crucially depend on
the way that market processes and normative decisions are modelled. A validation of the
former is possible only to a limited degree because IAMs usually project into the future on
a time-scale of decades (Schwanitz, 2013). Concerning the latter, conclusive insights are
lacking especially concerning the valuation of costs and benefits of mitigation via social
welfare functions (see the discussion in section 1.1.4). Sensitivity analyses are possible to
address this point to a certain degree. However, drawing conclusions from these analyses
becomes increasingly difficult with more parameters to vary. Second, a model that is ca-
pable of computing the interaction of many different effects might generate insights that
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result from the model-specific implementation. Due to the complexity, such mechanism
are then hard to identify.

To gain a holistic perspective, all aspects concerning climate change negotiations that
have been shown to be relevant would have to be incorporated in a common model, a task
that is at least currently out of reach. Taking as many relevant interactions as possible into
account is important to assess the magnitude of different effects, but the approach has
its limitations. As an alternative, a comparative assessment of the positive and negative
effects different treaty design options have on a qualitative level, with numerical insights
whenever possible, might be the most promising way forward. Some options may be
identified in such an assessment that induce mostly disadvantages, while others might be
discussed as preferable under certain circumstances. The analyses of the present thesis
provide arguments that would add to such an assessment.

7.4 Outlook on Future Research

Future research topics concerning climate coalition formation arise from the results of the
previous chapters.

Chapter 3 showed that the distribution and magnitude of damages from climate change
are crucial in determining the incentives to join a climate treaty. Conclusive empirical
evidence on the shape of global or regional damages is, however, currently lacking. A
systematic analysis including different parameters as well as functional forms of dam-
ages would provide more general insight on climate coalition formation. In particular,
understanding in how far the characteristics of transfers that induce stability change with
different damages from climate change is important as transfers play an important role in
international climate negotiations.

Proposing more moderate targets for a climate treaty has been presented as a way forward
to enhance cooperation. However, in the models of chapters 5 and 6, countries choose
endogenously for ambitious targets not anticipating the strategic effect on participation
these targets entail. Future research incorporating a richer model may show when more
moderate targets would be beneficial, especially incorporating the notion of a "broad, then
deep" agreement (Schmalensee, 1998). Is increased participation under a treaty that does
not fully internalize every externality among its signatories a fruitful way to establish
more ambitious targets in the future?

The thesis indicated that for certain elements global welfare remains rather unchanged
when either an ambitious treaty attracts little participation or a moderate treaty reduces
free-riding incentives. As this finding is present in two chapters studying two distinct



A Appendix: The Magnitude of PIS-Transfers and of Transfers Within a
Carbon Market 207

design options and similar effects seem to be present in other studies as well (see, for
example, Barrett 1994), it may be a crucial characteristic of certain design elements. Fu-
ture analytical research could investigate if there are classes of design options that lead to
similar strategic behavior. This would foster a deeper understanding of describing climate
coalitions via the cartel formation game.

Formulating the objectives of a treaty in other targets than caps on emissions has so far
received little attention in the academic literature. The use of different policy instruments
was shown to affect coalition formation in chapter 6. The analysis could be extended to
more policy instruments and other settings that for example include other uncertainties
or take the question of transfers into account. Countries could cap their abatement costs
rather than their emissions to specify their effort. Other countries could announce to
only invest in research and development or energy intensity reductions without precise
abatement targets. The portfolio of policy instruments that a treaty specifies should be
extended when studying cooperation on climate change.

Finally, the concept of transfers and how they should be designed was a central topic of
this thesis. Transfers will certainly play a crucial role in future climate treaties as regional
differences between signatories as well as equity considerations must be addressed. The
exact implementation of transfers such that they preserve their compensating and cooper-
ation enhancing properties is a crucial research topic and it would therefore be fruitful to
extend the analysis of chapter 4.

A Appendix: The Magnitude of PIS-Transfers and of
Transfers Within a Carbon Market

This section focuses on understanding a particular result of chapters 3 and 4 by analyzing
a simple analytical model: the transfers that induce potential internal stability (PIS) are
of moderate magnitude compared to some transfers within a carbon market, see table 5 of
chapter 3 and table 3 of chapter 4.

Following Weikard (2009), each country i experiences constant marginal benefits propor-
tional to bi, while costs of abatement are quadratic with the slope of marginal costs equal
to ci, resulting in the following payoff function:

πi = biQ−
ci

2
q2

i , (1)
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with qi individual and Q = ∑i qi cumulative abatement. Within the standard cartel-
formation game, when a coalition S forms, signatory abatement is equal to q∗i = ∑k∈S bk

ci

while non-signatories abate q∗i =
bi
ci

.

The value of the stability function (Hoel, 1992) indicates whether a country i has an
incentive to stay in or to free-ride on a coalition S, subtracting the payoff when free-riding
on S, πi(S\{i}), from the payoff of being a signatory, πi(S) :4

Φi(S) = πi(S)−πi(S\{i})

= bi

[
∑
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∑k∈S bk

c j
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c j
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]
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2

ci
. (2)

If positive, Φi(S) defines the surplus country i has to possibly transfer to other countries
while still having a positive incentive to stay in the coalition. In turn, if the value of Φi(S)

is negative, the absolute value |Φi(S)| gives the amount of payment needed to induce
country i to join the coalition. Therefore the sum of the absolute value of Φi(S) approxi-
mates the magnitude of transfer payments that induce PIS: T PIS(S) = ∑i∈S |Φi(S)|.
The transfer of country i within a carbon market among the coalition is given by:

τλi
i (S) = p · (λiET − eT

i )

= p ·
(

λi ∑
j∈S

(eBAU
j − ∑k∈S bk

c j
)− eBAU

i +
∑k∈S bk

ci

)
, (3)

with p = ∑i∈S bi the price of permits, eT
i = eBAU

i −q∗i emissions of country i after trade,
and eBAU

i uncontrolled (Business-As-Usual, BAU) emissions. The share of the total
amount of permits λiET = λi ∑i∈S eT

i allocated to country i is determined by some scheme
with ∑i∈S λi = 1. The magnitude of transfers within the permit market is equal to the sum
of the absolute value of individual transfers: T λ (S) = ∑i∈S |τλi

i |.
In order to discuss how the quantitative characteristics of the climate game concerning
costs and benefits of abatement influence the ranking of magnitudes, notice that when for
each country benefits are multiplied by a factor B and costs by a factor C, the magnitude
of transfers is scaled by:

4The two payoffs are given by πi(S) = bi
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T PIS =
B2

C ∑
i∈S
|Φi(S)| (4)

T λ = B · p ·∑
i∈S
|
[

λiEBAU− eBAU
i − B

C
(λiQ∗−q∗i )

]
|. (5)

with EBAU cumulative uncontrolled emissions and Q∗ cumulative abatement when coali-
tion S forms.

With reference to equation (5), the magnitude of transfers within a carbon market in-
creases if uncontrolled emissions EBAU are high (first summand) and costs of abatement
are steep (factor 1/C in the second summand). Both effects raise the amount of permits
in the market: (i) concerning uncontrolled emissions, if benefits of abatement and thus
the carbon price as well as abatement costs are constant, a higher amount of Business-As-
Usual emissions will result in higher controlled emissions; (ii) if abatement costs become
steeper, a certain carbon price signal in the market will induce less abatement and thus a
higher amount of controlled emissions. Hence, both effects increase the monetary value
of permits to be distributed according to the permit scheme. In MICA, STACO, CWS,
and WITCH cumulative emissions are reduced by about one third until 2100 when going
from the non-cooperative equilibrium to the fully cooperative solution. Still the amount
of permits to be distributed is above 900 GtC in all five models under full cooperation.
Thus, both uncontrolled emissions and abatement costs allow for a considerable volume
of permits to be distributed over the next century. This reflects the fact that in the near
term even regulated emissions will still be high due to the inertia in the energy system
when transforming to a low carbon economy.

The magnitude of transfers also increases with increasing marginal benefits from abate-
ment. Permit-transfers always exceed PIS-transfers for moderate values of marginal ben-
efits, which is due to permit-transfers having a linear component in B as opposed to
PIS-transfers, see equations (4) and (5). Because more analytical insights are difficult
to derive, figure 1 illustrates a numerical example of how the magnitude of transfers in-
creases with increasing marginal benefits of abatement. Higher uncontrolled emissions
increase the range, in which the magnitude of permit-transfers exceeds the magnitude of
PIS-transfers, in line with the previous discussion.

The figure shows that in this numerical example PIS-transfers may exceed permit-
transfers for sufficiently high marginal benefits. A larger difference between signatory
and non-signatory solutions leads to the increase of PIS-transfer payments as the internal-
ization of the externality demands higher abatement for all signatories when B is higher,
increasing the difference between winners and losers of cooperation. Permit-transfers ex-
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Figure 1: Magnitude of PIS-transfers and permit-transfers for changing magnitudes
of marginal benefits and two sets of uncontrolled emissions. Parameter values:
5 players; bi = ( 1

10 ,
1
10 ,

1
10 ,

1
10 ,5),ci = (5,4,3,2,1), λi = ( 1

10 ,
1

10 ,
1
10 ,

1
10 ,

6
10), eBAU

i =
low BAU-emissions: (1,1,1,1,1), high BAU-emissions: (2,2,2,2,2); asymmetric val-
ues were chosen such that (i) the coalition is PIS, (ii) there is trade in permits, (iii) varia-
tion in parameters results in changes of magnitudes (avoiding special cases)

hibit a more moderate increase in B due to the value of the carbon market dominating
for low marginal benefits (the linear term in permit-transfers dominates as opposed to the
quadratic increase of PIS-transfers). It is however difficult to derive a general statement
about when the magnitude of PIS-transfers exceeds those of permit-transfers due to the
complex influence of heterogeneity in benefits and costs of abatement and the level of
uncontrolled emissions on the magnitudes in equations (4) and (5). To further analyze
whether PIS-transfers may exceed permit-transfers, we therefore go back to the numbers
of the models in chapter 3.

Table 1 again reports the comparison of the magnitude of PIS-transfers to transfers in
a carbon market for the five models in the comparison. The table shows that STACO,
CWS, and WITCH show a substantially higher magnitude of PIS-transfers compared to
MICA and RICE. Figure 1 of chapter 3 shows that the former three models also exhibit
the highest damages from climate change and therefore also the highest benefits from
abatement. This finding suggests that when increasing the damages of climate change
in all models, the difference between the signatory and non-signatory solutions could
become so large that the magnitude of PIS-transfers would eventually exceed those within
the permit market. This is especially likely because the amount of permits in the carbon
market is at least in the short term relatively fixed due to inertias in the energy system.
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Table 1: The average magnitude of PIS transfers as percentages of the magnitude of
respective transfer within a carbon market (data from table 5 of chapter 3)

MICA STACO CWS WITCH RICE

Egalitarian 8 35 45 62 5
Historicresponsibility 4 13 14 16 1

Grandfathering 11 61 69 86 25
Quotabau 75 273 234 249 200

Ability to pay 5 19 33 44 2

Transfers in a permit market would roughly increase linearly in marginal benefits (the
linear term in equation (5) dominates). PIS-transfers, however, would likely increase at a
higher order. However, an assessment based on the specific IAM would be necessary to
derive further conclusions.

Hence, the analysis suggests that the reasons why the magnitude of PIS is moderate com-
pared to some permit-transfers can be traced by to relatively high uncontrolled emissions
and short-term abatement costs combined with moderate damages from climate change.
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