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Abstract

Geoengineering, including solar radiation management (SRM) has received increasing scrutiny
due to the rise of climate extremes and slow progress in mitigating global carbon emissions. This
climate policy option, even as a possibility, can have consequential implications for international
climate governance. Here we study how solar engineering affects the effectiveness and stability
of a large set of regional coalitions through numerical simulations. We posit a requirement
in terms of global political or economic power and analyze the exclusive membership coalition
formation process when coalitions jointly decide on geoengineering and mitigation. We show that
geoengineering can provide incentives for cooperation and partially solve the typical trade-off
between stability and effectiveness of climate coalitions. However, temperature reduction mostly
comes from deploying SRM within the coalition rather than from further emission reductions,
thus exposing the world to relatively large-scale deployment of SRM with as of today uncertain

potential side effects and risks.
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1 Introduction

According to the latest IPCC report (IPCC, 2021), it is only possible to avoid warming of 1.5 °C or 2
°C if massive and immediate cuts in greenhouse gas emissions are made. International cooperation is
crucial for this matter; thus, since the early papers by Barrett (1994), Carraro and Siniscalco (1993),
Chander and Tulkens (1992) and Maler (1989), there has been an increasing number of publications
that analyze the formation and stability of international environmental agreements (IEAs) using
game theory and numerical models. The common result found is that there is a trade-off between
the stability and the effectiveness of coalitions. In absence of additional policies, stable coalitions
tend to be small and achieve little, due to a lack of internal stability of larger, more ambitious
coalitions (Lessmann et al., 2015). Most studies analyze only static definitions of stability such as
Cartel (Internal/External) stability (D’Aspremont et al., 1983; Carraro and Marchiori, 2002; Finus
et al., 2006) and v-core stability (Chander and Tulkens, 1995, 1997; Chander, 2007), but there are
some contributions including Heitzig et al. (2011) which look instead at a dynamic approach. Bréchet
et al. (2011) finds that economic transfers can make the grand coalition stable in the -core sense,
but it is never the case in the Internal/External sense; only smaller coalitions, where there is less
to free-ride about, are found stable with transfers. Moreover, homogeneity among the members of
a coalition appears to help the potential internal stability of a coalition, but the global outcome in
terms of environmental performance reached by these homogeneous coalitions is far less attractive
compared with the heterogeneous world efficient allocation. Finus (2008) analyses the design options
for international agreements using a numerical model. Nordhaus (2015); Paroussos et al. (2019)
investigate the effects of exclusive membership and climate clubs analytically. Uncertainty about
climate damages can improve cooperation, as found in Barrett and Dannenberg (2012) and Emmerling
et al. (2021), but without a clear idea of when the catastrophic consequences will happen the stability
fails.

Since current efforts are vastly insufficient, several geoengineering methods have been discussed
as a possible complement to emission reduction (Keith, 2000). In this paper we focus on one of
the commonly proposed geoengineering techniques, Solar Radiation Management (SRM) and its
implementation by ejecting a large amount of Sulfur Dioxide (SO2) into the atmosphere, causing a
rapid drop in temperature (Keith, 2000; Crutzen, 2006). This technology has arguably the largest
impacts as a disruptive technology both due to its relatively low cost and high efficiency in reducing
the global mean temperature.

The scientific principles behind geoengineering technologies are well established (NRC, 2015), and
it has been suggested that the cost of geoengineering could be so low compared to traditional miti-
gation strategies that they would make climate change irrelevant (Barrett, 2008). There are however
large uncertainties regarding the effectiveness, side effects and potentially unforeseen consequences of
geoengineering. Interventions at a large scale may run a greater risk of disrupting natural systems,
resulting in a dilemma that those approaches that could prove highly cost-effective in addressing
extreme climate risk, might themselves cause substantial risk. This dichotomy has been addressed in
Weitzman (2015), who coined the term ”gob” (good or bad) to describe geoengineering.

Since the strategic component of climate policies is crucial, the problem is often framed within a

game theoretic framework. Moreno-Cruz (2015) studies the dynamic nature of the SRM-Mitigation



trade-off in a sequential two-stage game, and finds that highly asymmetric impacts are an important
driver of potential over-provision of SRM. Urpelainen (2012) considers a simple two-period determin-
istic model, showing that the availability for SRM in the future can increase mitigation efforts at
present since it can hurt other countries. Millard-Ball (2012) considers the formation of a climate
agreement about mitigation, where SRM is a private good with a negative externality. He shows that
a credible threat of unilateral geoengineering may in fact strengthen global mitigation and climate
cooperation. Manoussi and Xepapadeas (2017) studies a differential game between two heteroge-
neous countries, finding that countries with higher benefits/lower costs will engage more in using
SRM. Goeschl et al. (2013) analyzes the long-term inter-generational trade-offs due to the possibility
of SRM and finds it is possible for optimal abatement level to exceed the level that society would
rationally provide in the absence of SRM R&D, while Quaas et al. (2017) consider the dynamics
including the non-cooperative decision on whether or not to engage in research on SRM in the first
place. They find that SRM research increases the likelihood of deployment (“slippery slope”), and
derive conditions that it decreases abatement effort in expectation (“moral hazard”). Moreno-Cruz
and Smulders (2017) also develops optimal and non-cooperative SRM facing impacts from tempera-
ture increase and carbon concentrations (using a more complex carbon cycle) in a one-stage game,
finding that even when geoengineering is cheap and has little harmful side-effects, it can never fully
substitute for mitigation.

One of the key results often associated with an almost costless geoengineering is that, in contrast to
the free-rider problem posed by climate-change mitigation, the actual governance challenge associated
with SRM deployment becomes a free-driver problem (Weitzman, 2015): the pure non-cooperative
Nash equilibrium outcome would be that the country with the strongest interest in cooling the climate
would unilaterally adjust the global temperature to their preferred level (Barrett, 2008, 2014).

However, besides the (comparably minor) implementation costs, there is a strong social component
that needs to be overcome for a successful implementation (Low et al., 2022), and more importantly an
operation of this scale would be under the close watch of the whole world. Following this reasoning,
Ricke et al. (2013) suggests that only a sufficiently powerful international coalition might be able
to deploy solar geoengineering. They propose an exclusive coalition game where a power threshold
is necessary for implementation and countries ally to decide SRM levels. They show that regional
differences in climate outcomes create strategic incentives to form coalitions that are as small as
possible, while still powerful enough to deploy solar geoengineering. Rickels et al. (2020) study
instead an open membership game, finding that countries have a strong incentive to be part of a
global agreement on SRM in order to have their interests reflected in the decision about the globally
efficient level of SRM deployment, suggesting that the grand coalition would be the likely outcome.
Heyen and Lehtomaa (2021) propose a framework to analyse dynamical coalition formation instead
of a static one. These approaches, however, exclude traditional strategies of mitigation and have been
criticized over time (Finus and Furini, 2022) because they fail to grasp more complex relationships
that spur from the interaction between the two.

In this paper, we extend the concept of Ricke et al. (2013), by analyzing an exclusive membership
coalition process where coalitions decide not only geoengineering deployment but also mitigation.
Therefore we are able to compare the effectiveness of SRM and mitigation in coalitions, and also

their respective stability using different notions of stability concepts. We also introduce elements of



political feasibility of SRM interventions, by assuming they require a minimum power to be enacted.

2 The coalition formation game

To model SRM, we follow Ricke et al. (2013), which stipulates a minimum power requirement for its
implementation, denoted by Osras. We retain the closed membership coalition process, but extend
it to include joint decision-making on both geoengineering deployment and mitigation policies.

We analyse a two-stage game: in the first stage, a close membership geoengineering coalition is
formed. This coalition will remain fixed (since we don’t focus on dynamic coalition formation) and
act as a single entity in the second stage, when a non-cooperative climate game is played. A cost-
benefit analysis is run, finding a Nash Equilibrium. The SRM coalition seeks to maximize the sum of
utilities of its members, against all the remaining players, who act as singletons. For the numerical
results of second stage we will make use of an Integrated Assessment Model which is described in
We solve the game by backwards induction. We use total GDP in 2020 as a

proxy for power, select all the viable coalitions that meet the power threshold 6ggs, and solve the

detail in section (3).

cost-benefit optimization problem for each. We then assess both internal-stability and «-core stability

of the coalitions and their effectiveness in achieving climate goals, based on the optimization results.

Define power - Solve the Check stability
Select viable .
measure a o | optimization and effec-
coalitions .
and threshold problem tiveness

We also perform robustness tests by performing a sensitivity analysis on SRM collateral damage
levels (dsras, ranging from 1 to 3% of GDP, based on Goes et al. (2011)) and on the power threshold
necessary for SRM implementation Osrar (50% or 33% of the global power). Since the number of
feasible coalitions grows exponentially, we aggregated the model regions to obtain a feasible and yet
relevant set of homogeneous blocks or regions to run the analysis with. First we aggregate the 57
regions that were used to generate initial numerical results, into 17 larger regions that have the option
to form coalitions. Moreover, we limit our analysis to minimal winning coalitions (MWCs), that are
winning in the sense that the combined power of their members is above a specified threshold, and
minimal so that if any member leaves, they cease to be winning. This confines our analysis to the
coalitions that are powerful enough to implement SRM, while at the same time focusing only on
coalitions without members which are not required to meet the power threshold. A recap is shown
in Table 1.

The basis for our selection is derived from the findings of Ricke et al. (2013), which indicated

that in a game of optimal temperature setting (”thermostat game”) with closed membership, only

Total Coalitions | Winning Coalitions | MWC
Osrm = 50% 131055 65529 1853
Osrm = 33% 131055 104284 1516

Table 1: Number of total, winning and mininal winning coalition




MWCs are formed. In their paper, this came from the fact that adding new members meant com-
promising on desired SRM levels. In our study adding mitigation policies, a new member also means
higher cooperation costs, so we expect this result to hold true. To further validate this decision, we
assessed the external stability of these coalitions within a closed membership game. This assessment
necessitated a substantial computational effort, as we had to ensure that for each coalition, at least
one member would not be interested in recruiting a new coalition member due to the potential harm
caused by their arrival (Hou et al., 2020). This process involved simulating a new set of coalitions for
each possible MWC, with non-members added one at a time, and then comparing the new utilities
of all the old members and the new joiner with the ones they had with the initial minimal coalition
structure.. We limit this assessment to the scenario where 0sgry = 50%, dsrar = 3% (yielding 16362
additional model runs). Our findings indicate that all the coalitions are externally stable, meaning
that there is no incentive to form coalitions that are larger than the minimal winning ones. This
confirms the validity of the MWC assumption.

For similar computational complexity reasons, we also decided to prioritize the analysis of y-core
stability over internal stability. y-core stability assumes that when a member leaves the coalition, the
coalition breaks down. It is assessed by comparing the utilities of members inside the coalition against
the case where no coalition is present and all players are singletons. While this assumption could be
considered a strong one, is still seems not too unrealistic, also since non-coalition SRM deployment
could result in counter-engineering (Heyen et al., 2019). Moreover, note that since our hypothesis
of a minimum power requirement for SRM implementation, geoengineering is only available in the
former. This makes SRM an incentive for coalition formation, partially offsetting cooperation costs.
Internal stability instead assumes that the coalition continues to exist even if a member leaves and is
much more complex as it requires all potential break down resulting coalitions of any coalition. To
assess it, we perform additional runs for each coalition, where we exclude one by one each member
and compare its utility inside the coalition against the one as a singleton. We implemented this
only in the Osgry = 50% scenario, which required 15139 additional model runs. Note that, owing
to the imposed constraint of minimality and the prerequisite of power for SRM, the availability of
geoengineering is exclusively limited to the initial MWC, similar to before. Therefore, any member

who decides to withdraw from the coalition will forfeit all the benefits derived from it.

3 The Model

In this section, we describe the numerical model that we use to provide a real-world quantification
and to answer governance questions that cannot be tackled by theoretical analysis alone. A numerical
quantification is necessary to provide an analysis of real-world policies since many of the analytical
findings rely on arbitrary parameters to convey their results, whereas in a realistic scenario we would
expect them to assume either specific fixed values or come from some known distribution. To do this
we expand with equations and code the Integrated Assessment Model (IAM) RICE50+ (Gazzotti
et al., 2021). This model is a regionalized version with up to 57 regions/players of the well-known
DICE model from Nordhaus (1992) and integrates many different aspects of human knowledge to
capture how human development and society interact with the Earth system. The model allows

performing a cost/benefit analysis in a cooperative way with a global social planner or in a non-



cooperative way, finding a Nash Equilibrium through an iterative, open loop algorithm. We also
implement an option that allows partial cooperation, with the presence of coalitions of regions that
act as single players against each other in a non-cooperative manner. Players maximize their Balance
Growth Equivalent (BGE) (Stern, 2014):

max Z BGE,

neCoalition

S lalt) # (1t )=t + CEAP(1) ™) 7
Doiln(t)* (L4 p)~t )

which is based on consumption per capita CSA(¢) [US-$ [2005, PPP], the population 1, (¢) [million

people], the pure rate of time preference (p) and the elasticity of marginal utility of consumption

w=1.45.

“Climate impacts are computed implementing a growth impact function based on the empirical

BGE, = (

panel estimation of Kalkuhl and Wenz (2020). Their global mean estimated projects GDP losses
of around 11% for a global temperature increase of 3 degrees, which is roughly in the middle of
two recent global studies, on meta study (Howard and Sterner, 2017) and model based damage
function estimation (van der Wijst et al., 2023). The climate-econometric damage function based on
regional temperatures allows to capture impact differences at the country level, which is crucial for
this model. This damage specification thus captures global heterogeneity, and lies within the range
of global estimates in recent assessments, even though conceptual and methodological issues remain
(Newell et al., 2021).

The damage function depends only on regional mean temperatures and its change over time,
which we downscale from the global temperature anomaly for all countries based on a temperature
downscaling using the Model mean of the CMIP5 database (Taylor et al., 2011). The global temper-
ature changes is based on a recalibrated version of the DICE carbon cycle and two-layer temperature
module.

We add a module to this model, which integrates SRM,,(t), a variable that indicates the amount
of Sulfur Dioxide (measured in Teragrams of Sulfur [TgS] per year) injected in the atmosphere by each
player n at each time step t. We assume that SRM technology will be available from 2035 onward.
Total radiative forcing of the atmosphere depends linearly on the total amount of geoengineering
deployed by a coefficient ¢sras that can assume values from —0.5 (Crutzen, 2006) up to —2.5 (Rasch
et al., 2008) mQLTgS, and we chose an intermediate value of -1.75. The cost of implementation C5#M
are quadratic of the form

CSRM _ __NSRM___ i (4)?
n 1000 * Cspar (*)

Where the SRM residence in atmosphere is given by (srys = 2 . The value of the coefficient ksgas,
the cost in billion US$ per TgS, can range from 5 (Robock et al., 2009) to 25 (Crutzen, 2006) billion
USS$ per TgS, and we chose an intermediate value of 10 $/T'¢gS. For the direct damages or side-effects
induced by SRM, given the unavailability of estimated or elicited values, take the values considered
in Goes et al. (2011), who suggest economic impacts of a fixed percentage of GDP for a given amount

of SRM (3% for 3.5 mmz of radiative forcing). Moreover, we implement a quadratic specification:

— SRM,(t)\>
QSRM:(SsRM*< ¢SRM*SZE:SR ())




And since there is substantial uncertainty about SRM collateral damages, we let the dsras coefficient
range from 0.01 up to 0.03 (original specification) and perform a sensitivity analysis. The full model

description is available at Gazzotti et al. (2021).

4 Results

In this section, we focus on the case where we applied the y-core stability concept in absolute majority
power threshold (Asrar = 50%) scenario, and relegate the other cases to the Appendix. Specifically
the internal stability is explored in Appendix (A) and a different power threshold is explored in
Appendix (B). We will often include the grand coalition in the plots, even though it’s not a stable
coalition, to allow comparison with the global socially optimal deployment. Moreover, some figures
will contain results of SRM development in a free-driver non cooperative scenario, with a single
deployer. Even though we don’t believe it to be a realistic scenario, these results are included in our
plots to put our work into perspective with the existing SRM literature.

We find that the availability of SRM increases the number of coalitions that are internally or
~-core stable: benefits brought by geoengineering partly offset the costs of free riding and thus of
cooperation, therefore improving stability in general. We find this result to be consistent for different
values of the power threshold 6grns, and damage factors of SRM dsgas, see Table 2.

Notice that the number of stable coalitions is not linear with the increase of the damage factor
dsrpm but is instead U-shaped. To explain this we need to explore the percentage of rejection for
When SRM is allowed, we find

that three regions become pivotal for stability due to their mitigation potential and geographical

each region when asked to join a coalition, depicted in Fig. (1).

location and climate: Canada, Russia and China. We find two opposing trends, the combination of
which generates the peculiar U-shape: Canada’s rejection rate decreases with the increase of dggray,
whereas the opposite happens for the Asian regions. The reason why these region reject the proposed
coalition are completely different from each other: high emitters such as China, reject a proposed
coalition whenever the mitigation requests are too high, because they would need to spend a lot

in abatement. Canada, on the other hand, typically reject proposed coalitions when paired with

Without SRM | dspv = 1% | dsrv = 2% | dsrm = 3%
~-core stable
liti 1 652 493 666
coalitions
(0,05%) (35,19%) (26,61%) (35,94%)
Osra = 50%
~-core stable
liti 17 774 585 615
coalitions
(1,12%) (51,06%) (38,59%) (40,57%)
QSRM = 33%
Internally stable
liti 0 229 94 91
coalitions
(0%) (12,36%) (5,07%) (4,91%)
HSRM = 50%

Table 2: Number of stable coalitions in various scenarios




hot countries, that want to deploy high level of SRM. Rejection rate is thus inversely proportional
to the amount of SRM deployed, which is generally inversely proportional to dsgras, as shown in
Figure (2). High levels of geoengineering are indeed unfavorable to a cold region such as Canada,
which risks becoming even colder, whereas is attractive for China, which can substitute emission
reduction policies and thus reduce total mitigation costs. Also note that we are only considering
a static coalition formation game, meaning that agents simultaneously form coalitions without any
sequential or temporal considerations. After an initial coalition is proposed and rejected, no other
coalitions will be formed. If this was not the case, we could imagine a complex process in a dynamic
game, wherein players carefully weigh the option of departing from a coalition for individual gains,
recognizing the potential formation of an alternative coalition that yields inferior outcomes. In a
similar scenario, Canada could remain in a coalition which is statically unstable just to avoid the
formation of a coalition composed by hotter regions that would implement massive amounts of SRM,
which is not beneficial for the North American region. A similar computation, although interesting,
requires however an incredible computational effort, and would be impossible to perform at the scale
and level of detail at which we operate (17 regions and a full Nash equilibrium TAM simulation).
We must add a quick comment about other big regions such as US and India that, in our closed
membership thermostate game, are not influential for the stability of coalitions. This is due to the
combination of countries power weights, which affect the structure of MWCs. In the future the
weights of countries might be different due to different growth patterns, and we could have India
catching up and Russia being no longer pivotal player.

In fig. (2) we compare SRM deployment in various coalitions scenarios, ranging on collateral
damage levels dsras. In a non cooperative scenario with absence of a power requirement for SRM
implementation, there is an great variability in deployment, depending on the region that is allowed
to perform geoengineering. In the traditional literature of free-driving, this would result in the
region with the most incentives to perform by themselves extreme levels of SRM. In cooperation
scenarios there is much less variability instead, and lower overall levels of geoengineering are deployed.
Moreover, in non cooperative scenario, after quickly reaching a regime value, SRM slowly increases
over time to compensate the lack of mitigation, whereas it maintains constant when members of a
coalition are cooperating and it even decreases over time when it’s controlled by the grand coalition.
The combination of these factors further motivates our rejection of the possibility of SRM being
implemented unilaterally in an uncontrolled manner.

As seen in the introduction, it’s crucial not to stop the analysis at stability but to also consider
the amount of climate change prevention that stable coalitions can achieve, since there is often a
trade-off between the two factors.

We find that coalitions are not only stable but also effective: Fig.(3) shows the evolution of the
global mean increase in surface temperature in the various scenarios. The variability we see in the
results is, as before, strictly related to the variance of the SRM deployment in the various cooperation
scenarios. The stable SRM coalitions manage to stay below 2° in 2100, a temperature that, without
geoengineering, could only be reached by the grand coalition. The coalition that was stable also
without SRM was as ineffective at preventing climate change as the non-cooperative singletons,
surpassing 3° of warming.

Fig. (4) we highlight a typical literature result: even though some non cooperative scenarios
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Figure 1: Regional rejection to proposed coalitions, expressed as

maps show the effect of geoengineering damage sensitivity.

with a free driving agent we reach low temperatures, it’s only thanks to higher than socially optimal
levels of SRM, that cause high collateral damages. This is one of the main concern when the topic
is brought up in discussions. Here we show that coalitions are instead much more careful in their
SRM usage and behave closely to what the grand coalition would do. This further proves the point
that including SRM in negotiations could be beneficial, since many fears about potential overuse of
geoengineering only apply to the free-driving scenario. In Fig.(5) we show a recap of the regional
differences.

This is furthermore explored in Fig.(7) that compares the temperature reduction in 2100 (from
business as usual scenario, where no action is taken to prevent climate change) caused by SRM with
the one obtained by mitigation. We find that geoengineering can help reach the Paris agreement, both
thanks to a direct temperature reduction that can vary from 1°C to 3.5°C and by allowing climate
coalitions to become stable and reduce around 0.5°C through cooperative mitigation. This partial
cooperation improves the non-cooperative optimum, but still is far from the global social optimum
which reduces almost 1.5°C through mitigation alone. We find moreover a peculiar cluster structure,
highlighted in Fig.(8): coalitions that include Canada use considerably less geoengineering than the

others, but when SRM damages are high some of them fail to keep global warming below two degrees.
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SRM Deployment
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Figure 2: SRM implementation over time in various damage scenarios. Ranges show the 5th-95th
quantile distributions.
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Global Mean Increase in Surface Temperature from Pre-Industrial Levels
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Figure 3: Temperature evolution in various damage scenarios. Ranges show the 5th-95th quantile
distribution
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Avoided Climate Damages (positive) and Collateral SRM Damages (negative)
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Figure 4: Evolution of avoided climate damages (positive, darker color) against collateral SRM dam-

ages (negative, lighter color) in the stable coalitions found. Ranges show 5th-95th quantile distribution
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5th to 95th quantile and we show the effect of geoengineering damage sensitivity

14



BGE Changes with respect to BAU

—-0.75- |
.°\_°. : g.c.
- i
% I
o0 &
pt . - .C.
8 E Anoncoor!'(mez!tn)9
% : ..(,r -5 g.c.
©125 1 A
= L ;f
= : A °
= honcoop (ngean)
8" 1.50 I
-1. — a
% Gini BAUnoncoop (mean)
c 0
O 0
T 0
O -1.75- i
m ! )

A
noncoop (mean)

0.327 0328 0329 0.330

gc.s

0.331

Gini Index (of BGE distribution)
6SF{M =1% o 6SRM =2% o BSF{M =3% o no SRM

Figure 6: Comparison of BGE change (with respect to BAU) against GINT index of GDP and SRM
deployemnt in 2100. Darker circles each represent a solution with a -core stable coalition, whereas

unstable ones are visible in a lighter color. We plot also the mean non cooperative solution and the

--0.75
g.cD.
--1.00
. Et noncoop (mean)4
"1‘&" [ WS
e ) --1.2
4e” = - ’
oncogp (mean)
[ 3
noncogp (mean) --1.50
8g.C.
--1.75

4noncoop (mean)
0 1 2 3
SRM in 2100 [TgS]

grand coalition. The effect of geoengineering damage sensitivity are shown.

15



Temperature reduction in 2100 with respect to BAU
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Figure 7: Comparison of °C of temperature reduced (with respect to BAU) in 2100 by emission
reduction policies against SRM effects. These are computed comparing SRM simulations results with

an approximation of the temperatures that would be obtained with the same abatement policies,

computed via a simplified carbon budget equation. Darker circles each represent a solution with

a stable coalition, whereas unstable ones are visible in a lighter color.

Triangles are all the non

cooperative solutions with a variable single SRM deploying region and the purple square is the grand

coalition solution. Background colors serve as a reference for Paris agreements targets. The effect of

geoengineering damage sensitivity is shown.
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Temperature reduction in 2100 with respect to BAU
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5 Conclusion

We study the interaction between mitigation and geoengineering climate policies, which have been
gaining attention in recent years due to the lack of progress in global mitigation efforts. Recent
studies have been highlighting how SRM is more a political or governance matter than a technical
one. Therefore, the necessity of a strategic analysis is at the core of our contribution. We extend the
Integrated Assessment Model RICE50+ to provide a real-world quantification and confirmation of
the analytical results found in the literature. We analyse an exclusive membership coalition process
where coalitions decide geoengineering deployment and mitigation jointly. We solve a two-stage game
of coalition formation backwards induction and then checked the stability of the coalitions and their
effectiveness. We find that SRM is likely to enhance coalition stability: benefits due to geoengineering
partly offset the costs of cooperation due to the free-riding incentive, improving stability of climate
coalitions in general. We find stable coalitions to be effective, partially overcoming the trade-off
between mitigation and geoengineering, with most of them able to reach Paris Agreement targets.
Nonetheless, the largest part of the global temperature reduction comes from the deployment of
SRM itself rather than from the strengthened mitigation resulting from coalition formation. This
reduces the potential value of SRM for climate cooperation given the potentially high SRM risks
and the uncertainty around them. Nonetheless, our results suggest that embedding geoengineering in
international climate negotiations could be beneficial, to avoid worse outcomes of excessive heat due

to lack of both mitigation and SRM or excessive cooling, due to too high levels of geoengineering.

References

Barrett, S. (1994). “Self-enforcing international environmental agreements”, Ozford Economic Papers,
46(Supplement 1): 878-894, ISSN 0030-7653, [doi:10.1093/0ep/46.supplement_1.878]. 3

Barrett, S. (2008). “The incredible economics of geoengineering”, Environmental and Resource Eco-
nomics, 39(1): 45-54, ISSN 0924-6460, [doi:10.1007/s10640-007-9174-8]. 3, 4

Barrett, S. (2014). “Solar geoengineering’s brave new world: Thoughts on the governance of an
unprecedented technology”, Review of Environmental Economics and Policy, 8(2): 249-269, ISSN
1750-6816, [d0i:10.1093/reep/reu0ll]. 4

Barrett, S., and Dannenberg, A. (2012). “Climate negotiations under scientific uncertainty”, Proceed-
ings of the National Academy of Sciences of the United States of America, 109(43): 17372-17376,
ISSN 0027-8424, [doi:10.1073/pnas.1208417109]. 3

Bréchet, T., Gerard, F., and Tulkens, H. (2011). “Efficiency vs. stability in climate coali-
tions: A conceptual and computational appraisal”, Energy Journal, 32(1), ISSN 0195-6574,
[d0i:10.5547 /issn0195-6574-¢ej-vol32-nol-3]. 3

Carraro, C., and Marchiori, C. (2002). “Stable coalitions”, SSRN Electronic Journal, ISSN 1556-5068,
[doi:10.2139 /ssr1.299624] . 3

18



Carraro, C., and Siniscalco, D. (1993). “Strategies for the international protection of the envi-
ronment”, Journal of Public Economics, 52(3): 309-328, ISSN 0047-2727, [doi:10.1016/0047-
2727(93)90037-t]. 3

Chander, P. (2007). “The gamma-core and coalition formation”, International Journal of Game The-
ory, 35(4): 539-556, ISSN 0020-7276, [doi:10.1007/s00182-006-0067-9]. 3

Chander, P.,; and Tulkens, H. (1992). “Theoretical foundations of negotiations and cost sharing in
transfrontier pollution problems”, European Economic Review, 36(2-3): 388-399, ISSN 0014-2921,
[doi:10.1016/0014-2921(92)90095-¢]. 3

Chander, P., and Tulkens, H. (1995). “A core-theoretic solution for the design of cooperative agree-
ments on transfrontier pollution”, International Tax and Public Finance, 2(2): 279-293, ISSN
0927-5940, [doi:10.1007 /bf00877502]. 3

Chander, P., and Tulkens, H. (1997). “The core of an economy with multilateral environmen-
tal externalities”, International Journal of Game Theory, 26(3): 379401, ISSN 0020-7276,
[d0i:10.1007/s001820050041]. 3

Crutzen, P. J. (2006). “Albedo enhancement by stratospheric sulfur injections: A contribu-
tion to resolve a policy dilemma?”, Climatic Change, 77(3-4): 211-220, ISSN 0165-0009,
[d0i:10.1007/s10584-006-9101-y]. 3, 7

D’Aspremont, C., Jacquemin, A., Gabszewicz, J. J., and Weymark, J. A. (1983). “On the stability of
collusive price leadership”, The Canadian Journal of Economics. Revue Canadienne d’Economique,
16(1): 17, ISSN 0008-4085, [d0i:10.2307/134972]. 3

Emmerling, J., Kornek, U., Bosetti, V., and Lessmann, K. (2021). “Climate thresholds and hetero-
geneous regions: Implications for coalition formation”, The Review of International Organizations,
16(2): 293-316, ISSN 1559-7431, [d0i:10.1007/s11558-019-09370-0]. 3

Finus, M. (2008). “Game theoretic research on the design of international environmental agreements:
Insights, critical remarks, and future challenges”, International Review of Environmental and Re-
source Economics, 2(1): 29-67, ISSN 1931-1465, [doi:10.1561/101.00000011]. 3

Finus, M., and Furini, F. (2022). “Global climate governance in the light of geoengineering: A shot
in the dark?”, SSRN Electronic Journal, ISSN 1556-5068, [d0i:10.2139/ssrn.4139074]. 4

Finus, M., van Ierland, E., and Dellink, R. (2006). “Stability of climate coalitions in a cartel formation
game”, Economics of Governance, 7(3): 271-291, ISSN 1435-6104, [d0i:10.1007/s10101-005-0009-
1]. 3

Gazzotti, P., Emmerling, J., Marangoni, G., Castelletti, A., Wijst, K.-1. v. d., Hof, A., and Tavoni, M.
(2021). “Persistent inequality in economically optimal climate policies”, Nature Communications,
12(1): 3421, ISSN 2041-1723, [d0i:10.1038/s41467-021-23613-y]. 6, 8

Goes, M., Tuana, N., and Keller, K. (2011). “The economics (or lack thereof) of aerosol geoengineer-
ing”, Climatic Change, 109(3—4): 719-744, ISSN 0165-0009, [d0i:10.1007/s10584-010-9961-z]. 5,
7

19



Goeschl, T., Heyen, D., and Moreno-Cruz, J. (2013). “The intergenerational transfer of solar radiation
management capabilities and atmospheric carbon stocks”, Environmental and Resource Economics,
56(1): 85-104, ISSN 0924-6460, [doi:10.1007/s10640-013-9647-x]. 4

Heitzig, J., Lessmann, K., and Zou, Y. (2011). “Self-enforcing strategies to deter free-riding in the
climate change mitigation game and other repeated public good games”, Proceedings of the National
Academy of Sciences of the United States of America, 108(38): 15739-15744, ISSN 0027-8424,
[d0i:10.1073 /pnas.1106265108]. 3

Heyen, D., Horton, J., and Moreno-Cruz, J. (2019). “Strategic implications of counter-geoengineering:
Clash or cooperation?”, Journal of Environmental Economics and Management, 95: 153-177, ISSN
0095-0696, [doi:10.1016/j.jeem.2019.03.005]. 6

Heyen, D., and Lehtomaa, J. (2021). “Solar geoengineering governance: a dynamic frame-
work of farsighted coalition formation”, Ozford Open Climate Change, 1(1), ISSN 2634-4068,
[d0i:10.1093 /oxfclm /kgab010]. 4

Hou, D., Lardon, A., and Sun, H. (2020). “On the internal and external stability of coalitions
and application to group purchasing organizations”, SSRN Electronic Journal, ISSN 1556-5068,
[doi:10.2139/ssrn.3622118]. 6

Howard, P. H., and Sterner, T. (2017). “Few and Not So Far Between: A Meta-analysis of Climate
Damage Estimates”, Environmental and Resource Economics, 68(1): 197225, ISSN 0924-6460,
1573-1502, [doi:10.1007/s10640-017-0166-z]. 7

IPCC (2021). Sixth Assessment Report: Climate Change 2021 - The Physical Science Basis. 3

Kalkuhl, M., and Wenz, L. (2020). “The impact of climate conditions on economic production. ev-
idence from a global panel of regions”, Journal of Environmental Economics and Management,
103(102360): 102360, ISSN 0095-0696, [d0i:10.1016/j.jeem.2020.102360]. 7

Keith, D. W. (2000). “Geoengineering the climate: History and prospect”, Annual Review of Energy
and the Environment, 25(1): 245-284, ISSN 1056-3466, [doi:10.1146/annurev.energy.25.1.245]. 3

Lessmann, K., Kornek, U., Bosetti, V., Dellink, R., Emmerling, J., Eyckmans, J., Nagashima, M.,
Weikard, H.-P., and Yang, Z. (2015). “The stability and effectiveness of climate coalitions: A
comparative analysis of multiple integrated assessment models”, Environmental and Resource Eco-
nomics, 62(4): 811-836, ISSN 0924-6460, [doi:10.1007/s10640-015-9886-0]. 3

Low, S., Baum, C. M., and Sovacool, B. K. (2022). “Taking it outside: Exploring social opposition to
21 early-stage experiments in radical climate interventions”, Energy Research and Social Science,
90(102594): 102594, ISSN 2214-6296, [d0i:10.1016/j.erss.2022.102594]. 4

Maler, K.-G. (1989). Chapter 12: The Acid Rain Game, page 231-252, Elsevier, ISBN 9780444873828.
3

Manoussi, V., and Xepapadeas, A. (2017). “Cooperation and competition in climate change policies:
Mitigation and climate engineering when countries are asymmetric”, Environmental and Resource
Economics, 66(4): 605-627, ISSN 0924-6460, [doi:10.1007/s10640-015-9956-3]. 4

20



Millard-Ball, A. (2012). “The tuvalu syndrome: Can geoengineering solve climate’s collective action
problem?”, Climatic Change, 110(3—4): 1047-1066, ISSN 0165-0009, [d0i:10.1007/s10584-011-0102-
0]. 4

Moreno-Cruz, J. B. (2015). “Mitigation and the geoengineering threat”, Resource and Energy Eco-
nomics, 41: 248-263, ISSN 0928-7655, [doi:10.1016/j.reseneeco.2015.06.001]. 3

Moreno-Cruz, J. B., and Smulders, S. (2017). “Revisiting the economics of climate change: the role of
geoengineering”, Ricerche Economiche [Research in Economics], 71(2): 212-224, ISSN 1090-9443,
[doi:10.1016/j.rie.2016.12.001]. 4

Newell, R. G., Prest, B. C., and Sexton, S. E. (2021). “The GDP-Temperature relationship: Implica-
tions for climate change damages”, Journal of Environmental Economics and Management, page
102445, ISSN 0095-0696, [d0i:10.1016/j.jeem.2021.102445]. 7

Nordhaus, W. (1992). The “DICE” model: Background and structure of a Dynamic Integrated

Climate-Economy model of the economics of global warming. 6

Nordhaus, W. (2015). “Climate clubs: Overcoming free-riding in international climate policy”, Amer-
ican Economic Review, 105(4): 1339-1370, ISSN 0002-8282, [d0i:10.1257/aer.15000001]. 3

NRC, N. R. C. (2015). Climate intervention: Reflecting sunlight to cool earth, National Academies
Press, ISBN 9780309314824. 3

Paroussos, L., Mandel, A., Fragkiadakis, K., Fragkos, P., Hinkel, J., and Vrontisi, Z. (2019). “Climate
clubs and the macro-economic benefits of international cooperation on climate policy”, Nature
Climate Change, 9(7): 542-546, ISSN 1758-678X, [doi:10.1038/s41558-019-0501-1]. 3

Quaas, M. F., Quaas, J., Rickels, W., and Boucher, O. (2017). “Are there reasons against open-ended
research into solar radiation management? a model of intergenerational decision-making under
uncertainty”, Journal of Environmental Economics and Management, 84: 1-17, ISSN 0095-0696,
[d0i:10.1016/j.jeem.2017.02.002]. 4

Rasch, P. J., Crutzen, P. J., and Coleman, D. B. (2008). “Exploring the geoengineering of climate
using stratospheric sulfate aerosols: The role of particle size”, Geophysical Research Letters, 35(2),
ISSN 0094-8276, [doi:10.1029/2007gl032179]. 7

Ricke, K. L., Moreno-Cruz, J. B., and Caldeira, K. (2013). “Strategic incentives for climate geoengi-
neering coalitions to exclude broad participation”, Environmental Research Letters, 8(1): 014021,
ISSN 1748-9326, [doi:10.1088/1748-9326/8/1/014021]. 4, 5

Rickels, W., Quaas, M. F., Ricke, K., Quaas, J., Moreno-Cruz, J., and Smulders, S. (2020). “Who
turns the global thermostat and by how much?”, Energy Economics, 91(104852): 104852, ISSN
0140-9883, [doi:10.1016/j.eneco.2020.104852]. 4

Robock, A., Marquardt, A., Kravitz, B., and Stenchikov, G. (2009). “Benefits, risks, and
costs of stratospheric geoengineering”, Geophysical Research Letters, 36(19), ISSN 0094-8276,
[doi:10.1029/2009¢1039209]. 7

21



Stern, N. (2014). The economics of climate change: The stern review, Cambridge University Press,
Cambridge, England, ISBN 9780511817434, [doi:10.1017/cbo9780511817434]. 7

Taylor, K. E., Stouffer, R. J., and Meehl, G. A. (2011). “An Overview of CMIP5 and the Experi-
ment Design”, Bulletin of the American Meteorological Society, 93(4): 485-498, ISSN 0003-0007,
[doi:10.1175/BAMS-D-11-00094.1]. 7

Urpelainen, J. (2012). “Geoengineering and global warming: a strategic perspective”, Interna-
tional Environmental Agreements Politics Law and Economics, 12(4): 375-389, ISSN 1567-9764,
[doi:10.1007/s10784-012-9167-0]. 4

Weitzman, M. L. (2015). “A voting architecture for the governance of free-driver externalities,
with application to geoengineering: A voting architecture for the governance of free-driver
externalities”, The Scandinavian Journal of Economics, 117(4): 1049-1068, ISSN 0347-0520,
[doi:10.1111/sjoe.12120]. 3, 4

van der Wijst, K.-1., Bosello, F., Dasgupta, S., Drouet, L., Emmerling, J., Hof, A., Leimbach, M.,
Parrado, R., Piontek, F., Standardi, G., and van Vuuren, D. (2023). “New damage curves and
multimodel analysis suggest lower optimal temperature”, Nature Climate Change, ISSN 1758-678X,
1758-6798, [doi:10.1038/s41558-023-01636-1]. 7

Supplementary information

The model code and data for the RICE50+ model including the SRM module is available at https:
//github.com/witch-team/RICE50xmodel

The results files and code for the analysis and figures is available at https://piergiuseppepezzoli.
github.io/SRM-on-the-table/

Acknowledgments

We acknowledge support from the Resources for the Future (RFF) Solar Geoengineering Research
Project and from the PRIN project 'Experimenting with climate change: a behavioral approach to
foster cooperation’ funded by the Italian ministry for research and university. M.T. acknowledges
funding from the RFF project on solar geo-engineering and from the European Union’s Horizon
Europe research and innovation programme under grant agreement No 101056873 (ELEVATE) We
would also like to thank participants of the First Durham Environmental and Energy Economics
International Workshop (June 2022), Daniel Heyen, and two anonymous referees for very valuable

suggestions. The usual caveat applies.

22


https://github.com/witch-team/RICE50xmodel
https://github.com/witch-team/RICE50xmodel
https://piergiuseppepezzoli.github.io/SRM-on-the-table/
https://piergiuseppepezzoli.github.io/SRM-on-the-table/

A Results for internal stability

In this section we present the graphs for the simulations where instead of «-core stability internal

stability was considered.

Regional rejection ratio (internal stability)
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Figure 9: same as fig. (1)
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Avoided Climate Damages (positive) and Collateral SRM Damages (negative)
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B Results for y-core stability with a power threshold of 33 %

In this section we present the graphs for the simulations that used 0sgry = 33%.

Regional rejection ratio (y-core stability)
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Figure 15: same as fig. (1)
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