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Abstract

The authors explore the role of transfers in a model of international environmental agreements (IEAs) on
abatement under the threat of solar geoengineering (SGE) deployment. Transfers can expand the set of stable
IEAs, reduce SGE deployment and lead to efficiency gains by closing more of the abatement gap. The authors
show that transfers are part of an indirect governance approach to limit harmful SGE deployment by increasing
global emissions abatement.
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1. Introduction

As global greenhouse gas (GHG) emissions continue to rise there is growing interest in the
potential of solar geoengineering (SGE) — technologies to reflect a fraction of sunlight back into
space — to prevent impending climate damages. These techniques could cool the planet quickly
and relatively cheaply. Despite their potential, SGE approaches are controversial for a number of
reasons. One is that they are untested and could be inherently risky. Another is that their very
availability may weaken the already lackluster collective resolve to mitigate GHG emissions; this
is the “so-called” moral-hazard concern (Moreno-Cruz et al., 2025). Another issue is that because
SGE technologies are relatively inexpensive, it is possible they are deployed unilaterally, which
brings rise to externalities imposed by a free driver (Wagner and Weitzman, 2012; Weitzman,
2015). The “free” part is an exaggeration of how cheap SGE deployment is and the “driver” part
captures the ability of a single country to determine the global thermostat. This paper is motivated
by these governance challenges and investigates how effective international climate agreements
are in the face of a SGE free driver. Our contribution is investigating the role of financial transfers
between TEA members to enhance climate cooperation in the face of a free driver.

We model the benefits and costs of abatement, and the impacts of SGE deployment
following McEvoy et al. (2024). It is helpful to summarize a few important features of their
setup. Deploying SGE can partially protect countries from impending climate damages they
face because of inadequate emissions abatement. Countries are heterogeneous in their

optimal SGE deployment levels, which is the only source of heterogeneity in the model. SGE Strategic Behavior and the
avio
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SBE is a good-or-bad (a “GoB”), in which deployment at or below a country’s optimal level is
beneficial and beyond that level SGE turns costly (Weitzman, 2015). McEvoy et al. (2024)
demonstrate that the threat of a menacing free driver creates additional incentives for some
countries to abate emissions because the free driver’s optimal deployment level decreases as
more emissions are abated. They refer to these as “anti-driver” incentives and if they are
strong enough it is possible that the emergence of SGE can lead to more abatement compared
to a world without SGE. However, consistent with the seminal work by Barrett (1994),
MCcEvoy et al. (2024) show that stable agreements will tend to be small and aggregate
abatement levels well below socially optimal levels. This paper introduces the possibility of
transfers to the model of McEvoy et al. (2024).

The financial transfers we consider are not intended to directly stop the free driver. This is
because the notion of the free driver is fluid, as it describes the country that prefers the lowest
mean temperature and has the capability to deploy SGE. Even if a free driver could be stopped, it
would simply give rise to the next one: the country with the second-lowest mean temperature
preference. And so on. The financial transfers in our model can impact the free driver only
indirectly, by potentially enhancing collective abatement levels within international environmental
agreements (IEAs). In contrast, Bakalova and Belaia (2023) explore an IEA that directly governs
SGE to analyze the effect of using side payments to curb the free driver’s deployment.

Following the self-enforcing TEA literature, we model a voluntary agreement between
countries in which the members commit to choosing abatement levels to maximize their
collective payoffs (Barrett, 1994; McGinty, 2007). Stable agreements are defined by being
both internally stable — no member country wants to leave — and externally stable — no
nonmember country wants to join. Without transfers, for an agreement to be internally stable,
all members must each find it profitable to remain inside the agreement given their individual
abatement responsibilities. Given that countries are heterogeneous, some IEA members may
gain a large surplus from being in an agreement while others just break even. We model an
IEA that leverages the positive surplus, where members agree to share the benefits of
collective abatement to expand the set of stable agreements.

In principle, transfers or side payments, have the potential to increase the provision of
global public goods (Chander and Tulkens, 1995; Barrett, 2001; McGinty, 2007; Selen,
2016; Kapstein, 2025). Mechanisms to facilitate financial transfers are common in existing
international agreements, including the Green Climate Fund (GCF) under the Paris
Agreement. Tens of billions of dollars are transferred annually from Annex I countries
(Global North) to non-Annex I countries (Global South) through the GCF to help fund
mitigation and adaptation activities related to climate change. As SGE deployment becomes
more likely, institutions like the GCF are well positioned to facilitate financial transfers
linked to emissions abatement responsibilities.

Ghidoni et al. (2023) is the only paper we are aware of that directly explores transfers or
side payments in the context of SGE. They conduct a series of laboratory experiments that
test the effectiveness of using side payments to limit the deployment of SGE that has “GoB”
properties. They find that side payments do very little to enhance cooperation above the
baseline scenario. Our study is different from Ghidoni et al. (2023) in two fundamental ways.
First, they do not consider mitigation in their study. The only decisions are on SGE
deployment and therefore they cannot explore the interaction between SGE and mitigation,
which underlies the moral hazard concern with SGE. Our study explicitly links emissions
and SGE deployment. Second, the transfers in our model are tied to emissions decisions not
SGE decisions. Following McEvoy et al. (2024), in our study, SGE technologies allow
countries to protect themselves (imperfectly) from climate damages resulting from
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inadequate emissions control. Therefore, SGE deployment follows mitigation decisions and Strategic
the free driver’s optimal level of SGE decreases in mitigation. Behavior and the

We show that transfers can expand the size and effectiveness of stable IEAs that govern
abatement under the threat of a free driver. We measure effectiveness by how much of the
abatement gap between the Nash equilibrium and the social optimum is closed by the IEA.
IEAs with transfers are able to close more of the gap compared to agreements without
transfers. While McEvoy et al. (2024) showed that strong anti-driver incentives can lead to
relatively high abatement levels, we show that transfers can help achieve similar outcomes
without such extreme external damages imposed by the free driver. The important
implication is that transfers can enhance the indirect-governance approach of collectively
increasing abatement to contain the free driver and capture efficiency gains.

Our approach is to compare the outcomes and effectiveness measures of TEAs with and
without transfers under the threat of an SGE free driver. The next section briefly summarizes
the relationship between emissions abatement and SGE deployment. In section three, we
consider an IEA with a transfer schemes and characterize the conditions for stable
agreements. In section four we demonstrate the impact of transfers through examples and
comparative statics. Then we conclude.

Environment

2. Emissions abatement and solar geoengineering

Following Moreno-Cruz (2015) and McEvoy et al. (2024), we assume that SGE-deployment
decisions follow abatement decisions. Following Barrett (1994, 2003) GHG emissions
abatement is modelled as a pure global public good, with n countries, individual abatement
denoted as ¢; and aggregate abatement is denoted as Q where Q = Y ¢;. The global benefit

ieN

from abatement is B(Q)=bQ and each country receives the same benefit share 1 and
therefore each country’s benefit is B;(Q) = %. Individual abatement costs are convex and

specified as Ci(g;) = # A country’s payoff is B;(Q) — C;(g;) or:

bQ cqi2
ﬂi(‘]i: Q): 7 - D) )

(M

and Nash equilibrium abatement levels are g* = % and QF = %. The socially optimal

abatement levels are ¢° =§ and Q°= an and the difference between the optimal and
noncooperative aggregate abatement levels is:

o - ==l @

c

If the noncooperative abatement level equals the optimal level, then there is no benefit from
deploying SGE. When that difference is positive, countries can deploy SGE as an additional
way to avoid climate damages. Thus, SGE deployment can lead to benefits in the same way
that emissions abatement does. However, SGE cannot perfectly substitute for abatement
because it does not address the source of the problem, nor can it offset all the damages caused
by GHG emissions (e.g. continued ocean acidification) (Robock, 2008; Felgenhauer et al.,
2022). Following Weitzman (2015), Abatayo et al. (2020) and McEvoy et al. (2024),
countries are heterogeneous in their payoff-maximizing level of SGE deployment.

Following McEvoy et al. (2024), we model a country’s payoff-maximizing deployment
of SGE as inversely related to the level of global emissions abatement. As mitigation efforts
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SBE reduce climate damages, the incentive for any individual country to rely on SGE
correspondingly declines. Cross-country variation in the benefits derived from SGE is
captured by the parameter y;. Country i’s payoff-maximizing or “preferred” level of SGE is a
function of the abatement gap, denoted as G¢ and takes the following form:

G/ =r(Q"-0). 3

In this way, SGE can be both a “good” or a “bad” depending on the realized level, referred to
as a “GoB” in the literature (Weitzman, 2015). We denote the realized level of aggregate SGE
for all n countries as G. Let 3(G) be global benefit from SGE, 3;(G) be individual benefit and

BA(G) = Y. p:(G). Country i’s benefit function from SGE takes the following form:
ieN

p(G) =6G if GLG

4
B(G) =0G]-¢(G-G) if G>G, @
where @ is the marginal benefit to SGE when G is less than country i’s preferred level and ¢ is
the marginal loss in benefits (i.e. marginal cost) for additional deployment of SGE beyond
the preferred level. Each country’s benefit function is maximized at G/ (see McEvoy et al.,
2024, p. 862). The parameter restriction 6 < % implies the maximum individual marginal
benefit from SGE is less than the individual marginal benefit from emissions abatement. As
increases toward the upper bound %SGE becomes a more perfect substitute for abatement.
Given SGE is free to deploy, we know that the country with the highest optimal value of
SGE will be the only country deploying SGE (i.e. the free driver). If we rank countries from
1 to n in terms of their payoff-maximizing level, then G, = G™* = G is the free-driver level
SGE. From there we can solve for the Nash and optimal levels of abatement and SGE
deployment for all countries (see McEvoy et al., 2024 for the analytical expressions). Some
important results are worth summarizing. In a noncooperative equilibrium, the availability of
SGE causes the free driver to reduce their abatement levels relative to a world without SGE.
The non free driver countries, on the other hand, may increase or decrease their abatement
given the free driver’s deployment of SGE. The direction depends on how strong the “anti-
driver” incentives are; that is, if the externality imposed by the free driver (¢ (G -& )) is
substantial, then a country may find it optimal to increase their abatement to reduce G™*.

3. IEAs with transfers under the threat of a free driver

The TEA has three stages. In stage 1 (participation), countries decide independently and
simultaneously whether to join the IEA. In stage 2 (abatement), the IEA members choose
abatement levels to maximize their joint (i.e. collective) payoffs. Meanwhile, nonmembers
choose their abatement levels unilaterally (noncooperatively). Finally, in stage 3 (SGE),
countries choose their SGE levels.

The game is solved by backward induction and the third stage is trivial given that the free
driver — the country with the highest optimal SGE level — deploys G/ = G™ while all other
countries deploy G; = 0 so that G = G™®*. The precise level of G is a decreasing function of
aggregate abatement determined in stage 2.

3.1 Stage 2: abatement
Let the members of an agreement be a coalition S and the set of nonmember countries outside
an agreement be denoted T with S U T = N, where N is the set of countries and |N| = n. The
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number of agreement members is denoted as |S|=s and indexed by i=1,2, ..., s. The Strategic
number of nonmembers is |T| = n — s and indexed by j=1, 2, ..., (n —s). Behavior and the

In stage 2, the n—s nonmembers have a dominant abatement strategy denoted as
q}(Gma"). Meanwhile, the s agreement members determined from stage 1 choose ¢ to
maximize joint payoffs, which is denoted as g;(G™>) (these two equations can be found in
the Appendix).

The novel feature of the IEA is that the payoffs to the members are determined by the
transfer mechanism, which has two important features (McGinty, 2011):

Environment

(1) Incentive compatibility: Each member is guaranteed an amount equal to their
outside payoff from leaving the agreement, 74(S i).

(2) Share of surplus: Any positive surplus ¢(S) beyond the incentive compatibility
payments is allocated equally among the s IEA members.

The payoff after the transfer under an equal share is:

(S, ;) =7(S i) + @, &)

N

and the transfer z; is the difference between (5) and the payoff under an agreement without
transfers:

T, = 77,";(57 Ti) - ﬂf(s)
Note that transfers are budget-balanced and purely redistributive.

3.2 Stage 1: participation

In the first stage all countries decide independently and simultaneously whether to join the
TEA. An equilibrium TEA is one that is both internally and externally stable. Internal stability
(IS) requires that no member could increase their payoff by leaving the agreement and
external stability requires that no nonmember could increase their payoff by joining. Without
transfers, the internal stability condition for each IEA member is:

15:(8) = m}(8) — 7i(S 1) 2 0. ©)

Without transfers, the IS condition in (6) must be satisfied for all s members of the
agreement [1]. Introducing transfers changes the internal stability condition. With transfers, a
coalition S is internally stable if the sum of the individual internal stability conditions is
positive and is expressed as:

o(8) =X 18:(8) = ¥ (z(S) = 7(S 1)) > 0. )

icS €S

Clearly, if (6) is satisfied for all members of a given (S) then (7) must also be satisfied, which
leads to the result that the set of stable IEAs with transfers is weakly greater than the set of
stable TEAs without transfers. This was originally proved, without the threat of SGE, in
McGinty (2007).

The intuition on why financial transfers may expand the size and effectiveness of stable
IEAs is straightforward. With heterogeneous preferences for optimal SGE deployment, each
member country faces different external costs imposed by the free driver’s level of SGE.
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SBE Those with low y;s suffer more from high deployment and therefore they gain more from
increasing abatement relative to those with y;s closer to the free driver’s. Therefore, even
though each member country takes on the same level of abatement, members have different
payoffs. One can easily imagine an IEA member to a stable agreement enjoying a relative
large surplus from being in the agreement. That surplus, in effect, is used to entice additional
countries to join the agreement by sharing it among members.

4. Transfers in practice

To illustrate the impact of transfers, we start with the parameterized example from McEvoy
et al. (2024) (example 1, page 19). In this case n =5, which is collection of countries small
enough to easily test stability conditions and calculate abatement levels and payoffs, but
large enough to illustrate the impact of transfers on stable agreements and effectiveness. The
distribution of SGE preferences is y; =0.2, y, =0.4, y3 =0.5, y, =0.6 and y5 = y™* =0.8.
Note thaty = 0.5 and, like McEvoy et al. (2024) wesetb=c=1and ¢ =6 =0.1[2].

Table 1 illustrates stable agreements both with and without transfers. The first column
shows which countries are part of the agreement where the numbers 1, 2,[...], n index
countries depending on their relative payoff-maximizing level of SGE (where n is the free-
driver country). The top section of the table reproduces parts from McEvoy et al. (2024, page
876) and the bottom section contains additional stable agreements under an IEA with
transfers. Note that there are six stable agreements without transfers and twenty stable
agreements with transfers (all possible two and three-country agreements are stable with
transfers).

The shaded rows in Table 1 highlight the most effective stable agreements both with and
without transfers between IEA members. The stable agreement containing the three
countries with the lowest payoff-maximizing SGE level (1, 2 and 3) achieves the highest
level of abatement closing about 38% of the abatement gap and 45% of the payoff gap
between the social optimum and the Nash equilibrium. Note that without transfers the most
effective stable agreement consists of two countries (1 and 2) and they are only able to close
about 14% of the abatement gap and 19% of the payoff gap.

The example demonstrates that transfers can expand the set of stable agreements, reduce
the amount of SGE deployed by the free driver, close more of the abatement gap and lead to
higher efficiency gains. However, there are no stable agreements larger than three countries
even with transfers for this example.

4.1 The free driver as a cooperative IEA member

Note from Table 1 that there are 10 stable agreements that include the free driver (country 5)
as a member. The free drivers, even when members of an TEA, continue to unilaterally
determine aggregate SGE deployment. Without transfers, there is only one and that single
agreement consists of the free driver and the next-in-line to be the free driver (country 4).
They both take on the least amount of abatement of all possible two-member agreements.
The new transfer system adds nine additional stable agreements that include the free driver
and the most effective one consists of S = 1, 2, 5. The intuition why this particular agreement
has relatively high collective abatement is straightforward. Countries 1 and 2 suffer the most
from the free driver’s deployment of SGE and thus have the strongest anti-driver incentives.
A cooperative agreement of three members provides enough surplus to these two nondriving
countries that they are able to pay the free driver to join and still be better off. Of course,
countries 1 and 2 would prefer a three-member agreement that includes another non free
driver (e.g. S=1, 2, 3 or S =1, 2, 4) because those agreements would take on relatively more
abatement, result in lower SGE and increase their payoffs.
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SBE This leads to the interesting result that a cooperative agreement can be reached that
includes the free driver which leads to a reduction of SGE deployment, but only indirectly,
through the emissions abatement channel.

4.2 Sensitivity to parameters

We conclude this section by exploring how coalition stability under a transfer system is
impacted by changes in the anti-driver incentives, which requires an analytical solution to the
coalition surplus ¢(S) in equation (7). To simplify the expression slightly we follow McEvoy
et al. (2024) and normalize b = c = 1. After a significant amount of algebra, the coalition
stability condition simplifies to the following (derivation in Appendix):

o(S) =

2n

(S—l)(s—3)(1 +n¢ymax) |:—S(1 +n¢ymax) s
n jes

O+p) X y]} (®)

2
; @ {(m-s)z (yj)z-(s-z)(z y,ﬂ.

jes jes

The comparative statics show that global monotonicity cannot be established analytically.
However, all else equal, increases in ¢ strengthen anti-driver incentives and expand the
surplus available for transfers, which tends to enlarge the parameter region under which
equation (8) holds. The intuition is that as anti-driver incentives increase through a
heightened marginal negative externality from SGE, the benefits of cooperation for non free
drivers increases. In turn, that surplus can be used to entice additional members to join under
the transfer system. Similarly, greater dispersion in SGE preferences (i.e. y™* —7%)
strengthens anti-driver incentives and enlarges the potential surplus. That said, we find the
stability results for our example — that only coalitions of size two and three are stable — are
robust to substantial changes to ¢ a the distribution of ys.

Note that under a limited set of parameters, it is possible that the transfer scheme leads to
a stable grand coalition. For example, a relatively large ¢, small n and wide distribution of
y’s can lead to a stable grand coalition with transfers [3].

5. Conclusion

A major concern with SGE is the risk of excessive deployment, leading to overcooling and
economic losses (Abatayo et al., 2020). One of the key governance challenges is that these
technologies can be implemented unilaterally (the free-driver problem), making direct
regulation or restriction difficult. To address this, we examine how strengthening
international agreements on emissions abatement through transfers can serve as an indirect
strategy to reduce reliance on SGE.

Our theoretical analysis and examples show that a transfer scheme among IEA members
can expand the set of stable agreements, increase overall abatement levels, reduce SGE
deployment and improve collective payoffs. The most effective agreements involve
countries that are most negatively impacted by SGE — those with the strongest anti-driver
incentives. We demonstrate that with appropriate transfers, even a free driver can be
incentivized to join an IEA, indirectly curbing their reliance on SGE through enhanced
cooperation on mitigation. In limited cases, this approach can lead to a stable grand coalition.
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The results highlight an important insight for SGE governance. Rather than attempting to Strategic
regulate deployment directly — a task complicated by the free-driver incentives — policy = Behavior and the
efforts may be more effective when focused on strengthening mitigation incentives and
expanding transfer mechanisms within existing climate agreements. By increasing the gains
from cooperation on abatement, the international community can reduce the incentives for
unilateral SGE deployment without requiring a separate system of governance.

Environment

Notes
[1.] See equation (31) in McEvoy et al. (2024) for an expanded version of equation (6).

[2.] In a world without SGE, or in a world with SGE and homogenous countries, the largest stable
agreement is s = 3 as long as n > 3, regardless of the parameter values for b or ¢ (Barrett 1994).

[3.] For example, the following parameter choices lead to a stable grand coalition: n=4,
6=0.249, ¢ =0.254 and y = [0.01, 0.01, 0.99, 0.99].
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Appendix. Stage 2 abatement equations Strategic

The abatement equations (p. 4) for nonmembers and members are, respectively: Behavior and the
Environment
oy b Oy P -y
q}(Gmdx)= Z_ b + ( J)7
cn c c
and:
. bs 1 S .
¢;(G™) = Py (O+) X vi—sdy™|.

i=1

Derivation of the internal stability condition with transfers (equation (8))
Total abatement is Q(S) = 5¢° + Y jen sqj:
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€S JEN S

If member i leaves coalition S abatement becomes Q(S i):

08 i) =(s—1g'(Si) +g;+ X g
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0(s ) =(s-1) {(‘”(“Wm) - (e+¢>(_z;y,-—y,-)}
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1+ max
L Lendr™
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JEN S
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n
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[2 =25+ 1+ n—s+ (1 + ngpy™>)

SBE

0(s i) : -0+ HT
Frls= 1O+ =10+ )= 0+9) 3
0(s i) = [s2—3s+n+2](1+n¢}’max) —(0+¢) _(s—l)Zyj+ Y Yj:|
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The reduction in abatement when i leaves S is Q(S) — Q(S i):

_ (s? +n—s)(1 + ngy™)
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n ieS jeN S
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The signatory abatement cost is (q;Y:
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The dominant strategy abatement cost is @
2 . 2
(4))"  1[1+npy™
R o —ri(0+9)
2
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The gain from leaving is the reduction in abatement cost M:
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2 qg)z 1 n2 n Behavior and the
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Putting these results into (6), then simplifying results in the individual internal stability condition, IS;(S):

IS;(S

n 2
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Simplifying the first two terms results in the following:
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Then add the cost term from above — 5
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Combining terms results in the following:
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The final step involves summing this up across all i € S to get a coalition stability condition, Strategic
o(8)=XiesISi(S) = Tiesl* (8) — 7' (S i)] > 0: Behavior and the
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Which simplifies to the following (equation (8)):
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