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Abstract: Climate geoengineering might reduce the economic and ecological impacts
of global warming. However, its governance is challenging: since climate preferences
vary across countries, excessive climate geoengineering relative to the socially optimal
level is a likely risk. Through a laboratory experiment on a public good-or-bad game,
we study to what extent side payments can curb geoengineering efforts and restore
efficiency. Although the availability of side payments is theoretically effective, its im-
pact is modest in the experiment, especially in a multilateral setup. Replacing un-
structured bilateral agreements with a structured framework improves outcomes.
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GEOENGINEERING OFFERS A POSSIBLE WAY to cope with the climate emergency.
However, its implementation at a planetary level remains uncharted territory for scien-
tists and policy makers. The discussion on geoengineering has gained traction after the
signing of the Paris Agreement, whose long-term goal is to limit global temperature
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increases to below12.0°C. Participating governments made pledges to reduce emissions
and contribute to a fund aimed at compensating for climate damage in the most vulner-
able countries. The resulting policies have made emissions peak in several Organisation
for Economic Co-operation andDevelopment (OECD) countries, and efforts are under-
way to slow emissions in various non-OECD countries. Nevertheless, even if emission
reductions occur at scale, the inertia in the climate and socioeconomic responses may call
for additional strategies to deal with the rising climate risks that past and current emis-
sions have already committed our planet to.

A strategy that has been researched and discussed for a while involves direct manip-
ulation of the Earth’s temperature through solar radiation management (SRM). Re-
ducing incoming solar radiation can lower temperatures rapidly and, thus, limit climate
impacts. This can be achieved, for example, by injecting reflecting aerosol particles into
the stratosphere, mimicking the well-studied consequences of volcanic eruptions. SRM
interventions can be climatically effective (Irvine et al. 2019; Kravitz et al. 2021) and
economically appealing (Barrett 2008). This study employs a laboratory experiment to
shed light on the strategic impacts of SRM, which are largely unknown yet critically
important.

Climate geoengineering could substantially alter the strategic incentives of nations
and raise significant governance challenges (Schelling 1996; Victor et al. 2009; Horton
et al. 2018; Sugiyama et al. 2018; Rickels et al. 2020). In the model introduced by
Weitzman (2015), nations have diverse ideal temperatures and can unilaterally use
geoengineering to cool the planet. National diversities originate from heterogeneous ex-
posure to climate damage resulting from different geographical locations. In equilibrium,
this public good-or-bad setting is characterized by excessive levels of geoengineering.
Given the low marginal cost of geoengineering, the country with the highest preference
for cooling the planet uses this technology to a level that will hurt most other countries
and, thus, decrease global welfare. The overprovision of effort is termed “free driving,” in
contrast to the well-known free-riding phenomenon characterizing public goods. Abatayo
et al. (2020) provide experimental evidence of free driving and its welfare-deteriorating
consequences. This study follows up by investigating a possible way to restore geo-
engineering toward a socially optimal level.

To curb free driving, Weitzman (2015) proposes a top-down approach involving a
binding international treaty established through voting. Weitzman’s approach follows
early climate negotiation attempts aimed at an integrated global contract. In contrast,
this study takes a decentralized and voluntary approach, which is more common to later
decision to publish, or preparation of the paper. We thank the editor Christian A. Vossler and
two anonymous reviewers for their excellent comments. We also thank participants at the 2022
Symposium onMarkets and Sustainability in Amsterdam, 2022 EAERE conference in Rimini,
and 2022 Economic Science Association (ESA) European meeting in Bologna for insightful
discussions.
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climate negotiations, such as the voluntary national pledges framework of the Paris
Agreement. We allow individual nations to offer side payments to others and make
the transfer conditional to the receiver following a requested geoengineering effort.1

In principle, side payments can promote international cooperation when countries are
heterogeneous (Barrett 2005), observed, for instance, in freshwater international dis-
putes (Dinar 2006). In our context, heterogeneity arises from the different regional pref-
erences for geoengineering. Countries damaged by excessive geoengineering may hence
find it beneficial to offer adequate compensations to those overexploiting such technology
to induce them to limit their cooling efforts.

Side payments have already been proposed in climate change agreements as an ef-
fective policy instrument for making a small environmental treaty effective (Kverndokk
1993) and as a way to enlarge an existing climate club (Saelen 2016). The Green Cli-
mate Fund in the Paris Agreement can also be seen as a side payment arrangement
where developed nations can help vulnerable societies to adapt to the impacts of climate
change and finance their green transition. This solution has also been shown to foster
efficient outcomes in various lab experiments (e.g., Hoffman and Spitzer 1982, 1985).2

We conducted a laboratory experiment to study the empirical effectiveness of side
payments to limit free driving and restore efficiency. The experiment comprises two
benchmark scenarios in the Baseline treatment and four scenarios where side payments
are available. We manipulated the number of decision makers and the structure of the
side-payment scheme. Economies included either two decision makers (N 5 2) or six
decision makers (N 5 6). Side payments could take the form of bilateral agreements
that any party can make across a wide range of possible transfers and geoengineering
targets (Decentralized treatment). As documented in Hoffman and Spitzer (1982)
and Dixit and Olson (2000), however, this setup can become increasingly complex as
the action space widens and the number of decision makers increases.

Alternatively, side payments could be implemented in a structured setting where the
action space is simplified to ease coordination (Structured treatment): offers are made
jointly by the decision makers with lower preferences for geoengineering, and the result-
ing side payments are distributed equally among decision makers who limit their geo-
engineering efforts. This setup mirrors the creation of negotiation blocs of homoge-
neous countries, a typical process in UN Framework Convention on Climate Change
(UNFCCC) negotiations, where countries that are similar in their vulnerability to cli-
mate change, such as the Alliance of Small Island Developing States, negotiate at smaller
1. Our experiment focuses on a scenario where the geoengineering technology is already
available to all decision makers and no investment is necessary to develop it. We use the term
“effort” to refer to the (costly) use of such a technology.

2. Allowing side payments is in line with the Coasian bargaining approach to externalities.
We report experiments on the Coase theorem in appendix table D.6 (the appendix is available
online) and discuss them in the concluding section.
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tables and find common ground before engaging in broader negotiations. In the design,
we first limit the set of side-payment actions and then define how side payments should
be shared. In the setting with N 5 2, the Structured treatment only restricts the offer
space relative to the Decentralized treatment. In the multilateral setting of N 5 6, the
Structured treatment also implies an equal division of the received side payments within a
negotiation bloc. With this staggered design, we can disentangle which feature of the
structured negotiationmay help increase coordination compared to Decentralized, if any.

Our experimental results show that the availability of side payments has limited ef-
fectiveness in curbing free driving, especially in the multilateral setting.While side pay-
ments could theoretically enable decision makers to achieve the socially optimal use of
geoengineering, efficiency improves only by a modest amount in the Decentralized
and Structured treatments compared to Baseline. A deeper analysis reveals the reasons
for this failure. Participants tried to move away from the free-driving outcome through
a flurry of side-payment offers. However, many offers were inadequate, as they were
not in the mutual interest of both the sender and receiver. Furthermore, some adequate
offers were not taken up. As a result, too few side payments took place. For instance, in
Structured, the side payments’ frequency was 48% in economies of two and only 28% in
economies of six. Efficiency was higher in economies where more side payments oc-
curred, as theory would suggest. Behavioral forces such as confusion, social preferences,
or low stakes played a minor role in determining this outcome. As stated in the Con-
clusion, studying these patterns further may help design more effective institutions.

This study brings original contributions to the growing stream of experimental
studies about climate change. The extant literature has mostly focused on emission
reduction strategies. Experiments often involve modified versions of the voluntary
contribution public good game and focus, for instance, on the role of tipping points
(Tavoni et al. 2011; Barrett and Dannenberg 2017), uncertainty of impacts (Barrett
and Dannenberg 2012; Ghidoni et al. 2017), dynamic externalities (Sherstyuk et al.
2016; Calzolari et al. 2018), or commitment devices (Dengler et al. 2018).3 There is
much less work about climate geoengineering. Abatayo et al. (2020) have investigated
the public good-or-bad game by Weitzman (2015), which captures a situation where
the stock of emissions has already reached a dangerous level, and climate damage can
only be avoided through geoengineering. This setting alters in fundamental ways the
strategic environment of a public good game: (1) decision makers differ in their goals
about the global geoengineering level; (2) the provision cost is low, and, more precisely,
it is lower than the potential benefit of climate geoengineering; (3) decision makers are
characterized by single-peaked preferences over the global outcome, leading to penalties
both in case of over- and underprovision.
3. Another strand of the experimental literature investigates the efficacy of emission trading
schemes (e.g., Cason 1995; Jakob et al. 2017).
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The remainder of the paper is organized as follows: section 1 provides a description
of the experiment, including the illustration of the public good-or-bad game and its
treatments, as well as details on the experimental procedures; section 2 presents the
theoretical benchmarks; section 3 presents the main experimental results and the un-
derlying the mechanisms; and section 4 concludes.

1. THE EXPERIMENT

1.1. Public Good-or-Bad Game

The theoretical model follows the public good-or-bad (GoB) game by Weitzman
(2015), which considers an economy of N ≥ 2 decision makers choosing their
geoengineering efforts independently. The interaction lasts for a finite number of peri-
ods, T. At the beginning of every period, each decision maker i receives an endowment
E, which can be used to exert a geoengineering effort, gi, bounded below by zero and
above by�g.4 The marginal effort cost is a > 0. Decision makers choose their effort level
simultaneously and observe all effort decisions in the economy at the end of each pe-
riod. The sum of the efforts in the economy determines the global geoengineering level,
G 5 oN

i51gi. Decision makers have different ideal levels of global geoengineering, G＊
i

(henceforth, ideal point). Furthermore, preferences for global geoengineering are single
peaked: decision maker i incurs losses whenG is either above or belowG＊

i . For simplic-
ity, we assume that i suffers the same loss if G undershoots or overshoots G＊

i by the
same amount. The marginal loss of deviations from G＊

i is larger than the marginal ef-
fort cost, λ > a. Hence, decision maker i’s stage-game payoff is:

pi 5 E – agi – λ G – G＊
ij j  : (1)

In the experiment, E 5 150, a 5 4, λ 5 10, and gi is an integer number with�g 5 15.
All parameters are public information.

This characterization of geoengineering entails four simplifying assumptions that
make the experiment tractable. First, geoengineering is the only climate strategy avail-
able (other climate strategies, such as mitigation and adaptation, are ruled out).5 Sec-
ond, geoengineering outcomes are fully deterministic, and we abstract from indirect
risks like its effects on ozone levels or rainfall.6 Third, the GoB game assumes a repeated
4. For simplicity, we rule out counter-geoengineering, i.e., the possibility to undo other de-
cision makers’ efforts by choosing gi < 0 (see Heyen et al. [2019] and Abatayo et al. [2020], for
discussions on the effects of counter-geoengineering).

5. While mitigation and adaptation require cumulative investments over several years,
geoengineering is a short-term strategy. Therefore, we believe that analyzing this climate strat-
egy in isolation makes sense.

6. There is much scientific uncertainty regarding the link between the injection of aerosols
and global cooling. To our knowledge, only Proctor et al. (2018) have investigated this link
in the field. When Mount Pinatubo in the Philippines erupted in 1991, the eruption injected
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but static interaction: geoengineering efforts in a given period do not affect the temper-
ature in subsequent periods. Fourth, decision makers only differ in their ideal pointsG＊

i ,
while they have an identical initial endowment, action space, effort cost, and losses from
deviations from G＊

i .

1.2. Treatments

The experiment comprises three treatments—Baseline, Decentralized, and Struc-
tured—differing in the availability of side payments and the way to negotiate them.
At the beginning of each session, decision makers were randomly assigned their ideal
point, which remained fixed throughout the session. Within each economy, we
matched decision makers with different ideal points to generate a conflict over the op-
timal level of global geoengineering. All sessions included both bilateral andmultilateral
interactions. Decision makers interacted in fixed pairs ofN 5 2 in the first 10 periods
(parts 1 and 2). We then pooled together three economies of two to form an economy
of six, and the same decision makers interacted in a fixed group of N 5 6 in the fol-
lowing 15 periods (part 3).

While the multilateral setting is closer to reality, the bilateral setting is simpler to
analyze and easier to understand for the participants. By comparing N 5 2 and N 5
6 outcomes, we can shed some light on how the complexities due to multilateralism
Figure 1. Experimental sessions. Number of participants (no. sessions) were 72 (3) in Base-
line, 72 (3) in Decentralized, and 120 (5) in Structured. Session dates: May 21, 2018, May 23,
2018, May 24, 2018, June 11, 2018, June 18, 2018, June 20, 2018, and June 28, 2018. Data
from the Baseline sessions have already been used by Abatayo et al. (2020).
20 Mt of SO2 into the atmosphere and cooled the planet by 0.5°C. However, under different
wind, weather, and temperature conditions, the resulting global cooling may have been different.
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can affect geoengineering governance. In the Decentralized and Structured treatments,
participants faced the same rules as in the Baseline treatment during part 1, while the rules
were treatment specific in parts 2 and 3 (fig. 1). This structure enabled participants in
all treatments to familiarize themselves with the simplest version of the GoB game and
provided us with a common performance measure to assess the treatment effects.7 We
now describe each treatment in detail.

1.2.1. Baseline

The stage game in this treatment corresponds to the GoB game described in sec-
tion 1.1. In each session, four decision makers received a low ideal point G＊

i 5 2
(L1, L2, L3, L4), four received a medium ideal point G＊

i 5 6 (M1, M2, M3, M4),
and four received a high ideal point G＊

i 5 10 (H1, H2, H3, H4). We adopted the fol-
lowing matching protocol to generate six independent economies of two in parts 1 and
2 and two independent economies of six in part 3. Economies of two combined (L1,
M1), (L2, H2), (M2, H1), (L3, M3), (L4, H4), and (M4, H3), respectively. Economies
of six combined (L1, L2,M1,M2,H1,H2) and (L3, L4,M3,M4,H3,H4), respectively,
which ensured the same number of low, medium, and high ideal points within every
economy of six.8

1.2.2. Decentralized

In this treatment, side payments take the form of bilateral agreements between two de-
cision makers. Each period has two stages. First, each decision maker can offer a side
payment to any other decision maker in the economy in exchange for a requested level
of geoengineering effort. Next, all offers are publicly displayed, and decision makers
choose their effort (with the same GoB game as in Baseline). Under both N 5 2
and N 5 6, every decision maker i can make at most one offer to a decision maker j
for an amount Ti,j between 1 and 150. The offer is binding as the side payment auto-
matically occurs if the receiver satisfies the sender’s request. Requests must specify an
effort lower than, greater than, or equal to an arbitrary level between 0 and 15.9 The
per-period payoff of decision maker i is:

pi 5 E – agi – λjG – G＊
i j – Ii,j × Ti,j 1o

j≠i
Jj,i × Tj,i

� �
: (2)
7. A drawback of this design is the lack of control for potential order effects, which could
complicate the identification of the impact of N 5 6. We quantified the magnitude of order
effect through an econometric analysis that exploits the variations in parts 1 and 2 on outcomes
in part 3. Our findings suggest that order effects have limited significance (see n. 26).

8. This matching protocol ensures that decision makers who have interacted with each other
in the economies of two (parts 1 and 2) will interact with each other again in the economies of
six (part 3).

9. In the experiment, the offer was framed as follows: “I will transfer XXX tokens if you
produce an amount lower than/greater than/equal to YYY units.”
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where Ii,j 5 1 if imade an offer to j and j satisfied i’s request and Ii,j 5 0 otherwise, and
Jj,i 5 1 if i received an offer from j and satisfied j’s request and Jj,i 5 0 otherwise.

1.2.3. Structured

In this treatment, side payments are designed to facilitate coordination by mimicking
the existence of negotiating blocs that pre-agree on a set of conditions. Compared to
Decentralized, the Structured treatment exhibits three differences. First, not everyone
is allowed to make an offer: the decision makers with the highest ideal point in the econ-
omy can only receive offers but not make them. Hence, there can be at most one offer
under N 5 2 and four offers under N 5 6. Second, the offer space is simplified. The
offered amountTi and the requested effort can only be chosen from a subset of elements
including those leading to the efficient equilibrium: the requested effort could be 2 or 6 and
the offered amount 34 or 70. Third, underN 5 6, side-payments negotiations are across
negotiation blocs. For one thing, side payments are only enacted if both high-ideal-point
decision makers jointly satisfy the request by splitting geoengineering efforts equally
(1 1 1 or 3 1 3). Moreover, when the two high-ideal-point decision makers satisfy
the requests for receiving one or more side payments, the offered amounts are pooled
and equally split between them.10 Thus, under bothN 5 2 andN 5 6, the per-period
payoff of a decision maker i who can make offers is:

pi 5 E – agi – λ G – G＊
ij j – Ii × Ti  : (3)

The stage-game payoff of a decision maker j who can only receive offers is:

pj 5 E – agj – λjG – G＊
j j 1 Ii × Ti if N 5 2, (4)

pj 5 E – agj – λjG – G＊
j j 1o

i≠j
Ii × Tið Þ/2 if N 5 6:(5)

UnderN 5 2, Ii 5 1 if imade an offer and j satisfied i’s request, and Ii 5 0 otherwise.
UnderN 5 6, Ii 5 1 if imade an offer and the request was satisfied by both high-ideal-
point decision makers, and Ii 5 0 otherwise.

1.3. Experimental Procedures

A team of two participants constituted the basic decision-making unit in all treat-
ments. We used teams to capture the collective processes behind national choices
generated by countries. Moreover, teams are generally considered more rational than in-
dividuals making decisions in isolation (see, e.g., Charness and Sutter 2012). The team
composition was random and kept constant throughout the session. The team members

(5)
10. This outcome is viable in the Decentralized treatment as well, but substantial coordina-
tion is necessary to achieve it.
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could communicate via chat for up to one or two minutes in each period and had to
reach unanimous decisions. No eye contact was possible among participants.

Although we ruled out communication among teams, climate negotiations involve
this type of communication.11 To assess the robustness of our results, it would be in-
teresting to study the impact of communication among teams.12 While pre-play com-
munication can boost cooperation in social dilemma experiments (see Balliet [2010] for
a meta-analysis), a behavioral prediction about its effect in the Baseline GoB game is
not clear cut. Communication may ease coordination on offer decisions in the Decen-
tralized and Structured treatments, given the multiplicity of equilibria. Yet, the exper-
imental evidence from coordination games suggests that the specific type of game and
communication protocol matter considerably for the outcome (Ellingsen and Östling
2010). For these reasons—and for the additional hurdle of having here teams as deci-
sion makers—a dedicated study of geoengineering with communication among deci-
sion makers could be a fascinating follow-up.

The experiment was neutrally framed: we never mentioned climate change; decision
makers were referred to as “teams,” economies as “groups,” and geoengineering as “produc-
tion.”At the beginning of each part, the experimenter handed out the relevant instructions
and read them aloud (see app. B.1; apps. A–Hare available online). Participants completed
a quiz on the instructions (see app. B.2) and were asked to write on paper the results for
each period to ensure that they paid attention. The software featured a built-in calculator
that participants could use to simulate their earnings by entering hypothetical efforts.13 Be-
fore leaving the lab, participants completed a questionnaire (see app. B.3).

A total of 264 students participated in the experiment, divided into sessions of ex-
actly 24 participants; they were recruited via ORSEE (Greiner 2015). All sessions
were conducted at the BLESS laboratory of the University of Bologna.14 On average,
participants earned 21 EUR.15 The experiment was programmed with zTree (Fisch-
bacher 2007).
11. One could argue that the screen displaying all offers made in the economy, coupled with
the many periods of repeated interaction, is a form of structured communication among teams.

12. We thank the editor and an anonymous referee for this suggestion.
13. In Structured, participants were also allowed to simulate the payoff impact of paying or

receiving side payments.
14. We conducted two additional sessions of Structured because we detected a bug in the soft-

ware after the first three sessions. The bug, which affected five out of six economies in part 3, con-
cerned the visualization of the results in the final screen of some periods. Recall that a side pay-
ment in Structured is only enacted if both H teams satisfy the request. The bug occurred when
only one H team’s effort matched the request: the left side of the screen showed the correct in-
formation (i.e., thatH teams did not receive the side payment), while the right side showed oth-
erwise. Payoffs were computed correctly. Since robustness checks show that the bug did not have
an impact on any outcome (see app. E), we decided to use data from all sessions for our analyses.

15. Including a show-up fee of 8 EUR; conversion rate 0.01 EUR 5 2 tokens.
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2. THEORETICAL BENCHMARKS

To evaluate the empirical results, we present the theoretical benchmarks of the social
optimum (SO) and the subgame perfect Nash equilibria (SPNE). Our measure of so-
cial optimality is the total surplus, that is, the sum of all decision makers’ payoffs in the
economy in a period. We first analyze economies of two and then economies of six.
Table 1 provides an overview of the benchmarks across conditions. Note that, in
the GoB game, the repeated-game equilibria correspond to the (finite) repetition of
the one-shot game equilibria.16
Table 1. Theoretical Benchmarks

Economies of Two (N 5 2) Economy of Six (N 5 6)

Economy
(L, M)

Economy
(L, H)

Economy
(M, H)

Economy
(L, L, M, M, H, H)

SO G 5 2 G 5 2 G 5 6 G 5 6

SPNE Baseline gL 5 0,

gM 5 6

gL 5 0,

gH 5 10

gM 5 0,

gH 5 10 gH1 1 gH2 5 10

SPNE Decentralized:

Efforts gL 5 0,

gM 5 2

gL 5 0,

gH 5 2

gM 5 0,

gH 5 6 gH1 1 gH2 5 10 gH1 1 gH2 5 6

Side payments TL 5 –25 TL 5 –49 TM 5 –25 None TL1 1 TL2 1

TM1 1 TM2 5 –66

SPNE Structured:

Efforts gL 5 0,

gM 5 2

gL 5 0,

gH 5 2

gM 5 0,

gH 5 6 gH1 1 gH2 5 10 gH1 1 gH2 5 6

Side payments TL 5 –34 TL 5 –70 TM 5 –34 None TL1 1 TL2 1

TM1 1 TM2 5 –68

Gini index (SO) .10 .21 .14 .05 .05

Gini index (SPNE) .04 .12 .01 .13 .04
16. In this section, w
The formal proofs for
e report benchmarks for the specific
a general N are in app. A.
parameters use
Note. For N 5 6, only strictly positive efforts are reported (efforts equal to 0 are omitted). The range
of Pareto-improving side payments T varies among economy types, with intervals of [24, 40], [48, 80], and
[24, 40] in (L, M), (L, H), and (M, H) economies, respectively, and [64, 80] in (L, L, M, M, H, H) econ-
omy. In Structured, where only two side-payment levels are available, optimal side payments fall within
these intervals. In Decentralized, the reported side-payment level is the minimum that makes receivers
strictly prefer it over their Baseline earnings. For N 5 2 the Gini index was computed using cumulative
equilibrium earnings over five periods. For N 5 6 the Gini index was computed using cumulative equilib-
rium earnings over 15 periods. SPNE 5 subgame perfect Nash equilibria; SO 5 social optimum.
d in the experiment.
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2.1. Economies of Two

We present the social optimum and the SPNE for N 5 2.

Proposition 1 (Social optimum with N 5 2): A level of global geoengineering
equal to the lowest ideal point in the economy is socially optimal in all treatments.

It follows from proposition 1 that the socially optimal level of global geoengineering
is 2 in the economies (L,M) and (L, H) and 6 in the economy (M, H). The intuition
behind this proposition rests on the linearity and symmetry of payoff losses when de-
viating from ideal points, λ > 0, as well as on the need to save on effort costs, which
make a level of global geoengineering equal to the lowest ideal point the most efficient
outcome. Any combination of individual efforts that sums up to that level is socially
optimal because, by design, the marginal effort cost a is positive and the same for all
decision makers.17

Proposition 2 (SPNE with N 5 2): The SPNE is unique in all treatments.
17.
would
• In Baseline, the highest ideal point among decision makers determines
the level of global geoengineering. The decision maker with the highest
ideal point puts in all the effort, and the other puts in zero.

• In Decentralized, the lowest ideal point among decision makers deter-
mines the level of global geoengineering. The decision maker with the
highest ideal point puts in all the effort, while the other puts in zero.
A side payment of 25 occurs in the economies (L, M) and (M, H),
and a side payment of 49 occurs in the economy (L, H).

• In Structured, the lowest ideal point of decision makers determines
the level of global geoengineering. The decision maker with the highest
ideal point puts in all the effort, while the other puts in zero. A side
payment of 34 occurs in the economies (L, M) and (M, H), and a side
payment of 70 occurs in the economy (L, H).
The SPNE outcome outlined in proposition 2 is socially optimal in Decentralized
and Structured but not in Baseline. In Baseline, there is free driving because the pref-
erence of the decisionmaker with the highest ideal point prevails as each decisionmaker
has a unilateral incentive to exert effort until its ideal point is reached. This imposes an
excessive level of geoengineering on the lowest-ideal-point decisionmaker. Off-equilibrium,
if the latter exerts some effort, it will just induce an equivalent effort reduction by the
If a were equal to zero, then any global geoengineering level between the two ideal points
be socially optimal.
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decision maker with the highest ideal point (who will save on the effort cost) without
any change in the final global geoengineering outcome. Hence, since efforts are substi-
tutes, the best response of the team with the lowest ideal point is to exert zero effort.
Finally, it is worth noticing that inequality is less under the SPNE outcome than under
the social optimum in all economy types.18

To better understand the GoB platform, it may be helpful to consider some anal-
ogies between the Baseline treatment withN 5 2 and a canonical dictator game. First,
the decision maker with a high ideal point is similar to a dictator, and, in equilibrium,
the decisionmaker with a low ideal point gets a payoff set by the other, like the recipient
in a dictator game. Second, assigning ideal points in the GoB game is like assigning roles
in a dictator game. Third, equilibrium payoffs are highly unequal in both games. How-
ever, other design differences suggest caution in comparing experimental results be-
tween the two games. In a GoB game, all decision makers are active players, as they
can exert a geoengineering effort. A positive effort by a low-ideal-point decision maker
would be an off-equilibrium behavior but, in principle, possible.19 Another subtle dif-
ference concerns the framing of the distributional conflict. In the dictator game, the
framing is clear: there is a fixed endowment, and one party unilaterally decides how
much to give to the other, with a unique equilibrium at the corner. Instead, in the
GoB game, the total surplus can vary, and the equilibrium solution is an interior point
of the action space.

In the Decentralized and Structured treatments, the low-ideal-point decisionmaker
is better off compensating the high-ideal-point decision maker for reducing its effort. In
equilibrium, the offered amount represents the minimum feasible side payment that
receivers will accept in exchange for reducing their effort. The offered amounts differ
between the Structured and Decentralized treatments as a result of variations in the
width of the offer space in each treatment. Besides receiving the side payment, a deci-
sion maker who meets the request also saves on the effort cost. Hence, in equilibrium,
the total surplus in Decentralized and Structured surpasses that in Baseline and cor-
responds to the socially optimal one. Crucially, all economies can achieve this outcome
because offers are binding.
18. The effort cost sustained by the highest-ideal-point decision maker is higher at the
SPNE than at the social optimum. This cost reduces the difference between the two decision
makers’ payoffs. Conversely, the effort cost at the social optimum is cheaper than at the SPNE,
resulting in higher payoff differences.

19. This GoB game’s feature echoes experiments where a punishment technology is available
to the disadvantaged player. Consider an ultimatum game where, for instance, the proposer
keeps $9 and offers $1 to the responder. By rejecting, the responder gives up $1 and inflicts
damage of $9 to the proposer. In a GoB game, this fee-to-damage ratio is around 1 :1 instead
of 1:9, which is less appealing because it does not lower earnings inequality in the pair and re-
quires much stronger other-regarding preferences to be attractive.
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2.2. Economies of Six

Under N 5 6, the social optimum and SPNE change due to the different composi-
tion of the economy.

Proposition 3 (Social optimum with N 5 6): A level of global geoengineering
equal to G 5 6, the medium ideal point in the economy, is socially optimal in
all treatments.

The driving forces behind proposition 3 are the presence of three diverse, equally
spaced ideal points in the economy and the symmetric linear losses for deviations from
these ideal points.

Proposition 4 (SPNE with N 5 6 in Baseline): The highest ideal point among
decision makers, G＊ 5 10, determines the SPNE level of global geoengineering.
There exist multiple equilibria because the two decision makers with the highest
ideal point can share geoengineering efforts as they like. The others always put
in zero effort.

The intuition behind the inefficient free-driving outcome withN 5 6 described in
proposition 4 follows a similar logic to that of proposition 2 for N 5 2. In economies
of six, however, the SPNE is characterized by more inequality than the social opti-
mum. Furthermore, decision makers with the high ideal point need to coordinate their
efforts to achieve a global geoengineering level equal to 10.
Proposition 5 (SPNE with N 5 6 in Decentralized and Structured): There exist
multiple SPNE:

• Free-driving equilibria in Decentralized and Structured: as in Baseline,
there exist multiple equilibria without side payments, leading to the in-
efficient outcome G 5 10.

• Side payments equilibria in Decentralized: there exist multiple equilib-
ria characterized by the socially optimal outcome G 5 6 and involving
side payments. These equilibria prescribe two out of four decision
makers with low or medium ideal points to offer a side payment of 33
to each of the high-ideal-point decision makers in exchange for a total
effort of 6. The high-ideal-point decision makers satisfy the requests.

• Side payments equilibria in Structured: there exist six equilibria char-
acterized by the socially optimal outcome G 5 6 and involving side
payments. These equilibria prescribe two out of four decision makers
with low or medium ideal points to offer a side payment of 34 to the
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high-ideal-point decision makers in exchange for an effort of 3 each.
The high-ideal-point decision makers satisfy the requests.
Proposition 5 highlights how the equilibrium sets of Decentralized and Structured
under N 5 6 are particularly rich. In the free-driving equilibria, no offer is made, and
the outcome is identical to that of Baseline. Free driving remains a possible equilibrium
outcome in Decentralized and Structured because, by design, a single decision maker is
incapable of offering an adequate side payment to compensate both high-ideal-point
decision makers for a substantial effort reduction. The free-driving equilibria are Pareto
inferior to the ones with side payments. Moreover, they are not coalition stable, as the
joint offer of two decision makers can move the economy to an equilibrium with side
payments.20

The socially optimal outcome of 6 is sustainable if the high-ideal-point decision
makers are compensated through adequate side payments by two decision makers with
lower ideal points. In both Decentralized and Structured, any combination of two de-
cision makers with low or medium ideal points has the incentive to offer a sufficient
amount to achieve the social optimum: (L1, L2), (L1, M1), (L1, M2), (L2, M1), (L2,
M2), and (M1,M2). This raises a coordination problem among the four decision mak-
ers with lower ideal points. Structured simplifies this problem by limiting the action
space and giving more structure to the admissible offers.21

3. RESULTS

3.1. Aggregate Results

Before presenting the results on side payments, we report key statistics for the Baseline
treatment.22 The Baseline treatment data are the same used in Abatayo et al. (2020) to
address a different research question and strongly support the free-driving hypothesis.
The modal level of global geoengineering corresponded to the inefficient SPNE out-
come both in economies of two and six (fig. C.1 and fig. 2, respectively; figs. C.1–
C.5, E.1, F.1, G.1, H.2 are available online). Moreover, teams with high ideal points
While the system of side payments that ensures the coalition stability is zero-sum as in
ty et al. (2012), our strategic context is different since we focus on a public good-or-bad
nstead of a public good game.
In Structured, levels of global geoengineering below the socially optimal one cannot be
d in equilibrium. Consider, for example, a case where the two low ideal point decision
s offer an amount of 70 each in exchange for a global geoengineering level of 2. The
eal-point decision makers would find it profitable to adjust their efforts to satisfy such
est. However, either one of the medium ideal point decision makers would have an indi-
incentive to increase its effort to reach a global geoengineering level of 6.
In all our analyses, we consider teams as the decision-making unit. Hence, we collapse
bject-level data at the team level. We examine within-team disagreements on effort and
ecisions in app. F.
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in economies of two provided on average 91% of the total effort in the economy. The
analogous figure for economies of six is 86% (fig. C.4). Next, we report on the aggregate
effects of side payments’ availability on global geoengineering, total surplus, and
inequality.

Result 1: While Decentralized did not reduce free driving, Structured partially did
and improved welfare, albeit moderately.

Support for result 1 is in figure 2 and table 2. We first focus on economies of six.
On average, global geoengineering was 9.8 in Baseline, 9.5 in Decentralized, and 8.2 in
Structured.23 According to Wilcoxon-Mann-Whitney tests (table 2), the reduction in
global geoengineering compared to Baseline is statistically significant for Structured
(p 5 :020, 16 observations), but not for Decentralized (p 5 :228, 12 observations).
As in Baseline, the modal outcome corresponded to the free-driving outcome of 10 in
both Decentralized and Structured (fig. 2). However, global geoengineering distribu-
tions in these two treatments were slightly more skewed toward lower levels than in
Baseline. This pattern is especially visible in Structured, where the second most fre-
quent global geoengineering outcome was 6 (i.e., the socially optimal level). In fact,
the global geoengineering distribution in Structured is roughly bimodal, with 10
and 6 almost on par as the most likely outcomes.
Figure 2. Global geoengineering in economies of six. Vertical lines mark average global
geoengineering levels by treatment. Solid markers indicate the equilibrium predictions with side
payments, which coincide with the socially optimal level; hollow markers indicate equilibrium
predictions without side payments (free driving). The unit of observation is one economy in
a period of part 3.
23. In all treatments, average global geoengineering was relatively stable across periods. Out-
comes were lower in Structured than in Baseline in all periods (fig. C.2b).
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In Structured, levels of global geoengineering closer to the social optimum positively
reflected on the total surplus, computed as the sum of all teams’ earnings in an economy
in a period, which was 8 percentage points higher than that in Baseline and statistically
significantly so (p 5 :030, 16 observations). Instead, the total surplus in Decentralized
was only 3 percentage points higher than that in Baseline, and the difference is not sta-
tistically significant (p 5 :522, 12 observations). Neither Decentralized nor Struc-
tured had a significant impact on inequality, as measured by the Gini index calculated
on cumulative earnings in an economy at the end of part 3 (p ≥ :129, 12 and 16 ob-
servations, respectively).

Patterns in economies of two confirm the evidence from economies of six. When
pooling data from all types of economies in part 2, a series ofWilcoxon-Mann-Whitney
tests fail to detect a treatment effect of Decentralized on any of the three outcomes of
interest (table 2; p 5 :506 for global geoengineering, p 5 :635 for total surplus,
Table 2. Descriptive Statistics and Tests of Economy-Level Variables

Baseline Decentralized Structured

Mean (SD) Mean (SD) p-value Mean (SD) p-value

Part 1:
Global
geoengineering 8.133 (1.922) 8.078 (1.577) .812 8.200 (2.037) .848

Total surplus 205.467 (26.803) 207.244 (24.353) .800 203.867 (29.274) .741
Gini index .051 (.040) .051 (.031) .704 .046 (.043) .594
Observations 18 18 30

Part 2:
Global
geoengineering 8.289 (2.229) 8.033 (2.252) .506 6.327 (2.683) .020

Total surplus 203.067 (35.624) 197.867 (38.602) .635 215.627 (34.192) .166
Gini index .051 (.044) .055 (.028) .359 .046 (.045) .565
Observations 18 18 30

Part 3:
Global
geoengineering 9.844 (.986) 9.500 (.530) .228 8.240 (1.419) .020

Total surplus 586.400 (41.675) 605.333 (30.198) .522 632.640 (42.948) .030
Gini index .088 (.017) .092 (.013) .749 .078 (.017) .129
Observations 6 6 10
Note. p-values refer to Wilcoxon-Mann-Whitney exact tests of Baseline vs. Decentralized and Baseline
vs. Structured; the null hypothesis is that the samples come from the same population. The unit of obser-
vation corresponds to an economy of six in part 3; the unit of observation is the average of the three econ-
omy types of two in parts 1 and 2. Global geoengineering and Total surplus are computed as the average
outcome in an economy in a given part of the experiment; the Gini index is computed on cumulative earn-
ings in the last period of each part.
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p 5 :359 for inequality).24 Instead, we identify a negative and statistically significant
effect of Structured on global geoengineering (p 5 :020) but not on the other two di-
mensions (p 5 :166 for total surplus, p 5 :565 for inequality).25

Overall, Structured was more effective than Decentralized in curbing global
geoengineering. UnderN 5 6, two aspects set the designs of Decentralized and Struc-
tured apart. On the one hand, the institutional setting is different: in Decentralized,
only bilateral agreements are available, while in Structured, there are negotiating blocs.
On the other hand, the offer space is wider in Decentralized than in Structured. Our
design allows us to test to which extent these aspects contributed to achieving more
efficient outcomes in Structured. A first insight comes from the observation that in
part 2 with N 5 2, where Decentralized and Structured only differ in the offer space
width, Structured already outperformed Decentralized in a statistically significant way
(p 5 :005, see Wald test in table D.3).

A difference-in-difference approach can provide a more formal test of the relative
importance of the institutional setting versus the offer space width. If the more efficient
outcomes of Structured in part 3 are due to its institutional setting, we should expect
the difference in global geoengineering between Structured and Decentralized to in-
crease from part 2 to part 3. Instead, if the offer space width is crucial, the observed
difference whenmoving from part 2 to part 3 will be roughly the same for Decentralized
and Structured. The evidence supports the latter interpretation: the prime determinant
of the more efficient outcomes observed in Structured is the smaller offer space rather
than the different institutional setting. Indeed, the estimated difference-in-difference co-
efficient is small and statistically insignificant (β 5 –0:468 and p 5 :535 according to
a wild cluster bootstrap linear regression).26 Note that this evidence does not imply
24. As a robustness check, we implemented one session of Decentralized where instead of
playing part 3 in economies of six, teams played additional 15 periods in economies of two.
These data suggest that even after substantial learning in the simple setting of economies of
two, decentralized side payments were unsuccessful at mitigating free driving (see fig. C.3).

25. Wild cluster bootstrap p-values from linear regressions corroborate the results from
these nonparametric tests (see tables D.2, D.3). We use the wild cluster bootstrap procedure
because of the small number of clusters (Cameron et al. 2008). Similar results are obtained
when clustering standard errors at the economy level.

26. Order effects can complicate the comparison of economies with N 5 6 vs. N 5 2. To
assess the magnitude of possible order effects, we exploit between-economies variation in parts 1
and 2 in global geoengineering outcomes to study their impacts on part 3 global geoengineering
outcomes. More precisely, we employ treatment-specific regressions, where the dependent var-
iable is the global geoengineering level of one economy in a period of part 3 (table D.1). In Base-
line, the independent variable is the average global geoengineering in parts 1 and 2 by the three
economies that will form the economy of six in part 3. For Decentralized and Structured, we
separately include the average global geoengineering level of parts 1 and 2. All estimated coef-
ficients are statistically indistinguishable from zero (p ≥ :277), suggesting that outcomes under
N 5 2 of the experiment played a minor role in shaping outcomes under N 5 6.
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that multilateralism had no impact on the results. In fact, efficiency was low, especially
under N 5 6 in both Decentralized and Structured.

Result 2: Economies with more side payments generally reached higher total
surplus.

Evidence for result 2 comes from table 3 and figure 3. Side payments were much less
frequent than predicted. According to theory, side payments should always be enacted
in both Decentralized and Structured (propositions 2, 4, and 5).27 Table 3 takes an
economy in a period as a unit of observation and shows that, under N 5 2, a side
payment occurred in 29% of the observations in Decentralized and 48% of the obser-
vations in Structured. These patterns are almost flipped under N 5 6, where the
Table 3. Frequency of Offers and Side Payments

Outcome
Frequency

Offer Pattern
Decentralized Structured

N 5 2:

No side payments 71 %
13 (14 %)

51 (57 %)

(
52 %

48 (32 %)

30 (20 %)

(
No offer

Offer not taken

With side payments 29 %
19 (21 %)

7 (8 %)

(
48 %

72 (48 %)

–

(
From team w/low ideal point

From team w/high ideal point

90 (100%) 150 (100%)
N 5 6:

No side payments 32 %
3 (3 %)

26 (29 %)

(
72 %

19 (13 %)

88 (59 %)

(
No offer

Offer not taken

With side payments 68 %

36 (40 %)

20 (22 %)

5 (6 %)

8><
>: 28 %

8 (5 %)

29 (19 %)

6 (4 %)

8><
>:

From one team

From two teams

From more than two teams

90 (100%) 150 (100%)
27. For N 5 6, we
 refer to the side payment equilibria.
Note. One observation corresponds to one economy in a period. Teams with the highest ideal point
could make offers only in the Decentralized treatment. When two offers were made under N 5 6, usually
the senders were the twoM teams in Structured and one L team and oneM team in Decentralized. Under
N 5 6, 93 side payments occurred in Decentralized and 84 side payments occurred in Structured.
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percentage of observations with at least one side payment rises to 68% in Decentral-
ized, while it shrinks to 28% in Structured.

Next, we examine the correlation between the frequency of side payments and the
total surplus in the economy within each treatment condition. Figure 3 illustrates a
scatter plot of the cumulative number of side payments versus total earnings, including
a line of best fit. For N 5 2, there is a statistically significant and positive relationship
in both Decentralized and Structured treatments (p 5 :006 and p 5 :007, respec-
tively). For N 5 6, the correlation is significant and positive in Structured (p 5
:008) but not in Decentralized (p 5 :858). Therefore, under N 5 6, there were
fewer side payments in Structured than in Decentralized, but they were more effec-
tive. This treatment difference can be traced back to the coordination complexity char-
acterizing the Decentralized treatment withN 5 6. Recall that two side payments are
necessary to compensate both high-ideal-point decision makers and reach the social
optimum.While every single offer in Structured automatically targeted bothH teams,
in Decentralized, the offer senders had to coordinate on whom to target. Of the
53 cases where at least two offers to H teams were made in Decentralized, in 36%
of them, only one of the two H teams was targeted. This evidence highlights the lack
of coordination among offer senders and can explain why global geoengineering was on
average higher in Decentralized than in Structured.
3.2. Why Were Side Payments Infrequent?

There are three possible obstacles behind the small number of side payments. First, a
small number of offers were made in the first place. Second, offers were not mutually
beneficial or were otherwise unattractive. Third, even profitable offers were turned
Figure 3. Higher total earnings with more side payments. The dashed (solid) line shows the
linear prediction in Decentralized (Structured). One observation corresponds to an economy at
the end of part 2 in panel A and part 3 in panel B: for N 5 2, 18 observations in Decentralized
and 30 observations for Structured; for N 5 6, 6 observations in Decentralized and 10 obser-
vations in Structured.
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down by their receivers. In this section, we explore the empirical relevance of each of
these obstacles.

Result 3: In Decentralized and Structured, many offers were made under both
N 5 2 and N 5 6.

Evidence for result 3 comes from table 3 and figure 4. The absence of offers under
N 5 6 could be an indication of economies coordinating on the free-driving equilibrium
that survives even in Decentralized and Structured (see proposition 5). However, our
data show that teams tried to avoid this inefficient equilibrium: only in 3% of cases
no offer was made in Decentralized and 13% of cases in Structured (table 3, N 5 6).
Usually, one or more offers were made each period. Yet, receivers often did not satisfy
the requests (59% in Structured and 29% inDecentralized). Hence, forN 5 6, a lack of
offers was not a primary reason for the low number of side payments. Similar patterns
emerge underN 5 2 where the cases without any offer were 14% in Decentralized and
32% in Structured. Among the offers made, 63% were not taken in Decentralized and
20% were not taken in Structured.

Figure 4 provides more details by showing the absolute number of offers and side
payments over time in an average economy of Structured and Decentralized. The fig-
ure shows that there were more offers in economies of six (periods 11–25) than in
economies of two (periods 6–10). The reason for this pattern is most likely a mechan-
ical one: more teams can make offers under N 5 6. The figure also shows that the
average numbers of side payments (i.e., offers that were taken) remained well below
Figure 4. Offers and side payments over time. Economies of two in periods 6–10 (part 2)
and economies of six in periods 11–25 (part 3). One observation corresponds to one economy
in a period.
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the predictions of one and two side payments for N 5 2 and N 5 6, respectively,
with a relatively stable trend. The trend in the number of offers is approximately flat
or declining in all treatment conditions. To facilitate treatment comparisons in figure 4,
we added an extra line for the Decentralized treatment representing the subset of offers
made by decision makers with the lowest ideal point toward those with the highest ideal
point.28

To understand what went wrong, we analyze the type of offers that were made
with particular attention to their incentive compatibility. The analysis focuses on
N 5 2 because this condition provides the cleanest setting to evaluate offers. Assess-
ing the profitability of an offer underN 5 6 is complex for three reasons. First, the ex
post evaluation of an offer should take into account also the offers made by others.
Second, given that offers were made simultaneously, ex ante, there exists considerable
strategic uncertainty on the other teams’ strategies. Third, the presence of multiple
teams with the same ideal point raises an issue of coordination. These complexities
are absent or less relevant under N 5 2.

Result 4: While offers were generally profitable for the senders, many were un-
profitable for the receivers, especially in Decentralized.

Support for result 4 is in figure 5. We define an offer as profitable when it could
yield a higher or equal payoff to the free-driving payoff.29 Under N 5 2, the over-
whelming majority of offers targeting teams with the highest ideal point were profitable
for the sender (88% in Decentralized and 89% in Structured). Were these offers also
profitable for their receivers? There is a substantial treatment difference: only 28% of
offers were beneficial for the receiver in Decentralized, while 79% of the offers were
beneficial for the receiver in Structured. Mutually beneficial offers represented 21%
of the total offers in Decentralized and 76% of the total offers in Structured.30 Hence,
there was no shortage of offers in both treatments, but their quality was a key issue in
Decentralized and much less so in Structured.
28. We consider only offers from one decision maker to another under N 5 2 and from
four decision makers to the other two underN 5 6. This restriction mimics the rules of Struc-
tured, where high-ideal-point teams were not allowed to make offers to low-ideal-point teams.

29. When evaluating offers’ profitability in Decentralized, to account for the fact that teams
could also request an effort greater or smaller than a certain level, we make the following as-
sumptions. If an offer to a high-ideal-point team is conditional on a maximum effort, we assume
that the receiver will exert exactly that maximum effort level. When the offer is conditional to a
minimum effort, we assume that the high-ideal-point team’s effort will equal its ideal point. See
the fig. 5 caption for more details.

30. With experience, the share of mutually beneficial offers tends to increase in the Struc-
tured treatment and decrease in the Decentralized treatment. However, as shown in fig. C.5,
both trends are of modest magnitude.
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Figure 5 provides disaggregated evidence on the offers in each type ofN 5 2 econ-
omy. Each panel shows a scatter plot of the offered amount versus the requested effort.
The shaded area indicates offers that were unprofitable for the receiver. In the follow-
ing result, we investigate which offers were less likely to be taken.

Result 5: Many profitable offers were not taken in Decentralized and only some in
Structured.

In the Decentralized treatment, 58% of the profitable offers to the highest-ideal-
point teams were taken (11 out of 19). In the Structured treatment, instead, 82% of
the profitable offers were taken (66 out of 81). Hence, offers’ receivers were also par-
tially responsible for the low number of side payments. If we focus on mutually prof-
itable offers, patterns remain similar: 43% of these offers were taken inDecentralized (6
out of 14) and 81% in Structured (62 out of 77). Finally, receivers rarely took offers
that were unprofitable for them (17% in Decentralized and 29% in Structured).

3.3. Evidence from the Chat

Using within-team chat dialogues, we explore the relevance of some behavioral mecha-
nisms that might have led to the empirical results reported above.31 Chat activity can shed
light on reasoning in decision making, and we study both the volume and content of chats.
Figure 5. Profitable and unprofitable offers for the receivers. One observation corresponds to
an offer made by a low-ideal-point team in a period to a high-ideal-point team. In Decentral-
ized, if the low-ideal-point team requested was an effort lower than a certain level (32 observa-
tions), it was re-coded as an effort request equal to that level minus 1 (i.e., the most profitable
choice for the high-ideal-point team wanting to meet the request); if the low-ideal-point team
requested an effort greater than a certain level (1 observation), it was re-coded as an effort request
equal to the ideal point of the receiver. Observations were jittered to display them better.
31. Abatayo et al. (2020) did not analyze the chat data.
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We report three main insights based on the evolution of chat volume (fig. 6). First, in
part 1, where all teams played Baseline with N 5 2, the chat volume is similar across
treatments (three bilateral Wilcoxon-Mann-Whitney tests: p ≥ :359, 18 observations
for Baseline and Decentralized, 30 observations for Structured). This pattern is consis-
tent with the evidence on other outcomes, and it reassures us that the behavior of
participants in all three treatments was highly comparable under Baseline with
N 5 2. Second, in Baseline, where teams played under N 5 2 for five additional
rounds compared to the other treatments, the chat activity significantly declined with
experience (Wilcoxon signed-rank test of part 1 vs. part 2: p < :001, 18 observations).
This pattern suggests in learning that team members converge on an agreement and a
reduction.32 Third, underN 5 6, we observe that the chat volume decreases with ex-
perience in all treatments (threeWilcoxon sign-rank tests of periods 11–15 vs. 16–25:
Figure 6. Chat activity by treatment and experience. Statistics are normalized for compara-
bility across parts. The figure always reports the chat volume of six teams. To account for dif-
ferences in economy size (two vs. six teams), in parts 1 and 2, we summed up the chat volume of
three economies of two. Moreover, the time for chatting decreased in later periods. When chat
time was less than two minutes, we normalized the chat volume using the share of words in the
previous period that were recorded during the (now) unavailable time.
32. In Decentralized and Structured, adding the offer stage in part 2 makes teams’ decisions
richer and doubles the opportunities for chatting. Consequently, we observe an increase in chat
volume in part 2, especially for Decentralized (two Wilcoxon signed-rank tests of part 1 vs. part 2:
p < :001 with 6 observations for Decentralized, p 5 :004 with 10 observations for Structured). A
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p 5 :156 for Baseline with 6 observations, p 5 :031 for Decentralized with 6 obser-
vations, p 5 :006 for Structured with 10 observations).33 Therefore, this evidence in-
directly suggests that participants achieved, over time, a good comprehension of the ex-
perimental settings.

To investigate the chat content, we instructed two research assistants to classify
messages according to nine prespecified categories. Here we discuss the categories we
consider to be the most insightful: confusion, coordination, social preferences, and
the usefulness of offers. Furthermore, since we are primarily interested in the drivers
behind offers, we focus on the chat in the offer stage of Decentralized and Structured.34

Messages related to confusion, either within the team or from other teams, are few in
both Decentralized and Structured (7% and 3%, respectively, when pooling parts 2
and 3). The frequency is higher in economies of six than in economies of two, but it does
not seem a major concern (6% vs. 9% in Decentralized and 1% vs. 5% in Structured).
More prevalent are the difficulties of predicting other teams’ behavior and discussions
of postponing offers to study the others’ behavior (coordination category: 13% in Decen-
tralized and 6% in Structured when pooling parts 1 and 2). These concerns are similar in
economies of two and six (14% vs. 13% in Decentralized and 4% vs. 8% in Structured).
Considerations originating from prosocial and antisocial preferences are uncommon (3%
and 1%, respectively, when pooling parts 1 and 2).What is central in the conversations is
instead the uselessness of offers. This topic represents 33% of the chat in Decentralized
and 30% in Structured.
clean comparison between Decentralized and Structured requires excluding the highest-ideal-
point teams in the economy because, by design, they could not participate in the offer stage of
Structured. When doing so, we still detect significantly higher volumes in Decentralized than in
Structured when pooling parts 1 and 2 data (two Wilcoxon-Mann-Whitney tests: p 5 :042 in
both offer and effort stages, 6 observations for Decentralized, 10 observations for Structured).

33. Decentralized sticks out as having more chatting than the other treatments (e.g., two
Wilcoxon-Mann-Whitney tests of Decentralized vs. Structured in periods 11–15 or 16–25:
p < :001, 6 observations for Decentralized, 10 observations for Structured). When side pay-
ments become available, most chat activity happens during the offer stage, as one would expect
from backward induction. When pooling parts 2 and 3, the chat volume in the effort stage is
similar across treatments (Wilcoxon-Mann-Whitney test, p 5 :313). Moreover, teams with
the highest ideal point debate less, as expected, since they should not make side payments to
others (Wilcoxon sign-rank tests pooling parts 2 and 3, highest G* vs. others in Decentralized,
p 5 :031 for both offer and effort stages).

34. Appendix H provides a description of the coding procedure and the definition of chat
categories. We pool the classifications of both research assistants. A category breakdown of chat
dialogues is in fig. H.2, which also includes the “smooth” category. This category captures a large
share of dialogues and includes comments on other teams’ decisions, sometimes highlighting
frustration.
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We complement the chat evidence with a final set of analyses. Here we summarize
the main findings (see app. G for a detailed discussion). To corroborate the evidence on
(the lack of ) confusion, we perform three exercises using the number of mistakes in the
quiz on instructions as a proxy of teams’ confusion.35 First, we study treatment differ-
ences in the distribution of mistakes and find that, while mistakes are few in all treat-
ments (the median team made no mistakes), slightly more mistakes were made in
Structured than Decentralized (on average 0.36 vs. 0.72, Wilcoxon-Mann-Whitney
test: p 5 :148, 36 observations for Decentralized, 60 observations for Structured).
If confusion (as proxied by mistakes) was key, we would have expected the opposite
result since Structured was more effective than Decentralized. Second, we reestimate
treatment effects controlling for the number of quiz mistakes and find that results are
robust for bothN 5 2 andN 5 6 (see tables D.2 and D.3; tables D.1–D.6, E.1, E.2,
G.1, G.2 are available online).36 Third, along with other covariates, we correlate mis-
takes with the decision to make an offer, make a mutually beneficial offer, or take an
offer (see table G.2).37 Teams with a poorer understanding of the instructions were
weakly less likely to make offers in general (p 5 :141 in Decentralized and p 5 :033
in Structured), but not somuchmutually beneficial ones.Moreover, confusion negatively
correlates with the decision to take an offer in Decentralized (p 5 :033) but not in
Structured (p 5 :775). All in all, the empirical evidence suggests that confusion was
not the main driver of our results.

The same set of regressions brings insights into another possible mechanism: the
size of the stake might be perceived as too low by participants to take side payments
seriously. The stake to offer a mutually beneficial offer was highest for low-ideal-point
teams in (L, H) economies, where the distance between the two ideal points is max-
imal. Thus, if the stake size mattered, we should expect a positive and significant co-
efficient for the (L,H) dummy.However, the estimated coefficient is negative.38 Finally,
within the same regression framework, coefficients related to altruism and negative rec-
iprocity—elicited using the method proposed in Falk et al. (2018)—are mostly small
and statistically insignificant, confirming the chat evidence.
35. Although we collected mistakes at the participant level, we prefer to focus on teams as
they are the decision-making unit in the experiment. We coded a mistake as such if both team
members gave the wrong answer to a given control question. Results are similar when adopting
alternative definitions of mistakes. While estimated treatment effects are robust to the inclusion
of this control, on average, economies of six in which teams were more confused achieved higher
global geoengineering levels with negative repercussions on efficiency. This was not the case for
economies of two.

36. Confusion does not appear to influence Baseline results in the first place. Teams’ average
efforts were close to predicted levels (see table G.2). Teams also correctly modified their effort
levels when moving from economies of two to economies of six.

37. We focus on economies of two because this simple setting allows a cleaner test.
38. A rationale for this result is discussed in app. G.
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4. CONCLUSION

As global temperatures increase and climate risks intensify, geoengineering might gain
popularity as a strategy to cope with global warming, even in the presence of aggressive
emission reductions. Yet, solar geoengineering can reconfigure the strategic relations
among countries regarding the economics and politics of climate change. Although
any consideration is speculative at this stage because of the absence of any large-scale
implementation of solar radiation management, we have focused on some of the gov-
ernance challenges that might emerge and empirically tested a possible solution. Spe-
cifically, we conducted a laboratory experiment testing a widely used economic mech-
anism: side payments. In situations with low transaction costs and perfect information,
like the one studied here, voluntary agreements à la Coase are expected to be welfare
improving.We investigate the empirical effectiveness of using side payments to contain
excessive geoengineering.

Our findings based on the public good-or-bad game do not support a Coasian pre-
diction. Although excessive geoengineering was reduced under structured side pay-
ments, efficiency gains were just 3%–8% of the total surplus compared to the Baseline
treatment without side payments. This pattern appears across all treatments examined,
wherein we varied the economy size and the institutional rules for side payments. Why
was allowing side payments not sufficient to overcome free driving? Not enough side
payments took place: depending on the treatment, their frequency ranged from 28%
to 64% instead of 100%. Even when side payments were enacted, they were not effec-
tive enough in curbing free driving. Our findings are in line with previous experiments
on the Coase theorem in which free-form communication was not available (Jacques
1992; Spencer and Shogren 2000), as in our setting.39

Threemain conclusions emerge fromour study. First, the availability of side payments
had a smaller-than-expected effect, even in simple economies of two, where the theoret-
ical prediction is sharp. We document this result in both the Decentralized and Struc-
tured treatments. According to exploratory analyses, behavioral drivers such as confu-
sion, social preferences, and low stakes cannot fully explain this empirical finding.40

Second, coordination failure over side payments was a major issue. In theory, lim-
iting global geoengineering requires decision makers with lower ideal points to coordi-
nate their side-payment offers. In most of the experimental economies, instead, only a
single decision maker offered side payments. The lack of coordination made side pay-
ments largely ineffective in limiting geoengineering efforts.
39. Most experiments on the Coase theorem employ a free-form communication protocol
and typically find that negotiating parties achieve efficient results. A complete overview of
the experiments on the Coase theorem is reported in table D.6.

40. Other behavioral factors, like the endowment effect, could have played a role, but the
current experiment was not designed to test for it. For instance, high-ideal-point decision mak-
ers might develop a sort of entitlement of a level of geoengineering equal to their ideal point, and
hence they require a side payment higher than predicted to reduce their effort.
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Third, the institutional framework of a structured negotiation, mimicking negotia-
tion blocs with agreed-upon compensation schemes, performed better than that of de-
centralized agreements. One lesson from the experiment is the necessity of providing
structure to the negotiation, as Pareto-dominant equilibria may not be achieved unless
proper institutions channel decision makers toward them. Economic theory is silent on
this point, and our results warn that the wide strategy spaces and the high number of
parties characterizing international negotiations may pose problems for effective side-
payment schemes.

There exists, of course, an issue with external validity because the study is an unframed
laboratory experiment conducted using students as participants. The goal of our experi-
mental setup is not tomimic all aspects of reality but to provide the groundwork for future
research. The inclusion of economies of six is an attempt to bring the experiment closer to
the reality of complex negotiations. As such, our results carry implications for sovereign
countries’ strategic behavior. In particular, expanding the negotiations’ space to include
compensatory side payments may not necessarily be a panacea. Although this might be
disappointing from the point of view of standard economic theory, the experience of ne-
gotiations, including the complexities around Article 6 of the Paris Agreement, confirms
that economic transfers are one of the many tools available in a negotiation arsenal and
not necessarily the most important one. As one of the biggest obstacles to negotiations
seems to be miscoordination, institutional capacity needs to be built up to deal with ad-
ditional complexities such as those brought about by climate engineering.

In the field, including that of climate negotiations, complexity is arguably higher
than the one simulated in this experiment. For instance, we ruled out imperfect infor-
mation about the counterparts’ ideal points and secret offers. Furthermore, the maxi-
mum number of parties involved was six rather than hundreds. Climate negotiations
involve years of meetings of parties that provide abundant space for communication.
In addition, the institution of negotiation blocs, involving smaller groups agreeing on
a subset of acceptable strategies and any other governance mechanism that might re-
duce miscoordination, should all be factors increasing the success of international ne-
gotiations. Leaving out geoengineering from climate negotiations might lead to unilat-
eral and fragmented actions to cool the planet, which would be far worse in terms of
global welfare. The increasing likelihood of disruptive strategies such as geoengineering
thus calls for strengthening and, possibly, restructuring the international institutions
dealing with climate change.
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