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One challenge in addressing transboundary problems such as climate change is the incen-
tive to free-ride. Transfers from multilateral compensation funds are often used to counter-
act such incentives, albeit with varying success. We examine how such funds can change
the incentive to free-ride in a global public-goods game. In our game, self-interested coun-
tries choose their own preferred course, deciding their voluntary public good provision,
whether to join a fund that offers compensation for providing the public good and the
volume of compensatory payments. We show that (i) total public-good provision is higher
when those contributing are given more compensation; and (ii) non-participation in the
fund can be punished if the remaining members decrease their public-good provision suffi-
ciently. We then examine three specific fund designs. In the first, the compensation paid to
each country is equal to the percentage of above-average total costs for public-goods pro-
vision. This design is best able to deter free-riding and can establish the social optimum
as the equilibrium. In the second, the compensation paid to each country is a function
of the marginal cost of their public-good provision. Here there are significant incentives
to free-ride. In the third case, the monetary resources provided by the fund are fixed, a
design frequently encountered in international funds. This design is the one least able to
deter free-riding.

© 2020 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

International compensation funds are an instrument commonly used to support cooperation on transboundary externali-
ties. Examples are The Global Fund to Fight AIDS, Tuberculosis and Malaria, the Multilateral Fund for the Implementation of
the Montreal Protocol or the Green Climate Fund. While some funds have been relatively successful (Biermann and Simo-
nis, 1999), stepping up public-good provision through transfers remains a challenge for climate-change mitigation (Paulsson,
2009; Kumar, 2015). We introduce compensation funds into a global-public-goods game. Transfers from the fund change the
equilibrium strategies adopted by countries. Voluntary public-good provision increases because each member of the fund
receives a larger transfer if it contributes more to the public good. Our analysis shows how transfers should increase with
each country’s contribution so as to reduce their incentive to free-ride.
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We provide relevant insights into the design of international compensation funds because, in our game, countries can
free-ride by contributing little to the public good and by deciding not to participate in the fund. Transfers change both
incentives to free-ride in the following sense. The compensation fund increases members’ public-good provision because
those that contribute more are compensated more. The total number of members determines by how much each member
increases its provision. When a new country joins the fund and all other members contribute more, global benefits from the
public good increase. The joining country may have an incentive to remain a member in order to enjoy higher benefits. We
show that joining the fund is in the self-interest of countries even if the transfer of the new member turns out to be zero.

The way in which transfers increase with individual public-good provision critically influences the decision to join the
fund. Our model is based on three specific designs that have been described in the literature. The first is based on effort-
sharing. Transfers balance differences in the total cost of public-good provision among members (Falkinger, 1996). Different
total costs arise from different voluntary contributions. The second design is based on the price for public-good provision,
which is a policy variable that is easier to measure. The fund balances differences in marginal (as opposed to total) costs
(Cramton and Stoft, 2012; McKay et al., 2015). The third design in the model is typical of funds frequently employed in
international negotiations. The monetary resources provided by the fund are fixed. The resources are refunded in proportion
to each member’s contribution to the public good (Gersbach and Winkler, 2012; Gersbach and Hummel, 2016).

Previous literature shows how the three designs enhance voluntary contributions to the public good among a given group
of members. The incentive of individual countries to participate is often neglected. To enforce participation, some authors
assume that the fund will be discontinued once a single member leaves. The novelty of our approach is that each country
chooses how much a country joining the fund will increase the volume of transfers by, its participation, and its contribution
to public-good provision based on self-interest. The group of members of the fund forms endogenously and may comprise
any number of countries.

Importantly for climate-change negotiations, we show that funds with fixed resources - such as the Green Climate Fund
- do not effectively counteract free-riding incentives. Free-riding incentives are lower if the fund is based on marginal costs.
Our main results show that the fund that balances total costs performs best in terms of enhancing the contributions of
self-interested countries.

To analyze the impact of transfers on public-good provision, we model a three-stage game. First, countries vote on how
much a single country will increase the fund’s volume of transfers by when it joins. The volume of transfers is the scale
factor that determines the extent to which members with higher public-good provision are compensated by members that
contribute less. Different member contributions to the public good determine who is a donor and who is a recipient. When a
country joins, the anticipated flow of transfers increases for all members. Second, countries choose whether to participate in
the fund. Lastly, countries choose their own voluntary public-good provision. Only members of the fund can expect transfers.

For the purpose of this study we assume symmetric countries. Though we concede the importance of the heterogene-
ity of countries in global public-good provision, this assumption has the advantage of enabling us to focus on a central
feature of global public-good provision that retains its importance even when countries are heterogeneous: free-riding in-
centives. Under symmetry, free-riding and transfers arise because countries choose different contributions to the public
good. The heterogeneous case adds other transfer determinants while retaining the design elements identified in this study.
Section 5 reviews the implications of heterogeneity.

We solve the three-stage game by using backward induction. In the third stage, countries choose their voluntary con-
tribution to the public good. When a country increases its contribution, it faces individual costs. The benefits of global
public-good provision increase for every country, which leads to the well-known free-riding incentive. See the intersection
of marginal costs and marginal benefits in Fig. 1, panel (a), denoted “No transfer”. With the compensation fund members
anticipate transfers. The level of a member’s individual transfer increases with its individual contribution. Marginal transfers
are positive, i.e. there is an additional transfer for each extra unit of the public good provided. Note that marginal transfers
are positive irrespective of whether a member has a positive or negative transfer. When contributing more, a donor will
pay less money into the fund and a recipient will receive more money. As a result, each member has an incentive to con-
tribute more, in addition to the benefits of public-good provision. Fig. 1, panel (a) illustrates how positive marginal transfers
increase members’ contributions compared to the absence of transfers, denoted “With fund”. We call this transfer design
strategic because it counteracts the incentive to free-ride.

In the second stage, countries decide whether or not to participate in the fund. Our analysis shows that a member has
an incentive to participate if remaining members sufficiently decrease their public-good provision, should the member in
question leave. Remaining members will contribute less to the public good if marginal transfers decrease as a result of
non-participation by a single country. Fig. 1, panel (b) illustrates this effect. The benefits forfeited as a result of reduced
public-good provision are a punishment for the member that has left.

The extent of this punishment depends on the extent to which transfers increase in proportion to costs. Strategic trans-
fers are an additional incentive to provide the public good against individual costs. If transfers increase in proportion to
individual costs, public-good provision is particularly attractive. This is the case in Fig. 1. Remaining members have a lower
incentive to provide the public good if the proportionality factor of transfers to costs decreases when one member leaves
the fund. Fig. 1, panel (b) illustrates this effect.

In the first stage, countries determine how much a country joining the fund will increase the fund’s volume of transfers
by. Countries anticipate whether non-participation will be punished sufficiently in the second stage. To increase public-good



U. Kornek and O. Edenhofer/European Economic Review 127 (2020) 103423 3
Marginal costs Marginal costs

/Sum of marginal . /Sum of marginal
benefits and High benefits and

marginal transfers participation marginal transfers

One member

leaves
Marginal benefits Marginal benefits
- Public good provision - Public good provision
No With No Low High
transfer fund transfer participation  participation

(a) (b)

Fig. 1. Equilibrium public-good provision as strategic transfers are introduced. In the absence of the fund, countries equalize marginal costs of public-good
provision to their individual marginal benefits. (a) Members of the fund equalize marginal costs to the sum of marginal benefits and marginal transfers
of public-good provision, increasing equilibrium contributions. (b) When one member leaves the fund, abatement by remaining members decreases as an
optimum response to a change in the incentives from strategic transfers.

provision in the last stage, the volume of transfers will only be chosen at an ambitious level if countries have an incentive
to participate in the fund.

Based on these general insights, we analyze the equilibrium for three different transfer designs and specific payoff func-
tions. It is necessary to be specific because complexity prohibits finding closed-form solutions. The volume of transfers takes
on different meanings for total-cost, marginal-cost, and fixed funds. In the first design, the fund balances differences in to-
tal costs among members. The volume of transfers is the percentage of above-average total costs compensated for. In the
second design, the fund balances differences in marginal costs. The volume of transfers determines the size of payment
to members with an above-average price for the public good. In the third design, the monetary resources of the fund are
fixed, the amount is equal to the volume of transfers. The resources are redistributed to members in proportion to their
contribution to the public good.

Our main finding is that the fund that balances total costs performs best. It establishes the social optimum in equilibrium
if benefits of public-good provision are linear and costs are quadratic. For this design, and irrespective of the shape of the
payoff, members anticipate that they will only need to pay a small share of additional costs when they contribute more. The
remaining share is compensated for by transfers from the other members. Transfers increase in proportion to costs. When a
member leaves the fund, the fund’s volume of transfers decreases, and remaining members have one country less to share
their costs with. Remaining members anticipate that they will have to shoulder a higher share of their costs themselves. The
proportionality factor of transfers to costs decreases with non-participation. Remaining members will find it significantly less
attractive to provide the public good. If benefits are linear and costs are quadratic, the contributions of remaining members
will be halved. The departing member is effectively punished. When countries vote on the fund’s volume of transfers, they
anticipate that all countries have an incentive to participate in the fund. Full compensation for above-average costs is the
equilibrium volume of transfers, resulting in socially optimal public-good provision.

If payoffs are not linear/quadratic, the fund may not establish the social optimum. The fund will perform worse when
marginal costs are strictly convex. In numerical experiments, we find that payoffs with the fund are equal or close to the
social optimum with strictly convex marginal costs. We also consider decreasing marginal benefits. Payoffs in equilibrium
with the fund are above the non-cooperative level if marginal benefits do not decrease too steeply. If the slope of marginal
benefits is large in absolute terms, the fund will hardly improve on the non-cooperative equilibrium. In this case, however,
there is also less need for cooperative public-good provision. Socially optimal payoffs are close to non-cooperative payoffs
when marginal benefits decrease steeply. For climate change, marginal damages have been described as relatively flat in the
short- to-medium term (Pizer, 2002), indicating that the case of linear benefits in which the total-cost fund significantly
improves payoffs is also empirically relevant.

In the other two fund designs, free-riding prevails. Remaining members will not sufficiently decrease their contributions
to punish a departing member. If the fund balances marginal rather than total costs, transfers will not increase in proportion
to costs. The remaining members will decrease their provisions to a limited extent when non-participation occurs. For the
fund with fixed resources, remaining members will share the resources of the fund with one country less when a member
leaves. Due to this effect, the incentive to provide the public good actually increases for the remaining members. The result
is limited punishment for non-participation.
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Our study builds on two strands of literature. The first focuses on how funds facilitate voluntary public-good provision
among a given group of members. Gerber and Wichardt (2009) introduce a compelling deposit-refunding mechanism. In
their mechanism, each country pays a given deposit into a fund that is only refunded if it contributes a given amount to
the public good. The level of the deposit is determined in such a way that paying the deposit and providing the public good
is individually optimal. Individually optimal public-good provision constitutes a renegotiation-proof equilibrium. Individual
participation in the fund is enforced by assuming that the entire fund will be discontinued if a single country does not pay
the deposit.

Gersbach and Winkler (2012) and Gersbach and Hummel (2016) extend the mechanism proposed by Gerber and Wichardt
(2009). In their models, each country’s refund is a function of total deposits and of its individual public-good provision rel-
ative to all members. Deposits are determined so that socially optimal public-good provision is individually optimal. Par-
ticipation by all countries is again ensured by assuming that the fund will be discontinued if a single country does not
participate.! Bayer and Urpelainen (2013) study a model involving two donors and one recipient country that may form a
fund. In their 2013 study, one of the two donors may still fund the public good in the recipient country if the other donor
does not participate. No other studies in this strand of literature analyze the participation of single countries. Buchholz and
Konrad (1995) and Ruebbelke (2006) focus on the individual incentives to provide payments and the resulting payoffs be-
tween two (groups of) countries. Cramton and Stoft (2012) and McKay et al. (2015) analyze how transfers between a given
group of countries should be designed to increase the provision of a public good. We extend this literature by studying the
individual incentive of arbitrarily many countries to participate in a fund without assuming that the entire fund will be
discontinued if one country leaves.

We model the individual incentive to participate in accordance with the second strand of the literature. Equilibrium
participation follows from the formation of a coalition (Barrett, 1994; Bayramoglu et al., 2018). In the standard model found
in this literature, a coalition maximizes the sum of its members’ welfare. Members comply with the resulting partially
cooperative contributions. If a country leaves the coalition, the remaining members will decrease their contributions to the
public good. A departing member is punished by the decrease in benefits from public-good provision. However, because
members’ contributions are partially cooperative, punishment is restricted, and participation in a stable coalition is low if
the need for cooperation is large (Barrett, 1994; Karp and Simon, 2013).

The literature on coalition formation has identified ways and means of enhancing participation. Transfers have been
shown to lead to larger coalitions, often assuming exogenously determined transfer levels (Carraro et al., 2006; Finus et al.,
2006; Weikard, 2009; Lessmann et al., 2015; Kornek et al., 2017). In Barrett (2001), coalition members choose transfers
endogenously to help ensure the participation of countries that are committed to non-participation, whereas we assume no
asymmetry in the participation decision. Lessmann et al. (2009) and Nordhaus (2015) show that trade sanctions can punish
a departing member and enhance participation, but the feasibility of implementing trade sanctions has been questioned
(Bordoff, 2009).

We study the formation of a stable compensation fund by adopting the equilibrium concept found in the literature on
coalition formation. We depart from the assumption that members will maximize their joint welfare and that transfers are
given exogenously. Public-good provision and transfers result from the incentive for strategic transfers, as in the literature
on deposit refunding. Members’ contributions are an optimal response to the incentive from transfers and generally do not
comply with partially cooperative levels. Incentives to participate differ from the literature on coalition formation.

The remainder of this article is structured as follows: Section 2 introduces the game and payoff functions. In Section 3 we
indicate general properties of strategic transfers. The three specific transfer designs are discussed in Section 4. Section 5 con-
cludes.

2. The model

We study the set-up of a compensation fund in a global public-goods game. The level of transfers within the fund is
determined by a generic rule denoted by 7. Rule 7 depends on three decision variables chosen in the three stages of the
following game:

1st stage: Countries decide unanimously how much a single country will increase the fund’s volume of transfers by when
it joins.
2nd stage: Countries individually choose whether or not to participate in the fund.
3rd stage: Countries individually choose their level of public-good provision. Members of the fund anticipate transfers.

In the first stage, countries decide how much a single country will increase the volume of transfers by when it joins
the fund. The level of this increase is denoted by the variable t (the decision in the first stage). If a country joins in the
second stage, it increases the volume of transfers by t. The fund’s volume of transfers determines to what extent a member
displaying above-average effort will be compensated by transfers from the fund. In the second stage, countries decide on
their participation in the fund, knowing how much they will increase the volume of transfers by. Transfers also depend on

1 Gersbach and Winkler consider a two-period model. Countries have an individual incentive to participate in the second but not the first period without
cancelation of the fund. In Gersbach and Hummel, developing countries do not pay deposits giving them an incentive to participate.
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the set of member countries. Finally, each country chooses its level of public-good provision, which in turn determines each
member’s level of transfers.

Our design approach motivates the transfer rule 7 based on these three decision variables. First, a member’s incentive
not to provide the public good is mitigated because transfers reward individual contributions. Second, a country’s incentive
not to participate is mitigated because the volume of transfers increases when a country joins the fund. Then, a higher
incentive to provide the public good results for the other members, thus rewarding membership.

We solve the game using backward induction. In the last stage, countries choose to provide the public good by max-
imizing their individual payoff. Members of the fund anticipate transfers. This results in a Nash equilibrium in individual
public-good provision. The equilibrium in the last stage shows how strategic transfers incentivize voluntary provision of the
public good. The outcome can be compared with two benchmark cases: non-cooperative equilibrium and socially optimal
provision levels.

The payoffs of the third stage form the basis for the decision in the second stage. We adopt the equilibrium concept from
cartel theory and the literature on international environmental agreements (d’Aspremont and Gabszewicz, 1986; Hoel, 1992;
Carraro and Siniscalco, 1993; Barrett, 1994). The concept says that a set of countries will form a stable fund if no member
has an incentive to leave (internal stability) and no non-member has an incentive to join (external stability). The second
stage reveals whether or not a (sub)set of self-interested countries will find it optimal to participate in the fund.

In the first stage, countries vote for their preferred level of t. They anticipate the funds that will be stable in the second
stage and the resulting payoffs in the last stage. The level of t is unanimously agreed on by all countries, regardless of
whether they participate in the fund. The volume of transfers between members is the product of t and the number of
members.

2.1. The payoff model

We consider N > 2 symmetric countries. Each country i’s individual provision of the global public good is denoted by g;,
which we will henceforth refer to as abatement. Countries incur individual abatement costs C(q;) with positive and increas-
ing marginal costs (C’ >0, C” > 0). Global abatement leads to benefits B(Q = Z,N:] g;) that exhibit positive and decreasing
marginal benefits (B’ > 0, B” <0). The payoff in the absence of transfers is

i =B(Q) - C(qy). (1)

In the absence of a fund, each country will maximize (1) given abatement decisions by all other countries. The First-Order
Condition (FOC)

B'(Ng") = C'(g"%) (2)

defines the non-cooperative Nash equilibrium (NC). The Social Optimum (SO) is defined by Samuelson’s rule of public-good
provision:

NB'(Ng*°) = C'(g*°). 3)
2.2. Transfers from a compensation fund

Transfer rule 7 is a function that depends on three decision variables: (i) the variable t > 0, which determines how much
a new member will increase the fund’s volume of transfers by; (ii) the number of members in the fund k = |S| with the
subset of members S C {1.N}; (iii) the abatement by members g;,i € S. Transfers are proportional to the volume of transfers.
Each member’s transfer is:

VieS: Ti=T(tkq,q )=t k-t(q,q_;)

where q_; denotes abatement by all members but i. A member can be a recipient or a donor depending on countries’
abatement choices, i.e. the level of transfers can be positive or negative.

The fund’s volume of transfers is t-k. This specification is based on the literature on deposit-refunding, which assumes
that each member contributes a deposit (in our case t) to the total amount of resources in the fund. Transfers refund the
total amount of resources (in our case t-k) as a function of individual abatement (Gersbach and Winkler, 2012; Gersbach
and Hummel, 2016). We now extend this formulation. The transfer for each member (either received or paid) that arises as a
result of different abatement levels is proportional to the volume of transfers. The transfer level is determined by t. Function
T is the transfer design in abatement. It specifies how much more money is received from or paid less into the fund when
a member increases abatement. We test three designs: t is the difference between a member’s (i) total abatement costs, (ii)
marginal abatement costs, or (iii) share of abatement and the average among members.

Transfers are added to the payoff for each member i€ S:

" =B(Q) —C(qi) + T =B(Q) —C(q;) +t - k- T(qi, q_i).

Transfers fulfill the following assumptions. Transfers add up to zero ;.7 (t, k. q;,q_;) = 0 for every set of abatement
choices by members. Hence, each member anticipates that when its level of transfer increases via larger individual abate-
ment, the transfer each other member receives will decrease. Rule 7 is symmetric: two members with the same abatement
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have the same transfer level. Since transfers reward abatement, marginal transfers are positive 3%_7’ (t.k,qi,q_;) >0, VieS.
1

In turn, the transfer received by member i will decrease when another member increases its abatement: %T (t,k,qi,q_;) <
—i

0. Marginal costs net of transfers increase %(C (q;) — T (t,k,qi,q_;)) > 0 to ensure that the payoff with transfers is concave.

1
Positive marginal transfers hold whether transfers are positive or negative: money received from the fund will increase
or money paid into the fund will decrease with individual abatement. Strategic transfers provide an additional incentive for
members to abate, as we shall see in the next section.

3. The incentives for strategic transfers

This section analyzes how strategic transfers influence abatement (third stage), (ii) participation in the fund (second
stage), and (iii) payoffs when choosing how much a country will increase the volume of transfers by (first stage). We hy-
pothesize about what determines the effectiveness of transfers as free-riding deterrents before analyzing the three design
specifications in Section 4.

3.1. The equilibrium in the third stage

In the last stage, countries decide how much to abate. The volume of transfers is known through t and members of the
fund S from the first and second stages of the game. Countries will individually maximize their payoffs, given the abatement
decisions of all other countries. As transfers add up to zero for every set of members’ abatement choices, the maximization
does not include this constraint. The FOCs of members i €S and non-members j¢S are:

a
7T(ta k7 g, q*i)

0=B'(Q) ~C'@) + 5. @

0=B(Q) -C(q)

To make the analysis more tractable, we assume that the FOCs define a unique interior Nash equilibrium in abatement, with
the same level for all members.2 The last stage is characterized by member q™(t, k) and non-member abatement q"(t, k)
depending only on t and the number of members k.

The FOCs lead directly to the first result:

Proposition 1. For given participation S and variable t, total and member abatement increase weakly with strategic transfers
compared to the non-cooperative equilibrium.

Proof. See Appendix A.1. O

Strategic transfers increase total abatement. Because transfers reward abatement, members will abate more than when
the fund is non-existent. However, transfers by all members are zero in the equilibrium of the final stage. With symmetric
member abatement q™(t, k) and symmetric transfer rule 7, the level of transfer is the same in equilibrium, and transfers
are zero. But member abatement is still above the non-cooperate level. If a member were to abate at the non-cooperative
level while the other members abate at q™(t, k), the compensation fund would require this member to make payments to
the others to even out the asymmetry in abatement choices (while the characteristics of benefits, costs and transfers are
symmetric). This member has an incentive to change its abatement to q™(t, k), thus increasing its transfer level to zero.

Marginal transfers determine the additional incentive to abate in the FOCs (4). The following break-down shows how
marginal transfers depend on t and k:

P d
a—qiT(t,k,qi,q_i) = t-k - 30 7(qi. q-i) - (3)
Volume Transfer design

of transfers in abatement

There are two components. First, higher t and participation k tend to increase member abatement through the volume
of transfers. Second, the transfer design in abatement captures how transfers reward abatement, which generally depends
on participation through the abatement by all other members, q_;. Given full participation, the appropriate choice of t will
lead to socially optimal abatement if marginal transfers increase sufficiently (the increase in marginal transfers may be
bounded under the general functional form 7). When abstracting from the participation decision, it would be irrelevant to
study different transfer designs as the previous literature has shown how t can be chosen to achieve the social optimum for
deposit-refunding schemes (Gerber and Wichardt, 2009; Gersbach and Winkler, 2012; Gersbach and Hummel, 2016).

2 Uniqueness can generally only be established under restrictive assumptions about the payoff function with transfers. Showing uniqueness is straight-
forward if marginal transfers by each member are independent of all other members’ abatement %{f‘") = 0 Vi # j. This condition holds for the funds
based on total and marginal costs in Sections. 4.1 and 4.2. The proof utilizes the fact that the payoff with transfers is concave and follows by contradiction.
In Section 4.3, a proof based on contradiction also establishes uniqueness specifically for the fixed-size fund.
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However, a large t may lead to an incentive not to participate in the fund. If a member leaves, remaining members may
abate at an ambitious level as their additional incentive to abate also scales with t. The free-rider would benefit from the
abatement by the remaining members while saving abatement costs. On the other hand, lower participation will change
the additional incentive to abate for remaining members because (i) the volume of transfers will decrease and (ii) incen-
tives from the transfer design in abatement will change. Free-riding in the form of non-participation could be punished
if remaining members abated at a sufficiently lower level. In the next section, we discuss how strategic transfers counter-
act free-riding incentives in the second stage. The discussion indicates the characteristics of transfer design that avoid a
trade-off between high abatement and high participation when choosing t.

3.2. The equilibrium in the second stage

In the second stage, countries choose to participate in the fund. From the first stage they know they will increase the
volume of transfers by t. Payoffs from the last stage are anticipated. This section discusses the mechanism behind transfers
that deters free-riding through non-participation. We show that the sum of abatement by all other countries needs to de-
crease when one member leaves. Remaining members will have a lower incentive to abate if marginal transfers decrease
after non-participation. Abatement will decrease particularly if transfers are proportional to costs and the proportionality
factor decreases after non-participation. Lastly, we also show how the shape of the payoff function influences the change in
abatement.

Participation is determined by the stability of a fund among a set of members. Stability holds if internal and external
stability are fulfilled (Barrett, 1994). For symmetric countries, both conditions for stability can be summarized by the sta-
bility function Asr (Hoel, 1992). The stability function is the difference between payoff 7™ as a member and payoff 7" as
a non-member to the fund among the remaining members. Both payoffs depend only on t, which is given from stage one,
and the number of members k, k — 1 (due to symmetry):

A (t k) ="t k) -7t k—-1) (6)

The fund with k members is internally stable if Am(t, k) is non-negative and externally stable if Am (t, k+ 1) is negative.
The stability function does not cover transfers because the level of transfers is zero in the equilibrium of the last stage.
Transfers have no direct influence on the incentive to participate in the fund. The stability function is:

A (t, k) = B(kq'"(t, k) + (N — k)q" (¢, k)) - B((k — D"t k—1) + (N—k+1)q"(t, k — 1))

—[C(@™ (£, k) - C(g"(t, k= 1))] (7)

Transfers influence stability indirectly through the abatement levels because the incentive to abate that comes from
transfers changes with participation. Member abatement and total abatement change. The first difference in Eq. (7) is the
change in benefits from global abatement when one member leaves. If the sum of abatement by all other countries de-
creases, the benefits forfeited are a positive contribution to the stability function, possibly leading to internal stability.

On the other hand, if member abatement q™(t, k) is above the outside level q"(t, k — 1), a member can save abatement
costs when leaving. If the second difference is high, the stability function may be negative, and a fund with k members may
not be internally stable.

Hence, a fund that leads to ambitious member abatement compared to the outside level can only be stable if the abate-
ment of all other countries decreases sufficiently to punish a departing member. In the next section we analyze the deter-
minants of this decrease.

3.2.1. Determinants of abatement change after non-participation

In Fig. 2, panels (a) and (b) illustrate the mechanism behind strategic transfers leading to punishment of a departing
member. The formal derivation of the mechanism can be found below. When participation decreases by one, marginal trans-
fers will decrease. In Fig. 2, panels (a) and (b), the line plotting the sum of marginal benefits and marginal transfers shifts
downwards as participation decreases from k to k — 1. The remaining members will abate less because they equalize their
marginal costs to the sum of marginal benefits and marginal transfers. The benefits forfeited punish the departing member.
Fig. 2, panels (a) and (b), also show how different transfer designs lead to different levels of punishment. While marginal
transfers decrease for both designs after non-participation, transfers are proportional to costs in panel (b). The proportion-
ality factor decreases after non-participation. The abatement by the remaining members in panel (b) is lower than in panel
(a).

In the following, we provide a formal analysis of the components of transfer design and payoff that contribute to a change
in abatement by members and non-members when participation decreases by one. The abatement levels in the stability
function (7) are interdependent through t. The FOCs in (4) determine q™(t, k) and q"(t, k) for k members. Abatement levels
q™(t,k—1) and q"(t, k — 1) follow from inserting k — 1 into the FOCs, while holding t fixed.

For a given level of t from the first stage, member abatement g™ (f, k) and ¢™(f,k — 1) can be measured by comparing
the derivatives of member abatement with t. The fundamental theorem of calculus gives us

m( m _ [P (dgm(t. k) dgm(t.k-1)
g"(E.k) —q (t,k—l)_/o( o _daie] it

(8)
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Fig. 2. Constant marginal benefits (B = Q), linear marginal abatement costs (G; = %qiz) and the sum of marginal benefits and marginal transfers as a function
of the individual abatement of a generic member. a) Fund based on marginal costs with t = 1. For k = 5 and k = 4, equilibrium abatement in the last stage
is 5 and 4, respectively. b) Fund based on total costs with t = 1/5. For k =5 and k = 4, equilibrium abatement in the last stage is 5 and 2.5, respectively.
c) Fund of fixed size with t = 25. For k =5, individually optimal abatement is 5 when the other members abate at 5. For k = 4, individually optimal
abatement is 4.82 and 4.86 when fixing abatement by the other three members at 5 and 4.86, respectively.

The derivatives
members this yields:

dgn(t, k) kT + (k=157 WHLO 1B ((k— 1) 950 4 (N — k) 40
d C’(gqm(t,k)) —T" —B" ’

L(f‘k), % can be identified by applying the implicit-function theorem to the FOCs in Eq. (4). For k

(9)

In Eq. (9) the functions are evaluated at the equilibrium abatement levels. To abbreviate (9) contains t/ = a%l_t(q,-, q_i).
T = a%T(t, k,qi,q ). T" = %T(t, k. qi,q_;). The derivative % can be identified by inserting k — 1 for k in Eq. (9).

If the derivative in Eq. (9) i§ larger for k than for k — 1 at each t, the remaining members will abate less by Eq. (8) when
a member leaves.

By Eq. (9) the change in abatement depends on the transfer design, i.e. on the specification of the function 7 (effects in
7/, 7" and aaq—T/I) and the shape of the payoff function in the absence of transfers (effects in B” and C").

3.2.2. The influence of transfer design on abatement change

Transfer design determines how marginal transfers decrease after non-participation. The term k-7’ in Eq. (9) encom-
passes two effects. First, there is the volume of transfers effect. After non-participation, abatement by remaining members
will tend to decrease as the volume of transfers decreases. This can be considered a punishment for free-riders. If one
member leaves the fund, marginal transfers will decrease with the volume of transfers. Abatement is less attractive for the
remaining members. Benefits from public-good provision will tend to decrease.

The transfer rate effect captures the extent to which non-participation changes the way transfers increase linearly with
abatement (t’). The incentive to abate is lower if the transfer design in abatement leads to a further decrease in marginal
transfers, i.e. if T/ decreases when going from k to k — 1.

The extent to which marginal transfers increase with abatement (7”') constitutes the cost proportionality effect. Strategic
transfers provide an additional incentive to abate against the costs of abatement. Since marginal costs increase, abatement
close to the social optimum is unattractive from an individual perspective. Transfers that increase proportionally to costs will
mitigate this disincentive and make abatement attractive. Accordingly, abatement becomes less attractive if the proportion-
ality factor of transfers to costs decreases when one member leaves. Fig. 2 illustrates the difference in member abatement
between a fund in which transfers are not proportional to costs (7" = 0, panel a) and one in which they are (7" # 0, panel
b). Compare the lines plotting the sum of marginal benefits and marginal transfers when participation is at k and when par-
ticipation decreases by one to k — 1. In both panel (a) and (b), marginal transfers decrease to the same extent at abatement
level q™(t, k) when one member leaves. However, in panel (b) the decrease in marginal transfers results from a decrease
in the proportionality factor of transfers to costs. In panel (a), the decrease in marginal transfers is a constant. As a result,
abatement by the remaining members g™ (t, k — 1) is lower in panel (b) than in panel (a).

Last, there is a member reaction effect. Punishment for non-participation is less effective if %7’ 7 < 0. In this case, abate-

ment is more attractive for each member if the other members abate less. Hence, when non-participation induces the
remaining members to abate less in the absence of this effect, the incentive to abate increases in its presence. There is less
punishment for non-participation. Fig. 2, panel (c) illustrates this effect for a generic member. Abatement of the generic
member is 5 when the number of members is k =5. When another member leaves, the sum of marginal benefits and
marginal transfers for the generic member is drawn assuming two abatement levels by the other three members. First,
abatement by the three members is 5. Given q_; = 5, the generic member would abate at 4.82, incurring a loss of 0.18 in
global abatement to the departing member. Second, abatement by the three members is q_; = 4.86. The sum of marginal
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Fig. 3. Marginal abatement costs and the sum of marginal benefits and marginal transfers as a function of individual abatement. (a) Generic mem-
ber. Marginal benefits and marginal transfers fixed at the same level as in Fig. 2a). Member abatement is 5 when participation is k = 5. For quadratic
(G = %qiz) and cubic costs (G = %q?)’ member abatement is 4 and 4.5 at participation k = 4, respectively. (b) Generic non-member. Linear marginal benefits
(B'=1-Q) and linear marginal abatement costs (C; = %q,z ), N = 5. If the four other countries collectively abate at 0.77 and at 0.67, optimal abatement will
be 0.12 and 0.17, respectively.

benefits and marginal transfers shifts upward, and the generic member abates more as a reaction to lower abatement by
the other members. With an increase in abatement from 4.82 to 4.86 by the generic member, the departing member incurs
less punishment from forfeited benefits compared to the absence of the member-reaction effect.

Section 4 discusses the consequences of the transfer-volume, transfer-rate, cost- proportionality, and member-reaction
effects for the equilibrium of the game. The three transfer designs differ in the effects they exhibit. In all three designs,
the remaining members will abate less due to the volume-of-transfers effect. In the first design (the fund based on total
abatement costs), the transfer-rate and cost-proportionality effects are present. Here abatement by the remaining members
decreases most. In the second design (the fund based on marginal costs), the transfer-rate effect is present, but transfers are
not proportional to costs. Abatement decreases to a lesser extent than in the first design. In the third design (the fixed-size
fund), the decrease in abatement is also limited. The transfer-rate effect is absent, transfers are not proportional to costs,
and the member-reaction effect is present.

3.2.3. The influence of the payoff function on abatement change

The payoff function determines the extent to which members react to a change in marginal transfers, and hence de-
termines the strength of the aforementioned effects. If costs increase sharply with abatement, element C” in Eq. (9), the
punishment for non-participation is less effective. A change in marginal transfers has less influence on abatement by the
remaining members because changing abatement is very costly. The result is less punishment for non-participation. This
effect is illustrated in Fig. 3, panel (a) for a generic member. Member abatement is the intersection of marginal costs with
the sum of marginal benefits and marginal transfers. Marginal costs C' are either linear or quadratic. For both linear and
quadratic marginal costs, member abatement is 5 with participation at k = 5. When participation goes down by one and
marginal transfers decrease (the line with k — 1), member abatement is 4 for linear marginal costs (as in Fig. 2, panel a) and
4.5 for quadratic marginal costs. Member abatement decreases more under linear than strictly convex marginal costs.

Concave benefits (B” <0) also influence abatement by the remaining members in Eq. (9). In this case, each country
reacts to a change in abatement by all other countries. This effect is similar to the member-reaction effect described above.
Importantly, non-members will change their abatement as a reaction to the way members change their abatement. When
the implicit-function theorem is applied to the FOC in Eq. (4), the derivative of non-member abatement with ¢ is:

dg(t.k) B’ . (k% +(N—k-— ])%)
d = C’(qn(t, k) — B’

With B” <0, non-members will increase abatement as a response to decreasing abatement by the remaining mem-
bers. Abatement by all other countries is higher with the reaction of non-members. There is less punishment for non-
participation. Fig. 3, panel (b) illustrates this effect for a generic non-member. Assuming that the sum of abatement by all
other countries is 0.77, the generic non-member’s optimal reaction is abatement at 0.12. If the sum of abatement by all other
countries decreases to 0.67 when one member leaves, marginal benefits B’ will shift upward for the generic non-member. As
an optimal response, its abatement will increase to 0.17. The departing member will suffer fewer losses in benefits forfeited
from global abatement with the increase in abatement by the generic non-member.

In conclusion, the remaining members will need to decrease their abatement sufficiently to punish free-riding by not
participating in the fund. In the standard model of coalition formation, the remaining members will also abate less when
one member leaves the stable coalition (Barrett, 1994; Finus, 2008). This literature finds that stable coalitions are small

(10)
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Table 1
Three specific designs 7(t, k,q;,q_;) =t-k-t(t, k,q;,q_;) of strategic transfers. The derivatives entering Eq. (9) were calculated under the as-
sumption of the linear-quadratic payoff.

T Fund balancing differences in total abatement costs ~ Fund balancing differences in marginal abatement costs  Fund of fixed size
t-k-{G— 3 Xjes G tkAG - § Tjes i) gt —t
Derivatives under linear-quadratic payoff
T (- ) crigm (- 1) BE
I s —
T t-k-C”(1-14) 0 -2t o
a7 0 0 _tk2 1

991

aift < k}—] (to exclude convex payoffs), transfers are 0 otherwise.

when the gap between socially optimal and non-cooperative payoffs is large. The assumption this literature proceeds on
is that the remaining members will maximize their aggregate payoff. Accordingly, when one member leaves, abatement
by remaining members will decrease only to a limited extent to shield the coalition from a large decrease in benefits. The
limited abatement decrease is insufficient to punish the leaving member if the gains from public-good provision are large. In
our model, the decrease in abatement is an optimal response to the change in marginal transfers when one member leaves.
It can be much larger than in the standard model of coalition formation. Section 4 demonstrates that ambitious funds can
be stable.

3.3. The equilibrium in the first stage

When choosing t in the first stage, countries anticipate the number of members in the second stage and the resulting
payoffs in the final stage.

The objective function in the first stage depends on stable participation in the second stage. From the perspective of the
first stage, however, there is no unique subset S of countries forming a stable fund. First, if a fund with k members is stable
in the second stage, it is unclear which k countries will form the fund due to symmetry. Second, stability may be fulfilled
for different numbers of participating countries k given a specific t. Due to symmetry, we assume that countries expect each
possible stable fund to form with equal probability. The function

1, An(t,k)>0and Am(t,k+1) <O

0, otherwise

ot k) = {

is equal to one if a fund among k countries is stable at t and is zero otherwise. Due to symmetry, the preferred t for each
country and the subgame perfect equilibrium is found by maximizing the expected payoff E[(t)] of a generic country:

1 NN (k. N-k_,
m[axE[rr(t)] = W ’;: (k) <NJT (t, k) + - " (t, k)) S(t, k). (11)

Here, (’,l’) different funds among k countries are possible in the second stage, to which a country expects to be a
member/non-member with probabilities ’N‘ and NT‘" respectively.

A larger t may increase abatement in the final stage. This will tend to increase payoffs in E[s(t)], but could in turn
reduce the number of members, as incentives not to participate may also increase. This will tend to reduce the expected
payoff E[7(t)]. The optimization in Eq. (11) anticipates the possible trade-off between higher participation and higher abate-
ment. The previous two sections indicated the elements of transfer design and payoff that are conducive to establishing
stability in the second stage. These elements define the participation constraint on optimization in (11) posed by the stabil-
ity function. The optimization, however, is difficult to solve for general functional forms. We therefore analyze the subgame

perfect equilibrium for specific payoff functions and three transfer designs.
4. Three specific strategic-transfer designs

This section considers three design specifications for the fund. All three designs reward abatement so that members abate
more in the final stage. They lead to different incentives to participate in the second stage. Different equilibrium outcomes
result with each of the three designs.

The first design specification for the fund is based on total abatement costs and is the most effective in deterring free-
riding incentives. T (t, k, g;, q_;) is given in the first column of Table 1 (see Falkinger 1996 for a similar fund in a centralized
setting). Transfers are proportional to the difference between individual costs and the average among members. The volume
of transfers t-k determines the share of above-average abatement costs that is reimbursed by the fund.

For the other two designs, free-riding incentives prevail. In the second design, the total costs of abatement are replaced
by marginal costs of abatement. Total abatement costs are not directly observable and may be difficult to measure. Marginal
abatement costs are equal to the tax on emissions or the price for tradable allowances, which are directly observable. The
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second design balances out differences in the marginal abatement costs of members. See the second column in Table 1.
Cramton and Stoft (2012) analyze the same compensation fund but do not consider the incentive for single countries to
participate. The volume of transfers t-k determines how much more transfer is received when a country increases its price
for abatement above the average price.

For the designs that balance total and marginal costs, a country’s transfer will increase unboundedly with abatement. In
practice, compensation funds like the Global Environmental Facility or the Green Climate Fund operate with a fixed amount
of resources. We therefore study a fund of fixed size. Each member contributes t to the total resources in the fund and
receives a refund proportional to its abatement. 7 (¢, k, g;, q_;) is given in the third column of Table 1. It is similar to the
literature on deposit refunding (Gersbach and Winkler, 2012; Gersbach and Hummel, 2016).

4.1. A fund based on differences in total abatement costs

We first analyze a compensation fund that balances out differences in total abatement costs. With transfers given in the
first column of Table 1, the FOC for members in the final stage is:

0=B’—C/(qi)+tv1<~C/(qi)<l—%). (12)

ift < ﬁ and otherwise B’ = C’. The FOC shows that the fund effectively reduces abatement costs for members. When a
member decides to abate more in the last stage, it anticipates that the share t - k(l - %) of additional abatement costs will
be covered by fewer payments to, or more payments from, the other members.

To understand the equilibrium in the second stage, we first analyze how strategic transfers trigger a decrease in abate-
ment by the remaining members. Section 3.2.2 identifies four effects based on the design of transfers. First, there is the
volume-of-transfers effect. When one member leaves, the remaining members will abate less because t-100 percent less
of additional abatement costs will be reimbursed through the fund. Second, the transfer-rate effect contributes to a further
decrease in the incentive to abate. There is one country less to share the abatement costs. The derivative t/ determines the
size of this effect. For the total-cost fund, this term is given in the first column of Table 1. Third, transfers are proportional
to costs. The second derivative of transfers 7" is positive in Table 1. The proportionality factor of transfers to costs will
decrease when one member leaves the fund. Fourth and last, the member-reaction effect is absent. The derivative i?TT/,- is

zero for the total-cost fund in Table 1. In sum, the additional incentive to abate declines because the remaining members
anticipate that they will have to sustain a higher share of their abatement costs themselves when one member leaves the
fund.

4.1.1. The linear-quadratic payoff
In this section we show that the social optimum is the equilibrium of the game for the linear-quadratic payoff function.

Proposition 2. Consider the case of linear benefits (B(Q) = b - Q), quadratic costs of abatement (C(q;) = § ~ql.2), and a fund that

balances differences in total abatement costs. In the equilibrium of the game, countries will vote for t = % which establishes the
social optimum.

Proof. See Appendix A.2. O

In the final stage, the members of the fund (in which all countries participate) abate at socially optimal levels,
qn(t = % N) = N%. Socially optimal abatement is individually optimal because countries anticipate that they will only pay
a fraction of % of additional costs when they increase their abatement.

Fig. 2, panel (b) illustrates how marginal transfers decrease when a member leaves in the second stage. Remaining mem-
bers’ abatement then halves: q"(t = % N-1)= %N%. The departing member incurs a major reduction in benefits, a reduc-
tion that outweighs the abatement costs saved. The fund, which is made up of all countries abating at the socially optimal
level, is stable in the second stage.

All countries vote for t = % in the first stage (unanimity of vote follows endogenously). With t = % countries anticipate
that every country will participate in the fund and abate at the social optimum. If a single member left the fund, the re-
maining members would sufficiently decrease their abatement to punish the free-rider. Every country chooses t = % because
the social optimum is the highest attainable payoff that can be expected in the first stage.

The social optimum is the equilibrium. With t = % every country finds it attractive to join the fund and chooses socially
optimal abatement. However, a commitment issue arises. A member that chooses to abate at the non-cooperative level can
simply decide to withhold the payment required to compensate the other members. National sovereignty means that it
cannot be forced to pay. The defecting member could free-ride on the higher abatement levels of the other members. In
Appendix B we discuss a possible solution to this problem. In the spirit of Gerber and Wichardt (2009) and Gersbach and
Winkler (2012), each member is required to make a payment to the fund before the abatement stage. In this additional
“deposit” stage, each member pays an amount

112 1
d(t. k) = i?[m _ 1]t(k— 1.
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into the fund. The deposit is refunded net of transfers based on differences in total costs: 7(t,k,q;,q_;) =d(t,k) +t-k-
(C(gi) — 1/k X jesC(g;)). Transfers in the final stage are positive. Amount d is fully refunded if all members choose abate-
ment q"(t, k). If one member chooses non-cooperative abatement while all others abate at ¢™(t, k), its transfer is zero. Its
deposit d will be distributed to all the other members to reimburse them for their higher abatement efforts.

4.1.2. Other payoff functions

In this section we diverge from the linear-quadratic payoff function. For other payoff functions the introduction of the
fund does not always lead to the social optimum. The first payoff function introduces decreasing marginal benefits (Barrett,
1994):

#i=b-Q-2@>-S@? vy=o (13)

The parameter y is the slope of marginal benefits. Setting y = 0 recovers the linear-quadratic payoff function. Decreasing
marginal benefits are introduced with y > 0.
The second payoff function introduces strictly convex marginal costs:

T-[i:b'Q_g(qi)es e>2. (14)

Parameter e is the exponent of the abatement cost function. The case e = 2 recovers the linear-quadratic payoff function.
The game is solved numerically (complexity prohibits analytical solutions, see Barrett 1994). The numerical algorithm is
described in Appendix C. The algorithm finds the equilibrium with the fund by solving the maximization problem in (11).
This delivers an optimal t* that results in stable participation k* € {1.N}. The stable participation size k* is unique in all
numerical calculations. Member and non-member payoffs at the equilibrium are denoted by 7 ™(t*, k*) and mw"(t*, k*).
Two indicators assess how the fund improves upon the non-cooperative equilibrium. The first indicator is based on the
global payoff

N
> i =ka™(t, k) + (N — k)" (t. k)

The environmental effectiveness measures the extent to which the global payoff at the equilibrium with the fund closes the
gap between the social optimum N75° and the non-cooperative outcome N7 NC;

[k*rm(t*, k*) + (N — k*)rn(t*, k*)] — NmrN¢
NSO — NyrNC ’

If environmental effectiveness equals 100%, the fund leads to socially optimal abatement in equilibrium. It is straightforward
to see that the social optimum will obtain if the equilibrium is t* = % and k* = N.> Environmental effectiveness equals zero
if the non-cooperative outcome is the equilibrium with the fund.

The second indicator, the cooperation gap, measures the extent to which the social optimum improves payoff for the
countries:

(7750 — NC) /N, (16)

If the cooperation gap is close to zero, the social optimum will not deviate much from the non-cooperative equilibrium.
Hence, there is less need for cooperation.

We now report the results of our numerical simulations. To analyze the outcome in terms of payoffs, Fig. 4 shows the
environmental effectiveness on the left vertical axes. The equilibrium with the fund t* and resulting participation k* are
shown in Fig. D.5 in the Appendix. Fig. 4, panel (a) adopts decreasing marginal benefits (the payoff in Eq. (13)). Parameter
¥ and the number of countries N are varied.*

For the linear-quadratic payoff (y = 0), the numerical algorithm reproduces the analytic finding of Proposition 2. Envi-
ronmental effectiveness is 100%, the social optimum is the equilibrium of the game. With y/c > 0, environmental effective-
ness is below 100% and decreases as marginal benefits become steeper. The social optimum can no longer be sustained as
the equilibrium because members and non-members react to changes in abatement by all other countries. Section 3.2.3 de-
scribes this effect for B” < 0.

To understand why the equilibrium diverges from the social optimum, consider the non-equilibrium values t = 1/N and
k = N, for which all countries would abate at socially optimal levels. If a member leaves the fund, marginal transfers will
decrease because the volume-of-transfers, the transfer-rate, and the cost-proportionality effects are present. Abatement by
the remaining members will tend to decrease. The departing member will also decrease its abatement as there is no ad-
ditional incentive to abate without participating in the fund. However, the remaining members will react and compensate
for lower total abatement by increasing their abatement with y > 0. The departing member comes in for less punishment

100 -

(15)

3 The FOC with the fund is 0 = B'(Ng™) —C'(q™) + & - N (1 — })C'(g™), which equals the social optimum defined in Eq. (3).
4 Environmental effectiveness only depends on the values of ¥ and N. Any combinations of b, ¢, y, and N which hold £ and N fixed exhibit the same
environmental effectiveness, see Appendix D.
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Fig. 4. Environmental effectiveness (Eq. (15)) and cooperation gap (Eq. (16)) as a function of (a) the ratio y/c in payoff Eq. (13) and (b) the exponent e in
payoff Eq. (14).

in the form of a decrease in benefits. In addition, with more ambitious abatement by remaining members, the abatement
of the departing member will fall below the non-cooperative level. More abatement costs can be saved by the departing
member than if non-member abatement remained at the non-cooperative level. Non-participation is individually optimal at
t =1/N and k = N. The social optimum cannot be sustained as a stable fund.

To counteract this free-riding incentive, countries choose an equilibrium t* that is below [%, Member abatement is below
the social optimum, and this reduces the benefits from free-riding when leaving the fund. The fund is stable with a t* < %
and all countries participate in equilibrium (k* = N) for small y/c. Please see Fig. D.5, panel (a) for the numerical details.
Payoffs are below the social optimum. A larger t would enhance payoffs, but would also destabilize the fund.

With increasing y/c, not all countries participate in the fund in equilibrium. For N =40 and y/c = 0.02, 0.022, equi-
librium participation is k* = 34, 32, respectively. In this case, a lower level of t than the equilibrium would lead to higher
participation than k*. However, members would abate less. The expected payoff in the first stage is maximal with lower
participation and higher member abatement.

Fig. 4, panel (a) shows that when marginal benefits decrease steeply, the fund does not greatly improve on the non-
cooperative outcome. However, the cooperation gap also decreases, as shown in the right vertical axis of the same panel.
This effect has been discussed by Barrett (1994). With decreasing marginal benefits, non-cooperative abatement is sub-
stantial, and there are fewer gains in cooperation. Fig. 4, panel a) illustrates this analytical finding numerically.> The gap
approaches zero as the slope of marginal benefits increases.

Consider next the strictly convex marginal costs in Eq. (14). Fig. 4, panel (b) shows the environmental effectiveness. The
exponent of abatement costs e and the number of countries N are varied.® Again reproducing Proposition 2, environmental
effectiveness is 100% when the payoff is of the linear-quadratic variety (e = 2). The social optimum is the equilibrium of the
game. With an increasing exponent e, environmental effectiveness is below 100%. The social optimum cannot generally be
sustained as the equilibrium because members react less to a change in marginal transfers when marginal abatement costs
are steep. Section 3.2.3 describes this effect considering the convexity of costs C”.

To understand why the social optimum is not the equilibrium, consider the fund that would implement the social op-
timum for t = 1/N and k = N. Because marginal costs are steep, remaining members react less to a change in marginal
transfers. After non-participation, abatement by remaining members changes only to a limited extend. There is little pun-
ishment for a departing member. Leaving the fund is (almost always) individually optimal for e > 2. As for concave benefits,
countries choose a t* that is below 1/N in equilibrium to counteract the incentive to free-ride by not participating. Member
abatement is below the social optimum, so that leaving the fund is less attractive. For t* < 1/N, all countries will find it
optimal to participate in the fund, k* = N for all parameter values. See Fig. D.5, panel (b) for the numerical details.

Unlike with decreasing marginal benefits, environmental effectiveness is still close to the social optimum for strictly
convex marginal costs. It is above 90% in Fig. 4, panel (b) for all parameter values.

5 As in footnote 4, the cooperation gap only depends on y/c and N.
6 Environmental effectiveness only depends on the values of e and N. It is independent of b and c, see Appendix D.
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In sum, we find that when the social optimum significantly improves payoffs in comparison with the non-cooperative
equilibrium, the fund based on differences in total abatement costs will also significantly improve payoffs in equilibrium.
When benefits are linear and costs are quadratic, the fund will always establish the social optimum.

4.2. A fund based on differences in marginal costs

In this section we consider a fund that bases transfers on marginal abatement costs. Marginal costs are generally more
easily measurable than total costs as they equal the tax on emissions or the market price for tradable permits. Transfers
balance differences in marginal costs, as specified in the second column of Table 1. This design performs worse than the
fund based on total costs.

Proposition 3. Assume that payoffs are of the form in Egs. (13) and (14).

(a) Consider a fund based on differences in marginal costs that is stable in the second stage of the game for some t and k.
There is a stable fund based on differences in total costs with weakly larger participation. The stable fund based on total
costs also leads to a weakly larger global payoff than the stable fund based on marginal costs.

(b) Consider the parameter range in Section 4.1. In equilibrium, environmental effectiveness is weakly larger with the fund
based on total costs than with the fund based on marginal costs.

(c) In equilibrium with the fund based on marginal costs, countries vote for t* = —22— in the case of linear benefits (B(Q) =

= tN-1)
b-Q) and quadratic costs (C(q;) = § -q,.z). All countries participate (k* = N). Environmental effectiveness is 100 - ?1511\:3

which is 100% if N = 3 and approaches zero as the number of countries increases.

Proof. Parts (a) and (b) are shown in Appendix A.3. Part (c) is shown in Appendix A.4. O

The fund based on marginal costs is less effective in punishing non-participation than the fund based on total costs.
Proposition 3(a) shows that for any stable fund based on marginal costs, there is a stable fund based on total costs that
performs better. When a member leaves the fund based on marginal costs, remaining members will decrease their abate-
ment less than with the fund based on total costs. Free-riding by not participating in the fund is more attractive for the
marginal-cost than for the total-cost fund.

To see why, consider the four effects influencing member abatement identified in Section 3.2.2. When the volume-of-
transfers and the transfer-rate effects are compared, marginal transfers decrease in a similar way for the marginal-cost fund
as for the total cost fund. First, the volume of transfers decreases when one member leaves the fund. Second, the transfer-
rate effect is present. In Table 1, the second column specifies element t/ = C" (1 — %). In the case of non-participation, there
is one country less to share marginal abatement costs with.

However, transfers are not proportional to costs. For the linear-quadratic payoff, the second derivative is zero in Table 1,
T” = 0. Marginal abatement costs net of marginal transfers increase irrespective of participation in the fund. Even though
marginal transfers decrease with participation, for participation k and k — 1 convex costs will counteract the additional
incentive to abate to the same extent. In comparison, abatement changes less with the fund based on marginal costs than
with the fund based on total costs. Comparatively, there is less punishment for non-participation.

The first part of Proposition 3(a) is a direct consequence of the comparative lessening of punishment. Participation is
larger when the fund balances total and not marginal costs. Consider a case where the stability function in Eq. (7) is positive
for the fund based on marginal costs for some t and participation k. A certain degree of member abatement will result. The
proof shows that there is some t for the fund based on total costs, such that the stability function has a larger value at
the same k and member abatement in comparison to the fund based on marginal costs. Recall that stability in the second
stage is achieved when the stability function switches signs. Since the stability function is larger for the total-cost fund,
participation is weakly larger than for the marginal-cost fund. The proof shows that the global payoff for the stable fund
based on total costs is also weakly larger than for the fund based on marginal costs because participation is larger. This
establishes the second part of Proposition 3(a).

Proposition 3(b) is a direct consequence of Proposition 3(a). The proof utilizes the fact that if there is only one stable
fund size k*, the expected payoff in the first stage (defined in Eq. (11)) is 1/N times the global payoff. Uniqueness was
established in Section 4.1 for the parameter range considered. Hence, in the case of equilibrium with both fund designs,
the global payoff will achieve its highest value because the expected payoff is optimal. Proposition 3(a) establishes that the
global payoff is higher for the stable fund based on total costs. Hence, the global payoff in equilibrium with that fund is
at least as high as in equilibrium with the fund based on marginal costs. The fund based on total costs establishes higher
environmental effectiveness since environmental effectiveness increases with global payoff (see Eq. (15)). The proof shows
3(a) and (b) without deriving an explicit solution to the game with the fund.

In terms of linear-quadratic payoff, Proposition 3(c) shows how much better the fund based on total costs performs
than the fund based on marginal costs. While environmental effectiveness is 100% in the former, it is below 100% in the
latter if N> 3. It will even approach zero if the number of countries is comparatively large. For example, if there are 100
countries, environmental effectiveness is 4% for the fund based on marginal costs. Environmental effectiveness can also be
high for small numbers of countries (the fund establishes the social optimum for N = 3). If there are only a small number
of countries, socially optimal abatement is not much more ambitious than non-cooperative abatement. A small decrease in
abatement by remaining members is sufficient to punish non-participation.
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4.3. A fund of fixed size

The last design we consider is a fund of fixed size. Members pay an amount t of resources into the fund. Each member
receives a share of total resources proportional to its abatement. The third column of Table 1 specifies the design. This
approach is most similar to funding mechanisms that have been implemented in practice. However, significant incentives to
free-ride prevail, as we show in the next proposition.

Proposition 4. Assume that payoffs are of the form in Egs. (13) and (14).

(a) Consider a fund of fixed size that is stable in the second stage of the game for some t and k. There is a stable fund based
on differences in marginal costs with weakly larger participation. The stable fund based on marginal costs also leads to a
weakly larger global payoff than the stable fund of fixed size.

(b) Consider the parameter range in Section 4.1. In equilibrium, environmental effectiveness with the fund based on total costs
is weakly larger than with the fund of fixed size.

(c) In equilibrium, environmental effectiveness with the fund of fixed size is no greater than in equilibrium with the fund that
balances marginal abatement costs if benefits are linear (B(Q) =b-Q) and costs are quadratic (C(q;) = § -q,?). Environ-
mental effectiveness approaches zero as the number of countries increases.

Proof. See Appendix A.5. O

The fund of fixed size is less effective in punishing non-participation than the fund that balances marginal costs,
Proposition 4(a). By Proposition 3, it therefore also performs worse than the fund based on total costs, Proposition 4(b).
When a member leaves the fund, the drop in the total amount of resources triggers little abatement change. Non-
participation is not effectively punished.

Again, we can gain insights into the mechanism by analyzing the four effects identified in Section 3.2.2. Abatement by the
remaining members will decrease when one member leaves because the volume of transfers decreases. However, there is
one member less to share the (smaller) amount of resources with, which increases the incentive to abate. In contrast to the
other fund designs, the transfer-rate effect does not contribute to the punishment of a departing member. Table 1 specifies
the transfer-rate effect for the linear-quadratic payoff, element v’ = "k;; qim In addition, the member reaction effect is present

with the derivative gq—ﬁ being negative in Table 1. When one member leaves the fund, all remaining members will abate
—i

less. The incentive to abate increases for all remaining members. Finally, transfers are not proportional to costs.

Of the three designs studied, the fixed-size fund entails the smallest change in abatement by remaining members. As a
result, the statements about global payoff and environmental effectiveness in Proposition 4 are equivalent to Proposition 3.
From a strategic perspective, the fixed-size fund performs worse than the other funds.

5. Conclusions

We demonstrate that international transfers via multilateral compensation funds can be designed to significantly increase
the provision of a global public good. In our game, countries face free-riding incentives when deciding on (a) how much
one country will increase the volume of transfers by in the fund, (b) their individual participation and (c) their voluntary
level of public-good provision. Our results are important for the strategic design of transfers because all decisions taken by
countries are based on self-interest. Public-good provision increases in the absence of a global authority with enforcement
power.

We provide insights for climate change negotiations by showing that a design similar to the Green Climate Fund does
not effectively counteract free-riding incentives. For this design, a fixed amount of resources is distributed to the members
of the fund. When a single country leaves and withdraws its contribution from the resources of the fund, the provision of
the public good by the remaining members is too ambitious to punish non-participation. A fund that balances differences in
the marginal costs of public-good provision is better able to counteract free-riding incentives. In this design, the remaining
members will lower their public-good provision to a larger extent when a member leaves than they will in a fund that
provides a fixed amount of monetary resources. The design that balances differences in the total costs of public-good pro-
vision is best able to counteract free-riding incentives. Equilibrium with the fund is the social optimum among an arbitrary
number of symmetric countries when the marginal benefits of public-good provision are linear and costs are quadratic.

We extend the linear-quadratic case to other payoff functions. When marginal costs are strictly convex and marginal
benefits are close to the constant case, the fund based on differences in total costs will significantly improve the welfare of
countries. Where marginal benefits decrease steeply, the fund does not greatly improve on the non-cooperative equilibrium.
In this case, however, the welfare of countries in the social optimum is also relatively close to the non-cooperative equilib-
rium. Marginal damages of climate change have been described as relatively flat in the short-to-medium term (Pizer, 2002),
indicating that the case of linear benefits in which the total-cost fund significantly improves payoffs is also empirically
relevant.

Our three-stage model provides insights on how best to design transfers to finance global public goods. Further research
would do well to investigate the assumptions underlying our simple model. For example, we assume that all countries
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commit to the level by which a joining country increases the volume of transfers. The incentive to change this could be
studied by means of renegotiation-proof equilibria.

The second assumption is that of symmetric countries. This assumption casts light on the mechanism behind the way in
which transfers deter free-riding. Transfers arise because countries contribute to the public good at different levels. When
countries are assumed to be heterogeneous, the benefit and cost functions in their public-good provision will differ. In
the heterogeneous setting, constructing a fund based on differences in total costs is straightforward. Here, transfers arise
due to different cost and benefit functions, as well as different contributions to the public good. The volume-of-transfer,
transfer-rate and cost-proportionality effects that we have identified will still be present when countries are assumed to be
heterogeneous. However there will also be donors and recipients in equilibrium. It is then readily convincing to suggest that
a net donor country will only have an incentive to participate if its benefits from public-good provision are high enough to
compensate for its negative payments. Hence, the effectiveness of the fund designed to enhance the provision of the public
good will depend on the type of heterogeneity obtaining among countries.
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Appendix A. Proofs
A.1. Proof of Proposition 1

We first show that total abatement is weakly larger with the fund compared to the non-cooperative equilibrium. De-
note 7’ = %T(t, k.q;.q_;). Assume the opposite claim of the proposition: k-q™(t, k) + (N — k)q"(t, k) = Q(t, k) < QNC =

NgNC. Then B/ (Q(t, k)) + T7(t, k, g™ (t, k), q_; = g™ (t, k)) = B'(QNC) VieS and B'(Q(t, k))>B'(QNC). Hence C'(q™(t, k)), C'(q"(t,
k)) > C'(gN©), from which the contradiction q™(t, k), q"(t, k) > gNC follows as marginal costs increase.

Second, q™(t, k)>q"(t, k) follows from comparing the FOCs for members and non-members: C'(q™(t, k)) = B'(Q(t, k)) +
T'(t, k, q™(t, k), q_; = q™(t, k)) > B (Q(t,k)) =C'(g"(t, k)). Since total abatement is weakly larger than the non-cooperative
level, it follows that q™(t, k) > gNC.

A.2. Proof of Proposition 2

b 1

¢ TfT)» hon-member abatement is at the non-

In the last stage, member abatement for given t and k is ¢™(t, k) =
cooperative level q"(t, k) = b/c.

The stability function for a fund among k countries is:

b? 1 1 1 1 1

There is a unique number of members k such that the fund is stable given t (proof is available upon request). Inserting
t=1/N and k = N, the stability function has a positive value at %(N— 1) > 0. Hence the fund among all countries with
socially optimal abatement is internally stable. Since it is also externally stable by definition, t = 1/N establishes the social
optimum as a stable fund in the second stage.

Since there is a unique number of members k(t) such that the fund is stable given t, the expected payoff in Section 3.3 is
E[m(t)] = %nm(t, k(t)) + N_Tk(t)n”(t, k(t)), which is the global payoff divided by the number of countries. By definition,
the global payoff is highest at the social optimum, which can only be attained if t = 1/N and all countries participate. Hence,
the expected payoff of each individual country in the first stage of the game is highest for t = 1/N, for which all countries
vote in the first stage.

A.3. Proof of Proposition 3(a) and (b)

Consider a stable fund of participation k =k for a t = f|yc, which leads to member abatement G > gNC for the fund
based on marginal costs. The proof considers the fund based on total costs that also leads to abatement ¢ when k members
participate.’

7 Note that any abatement level of members q™(t, k) z_q”c can be attained by increasing t for the fund based on total costs. Solving the FOC for the payoff
function in Eq. (14) leads to g™ (t, k) = (b/c)'/¢=1(1 —t(k — 1))/1=¢. At the upper bound on t, t = 1/(k — 1) (see Table 1), member abatement approaches
infinity. For the payoff in Eq. (13), note that total abatement Q above b/y violates positive marginal benefits B'(Q) =b—y -Q < 0. Hence, member
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We proceed in four steps. The first step shows that the drop in abatement by members after non-participation is weakly
larger for the fund based on total costs than for the fund based on marginal costs. The second step shows that the stability
function is weakly larger for the fund based on total costs than for the fund based on marginal costs. Third, global payoff is
also shown to be weakly larger, showing Proposition 3(a). Lastly, environmental effectiveness is weakly larger for the fund
based on total costs, showing Proposition 3(b). All steps are first done for the payoff in Eq. (14) and then for the payoff in
Eq. (13).

A.3.1. Payoff with strictly convex marginal costs in Eq. 14

We start by showing that, after non-participation, member abatement decreases more for the total cost fund than for
the marginal cost fund. Because it is not possible to give an explicit expression for abatement levels given the more general
payoff functions, we proceed with comparing first-order conditions.

Drop in abatement is weakly larger for the fund based on total costs than for the fund based on marginal costs
The t = f|yc that leads to abatement ¢ for participation k in the fund based on total costs is defined by the FOC for
members:

0=b—C'@ +Elck-1)C@
(@ -—b

(k=1)C(q)

With f|c given, the FOC of members to the fund with participation k — 1 defines the extent to which members decrease

their abatement after non-participation. To reduce notation, member abatement with participation k — 1 is denoted with
Q2ltc. q2l1c is then an implicit function of q:

0=b—C'(qalrc) + Elrc(k - 2)C/(‘]2|Tc)

=b—C(q2lr) + [C'@) - b] - ? Cé‘/](i;;c)

= tlrc = (A1)

(A2)

For the fund based on marginal costs, the t = f|yc that leads to abatement § for participation k is again defined by the
FOC for members:
0=b-C'(@ +ilmclk—1)C"(@
(@ -
(k—1)C"(q)
Let, as above, ¢;|mc denote member abatement after non-participation. Inserting t|mc to the FOC for members when
participation is at k — 1 yields:
0=b—C'(q2lmc) + Elmc(k — 2)C" (g2 Imc)
k —2C"(g2]mc)
— b / C/ A A
C'(q2Imc) + [C'(@) - ]k—l @
]k -2C(q2lme) G
k=1 C@ qzlmc

= flmc =

(A3)

=b-C(q2lmc) + [C/(Q) -

The last equality follows from inserting C”(q) = (e — q)C'(q)/q for this payoff function. Subtracting Egs. (A.2) and
(A.3) yields:

C'(qQ) bk y
@ I_1<C(CI2|TC) C'(q2lmc) —— | >

e o _C@-bk-2\_ C@-bk-2, __d
=[C'(@2Im0) - C'(q2110) ] (1 <0 ,—{_1)4' Z0)) I_c_lf(qﬂmc) <] q2|Mc>'
N——

) @ 3)

0 =C(q2lmc) = C'(@2l10) + —=—

abatement § for the fund based on marginal costs has to be below b/(yk), for which non-member abatement is zero. Solving the FOCs for the fund
based on total costs, member abatement is g™ (t, k) = [y N+1-t(k- 1)( (N-k)+ 1)]71. At the upper bound on t, member abatement approaches at
qn(t=1/(k—1).k) = b/(yk), which is the upper bound on .
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The desired relationship ¢, |pc > qz2|tc follows. This is due to the fact that (1) (1 - b"—) > 0 because g > gNC; (2)

C’(q) k=1

) < 0 because ¢ > g3 |mc, which follows from the FOC for member

(@ k-1
abatement.®

C@-bk20/(gy|ye) = 0 because § = gN; (3) (1 - o=

The stability function is weakly larger for the fund based on total costs than for the fund based on marginal costs
For the fund based on marginal costs we know that the stability function Eq. (7) is positive at k by assumption:
AT (|pmc, k) > 0. The stability function is then higher for the fund based on total costs than for the fund based on marginal
costs:
AT (Elre. k) = b- (ki + (N=I)q") =C(@) —b- (k= Dalrc + (N =k +1)g") — C(q")
AT (Elme, k) = b- (k§+ (N —k)g") = C(@) — b- (k= 1)Galmc + (N — k+ 1)g") — C(q")
= A7 (tlre. k) — Am (t|mc. k) = b(k — 1)(q2|mc — G2ltc) = 0
Hence, the fund that balances total costs is also internally stable. Recall that stability is fulfilled if the stability function

switches sign_at k. If external stability does not hold for the total cost fund at k, then there is a stable fund of larger
participation k + Ak, Ak > 0. This is the first part of claim a) for the payoff function with strictly convex marginal costs.

Global payoff is weakly larger for the stable fund that balances total costs than for the fund that balances marginal costs
At k, both funds (based on marginal costs and on total costs) lead to the same abatement g by design of this proof.
Hence, the global payoff is the same for both fund designs:

k™ (Elrc, k) + (N = k)m" (Elrc, k) = kx ™ (Elwc, k) + (N = k)7 " (Elmc, k).

We now establish two other relationships. First, from Proposition 1 we know that member payoff is smaller than

non-member payoff: w™(t, k)<m"(t, k)2 Second, with positive stability function until k + Ak we have 7™ (f|rc, k + ¢) >

T"(Elre k+¢—1), Vee{0,..., Ak}. With these two inequalities we can establish that the global payoff for the stable fund
based on total costs weakly decreases from k + Ak to k+ Ak — 1. At k + Ak the global payoff is

(k + Ak)T™ (El1c, k + Ak) + (N — k — Ak) " (F|1c, k + Ak)
>7m (e k+Ak)
> Nt (F|1c, k + Ak) = Nt (Flrc, k + Ak — 1)
= (k+ Ak — 1) " (E|rc. k+ Ak — 1) +(N — k — Ak + 1) " (F|rc. k + Ak — 1)
> (F|re.k+Ak—1)

> (k+ Ak — )™ (E|rc, k+ Ak — 1) + (N —k — Ak + 1) 7" (E|rc, k+ Ak —1).

The same consecutive manipulations establish (k + Ak)7™ (Elrc, k + Ak) + (N — k — Ak)r " (E|1c. k + Ak) = k™ (Elrc, k) +
(N — k)" (t|1c, k), from which we have the desired relationship. Hence, the second part of claim (a) is shown for the payoff
with strictly convex marginal costs.

Environmental effectiveness in equilibrium is weakly larger for the fund that balances total costs than for the fund that balances
marginal costs

Consider the equilibrium with the fund based on marginal costs t*IMC This establishes an equilibrium payoff in Eq.
(11) that is a convex combination of expected payoffs Nnm(t*|Mc Iy + Nkt e, k) for each stable k that follows from

t*|mc. Take the stable k with the highest expected payoff 7 |yc = N7r’"(t*|M k) + N k71 (t*|\c. k). Following the proof
above, a stable fund based on total costs exists that exh1b1ts a global payoff that is weakly larger than for the fund based on
marginal costs. By noting that the expected payoff Nrr + N k1 is equal to 1/N times the global payoff, we know that the

stable fund based on total costs also establishes an expected payoff 77 |tc = k*“‘ T (t|1c, k+ Ak) + N=k-Bk " Ak 7 (t1e, k + Ak)
that is weakly larger than for the fund based on marginal costs 7 |yc. The expected payoff 7 |pc for the stable total cost
fund is then also weakly higher than the equilibrium payoff in Eq. (1]) for the fund based on marginal costs. This is because
the equilibrium payoff is a convex combination of expected payoffs * N (t* |mc. k) + Nokpn (%] ye, k) that are each weakly
smaller than 7 |rc (since we took the k with the largest 7 |yc).

Now consider the equilibrium expected payoff in Section 4.1.2 for the fund based on total costs ’,‘Jn’“(t*ch k*) +

N k* " (t*|1c, k*). From the numerical algorithm, we know that this equilibrium expected payoff is weakly larger than any
8 With the implicit function theorem on the member FOC 0 = b —C'(q) +t(k — 1)C"(q). % = e 7[(1:57” o = C,/ﬁgf;z)/q > 0.
—_— — =

=1 _(¢_pycr =(e-2C"/q
9 Proposition 1 showed that total abatement increases above gNC through larger member abatement. As marginal benefits decrease, non-members de-
crease their abatement below gNC.
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expected payoff attainable for a stable fund among k members. It is hence weakly larger than the expected payoff 7 |tc.
We have just shown that this expected payoff is weakly larger than the maximized payoff for the equilibrium with the
fund based on marginal costs. It follows that the equilibrium with the fund based on total costs establishes an equilibrium
expected payoff that is weakly larger than in equilibrium with the fund based on marginal costs.

The environmental effectiveness of the fund based on total costs is equal to Eq. (15). For the fund based on marginal
costs, we adjust the equation for the environmental effectiveness to allow for multiple equilibria in participation. We re-
place the global payoff for the equilibrium with the fund based on total costs [k*7™(t*|tc, k*) + (N — k*)7™ (t*|1c, k*)] in
Eq. (15) with the convex combination

] ¢ N m¢x N/ex %
S (N e, k) :; (k)(kﬂ (t*Imc. k) + (N = )" (t*[mc. k) - @ (t*[mc. k) (A4)

of global payoffs for each stable k under t*|yc. This is a convex combination of global payoffs that are each no greater
than the global payoff at equilibrium for the fund based on total costs (as shown above). It follows that the environmental
effectiveness is weakly smaller for the fund based on marginal costs than for the fund based on total costs. This establishes
part (b) of the proposition for the payoff with convex marginal costs.

A.3.2. Payoff with decreasing marginal benefits in Eq. 13
We now show the statements of Proposition 3 for payoffs with strictly decreasing marginal benefits following the exact
steps as above.

Drop in abatement is weakly larger for the fund based on total costs than for the fund based on marginal costs
For the fund based on total costs, the FOCs of members and non-members in the last stage can be combined:

0=>b-—ykqm™(t, k) + (N-kq'(t, k) —cq™(t, k) +tk—1)cqg™(t, k)
0=>b-—ykqm™(t, k) + (N-k)q"(t, k) —cq"(t, k)
= q"(t, k) =1 -t(k-1))q™(t, k)
=0=b—- Ny +0)q"(t, k) +t(k—1)[(N-k)y +clg"(t, k)

With the last equation we proceed as after Eq. (A.1) to find an expression relating member abatement when participation
is at k — 1 (denoted ¢, |tc as above) with abatement of members when participation is at k (denoted g as above). It follows:
k=2 (N—k+1)y +cqalrc
k-1 (N-ky+c
For the fund based on marginal costs, the FOCs of members and non-members in the last stage can again be combined:

0=>b—ykq™(t, k) + (N-k)q"(t, k) —cq™(t, k) +t(k—1)c
0=>b—ykq™(t, k) + (N-k)q"(t, k) —cq"(t, k)
= q'(t, k) =q"(t, k) —t(k—1)
=0=b—- Ny +0)q"(t, k) +t(k—1)[(N-k)y +c]

With the last equation we proceed again as after Eq. (A.1) to find an expression relating member abatement when par-
ticipation is at k — 1 (denoted g;|uc as above) with abatement of members when participation is at k (denoted g as above).
It follows:

0=b—(Ny +0)qzlrc + [(Ny +c)§ — b] (A5)

—2(N—k+1y+c

i (A.6)
-1 (N-ky+c

.k
0=b— (Ny +0)qzlmc + [(Ny Jrc)q—b],-<

Subtracting Eqs. (A.5) and (A.6) yields:

k=2 (N—k+1)y+c |:q2|Tc _1]
k-1 (N-k)y+c q
>0
Based on the last equation, the desired ranking ¢, |yc >qzlrc only follows if member abatement decreases after non-
participation, g, |rc < g, for the fund based on total costs. We now proceed with the parameter range in which gq;|1c < § &
%% < 1.19 We return to the other parameter range q,|rc > G below.
With g, |rc < 4. we immediately have g;|mc > gz lrc because (1) [(Ny + ¢)§ — b] = 0 with ¢ > gNC.

0 = (Ny +¢)(gzlmc — Gzlrc) + [(Ny +©)q — b]
—— —_—
>0 M

10 This follows from the combined FOCs derived above:
0=b—(Ny +o)q+tk—-1)[(N-k)y +clq

=0=2-(N-0)+tk-1)(y(N-k) +¢),0 = = —(YN=0)+t(k—2)(y(N—k+1)+¢)

b bt (k-D(N=l)+0) - (k=2 (y(N-k+1) +0)
b
a

_b_ b T r _ k=2 y(N=k+D+c
S0=b- b prk-DON k)+c)[1 k2 vk }

0=
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The stability function is weakly larger for the fund based on total costs than for the fund based on marginal costs

For this payoff function, when one member leaves, abatement of remaining members decreases more for the total cost
fund. As a result, total abatement (and abatement of all other countries but the leaving member) also decreases more for
the total cost fund. This happens in conjunction with the reaction of non-members to the change in member abatement.
These relationships are established separately in the following as they are needed to show how the stability functions relate.

Recall that f|qc is the level of t that establishes member abatement G for k members of the fund based on total costs.
Recall also that non-member abatement is q"(t, k)|rc = (1 —t(k —1))g™(t, k)|tc for the total costs fund and q"(t, k)|mc =
q™(t,k)|mc —t(k—1) for the marginal costs fund. (See FOCs above for both funds). Consider the abatement of all others
but the leaving member when participation is at k — 1, first for the fund based on total costs, then for the fund based on
marginal costs:

Qi(tlre. k= 1) = (k= )galrc + (N = k) (1 = Elrc(k — 2))galrc
Q_i(tlme, k — 1) = (k— D galmc + (N = k) (g2|mc — Elmc (k — 2))
Some manipulation yields:

Qi(tlic.k—1) = (N=1)galrc — (N = k) Elrc(k = 2) galrc
———

_ YN+c=b/gy It
Ty (N—k+1)+c

Q i(Elc. k—1) = (N = 1)q2lmc — (N = k) Elmc (k — 2)
N e’

_ (YN+Oaplmc-b
Ty (N=k+1)+c

The under-braced equations follow from the combined FOCs above when participation is at k — 1. Further manipulation
delivers:

_ he(y +0k=1)+ (N~ k)b
Y(N—k+1)+c

_ Glwc(y +0 (k=1 + (N-kb
Yy(N—k+1)+c

Qi(tlc. k—1)
(A8)

Q i(tluc k1)

Hence the abatement of all other countries is lower for the fund based on total costs than the fund based on marginal costs
when participation decreases by one: Q_;(f|rc,k—1) < Q_;(E|mc. k — 1) since ¢y|tc <qz|mc. From this it is straightforward
that non-member abatement is higher for the fund based on total costs than for the marginal costs fund: g" (tlre. k—1) >
q"(tlvc, k—1).

Next, we show that total abatement is lower for the fund that balances total costs than for the fund that balances
marginal costs when participation is at k — 1: Q(f|tc. k — 1) < Q(f|mc. k — 1). Take the FOCs for non-members, first for the
fund based on total costs, second for the fund based on marginal costs:

b—yQ(Elc. k—1) = cq*(Elrc. k—1)
b—yQ(Elvc. k—1) = cq"(Elme. k= 1)
=~y (Q(tlc. k= 1) = Q(Elmc. k= 1)) = c(q"(Elrc. k — 1) — ¢"(Eluc. k— 1))
Since q"(f|c. k — 1) > ¢"(f|mc. k — 1), the claim on global abatement follows. )
These relationships provide the basis for showing that the stability function is higher at k for the fund that balances

total costs than for the fund that balances marginal costs. By noting that at k both funds establish the same abatement by
members ¢ and therefore the same member payoff, we have:

AT (Elre. k) = 1™ (Elre. k) — " (Elre. k= 1)
AT (Elwc. k) = 7™ (Elmc. k) — 7" (Fmc. k — 1)
= AT (Elrc. k) = A7 (Eluc. k) = 7" (Elme. k = 1) = 7" (Elrc. k= 1) = 0
The last inequality follows as non-member payoff after non-participation is weakly larger for the fund based on marginal

costs: global abatement is higher and abatement of non-members is lower for the marginal cost fund compared to the total
cost fund.

Global payoff and environmental effectiveness are weakly larger for the fund that balances total costs than for the fund based on
marginal costs

Since the stability function is also higher for this payoff function, the claims for the global payoff and environmental
effectiveness are derived as in the respective subsections of Appendix A.3.1. (The arguments there do not rely on the payoff
function). Hence, for the payoff we also established claims (a) and (b) with decreasing marginal benefits.
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Parameter range, in which member abatement does not drop after non-participation
We now check the parameter range in which member abatement does not drop after non-participation for the fund based

on total costs: gy|tc > § & 3 k= f% 1. In this parameter range, member abatement also does not drop after non-

participation for the fund based on marginal costs g;|yc > ¢.'' If member abatement increases after non-participation, the
stability function cannot be positive (as shown below). Therefore this case is irrelevant for the proposition as the necessary
condition of a stable fund based on marginal costs cannot hold.

If member abatement increases after non-participation, g, |yc > ¢, it follows that the abatement of all other countries but
the leaving member also increases. Denote Q_; as the abatement of all countries but one member with at k. As in Eq. (A.7),
Q_;(lmc. k— 1) is the abatement of all other countries but the leaving member with participation at k — 1. We have:

Qi — Qi(tlmc, k—1)
= (k= 1)G+ (N=k) (G~ tluck— 1)) = Qi(flmc. k= 1)
= (N-1)§— (N = k)lmc(k — 1) = [(N = 1)gamc — (N = k)£ (k — 2)]
=(N-1) (@~ Galmc) —~(N = )i|uc (k—1-k+2) <0

<0 =1
The stability function is:
AT (Elme. k) = B(Q i + ) — C(q) — [BQ_i(Elmc, k — 1) +¢" (Elmc. k — 1)) — C(q" (Elmc, k — 1))]. (A.9)

Define q* = argmax, B(Q ; +q) — C(q). By definition B(Q ; +§) — C(q) < B(Q_; +q*) — C(q*). The FOC for g* is B'(Q ; +
q*) = C'(g*). Comparing this FOC to the FOC for non-members at participation k-1, B'(Q_;(t|mc. k—1)+q"(Elyc. k- 1)) =
C'(q"(lmc. k— 1)), it is straightforward that g* > q"(t,k — 1) since Q_; < Q_;(f|mc., k — 1). With this we have:

AT (Elmc, k) < B(Q i +q*) — C(q*) — [BQ_i(Elmc, k= 1) + " (Elmc, k — 1)) — C(q" (Elmc, k — 1))]
= B(Q_i+q*) — B(Q_i(tlmc, k= 1) + q"(Flmc, k — 1)) +C(q" (E|mc, k— 1)) = C(q*)

=AB

<0 since q*>q" (f|mc.k—1)

AB <0 follows if Q_; +q* < Q_;(lmc. k — 1) + q" (E|mc. k — 1). Take the two FOCs for g* and q" (F|pc. k — 1):
b—y(Qi+q)=cq
b—y(Qi(Elwe k= 1) +q"(Elme, k= 1)) = cq" (Elmc. k— 1)
= -y Qi+ —[Qitlwc. k= 1) +q"{Elnc. k= DD = c(@" — ¢" Elme k— 1))

Since q* > q"(flmc. k — 1), we have Q_; + q* < Q_i(Elmc. k= 1) + " (Elmc. k— 1) and AB <0. Hence, the stability function
is negative.

A.4. Proof of Proposition 3c

Solving the last stage with transfers from Table 1 and the linear-quadratic payoff, members abate at q™(t, k) = %+t~
k(l - —) Non-members abate at q"(t, k) = b/c.
The stability function from Eq. (7) for k members is:

2
AT (t, k) b(Nb+I<t(I<—l)> 2<b+t(k—1)> <le-l—(k—l)t(k—2)>—i-;bC2

—t(k—1)(b— %ct(k —1)).

The only k for which the stability function switches sign from positive to negative when increased by one is the nearest
lowest integer to % + 1. This is the unique stable participation in stage 2. In turn, a fund with participation k is internally
stable if t < %.

Given k, the expected payoff of the first stage increases in t if t < C(kz—fl):

2
E[z(t, k)] = II\(][ (Nb+kt(k—1)) 2(b+t(k—1)> } N&’ [b<Nb+l<t(k—1)> tz,zc:|

1 This follows from the combined FOCs derived above:
0=b—(Ny +o)q+tk—=1)(y (N-k)+c)
& 0 b—(yN+o)g+t(k—1)(y(N— k)y+¢c),0=b— (YN +6)q2lmc +t(k7 2)(y (N - k+1)+0)
=(YN+0)(@2lmc — +f[(’<— Dy N-k) +0) - (k=2)(y (N-k+1) + 0]

_ _ _ _ _ (kiz)(y(N kf1)+c)
= N+ (@lvec — @ + (k,n(ym,km)[ -1 (N-R+0) }
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Setting the derivative W to zero derives the t that would maximize the expected payoff without the stability
constraint.

dE[m (t, k)] k k
— = N(k— DHIN=1)b- th(k— 12 =0

dt
b(N-1) 2b .
= N> 2.
=t ck=1) > ck=1) since N >
Hence, inserting the maximum t = C(,f_bl) achieves the largest expected payoff while the fund among k members is sta-
ble:
2
2b k b b c(b b N-k b b b?
E[m(t = m,k)] =N b(NC +k26) - Z(C +26> +y [b(NC +k26) - 26}
b? k 1
= C<N+2k_4N - 2)
This increases in k. Hence, the equilibrium of the game is t* = C(ﬁ—ﬁl) leading to full participation k* = N. All countries

have a payoff of 3N — 4.5. Inserting this member payoff under full participation in Eq. (15) leads to the stated environmental
effectiveness in the proposition.

A.5. Proof of Proposition 4

The proof proceeds completely analogous to Appendix A.3. Consider a stable fund with k = k members for a t = f|gf
which leads to abatement q > gNC for the fund of fixed size. The proof considers the fund based on marginal costs that also
leads to abatement § when k members participate.’> We proceed in three steps to show Proposition 4(a). The first step
shows that the drop in abatement after non-participation is weakly larger for the fund based on marginal costs than for
the fund of fixed size. The second step shows that, as a result, the stability function is weakly larger for the fund based on
marginal costs. The third step shows that global payoff is also weakly larger, showing Proposition 4(a).

Proposition 4(b) follows because we know from Proposition 4(a) that the fund of fixed size performs worse than the
fund based on marginal costs, which performs worse than the fund based on total costs from Proposition 3.

Lastly, we show Proposition 4(c) based on Proposition 4(a).

A.5.1. Showing Proposition 4a
Drop in abatement is weakly larger for the fund based on marginal costs than for the fund of fixed size
Consider the payoff in Eq. (14). With the FOC for members of the fixed fund
k-1 1
0=b-C(q"(t, k t————
@)+ =
we apply the same procedure as after Eq. (A.1) to find an expression relating member abatement when participation is at
k — 1 (denoted q,|fr) with abatement by members when participation is at k (denoted 4 as above):
_ k=2 k g
0=b—C(qalee) + (@ bz —— I (A10)
k—1k—192le
Subtracting Eq. (A.3) and Eq. (A.10) yields:

- k—2[C"(qalumc) kg
0=C -C —(C —b)= [ = — = ]
(G21rr) (G2lmc) — (C'(@) )kfl @ 1%
(1) (2) 3)

The desired relationship q;|rr > qz|mc follows. This is due to the fact that (1) (C'(q) —b)% > 0 because g > qN¢; (2)
%&%‘C) <1 because § > qy|mc (see Appendix A.3) ; (3) %# > 1 because G > qy|gr, Which follows from the FOC for
member abatement.'?

12 Note that any member abatement g™(t, k) > g\C is attainable by increasing t for the fund based on marginal costs. The FOCs for members for the payoff
in Eq. (14) is 0 = b — C’(q) + t(k — 1)C"(q). Inserting C'(q) = cq®',C"(q) = c(e — 1)cq°~2, we have q —t(k —1)(e — 1) = bg>~°. The intersection of the linear
function q — t(k — 1) (e — 1) and bq?~¢ approaches infinity as t approaches infinity.

For the payoff in Eq. (13), member abatement is q" (¢, k) = w
It is straightforward to show that the second order conditions for a maximum are fulfilled.

13 With the implicit function theorem on the member FOC 0=b—C'(q) +t¥1 1, 4 = cka";/'q/qz >0.

, which approaches infinity as t approaches infinity.
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For the payoff function in Eq. (13), we can again establish everything from the combined FOCs for the fixed fund:

k-1 1
— _ m _ n _ m
0=Db—ykq™(t. k)y+ (N-k)q"(t,k)) —cq (t,k)+t—]< R
0=b—y(kq"(t.k) + (N—k)q"(t. k)) — cq"(t. k)
n om _tk-1 1
=q"(t. k) =q"(t. k) c Tk R

k-1 1 y
— _ m _
=0=b- (Ny +0)q"(t, k) +t R (l + c (N I<)).

With the last equation we proceed as after Eq. (A.1) to find an expression relating member abatement when participation is
at k — 1 (denoted q;|rr as above) with abatement of members when participation is at k (denoted ¢ as above). It follows:

. k-2 k (N—k+Dy+c §
0=b— (Ny +)alrr + [(Ny +0)§ - b]z— = i
( V4 )q2|FF [( 14 )q ]k—lk—l (N_k)y.’.c q2|FF

(A11)

Subtracting Egs. (A.6) and (A.11) yields:

k—Z(N—k+ﬂ)y+c<1 k g )

k=1 (N—kby+c \ k-1%lr
=0 @

0 = (Ny +¢)(qzlrr — G2lmc) + [(Ny +¢)q — b]
—— ————

>0 1)

The desired ranking of member abatement follows if member abatement decreases after non-participation, g |¢r < g, for
the fund of fixed size. This holds in the parameter range "’%1 - i:—f% > 0.'* We consider the parameter range where
q < q>|r below.

The desired relationship q,|pr>¢2|lmc then follows because (1) [(Ny +c¢)§—b] >0 because §=>gNC, and (2)
( - k’ﬁﬁ) < 0 with ga[pr < G-

The stability function is weakly larger for the fund based on marginal costs than for the fund of fixed size

With g3 |rr > g2lmc, @ higher stability function for the fund based on marginal costs than for the fund of fixed size follows
exactly as in Sec. The stability function is weakly larger for the fund based on total costs than for the fund based on marginal
costs in Appendix A.3 for the payoff with convex marginal costs.

For the payoff with decreasing marginal benefits, it is important to show that, after non-participation, the abatement of
all other countries but the leaving member decreases more for the fund based on marginal costs than for the fund of fixed

size. Recalling that non-member abatement is q"(t, k) = q™ (¢, k) — %k,;(]iqm(lf ) (see FOCs above), we have
Qi(tlmc. k—1) = Gelme(y + C)(Ii_ D+ IN=kb from Eq. A.8
y(N—-k+1)+c
flpk—2 1

il k—1) = (k—1 +(N—k _Erze -
Q_i(t|er ) =( )42l + ( ) (q2|¢r C i 1Dl
—

(yN+0)ay |pp—b
y (N—k+1)+c

_ Qlr +0 (k-1 + N-kb
y(N—-k+1)+c
The under-braced equation follows from the combined FOCs for the fund of fixed size. With qa|rr > qalmc, Q i(Elpr >

Q_(tlmc, k—=1) follows. Showing that the stability function is weakly larger for the marginal-cost than for the fixed-size
fund (A7 (f|pmc, k) = A (t|gp, k)) follows exactly as after Eq. (A.8).

Global payoff is weakly larger for the stable fund based on marginal costs than for the fund of fixed size
Showing that the global payoff is weakly larger for the stable fund based on marginal costs than for the fixed fund
follows exactly as in Subsection Global payoff is weakly larger for the stable fund that balances total costs than for the fund

14 This follows from the combined FOCs derived above:

O:b—(Ny+C)q+t",;(1%(1+J//c(N—k))

=0=bi— (YN+O)@? +FEL (LN =) +1), bzl — (YN +0)(@2e)? + FE2(L(N—k+1) +1)
=0=bG—qlrr) — (YN+0O)((§* - (02|FF)2)+E<’;?TI(V(N*’_<)+C)* %)’(N*’_(+1)+C>

i = i k=1 k-2y(N-k+1)+c
=0= (Q*Q2|FF)(b*(VN+C)(Q+QZ|FF))+W( )/(7))
N

k k=1 y(N—k +c

=0 <0 because §.,q> |rr=gN¢
=0
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that balances marginal costs in Appendix A.3. Hence, Proposition 4(a) is shown for the payoff functions in Eq. (14) and in
Eq. (13) for the parameter range g, < ¢ for the fund of fixed size.

A.5.2. Showing Proposition 4b

k e
We showed that gs|r > g2|mc. For the payoff in Eq. (13) this only holds if : f% < (Tl

In Appendix A.3, we showed that g|mc > gzlrc. For the payoff in Eq. (13) this only holds in the parameter range
k= 2y(N k+1)+c k=2 y(N—k+D+c _ k=1
k=1 y(N-k)+c = 1. With k=1 y(N-k)+c =77
qzlpp > @3 |tc. With this relationship, the proof of Proposition 4(b) follows exactly as the proof of Proposition 3(b) in Appendix
A3.

<1, we also have qy|mc > q2ltc when go|gr > g2|mc. Hence, we also have

A.5.3. Parameter range, in which member abatement does not drop after non-participation

Analogous to Appendix A.3, the stability function cannot be positive in the parameter range where § < q;|pr &

%% > "*Tl for the fund of fixed size. We can show that the abatement of all other countries but the leaving

member increases after non-participation. Denote Q_; as the abatement of all countries but one member with participation
at k in the fund of fixed size. Q ;(f|g, k — 1) is the abatement of all countries but the leaving member with participation at
k — 1. We have:

Qi—Qi(tlm k—1)

=(k—=1)@+ (N-k) (G- c T'UQ)
Eler k —
— (k= 1)qalrr — (N = k) ( galpr — ?’2_ -1/q2|er
_ 3 t - (k- k—2
=(N1)(QQ2|FF)|FF(NI<)( 1/ - = l/qz|FF> <0
——— Cc k—

<0

_ (220 @y [pp=0)+a2 g -0
k(k=1)dgy |pp

Based on this, the stability function can be manipulated as in Eq. (A.9). After this manipulation, it is shown to be negative.
Hence, the proposition is shown for all parameter ranges.

A.5.4. Showing Proposition 4c

Lastly we show Proposition 4(c) for the linear-quadratic payoff. Consider the equilibrium for the fixed-size fund t*|.
This establishes a maximized expected payoff in Eq. (11) that is a convex combination of expected payoffs ’N‘nm(t*m, k) +

Mn"(t*|pp k) for each stable k that follows from t*|g. Take the stable k with the highest expected payoff "nm(t*|FF k) +

N k 7 (t*|ge, k). We then know that there is a stable fund based on marginal costs with participation k + Ak, Ak > 0. The

stable fund based on marginal costs also leads to a global payoff (k + Ak)T™ (f|wc. k + Ak) + (N — k — AK)T" (F|mc. k + Ak)
that is weakly larger than the global payoff for the fund of fixed size under participation k. The stable fund with participation
k + Ak is unique for the fund based on marginal costs (shown in Appendix A.4).

The maximum expected payoff in Eq. (11) for the equilibrium with the marginal-cost fund is by definition weakly larger
than k+A" T (Flwc, k + Ak) + M= " Ak 7 (F|vc, k + Ak). Since the expected payoff is 1/N times the global payoff, the equilib-
rium _w1th the fund based on margmal costs exhibits a global payoff that is weakly larger than (k + Ak)7w™ (E|yc., k + Ak) +
(N—k - Ak)"(E|mc, k + Ak).

The environmental effectiveness of the fund based on marginal costs is equal to Eq. (A.4). For the fixed fund, the equation
for the environmental effectiveness is adjusted to allow for multiple equilibria in participation. We replace the global payoff
for the equilibrium with the fund based on marginal costs [k*7™(t*|yc, k*) + (N — k*)™ (t*|mc, k*)] in Eq. (15) with the
convex combination

N

1 N
m (4 _ Nk K . *
S (i’)¢(t*|FF7k) g <k> (k™ (t* |gp, k) + (N = k)7 " (t* |, K)) - @ (6 |gr k)

of global payoffs for each stable k under t*|gr. Since this is a convex combination of global payoffs that are each weakly
smaller than the global payoff at equilibrium for the fund based on marginal costs, the environmental effectiveness is weakly
smaller for the fund of fixed size than for the fund based on marginal costs.
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Appendix B. A mechanism for non-negative transfers in the last stage

This appendix analyzes a solution to the following commitment problem: if a country joins the fund but abates at the
non-cooperative level rather than at q™(t, k), it would have to make payments to the fund. In other words, its transfer is
negative, but it cannot be forced to make that payment due to its national sovereignty.

Following Gerber and Wichardt (2009), an additional “deposit” stage is added between the participation and abatement
stages of our game. Here, all members are required to make a payment d(t, k), the deposit, to the fund. The deposit is then
refunded to members in the last stage of the game net of the transfer they have to make based on individual abatement
choices. To solve the commitment problem, we hence require:

Tk 6.0 = (. 0) + k- (C(g) — 1 3C(g)) = 0
jes

& d(tk) =t { > C(qj)_(k—1)C(Qi)j|~
JjeS.j#i

The last equation shows that the lower bound on d(t, k) depends on the abatement of member i and the abatement of
all other members. It is decreasing in the former abatement. Hence, a lower bound on d is established by assuming the
non-cooperative abatement level for member i. For the linear-quadratic payoff, we insert gq; = qgNC = %. The lower bound on
d increases in the abatement of all other members. Here, we assume that the lower bound on d is fixed by the individually
optimal member abatement ¢™(t, k) = %m Higher levels of abatement would be feasible, but would be irrational for
other members.

With these assumptions, the lower bound on the deposit becomes:

1 b? 1
3¢ La—ra—me kv

Refunding this deposit in the last stage leads to a transfer of d(t, k) if all members choose q™(t, k). However, if a member
chooses to abate at the non-cooperative level and all others remain at g™(t, k), that country’s transfer is zero.

Adding the extra stage does not change the equilibrium of the game. Individually optimal abatement choices in the last
stage are not affected by the deposit, as it is a constant. In addition, payoffs in the participation stage are not affected in
the subgame perfect equilibrium: for each t and k given, countries pay d(t, k) in the deposit stage and get it refunded in the
abatement stage.

d(t, k) =

Appendix C. Algorithm used in Section 4.1.2

The algorithm in pseudocode is as follows:

—

. Define all parameters b, c, e, y, N.
2. For each k€ 1,..., N, maximize the expected payoff of a country (see Eq. (11)) over k}—l >t > 0 subject to internal sta-
bility of a fund among k members: t*(k) = argmax[’ﬁnm(t, k) + NT*"JT"(t, k) s.t. Am(t, k) > 0.
3. Check whether for t*(k), k is the unique equilibrium in the second stage of the game with internal and external stability
fulfilled; if not abort.

4. Find the maximum expected payoff over all k: k* = argmaxk[%yr’"(t*(k), k) + Nﬁ"n”(t* (k), k).

The equilibrium is t*(k*). Step 4 finds the maximum expected payoff even if there are multiple stable fund participa-
tion numbers k for a different t. This is the case because we know by step 2 that each of these stable funds exhibits
an expected payoff %nm(t, k) + NT_kT(”(l', k) that is weakly smaller than the maximized expected payoff ’h—‘,nm(t*(k*), k*) +
N*T"*n"(t*(k*),k*). Since the expected payoff in Eq. (11) is a convex combination of these smaller expected payoffs, the
expected payoff cannot be larger than the equilibrium found by the algorithm.

Matlab was used to execute the pseudocode.

Appendix D. The equilibrium t* and k* for Section 4.1.2

Fig. D.5 shows the equilibrium t* and k* that were used to calculate the environmental effectiveness in Fig. 4.
In Figs. 4 and D.5, panel (a), the variation of the parameters % and N are sufficient to calculate the environmental
effectiveness for all variations in the parameters b, ¢, y and N. This is formally derived now. For the payoff in Eq. (13), the

fund leads to an abatement of members and non-members:

-1
g (. k) = g[yN—H —t(k—l)(%(N—k)—i—l)] - %j(l,zv, t, k)

C Cc

b (Y b.rv
n _ _ _ - — -
q'(t, k) = C(l t(k ]))q(C,N,t,k) = Cq(C,N,t,k).
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Fig. D.5. Equilibrium ¢ and participation k as a function of (a) ratio y/c in payoff Eq. (13) and (b) the exponent of the cost-function e in payoff Eq. (14).
The range of parameter values is the same as in Fig. 4.

Member payoff is 7™ (t, k) = %{[1 — 3L (kj+ (N - k)@)](kq + (N — k)§) — 3G*}. which scales with % and is otherwise
only dependent on N, k,t, % The same holds for the non-member payoff. Hence, the solution t* of the optimization in
Eqg. (11) and resulting k* only depends on L and N. As socially optimal and non-cooperative payoffs follow from 750 =

™t =1/N,N), NC = 7™m(0,N) and the environmental effectiveness is the ratio of payoffs, the environmental effectiveness
only depends on ¥ and N.

In Fig. 4 and D.5, panel (b), the variation of the parameters e and N are sufficient to calculate the environmental ef-
fectiveness for all variations in the parameters b, ¢, e and N. For the payoff in Eq. (14), the fund leads to an abatement of
members and non-members:

1
(1 —t(k—1)7

q"(¢, k) = (bjc)e.

q"(t. k) = (b/c)e = (b/c)77d(e, N, t, k)

The member payoff is 7™ (t, k) = be%/ce%l[k(]-i- (N-k)— gqe], which scales with be%l/ce%1 and is only dependent on
N, k, t, e. The same holds true for non-member payoff. As socially optimal and non-cooperative payoffs follow from 750 =
™t =1/N,N), 7NC = 7™(0, N), the environmental effectiveness and cooperation gap only depend on e and N.

Supplementary material

Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.euroecorev.2020.
103423.
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