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Effective combat of international environmental problems regularly necessitates a minimum number of participating countries. Some international environmental treaties like the Paris Agreement combating global warming and the Montreal Protocol protecting the ozone layer required that a minimum participation threshold be met before they entered into force. Albeit the immense challenge to protect the global climate, the Paris Agreement additionally demands to address sustainable development and therefore seeks to take advantage of potential co-benefits of climate protection measures. This article is, to the authors' knowledge, the first to investigate in 3 × 3 normal form games the prospects for effective international cooperation on climate protection if effectiveness requires a minimum number of participating countries. The main findings are, first, that sustainable development co-benefits from mitigation might increase the chance that the minimum participation threshold is met and climate policy will be effective in the end; and second, if domestic ancillary benefits from mitigation are rather small, new organizational designs could create additional sustainability benefits that are limited to mitigating countries. For example, a win-win situation – regarding climate and sustainability – could be achieved by international policy designs that create additional co-benefit spillovers via the establishment of a club pursuing sustainable innovations (in line with UN Sustainable Development Goal 9).
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1. Introduction

Global environmental problems, above all, climate change, can usually be addressed effectively only if a sufficient number of countries cooperate. Unilateral action will not be enough. However, there is no institution that can force sovereign countries to reduce their greenhouse gas (GHG) emissions. Therefore, international environmental agreements are essential to coordinate countries' efforts. In order to have the desired impact, they often demand a certain minimum participation level before entering into force. The minimum participation requirement is designed as an incentive to deter free-riding (Black et al., 1993; Weikard et al., 2015), thereby increasing the environmental effectiveness of the treaty (Carraro et al., 2009) and potentially curbing carbon leakage (Barrett and Stavins, 2003). In a dynamic setting, minimum participation might also ensure the stability of an environmental treaty (Breton et al., 2010). Both the Paris Agreement (PA), adopted in 2015, and its predecessor, the Kyoto Protocol (KP), were subject to such a minimum participation rule. The PA entered into force 30 days after its ratification by 55 countries that were jointly responsible for at least 55% of global GHG emissions, on 4 November 2016 (UNFCCC, 2022a). In the case of the KP that was already signed in 1997, it took 7 years to achieve ratification by 55 countries that made up 55% of CO2 emissions of Annex I countries, so it could not enter into force until 16 February 2005. After the first commitment period, which lasted from 2008 to 2012, “Kyoto II” was supposed to cover the period from 2013 to 2020. However, its participation threshold – ratification by 144 countries except the European Union – was not met before 2 October 2020, so it effectively entered into force on 31 December 2020, only a few hours before its predetermined end (UNFCCC, 2022c).1 Particularly the failure of “Kyoto II” demonstrates the challenges associated with global coordination in the context of climate change.

The difficulties observed in the ratification processes of international climate agreements and in the implementation of effective climate policy measures, in general, are due to the global public good nature of climate policy, i.e., the worldwide non-excludability from its benefits and non-rivalry in consumption (Buchholz and Sandler, 2021). Mayrhofer and Gupta (2016), p. 27, describe climate policy as “a ‘wicked' problem”: its benefits occur with temporal delay and are dispersed globally, whereas its costs occur immediately to the agent (e.g., country) pursuing this policy (see also Nordhaus, 2015). Co-benefits of climate policy can then foster its acceptance as they are often perceptible relatively quickly, on a local scale, and may have a positive impact on policy areas that are considered more urgent (Mayrhofer and Gupta, 2016). For example, it is frequently argued that climate change mitigation goes hand in hand with sustainable development (SD) (IPCC, 2018; McCollum et al., 2018; Tolliver et al., 2019). The PA stresses the need not only to protect the climate but also to do this in a sustainable way. The SD context is highlighted in Articles 2 and 4.1 and the guidelines for voluntary cooperation in Article 6.

Against this background, this article links the aspects of minimum participation requirements and of SD co-benefits to observe their influence on climate policy. The research also examines international policy design options that create additional co-benefit spillovers via the establishment of a club pursuing sustainable innovations (in line with UN Sustainable Development Goal 9). In doing so, it contributes to the game-theoretic strand of literature. In general, the game structure depends on the underlying assumptions regarding countries' relative power and the ratio of possible outcomes (payoffs). If countries are small and have a negligible impact on the overall public good provision, so their individual benefit from contributing is always smaller than their abatement costs, the situation is best represented by a prisoners' dilemma game (Lange and Vogt, 2003). If, instead, countries are large (or a coalition of countries jointly has a big impact) and cooperation by a single country (or coalition) is already beneficial, the chicken game is more appropriate (Pittel and Rübbelke, 2012). In the chicken game, mutual defection would result in a catastrophic outcome, so there is an incentive for one player to cooperate in order to avoid that. In contrast, if there is a threshold for minimum participation for an environmental problem to be solved, a coordination game, such as a stag-hunt game, is suitable (Sandler and Sargent, 1995). Finally, if environmental benefits are so high that it always pays for an agent to cooperate, the harmony game, or no-conflict game, should be employed (Finus, 2001; p. 31).

The voluntary provision of public goods, such as climate protection, and strategic behavior are often illustrated as a prisoners' dilemma game where defection is the dominant strategy (Helm, 2008; Hattori, 2015; Carrozzo Magli and Manfredi, 2022). Mutual defection can, in the context of the prisoners' dilemma, be overcome if side payments are introduced so that some countries are convinced of cooperating with some financial reward (Barrett, 2001).2 Alternatively, reciprocity preferences can serve as a stimulus to cooperation (Buchholz et al., 2018).

However, Carraro and Siniscalco (1993) suggest that the decision to cooperate or defect in international climate policy resembles a chicken game rather than a prisoners' dilemma game, opening up the possibility of stable partial climate coalitions even without side payments, as observed in the real world. Similarly, Rotillon and Tazdaït (1996) argue that a group of countries will act as leaders and cooperate on international environmental issues. They will then try to enlarge the coalition by offering transfers to non-participating countries. This bargaining process will induce a coordinative game structure and can turn the previous prisoners' dilemma game into a chicken game where, as in Carraro and Siniscalco (1993), partial cooperation results. DeCanio and Fremstad (2013) also argue that bilateral climate policy negotiations are better represented by a coordinative game structure, such as a stag-hunt. In the stag-hunt game, the player who cooperates unilaterally receives the lowest payoff, as in the prisoners' dilemma game, because unilateral action is not sufficient. There are two Nash equilibria in pure strategies, where either both countries cooperate or both countries defect. Mutual defection, however, is the less favorable outcome since the risk of climate change is so severe.3

If three different strategies are to be considered in a normal form game, it can be displayed in a 3 × 3 matrix (see, e.g., Olszowiec, 2018; Fourny and Sulser, 2021). For instance, two prisoners' dilemma games can be combined into a 3 × 3 game where agents decide, e.g., between public good provision, inaction, and depletion of the commons (Arce and Sandler, 2005b). Similar 3 × 3 games have also been applied to counterterrorism (Arce and Sandler, 2005a; Sandler and Arce, 2007; Sandler and Siqueira, 2009). It is also possible to combine two different kinds of games in a 3 × 3 matrix. Endres and Ohl (2002) discuss international environmental policy and introduce three different strategies: defection and two policy instruments that differ with respect to efficiency and propensity to cooperation. They combine a chicken game and a stag-hunt game. Pittel and Rübbelke (2012) analyze climate policy by combining a prisoners' dilemma game and a chicken game into a 3 × 3 normal form game comprising the three strategies “mitigate”, “neutral” and “increase”.

A few studies also account for the co-benefits of climate policy in a game-theoretic framework.4 Pittel and Rübbelke (2008) and Pittel et al. (2022) include private co-benefits of climate change mitigation into a 2 × 2 chicken game and find that the presence of co-benefits increases the likelihood of cooperation. As some co-benefits are inherent to climate policy, they can potentially substitute for side payments and serve the same purpose, i.e., provide an additional private benefit from cooperation. Pittel and Rübbelke (2012) conclude that in their 3 × 3 normal form game, the inclusion of co-benefits can also be beneficial: it raises the scope for mitigation and reduces the chance that countries will increase their emissions.

What is currently missing in the literature is an analysis of a normal form game of international climate policy that (i) considers the three strategies mitigate, neutral and increase; (ii) takes into account the threshold public good nature of climate policy, i.e., recognizes the decision between mitigate and neutral as a stag-hunt game, while at the same time the decision between neutral and increase corresponds to a harmony game, assuming that the impact of even one country increasing its emissions will adversely affect both; (iii) addresses the impact of private co-benefits of mitigation; and (iv) suggests issue linkage within that framework as a further incentive for countries to engage in mitigation. This study attempts to close that gap.

The study will proceed as follows: In Section 2, the concept of SD co-benefits of climate policy is briefly discussed. Section 3 then demonstrates the impact of minimum participation requirements in international climate policy by introducing a 3 × 3 normal form game where two large countries can either mitigate, keep their emissions unchanged, or increase them. Section 4 introduces private co-benefits of mitigation and observes how the outcome changes. Section 5 focuses on the stag-hunt game with the strategies mitigate and neutral and extends the setting to more than two players. In particular, the implications of a technological partnership are discussed where mitigating countries can form a club in order to gain additional spillover co-benefits that are exclusive to the club members. Section 6 provides the conclusion.



2. Sustainable development co-effects of climate policy

The term “co-benefits” in general describes the effects of a single policy measure when there is a win-win situation with respect to several objectives (Mayrhofer and Gupta, 2016). A prioritization of policy areas is not necessarily included, unlike in the concept of “secondary benefits” that was mainly used in the 1990s. The climate protection benefits were then called the “primary benefits”. Meanwhile, the wording changed to co-benefits or, interchangeably, ancillary benefits (IPCC, 2007), giving more weight to these additional benefits of climate policy. The expression “multiple benefits” completely abandons the emphasis on climate protection (Ürge-Vorsatz et al., 2014). The latter expression would be most suitable when one seeks policies that serve simultaneously both the objectives of climate change mitigation and SD.

More neutral are the terms “co-effects” or “co-impacts”, covering both positive and negative interactions, i.e., synergies and trade-offs between different policy areas (Cohen et al., 2021). As co-effects are quite heterogeneous, it is difficult to characterize them consistently. Yet, it is frequently assessed that co-effects differ from the climate-protecting effect with regard to the following characteristics:

• Geographical scope (see, e.g., Rübbelke, 2002; Klemun et al., 2020); with important strategic implications for international climate policy.

• Timing of occurrence; this will affect the choice of discount factors (see the discussion of discount factors, e.g., by Nordhaus, 2007; Stern, 2007).5

• The capture of effects and their modes of actions; in order to conduct a valuation of the effects, which is a prerequisite for cost-benefit assessments, the impacts should be recorded as precisely as possible (Boyd et al., 1995; Ürge-Vorsatz et al., 2014).

Co-effects can have a positive impact on social acceptance of climate policy measures. Emphasizing personal co-benefits of climate change mitigation can be a promising way to increase public support for those policies. Although climate protection measures are sometimes perceived as uncomfortable, like policies aimed at reducing car traffic, people are more likely to be supportive if co-benefits with respect to improved air quality, health, or road safety are stressed (Walker et al., 2018). It has been demonstrated that even climate change deniers can be convinced of climate policies if communication is focused on the non-climate benefits of the same policies (Bain et al., 2012). Particularly, co-benefits in the fields of development and benevolence can motivate action in many countries (Parnphumeesup and Kerr, 2015; Bain et al., 2016), which can open up a chance to address climate and SD issues simultaneously (Cohen et al., 2021).

There are now numerous research studies highlighting the synergies between pursuing the goals of the PA and SD (McCollum et al., 2018; Tolliver et al., 2019). An extensive analysis of synergies and trade-offs between climate change mitigation and the Sustainable Development Goals (SDGs) is provided by the IPCC (2018). In particular, this Special Report highlights that achieving the SDGs is less likely in the case of advancing climate change (Allen et al., 2018). An ambitious 1.5°C target would, in contrast, facilitate the achievement of some SDGs, such as zero hunger, good health and wellbeing, clean water and sanitation, sustainable cities and communities, and life on land (Roy et al., 2018). Olsen et al. (2019) suggest that climate policies should take into account both climate and sustainability targets and use the SDG global indicator framework to evaluate SD aspects of mitigation activities. This is particularly important when it comes to Articles 6.4 through 6.7 of the PA that establish mechanisms for market-based cooperation, contributing to the mitigation of greenhouse gas emissions and supporting SD at the same time. The final rules for Article 6 mechanisms have only been agreed upon at COP 26 in 2021.6 The Article 6.4 mechanism shares similarities with the Clean Development Mechanism (CDM) that was established under the KP and also jointly pursued the twin goals of stimulating emission reductions and SD. The Article 6.4 mechanism has been designed as a baseline-and-credit system and allows offsets from the CDM since 2013 to be transferred to the new mechanism. The important issue of avoiding double counting is delegated to the host countries of projects that are responsible for deciding where emission reductions are to be credited. As the CDM, the Article 6.4 mechanism also requires a share of proceeds to be spent on the Adaptation Fund and for administration (Ahonen et al., 2022; UNFCCC, 2022b).



3. A game-theoretic approach to international climate policy

The approach in this study is similar to the suggestions of Arce and Sandler (2005b) and Pittel and Rübbelke (2012) to combine a public good provision game with a commons game. Whereas the decision to mitigate or remain neutral is concerned with the provision of the global public good “climate policy”, the decision to remain neutral or increase emissions refers to the depletion of the atmosphere as a global common-pool resource. Two countries are considered7 that have three possible strategies with respect to their GHG emissions: mitigate, neutral, and increase. Mitigate means that countries contribute actively to the global public good “climate policy” and reduce emissions; neutral implies that they emit an unchanged amount of GHGs; and increase means raising emissions beyond the present level. Therefore, the game will be displayed as a 3 × 3 normal form game. It is assumed that climate policy will only be successful if both countries choose to mitigate their emissions. A unilateral mitigation action is not sufficient to bring about benefits. Hence, the choice among the strategies mitigate and neutral is represented as a stag-hunt game. The choice between neutral and increase is characterized as a harmony game because it is assumed that players' increases in emissions will result in large damages. Therefore, the 3 × 3 matrix displayed in Figure 1 results where 2B > C > 0, X > c > b > 0, and γ > c are assumed.


[image: Figure 1]
FIGURE 1
 International climate policy in a 3 × 3 normal form game, combining a stag-hunt and a harmony game.


The bold-framed 2 × 2 matrix in the upper left corner depicts a stag-hunt game that has two symmetric Nash equilibria in pure strategies – (mitigate, mitigate) and (neutral, neutral) – and a Nash equilibrium in mixed strategies. The 2 × 2 matrix in the bottom right corner illustrates a harmony game that has (neutral, neutral) as the only Nash equilibrium.


3.1. Case 1: Detrimental impact of increased emissions (β ≤ 0)

Two cases concerning β must be distinguished: At first, β ≤ 0 can be assumed, i.e., the consequences to a country that increases its emissions are never beneficial, so the strategy increase will not be chosen. The increase strategy can then be eliminated since, due to the parameter constellation, the mitigate and neutral strategies dominate the increase strategy. Therefore, the original 3 × 3 matrix can be reduced to the bold-framed 2 × 2 stag-hunt game.

Nash equilibria in pure strategies for the stag-hunt game are (mitigate, mitigate) and (neutral, neutral), as aforementioned. However, the second Nash equilibrium is Pareto-dominated by the first one where both agents have strictly positive payoffs.8

Additional to the two Nash equilibria in pure strategies, there is a mixed-strategy equilibrium. Mixed strategies can be applied when there is uncertainty about the opponent's behavior. A player determines their strategic choice by comparing the expected payoffs (which can also be interpreted as expected utilities) of either strategy. Country 1 will be indifferent between mitigate and neutral if the expected payoffs of both strategies are equal. As the strategy increase has already been eliminated, set δI2 = 0 to obtain:

[image: image]

The left-hand side of this equation is country 1's expected payoff of playing mitigate, given that country 2 will play mitigate with probability 1−δN2 and neutral with probability δN2 if δI2 = 0. The right-hand side illustrates that country 1 will obtain a payoff of zero if it chooses to play neutral, no matter if country 2 plays mitigate or neutral (see also Figure 1).

Consequently,

[image: image]

i.e., country 1 will be indifferent between playing neutral or mitigate if it expects country 2 to play neutral with a probability of [image: image] and mitigate with a probability of [image: image]. If it expects [image: image], country 1 will play neutral, and in the case [image: image] (or, equivalently, [image: image]), it will choose mitigate. As both countries are symmetric, the same reasoning applies to country 2. Therefore, climate policy is more likely to be successful if [image: image] and [image: image] are small and [image: image] and [image: image] are rather large. This in turn holds if costs of climate policy C are low and associated benefits B are large, which is a quite intuitive result. Regardless, the good news is that no country will increase its emissions in this case, which can occur if β > 0, as will be argued in the following.



3.2. Case 2: Possible benefit from unilaterally increased emissions (β > 0)

In this case, increase can no longer be excluded, but all three possible strategies have to be considered. Now two sub-cases have to be distinguished:

• Case 2A: β > 2B −C.

• If the payoff from unilaterally increasing emissions while the other country mitigates emissions exceeds the payoff a country can obtain from mutual mitigation, (mitigate, mitigate) can no longer be an equilibrium and (neutral, neutral) will be the only Nash equilibrium in pure strategies.

• Case 2B: β < 2B −C.

• If the opposite applies, two Nash equilibria in pure strategies will result as in case 1 earlier: (mitigate, mitigate) and (neutral, neutral).

Mixed strategies again result from equating the expected payoffs of the available strategies. For country 1 those expected payoffs are as follows:

(1 − δN2 − δI2)(2B − C) − δN2C − δI2γ for choosing mitigate,

 − δI2c for choosing neutral,

(1 − δN2 − δI2)β − δN2b − δI2X for choosing increase.

Solving for the probabilities yields

[image: image]

As earlier, those values indicate the probabilities of country 2 playing either strategy that make country 1 indifferent between its three strategy choices. If the expected probabilities deviate from [image: image], [image: image] and/or [image: image], however, the outcome is not always as clear as in case 1.

Consider first the case that [image: image], i.e., country 1 expects country 2 to play increase with a probability greater than [image: image]. The expected payoff of the neutral strategy will then decrease by less than the expected payoffs of the other two strategies because both γ > c and X > c by assumption. However, if [image: image], either [image: image] or [image: image] must hold at the same time as the three probabilities still have to sum up to 1.9 If [image: image], the expected payoffs of the mitigate and increase strategies will rise, but the payoff of the neutral strategy is left unchanged, so the overall impact is ambiguous. If, on the contrary, 1 − δN2 − δI2 falls short of [image: image], the expected payoffs of the mitigate and increase strategies both decrease even more whereas the expected payoff of remaining neutral is unaffected. In this latter case, country 1 will always choose the neutral strategy.

Next, the case [image: image] is investigated, i.e., country 1 expects country 2 to play neutral with a probability exceeding [image: image]. This will reduce the expected payoffs of the mitigate and increase strategies but leave the expected payoff of the neutral strategy unchanged. If [image: image] at the same time, the expected payoffs of all three strategies increase, but the rise of the expected payoff for the mitigate and increase strategies is numerically greater than that of the neutral strategy. Yet, the relationship between those changes is ambiguous and a general conclusion with respect to the overall impact is not possible. If instead [image: image] is accompanied by [image: image], the neutral strategy will be chosen as the expected payoffs of the other two strategies are affected negatively.

Finally, the case [image: image] remains to be discussed, which implies that country 1 expects country 2 to play mitigate with a probability greater than [image: image]. Then, the expected payoffs of the mitigate and increase strategies both rise, but the relationship between them is unclear. The expected payoff of the neutral strategy does not change. If [image: image] comes with [image: image], the payoffs of the mitigate and increase strategies will rise even more whereas the payoff of the neutral strategy remains unchanged. Consequently, either the mitigate or increase strategy will be chosen. The same result holds if instead [image: image] because the expected payoffs of the mitigate and increase strategies rise by more than that of the neutral strategy. In general, it is more likely that country 1 will play mitigate instead of increase if 2B − C > β, i.e., in case 2B, where the net benefit from mutual mitigation exceeds the benefit from unilaterally increasing emissions when the other country mitigates.



3.3. Comparison of cases 1 and 2

First, it is notable that in case 1 (detrimental impact of increased emissions), the increase strategy was eliminated, so the worst outcomes of the game where both countries lose could not occur. If in case 2 (possible benefit from unilaterally increased emissions), the benefit from unilaterally increasing emissions when the other country mitigates exceeds the net benefit from mutual mitigation (sub-case 2A), the pure-strategy equilibrium implies both countries playing neutral. If the opposite holds (sub-case 2B), the same two pure-strategy Nash equilibria as in case 1 can arise, i.e., either both countries mitigate or both remain neutral.

Regarding mixed strategies, if the expected probability of country 2 playing increase exceeds [image: image], country 1 will play neutral if it expects the probability [image: image] at the same time. That way, country 1 can avoid mitigation costs that would exceed its benefits if it pursued a unilateral climate policy, and it can still prevent the catastrophic outcome that would result if both countries increased their emissions. If, however, it expects [image: image] along with [image: image], no general statement is possible.

In case 1, it turned out that country 1 will always play neutral if [image: image]. In case 2, this will only apply to a certain parameter constellation. In general, the outcome can be better, worse, or unchanged compared to case 1, depending on the accompanying adjustments of δI2 or 1 − δN2 −  δI2.

If the expected probability of the mitigate strategy is [image: image], country 1 will definitely play mitigate in case 1, but in case 2, it is only certain that it will not choose neutral. In general, allowing for benefits from unilaterally increased emissions (case 2) makes the outcome more uncertain. Successful climate policy will be more likely if the payoff of mutual mitigation exceeds the payoff of increasing emissions while the opponent mitigates, i.e., if 2B − C > β as in case 2B.




4. Inclusion of ancillary benefits

In the previous section, climate policy has been treated as a pure public good. However, several studies have shown that it also yields considerable co-benefits or ancillary benefits that accrue locally in the regions reducing their emissions (for an overview see, e.g., Rübbelke, 2003; Karlsson et al., 2020). These ancillary benefits include, but are not limited to, a reduction of local air pollutants and associated health issues, improved soil and water quality, higher energy security, or conflict and disaster resilience (see also Deng et al., 2017). Climate policy is therefore referred to as an impure public good that simultaneously generates both global public benefits and local private benefits.10

For the normal form game it follows that, if co-benefits are accounted for, the payoff to a country increases by the amount of the ancillary benefit A > 0 if and only if it undertakes mitigation measures itself.11 The modified payoffs are displayed in Figure 2. As in Section 3 without co-benefits, it is still assumed that 2B > C > 0, X > c > b > 0, and γ > c.


[image: Figure 2]
FIGURE 2
 International climate policy in a 3 × 3 normal form game, including co-benefits.


The expected payoff of the mitigate strategy then is

[image: image]

Since the probabilities must still add up to one, the expected payoff of the mitigate strategy can alternatively be written as

[image: image]

The expected payoffs of the neutral and increase strategies remain unchanged.


4.1. Case 3: Detrimental impact of increased emissions (β ≤ 0) and co-benefits from mitigation

As aforementioned in case 1, if β ≤ 0 holds, i.e., increasing emissions is a harmful strategy for the polluting country itself, increase will be dominated by the neutral and mitigate strategies and can again be eliminated. In general, the impact of ancillary benefits depends on their magnitude. As the interest of this article lies in the implications of a minimum participation threshold, the focus is on the case that ancillary benefits are smaller than abatement costs, i.e., A < C, in order to retain the stag-hunt game structure in the bold-framed part of Figure 2.12 The pure-strategy Nash equilibria will then be mutual mitigation and mutual neutrality.

Due to the inclusion of ancillary benefits, mixed strategies now result from

[image: image]

and the probabilities that make country 1 indifferent between playing neutral or mitigate are

[image: image]

Comparing the results to those without co-benefits in case 1, observe that [image: image] is now larger and [image: image] smaller than without co-benefits. Since the neutral strategy is chosen by country 1 if it expects [image: image], this is now less likely. Instead, as the mitigate strategy is chosen whenever [image: image], it is more likely that country 1 will play mitigate.



4.2. Case 4: Possible benefit from unilaterally increased emissions (β > 0) and co-benefits from mitigation

If β > 0, the increase strategy can no longer be eliminated. Again, a distinction of sub-cases is necessary. As in case 3, A<C is still assumed.

• Case 4A: β > A+2B − C and A > γ  − c.

In this case, there are three Nash equilibria in pure strategies: (neutral, neutral), (mitigate, increase), and (increase, mitigate). The latter two equilibria have not been possible without ancillary benefits, i.e., for A = 0, because γ > c is assumed throughout.

• Case 4B: β > A+2B − C and A < γ  − c.

Here the only pure-strategy Nash equilibrium will be (neutral, neutral).

• Case 4C: β < A+2B  − C.

In this parameter constellation, the resulting Nash equilibria in pure strategies are (mitigate, mitigate) and (neutral, neutral).

Following the same procedure as earlier, i.e., equating the expected payoffs of the three strategies, the mixed-strategy equilibria are as follows:

[image: image]

Comparing these mixed strategies to those in case 2 earlier, where the framework with possible benefits from unilaterally increased emissions (β > 0) was identical, the inclusion of ancillary benefits will raise the equilibrium probability of the increase strategy [image: image] whereas the equilibrium probability of the neutral strategy [image: image] decreases. The increase of [image: image] will reduce the expected payoffs of all three strategies, but the expected payoff of the neutral strategy decreases the least, making neutral a more attractive strategy than in the previous case without co-benefits. However, the decrease of [image: image] implies that the expected payoffs of the mitigate and increase strategies both rise whereas that of the neutral strategy is unaffected, which in turn means that mitigate and increase become more worthwhile than in the absence of co-benefits. A general statement is therefore not possible with respect to the impact of [image: image] and [image: image].

The impact on the equilibrium probability of mitigation, [image: image], depends on the specific parameter values: if X > b+c, it will increase, but if X < b+c, it will decrease. Therefore, if the damage from mutually increased GHG emissions is relatively large, represented by a large value of X, it is more likely that [image: image] rises. Then the expected payoffs of the mitigate and increase strategies rise and that of the neutral strategy is unaffected again. If ancillary benefits A are sufficiently small, as in cases 4A and 4B (i.e., β > A+2B − C), it can happen that the rise of the expected payoff of the increase strategy dominates the rise of the expected payoff of the mitigate strategy. This is, of course, less likely in the presence of strictly positive co-benefits A > 0 than without co-benefits. If, on the contrary, the damage of mutually increased emissions is less severe and [image: image] decreases, the reverse will apply. In general, due to the introduction of co-benefits A > 0, the payoff of the mitigate strategy unambiguously increases whereas the payoffs of the neutral and increase strategies are unaffected. This creates an additional incentive for a country to participate in climate policy.

The empirical literature largely confirms this finding. In their review article, Karlsson et al. (2020) state that policymakers often overlook the ancillary benefits of climate change mitigation, which leads to insufficiently low mitigation efforts. Therefore, if ancillary benefits are included in the analysis, mitigation becomes more likely. On the level of individual citizens, Longo et al. (2012) conclude, for instance, that accounting for co-benefits increases the willingness to pay for climate policy by more than 50%. In this context, see also Bain et al. (2012) and Walker et al. (2018) on the positive impact of ancillary benefits on the social acceptance of climate policy measures.




5. An extension to more than two players

The stag-hunt game for the choice among the mitigate and neutral strategies is now extended to more than two players in order to analyze partial cooperation options. Sandler and Sargent (1995) state that, as the number of agents required for a minimal-sized coalition increases, it becomes more unlikely that an agreement can be reached if individual countries' probabilities are independent.13

The analysis starts with three players in Section 5.1 and then demonstrates how the setting can be generalized to an arbitrary number of players in Section 5.2. In Section 5.3, the three-player case is discussed when technology spillover co-benefits can arise from the cooperation of at least two countries.


5.1. The stag-hunt game with three players

Suppose that three large countries, or groups of countries, interact with respect to climate policy and their available strategies are mitigate and neutral. The minimum participation requirement still holds, but in contrast to the two-player case where only mutual mitigation could bring about the desired effect, in the three-player case, a partial coalition of two countries may be sufficient. As before, mitigation causes a private cost of C for the contributing country. Benefits are zero if fewer than two countries engage in mitigation. As soon as two or more countries mitigate, the benefits are nB, where n denotes the number of mitigating countries, and those benefits are globally public. Moreover, 2B > C > B > 0 holds. The game can then be depicted by two 2 × 2 matrices, as shown in Figure 3.14 The players are countries 1, 2, and 3, and their strategies are abbreviated by M for mitigate and N for neutral.


[image: Figure 3]
FIGURE 3
 International climate policy as a three-country game. The matrix on the left-hand side shows the payoffs if country 3 always mitigates. The matrix on the right-hand side shows the payoffs if country 3 always remains neutral. Payoffs in each cell are arranged in the sequence for countries 1, 2, and 3.


There are now four Nash equilibria in pure strategies where either exactly two countries mitigate (1 and 2, or 2 and 3, or 1 and 3) or no one mitigates. As can be seen on the left-hand side of Figure 3, it is not worthwhile for a third country to reduce its emissions, provided that the other two countries already mitigate, because the private cost C would exceed its additional benefit B. From the perspective of the two countries that already engage in climate policy, however, the participation of the third agent would be beneficial, but they will nevertheless remain in the two-country coalition since they are still better off with partial cooperation than in the absence of climate policy (i.e., mitigation by fewer than two countries).



5.2. The stag-hunt game with more than three players

In the case of many influential blocks of countries, international climate policy can be visualized as a stag-hunt game with more than three players. Peinhardt and Sandler (2015); p. 93, suggest an illustration of a stag-hunt game with six players, a generalized version of which is displayed in Figure 4. It accounts for an arbitrary number j of players, and payoffs are adjusted to the previous assumptions in this article: mitigation causes a private cost of C; globally public benefits are nB, where n denotes the number of mitigating countries, if the minimum threshold of three contributors is met15 and zero otherwise, and 2B > C > B > 0. The payoffs indicated in each cell are for country i. Since all countries are homogeneous in this depiction, they are interchangeable, and the analysis applies to all of them equally.


[image: Figure 4]
FIGURE 4
 International climate policy as a stag-hunt game with an arbitrary number of j homogeneous countries.


As in the three-country case in Section 5.1, the Nash equilibria in Figure 4 are located where either no one mitigates or where exactly three countries mitigate, i.e., the minimum participation requirement is just met. In total there are j!/(j − t)!t!+1 Nash equilibria, where t denotes the threshold number of countries. For the example with six countries and a threshold of three, this yields 21 Nash equilibria. The large number is due to the different possibilities to choose three out of six countries, as the equation shows. In the case of homogeneous countries, therefore, an equilibrium selection problem arises for the decision of which countries will mitigate (if any). This coordination issue can, at least to some extent, be relieved if countries are heterogeneous. Then those with higher net benefits will possibly go forward and mitigate, making the achievement of the minimum participation requirement more likely (Peinhardt and Sandler, 2015, p. 94–95).



5.3. The stag-hunt game with three players and technology spillover co-benefits

Let us return to the case with three (groups of) countries, but now assume that there are two types of co-benefits from mitigation. First, there is again a domestic ancillary benefit A to any mitigating country, as introduced in Section 4. Second, mitigating countries decide to link the issue of climate protection with the formation of a technological partnership among mitigating countries, i.e., they establish a club seeking to enhance technological progress. Innovation benefits S are then only jointly enjoyed by the members of the club, but free-riders in climate protection are excluded. This creation of innovation co-benefits is also pursued by SDG 9, e.g., Target 9.5 includes the requirement to “[e]nhance scientific research, upgrade the technological capabilities of industrial sectors in all countries”.

The adjusted payoff matrix is shown in Figure 5. The interpretation is analogous to Figure 3.


[image: Figure 5]
FIGURE 5
 International climate policy as a three-country game, including ancillary benefits A from mitigation and technology spillover co-benefits S if at least two countries join a technological partnership.


It is assumed, first, that ancillary benefits A are rather small, so A < C. Second, the innovation co-benefit S is supposed to be sufficiently large to generate a strictly positive payoff from mitigation if at least two countries form a club: 2B+A+S > C. From Figure 5 it can be observed that linking the issues of innovation and climate protection by forming a club seeking to enhance innovations can make a difference in global climate protection. Let us consider two cases with ancillary benefits.

• Case A: No club creating innovation benefits that spillover only between club members is established and only domestic co-benefits A arise. Then, no country will have the incentive to reduce GHG emissions. The only Nash equilibrium is mutually playing neutral. Mitigation of one or two countries is not worthwhile because it yields a negative payoff and countries can instead get a payoff of zero if they remain neutral. Even if two countries already mitigate, the third one will not join because its additional benefit B+A is smaller than the associated cost C (see the left-hand panel of Figure 5 and the first assumption earlier).

• Case B: A club creating innovation benefits that spillover only between club members is established. If a technological partnership between at least two countries is established, each of them will receive an additional spillover co-benefit S > 0. Due to the second assumption, this technology spillover effect is sufficient to restore the coordination game structure. Even though mutual neutrality remains as a Nash equilibrium, there are now additional Nash equilibria where at least two countries mitigate and form a technological partnership. If S is not too large, so that C − B − A > S > C − 2B − A, any two-country coalition will be a Nash equilibrium. The first part of the inequality states that joining an existing two-country coalition does not pay for the third country, and the second part is a direct implication of the second assumption. If, however, the spillover co-benefit is large and S > C − B − A, the Nash equilibrium is established when all three players mitigate.

This example shows that, even if domestic ancillary benefits from an active climate policy (denoted by A) are too small to induce mitigation by countries, new organizational designs might help to overcome lacking mitigation incentives by creating international spillovers that are limited to mitigating countries.




6. Conclusion

Climate change mitigation will only be successful if a sufficient number of countries cooperate. SD co-benefits from mitigation might increase the chance that the minimum participation threshold is surpassed and climate policy will be effective in the end.

If domestic ancillary benefits from mitigation are rather small, new organizational designs could create additional sustainability benefits that are limited to mitigating countries. The idea of issue linkage has been applied in this study (see also Carraro and Siniscalco, 1997; Paroussos et al., 2019; Currarini and Marchiori, 2022), e.g., the issues of climate protection and technological development could be linked in the framework of the analysis in normal form games. As a policy implication, it follows that domestic co-benefits from mitigation should, in general, be taken into account when deciding about climate policies. Moreover, ancillary benefits can be intentionally created by forming a club of mitigating countries that jointly engage in technological innovation, which in turn can raise the attractiveness of mitigation efforts and thereby generate global benefits as well.

In spite of the significant and diverse co-effects that climate policy might bring about (see, e.g., Nemet et al., 2010; Rive and Rübbelke, 2010), the strategy of killing two birds with one stone is also criticized as creating coordination issues and possibly being inefficient (Mann, 2005). Policymakers should therefore be cautious not to overload a policy instrument with too many different objectives. Rather, it would be advisable to address independent objectives by specific individual instruments, as suggested already by the Tinbergen Rule (Tinbergen, 1952). Otherwise, particularly in the context of climate finance, a trade-off between distributive and allocative goals can occur if recipient countries prefer policies that contribute mainly to their private SD co-benefits, but little to climate protection (Buchholz and Rübbelke, 2021).16 In this article, the risk that the creation of ancillary benefits could be at the expense of global benefits has been disregarded. In other words, additional co-benefits do not raise marginal costs of global climate protection in the approach of this article, but they simply arise additionally. To put the results into perspective, due to the heterogeneity of climate policies and the induced multiple effects, the disregard of possible trade-offs between attaining climate and (non-climate) sustainability goals might distort the results obtained from the analysis. As a future research direction, more empirical analyses on policies' synergies and trade-offs concerning different goals could help to better adapt the respective game theoretic modeling to reality.
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Footnotes

1 Already the Montreal Protocol on Substances that Deplete the Ozone Layer from 1987 that is considered as one of the most successful environmental treaties (UNEP, 2022) came into force only after ratification by eleven states representing at least two thirds of estimated emitted substances in 1986. In contrast to the later climate agreements, its threshold was quickly passed, and it entered into force on 1 January 1989. The main reason for its success was the very favorable benefit-cost ratio that was much higher for the protection of the ozone layer than for climate change mitigation (Barrett, 2007). For a detailed discussion, see also Barrett (2012) and Sandler (2017).

2 For a discussion of side payments and preplay negotiations in general, see, e.g., Kalai (1981) and Goranko and Turrini (2016). A rather pessimistic view on their prospects of success in voluntary public good provision games is expressed by Jackson and Wilkie (2005).

3 Recently, Kendall (2022) pointed out the relevance of the behavioral component in 2 × 2 stag-hunt games and thereby explains why experiments find systematic variations in the outcomes of stag-hunt games that established theory would not predict.

4 Among the exceptions is Kemfert (2004) using climate control coalition games to investigate technological co-benefits. Rübbelke (2006) models ancillary benefits of climate policy in a matching game. Finus and Rübbelke (2013) examine the implications of ancillary benefits in a setting of non-cooperative coalition formation. Hannam et al. (2017) employ an evolutionary-game-theoretic model to analyze regimes that yield domestic incentives to contribute to public goods provision. Takashima (2017, 2020) investigates the effects of ancillary benefits on IEAs in a repeated game framework.

5 In a dynamic impure public good framework, Pittel and Rübbelke (2017) model the local co-effects of a GHG emitting activity via flow pollutants and the global effects via stock pollutants in order to capture diverging time scales.

6 See also Ahonen et al. (2022) for a discussion of these rules.

7 In a first step, in Sections 3 and 4, the game will be kept simple by assuming only two players. In doing so, it is argued that players do not have to be interpreted as individual countries. Instead, it has been observed in recent climate negotiations that countries join alliances with similar interests. For an overview, see https://unfccc.int/process-and-meetings/parties-non-party-stakeholders/parties/party-groupings. Section 5 presents an extension of the stag-hunt game to more than two players.

8 The equilibrium selection problem can be solved in a sequential game if one player acts as a leader and chooses the mitigation strategy (Peinhardt and Sandler, 2015, p. 29). The other player will then follow the example and mitigate as well. It can easily be demonstrated that in a sequential game mutual mitigation is the subgame perfect equilibrium. The leader country anticipates that the follower will choose the same strategy and is aware that its payoff of mutual mitigation exceeds its payoff of mutual neutrality.

9 It is also possible that all three probabilities change at the same time, but in this study attention is restricted to the case where only two of them vary to ensure traceability.

10 The standard impure public good model has been developed by Cornes and Sandler (1984) (see also Cornes and Sandler, 1996).

11 In this article ancillary benefits are assumed to be equal for both players. See Pittel et al. (2022) for an analysis of a 2 × 2 chicken game where ancillary benefits are larger in developing countries than in industrialized countries. They conclude that the inclusion of ancillary benefits will increase the likelihood of cooperation for both countries, particularly for the developing country.

12 If ancillary benefits exceeded abatement costs, the bold-framed 2 × 2 matrix would turn into a harmony game where mitigate would result as the dominant strategy for both countries. Mitigation would then be a no-regret policy for the countries, as discussed, e.g., by Hourcade and Chapuis (1995).

13 In case probabilities are not independent, cooperation prospects may improve, e.g., when there is leadership of an influential country inducing other countries to also mitigate (Buchholz and Sandler, 2017).

14 For simplicity three homogeneous countries are assumed. The exposition would also allow for heterogeneous agents. Then the payoffs would have to be adjusted to illustrate differences in mitigation costs and/or benefits.

15 Figure 4 can easily be modified if the threshold is supposed to be greater or smaller than three.

16 This concern is supported empirically by the finding that climate action (SDG 13) faces a potential trade-off with the no-poverty goal (SDG 1) (Barbier and Burgess, 2021, p. 93). On the other hand, SDG 13 is expected to have synergies mainly with other environmental goals, above all, sustainable cities and communities (SDG 11) (Pradhan et al., 2017), as well as water (SDG 6), energy (SDG 7), food (SDG 2) and life on land (SDG 15) (IPCC, 2018).
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