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1 INTRODUCTION

Climate change constitutes one of the most severe challenges currently facing hu-
manity (see, among many others, Stern, 2007; Weitzman, 2007; Nordhaus, 2019).
It is well-known that extensive global emissions of greenhouse gases such as carbon
dioxide, methane, and nitrous oxide lead to an increase in the temperature at the
Earth’s surface, which in turn promotes weather and climate extremes worldwide.
Some future changes in the climate system are already inescapable, but their
extent can be limited via immediate and effective emissions cuts (IPCC, 2023).
While lower global emissions are thus undoubtedly beneficial from a normative
perspective!, the incentive to free-ride on other countries’ abatement activities
has created a deadlock (Underdal, Hovi, Kallbekken, & Skodvin, 2012). An emis-
sions trading scheme (“cap-and-trade system”) is a prominent policy instrument
that, if designed appropriately, breaks the deadlock and yields efficient outcomes
(Schmalensee & Stavins, 2017). However, determining, implementing, and enforc-
ing an appropriate design is a major challenge for policy-makers (Egenhofer, 2007;
Nordhaus, 2007; Stavins, 2008a; Weitzman, 2014). Our paper explores whether
a simple mechanism can implement efficient outcomes: Allowing countries to en-
dogenously design a joint cap-and-trade system through negotiations. We thus
shed light on the question of whether this simple procedure for designing emissions

trading schemes can solve the problem of excessive greenhouse gas emissions.

We consider a simple two-country model in which each country bears individual
costs for reducing emissions, while, at the same time, benefiting not only from
its own abatement but also from abatement activities carried out in the other
country. The countries are rational and negotiate according to the alternating
offers a la Rubinstein (1982) with complete and perfect information. Due to
the negligible friction in the bargaining process, the subgame perfect equilibrium
in this dynamic game coincides with Nash’s (1950) bargaining solution, i.e., the

solution to a simple optimization problem.

Our analysis starts by exploring the benchmark scenario in which both countries
deploy national caps. Due to the positive externality — countries benefit from each
other’s reduction in emissions — we find a strong free-riding incentive that leads

to an inefficiently high level of emissions. We then direct attention to a setting

IStern (2008, p. 1) even refers to the excessive greenhouse gas emissions as “the biggest
market failure the world has seen.”



where the countries set a joint emissions cap through negotiations. The basic
mechanisms are explored in a stylized setting where the countries have agreed on
setting up a joint cap-and-system and negotiate only on the amount of certificates.
To derive our main results, we then successively add more degrees of freedom by ()
allowing the countries not only to bargain on the amount of certificates but also on
their initial allocation. Afterwards, we (ii) incorporate the possibility of strategic
termination of the negotiations. That is, each country may actively decide to end
the negotiations, resulting in national abatement activities. A comparison with

the benchmark then yields our two main results.

First, enabling the countries to set up a joint emissions trading scheme and to
bargain over its design allows them to overcome the free-riding incentive and
implement the efficient emissions cap if the countries are sufficiently symmetric.
That is, if they are sufficiently similar in terms of their cost and benefit structures
as well as their initial emissions. This holds irrespective of the possibility of
strategic opting out of the negotiations. Intuitively, the countries agree on the cap
that maximizes overall welfare. The initial allocation of certificates is then used
as implicit side payment to distribute the highest level of welfare equally across
countries. Second, negotiations do not necessarily implement the efficient cap if
countries’ benefits resulting from this cap are too heterogeneous. The intuition is
as follows. The scope for using the initial allocation as implicit side payment is
limited as a country cannot receive more than the entire share of certificates. If
the benefits from the efficient cap are sufficiently different, then even allocating
all certificates to the low-benefit country is insufficient to generate equal welfare
levels in both countries. The countries will then rather agree on another cap that
is less efficient but yields a more equal distribution of individual welfare levels.
As we argue afterwards, our two insights also carry over to settings in which more

than two countries negotiate on the design of a multilateral cap-and-trade system.

RELATED LITERATURE. Free-riding incentives have received particular atten-
tion in the literature as a primary force preventing emissions reduction and hin-
dering strict international agreements to curb climate change (see, e.g., Carraro &
Siniscalco, 1993; Barrett, 1994, 2003; Nordhaus, 2015). They result from the pub-
lic good nature of abatement. While all countries benefit from lower global emis-
sions, only those countries that actually reduce their emissions bear the associated
costs. This situation gives rise to Hardin’s (1968) infamous tragedy of commons:

Each country will leave costly abatement activities to the others. As a remedy
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for the free-riding problem, economic theory proposes price-based and quantity-
based instruments (see, e.g., Weitzman, 1974; Mas-Colell, Whinston, & Green,
1995; Nordhaus, 2007).2 While price-based instruments originate from Pigou’s
(1920) taxation of externalities, quantity-based instruments build on the concept
of tradable permits as proposed by Coase (1960) and Dales (1968). Nowadays,
both approaches are widespread policy instruments to address either national or

international climate targets.

For price-based instruments, Weitzman (2014) explores a simple mechanism to
alleviate the free-riding incentive. Given that the countries can commit to a single
emissions price, they determine this price by pairwise majority voting, resulting in
emissions close to the efficient level. Intuitively, due to global commitment to the
emissions price, a country’s additional costs from a higher emissions price are offset
by its additional benefit arising since all other countries reduce their emissions
at the same time in response to the higher price. However, for quantity-based
instruments, Weitzman (2014, p. 31) suspects that “even if there were a collective
commitment to negotiate or vote on a second-stage worldwide total emissions cap,
disagreements over the first-stage subdivision formula (...) would paralyze such a
quantity-based approach.” Despite these doubts, our analysis reveals that a similar
mechanism also exists for quantity-based instruments where the total amount of
emissions is capped, and the emissions price is determined via trading, given that
the countries are sufficiently symmetric. We thereby contribute to two strands of
the emissions-trading literature, namely endogenous allowance choices and linking

emissions trading schemes.

Previous research by Helm (2003) has shown that endogenous allowance choices
made by countries do not automatically result in lower pollution levels, as envi-
ronmentally more (less) concerned countries choose to pollute less (more) such
that the environmental efforts offset. Using numerical simulations, Smead, San-
dler, Forbes, and Basl (2014) investigate a setup where agents bargain over their
share of the fixed total emissions. They find that negotiations tend to fail if
too many agents request over-proportional emissions shares, making the initial
demand for those shares a key factor for successful negotiations. Our paper com-
plements these results by identifying an insufficient scope for side payments as an

additional mechanism that may prevent efficient endogenous allowance choices.

2See Aldy, Barrett, and Stavins (2003) for a more nuanced distinction and Goulder and
Schein (2013) as well as Stavins (2022) for a comparison of the different approaches.



Considering situations where emissions trading systems have already been imple-
mented, the literature on linking emissions trading schemes raises the question as
to whether combining these systems is beneficial. Flachsland, Marschinski, and
Edenhofer (2009) analyze the benefits and drawbacks of linking, such as reduced
volatility, strengthening the multilateral commitment versus expanded emission
caps, abatement targets that are not in line with a burden-sharing approach, and
declining national regulatory power. Doda and Taschini (2017) argue that linking
becomes more advantageous the larger the jurisdictions’ size and variances of ben-
efit shocks, while a stronger correlation of these shocks and higher sunk costs of
linking result in the opposite effect. Doda, Quemin, and Taschini (2019) find that
multilateral linking can lead to tremendous efficiency gains, which arise equally
from effort- and risk-sharing. However, Habla and Winkler (2018) demonstrate
that strategic delegation hinders the linking of emissions trading schemes.®> We
contribute to this literature by showing that linking arises naturally via negotia-

tions if the countries are sufficiently symmetric.

More generally, applying game theory to analyze negotiations on ecological agree-
ments and the provision of environmental public goods has been a vibrant re-
search area over the past two decades (Caparrés, 2016).? Bargaining models
were deployed in the context of global north-south climate change negotiations
(cf. Caparros, Péreau, & Tazdait, 2004), air pollution (cf. Harstad, 2007), invest-
ment in green technologies (cf. Urpelainen, 2012), global biodiversity regulation
(cf. Swanson & Groom, 2012), interregional water sharing (cf. Nehra & Caplan,
2022), and climate policies (cf. Harstad, 2023). The paper closest in spirit to ours
is Dijkstra and Nentjes (2020), who analyze negotiations on tradable production
certificates in a related model. While the structure of their game is different, their
results also differ in so far as they find that bargaining always leads to efficient
production levels.® In spite of this plentiful literature, this paper is, to the best of
our knowledge, the first to explore how two countries endogenously design a joint

cap-and-trade system by bargaining over the amount and allocation of permits.

3 A strand in the political economy literature examines how delegates in the context of inter-
national environmental agreements are chosen. The baseline shared here is that countries may
select delegates that misrepresent their preferences (see, e.g.,Segendorff, 1998; Graziosi, 2009;
Habla & Winkler, 2018; Arvaniti & Habla, 2021). We, however, abstract from such considera-
tions and assume that the countries’ preferences are correctly represented in the negotiations.

4For an excellent overview of the literature, see Caparros (2016).

®The exact same applies to Arvaniti and Habla (2021) in the political economy literature.



OUTLINE. The remainder of this paper is organized as follows. In the next
section, we introduce our two-country model, derive basic insights about the
abatement levels as well as the endogenous emissions market price, and define
a country’s welfare as a function of the design of the emissions trading scheme.
Section 3 analyzes two benchmark scenarios for our welfare analysis by considering
a social planner and national caps. In Section 4, we explore the simplest version
of cap negotiation, i.e., a setting where the countries can bargain on the emissions
cap only. Section 5 then generalizes the preceding analysis by allowing the coun-
tries to bargain simultaneously on the emissions cap and the initial allocations
of permits, while also incorporating the possibility of strategic opting out of the
negotiations. A discussion of multilateral negotiations, i.e., the case of more than
two countries, is provided in Section 6. Finally, Section 7 concludes our analysis

by highlighting its implications. All proofs are provided in the Appendix.

2 MODEL & BASIC INSIGHTS

This section presents the underlying theoretical framework for describing a cap-
and-trade system. Subsequently, we derive individual welfare for a country as a

function of the scheme’s design.

FRAMEWORK. Consider two countries that emit greenhouse gases. Each country
i € {1,2} carries out abatement activities a; relative to its emissions level under
“business as usual” e;o € R,,.% Abatement activities affect country i’s welfare
through three channels. First, there are benefits of overall abatement B;(>; a;).
Reducing emissions has thus a positive externality since country ¢ also benefits
from the abatement made by country —i and vice versa. Second, country 7 bears
costs of its own abatement C;(a;). Third, as countries participate in a cap-and-
trade system, emissions trading additionally results in either revenues or costs,
depending on whether i is a seller or buyer of permits. A country acts as a seller
[buyer| of permits if its realized emissions e; are lower [higher| than its initial

endowment of permits é¢; € R,. The emissions market price p is endogenously

6As we will see later, our assumptions ensure that a; > 0, i.e., a country does not increase
its emissions above the initial level generated under “business as usual”.



determined. Putting these components together, country i’s welfare amounts to:
Bi(X ia;) — Ci(a) + (& — &) - p, i=1,2. (2.1)

Note that the benefits of lower emissions are expressed in terms of emissions
abatement, i.e., the higher the abatement, the lower the emissions and thus the

higher the benefits. For the emissions cap of the entire scheme, F, it holds that
E=Y & and &=uE i=1,2, (2.2)
where s =1— pq,

and p; € [0, 1] denoting the share of permits allocated to country 1. As realized
emissions are determined by emissions under “business as usual” minus abatement,

we can rewrite the country i’s welfare in (2.1) as

Following the literature, in which abatement costs are commonly assumed to
be quadratic (see, for instance, Weitzman, 1974; Barrett, 1994; McGinty, 2007;
Weitzman, 2014; Gersbach & Hummel, 2016; Baudry, Faure, & Quemin, 2021),

we impose the following assumptions on the abatement costs:

Assumption 1 (Cost Function).
Country i’s abatement costs are captured by a cost function C; : [0,e;0] — R4,

which s of the quadratic form

where  (; > 0, i=1,2. (2.4)

Ci 2

Ci i) — F U,
() = S
Without loss of generality, the indices are such that country 1 has weakly higher
marginal abatement costs, i.e., (; > (5. We further normalize that (; + (o = 1
to simplify the exposition. By defining A == )", a; and Ey = ), €;, country i’s

benefit writes as B;(A) and satisfies the following assumptions.

Assumption 2 (Benefit Function).
Country i’s benefit function B; : [0, Ey] — Ry is twice continuously differentiable,

strictly increasing, strictly concave, and satisfies

Bi(0) =0, B)(0)=o00, Bj(FE) =0, and B/ < —((*, i=1,2.



The assumptions on the marginal benefits ensure that reducing emissions relative
to “business as usual” is beneficial for both countries. Moreover, the assumption
on the second derivative is a technical one, guaranteeing that country i’s welfare

function, which will be introduced shortly, is concave and thus well-behaved.

ABATEMENTS & WELFARE FUNCTIONS. We start by deriving fundamental
insights about the realized emissions market price and the abatement activities
within a given cap-and-trade system. As we consider a unit-mass continuum of
homogeneous price-taking firms in each country, a firm’s problem consists of min-
imizing its costs under the emissions trading scheme. The optimization problem
of a representative firm in country ¢ is thus

0§I£i§réi,0p. (ei0 — a;i) + Ci(a), 1=1,2.
From the corresponding first-order condition (FOC), we directly obtain the opti-

mal abatement level:

_p
G’

Since overall emissions are restricted by the emissions cap E, market clearing

—p+Ci(a;)) =0 <<= i=1,2. (2.5)

in the emissions permit market requires that Y .(e;o — a;) = E. Inserting the

abatements per country and solving for the emissions market price yields:

Plugging (2.6) into (2.5), we obtain the abatement activities and calculate their

derivatives with respect to E:

_ _ da;(E .
a; = a;(E) == (i (Bo— E), and %(E ) _ s i=1,2, (2.7)
A=A(E)=E,— E, and %&5) =-1 (2.8)

Since country 2 represents the country with lower abatement costs ((s < (7), it
contributes more to total abatement (ay > a1). This is intuitive and in accordance
with economic insights on emissions trading. By inserting (2.6)—(2.8) in expression
(2.3), we are now in the position to define country i’s welfare as a function of the

design of the cap-and-trade system, i.e., the amount and allocation of permits:

Wi(B. 1) = B(A(E)) — Ci(ai(E)) + (Epts — eso + ai( E)p(E), i = 1,2, (2.9)

where  pa(p1) =1 — .



3 BENCHMARKS

We next examine two benchmark scenarios, against which we evaluate the endoge-
nous design of the cap-and-trade system through negotiations. First, we consider
a social planner who designs a joint emissions cap. Second, we investigate how
each country would set its national cap individually if there was no joint cap-
and-trade system. By comparing both of these scenarios, we then identify the

welfare-reducing effect resulting from free-riding in our model.

SociAL PLANNER. Let us first consider a social planner who seeks to max-
imize the overall welfare of both countries. It is apparent that, from a social
planner’s perspective, trading activities between the countries offset each other,
which renders the allocation p; irrelevant for overall welfare. Hence, the optimiza-
tion problem faced by the social planner is solely to choose a cap that maximizes
welfare. Formally, the efficient cap E° is defined by the solution to:

jmax W(E) = Zi Wi(E, py). (3.1)

The FOC to the social planner’s problem is

dW(E) dWi(E, )
dE _Zz dE

By inserting (2.9) and using the deviates in (2.7)—(2.8), Equation (3.2) can be

= 0. (3.2)

simplified to

S° BI(A(E)) = Cl(ai(E)). i=12. (33)

Indeed, solely balancing marginal cost of abatement with the overall marginal
benefit of abatement is what determines the efficient cap. The following lemma

establishes the existence and uniqueness of the efficient cap E°.

Lemma 1. There exists a unique efficient cap 0 < E° < Ey that solves Problem
(3.1). It is determined by the solution to (3.3).

Intuitively, both countries benefit from a marginal increase in the abatement ir-
respective of where the emissions have been reduced (see Lh.s. of (3.3)). Since
permits are traded, marginal abatement costs of the countries equalize (see r.h.s.

of (3.3)) such that any emissions target is met at the lowest cost, making a cap-



and-trade system an efficient policy instrument to regulate pollution.” Welfare is
then maximized at the efficient emissions level £ that balances the total marginal
benefits of abatement with its marginal costs. We define the maximum level of

welfare generated by the efficient cap as

W* = W(E").

NATIONAL CAPS. Next, we turn our attention to a scenario in which both coun-
tries do mot participate in a joint emissions trading scheme but deploy national
regulations in the form of national emissions caps instead. Since each country
implements its own emissions cap, the corresponding abatement for country ¢ and

the corresponding overall abatement are of the form
al(éz) = €0 — éz', 1= 1, 2, (34)
A(éi, é—i) = Z ai(éz-) = E[) — Z éi- (35)

Given the cap of the other country, country ¢« now chooses its own cap to maximize

its welfare, i.e., by solving

max  Bi(A(,e.1)) — Cilai(&)), i=1,2. (3.6)

0<eé;<e;o

Using (3.4) and (3.5), country i’s FOC can be written as

Bi(A(€, e-:)) = Ci(ai(&)), i=1,2.(3.7)

7

Lemma 2 now establishes the existence and uniqueness of a Nash equilibrium in

this abatement game.

Lemma 2. For each country i € {1,2}, there exists a unique Nash equilibrium
cap 0 < e < e; that solves Problem (3.6). The first inequality is strict for at

least one country.

Intuitively, in the Nash equilibrium, the cap eV chosen country i is the best
response — by equating marginal benefits and costs — to the cap &V, implemented
by the other country. Hence, no country has an incentive to deviate. The overall

welfare generated by national caps is defined by

i) =1 %

W = Z WY, where W} = Bi(A(e),eY,)) — Ci(as(e))), i=1,2.

"This holds true in the absence of transaction costs and imperfect competition (see, e.g.,
Hahn, 1984; Stavins, 1995).



COMPARISON. Naturally, the following question arises: How effective are na-
tional caps in reducing emissions and improving welfare in comparison to the effi-
cient outcome generated by the social planner? The following proposition answers
this question by comparing both benchmark scenarios in terms of implemented

overall cap and welfare.

Proposition 1 (National Caps Versus Social Planner).
Compared to a social planner, national caps implement a strictly higher overall
cap, S_;eN > E° that leads to a strictly lower level of welfare, W™ < W#

Proposition 1 is the manifestation of the free-riding problem in our model. Intu-
itively, each country ¢ has an incentive to free-ride on the abatement carried out
by the other country, while, at the same time, implementing insufficient domes-
tic abatement targets to reduce its own abatement costs. This results in total
emissions that are too high from a societal perspective. Example 1 illustrates this

finding.

Example 1 (Free-Riding).
Consider benefits that are captured by a benefit function of the form

Bi(A) = B;(2VA— A), where ;> 2%, and A €|0,1].

Even for the symmetric case where e; g = €29 = 0.5, (1 = (2 = 0.5, and B = P2 =

0.3, free-riding leads to emissions that are 35% above the efficient emissions cap.

4 NEGOTIATIONS ON THE EMISSIONS CAP

Our analysis of the benchmarks raises the question of whether a cap-and-trade
system can still overcome or at least mitigate the free-riding incentive in the
absence of a social planner. In other words, is it more favorable from a societal
perspective if the countries design the cap-and-trade system themselves rather

than implementing national caps?

Probably the most natural way for countries to endogenously determine the de-
sign of the cap-and-trade system is through negotiations, which we will analyze
next. To understand the basic mechanisms, it is illustrative to start with the

simplest form of negotiations, where the countries only bargain over the emissions

10



cap. That is, we consider a setting where the countries have already (i) agreed
on setting up a joint cap-and-trade system and (7i) determined a certain initial

allocation of permits ji; € [0,1].

(i) means that neither country can strategically opt out of the negotiation,
which, for our bargaining model, implies that no country has an outside
option. One rationale for this situation could be that governments have al-
ready committed to establishing a joint cap-and-trade system or that public
pressure is forcing them to do so.

(ii) entails that the allocation of permits is exogenous from the perspective of
the negations on the emissions cap. This allocation could, for instance, be
determined through prior negotiations or grandfathering, i.e., proportional
to the countries’ emissions under “business as usual” going back to the con-
cept of first possession and appropriation (cf. Epstein, 1979; Lueck, 1995;
Rose, 1985).% As grandfathering is frequently practiced in emissions trading
systems such as the US sulphur dioxide emissions trading program and the
EU ETS (Woerdman, Arcuri, & Clo, 2008), the assumption of an exogenous

allocation is plausible from a practical point of view.

Nonetheless, it should be emphasized that (i) and (%) will be dropped in the

course of this paper in order to derive more general insights.

4.1 BARGAINING OUTCOME

First, we need to specify the set of feasible bargaining solutions. It is straightfor-
ward that any bargaining has to result in a Pareto-efficient outcome. Otherwise,
the parties could simply agree on another cap and thereby achieve a Pareto im-
provement. To construct the set of Pareto-efficient caps, &7, , it is necessary to
determine which joint cap Fj; country i prefers most as an outcome of the bar-

gaining procedure. Country ¢ would set a global cap that maximizes its welfare,

max Wi<E,ﬂ1), 1= 1, 2. (41)

0<E<E,

8 Analyses of grandfathering from an economic perspective can be found, for example, in
Bohringer and Lange (2005), Damon, Cole, Ostrom, and Sterner (2019), as well as Grimm and
Tlieva (2013).
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From differentiating (2.9) and simplifying, we obtain country i’s FOC, which reads
_ _ _ _ 0a;(E
~ BI(A(E)) + () + 1, i(B) O o B)) 222

where @, i(E) = (FE — e + a;(E)).

=0, =12 (4.2)

As (4.2) shows, from an individual perspective, trading activities and the initial
distribution of permits matter for welfare. Indeed, x; _; is the amount of permits
passed from country ¢ to —¢, which can be both positive and negative depending
on whether ¢ sells or purchases permits from country —:. The L.h.s. of Equation
(4.2) reveals three marginal effects that a higher cap has on country i’s welfare.
There are effects on marginal benefits (first summand) and marginal costs (second
summand), as well as a trading effect (third summand). The following lemma
now establishes the existence and uniqueness of a solution to Problem (4.1) and

compares it to the social planner solution.

Lemma 3. For each country i € {1,2}, there exists a unique individually optimal
cap 0 < E; < Ey that solves Problem (4.1). The first inequality is strict for at
least one country. Moreover, it holds that min {Ey, Ex} < ES < mazx {E\, F»}.

Lemma 3 reveals that at most one country advocates complete decarbonization,
while the other country prefers a positive level of global emissions. Positive caps
are determined by the FOC (4.2) to balance marginal benefits, costs, and trading
effects. A social planner, in comparison, would cap overall emissions at a level
that lies between those caps optimal from an individual perspective. Since both
countries’ welfare functions are strictly concave in the implemented cap, we can

directly use Lemma 3 to define the Pareto set 27, .

Definition 1 (Pareto-Efficient Caps).
The set of Pareto-efficient caps, &%, C R, is defined by

Py, = {E_’ - E e [min{El, s}, max{E), EQ}] }

Figure 1 illustrates the idea of Definition 1 for the case where £, < F,. Caps
lower than E} are not Pareto-efficient since a marginal increase in E results in a
Pareto improvement, whereas for caps larger than Es, a Pareto improvement can

be achieved by reducing £. Only in the shaded area in the closed interval [E}, Es],

9Formally, concavity of W; is shown as part of the proof of Lemma 3 in the Appendix.
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we find Pareto-efficient caps. An increase in the emissions cap is detrimental to

country 1 here, whereas it benefits country 2.

\)
oSl

E, 32/11 E, Ey

Figure 1: Individually optimal caps and Pareto set.

As a next step, we formalize the bargaining procedure. One of the most straight-
forward and intuitive ways to model a cap negotiation is according to Rubinstein’s

(1982) alternating-offers model, which applies to our setting as follows.!°

Country 7 proposes a cap. Then country —:¢ can either accept this offer and the
game ends or reject the offer and make a counteroffer after A > 0 time units.
In case of rejection, it is ¢’s turn to decide whether to accept the counteroffer or
to make a counter-counteroffer. This process continues until one country accepts
the proposed cap.!! A prominent result in bargaining theory is that the subgame
perfect equilibrium in the Rubinstein model converges to Nash’s (1950) bargain-
ing solution if A — 0 (Binmore, Rubinstein, & Wolinsky, 1986; Binmore, 1987).
Intuitively, in the words of Muthoo (1999, p. 52), A — 0 corresponds to a situa-
tion where “the absolute magnitudes of the frictions in the bargaining process are
small”. Evidently, this is in accordance with our setup, as the bargaining process
is substantially faster than the underlying process of climate change that requires
the reduction of emissions. Even if the bargaining is extended by A due to the
rejection of an offer, approximately the same benefits and costs can be attained
through an agreement in the next round. For simplicity, we assume that the coun-

ties have the same time discount rate such that we can apply the symmetric Nash

10See Osborne and Rubinstein (1990) and Muthoo (1999) for textbook as well as Roth (1985)
and Binmore and Dasgupta (1987) for advanced treatments of bargaining theory.

"Note that this standard version of the alternating-offers model does not incorporate the
possibility of opting out of the bargaining. In our setup, the interpretation is that, while the
counties have already agreed on creating a cap-and-trade system, they only bargain about the
implemented cap.

13



bargaining solution.'? In our setting, the Nash bargaining solution EZ is defined

as the solution to the following maximization problem:

mgx ./\/;11 (E) = Wl(E;ﬂl) : WQ(E_’,ILAL:[), s.t. B e ‘@ﬂl’ (43)

where N is referred to as Nash product.’® Figure 2 illustrates how the bargaining
solution is determined. The purple line represents the Nash product. The Nash
bargaining solution is the maximizer of the Nash product among the Pareto-

efficient caps, which are represented by the solid part of the purple line.

Figure 2: Nash bargaining solution.

From differentiation, we obtain the FOC of the Nash product, which reads:

dMl(E') _ Zl dWi((iga fi1) . Wfi(E,ﬂl) —0. (4.4)

dE

In our analysis, we exploit the following lemma.

Lemma 4. There exists a unique Nash bargaining solution 0 < EB < E, that
solves Problem (4.3). Any EB > 0 is determined by the unique solution to (4.4)
m gzﬂl.

Although (4.4) has multiple solutions (cf. Figure 2), there exists at most one
solution that is Pareto-efficient. If that solution indeed exists, then it defines the
bargaining outcome E? > 0, while otherwise £ = 0 holds. Lemma 4 greatly
helps us investigate the question of whether bargaining can implement the efficient

cap or, more generally, whether the bargaining outcome may be welfare-enhancing

12Different discount rates shift bargaining power in favor of country 4 that possesses a lower
discount rate, i.e., that is more patient. This leads to a bargaining outcome that is close to E;.

13More precisely, N, (E) = (Wi(E, fin) —d1)-(Wa(E, i) —ds). As d; reflects welfare attained
by country i if “business as usual” is maintained, it holds that d; = 0 for all ¢ € {1,2} (Binmore
et al., 1986; Muthoo, 1999).
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compared to national caps. Since it was shown in Lemma 1 and 3 that £° > 0
and F° ¢ P, respectively, we can immediately conclude that the bargaining

procedure implements the efficient cap if and only if £ solves (4.4).

4.2 COMPARISON TO THE BENCHMARKS

It is worth emphasizing that each total abatement in the joint cap-and-trade
system is achieved with the optimal cost structure, namely with equal marginal
cost in each country. Hence, if E® = E°, then this automatically implies that
the bargaining solution leads to the greatest level of overall welfare. Proposition

2 now explores conditions under which bargaining indeed implements £7.

Proposition 2 (Bargaining over the Emissions Cap).
Consider two countries that agreed upon setting up a joint cap-and-trade system
with an initial allocation 11 and bargain over the amount of permits. Then the

following holds:

(i) If the countries are sufficiently symmetric in terms of benefits, costs, and
initial emissions, then there exists a unique initial allocation 7 € [0,1] for
which EP = ES.

(ii) If, by contrast, Bi(A(E®)) — B_;(A(E®)) sufficiently large, then EP # ES.

The intuition behind Proposition 2 is due to the efficiency-fairness trade-off in
bargaining (see, e.g., Bertsimas, Farias, & Trichakis, 2012; Freeborn, 2023; Dijk-
stra & Nentjes, 2020). The countries generally face a trade-off between “size of
the cake” and “allocation of the cake”. On the one hand, they seek to maximize
the overall welfare level that they can divide among themselves, i.e., they want to
choose a cap close to £°. On the other hand, due to equal bargaining power, the
countries want to implement a cap that leads to an equal split, i.e., that equalizes

individual welfare levels.

Proposition 2 (i) reveals that if the countries are sufficiently symmetric in terms
of cost- and benefit structures and initial emissions, then a unique allocation
py € [0,1] exists that completely resolves this trade-off. Given pf, agreeing
on the efficient cap not only maximizes overall welfare but also induces equal
welfare levels in both countries. In light of Proposition 1, this implies that if the

countries initially agreed on an allocation of permits fi; sufficiently close to uf,
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then determining a joint cap via negotiations is indeed welfare-improving, since
WS > W(EP) > WV,

holds by continuity for ji; sufficiently close to p;. Put differently, if the countries
are sufficiently symmetric and fi; is in the local neighborhood of p7, then endoge-
nously designing the cap-and-trade system through cap negotiations alleviates or
completely overcomes the free-ride incentive by implementing a stricter emissions
cap and enhancing overall welfare compared to national caps. The welfare maxi-

mum W* is however only achieved if the initial allocation fi; coincides with p7 .

Proposition 2 (7i) states that if the countries’ benefits obtained under the efficient
cap are too different, then bargaining does not implement the social optimum.
Intuitively, as indicated by Buchholz, Haupt, and Peters (2005) and Caparros
(2016), the allocation of permits serves as an implicit side payment in an emissions
trading system: With a higher share p;, country 2 has to purchase fewer certificates
or receives additional revenue for selling the certificates, depending on whether ¢
acts as buyer or seller of permits. However, the scope for providing side payments
is limited as country ¢ cannot receive more than the entire share of permits or less
than no share. If the countries’ benefits obtained under the efficient cap are too
different, then the scope for providing implicit side payments is insufficient to fully
resolve the trade-off, i.e., there is no allocation of permits for which the efficient
cap also yields equal individual welfare levels. Hence, due to the prevailing trade-
off, countries forego choosing the efficient cap and instead agree on a cap that

leads to a more equal distribution of individual welfare levels.

Since an efficient emissions cap is implemented through an allocation that resolves
the trade-off rather than allocating permits proportionally to initial emission lev-

els, we can state the following corollary for grandfathering.

Corollary 1 (Grandfathering).
Consider two countries that agreed upon setting up a joint cap-and-trade system
with an initial allocation fi; and bargain over the amount of permits.

If 11 o< e10/ Ey, then bargaining will generally lead to an inefficient emissions cap.

Example 2 illustrates our results thus far regarding the bargaining outcome.
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Example 2 (Optimal Initial Allocation).

Revisit the symmetric parameterization of Example 1. Figure 3 depicts the initial
allocation p3 for different By and By = 0.3. For completely symmetric countries,
(B2/B1 = 1), bargaining implements the social optimum if and only if the countries
mitially agreed on an equal distribution of permits, fiy, = 0.5. By contrast, for
Bo/P1 < 0.8 and P/ 1 > 1.2, the means of implicit side payments are insufficient
to implement the efficient cap. Grandfathering does not implement the efficient

cap except for the special case where By/f1 = 1.

higher benefits higher benefits
for country 1 for country 2
A

Figure 3: Optimal initial allocation.
(e10 =e20=0.5, (1 = =0.5, and f; =0.3)

5 NEGOTIATIONS ON CAP & ALLOCATION

Equipped with the inside that bargaining can be welfare-improving, we now add a
further degree of freedom by allowing countries to negotiate simultaneously on the
emissions cap and the initial allocation of permits. We maintain the assumption
that countries cannot strategically end the negotiation for the time being but
will abandon this assumption in the course of this section. The Pareto set &
now consists of tuples (E, 1), i.e., combinations of a joint emissions cap and
a corresponding allocation of these certificates among the countries. It can be

defined as follows.
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Definition 2 (Pareto-Efficient Tuples).
The set of Pareto-efficient tuples, 2 C R, x[0,1], is the set of all tuples (E, ;)
for which no other tuple (E', 1)) exists that satisfies

VVi(Elhull) > VV%’(E7N1>7 and W*i(Elhull) > W*i(Ehul)

for at least one i € {1,2}, where uy, py € [0,1].

For the bargaining procedure, this implies that an offer in the alternating-offers
model now consists of a tuple (E, j11), i.e., a proposal about the amount of per-
mits and their allocation among the countries. Due to the negligible friction in
the bargaining process, we can exploit the relation between the subgame perfect
equilibrium in this dynamic game and the static Nash bargaining approach again.
Indeed, the bargaining solution (EZ, 1iP) is defined by a solution to the following

maximization problem:

max N(E,Ml) = Wl(E,[Ll) . WQ(E,Ml) s.t. (E,[q) € A (51)

(En“l)

Analyzing the Problem (5.1) leads to the following proposition.

Proposition 3 (Bargaining over the Emissions Cap and Initial Allocation).
Consider two countries that agreed upon setting up a joint cap-and-trade system

and bargain over the amount and allocation of permits. Then the following holds:

(1) If the countries are sufficiently symmetric in terms of benefits, costs, and
initial emissions, then EP = ES and p? = uf.

(ii) If, by contrast, B;(A(E®)) — B_;(A(E®)) sufficiently large, then EP # ES.

Allowing the countries to negotiate simultaneously on the allocation of permits
and the emissions cap yields some interesting results. Proposition 3 (i) shows that
whenever the scope for setting side payments allows the countries to resolve the
trade-off and implement the efficient cap, they will, in fact, design an allocation
of permits to do so.'* Put differently, if the countries are sufficiently symmetric,
then setting up a cap-and-trade system and letting the countries bargain over the
amount and allocation of permits completely removes the distortions created by
the free-riding incentive. It is worth emphasizing that the countries themselves
then design an emissions cap exactly as it would have been done by a social planner

or regulator with complete information.

4 Technically, the following relation holds E? = ES <= uP = puf < uf €0,1].
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Proposition 3 (i) is due to the mechanism that we have already encountered:
If the countries’ benefits from the efficient cap are too heterogeneous, then the
scope for providing side payments is insufficient to implement the efficient cap.
This holds true irrespective of whether the allocation of permits is exogenously

given or endogenously determined via bargaining.

It is worth discussing our results against the background of the famous COASE
THEOREM. As summarized by Harris and Roach (2022, p. 60), the theorem states
that “if property rights are well defined, and no significant transaction costs ex-
ist, an efficient allocation of resources will result even with externalities.” In our
model, an efficient cap obtains, except for the case where the scope for side pay-
ments is exhausted, which can be interpreted as infinite transaction costs. While
our results are thus in line with the COASE THEOREM, it should be stressed that
they are not a mere consequence of the theorem. First, property rights in our
setup are ex ante not well defined, as the exact purpose of the negotiation is
to determine these rights by specifying the amount of permits and their alloca-
tion among the countries. Second, even if this prerequisite was satisfied, Hahnel
and Sheeran (2009) argue that formal bargaining models will not generally re-
sult in the efficient outcome predicted by the rather informal COASE THEOREM:
Whether negotiations lead to an efficient outcome crucially depends on the bar-
gaining procedure, countries’ welfare functions and time preferences, as well as

the information structure in the game.

The preceding analysis focused exclusively on situations where the countries were
unable to terminate the negotiation strategically. While plausible for some set-
tings, others may allow each side to strategically opt out and end the bargaining
in disagreement. Metaphorically speaking, if one party decides to leave the ne-
gotiation table, then both parties are left with their outside option. Since the
countries must rely on national caps in case setting up a joint cap-and-trade sys-
tem fails, they are left with the Nash equilibrium caps described in Lemma 2.
Hence, country 4’s outside option is simply W2 i.e., the welfare level obtained in
the national cap benchmark. As the friction in the bargaining process is negligibly
small, insights from bargaining theory allow us to link the Nash bargaining solu-
tion to subgame perfect equilibrium in the alternating offers model extended by
the possibility of strategic opting out for both parties. Following Binmore (1985);
Binmore et al. (1986), and Muthoo (1999), the subgame perfect equilibrium in
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the extended alternating-offers model converges to the solution to the following
maximization problem:
%lii( N(E,ul) = Wl(Ea,ul) : W2(E7M1)
(5.2)
st. (B, €@, Wi(E w)>WY, WyE, uw)>W5.

The only difference to Problem (5.1) is that each country can secure itself a welfare
level weakly greater than its outside option. Intuitively, a country would never
accept a “bad” offer in the negotiation but instead strategically opt out and realize

its outside option. Examining Problem (5.2) yields the following proposition.

Proposition 4 (Bargaining with Outside Option).
Consider two countries that bargain on setting up a joint cap-and-trade system.
If the countries are sufficiently symmetric in terms of benefits, costs and initial

emissions, then they agree on setting up a joint cap-and-trade system with EP =
ES and uP = uf.

Proposition 4 states if two countries are sufficiently symmetric, instead of imple-
menting national caps, they will agree on setting up a joint cap-and-trade system
with an emissions cap that is efficient. This leads to the highest possible level
of welfare, which is equally distributed among the countries via the allocation of
permits. Our analysis, therefore, points out a simple way to circumvent the in-
efficiency caused by the free-riding incentive: Countries should be enabled to set
up joint cap-and-trade systems and allowed to negotiate the cap and allocation
of permits. This procedure then implements the social planner result, provided
that the countries are sufficiently symmetric. Otherwise, the free-riding incentive
might be so strong for a country and its outside option thus so attractive that the
negotiated joint emissions cap is distorted away from the social optimum. This is

illustrated in the following example.
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Example 3 (Bargaining with Outside Option).
Revisit the symmetric parameterization of Example 1, where 81 = 0.3.
(i) For 3,/B: € [0.8,0.97) bargaining implements E°, while p, is determined by

providing a welfare level to country 1 that equals its outside option.'®

(i) For B2/B1 € [0.97,1.03] bargaining implements E° and uy is determined by
equalizing the corresponding welfare levels in both countries.

(iii) For Ba/B1 € (1.03,2.05] bargaining implements E°, while py is determined
by providing a welfare level to country 2 that equals its outside option.

(iv) By contrast, for 3/31 > 2.05 bargaining does not implement E.

The example shows that the problem of insufficient side payments carries over to
the presence of outside options. Even more surprisingly, comparing Examples 2
and 3 reveals that the presence of an outside option may ensure that the bargaining
leads to an efficient cap for more asymmetric countries than it would be the case
without an outside option. This is precisely the case for f,/3; ratios between 1.2

and 2.05. We summarize this surprising finding in the following proposition.

Proposition 5 (Presence vs. Absence of an Outside Option).
If countries have the possibility of strategic opting out, then bargaining may im-
plement an efficient cap for more asymmetric countries than it would be the case

without an outside option.

The intuition is as follows. If country ¢’s outside option is sufficiently attractive,
then this eliminates the efficiency-fairness trade-off since the welfare level granted
to country ¢ equals its outside option. Whenever possible, the parties then agree
on the efficient cap and an allocation of permits that provides county ¢ with the
welfare level of its outside option.'® This bargaining outcome not only ensures
county ¢’s participation in the scheme but also maximizes the welfare left for

country —i.

15We do not examine ratios 32/f1 < 0.8, as they violate Assumption 2.

6 However, as can be seen in Part (i) of Example 3, if the countries are too different, then
there may not be a feasible allocation of the efficient amount of permits that provides country
1 with the welfare level of its outside option. In this case, the countries will not agree on the
efficient cap but rather on one closer to country 4’s individually optimal cap E;.
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6 MULTILATERAL NEGOTIATIONS

Although our analysis was conducted in the two-country case for the sake of clarity,
it easily generalizes to the case of n countries, where n > 2. Analogously to the
two-country case without an outside option, bargaining implements the efficient
cap if and only if a feasible allocation of permits exists that equates the welfare
levels in all countries resulting from the efficient cap.!” A feasible allocation is

now characterized by

Z.,uizl, and w; € 10,1], i=1,...,n.

In the symmetric case, allocating equal shares p; = 1/n to all countries n indeed
constitutes the unique feasible allocation that equates the welfare levels from the
efficient cap such that bargaining leads to a design of the cap-and-trade sys-
tem that reduces emissions to the efficient level. Hence, continuity implies that
bargaining also implements the efficient cap if the countries are sufficiently sym-
metric. If, by contrast, B;(A(E®)) — B;(A(E®)) is sufficiently large for at least
two countries ¢ and j, then equating welfare levels resulting from the efficient cap
would either require y; < 0 or p; > 1 such that no feasible allocation exists to do
so. Bargaining will therefore not implement the efficient cap in this case. In the

presence of an outside option, it additionally holds for symmetric countries that

Wi(ES,l/n):WT5>WTN:WiN, i=1,...,n.
We can thus infer that even with an outside option if the n countries are sufficiently
symmetric, they will agree on setting up a cap-and-trade system and cap the
emissions at the efficient level. Accordingly, our analysis carries over entirely to
the case with more than two countries, i.e., multilateral negotiations on the design

of a joint cap-and-trade system.

7 (CONCLUSION

How can global greenhouse gas emissions be reduced to mitigate climate change?
We have addressed this question by analyzing whether designing an emissions

trading scheme through negotiation has the potential to enforce efficient emissions

17"Technically, the FOC of the social planner and the FOC of the Nash product with respect
to the emissions cap coincide in this case for the efficient cap.
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levels. Our analysis builds on a simple model with two countries that experience a
positive externality from reducing emissions. Due to this externality, each country
has an incentive to free-ride on the other country’s abatement activities. In the
case of national abatement activities, free-riding leads to an overall emissions level

that exceeds the social optimum.

By applying insights from bargaining theory, we find that the ecological market
failure resulting from the free-riding incentive may be eliminated by a simple
mechanism derived from quantity-based instruments: Enabling the countries to
set up a joint cap-and-trade system and allowing them to bargain over the amount
and allocation of certificates. If the countries are sufficiently symmetric, they agree
to cap emissions at the efficient level. Since this efficient emissions level obtains
with the optimal distribution of abatement activities among the countries, i.e., at
the lowest cost, the endogenous cap maximizes overall welfare. The countries then
use the allocation of certificates as an implicit side payment to distribute welfare
equally among themselves. Surprisingly, an efficient cap may also be achieved for
even more asymmetric countries if they can strategically terminate the bargaining
and deploy national caps instead. However, if the countries are too different, then
bargaining may not necessarily result in the efficient cap. In this case, the scope
for implicit side payments through the initial allocation of certificates may be

insufficient to make both countries agree on the efficient cap.

The implications of our analysis are quite striking. Even in the absence of a social
planner, a joint cap-and-trade system may induce efficient outcomes. The sheer
possibility of negotiating its design then induces cooperative behavior: The coun-
tries overcome the free-riding incentives, implement the efficient emissions cap,
and distribute the resulting overall welfare among themselves in a fair way. Our
results imply that negotiations are pivotal in efficiently designing cap-and-trade
systems and should thus be encouraged. Moreover, they underline the importance
of removing all sorts of barriers, such as transaction costs (cf. Montero, 1998), im-
perfections in the emissions market (cf. Stavins, 2008b), and conflicting national
regulations (cf. Hahn & Stavins, 2011), that either hinder countries from setting
up a joint cap-and-trade system or prevent them from linking existing schemes.
However, designing a mechanism that implements efficient outcomes for strongly
asymmetric countries, especially in the presence of outside options, is significantly

more complex and constitutes a fruitful avenue for further research.
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A APPENDIX: PROOFS

Proof of Lemma 1. First, we establish the existence of a solution to (3.3). Since

li B Cl i D = — Ey < O,

IH%] E : (a ( )) ClCZ 0

lim E B C/ (IZ E B =00 > 0,
E'—)l Eo

the INTERMEDIATE VALUE THEOREM immediately implies the existence of a

solution. Moreover, differentiation with respect to £ yields

i PAE) o da(E)
S BUAE) = = - Gl B) = =2,

which using (2.7)—(2.8), simplifies to

—Z B” +C1CQ>0

Hence, the solution is unique. Note also that our assumptions regarding the
functional form of the cost and benefit functions immediately imply that W (E)

is strictly concave. Therefore, the solution £ to the FOC is indeed a maximizer.

0

Proof of Lemma 2. In the Nash equilibrium, both countries choose national
caps that are best responses to each other. To derive the best responses, note
that country i’s objective function in (3.6) is concave in €; such that if a solution

to the FOC exists, then the solution indeed maximizes country i’s welfare.

We consider the best response of country 1 first by investigating the limits of its

FOC for a given é

lim B(A(e,e)) — Cl(ar(é1)) = Bi(Aler, &) > 0,

€1—€1,0

lim B (A(él, ég)) - C’{(al(él)) = Bi(A(O, 6_2)> - C1€170 z 0.

e1—0
Now, we need to distinguish two cases:

Case 1. If Bj(A(0,63)) — Grero > 0, then &Y = 0. Since, for country 2, it holds
that

lim B (A(ég, 0)) — Oé(ag(ég)) = Bé(A(eZO, 0)) > 0,

62—>62 0

lim B (A(éQ,O)) — Cé(ag(ég)) = —C2€270 < 0.

eéa—0
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The INTERMEDIATE VALUE THEOREM implies the existence of a solution 0 <
el < ey to country 2’s FOC. Moreover, differentiation with respect to e, and
simplifying yields

—Bj(A(e2,0)) + C3(az(e2)) = =By (A(€2,0)) + 2 > 0.
Hence, &) is unique. In this case, the Nash equilibrium caps are thus uniquely

determined and satisfy e = 0 and 0 < éév < egp.

Case 2. 1f B{(A(0,¢é3)) — Cierp > 0, then the INTERMEDIATE VALUE THEOREM
implies the existence of a solution to country 1’s FOC. Again, differentiating with

respect to e; and simplifying yields
—B{(A(e1,6)) + Cf(ar(e1)) = =By (A(é1, €)) + 1 > 0.

such that the FOC has a unique solution that defines a best response function of

the form é;(ez). Plugging é;(é3) into country 2’s FOC and analyzing the limits

yields
éQliglz,o By(A(eg, €1(€2))) — Cy(aa(é2)) = By (A(ezo, €1(e20))) > 0,
lim By (A8, €1(€2))) — Calas(e2)) = Ba(A(0, &1(0))) — Gaezo 0.

Two subcases need to be distinguished now:

Case 2.1. 1f By(A(0,&,(0)))—Caea0 > 0, then ) = 0. Again, the Nash equilibrium
caps are unique and satisfy 0 < & = &;(0) < e and &) = 0.

Case 2.2. If By(A(0,€1(0))) — (aea0 < 0, then, by the INTERMEDIATE VALUE

THEOREM, there exists a solution to country 2’s FOC. Differentiation with respect

to e, and simplifying yields

oeéq (€
BY(A@ @)1+ 23] 4 (A1)
€2
From differentiating country 1’s FOC and simplifying, we get that
0éy(é) By (A(eé, é9)) _
= -1,0 for 0 . A2
0 Bl AL G C B0 fr0<a<ean (A.2)

In view of (A.2), we find that the term in (A.1) is strictly positive. Hence, the
solution to country 2’s FOC is unique. Therefore, the unique Nash equilibrium

caps in this case are 0 < &) = &;(e}) < e19 and 0 < &) < egy. O
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Proof of Proposition 1. We distinguish two cases depending on whether 0 <
el el or 0 < e and 0 = &V,. For both cases, it is shown that E° < >~; &V holds.

Case 1. We start by considering the case where 0 < &), &Y. In this case, both
FOCs in (3.7) hold with equality for the Nash equilibrium caps. Summing up

these equations, we obtain from (3.7) that

Y Bi(AEY €)=Y Cilai(e) (A.3)
must hold. Assume now, for the sake of contradiction, that £ > 3";eV would
hold. This implies that

ZiB;(A( <Z B/(A = C(a;(E®)) Zc’ a;(eN)), (A4)

where the last inequality follows from the fact that a;(e)) > a;(E°) as well as
a_;(eY;) > 0 must hold for at least one i € {1,2} if £ > ;&Y. Comparing

2

(A.3) and (A.4) yields a contradiction. We must thus have that E° < > eV,

Case 2. Now, consider the case where 0 < & < ¢;9 and 0 = €V,. In this case,

country i’s FOCs in (3.7) holds with equality for the Nash equilibrium caps
Bi(A(E",0)) = C(ax(&}"))- (A.5)
Assume, for the sake of contradiction, that £ > Y7,V = &V would hold. This
implies that
Bi(A(&",0)) < <) BiA = Ci(ai(E”)) < Cilai(E")), (A6)

where the last inequality follows from the fact that a;(e)) < a;(E°) must hold if
ES > é&N. Comparing (A.5) and (A.6) yields a contradiction. We must thus have
that £ < >, eN.

To see that £° indeed induces a higher level of overall welfare, simply note that

WS =W(ES) >W( eN) >wh. (A7)

The first inequality follows from the fact that E¥ < > ;e where E¥ is the
unique maximizer of W. The second inequality holds since the cap and trade
system realizes the benefits from capping the overall emission to the level > ; eV
at the lowest possible cost, i.e., a distribution of abatement activities among the

countries that equates their marginal costs. U
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Proof of Lemma 3. First, we show that Problem (4.1) is strictly concave. From
differentiating the Lh.s. of (4.2), we get

d2Wi(Ev 1&1) " n aA(E) " n GGZ(E) aa’l(E)
—ap = BiAE) = + Glai(B) — 5 (2 it 5 )

where =11, and ps=1— fig,

since C" = 9%a;(E)/OE? = 0. Using (2.7), (2.8), and the fact that any y; € [0, 1],
we obtain

dzm E’ 1 " n 1" n

WAL — pram) + OB~ 2moat )

< B/(A(E)) + C!(a;(E))C2, (A.8)

= B/(A(E)) + ¢i¢=i < 0.

Next, we investigate whether the FOC has a solution by considering the limits

lim —BYA(E)) + mCla(B)) + o i(B) Cas(BN2UE) - o g,
E—Eq oE
lim — B(A(E)) + mCl{ai(E)) + 2, (B) €Y (as(£)) 24
E—0
= Q162Eo (Mi — (it %g) Z 0.

Now, we need to distinguish two cases:

Case 1. If p; — (i + eE—g’ > (), then the INTERMEDIATE VALUE THEOREM implies
the existence of solution 0 < E; < Ey to the FOC (4.2). Since Problem (4.1) is

strictly concave, this solution must be unique.

Case 2. If pu; — C_; + 6E(§’ < 0, then strict concavity of Problem (4.1) immediately

implies that £; = 0. Using that (_; =1 — ¢, eio=FEy—e_joand p_; =1— p,,

it holds for country —: that

€i,0
i = G—i - <0

I C+EO
€40

i~ (1-¢) - =2 <1
pi — (1 =¢) E,

G+ 0> 150

H—i 7 E(J_ .

Hence, if E; = 0 for country i, then the FOC (4.2) implies the existence of a

unique solution 0 < E_; < E, for country —i.

To compare E; to ES, we need to consider the following three cases.
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Case 1. If 0 < E; < E_;, then, by strict concavity of W;, we obtain the following

limits
7hm deE) _ dW_l(?Z,/J,l) > 0’
E—E, dFE dFE
dW(E)  dWi(E_;, [in) (A4.9)
. 7 —iy U1
| =~ = — .
b, dE a0

Hence, the INTERMEDIATE VALUE THEOREM implies that E; < E¥ < E_;.

Case 2. 1f 0 = E; < E_;, then Lemma 1 immediately implies that E; < E9,
while the limit £ — E_; in (A.9) together with the concavity of W implies that
ES < E_;. Thus, we have that F; < E° < E_; again.
Case 3. In the trivial case F; = E_;, it is obvious that £; = ES = E_; holds.
Since i € {1,2}, combining Case 1 — & yields

min {El, EQ} S ES S max {El, EQ},

which is the relation stated in Lemma 3. O

Proof of Lemma 4. Again, we need to distinguish three cases.

Case 1. Consider the case where 0 < E; < E_,;. Evaluating the derivative of the
Nash product at the lower bound of &7, , we obtain, by definition of E; and strict
concavity of W_;, that
lim d-/\/;h_(E) _ dW—i(?i,ﬂl)
E—E  dE dE
By contrast, evaluating the derivative of the Nash product at the upper bound of

., we obtain, by definition of E_; and strict concavity of W;, that

> WoAE ] |
b, dE a1k W_i(E—i, ) <0

The INTERMEDIATE VALUE THEOREM implies that a solution EZ > 0 to (4.4)
in &, exists. To see that EP is unique and indeed maximizes the Nash product,
note first that W; > 0, dW_;/dE > 0 and dW;/dE < 0 holds for all E € (E;, E_;).
This requires that W_; > 0 must hold for any solution EP to (4.4). Hence, for
the derivative of the Lh.s. of (4.4) evaluated at E® it holds

dQ'/V/:il(EB) <d2m(EB7/ll)) + dWi(EBvﬂl) . sz(EBv,[j/l)>

L = _ -W_i(EB, i _ _
dE2 KVoE (E7, ) dE dE

< 0.
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Graphically, for any solution EZ € &2, to (4.4), the Lh.s. of (4.4) intersects with
the r.h.s. (zero) with a negative slope such that only one solution exists, i.e.,
the solution to (4.4) is unique. Since the second derivative of the Nash product

evaluated at P is negative, E? is indeed a maximizer.

Case 2. Now, consider the case where 0 = E; < E_;. The limit £ — E;
then admits all signs, i.e., it might be positive or non-positive. In the positive
case, EP > 0 is determined by the unique solution to (4.4) in &2, following the
arguments presented in case 1. In the non-positive case, no solution to (4.4) exists,

and EP = 0 holds since the Nash product is decreasing on 92, .

Case 3. In the trivial case £; = E_;, it is obvious that E; = EP = E_;, > 0 is the
unique solution to (4.4) in &7,.

Combining Case 1 — 8 and recognizing that £ < max {E), Ey;} < Ey by Lemma
3 yields Lemma 4. O

Proof of Proposition 2. The proof proceeds in three steps. First, we show that
ES =EP — i1 =y, (A.10)

denoting p7 the unique allocation that solves Wi(E®, i) = W_;(E®, ji1), i.e.,
that equally distributes the welfare level obtained under the efficient cap in both
countries. We then establish that 7 = 1/2 in the symmetric case. Continuity
thus implies that an allocation uf € [0, 1] also exists if the countries are sufficiently
symmetric, i.e., sufficiently similar in terms of benefits, costs, and initial emissions.
Third, it is shown that j; # uf if B;(A(E®)) — B_;(A(E?)) is sufficiently large.

Step 1. We start by establishing that

E5 = EP — Wi(E®, i) = W_i(E®, fin), (A.11)
Note that £ and EP are unique (cf. Lemma 1 and 4). According to Lemma 1,
it holds for the efficient cap that,

dVVi(ES7 ﬂl)
— P . A12
D E 0 (A12)

Since £ > 0 by Lemma 1, we can infer from Lemma 4 that bargaining can result

in the efficient cap, if and only if the bargaining outcome is determined by the
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FOC of the Nash product. In this case, EP satisfies

AN (B) _ ~ dWi(E”, ju) 5B ) =
T JE ZZ —aE W_i(E”, fi1) = 0. (A.13)

If £ = EB, then Equation A.13 implies that
dWi(E®, ju) o5
VRS LRy (ES ) =0
Zi dE ( fi1)
must also hold. Rearranging and inserting (A.12) yields that

dVVi(Esvﬂl) S A~ S -~ _ s
d—E<W—1(E 7/1’1) - VV%(E 7#1)) - Oa 1= 1727

which 1mphes Wi(ES, ﬂl) = W_i(ES,ﬂl).

Now, consider the opposite direction. Multiplying both sides of (A.12), we obtain

_ dWi(E3, j dW_i(E3, [
Wi(ES,ﬂl)< WiZE’M) W c(zE ’“l>) =0, i=1,2, (A.14)
If Wi(E®, ji1) = W_;(E% ji;), then (A.14) can be rewritten to
dWi(E®, j1 o5 -
>, AER) 85 ) =0 (A.15)

Comparing (A.13) to (A.15) immediately yields that £ = E®. We can therefore
conclude that the relation stated in (A.11) holds.

To establish the following relation

WiBS, in) = Wa(ES ) = jn=p, (A.16)
we need to show that a unique solution uf to W;(E®, i) = W_;(E%, i) exists.
To do so, note that the following limits obtain

lim Wy (E®, i) — Wa(E?, 1) = +o0,

H1—00

lim W1<Esa,al) - W2(Esalal) = —0Q,

f11——o00

since £ is fixed. Hence, the INTERMEDIATE VALUE THEOREM implies the exis-
tence of a solution 7. From calculating the derivatives,

dWi (B, fu) dWs(E®, i)

=p(E5E® >0,
dpn P(E7) dpn

= —p(E*)E® <0, (A7)

we can conclude that the allocation p7 is indeed unique. Combining (A.11) and
(A.16) directly implies the relation in (A.10).

Step 2. From (2.9), we obtain that W;(E®, i) = W_;(E®, 1) if and only if /iy
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solves
Bi(A(E®)) = BLi(A(E®)) + C_i(a—o(E?)) — Ci(ai(E®)) = =21, ;C}(a;(E®)) (A.18)
18

where z; ;(E) = (/LiES —eio+ ai(ES)) . =, and po=1-—j.

In the symmetric case, we have have that B;(A) = B(A), Ci(a;) = C(a;) and
eio = e_ip for all i € {1,2}. This implies that a;(E®) = a_;(E°). Hence, the
Lh.s. of (A.18) is zero. Inserting w; ;, using that E° = 2(e;o — a;(E®)) and
solving for fi; yields uf = 1/2. By continuity, we can now infer that if the
countries are sufficiently similar in terms of benefits, costs, and initial emissions,

then uf € [0,1].

Step 8. If B;(A(E®)) — B_;(A(E®)) — oo, then the Lh.s. of (A.18) converges to
infinity since Cj(a;(E®)) < Ci(a;(Ep)) and C_;(a_i(E®)) < C_i(a_i(Ey)) are fi-
nite. Since all expressions on the r.h.s. of (A.18) besides y; are finite, C!(a;(E®)) <
Cla;(Ey)), E° < Ey, a;(E®) < a;(Ep), eio € Ry, we must have that p; — —oo0.
This implies that

s -0 ifi=1
Hi —
+oo ifi=2.
Hence, if B;(A(E®)) — B_;(A(E®)) sufficiently large, it holds that u7 & [0,1] and
thus that uf # i1 € [0,1]. By (A.10), pf # fi; directly implies E° # EB. O

Proof of Corollary 1. Corollary 1 follows from the fact that £ = ES if and
only if 4, = p7 by (A.10) and that pf is, in turn, determined by the unique
solution to W;(E?, jiy) = W_;(E?, ji1). Since W; and W_; also depend on benefit-
and cost functions, this allocation generally deviates from an allocation that is

solely determined on the basis of initial emissions. O

Proof of Proposition 3. We first establish that

EP=F = =4 <= uell] (A.19)
To investigate whether a solution to Problem (5.1) implements EZ = E° we solve
the relaxed problem

max N(E, 1) st. 0< 1y <1, (A.20)
(E7M1)

and show that the solution to the relaxed problem is in &2, i.e., corresponds to a
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solution to the original Problem (5.1). The Lagrangian of Problem (A.20) writes
L(E, ) = Wi(E, ) - Wo(E, i) — Mg — 1) + Aopua.

The solution to the relaxed problem is determined by the system of FOCs

L) DI () + W (B ) TR g (2 a)
%ﬁl’“l) = <W2(E, ) — Wi(E, m))p(E)E — A+ =0, (A.22)

and the complementary slackness conditions
A(pp — 1) =0, and Aopty = 0. (A.23)

Now, three cases can occur.'®

Case 1. If 7 € [0,1], then the tuple (£, u7) is the unique solution to (A.21) and
(A.22) by implementing
= - AW (ES, uf)  dWo(ES, uf
Wi(E®, i) = Wa(E®, piy),  and l(dE’M): 2<dE’”1).

To see that (E°,uy) € £, note that ES leads to the greatest level of overall

welfare. Hence, for any other cap E # E°, the total level of welfare is lower such
that at least one country is worse off, i.e., setting £ # E° does not constitute
a Pareto improvement. For £ = E°, on the other hand, any other allocation
pw # py leaves one country worse off (cf. (A.17)), i.e., does not constitute a
Pareto improvement. Thus, we must have that (E°, uy) € £ such that (E°, uf)

is also the solution to the original Problem (5.1) in this case.

(ES, u7) is indeed the global maximizer of the Nash product, which can be seen as
follows. It is well known that the product of two positive real numbers is maximum
when the numbers are equal, given that their sum is constant. In our setting, for
any given F, the corresponding level of total welfare is constant, i.e., independent
of the actual allocation p;. Hence, given F, the Nash product is maximum for the
allocation that equates welfare levels in both countries. Moreover, E° implements
the highest positive level of total welfare. The tuple (E°, uy) must thus be a

global maximizer since it equally distributes the highest level of total welfare.

Case 2. If uf > 1, then E° does not solve (A.21) since it holds for all y; € [0, 1]

187Note that in the case in which no strictly positive solution to (A.21) exists, we have that
0 = EP # E9 by Lemmas 1 and 4.

36



that
dWl(ES7H’1> _ dW2(ESa ,ul)
dE dE ’

Instead, we can read off (A.21) that the solution to the relaxed problem E¥ must

and Wl(ES, /,Ll) 7é WQ(ES7 ,Uq)

be in the open interval between E; and Eg. Moreover, (A.21) together with
concavity of W; implies that

Wo(ER, ui') > Wi(E™, utt) (A.24)

holds for the solution to the relaxed problem. Hence, from (A.22) we obtain that
A1 > 0. By (A.23), we can now infer that uff = 1 and thus Ay = 0.

To see that the tuple (BT, 1) € 22, first observe that for uff = 1 any other cap
from the open interval between E® and F, leaves country 1 strictly worse off.
This is illustrated in Figure 4. Moreover, given any cap from the open interval
between E® and E,, any other allocation p; < 1 further reduces country 1’s
welfare. Hence, choosing any cap from the open interval between E¥ and E, and
any g1 € [0, 1] does not constitute a Pareto improvement. Second, since E¥ is in
the open interval between Eg and E;, any cap in the open interval between £, and
ET leads to a lower level of overall welfare irrespective of the allocation s, see
Figure 4. Hence, for any allocation p; € [0,1], any cap from this interval leaves
at least one country worse off, i.e., does not constitute a Pareto improvement.
The tuple (ET 1) is thus Pareto-efficient, that is (E¥,1) € 2. The solution to
the relaxed Problem (A.20) therefore corresponds to the solution to the original
Problem (5.1) such that EP = Ef #£ ES and puf = uf =1 < pf .t

A

> £

Figure 4: Pareto efficiency of the solution to the relaxed problem.

Case 3. If p7 < 0, then EP = Ef #4£ EY and pf = pft = 0 > uf follows by

19Tt can readily be verified that (£, 1) is indeed the maximizer of the relaxed problem.
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analogous arguments.
Combining these three cases yields the relation stated in (A.19).

Part (i) of Proposition 3 now immediately follows from (A.19) and the fact that
w; € [0, 1] if the countries are sufficiently symmetric, which we have shown in the

proof of Proposition 2.

Part (i) of Proposition 3 results from (A.19) and the fact that py ¢ [0, 1] if the
countries’ benefits are sufficiently different, which we have already argued in the

proof of Proposition 2. O

Proof of Proposition 4. We know from Proposition 3 that, in the absence of
outside options, bargaining implements (£, uf) where puf € [0, 1] if the countries
are sufficiently symmetric. Hence, it remains to show that the tuple (E°, u7) also
satisfies the additional constraints Wi (E, p1) > W and Wy(E, ) > W for
sufficiently symmetric countries. To do so, we show for the (completely) symmetric
case where B;(A) = B(A), Ci(a;) = C(a;) and e;9 = e_; o that W;(ES, uf) > WV
holds for all ¢ € {1,2}. Continuity thus implies that, as long as the countries are
sufficiently symmetric, (E°, uf) satisfies the additional constraints, i.e., (E*, u3)
is indeed the solution to Problem (5.2).

In the symmetric case without outside options, the bargaining outcome is (£, 1/2),

which leads to the following welfare levels:

Wi(E®1/2) = W_i(E®,1/2) = WTS (A.25)

For national caps, on the other hand, symmetry leads to e = &V, and thus
W =wh = WTN (A.26)
In view of Proposition 1, combining (A.25) and (A.26) immediately implies that
Wi(E%, u?) > W holds for all i € {1,2} in the symmetric case. d

Proof of Proposition 5. Observing that bargaining over the amount and alloca-
tion of permits implements E° if and only if u5 € [0, 1] by (A.19), the proposition

follows immediately from comparing Examples 2 and 3. U
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