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Abstract

Fighting climate change requires ambitious global policies, which are undermined by free-riding in-
centives. The heterogeneity in both the impacts of climate change and the costs of carbon taxation
exacerbate non-cooperation, which makes the implementation of multilateral climate agreements
difficult. This paper studies how to design an optimal climate club — in the spirit of Nordhaus
(2015) — to maximize global welfare, incorporating strategic behavior when countries can exit
climate agreements. In an Integrated Assessment Model with heterogeneous countries and inter-
national trade, I study the choice of countries in the agreement, the optimal level of carbon tax
that members set on fossil fuels, and the tariffs they impose on non-members to incentivize partici-
pation. The decision balances an intensive margin — a club with few countries and large individual
emission reductions — and an extensive margin — accommodating more countries at the cost of
lowering the carbon tax. I find that the optimal climate club consists of all countries except Rus-
sia, a $100 tax per ton of COy within the club, and a 50% tariff on goods from non-members. In
contrast, the globally optimal carbon tax is $150 when free-riding is absent. In several extensions,
I study additional policy instruments, such as transfers or fossil-fuel-specific tariffs, and examine

the effects of trade retaliation for the stability of climate agreements.
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1 Introduction

Fighting climate change requires ambitious global policies. To avoid severe consequences of
global warming, carbon emissions must reach net zero in the next decades, and our economies need
to phase out fossil fuels in a concerted effort to keep the world temperature under 2°C' (IPCC et al.
(2022)). However, the world is currently facing climate inaction. One of the main reasons behind
this lack of cooperation is the presence of free-riding in climate policy: the benefits of fighting
climate change are global, while the costs of reducing emissions using carbon pricing are local.
Individual countries have incentives to free-ride on the rest of the world’s reduction in emissions

without implementing costly carbon abatement themselves.

Taxation of carbon and fossil fuels has strong redistributive effects across countries, determin-
ing their willingness to implement climate policy. First, emerging economies may face challenges
in reducing the fossil fuel consumption necessary to continue their economic development. Second,
carbon taxation has a substantial impact on energy markets, affecting the surplus of fossil fuel ex-
porters and importers. Finally, imposing a carbon tax in one country reallocates economic activity
and carbon emissions toward other countries through international trade — or “carbon leakage”.

All these effects reinforce free-riding incentives and climate inaction.

Multilateral climate agreements have been the traditional answer to address climate inaction,
with the United Nations Conference of the Parties (COP) as an example. Unfortunately, they
have failed to achieve decisive binding policy agreements. More recently, trade instruments have
been the focus of policy discussions as trade policy offers the potential to give incentives to other
countries to reduce emissions. In particular, Nordhaus (2015) proposes the idea of a “climate club",
a voluntary agreement where members implement common carbon taxation as well as retaliatory
tariffs on countries that do not participate in the club. In this context, trade sanctions are necessary

to foster participation in the club and reduce free-riding incentives.!

What should be the design of a climate agreement that accounts for free-riding incentives as
well as redistributive effects? What is the optimal climate club, its composition and level of carbon
tax? This paper addresses these questions by examining the conditions necessary to construct a
universal climate agreement with globally optimal carbon tax and tariffs. I explore which factors
incentivize countries to join such an agreement, and I investigate how carbon and trade policy

needs to be implemented to promote participation, maximize welfare, and fight climate change.

I tackle these policy questions in a climate-economy framework — or Integrated Assessment
Model (IAM) — augmented with heterogeneous countries and international trade. I build a multi-
country TAM, extended with bilateral trade frictions and energy markets. Individual countries

differ in their vulnerability to climate change, income levels, their energy mix in oil, gas, coal, and

! Another notable example is the European Union’s Carbon Border Adjustment Mechanism (CBAM), which is
proposed to address the carbon leakage problem. This policy is a “carbon tariff” —i.e. a tariff whose rate increases
with the carbon content of imported goods. This also has the potential to generate incentives for trade partners to
implement climate policy in order to lower the carbon footprint of their exports.
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non-carbon energy, their costs of producing fossil fuels as well as trade costs in trade in goods.
This framework allows me to account for the multifaceted redistribution and leakage effects that
arise in general equilibrium as a result of climate change and climate policy. The model serves as

a laboratory for evaluating the welfare effects of different agreement designs.

With endogenous participation, countries have differing incentives to join a climate agree-
ment. As a result, the decisions on the optimal levels of carbon tax and trade tariffs, as well as
the choice of participants in the club, should be made jointly. Indeed, the optimal design reveals
a tradeoff between an intensive and an extensive margin. At the intensive margin, an agreement
could gather a small set of countries that can individually implement large emissions reductions
with high carbon taxes. However, this is not sufficient to reduce global emissions and combat
climate change effectively. In contrast, building a more extensive climate club requires accommo-
dating the participation of a larger number of countries, which can only be done at the cost of

lowering the carbon tax.

In this context, I address the policy problem where a global social planner maximizes the
world’s welfare by designing a climate agreement, or “climate club”, that consists of three elements:
(1) a set of countries included in the agreement — also called “climate coalition” — that are subject
to the climate and trade policies, (2) the level of the carbon tax that club members set on their
oil, gas, and coal energy consumption and (3) the level of the uniform trade tariffs that members
impose on imported goods from non-member countries, while club members benefit from free-trade

among themselves.? This policy design follows closely Nordhaus (2015)’s climate club setting.

Countries make individual choices to join or leave the agreement, and such strategic partici-
pation needs to be accounted for in the design of the agreement. I consider Nash equilibria, where
countries make participation decisions either unilaterally or in “coalition deviations”, i.e. when a
subset of countries decide together to deviate and leave the agreement. The club design thus mir-
rors an optimal taxation and trade policy problem with limited instruments, together with a choice
of countries. This problem is particularly challenging as one needs to simultaneously identify the
countries willing to participate as well as the optimal policies. I propose an approach to separate
this joint problem by fixing the policies and solving for the optimal climate coalition. This coalition
choice resembles the type of combinatorial discrete choice problem (CDCP) that arises in trade
economics, e.g. Arkolakis et al. (2023). I propose different numerical solution methods to tackle
this problem in the presence of participation constraints. In that context, I consider a restricted
set of instruments: a single carbon tax and a single uniform good tariff. This follows the idea that
the Social Planner represents the bargaining outcome between club members. With bargaining
frictions and transaction costs, negotiating over a small number of instruments — in particular, a

single carbon tax — facilitates the finding of an agreement and undermines free-riding.>

2In the main club design, fossil fuels are still freely traded for all countries. Moreover, non-members are passive
in the sense that they do not retaliate with additional trade tariffs against the clubs. These two assumptions are
relaxed in the extensions.

3Weitzman (2015) argues that a single carbon price serves as a “focal point” and is superior to binding quantity
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I contrast this framework with policy benchmarks absent endogenous participation. First, I
consider the optimal carbon policy when the coalition gathers the entire world without participa-
tion constraints. I show that the choice of the carbon tax depends crucially on the availability of
redistribution instruments, such as lump-sum transfers, in the First-Best allocation. Without such
transfer instruments, I show how the choice of the Second-Best carbon tax accounts for distribu-
tional motives. Indeed, the carbon tax accounts for income inequality and its effect on demand
distortion, supply redistribution through fossil-fuel energy markets, as well as trade leakage. As
a result, the optimal carbon tax is $150 per ton of COs in the Second-Best and is lower than the
Social Cost of Carbon, i.e. the marginal cost of climate change, a result that contrasts with the

conventional Pigouvian principle.*

Second, I also compare the “climate club” framework to the non-cooperative Nash equilib-
rium, in which each individual countries choose its “unilaterally optimal” carbon tax and trade
tariffs. The unilateral carbon taxation policy can become a subsidy if the Local Cost of Carbon
— the cost of climate change as internalized by an individual country — is lower than two terms-
of-trade manipulation terms: one for the good market and one for the fossil-fuel energy market.
Similarly, optimal tariffs are also used for terms-of-trade manipulation of goods, a logic that aligns
with conventional results in Ossa (2014) or Farrokhi and Lashkaripour (2024).

In comparison, climate agreements provide an “issue linkage” (Maggi (2016)) by linking the
implementation of carbon policy with a reduction in tariffs, as the club promotes free trade among
coalition members. The countries’ participation choice depends on a balance between two effects:
the distortionary cost of carbon taxation against the cost of tariffs — related to gains from trade.

To choose whether to exit the club, individual countries consider if the first outweighs the second.

I find that the optimal climate club consists of all countries with the exception of Russia
and former Soviet countries, and the agreement imposes a moderate carbon tax of $100 per ton of
CO4 and a 50% tariff on traded goods of non-participants. The optimal climate agreement cannot
achieve the world’s optimal policy with complete participation — an agreement with a $150 carbon
tax and all the countries — despite full discretion on the choice of carbon tax and tariffs.

The reason is threefold. First, to increase participation, it is beneficial to reduce the carbon
tax. Several Middle Eastern countries and developing economies in South Asia and Africa would
not join an agreement with a high carbon tax, regardless of the level of the tariffs, since the gains
from trade are bounded. Therefore, it is optimal to lower the tax from $150 to $100/tCO; to

include those countries and share the “burden” of carbon abatement across more countries.

Second, it is beneficial to leave several fossil fuel producers like Russia and former Soviet

targets. Indeed, with transaction and bargaining costs, the Coase theorem may fail, preventing the agreement from
reaching international cooperation. He attributes the failure of the Kyoto Agreement to the fact that quantity quotas
represent a subdivision of efforts over countries and are, hence, more subject to disagreements and free-riding.

“The optimal policy problem with limited instruments is treated extensively in Bourany (2024) in a large class
of climate-macroeconomic models. In the present paper, I draw a particular emphasis on international trade and
leakage effects, a novel channel that needs to be accounted for in optimal carbon taxation.
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countries outside of the climate agreement. Indeed, they suffer large welfare costs from carbon
taxation, being relatively cold, closed and exporters of oil and gas. They would never join an

agreement unless the carbon tax was very small, which is not optimal from a global perspective.

Third, trade policy is a key strategic instrument to undermine free-riding and incentivize
countries to join the agreement. All the countries for which the cost of large tariffs outweighs
the distortionary cost of carbon taxation are willing to participate in such climate clubs. That is
especially the case for countries in Europe, East Asia, including China, and South-East Asia, which
trade internationally a large share of goods production and have large gains from trade. Absent
tariff retaliation, free-riding prevails over the cost of climate actions, as discussed in Nordhaus
(2015). However, if moderate tariffs spur participation for a low carbon tax, this incentive effect
vanishes quickly as the carbon tax increases and larger emissions reductions are required. The
gains from trade are bounded — and small for some countries like the Middle East and Russia —

and therefore, there is a limit to what carbon policy can achieve.

Additional policy instruments — such as transfers with a “loss and damage” fund or fossil-
fuel-specific tariffs — improve the climate agreements and increase the carbon tax, bringing it closer
to the Second-Best allocation. Indeed, these two instruments address two channels to incentivize
participation. First, redistributing part of revenues from the carbon tax to poorer economies like
South Asia and Africa — which consume less fossil fuel per capita — improves their welfare much
more than the loss incurred by the richer economies of North America, Europe, and East Asia.
Second, fossil-fuel-specific tariffs have strong effects on the energy rents of oil-exporting countries.
This targets directly the large fossil-fuel producers, like Middle-Eastern Gulf countries and Russia,
and increases the retaliatory power of the climate club by enforcing their participation. As a result,
this allows the club to increase the attainable carbon tax and global carbon abatement. With these
two instruments, we can reach the globally optimal allocation with complete participation and a

more ambitious carbon policy since the agreement is more influential in penalizing non-members.

Lastly, I compare how these results on the optimal agreement change depending on the
strategic response of countries outside the club. In the baseline result, non-members are passive
and do not impose tariffs on the climate club members. If, instead, we consider that non-members
cooperate strategically to impose retaliatory tariffs on club members, this has important conse-
quences on the stability of the club. First, it makes the intensive-extensive margin tradeoff more
salient, as countries have even more incentive to deviate from the club for high carbon taxes and
moderate tariffs. However, retaliation in the face of high tariffs from club members also raises the
costs of a trade war for both club members and non-members. This implies that if the club is large
enough, it can threaten to escalate a trade war to enforce the participation of the non-members

and ultimately achieve the optimal policy with a high carbon tax and complete participation.



Literature

This work relates to a large literature on the economics of climate change and bridges a gap with
both the international trade policy and the game theoretical literature. First, I contribute to
the debate on the formation of Climate Clubs, following the pioneering contribution of Nordhaus
(2015). The implementation of climate policy suffers from a free-riding problem and Nordhaus
proposed a simple framework to evaluate the principle of issue linkage, i.e. linking the enforcement
of a climate policy with trade tariffs. He shows with the C-DICE model that for different —
exogenously set — carbon prices and tariffs rates, we can achieve varying participation to a climate
club. With a low carbon price — up to 25%/tCOy — and high tariffs — above 10%, the climate club
can achieve a club with all the 15 regions he considers.

I depart from Nordhaus’ Climate Club framework in three directions. First, I show that
when a social planner chooses endogenously and optimally both the carbon tax, the tariffs, and
the club members, we observe an intensive margin - extensive margin tradeoff. A lower carbon tax
and higher tariffs increase participation. Second, I depart from the C-DICE model that uses ad-hoc
functions for the carbon abatement — inspired by the DICE model — and the gain from trade and
costs of tariffs — a quadratic approximation of the results of Ossa (2014). I show that modeling the
energy market — both with heterogeneity in demand and supply of fossil energy — and trade in goods
— accounting for leakage effects and terms-of-trade manipulation — highlights the tradeoff between
the cost of carbon taxation and the cost of tariffs. In particular, in this micro-funded setting, gains
from trade are bounded, which makes some countries unwilling to join an agreement if the loss
from phasing out fossil fuels is too large, and this for any level of tariffs. Third, I model the cost
of climate on production as endogenous to policy, which makes the optimal carbon tax account for
redistributive effects through income inequality, trade leakage, and energy markets. Iverson (2024)
take the same C-DICE model as Nordhaus and analyze how a “Tiered Climate Club” can achieve
higher carbon abatement, where two different “tiers” imply different levels of carbon tax and tariff
retaliations for different sets of countries. Hagen and Schneider (2021) also analyze how retaliation
can undermine the stability of the club and results in potentially suboptimal climate clubs where
the gains from climate policy are undermined by the costs of a trade war. In comparison to these
three models, I provide a quantitative analysis where optimal policy is chosen strategically to
enforce participation.

Farrokhi and Lashkaripour (2024) also study how climate policy can be conducted with trade
instruments. They solve for the optimal trade policy in a rich multi-industry trade model, inspired
by Copeland and Taylor (2004), and show that unilateral policy accounts for carbon leakage when
setting tariffs. In this setting, they explore the sequential construction of a climate club, where
Furopean Union starts a coalition, implements the unilaterally optimal trade-climate policy, and
iteratively grows the participation to the club. In contrast, I show how the club should design the
trade-climate policy strategically to spur participation. My framework also incorporates several
redistribution channels absent from their framework. Non-linear damage makes the cost of climate

change endogenous to policy, and inequality across countries creates differences between policies
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maximizing output, reducing emissions, and improving welfare.

This project lies at the intersection of three bodies of literature: one on trade policy, one on
the game-theoretical aspects of climate policy cooperation, and one on macroeconomic models of
climate change.

First, the interdependence between climate, environmental, and trade policies is explored
extensively in Kortum and Weisbach (2021), Barrett (2001), Bohringer et al. (2016), Bohringer
et al. (2012) or Hsiao (2022). These articles explore the differences between unilateral policies
implemented at the country level and the potential for climate cooperation using trade policies.
Other articles in this trade literature explore the underpinnings of optimal trade policies, e.g.
Costinot et al. (2015), Ossa (2014), Adao et al. (2023), Antras et al. (2024). More specifically
they study the choice of trade tariffs with different objectives, like terms of trade manipulation or
supply-chains considerations. I show how these policy instruments can be used for issue linkage and
climate policy and study the optimal design of climate agreements in the presence of free-riding.

Moreover, I also borrow from the theoretical literature on climate cooperation, with classical
references such as Barrett (1994), Harstad (2012), Barrett (2003), Barrett (2013), Nordhaus (2015)
or the older literature collected in Batabyal (2000) and summarized in Maggi (2016). There
is also a large literature on dynamic games and coalition formation games, that focus on the
building of agreements, either through coordination games or through bargaining procedures, and
summarized in Ray and Vohra (2015), or Okada (2023) more recently. Similarly, Nordhaus (2021),
Harstad (2023), or Maggi and Staiger (2022) study those questions as well as other dynamic
features, such as technical change, the path of climate dynamics or intertemporal decision-making.
I draw inspiration from many of these references and provide a quantitative framework with many
dimensions of heterogeneity to reveal the different factors that drive the countries’ decisions to
participate in climate clubs and provide policy recommendations.

Third, I also draw from the macroeconomic literature on the implications of climate change
and carbon policy. Indeed, building on my own work Bourany (2024), I show that the optimal
carbon policy accounts for several general equilibrium channels, as well as macroeconomic dynamics
— in the spirit of Integrated Assessment Models. Starting from a static version of the DICE/RICE
models as in Barrage and Nordhaus (2024) and Nordhaus and Yang (1996), I study the optimal
fossil fuel taxation, as in Golosov et al. (2014) with heterogeneous countries/regions, as in Krusell
and Smith (2022), Cruz and Rossi-Hansberg (2024, 2022), Kotlikoff, Kubler, Polbin, Sachs and
Scheidegger (2021), Kotlikoff, Kubler, Polbin and Scheidegger (2021), as well as international
trade. Similarly, I study a quantitative model with many dimensions of heterogeneity but keep it
static to be able to study strategic interactions between large countries and a climate agreement

design, which includes a combinatorial discrete choice joint with an optimal policy choice.

The remainder of this paper is structured as follows. In Section 2, I lay out the Integrated
Assessment Model that we study in the policy analysis. The design of the climate agreement is
exposed in Section 3. In Section 4, I present how I match the model to the data. In Section 5, 1

discuss the optimal policy benchmarks with or without cooperation in a setting without free-riding
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incentives. In Section 6, I present the main result of our analysis on the optimal climate agreement.
In Section 7, I develop extensions that relax some of the assumptions made in the baseline results,

such as the availability of additional instruments or retaliation.

2 An integrated assessment model with heterogeneous regions and trade

I build an integrated assessment model (IAM) that incorporates various dimensions of het-
erogeneity influencing individual countries’ incentives to join climate agreements. This framework
is the simplest model that includes both climate externality, a non-trivial energy market for fossil
energy, and a realistic trade structure that reproduces the leakage effects of taxation.

I study a static economy® with I countries indexed by i € I, each with population »;. All
the economic variables are expressed per capita.® Each country is composed of five representative
agents: (i) a household that consumes the final goods, (ii) a final-good firm producing goods using
labor and energy, (iii) a fossil energy firm extracting oil and gas, (iv) a producer of coal energy,
and (v) a producer of renewable/non-carbon energy. Moreover, each country has a government

that sets taxes and tariffs.

2.1 Household problem

The representative household in country i imports from all countries j € I and consumes
the aggregate quantity ¢;. I consider an Armington structure, c.f. Anderson (1979), Arkolakis,
Costinot and Rodriguez-Clare (2012), where each country produces its own variety. The household

preferences have constant elasticity of substitution 6 over goods from different countries.

U; = r{na;}( u({cij};) = u(Df(é’)Ci) , ci = (Zalcjfl)gol , (1)

Cij jel

Sl

where a;; are the preference shifters for country ¢ on the good purchased from country j, which
also include the home-bias a;;.” The climate externality affects consumption which a factor D¥(&)
which summarizes climate damages, given world emissions £. It is a reduced-form representation
of the climate system — and the path of temperatures — and decreases in £ and is country-specific
due to differences in the vulnerability and costs of climate change. In the quantification Section 4,

we detail how we calibrate this function for each country i. Households earn labor income, energy

5More particularly, the static is a stationary representation of a dynamic model, as I describe in Appendix B.3.
This allows keeping the framework simple enough to study the strategic interaction between countries as well as the
joint design between a combinatorial discrete choice and optimal policy choice for the carbon tax and tariffs.

SFor example, y; or e{ are final output and fossil energy use respectively, and P;y; and Pief represent the total
quantities produced/consumed in the country. I allow for population growth n and TFP growth g in the dynamic
model, and we display here the stationary version of the Balance Growth Path.

"We assume that preferences {a;;} and iceberg trade costs {7;;} are policy-invariant, in particular, they are not
sensitive to price changes and tariffs.



rent, and transfers, and their budget constraints is given by:

Zcij (1+tgj)7',‘jpj = wil; + 7Tif + tés , (2)
jel
where w; is the wage rate, ¢; the exogenous labor supply is normalized to 1, 7rlf the profit earned from
the ownership of the energy firms, and tés the lump-sum transfer received from the government.
On the expenditure side, the household in ¢ imports quantities ¢;; from j, purchased at price pj,
and subject to iceberg cost 7;; and to trade-tariffs 1—|—t§’j. The choice of trade policy will be made

explicit below.

The optimal consumption choice of the household yields the following quantities and Arm-

ington trade shares given by:

OH@WM)G
P; ’
_cypij . ((4ty)mip ) ?

6. = . 7
YT g 73 @ik (L4t ) Tikpr) 0

Cij = aijci<

(3)

where p;; = (l—i—tfj)njpj is the effective price for a variety from country j sold in country ¢, and Pp;

is the price index of country i:

1

Py = (Z aik((l-{—tik)ﬂkpk)l*g) -0

kel

As a result, we summarize the budget constraint as ¢;p; = >y ¢ij (1+t2’j)7—ijpj, and the per-capita
welfare of country 7 is then summarized by the indirect utility as the utility of income discounted

by the price level and climate damages, namely:

wili+m! +t§s) )

Uy = u(D}(E)ei) = u(DY(E) =

2.2 Final good firm problem

The representative final good producer in country ¢ is producing the domestic variety at

price p;. The firm’s profit maximization is:

max  piDY(E) i F(bis el e ef) —wili = (¢/+€ el = (qi+€°t)ef —aie]

ieleser
where the production function y; = F(¢;, elf ,€5,er) is constant returns to scale and concave in all
inputs. It uses labor, ¢;, at wage w;, fossil energy, ezf , purchased at price, ¢/, coal, €€, at price, q,
and renewable energy, ef, at price, ¢/ . Energy from oil-gas, elf , and coal, e, differ from renewable
in the sense that they emit greenhouse gases, with respective carbon concentration &/ and £¢, as
we will see in Section 2.4. As a result, there is a motive for taxing oil, gas, and coal energy with

the carbon tax t;. We discuss the choice of this tax in the next sections.
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The productivity of the domestic good firm, y; = DY(€) z; §i, can be decomposed in two
terms. First, the TFP, z;, represents productivity as well as institutional/efficiency differences
between countries. Invariant to prices and policy, this technology wedge accounts for income
inequality across countries. These differences in TFP translate into differences in consumption
that create redistribution motives for tax policy.

The second difference in productivity comes from the climate externality summarized by
the net-of-damage function DY (&), given world emissions £. This function is also a reduced-form
representation of the climate system from future temperatures, decreases in £, and is country-
specific due to differences in costs of climate change, as we detail how we detail in the quantification
Section 4.

The firm input decisions solve the optimality conditions, where we define the marginal prod-
uct of an input x as MPxZ- = DY(E) ziFyp(l;, €] ,el,el) for x € {¢;,¢e; ,el,el} For example, in the

case of oil and gas e , the first-order condition can be written as:

piDY(E) zi s (¢; el el el = piMPer =q¢f +¢0t5 (5)

1y &g 9 g0 &g

and similarly for other inputs ¢;,ef, e}. Crucially, the private decision of firms do not internalize

climate externalities of their own fossil-fuel energy use and only responds to carbon tax t;.

2.3 Energy markets

The final-good firm is consuming three kinds of energy sources — oil-gas, coal, or renewable
(non-carbon) — which are supplied by three representative energy firms in each country. Oil-gas
sources are traded internationally, and countries can be exporters or importers. Coal and renewable
sources are both traded locally, an empirically relevant assumption given the substantial trade costs

in coal shipping or electricity transfers.

2.3.1 Fossil firm

In each country ¢ € I, a competitive energy producer extracts fossil fuels — oil and gas — €7
and sells it to the international market at price ¢f. The energy is extracted at convex cost Cif (eF),
where the convex costs are paid in the unit of the consumption bundle of the household.® The

energy firm’s profit maximization problem is given by:

P! = maxq’ef -l (ef)m , (6)

i

f

where P;mj is the total energy rent of country i. Since the extraction costs are convex, the

production function has decreasing return to scales,” and hence, even with competitive firms,

8This allows to account for international inputs in goods and services for building capital for resource extraction.
9We can also define a fossil production function with inputs xf such that e* = g(xf) and profit 7 = ¢fg(z) — zr;
instead of m = ¢'e® — C(e”)p;, in which case g(z) = C™*(x)
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taking the fossil price as given, a positive energy rent exists. Moreover, for the sake of simplicity,
we do not consider that energy firms have market power in the setting of energy prices — for example,
in the case of OPEC — even though this framework could easily allow for such an extension. Any
sources of misallocation — in the sense of Hsieh and Klenow (2009) — are accounted for in the
calibration of the cost function sz () as we will see in the quantification Section 4.

Naturally, the optimal extraction decision follows from the optimality condition:
o =cl'(e)e (7)

which yields the implicit function e?* = e®(¢f /p;) = C{ '~Y(¢! /;). Finally, the energy rent comes
from fossil firms’ profits 7/ (¢, »;) = ¢/e* (qf/Pi)—Cif (e*(¢’ /p;))P; > 0 and depends on the marginal

- ol (e)
costs as well as the elasticity v; = 77—
C(e?)e®
As we will see below, the profit =/ (qf ,P;) and its share in income nff = y-pﬁiﬁf are key to

determine the exposure of a country to carbon taxation. Indeed, reducing carbon emissions by
phasing out of fossil fuels reduces energy demand and its price ¢/ and hence affects energy profit

7er and the welfare of large oil and gas exporters.

2.3.2 International fossil energy markets

I assume that oil and gas are traded frictionlessly in international markets.'® The market

clears such that

Ef = Zﬂ'@zf :Zef. (8)

i€l icl
Countries have different exposure to this fossil energy market. As country ¢ consumes fossil fuels in

total quantity Piezf , and produces total quantity e, its net exports of oil and gas are €7 —Pﬁ{ < 0.

2.3.3 Coal firm

A representative firm produced coal, that is consumed by the final good firm. I differentiate
coal from other fossil fuels like oil and gas because coal production typically does not generate
large energy rents for producing countries as a share of GDP. Moreover, large coal producers also
consume a large fraction of that coal locally, as trade costs for coal transportation are larger.
Hence, I make this empirically grounded assumption that coal is not traded.

The production € is constant returns to scale and uses final good inputs. I assume the

¢

production function is of the form e = x/Cf, where z§ is a CES aggregator of exactly the same

C

form as eq. (1). As a result, the inputs z{ = C{ef is paid in the consumption bundle at price p;

OFor the sake of simplicity, I refrain from considering a general Armington structure, combining different fossil

(€]
-1\ -1
varieties with demand e{ = ZJ. (eifj) 5 )", I make the simplifying assumption that fossil fuels produced in

different countries are not distinguishable — crude oil or natural gas from Nigeria, Saudi Arabia, or Russia are not
differentiated varieties — corresponding to the limiting case ©® — oo
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and the profit maximization problem is:

7y = max g;je; — Ciesp;
e
where the marginal cost C¢ is a constant. This implies that there is no coal profit'! in equilibrium,

i.e. m{ = 0. The price for coal and the market clearing condition are given by:
q =Cip; e =€ . (9)

Hence, for a given price index of inputs P;, this implies a perfectly elastic supply curve for coal
energy, something we observe in practice as coal production is easily scalable in response to oil and

gas price fluctuations.

2.3.4 Renewable, non-carbon, firm

The final good firm also uses renewable and other low-carbon energy sources, such as so-
lar, wind or nuclear electricity. This provides a way of substituting away from fossil fuel in the

production function F'(-).

r
79

A representative firm produces renewable or non-carbon energy, and this supply, €, is not
traded. This assumption is verified by the fact that electricity is rarely traded across countries —
and when it is, it only is only the result of temporary differences in electricity production due to
intermittency, rather than large structural imbalances. The production € is also constant returns
to scale, with production €f = 2z /C], and z} a CES aggregator of the same form as eq. (1). This
input is paid in units of the final good at price P;. Hence, the renewable firm maximization problem
is:

T o__ T =T _ TS,
T = mégx qgie; —Cierp;
(3

where C; is a constant and resulting in zero profits 7 = 0. As a result, the price of renewable and

the market clearing are given by:
g = CiPi , e =¢e" . (10)

This once again returns a perfectly elastic supply curve, which is a slightly stronger assumption in
the context of renewable energy. In the short run, renewable energy requires investments in capac-
ity, implying a fairly inelastic supply curve. This is especially true considering the intermittency
problems of wind and solar energy, c.f. Gentile (2024). However, in the long run, technological
progress and learning-by-doing create positive externalities, substantially decreasing the cost of
clean energy, resulting in a decreasing supply curve, c.f. Arkolakis and Walsh (2023). I take the
intermediary conservative assumption that the supply curve is flat and will explore the robustness

of this assumption in future extensions.

"'This is motivated by evidence that even the largest coal producers do not have coal rents above 1% of GDP.
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2.4 The climate system

Carbon emissions released from the burning of fossil fuels create a climate externality as
they feed back into the atmosphere, increasing temperatures and affecting damages. Despite the

12 a5 in standard Integrated Assessment

model being static, I incorporate climate system dynamics
Models. These future damages, summarized in the stationary equilibrium, affect the Social Cost

of Carbon and the Pigouvian level of carbon taxation, as we will see in Section 5.1.

I model the damage functions affecting country 4 utility D¥(€) and productivity DY(€) as
a reduced-form summary of the impact of climate change. I develop a standard dynamic climate
system that can be summarized in a static form in a simple way. It expresses the mapping from (i)
emissions € to a path of atmospheric carbon concentration S;, (ii) from carbon concentration to a
path of global and local temperatures T}, and then from local temperatures to damage ZA)(Tit—TZ»*),

and (iv) finally summarizes it in present discounted value to obtain DY () and D¥(E).

First, the static model represents stationary decisions on energy choices taken “once and for

all”. These yearly emissions from fossil fuels sum up to

€= milee] + &),
i€l
where & and £¢ represent the carbon concentration of oil-gas and coal, respectively. Accounting
for population and TFP growth, this leads to a path of emissions given by & = el9tmMig v 13

They represent trajectories of emissions given the emissions and policies decisions in the initial
f

equilibrium, e.g. e; and ef.

Second, I consider a dynamic system — in continuous time — for carbon concentration in the

atmosphere:
St = (& — 35S, with Sty = S2024 5

where d; is the exit rate of carbon out of the atmosphere, which is typically small for standard
calibrations. To make the carbon concentration bounded and non-exploding — given the constant
path of emissions — I follow Krusell and Smith (2022) by assuming that part of emissions &; is
abated via carbon capture and storage (CCS) modeled by the exogenous parameter (;. The share
of emissions abated grows to 100% in the long-run, implying that ; —;_ 00 0. Increasing CCS
allows the system to reach net-zero in several centuries, stabilizing cumulative carbon emissions

and temperature.

Third, I assume a linear relationship between the cumulative C'Os emissions S; and the

12For simplicity, I refrain from using a larger scale climate system as in Dietz et al. (2021) or Folini et al. (2024).

13In the stationary model, we consider a balanced-growth path with global population and TFP growth and all
the path of variables over time are expressed as level per “effective” capita. In future calibration, I will consider
country-specific growth rates for TFP g; and population n;.
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global temperature anomaly 7; compared to preindustrial levels.
< s
Te = xS = X(Sto +/ e S(tfto)ftgtdt) )
to

where x is the climate sensitivity parameter, i.e. how much warming a ton of COsy causes, and
where & is measured in carbon units, and &, is the initial stock of carbon before all the policy
decisions are made — i.e. in 2024. This specification is rationalized by a large climate-sciences
literature, e.g. Dietz et al. (2021), that shows there exists an approximately linear relationship
between S; and 7T, as is shown in the following Figure 1. It displays the relationship between
temperature anomaly and cumulative COy emissions over time, both for historical data in black
and a large class of climate models in different Representative Concentration Pathways (RCP).

Cumulative total anthropogenic CO, emissions from 1870 (GtCO,)
1000 2000 3000 4000 5000 6000 7000 8000

T T T T T T T T T

2100

Temperature anomaly relative to 1861-1880 (°C)

—— RCP26 =—— Historical
—— RCP4.5 RCP range 4
RCP6.0 —— 1%yr'CO,
—— RCP8.5 1% yr' CO,range
1 1 1
0 500 1000 1500 2000 2500

Cumulative total anthropogenic CO, emissions from 1870 (GtC)

Figure 1: Linearity — Cumulative emissions and temperature, IPCC et al. (2022)

Fourth, I consider linear relationship between global and local temperatures, namely:
Ty = Tio + ATe = Tho + AixSe

where A; is a linear pattern scaling parameter that depends on geographical factors such as albedo
or latitude. In the quantification Section 4.5, I explain how I estimate this pattern scaling by

regressing local temperatures on global temperature.

Fifth, I consider a period damage function ﬁ(Tit—TZ-*) where T* is the “optimal” temperature
for country i. The function D(T) is a reduced-form representation of the economic damage to
productivity. In the baseline quantification, I assume damages are quadratic, as in standard
Integrated Assessment Models. This methodology follows Krusell and Smith (2022), Kotlikoff,

Kubler, Polbin, Sachs and Scheidegger (2021) and Burke et al. (2015). Such damage creates
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winners and losers: countries that are substantially warmer than a target temperature 7 are
extremely affected by increases in temperature due to climate change. In contrast, regions with
negative Tj; — T benefit — at least in the short-run — from a warmer climate. I consider a slight
deviation to the above articles by assuming that the target temperature 7" might be different
across countries: an already warm regions have different adaptation costs compared to a country
which is historically cold. As a result, the target temperature T} = oT* + (1—a)Tjp can be more
or less tilted toward historical temperature. I discuss this quantification in Section 4.5.

Finally, to obtain a reduced-form static damage functions DY (&) and D (E), for productivity
and utility, respectively, I summarize the future costs of climate change in present-discounted value:

o0
DYE) =DIE) =7 | e DT Ty )it

with p = p—n+ng the “effective discount factor” and p is the household discount factor, n is the
global population growth and g the global TFP growth. This net-of-damage function DY (&) will

be internalized by the Social Planner when making optimal climate policy choices.

2.5 Equilibrium

To close the model, we need to determine the final good prices for each country p;, and we

consider the market clearing for each good ¢

PilYi = Z PkTkiCki + Z Pkai(ﬂfgi + T + Tpi)
kel kel
11
. (1)

PiPi Vi = Z Ty (Pkpkyk + gl (ef — Prel) + Pitld)
B kel +
—DY ()= F ()

where xil,xil and z}, are the good inputs used by country k and imported from country i to

produce fossil and renewable energy respectively. The second equation is a reformulation of the
market clearing where the sales of countries ¢ equals the expenditures from all countries k, coming

from their incomes in good sales as well as net-exports of fossil energy.
To summarize, the competitive equilibrium of this economy is defined as follows:

Definition. Competitive equilibrium (C.E.):
For a set of policies {t:, tfj ,tl*}; across countries, a C.E. is a set of decisions {cij, e f, es el ef €5 el tij,
and prices ¢/, {p;, w;, ¢5, ¢} }; such that:
(i) Households choose consumption {c;;};; maximizing utility eq. (1) s.t. the budget constraint
eq. (2), which yield trade shares eq. (3)
(ii) Final good firms choose inputs {EZ, ej , e} }; to maximize profits, resulting in eq. (5)
(iii) Fossil energy firms maximize profits eq. (6) and extract/produce {e?}; given by eq. (7)
(iv) Renewable and coal energy firms maximize profits, and supplies {é§

by eq. (9) and eq. (10)

¢,er } are given respectively
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(v) Energy markets clears for fossils as in eq. (8) and for coal and renewable in eq. (9) and eq. (10)
(vi) Good markets clear for final good for each country as in eq. (11), and trade is balanced by
Walras Law.

3 The optimal agreement design with endogenous participation

Because of unequal exposure to climate change and carbon policy, countries have different
incentives to enforce climate policy, creating a free-riding problem. Therefore, the optimal carbon
tax needs to account for endogenous participation. Designing a climate agreement reveals a trade-
off between an intensive margin — associated with the choice of the policy instruments — and an

extensive margin — related to the extent of participation in the agreement.

3.1 Agreement design and participation constraints

The social planner solves a Ramsey problem, choosing the optimal agreement, which boils
down to a carbon tax, retaliatory tariffs on non-participants, and a set of countries participating
in the agreement, subject to participation constraints. I first design the set of climate agreements

considered and then define the planner’s objective.

Definition. Climate Agreements
A climate agreement is a set {J, t°, tb}, with a coalition of countries J C I, a carbon tax t°, and a

tariff t, such that in the competitive equilibrium,
f

— Countries ¢ € J are subject to a carbon tax t* on fossil energy e; .

— If country j exits the agreement, club members ¢ € J charge uniform tariffs ti-’j = t® on the
final good from j.

— Countries in the club rebate the revenues of the carbon tax and tariffs to the household
tls = (67 ef +€%€5) + 32 oy t0Tiypy (cijtal+ag+al))

— Countries inside the club, 7,7 € J, benefit from free-trade tﬁ-’j =0.

— Countries outside the club, k ¢ J, keep a passive trade policy,'* tie =0, Vel

— All countries — members as well as non-members — still trade in fossil (oil-gas) energy at

international price qf A9

I keep the number of policy instruments t = {t°,t’} considered in the agreement purposefully
small for two reasons. First, this is consistent with the idea behind deviations of the Coase
theorem: when bargaining over many policy instruments is associated with transaction costs, a
negotiation between n parties — J countries here — “can be prevented from attaining a socially
desirable outcome”, c.f. Weitzman (2015). For example, quantity targets ¢; and bilateral tariffs

ti-’j exacerbate free-riding incentives since an agreement requires all countries to accept the policies

' This assumption will be relaxed in the extension, Section 7.3.
5 This assumption will be relaxed in Section 7.2.
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of all the other countries.'® Second, carbon pricing is based on standard principles of Pigouvian
taxation, where the optimal carbon tax equals the marginal cost of emitting one additional ton
of carbon — the Social Cost of Carbon — common for all countries. This optimal uniform carbon
price serves as a “focal point” of an international agreement, and the goal of this policy problem

is to compare how it needs to be changed when accounting for free-riding.

Participation constraints

I define indirect utility U;(J, t%,t%) = u(c;(@,42,4)D;i(E@,42.,4%))) as in Section 2.1. Then we can define

participation constraints in two ways, depending on the type of deviations we consider.

1. Unilateral deviation: country i can choose to exit the agreement unilaterally. This does not
affect the composition of the agreement or the decision of the other members. Country 7 in
the agreement will participate if the value of staying is larger than the value of being outside

the agreement:

Ui (J,t5,t%) > U (I\{i}, t5,t%) VicClJ. [Unilateral-Nash PC] (12)

2. Sub-coalition deviation: country i can choose to exit the agreement in cooperation with other
members of a potential sub-coalition J. All these members leave the agreement. The decision
of all those countries i € J to leave is made jointly: the value of being outside is above the
value of staying for all ¢ € J. This makes the participation constraints more intricate and

write as follow:

Ui(J,ta,tb) > Z/li(J\j,ta,tb) Vviel] & VJcClT. [Coalition-Nash PC] (13)

The optimal agreement needs to account for these participation constraints, and be robust to

unilateral or sub-coalition deviations.

Welfare criterion and planner’s objective

We consider a global social planner maximizing the world welfare:

max W(J,t%,t%) = max Zpiwi Us(J,t5,1°) (14)
el

J,ts,tb J,tg,tb p

subject to participation constraint — Unilateral Nash, robust to deviation

TSt t0) = {T | U(T,t5,t°) > U(T\{i},t5,t°), Vie T}, (15)

16For this reason, I refrain from studying agreements that bargain over a set of country-specific taxes t5 or
emissions quantity targets €;, and bilateral tariffs tf]-, since the bargaining costs increase at least proportionally — if not
exponentially — in the number of countries. The case of individual carbon taxes is analyzed in Bourany (2024) absent
free-riding. Accounting for strategic interactions between I countries also makes the problem computationally more
involved, as in theory all the instruments need to account jointly for the Lagrange multipliers of all the participation

constraints, for any possible coalition.
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or Coalitional-Nash, robust to sub-coalition J deviations:

JeCt t") = {T | Ui( T, t5,8%) > U (T\, t5,t%), Vied, Viel&VIcT}. (16)

where w; are the Pareto weights, and P; the population size of country 7. The social planner
maximizes world welfare, in part with the goal of fighting the climate change externality. As
a result, the planner maximizes the sum over I instead of J. In the case where a planner only
maximizes the coalition J’s welfare, it would yield the unintended consequences that the opti-
mal agreement could be restricted to a subset of rich, cold, high-value U; countries which would
manipulate terms-of-trade and potentially subsidize fossil fuels. I give intuitions for such results
in Section 5.2 when countries choose their climate and trade policy unilaterally. However, these
outcomes are unintended for global climate agreements, which aim at maximizing world welfare.
The set of agreements stable under Coalition-Nash resembles the concept of “core” in general
equilibrium theory. Both of these sets S(t,t%), C(t%,t%) could be empty: it is possible that no

country finds it beneficial to be part of the agreement for a given policy t°, t°.

Extensive margin vs. intensive margin tradeoff

The problem of a world planner determines jointly the policy instruments t = {t°,t’} and the
choice of the country subject to participation constraints J € S(t¢,t%) or C(t%,t?). As a result, this
reveals an extensive-intensive margin trade-off. For a given set of participants J, higher carbon
tax t° and lower tariffs t® increase global welfare. That is, this planner would like to reduce
carbon emissions and promote free trade at the intensive margin to maximize welfare. However,
this choice of instruments also affects countries’ participation: higher taxes t¢ and lower tariffs t°
reduce incentives for countries to participate. If a country deviates by exiting the agreement, it
increases its emissions, and international trade is reduced, lowering welfare at the extensive margin.
As a result, the planner would like to balance these two countervailing effects. This tradeoff is

analyzed in detail in the context of this model in Section 6.3.

3.2 Optimal design and solution method

This design problem combines a choice of instruments and a choice of countries, making it
difficult to solve. I provide two methods to handle the joint optimal policy/combinatorial discrete

choice problem.

3.2.1 Framework for the optimal design

I formalize the policy problem under the two types of participation constraints — Unilateral
deviations vs. Coalition deviations — subject to the allocation being a competitive equilibrium. I
consider a general class of policy instruments t that encompass carbon tax t{ = t*1{icJ}, uniform

tariffs on non-members tlz?j = t*1{ie7,j¢7} as well as potential additional instruments as analyzed in
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Section 7. The design problem can be stated as

t) = iwiUi(J,t)
mﬁXW(J,) I%ixgpw (J,t)

s.t. JesS(t), or JeC(t).

Participation constraints S(t) or C(t), as defined in eq. (15) and eq. (16), make the problem intricate

as they limit the instruments the planner can use for each set of countries in the agreements.

This design problem is particularly challenging: solving jointly for the optimal policies and
the coalition of countries, subject to individual participation constraints, makes the problem in-
tricate, especially in a rich quantitative model. I take the following approach: I split the problem
into an inner problem and an outer problem. First, the planner chooses the policy instruments t.
Then, given t, the optimal coalition is chosen subject to participation constraints S(t) or C(t). If
no coalition is achievable, then the welfare for those instruments is —oo. This choice of country in
the inner problem is analogous to a combinatorial discrete choice problem (CDCP), which yields

a optimal coalition J*(t),
max W(J,t) = max max W(J,t) .
Jt t  J|JeS(t)
JeS(t)
I explain in Appendix E why the opposite approach — solving for the coalition as an outer problem
and for policy instruments in the inner problem — is intractable.!”
The outer problem for the choice of instrument t is solved with a simple grid search'® since

the indirect welfare is now discontinuous and non-convex in the application:

o~

max W(t) , where W(t) = J‘;Jrlleag)gt)W(J,t) =W(IT*(t),t) .

3.2.2 Solution methods

I propose two methods to solve the inner problem of the optimal choice of countries J*, out
of all the possible combinations P(I). This combinatorial discrete choice problem is prohibitive
numerically for large numbers of countries #I. To handle this challenge, I first use an exhaustive
search method (brute force method), and then I propose a squeezing procedure adapted from
the trade literature, e.g. Arkolakis, Eckert and Shi (2023), as a more efficient alternative in the
unilateral-Nash case. I introduce the combinatorial problem before presenting each method in

turn. The combinatorial discrete choice problem for a given policy t is given by:

max W(J, t) ,
JeP()
sit. JeS(t).

"In subgame perfect equilibria, it makes the Lagrange multipliers on the participation constraints v; depends not
only on the coalition considered J, but all the coalitions in every subgame, e.g. J\{i} etc. These multipliers affect
the policy choice and make the problem unsolvable.

18For this reason, I keep the number of instruments small t={t*, t%, to search over a low-dimensional space t € R2.
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I express the Lagrangian of the constrained optimization, with multiplier v; for country ¢’s partic-

ipation, we obtain, with a slight abuse of notation'?, as follow:

max W(I,t) + % yi,J(ui(J, t) — U (J\{i}, t) ) = max. W(J,t) (17)

in the case where the participation constraints only account for unilateral deviations.?°

First method: Exhaustive enumeration
First, when the number of countries I = #1 is small, one obvious yet costly solution is to perform
an exhaustive search over P(I). The idea is to enumerate all the combinations J € P(I), and
evaluate welfare W(J,t). This has evidently a computational cost proportional to 27! i.e. the
number of potential combinations.

This solution has, however, the advantage of considering all the participation constraints —
including the coalition-robust agreements — “for free”. Indeed, we can assess if the coalition is stable
both in the case of unilateral-Nash J € S(t) and coalitional-Nash J € C(t), for all sets J. This is
feasible because every possible deviation of sub-groups I yields a new agreement J' = J \j which is
already computed as another coalition J' € P(I). If one of the participation constraints is violated,
the set considered J' is discarded, i.e. v; y = oo, W(J') = —oo. In practice, several coalitions can
be stable for a given policy t, and the exhaustive search selects the one that maximizes welfare. In
practice, among all the stable coalitions the one that maximizes welfare is the largest one since for
a given policy t = {t%,t°}, the larger the coalition, the higher the gains from trade and the gains
from reducing emissions.?!

Second method: Squeezing procedure for CDCP with Participation Constraints
Second, since full enumeration is costly, I provide an alternative algorithm inspired by methods
used in the international trade literature to solve combinatorial discrete choice problems. The
additional difficulty that needs to be considered is the presence of participation constraints. In
this section, we only consider unilateral deviations. The idea behind this method is greatly inspired
by Arkolakis, Eckert and Shi (2023) and Farrokhi and Lashkaripour (2024).

The idea is to build iteratively sets that are lower bound J and upper bound J for the
optimal coalition J: subset J includes all the countries that are known to be part of the optimal
set J and J is a superset, which it ezcludes the countries that we know are not part of the optimal
set. The set J\J is the set of potential countries. The natural starting point is J = @, J = L.

The squeezing step in standard CDCP is a mapping from J to members that bring a positive
marginal value to the objective W(J) := W(J, t). The modification needed in settings with partici-

pation constraints is that the country also needs to gain marginal individual value U;(J) := U;(J, t)

9The objective function W(J,t) is not continuous, differentiable, or even convex. The handling of the inequality
constraints could not, in theory, rely on the KKT theorem which applies in the C' and convex case. However, with
viyg=0if J € S(t) and v;; = oo if J ¢ S(t), the problem well defined.

20 A longer list of constraints needs to be included if we consider coalition deviations.

21 As long as t© is below the globally optimal carbon tax as we derive it in Section 5.1.2.
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to be part of the coalition:
O(T,t)={j eI|AW(T,t) >0 & AjU;(T,t) > 0} (18)
where the marginal values for global welfare and individual welfare are

AW(T,t) =W(TU{5}, ) = W(T\ i} t) = D Pawi(Us(T U {5}, 8) = Ui(T\ {5}, 8))

i€l

AjUi(T,t) = Us(TU{j},t) — Ui(T\{j}, t)

The iterative procedure builds the lower bound J and upper bound J by successive application

of the squeezing step.
T = 27", 1) VAR (AR (19)

Under some conditions (complementarity, as defined next section and in the appendix) this se-
quential procedure yields two sets J and J such that J CJC J. In some cases J = J =1,
yielding the optimal coalition. If not, with J\J = J?°, we find the optimal coalition by searching
exhaustively over all coalitions J = J U j , with j e P(T p"t).

Applicability of the squeezing procedure
From the combinatorial discrete choice literature, Arkolakis, Eckert and Shi (2023), we know that
the squeezing procedure applies in cases where the model exhibits “complementarity” or single-
crossing differences in choices. We detail how these conditions can be expressed in Appendix E.2.

Indeed, we say that the objective W(J) satisfies “complementarity”, if the marginal gain
A;W(J) of the objective is monotone in the set 7, i.e. AW(T) < AW(JT'),for T C T & j el
In the climate agreement setting, participation constraints and stability require to adjust the
welfare objective, from W(J) to W(J) as in eq. (17). In this context, the complementarity (or
single crossing differences in choice for its weaker form), with participation constraints, takes an
intricate form (SCD-C-PC) which we detail in Appendix E.2.

Theorem The SCD-C-PC from below is sufficient for the application of modified squeezing
algorithm, i.e. successive application of eq. (18), starting from {&, I} and eq. (19), to yield bounding
sets J C J C J in CDCPs with participation constraints.

One of the advantages is that, for a small number of countries #I ~ 10, we can evaluate
numerically if the sufficient conditions mentioned above are satisfied. The fact that the model is
rich, with many dimensions of heterogeneity and general equilibrium effects through energy markets

and international trade, prevents the simple evaluation of those sufficient conditions analytically.
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4 Quantification

The model is calibrated to a panel of ten regions to provide realistic predictions on the
impact of optimal carbon policy. I first describe the data used. I then provide details on the
quantification, which functional forms are used, and how the parameters are calibrated to match
the data. I summarize in Table 1 the dimensions of heterogeneity of the model. Table 2 in the

appendix contains the summary table for the calibration described in this section.

4.1 Data

First, I describe briefly the data used to calibrate the model. I use data for the year 2018-
2023, taking the average over that period to smooth out the effect of the COVID-19 recession on
energy and macroeconomic data.

I use a sample of 10 “regions”: (i) US and Canada, (ii) China and Hong Kong, (iii) the
European Union, United Kingdom, and other countries of the Schengen Area, (iv) South Asia
(India, Pakistan, Bangladesh, Nepal) (v) Sub-saharian Africa, (vi) Middle-East and North Africa,
(vii) Russia and CIS, (viii) Japan, Korea, Australia, Taiwan and Singapore, (ix) South-East Asia
(Asean), (x) South and Central America.??

I use data for GDP per capita, in Purchasing Power Parity (PPP, in 2011 USD) from the
World Bank, as collected and processed by the Maddison Project (Bolt and van Zanden (2023)). For
the energy variables, I use the comprehensive data collected and processed in the Statistical Review
of Energy (Energy Institute (2024)) that includes the production and consumption of various
energy sources, including Oil, Gas, and Coal. It also includes proven reserves of those fossil fuels.
For energy rent, I use the World Development Indicators that use national accounts to measure
the share of GDP coming from energy (oil, gas and coal) and natural resource rents. Finally,
for temperature, I use the same time series as Burke et al. (2015), which use the temperature
at country level, averaged over the year and weighted by population across locations. For trade

variables, I take the trade flows and gravity variables compiled by the CEPII in Conte et al. (2022).

4.2 Welfare and Pareto weights

The welfare function that the climate agreement designer would maximize is the weighted

sum of individual utilities in all countries:

W, t) =Y Piwilhi(J,t) =Y Piw;u(ci)DY(E)

i€l i€l

with P; the population size per country, w; the Pareto weights and U; the country indirect utility

per capita. Note that the climate agreement designer maximizes the world welfare.

22In a future iteration of this project, I consider a panel of 25 countries and seven regions, which gather the G20
and additional large countries.
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Following the discussion in Anthoff et al. (2009), Nordhaus (2011) and Nordhaus and Yang
(1996), one would like to choose Pareto weights that eliminate redistributive effects that are or-
thogonal to climate change and climate policy. To that purpose, I choose the “Negishi” Pareto
weights that make the preexisting competitive equilibrium efficient under that welfare metric. This

implies that:

1

w; = @ DIE) & C.E.(¢) € argglax;mwiu(éi)l)i (&)
wlu'(EZ)Df(S) = wju’(éj)D}‘(E) Vi,j €1

where ¢; is the consumption level in the present competitive equilibrium — the period 2018-2023 —
absent future climate damage. This implies that the climate agreement and the carbon policy do
not look for redistributing across countries through goods and energy general equilibrium effects.
However, global warming, carbon taxation, and tariffs have redistributive effects, as they change
the distribution of ¢;. These effects are taken into account in the choice of policies, as we see in

Section 5.1.2. In Figure 2, I display the weights w;, and w;P; adjusted for population P; = »;/P.

B Weight per capita
03 F [ Pop. adjusted: weight per country

02

Negishi weights

01 [

x
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Figure 2: Pareto weights across regions
weights w; (blue, left), P;w; (red, right)

4.3 Macroeconomy, trade and production

For the macroeconomic part of the framework, I consider standard utility and production
functions. First, I consider constant relative risk aversion (CRRA) utility over consumption, as
well as climate damage in the utility function. This implies that countries that have a very low
production / GDP per capita still suffer potential large losses due to climate damages:

~ 1— _
(@DpE) " "

i = = +—7Df
U T = &)
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I calibrate the CRRA/IES parameter to be n = 1.5, taken from Barrage and Nordhaus (2024).%

Moreover, the damage D} (&) is adjusted for the curvature in the utility function.

For production, I use a nested CES framework. The firm combines a Cobb-Douglas bundle
of capital k; and labor £;?* with a composite of energy e;, with elasticity ¢¥. Second, the energy
e; aggregates the different energy sources: oil and gas e, coal ef, and renewable/non-carbon ef,

with elasticity o°.

Output  y; = DY(E) 2 s = DY(E) 2 (L — )7 (€)o7 + 77 (htl =) "7 )77,

of—1

1 1 o®—1\ ge—1
Energy  e; = ((w!)7 (e]) 7 + ()7 ()7 + ()7 (e) 7 )7 .

To calibrate these functions, I set the capital-labor ratio to be e = 0.35 to match the cost share of
capital. For the energy share, I set ¢ = 0.10 to match the average energy cost share of % = 6%,
as measured in Kotlikoff, Kubler, Polbin and Scheidegger (2021) and used in Krusell and Smith
(2022). For the elasticity between energy and other inputs, I set 0¥ = 0.3 for all countries, which
is in the range of estimates in Papageorgiou et al. (2017), among others.?> This implies that
capital /labor and energy are complementary in production: an increase in the price of energy has
a strong impact on output as it is less productive to “substitute away” to other inputs — capital,
labor here. This aligns with other empirical and structural evidence on the impact of energy
shocks, e.g. Hassler et al. (2019). For each energy source, I calibrate the energy mix for oil-gas,
with wf = 0.56, coal w® = 0.27, and non-carbon w” = 0.17, to match the aggregate shares in each
of these energy sources in the data. In the next section, I document how to match the individual
countries’ energy mix using energy prices/costs. Finally, for the elasticity between energy inputs, I
use the value o, = 2, following the rest of the literature, i.e. Papageorgiou et al. (2017), Kotlikoff,
Kubler, Polbin and Scheidegger (2021), and Hillebrand and Hillebrand (2019), among others.

I calibrate the productivity z; of the production function y; = DY () 2; §; to match exactly
the GDP, y;p;, across countries. This parameter z;, represents productivity residuals as well as
institutional /efficiency differences across countries. In Figure 3, I show the GDP levels, as they
replicated with this model.

Finally, we use trade flow data as seen in Figure 22 to match the pattern of international trade
in goods. First, I estimate a gravity regression between trade flow and geographical distance?6—
with fixed effects for importers and exporters — finding an elasticity with distance k = —1.72. To

rationalize it in the model, I project iceberg trade costs on this geographical distance 7;; = dfj All

Z3This is slightly lower than the standard value n = 2, for the reason that higher curvature would imply more
unequal weights, w;, across different countries.

#Labor is inelastically supplied ¢; = ¢; in each country and normalized to 1 — since the country size »; is already
taken into account. As a result, all the variables can be seen as input per capita.

251t also aligns with my own estimation in Bourany (2022).

26The gravity regression is standard: logz;; = xlogdi; + a; + ;. In the model, 7i; = dfj, we get k = (1 —0)8.
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the residual differences in trade flows, not rationalized by trade costs, 7;;, prices, p;, or demand,
i, are then explained by differences in preferences a;;. We calibrate 8 to minimize dispersion in
a;; over countries j, which implies 8 = 0.375 and yields the trade elasticity 6 = 5.6. I calibrate
those parameters a;; to minimize the distance — mean squared error — between model-generated
o ocimigpy oo (ipg)t?
trade shares s;; = b, = i D @ik (TikPr) 107

model imposes a trade balance, those trade shares cannot be matched exactly, only approximately.

and observed shares 5;; in the data. Since our

It does match the fact that some countries are relying more on trade exports and imports — like
China, East Asia and South-East Asia — compared to others — Middle East, Africa, and Russia.

4.4 Energy markets

For the energy market, I match the energy mix of different countries, using the CES frame-
work displayed above, as well as differences in cost of production. For the supply side, we use
iso-elastic fossil extraction cost, to replicate the oil-gas supply of fossil producers.

First, in this model, oil and gas are traded on international markets, with demand Pielf from
the final good firm and supply ef from the fossil energy firm, extracting oil and gas from its own

reserves. We use the extraction function Cz-f to have the following isoelastic form

fo2 P\ — Vi ﬁ v .

¢l (e, Ri)p; = 1+V(Ri) RiP; .
which is homogeneous of degree one in (e}, R;). The inputs are paid in the price of the consumption
bundle p; since the input :c{ = sz (eF,R;) takes the same CES form as the consumption demand
¢;.>" This implies the profit function

o ¥ _ VD’L' el \ 1+v

’PZ'7TZ. = qfe;B — CZ (6?, Rz) = m(é) RiPi .

I calibrate the three parameters R;, v; and 7; to match two country-level variables ef and 7er . The
reserve R; is taken directly from the data on oil and gas reserves documented by Energy Institute

(2024). I calibrate the slope of this cost function 7; to match exactly the production of oil and

gas e, as informed by that same data source. This is displayed in Figure 4. I then calibrate the

curvature of the cost function to match the share n] = yipjff'ﬂ'if of fossil energy profit as share of
GDP. I choose v to minimize the distance — mean squared error — between the model share 1] and
the data, successfully matching the share within 5—10 percentage points. Differences in oil and
gas energy rent across countries are not only determined by differences in cost and technology, but
also in differences in trade costs and market power — by the existence of OPEC which control more

than 28% of oil supply and around 15% of natural gas supply. This explains why it is difficult to

27 express the oil-gas extraction with a cost function a:{ = Cif . We can also express analogously with the following
production function:
[ T T 1
ef = g(e) = () TR @) T

where the inputs mf are paid in the final good bundle. This production has constant returns to scale in (a:f, Ri).
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match exactly the value 7. However, to keep the simplicity and tractability of the model, I refrain
from adding an additional Armington structure over energy sources, or oligopoly power over oil
and gas as discussed in Bornstein et al. (2023) and Hassler et al. (2010).

Second, I match the energy mix of the different countries by relying on the two assumptions

made in the model: (i) coal and renewable are only traded at the country level: €f = ef and

e; = e} and (ii) the cost function is linear in goods, i.e. the production is Constant Returns to

Scale, implying ¢f = C{P; and ¢; = C;P;. This allows me to match the energy mix of each country

by calibrating the energy costs parameters C{ and C; for each country to match the data on coal

share feil and non-carbon energy share feil
€; Teiter el +eS+el
exactly the energy shares, successfully identifying countries that are more reliant on coal vs. oil

. Using the CES framework above, I match

and gas vs. non-carbon/renewable: for example, China and India are highly coal-dependent, and

Russia, Middle-East and United-States/Canada are the biggest consumers of oil and gas.
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4.5 Climate system

Finally, I calibrate the climate model described in Section 2.4 to match important features
of the relationship between carbon emissions, temperatures and climate damages.

First, I calibrate two parameters of the global climate system: the climate sensitivity ¥,
i.e. the reaction of global temperature, 7;, to the atmospheric concentration of CO3, S, and the
carbon decay rate, ds, representing the exit of carbon of the atmosphere into carbon sinks — oceans,
biosphere — and out of the higher atmosphere. To this end, as is standard in Integrated Assessment
models, I match the pulse experiment dynamics of larger TAMs — CMIP5 in this case: for a “pulse”
of 100GT of carbon released — corresponding to 10 years of emissions — the global temperature
reaches its peak between 0.20°C' and 0.25°C' after 10 years and then decreases slightly to stabilize
around 0.17°C' after 200 years. I follow Dietz et al. (2021), and calibrate x = 0.23 and § = 0.0004
to match these two moments, as seen in Figure 23 displayed in the appendix.

Moreover, this climate system is inherently unstable for a given trend of emissions — given
once and for all by our static economic model & = )", Pie(”+§)t(§f elf + &%) with the population
growth, n, and the long-term TFP growth g, where n = 0.0035 and g = 0.01 are the long-term
growth rates of world population and world GDP according to forecast by the UN and World-Bank.
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To counteract the non-stationarity of the climate system, I follow Krusell and Smith (2022) and

assume that part of the emissions & are captured and stored. I assume the exponential form:
T = xSt St = GE — 055y G=e¢

and calibrate ¢ to match the moment suggested in Krusell and Smith (2022): 50% is captured by
2125, and 100% by 2300 — which is > 99.9% in our model. This implies that in the Business-as-
Usual scenario, global temperatures reach ~ 5° by 2100 and are stabilized around 9° by 2400.2%
More optimistic scenarios for Carbon Capture and Storage (CCS) could be imagined without

affecting the main result since most of the damages are discounted heavily after 2100.

Second, I calibrate the initial temperature Tj;, using data from Burke et al. (2015), and I
display those differences across regions in Figure 5. Furthermore, we consider the linear pattern
scaling Ty = A;7;. I identify the scaling parameter in reduced-form by estimating this linear
regression over the period ¢ = 1950—2015 for each country and then aggregating by region .29
This procedure does not require extensive and granular data such at geographical characteristics,

albedo, etc.

Third, to calibrate the damage function, I use the following quadratic function as in the
DICE Integrated Assessment Model:

DY(Tu—T;) = exp (= v Lygyory (Tu—T7)" = v Ly, <y (Tu—T7)?)

with the damage parameter y© = 0.00340. This value is intermediary between the value v* =
0.00311 in Krusell and Smith (2022), calibrated to match Nordhaus’ DICE calibration of 6.6% of
loss of global GDP when temperature anomaly Ty = 5, and the updated calibration in Barrage and
Nordhaus (2024) which calibrate it at v© = 0.003467. For small values, I consider v~ = 0.3y1,
following the quantification in Rudik et al. (2021), who show that the negative productivity impact

of cold temperatures is much weaker than for hot temperatures.

Finally, to calibrate T}, I use also an intermediary assumption between the following two
cases: (i) the representative agent economy, like Barrage and Nordhaus (2024), would assume
T* = Tj,, which implies that T;;—T7 = A;7;: differences in damages only comes from increases
in aggregate temperature. The analysis by Bilal and Kénzig (2024) shows that climate damage
on GDP comes in large part from the increase in global temperature, causing extreme events. In
contrast, (ii) a different view in heterogeneous countries economies would set 7 = T™* the same

for all regions, at an “ideal” temperature, as in Krusell and Smith (2022) and Kotlikoff, Kubler,

28Quch high temperatures between 2100 and 2400 come from our static model assumption that the model and
emission decisions are made once and for all. In a dynamic model, the damages over time decrease TFP and
economic activity leading to an endogenous reduction in the path of emissions and temperature. In Bourany (2024),
I simulate the dynamic model over time, which aligns with standard paths of future temperatures from IAMs.

29To control for the fact that country j has an influence on world temperature 7; = El giTit, 1 estimate the
jackknife linear equation with 7; +; = Zi# 9Ty for each j, ie. Tje = ATy 25.
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Polbin, Sachs and Scheidegger (2021). In this case, differences in climate damages come essentially

from differences in initial temperatures. I take the intermediary step and assume:

)

TF =TT + (1—a’) Ty,

where o = 0.5 and T* = 14.5 is the average spring temperature of developed economies — and

around the yearly average of places like California or Spain.

4.6 Heterogeneity

In this section, I summarize the different dimensions of heterogeneity included in the model,

and aggregate the parameters of the calibration in appendix Table 2.

Table 1: Heterogeneity across countries

Dimension of heterogeneity

Model parameter

Matched variable from the data

Source of the data

Population
TFP /technology/institutions

Productivity in energy
Cost of coal energy
Cost of non-carbon energy

Local temperature
Pattern scaling

Oil-gas reserves

Cost of oil-gas extraction
Cost of oil-gas extraction

Trade costs
Armington preferences

Country size P;
Firm productivity z;

Energy-augmenting productivity z{

Cost of coal production Cf
Cost of non-carbon production C}

Initial temperature T4,
Pattern scaling A;

Reserves R;
Slope of extraction cost v;
Curvature of extraction cost v;

Distance iceberg costs 7;;
CES preferences a;;

Population

GDP per capita (2011-PPP)
Energy cost share

Energy mix/coal share ef/e;
Energy mix/coal share e /e;
Pop-weighted yearly temperature
Sensitivity of Tj; to world T
Proved Oil-gas reserves

Oil-gas extracted/produced e
Profit 7er / energy rent
Geographical distance 7;; = di
Trade flows

UN Population Prospect
World Bank/Maddison project
SRE Energy Institute (2024)
SRE Energy Institute (2024)
SRE Energy Institute (2024)

Burke et al. (2015)
Burke et al. (2015)
SRE Energy Institute (2024)
SRE Energy Institute (2024)
World Bank / WDI

CEPII Conte et al. (2022)
CEPII Conte et al. (2022)

5 Optimal policy benchmarks without participation constraints

I provide two benchmarks for optimal policy when participation is exogenous. First, I con-
sider a global social planner policy that maximizes aggregate welfare, representing the cooperative
allocation. Second, in the non-cooperative Nash-equilibrium, each country implements its unilat-

erally optimal policy.

5.1 Global Climate Policy with cooperation

The cooperative policy depends on the availability of redistribution instruments. In the
First-Best, with unlimited instruments, and in particular lump-sum transfers, the optimal tax
is the Social Cost of Carbon (SCC), a measure of the marginal cost of climate change. Without
transfers, the optimal tax needs to account for inequality across countries and trade leakage effects.
Accounting for inequality and lack of redistribution, the optimal tax is lower than the SCC. The
main lessons from this analysis are also described in detail in Bourany (2024) where I develop this

argument in a large class of Integrated Assessment Models.
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5.1.1 First Best allocation with unlimited instruments

With unlimited instruments, the social planner uses lump-sum transfers to redistribute across
countries and offset the negative effects of climate change and carbon taxation. In this context,
the optimal tax is the standard Pigouvian tax, which is the Social Cost of Carbon.

Consider a planner that maximizes global welfare by choosing the allocation, i.e. consump-

tion, inputs for energy production, and energy demand: x = {cij, Ty, ef}, for £ € {f,c,r}

W = max ZPzwl =Y Piwi U, (20)
{ci,eie? . i el
subject to the market clearing of energy and goods.

The derivation is detailed in Appendix C.1. Taking the First-Order Conditions, we learn
several insights on the conduct of the optimal policy. The first lesson is that the planner equalizes
marginal utilities through the following conditions:

wiu(c;)DY(E) _ wiule)DF(E) <

— - Vi, jel.
P; Py

This implies arbitrary large redistribution, using lump-sum transfers, such that:

1—1 ) .
l‘i D 5- 9 H?
Ci =1Uu ( : Zu( )> Vi €

tés = w;l; + 7T2f — CP; .

In this case, the planner would like to increase the consumption of countries with high Pareto
weights w; and offset differences in p; and D¥(E). Importantly, the transfers tﬁ-s are designed such
that the marginal utilities of consumption are equalized. This implies redistribution, as tﬁs < 0 for
some countries and t!* > 0 for some other countries.
Second, the Social Cost of Carbon, defined as the ratio of the marginal value of emissions
over the marginal utility of consumption, can then be reformulated as:
ow
SCC =2 =7 = —ZPM[

Cz

@) LoD (8) + DY ()2 F (. epi] > 0

=Y Piws {'chiﬂ)i + 'Yyyipi:| Di(€) >0
i
where ¢f represents the welfare cost of one additional ton of carbon, which corresponds to the
multiplier of the constraint £ = 3, &/ elf + &5, and X the average marginal utility of consumption
— or marginal value of wealth. As usual in this class of integrated assessment model, e.g. Golosov
et al. (2014), the marginal cost of climate change scales with the damage parameters v¢,~7¥, output

y;p; and consumption ¢;P;, and a damage function 751(5 ), depending on the climate system.3

30Specifically, the function D;(E) = j :)o ftoo e P2e 05Ty —T*)ds dt depends on the underlying climate sys-
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In that context, the optimal tax is simply the Social Cost of Carbon (SCC)

E
t* =SCC = gi = ZpiwiLCCi
I

This recovers the result in Golosov et al. (2014) that prevails in representative agents economies:
absent redistributive motive, the optimal tax is the Pigouvian tax.
In the next section, we see how this result changes when transfers and other instruments, like

tariffs or subsidies, are constrained, preventing the planner from performing this redistribution.

5.1.2 Second-Best Ramsey problem without transfers

When the social planner does not have access to cross-country transfers, the optimal carbon
tax needs to account for redistributive effects. The carbon tax needs to be corrected for (i) the
heterogeneous effects of climate change and inequality across countries, (ii) the redistributive effects
on energy markets, (iii) the distortion of demand, (iv) the leakage effects of trade.

Consider the welfare maximization problem, as in eq. (20), where the planner chooses a
single uniform carbon tax, t¢, rebates the revenue of the carbon tax locally ti* = t°(¢&/ elf +£%5). In
this Ramsey problem, with restricted instruments — a single carbon tax — the planner chooses an
allocation subject to the constraints of the competitive equilibrium. Given the policy, the agents
(households and firms) optimize and market clear for a set of prices. As a result, the planner
chooses © = {cij,a:fj,ef}, i.e. the traded good for consumption, c¢;;, for energy inputs for the

! c r f
ij? ij? ij? i

and non-carbon, ej, as well as the carbon tax, t°. However, the Ramsey allocation, x, and

production of in fossil, x;., coal, x¢;, and non-carbon, z!,, the energy demand, in fossil e;, coal,

¢
2

e
prices p = {pi, q7, ¢5,q} }i should be a competitive equilibrium: in that case, the planner restricts
controls to respect the individual optimality conditions.

In the Primal approach of Public Finance, these optimality conditions are internalized by the
planner as additional constraints in its welfare maximization, through a large array of multipliers.
The multiplier for each of these constraints summarizes a different effect of the taxation. For
example, (i) the multiplier for the budget constraint eq. (2) of the household, A;, represents a

redistribution motive for the planner. Moreover, (ii) the multipliers Ulf for the fossil fuel demand
f

e; optimality condition represent the distortionary effect of the taxation on fossil-fuel choice, and
similarly (iii) the multipliers for the fossil fuel production choice ef and the multiplier for the
energy market clearing cab be combined and represent the redistribution that arises in general
equilibrium. It represents how carbon taxation affects the supply of oil and gas, which affects
energy rent. Finally, (iv) the multiplier for the market clearing u; for the good produced from
country ¢ summarizes the equilibrium effects on good markets, which are related to the carbon
trade leakage in the context of carbon policy. As a result, the optimal carbon tax t° corrects for

the climate externality, but also need to account for these distributional equilibrium motives. The

tem, and how a ton of C'O2 emitted in time ¢ affects temperatures in all future periods s.
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complete set of optimality conditions for the planner is technical, and I restrict its exposition to

Appendix C.2.

The optimal tax formula for carbon — in the case of fossil for example — can be summarized as:

&fte = ¢/ 3, M LCC; + 3, A Supply Redistrib? + 37;A; Demand Distort? — 37, Trade Redistrib? |
—_————

=5CC

with Xl =

The “social welfare weights” N =

wﬂ?iu’(ci)

Zi wﬂ?iu’ (C@) '

wiPidi _ _wiPiA
By Yo wiPiXi

are the rescaled multipliers for the budget

constraint A;. As a result, the Social Cost of Carbon: SCC' =}, Xz LCC; is adjusted for inequali-

ties across regions. Moreover, the multipliers for the FOC demand ;
_ wiPip;

for good: Ji;

B

wiP;v;

X

, for market clearing

are rescaled in the optimal tax formula. With the aggregate inverse supply

elasticity for fossil v = (3, Ay, 1)_1, the optimal carbon tax can be unpacked as:

~ v ~ er - =~
&t = IPYNLOC +a/ P SNl - ) — (f+eT ) Y - Yoo

~

¢tf = ¢/ PE[LCC] + PCovi(N\i, LCCy) +¢f P%Covi (i, e! —7%%) — Ei[0]] —(¢f+€7t) Byl

=Social Cost of Carbon

Ef supply
redistribut®

N——
!

ef demand
distort®

~——
y; Trade
redistribut®

This implies that the carbon tax can be different from the Social Cost of Carbon when the planner

has redistributive motives. In Appendix C.2, I further develop the distortion terms ¥; to understand

how this distortion can be expressed as a function of the elasticities of demand ¢¥ and o€ for fossil

fuels. This general logic is described in more detail in the companion paper Bourany (2024). It

matters quantitatively for our model, as I show in the following figure.

SCC/Tax, PPP-USD/TCO2
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[ S.B. Energy supply redistribution
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Carbon tax:
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Figure 6: Social Cost of Carbon and optimal carbon taxation
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In Figure 6, I display the Social Cost of Carbon (SCC) and optimal carbon tax in the different
equilibria we studied. In the competitive — Business-as-Usual — equilibrium, the SCC represents
the endogenous cost of climate change and is thus very large due to climate inaction, i.e. above
$230 per ton of CO,. However, in the First-Best, thanks to large redistribution, the planner lowers
the marginal value of wealth \ for the “average household”. This increases the Social Cost of
Carbon SCC = ¢°/\ and allows to set a higher carbon tax t* = SCC' at $220/tCOs.

In the Second-Best allocation, the social planner cannot redistribute easily and therefore
accounts for the redistributive effects in the choice of the carbon tax. The average household is
now “poorer”, increasing the aggregate weight A, lowering the Social Cost of Carbon from $220
to approximately $170 per ton of COy. Moreover, the redistributive effects through the energy
supply destroy part of the energy rent of large oil and gas producers like the US, Middle East and

Russia. This is accounted for in the optimal policy, which is now set at $147 per ton of COs.

Winners and losers from cooperative carbon taxation

This optimal second-best carbon tax, despite accounting for redistributive effects, still has
heterogeneous impact across countries. In Figure 7 I display the welfare change from this policy
U;(I,t%) /U;(1,0) in consumption equivalent, in comparison to the competitive equilibrium.

We first observe that most regions benefit greatly from cooperation, with an aggregate effect
of 5% on global welfare. However, this hides a large heterogeneity across countries.

The biggest winners are, without contest, the countries that are the most affected by climate
change: South-East Asia, Africa, and South Asia, which gain between 6% and 13% of consumption
change. However, countries that consume a large share of coal, like China and India, are not gaining
as much because of the large redistributive effect imposed by carbon taxation. Finally, large fossil
fuels — oil and gas — exporters like Russia and the Middle East lose from carbon taxation because
they see a reduction of their energy rents. In addition, Russia and former Soviet countries are also
cold countries that do not gain anything from slowing down climate change.

Winners and losers of optimal carbon tax
5 Carbon tax: 147.0 USD/TCO2
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Figure 7: Welfare gains across countries

32



5.2 Unilateral policies: Nash-equilibrium

In this section, I consider the case where countries act non-cooperatively. In such cases, the
optimal carbon policy does not account for the externality imposed on other countries. Moreover,
each country might use energy policy and trade tariffs strategically for terms-of-trade manipulation.
As a result, for some countries, the carbon tax may become a subsidy. This exercise extends the
approach of Ossa (2014), Farrokhi and Lashkaripour (2024) or Kortum and Weisbach (2021) who
all solve for optimal unilateral tariffs. In the setting I consider, redistributive effects, general-
equilibrium on energy markets and terms-of-trade manipulation yield results that contrast with

the above references. I describe the complete setting in Appendix C.3

In this exercise, I consider a Local Social Planner who chooses a local carbon tax t; and

trade tariffs t?j to maximize household welfare:

Vi = max Piui
te to

subject to world equilibrium constraints and taking the policies of the other countries as given —

as a Nash Equilibrium. It redistribute the carbon tax and tariffs revenues to the local household:
tle = t5(ele] + €%€) + Xyt conTinpi-

In the spirit of the previous section, using the Primal approach, we see that the planner i chose
e tb

the policy instruments t;

7, t7; internalizing a wide array of market clearing and optimality conditions.

More specifically, the planner accounts for the market clearing for good j as household and energy

firms in country 7 imports this variety, e.g. as consumption ¢;;. I denote this shadow value for
@)
J

clearing and lowering its price. In contrast, we usually obtain p

good j eq. (11) as ,ug.i). If p:” > 0, planner i would like to expand j’s supply — relaxing its market

(@)

;< 0: the planner would like to
reduces its own i-supply, to increase its price and manipulate terms of trade T.0.T; = p;/p;, Vj # i.

Similarly, the planner accounts for the fossil energy market clearing eq. (8), which is global,
with multiplier pu/ (. In addition, the planner internalizes the country-level constraints, such as
budget with multiplier A\; = u'(¢;)D¥(E)/P;, or the optimality condition for energy demand, energy
supply and good imports. For ease of exposition, I display the result where the only energy input

is oil-gas e; = ezf . The general case for three energy sources is detailed in Appendix C.3.

One key result in this setting is the absence of local distortions for unilaterally optimal policy.
Several distortionary effects that appeared in the previous Second-Best framework disappeared. It
is, for example, the case for the optimality conditions for good imports, c;;, or energy demand e;,
which are not distorted by the planner’s choice. As a result, the planner’s decision aligns with the

household and firms in country i, because of the existence of tariff and country-specific tax.

Optimal tariffs

The optimal tariffs are chosen to manipulate terms-of-trade, namely:

b _




@)
J
A; the marginal utility of consumption. Tariffs increase when the planner seeks to decrease demand

where p;’ are the Lagrange multiplier for good j’s market clearing as accounted by planner ¢, and
for good j. This is especially the case when the household in country i is richer: the redistributive

effect of tariffs are amplified when ¢; — oo, A; — 0 and thus ti-’j — 00. Unfortunately, with
(

the primal approach, these multipliers /Lji) typically do not have closed forms expressions in the

Armington trade model.

Local Social Cost of Carbon

For designing climate policy, we need to evaluate the impact of climate on country ¢ welfare. For

that, we can summarize this welfare cost as the Local Cost of Carbon, as in Cruz and Rossi-
Hansberg (2022):

LCC; = g5 =t
Oc; v

where ¢5 is the multiplier for carbon dynamics — or shadow cost of increasing emissions by 1 ton

of C'O3. In the unilaterally optimal allocation, this cost of climate change is given by:

(@)
u\Ci) ==u o
LCC; =7p; [ul((cz))PlD /(5) + D:Z//(S)ZlF(EZ, e)pi + Z )\iipjy/(g)sz(éj, ej)pj} ,
J
~ ,u(.i) ~
= P [Bici” + yipiV?] Di(E) +Pi Y )f Yyip;Di(E)

where 251(5 ) are damage functions that only depend on the climate system as shown above, and
~¢ and ¥ are the damage parameters on utility and production. We note that in addition to
considering the direct damage on household utility and country ¢ output, the planner in ¢ also
internalizes the damage that climate has on the production of trade partner y;, through multiplier
,ug-i) again, and this impact is even larger for rich, low \;-countries. This introduces a novel channel
through which local costs of climate change can become correlated due to international trade
linkages. Another argument made in Dingel et al. (2019) relates the spatial correlation of the
costs of climate change, the gains from trade, and welfare change. Here, I also show how this
policy relevant local costs of carbon can be correlated, even in non-cooperative Nash-equilibria,

potentially providing a motive for coordinated climate actions.

Unilaterally optimal carbon tax — or subsidy

Finally, I derive the unilaterally optimal carbon tax — here exposed in the case where energy is

entirely consumed in fossil-fuel (oil and gas).

) ol o

) Hex

g =¢dree, -5 +qly—
e A e;
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motive terms-of-trade energy supply

manipulation redistribution

In the Nash equilibrium of this model, the carbon tax is the sum of three terms: First, the country
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1’s planner internalizes the effect its emissions have on the welfare of its own country. However, it
does not internalize the rest of the world: this is a symptom of free-riding as country 7 does not
account for the impact of its emissions on other countries’ welfare.

Second, it features a terms-of-trade manipulation term: if country ¢ would like to reduce its
demand, acting like a monopolist on its variety ¢, for example, in the case where Mgi) < 0, then
it would tax carbon to lower production. In the opposite case, if country i looks after expanding

its supply and lowering its prices, when ,ugi) > 0, then the planner would lower taxation of energy,
providing a motive for subsidy.

Third, the taxation of fossil fuels has an impact on the international energy market, creating a
redistribution term. This is positive for net importers and negative for exporters. Energy exporters
would like to subsidize energy to increase demand, in an attempt to raise the equilibrium price
¢/ and benefit from better terms-of-trade. This is weighted by the country i production e; and
inverse elasticity v;: a more inelastic supply, with large v;, would amplify this effect. Note that

this is the same logic as the global social planner of Section 5.1.2, at a local level.

To sum up, if the terms-of-trade manipulation motive ,ugi) > 0 is large enough or if the
energy-supply redistribution term is negative, for example for oil-gas exporters, and if the local

cost of carbon LCC} is small, the optimal carbon tax can become a subsidy.

6 Optimal Climate agreement

I now turn to the main result of this paper. The optimal design of climate agreement is
a climate club that consists of all the countries at the exception of Russia and CIS countries.
Members of the club impose a $98 carbon tax per ton of COy and a 50% tariff on goods from
non-members. The intuition behind this result can be summarized by the tradeoff between the
distortionary effect of carbon taxes and the cost of tariffs, which relate to the gains from trade. For
some countries, like fossil-fuel producers or developing economies, the first outweighs the second,
implying that they would not participate in a climate agreement unless the tax is decreased from
$147 to $98. This encourages the participation of Middle-East and South Asia, but the optimal
agreement does not include the entire world. Indeed, lowering the tax so low to incentivize Russia
to participate would compromise climate action and reduce world’s welfare.

I first provide details on the trade-off behind country participation, both numerically and
theoretically, using first-order decomposition of the model. I then present the main result of the

optimal climate club.

6.1 Trade-off: distortionary effects of carbon taxation vs. gains from trade

The following two effects influence the design of the agreement. First, the distortionary

effect of the carbon tax differs across countries, and some countries — poor, closed to trade or cold
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Welfare gain, (percent conso. eq.)

12

10

Cost of carbon taxation/gains from free-riding

countries and fossil-fuel producers have very large gains from free-riding. Second, the cost of tariffs
from trade partners, related to the gains from trade, also differ across countries.

In the Figure 8, I present an experiment where all countries j € I implement the optimal
level of fossil-fuel taxation t* = $147/tC'O2, except for country i, which deviates from that policy,
setting the tax to zero. In this experiment, other countries j do not impose retaliatory tariffs on
country ¢, and continue to implement the optimal policy. For each country i, I plot, in consumption-
equivalent units, the welfare gain of such “deviation” compared to the case where the country ¢
stays in this “agreement”. This represents the gains from free-riding, while the Rest of the World,
or equivalently, is the cost of the distortionary taxation of carbon and fossil fuels.

We first see that such gains from “deviating” range from 1.5% — for Europe, which uses
more renewable energy and less coal — to close to 4% for Russia, former soviet countries, and
Middle-Eastern countries, whose economies are relying on oil and gas both for good production
and energy exports. These distortionary costs are also relatively high for developed economies like
South Asia, Sub-Saharan Africa, and Latin America, for the reason that energy, and fossil and coal
in particular, are necessary inputs in production and the welfare cost scale with marginal utility of
consumption u/(¢;). I provide a welfare decomposition in Section 6.2 to show the sources of these

welfare costs and how it differ across regions.

Cost of tariffs (autarky)/gains from trade

12

10

i

Cost from tariff of RoW on i (pc conso. eq.)
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Figure 8: Welfare gain for country i of unilaterally deviating Figure 9: Losses for country i of country j # i

from a world agreement setting a $147 carbon tax

imposing a 500% tariff on country 4

Now, let us compare this cost of carbon taxation to the cost of trade tariffs. In Figure 9, I
measure the welfare costs of tariffs in the following experiment: all countries j # i impose a very
large tariff — 500% — on country ¢. For each country 4, I display the welfare loss, in consumption
equivalent percentage changes in the figure. This is a good representation of the upper bound on
welfare cost of tariffs — as those welfare costs are virtually identical for higher values of tariffs.

This is closely related to the cost of autarky, or gains-from-trade which are bounded and relatively
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small in standard trade models, c.f. Arkolakis et al. (2012).3!

Asian countries — advanced economies like Japan and Korea, as well as China and South-East
Asian economies — have the most to lose to be in subject to tariffs — respectively around 12%, 8%
and 6% welfare equivalent consumption losses. This is in part due to the large trade shares of these
countries with each other and with Europe. In comparison, countries like the US, Middle-East and
Russia, which are much more closed to international trade, suffer less from tariffs, which change

their willingness to join a climate club.

6.2 Welfare decomposition

To understand the mechanisms through which climate change, carbon taxation, and tariffs
affect welfare, I provide a first-order approximation of welfare to shed light on different mechanisms.
This welfare decomposition is described in thorough detail in Appendix D, and it is inspired by
Kleinman et al. (2020).

I compute the change in welfare, linearizing the model around the competitive equilibrium
where t¢ =t = 0 and tg’j = fﬁ-’j = 0, where policies are identical to the “status-quo”. I start from a
climate agreement 7 of J countries. Those countries are indifferent between being in the club or
not, since the policy (t5, t?j) = (0,0) does not affect the equilibrium. I then consider a perturbation
where those policy instruments are increased by a small amount, denoting dlnz; = dz—‘i_i for any
variable z;. The carbon tax and tariffs are increased by dt; and dtfj respectively for the club
members i € J.

‘ = b . . b
Jdt® = {1{ies) dtc) Jodt” = {1{ie7.j¢71dt};

with J = J; = 1{ieg}, and J = Ji; = 1{ieJ,j¢T}.
The welfare decomposition of individual country ¢, defined as U; = u({c;;};) the indirect

utility is computed as:

dU; _ - -
ey = metmpit [ = uig = usisl +oT (1) [ dngl = [ngsf (555D 4T, + 1 dln,
T

where n¢ = %P with x; = ¢;P; is the ratio of final good output in comparison to consumption —
1 x;

f e
. . T €;q;
which can also come from energy rent. The counterpart is 7 = --. The energy share s{ = —y’;’, and
3

0 0 1M
€4

: l _
the share of oil-gas/coal/renewable s; = et

governs the impact of energy prices. The aggregate
supply elasticity v = (>, Ay, 1)_1 represents the oil-gas supply curve, and the climate damage
Yi = Y(T;—TF)T; s¥/9 is represented in a static fashion — with £ the emission of that period and

E/

sP/S = £/S with S the carbon concentration in the atmosphere.

We observe that most of the impacts arise through aggregate quantity of emissions and fossil

fuels consumption, which then affect world prices ¢f. For conciseness, I express all the General

311n this experiment, autarky would be the case when both countries j impose large tariffs on 4 and 4 imposes
tariffs on countries j as well. I consider the experiment of one-side tariffs, which is closer to the policy implemented
in our climate club.
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Equilibrium effects on fossil quantities as a function of price ¢/: dln¢/ ~ vdln Ef + . ..

The countries affected the most by a change in equilibrium quantity of fossil fuels consumed
E7, price ¢f, and thus by carbon taxation, are the countries with high sensitivity to dlng’. A
reduction in fossil demand benefits the countries that have large damages from climate changes
i, as well as large energy share from fossil slf : this latter effect dampens the cost of taxation: if a
larger coalition lower energy demand, it benefits other countries through a reduction in fossil price.
This is sometimes called in the literature the “energy price leakage effect”. However, this decrease
in price hurt the fossil fuel producers as it dries out their energy rent as summarized by n7(1+2).
Moreover, there are many additional equilibrium effects through trade and good prices p; and P;

as we see below.

To see the direct effect of carbon taxation — at the intensive margin — and the extensive
margin effect of the size of the club J;, I simplify the model further to obtain an analytical formula
for the fossil price. In the following, I assume that the energy mix is concentrated on oil and gas

slf =1,s{ = s} = 0. The details of the derivation are provided in Appendix D:

v ~
dlng’ =~ - S Ndts + 3 Bidinp;
1+’?+COVi(>\{, Vi) + D)\mf i ' ' i
o ~
with the market share )\lf = PEJ for fossil, and weighted by elasticity Azf = )\Zf 1{; and its average
~o.f Y y '
A =5 N 1%

As we see, the higher the carbon tax dt; — at the intensive margin — or the size of the club
J; — at the extensive margin — the more it reduces the demand for fossil-fuel energy, and hence
lower the fossil-fuel price ¢, by a factor 7 — the aggregate energy supply elasticity. Moreover, the
energy curve ¢/ is affected by climate change: more emissions imply larger damages 7 = 32, ¥;,
which in turn reduces energy demand and hence emissions. The price impact of taxation is higher
— analogous to the slope of the demand curve — as we see in the denominator of the first term.
Moreover, the covariance term indicates that if the large energy consumers are also the most

affected by climate change— with a larger share of the market )\Zf and high elasticity o in the term

X{ = /\Zf 1{; associated with larger cost 7;, this effect is stronger and the demand curve is even
steeper and more inelastic.
Moreover, carbon taxation t5 and tariffs tgj have large general equilibrium effects, through

leakage and reallocation, and affect y; and p;. I can compute these changes in prices in equilibrium:

dinp = A~'[ = (I-Tev")a?" + T(v" oL+ 175 +0") - (I-Tev?)a?* 175 )5 1]dIn g/

1—s¢

+ [ - I-Tov")a? + T(v* 0125)]|eddInt® + §(TSeJodint? — T(1+S")o(Jodn t°)')

with parameters: S for the trade share matrix, T income flow matrix, #, Armington CES. Moreover,
the general equilibrium (and leakage) effects are summarized in a complicated matrix A that
summarizes the fact that the price p; also affects energy demand, oil-gas extraction, energy trade

balance and output. Further description can be found in the Appendix D.
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6.3 Optimal climate agreement

In this section, I describe the design of the optimal climate agreement. The climate club that
maximizes the world’s welfare is a large coalition with all the country at the exception of Russia.
Moreover, the carbon tax for members of the club is lowered below $100, and tariffs are set at
a moderate rate of 50% for non-members. This outcome balances the intensive margin-extensive

margin tradeoff of this policy design.
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Figure 10: Participation: Intensive and extensive margin trade-off
for agreement design: t° on y-axis, t’ on x-axis

At the intensive margin, increasing carbon taxation reduces fossil fuel use and emissions
for the countries participating in a climate agreement. As a result, aggregate welfare is increased
until the optimal carbon tax t¢ = $147 is reached. However, at the extensive margin, a higher tax
reduces participation as free-riding incentives increase with the cost of taxation. If the tax becomes
too high, individual countries deviate and leave the agreement, which raises world’s emissions. In
Figure 10, I show this phenomenon, where I plot the maximum participation that can be achieved
depending on the choice of the levels of carbon tax for club members on the y-axis and the tariffs
that are imposed on non-members on the x-axis.

For tax under $50, the cost of carbon abatement is low, and it is relatively costless for
countries to participate in an agreement. For higher taxes, we observe that the first region to
deviate is Russia and former Soviet Republics. Then leaves Middle-Eastern countries and South
Asia. For an even larger tax, closer to $200, Sub-Saharan Africa would also exit the climate
agreement. These decisions originate from the tradeoff explained in Section 6.1. Indeed, those
countries have a high cost of distortionary carbon taxation, either because they are producers of
oil and gas, like Russia and Gulf countries, or because they consume a significant part of their
energy mix in coal, like India and Africa. This compares to the cost of tariffs, which are relatively
small for these four regions, at least for tariffs below 150% in the case of Africa and South Asia.

Another lesson from this analysis is that trade policy is a key strategic instrument to under-
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mine free-riding. Indeed, absent tariff retaliation, with t® < 5%, the gains from unilateral deviation
prevail over the costs of climate actions, and no carbon tax above t¢ > $50 could be implemented
for a large enough set of countries. This result is discussed in Nordhaus (2015) and I recover this
effect in this quantitative model. However, if moderate tariffs spur participation for low carbon
taxes, this incentive effect vanishes quickly as the carbon tax increases. Since the gains from trade
are bounded — and small for some countries like Middle-East and Russia — there is a limit to what

carbon policy can achieve.
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Figure 11: Optimal climate agreement
t° on y-axis, t® on x-axis

Now, we turn to the design of optimal climate agreement, and the decision of carbon taxes
and tariffs. We note that the optimal Second-Best policy with a large carbon tax t© = $147
and complete participation is not achievable in a climate club. As shown in the dotted lines in
Figure 11, it corresponds to an area where South-Asia, Middle-East, Russia, and former Soviet
countries would all exit the agreement. As a result, the optimal agreement that would maximize
welfare is such that the carbon tax is lowered from $147 to $98: this incentivizes the participation
of South Asia and the Middle-East.

It is optimal to leave Russia outside the agreement. Reducing the carbon tax to accommodate
Russia’s participation to the agreement necessitates a large fall in climate effort. A decrease of
the tax from $98 to around $50 increases emissions of the entire world. This compromises the

implementation of effective solutions for global warming, and would lower aggregate welfare.

This optimal climate agreement realizes close to 90% of the welfare gains of the optimal-policy
without endogenous participation, as seen in Figure 7 of Section 5.1.2. In 77, I plot global welfare
for the different values of the carbon tax and tariffs (t%,t%), in consumption equivalent, relative to
welfare in the competitive equilibrium with (t%,t) = (0,0). Welfare increases non-monotonically
in the carbon tax as carbon emissions and global temperature are reduced. However, when partic-

ipation declines because countries unilaterally exit the agreement, the deviating countries go back
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to their status-quo policies, raising their emissions, which decreases discontinuously global welfare.
The optimal agreement achieves almost 5% of consumption equivalent welfare gains, close to 90%
of the welfare gains attained in the Second-Best where all countries are participating exogenously

absent free-riding.
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Figure 12: Welfare over different climate agreements
t° on y-axis, t® on x-axis

Note that tariffs increase have a very moderate impact on welfare. In fact, they have a strong
impact on individual countries’ utility if they are outside the club. However, since such countries
— e.g. Russia, Middle-East, and South-Asia — do not have much weight in the welfare criterion we
used, especially considering the Negishi weights in Figure 2, this has a limited influence on global
welfare. It mainly has a strong influence on participation through the impact on the country’s

outside options and welfare.

Changing the level of the carbon tax is fundamental for participation and the optimal design
of the agreement, creating a Laffer curve for emissions and welfare. Figure 14 and Figure 13 plot
the change in global welfare and carbon emissions varying the carbon tax, and keeping the tariffs
fixed at the optimum, t* = 50%. Raising the carbon tax reduces emissions and improves welfare
up to the point where participation declines. It is therefore optimal to “share the burden” of the
carbon tax on a larger set of countries. In the optimal agreement, where all the countries in the
world except Russia are included, one can reduce emissions from 35 to below 24 GtC' O per year,
a decline of 32% compared to the competitive — Business-as-Usual — equilibrium.

Note that the optimal climate agreement does not result in the maximum emission reduction
that can be achieved. If we choose a carbon tax of $170/tC'O2, which corresponds roughly to the
Social Cost of Carbon of the Second-Best equilibrium, we can shrink emissions further by more
than 35% from 35 to around 22.5 GtCO,. However, this implies that the very affected countries —
Russia, Middle-East, South-Asia — all exit the agreements. The remaining countries, which are the

developed economies, Europe, the Americas, and FEast Asia, all have to bear a much higher cost of
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taxation. This agreement is still stable due to the enforcement power of tariffs, but the negative
welfare impact of taxation for those countries is now much larger.

The difference in welfare between those two cases is sizable: the optimal climate agreement
achieves a 5% welfare gain while a club with a more restricted set of countries and larger tax reaches
only a 4.2% welfare gain. Making a smaller set of countries bear the cost of taxation is detrimental
to their welfare: developed countries consume larger quantities of energy, and developing economies
have a higher cost of distortion as their production and consumption are scarce — especially if they
are affected by climate change. The agreement is stable because the cost of tariffs is larger,
enforcing this cooperation. However, it is beneficial to work at the extensive margin to reduce the
distortionary carbon tax, foster participation to share the costs of fighting climate change, and

lower the tariffs on non-members to promote free trade.

Because of endogenous participation, welfare and emissions are indeed different metrics that
provide contrasting insights on what should be the optimal policy. In the next graphs, Figure 15
and Figure 16, I summarize, for the different equilibria we considered above, respectively the global
emissions in Gigatons of C'Os and welfare in consumption equivalent difference compared to the
competitive equilibrium. Clearly, the First Best has the lowest emissions — 18.5GtC'O», a reduction
of 47% relative to the Business-as-Usual scenario — and the maximum welfare — 16% of consumption
equivalent change. In this case, the planner has access to unlimited instruments: it uses transfers
to redistribute across countries, which offset the negative general equilibrium effects of taxation
and allows the increase in carbon taxes and a further reduction in global carbon emissions. In
contrast, in the Second-Best, these redistributive instruments are not available, which makes the
welfare gains much smaller at 5.6%), although emissions are only slightly higher.

In these two benchmarks, we assume away the free-riding problem, which constrains the
achievable policy and carbon reduction. I now compare the two equilibria considered above: the
optimal agreement with all the countries except Russia reaches only a reduction of 32% of carbon

emissions. This reaches the maximum welfare but not the minimum emissions, while a club with
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larger taxes loses on welfare by increasing the tax burden because of lower participation in the
agreement.

The analysis of the potential welfare gains of the First-Best highlights that transfers can
serve as strong instruments to offset the negative effects of the uniform carbon taxation and tariffs,
and I investigate if we can provide such welfare improvements with transfers Section 7.1 and with

fossil-fuels specific tariffs in Section 7.2.

6.4 Coalition building

The social planner/designer chose the proposed optimal agreement. However, can this agree-
ment be achieved by coalition building? Can a sequence of countries joining the climate agreement,
in turn, reach this agreement? This relates to the question of which country has the most interest

in joining such a club.

I investigate if this climate agreement can be constructed, with a sequence of "rounds" of
our static equilibrium: At each round (n), each country decide to enter or not depending on the

welfare gain:
Aty (3M) = U (IMU{a}, 5, 87) — U (T {3}, 15, 0)

For now, the construction is evaluated at the optimal carbon tax t = 98$, and tariff t® = 50%
and perform this sequential procedure — which is a direct output in our CDCP algorithm / squeezing
procedure in Section 3.2. This experiment is inspired by an analogous exercise in Farrokhi and
Lashkaripour (2024).

The result of this exercise is a sequence building up to the optimal climate agreement:

— Round 1: European Union

— Round 2: China, South East Asia (Asean)
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— Round 3: North-America, South-Asia, Subsaharian Africa,
Advanced East Asia, Latin America

— Round 4: Middle-East

¢ Stay out of the agreement: Russia+CIS

The FEuropean Union has the best interest in reducing climate change, being positively affected by
a decrease in the fossil-fuel price, consuming a small share of coal in their energy mix, and being
wealthy enough to suffer less from the energy taxation cost in their production. In the second
round, China, an important trading partner of European countries, and Southeast Asia, which has
one of the highest gains in fighting global warming, in turn, join the climate agreement. In the
third round, most other countries, which have large gains from trade, join the climate club to avoid

retaliatory tariffs. Lastly, the Middle East also joins to be able to trade with the rest of the world.

7 Extensions: the impact of additional policy instruments and retaliation

In this section, I propose extensions to our baseline climate agreement by suggesting addi-
tional instruments to improve the allocation. By proposing simple policy that could be achievable

in practice, I investigate if we can improve on the optimal climate agreement presented above.

7.1 Transfers and loss and damage funds

One of the major policy proposals of the COP28 in Dubai is the idea of loss and damage
funds to compensate the countries particularly affected by global warming. I propose a simple
implementation in this framework. Given that the club is implementing a substantial carbon tax
t¢, one practical proposal is to redistribute a share of the revenues of this tax through lump-sum
transfer across countries.

In the baseline agreement, tax revenues are redistributed to the household of the country
paying the tax: tﬁs =t5(¢f ezf +£%5). Here, the exercise allocates a share of to a “loss-and-damage

fund” which then redistributes those revenues equally across countries, with a simple rule:

tﬁs =(1- of)ts(ﬁfelf—kﬁcef) + ae% ijts(ﬁfef—i-fcej) , Viel]
jel

In practice, it transfers from large emitters — the developed economies — to low emitters — developing
economies that tend to be more vulnerable to climate change.

I then choose the optimal share of to maximize global welfare VW, which is computed to be
a®* = 15%. The result of that experiment are shown in Figure 17.

The optimal loss-and-damages fund proposed does not provide particularly large welfare
gains in aggregate — around 0.006%. This policy only redistributes lump-sum from high to low-
energy users. The welfare costs are around 0.6% for Europe, the United States, and advanced

countries in Asia and Oceania. Because the welfare function is biased toward these advanced
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Figure 17: Welfare across countres
Optimal loss and damage fund: o* = 15%

countries, this explains why the optimal effort for transfers is quite low at a®* = 15%. A larger
contribution would be detrimental to their welfare, which is not optimal for the planner.
However, even small loss-and-damage funds redistribution is particularly welfare-improving
for South Asia and Africa who gain respectively 1.4 and 3.3% welfare gains — and Southeast
Asia and Latin America to a smaller magnitude. Those regions are small contributors to the
global climate externality, and such transfers would allow them to lower the cost of climate change

through adaptation and dampen the redistributive cost of carbon taxation.

7.2 Fossil-fuels specific tariffs

In this section, I relax the assumption of free trade on fossil-fuel energy. In the current
climate club, the members of the club only impose penalty tariffs on the final goods traded by the
firm, and not on energy imports. This is empirically relevant, c.f. Shapiro (2021) and Copeland
et al. (2021): Inputs are more emission-intensives but trade policy is biased against downstream
goods. Moreover, in the context of this model, fossil-fuel energy inputs are not carbon-intensive
per-se; it is their use —i.e. the burning — of those fossil fuels in production that is carbon-intensive.
As a result, carbon-border adjustment mechanisms only impose a tariff on the “scope-1/scope-2”
carbon footprint of fossil fuel extraction — and not the “scope-3” of its use along the downstream
supply chain. Imposing a carbon tax on both fossil-fuel imports and their use in production

amounts to a double tax on carbon, which is, in general, not optimal nor implemented in practice.

In our climate club setting, these tariffs are also strategic to incentivize participation. There-
fore, I propose an alternative mechanism where the club members impose a tariff on the fossil fuel
exports of the countries outside the club. The tariff is an import tax on the energy import from

non-participants of the form:

2/ = gelte1{i € 3,5 ¢ I}
In the following graph Figure 18, I plot over different values of 5 the welfare impact for members
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of the club and the non-members — which is Russia here — to see if this strategic tariff can provide

enough incentive for Russia to join the club with a carbon-tax as in the second best.

Russia+CIS

Waorld

= = Baseline, Opt. agreement
= = World, Second Best

=2 r Russia+CIS, Second Best

0.0 0.2 0.4 0.6 08
Tariff on energy inputs (as percent of carbon tax)

Figure 18: Welfare across countres
Optimal loss and damage fund: o®* = 15%

We see that with fossil-fuel-specific tariffs of 3 = 60% of the carbon tax, the second-best

allocation can be achieved through incentive effect, and welfare can be maximized.

7.3 Retaliation

In this section, I consider an extension of the game-theoretical setting where countries outside
the climate club can also act strategically. Until now, the countries outside the agreement were
passive, setting policy {tj,tg’j} = {0, 0}¢y-

I now relax this assumption by conducting the following exercise: All the countries outside
the club j ¢ J impose a tariffs on club members i as a retaliation from any trade policy they would
be targeted with. That is,

where k € (0, 1] is an exogenous parameter that represents the extent of the retaliation. In future
extensions, I plan to make this decision endogenous, creating a multiplayer game between a climate
coalition and a fringe of non-members.

I perform this exercise for different values of k. The results are displayed in Figure 19,
Figure 20 and Figure 21, respectively for x = 25, 50%, 100%.

For moderate values of retaliation of non-members, i.e. x € (0,0.4), we note that the climate
club is more constrained than before: the achievable carbon tax is slightly lower, and the tariff
needed to enforce it needs to be raised. For example for kK = 0.25, the optimal carbon tax t¢ is
less than $78/tC Oz, and the tariff is t* = 64% — instead of $98 carbon tax and 50% tariff in x = 0
case.

However, the larger the retaliation, the larger the cost of trade disruption for both members
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and nonmembers. The countries with the largest gains from trade would still choose optimally to
participate in the agreements, which makes the cost of being outside larger as x grows above 0.5.

When k becomes very large, it is optimal for the climate club to engage in an aggressive trade
war, which pushes non-members to finally join the agreement. For example, when x = 1, we see that
the climate club recovers its enforcement ability. It can even incentivize complete participation, for
a carbon tax up to the optimal level t& = $147/tCOs, for large tariffs of t* = 118%. Importantly,
in equilibrium with complete participation, no country pays these tariffs.

These findings underscore that understanding the underpinnings of trade tariff strategic
behavior — beyond the simple terms-of-trade manipulation motives — is key to designing climate

agreements.

8 Conclusion

This paper examines the design of an optimal climate agreement in the presence of free-
riding incentives and redistributive effects. I develop a multi-country Integrated Assessment Model
(IAM) that incorporates international trade in goods and energy markets for fossil fuels. This
model accounts for heterogeneity across countries in terms of their vulnerability to climate change,

income levels, energy mix, and positions as exporters or importers of goods and energy.

The analysis focuses on a global social planner’s problem of maximizing world welfare through
a climate agreement comprising three key elements: (1) the set of countries included in the “climate
club”, (2) a carbon tax imposed on club members, and (3) a level of uniform trade tariffs imposed
on non-member countries. I consider Nash equilibria where countries make strategic decisions
about their participation, either unilaterally or through coalition deviations.

This study reveals a crucial trade-off between an intensive and an extensive margin in de-
signing the optimal climate agreement. A small coalition of countries can implement high carbon
taxes, achieving significant individual emissions reductions. However, a more extensive club with
broader participation may be necessary for effectively combating global climate change, albeit at
the cost of lower carbon taxes and higher tariffs.

The main findings is first that the optimal climate club includes all countries except Russia,
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with a moderate carbon tax of $100 per ton of COs and a 50% tariff on goods from non-participants.
To increase participation, it is beneficial to reduce the carbon tax by 35% from the globally optimal
level of $150 per ton of COs. This allows for the inclusion of Middle Eastern countries and several
developing economies in South Asia and Africa. Excluding fossil fuel producers like Russia from the
agreement is optimal, as their welfare costs from carbon taxation are too high to justify inclusion
at any reasonable tax rate. Trade policy, particularly the threat of tariffs, is a key strategic
instrument for undermining free-riding and incentivizing participation. However, its effectiveness
diminishes as carbon taxes increase. Additional policy instruments, such as transfers through a
“loss and damage” fund or fossil-fuel-specific tariffs, can improve the climate agreement and push

the carbon tax closer to the second-best allocation.

In conclusion, this research underscores the complexity of designing effective climate agree-
ments in a world with heterogeneous countries and divergent interests. It demonstrates that while
a universal agreement with globally optimal carbon taxation may be unattainable due to free-riding
incentives and redistributive effects, carefully designed climate clubs with strategic use of trade

policy can achieve significant progress in global climate action.

In future research, I will explore the dynamics of climate clubs. As discussed in Nordhaus
(2021), dynamics in technological change of non-carbon energy production offer opportunities for
countries to adopt carbon mitigation policies. The intertemporal trade-off between trade sanctions,
future costs of climate change, rising costs of fossil-energy prices due to depleting reserves, and
future gains of the energy transition should be tilted toward climate action. Analyzing this problem
remains mathematically challenging as it involves solving a dynamic multilateral game between
heterogeneous countries. However, the approach I have presented in this article can be adapted to
consider coalition-building and time-varying carbon tax and tariffs. Consequently, climate policies
such as carbon taxation and trade tariffs can provide incentives and offer a pivotal step toward

reducing global emissions and temperatures.
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Appendix

A Calibration

Table 2: Baseline calibration

Technology & Energy markets

! 0.35 Capital share in F(-) Capital/Output ratio

€ 0.12 Energy share in F(+) Energy cost share (8.5%)

oV 0.3 Elasticity capital-labor vs. energy Complementarity in production (c.f. Bourany 2022)
w! 0.56 Fossil energy share in e(-) Oil-gas/Energy ratio

w® 0.27 Coal energy share in e(+) Coal/Energy ratio

w" 0.17 Non-carbon energy share in e(+) Non-carbon/Energy ratio

o 2.0 Elasticity fossil-coal-non-carbon Slight substitutability & Study by Stern

1) 0.06 Depreciation rate Investment/Output ratio

g 0.01* Long run TFP growth Conservative estimate for growth

Preferences & Time horizon

p 0.03 HH Discount factor Long term interest rate & usual calib. in IAMs

n 1.5 IES / Risk aversion Standard calibration

n 0.0035 Long run population growth Conservative estimate for growth

Wi 1 Pareto weights Uniforms / Utilitarian Social Planner

w;  1/u/(¢;) Pareto weights Negishi / Status-quo Social Planner

T 400 Time horizon Time for climate system to stabilize

Climate parameters

¢t 2.761 Emission factor — Oil & natural gas Conversion 1 MTOE = 1 MT CO;

' 3.961 Emission factor — Coal Conversion 1 MTOE = 1 MT CO2

X 2.3/1e6  Climate sensitivity Pulse experiment: 100 GtC = 0.23°C medium-term warming
s 0.0004 Carbon exit from atmosphere Pulse experiment: 100 GtC = 0.15°C long-term warming
¢ 0.027 Growth rate, Carbon Capture and Storage  Starting after 2100, Follows Krusell Smith (2022)
~® 0.003406 Damage sensitivity Nordhaus’ DICE

~®  0.3x~4®  Damage sensitivity Nordhaus’ DICE & Rudik et al (2022)

ot 0.5 Weight historical climate for optimal temp. Marginal damage correlated with initial temp.

T 14.5 Optimal yearly temperature Average spring temperature / Developed economies

A.1 Additional calibration graphs
A.1.1 Quantification — Trade shares

We displayed the trade share from the data in Figure 22 and how we calibrate the trade
model.

Armington Trade model and trade shares:

o ((1+tij)mipi)
I3k i ((L+ti) Tipr) 10

We estimate a gravity regression, and CES 6 = 5.63. The Iceberg cost 7;; are projection of
geographical distance log;; = [logd;;. The preference parameters a;; identified as remaining
variation in the trade share s;;. As a results, both 7;; and a;; are policy invariant in our climate

agreement setting. The description of the procedure is detailed in Section 4.3.
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Figure 22: Trade shares as mesured in Conte et al. (2022)

A.1.2 Climate system and pulse experiment

This pulse experiment, from Dietz et al. (2021), summarizes how our climate model should
be calibrated to replicate larger scale IAMs like CMIP5.

Temperature increase (°C)

[IDeciles CMIP5 combinations
Best fit CMIP5 ensemble + GHKT14[|
o DICE16 GL18
* DICE13 A LR17
Vv FUND
1 1 1 1 1 [l Il Il Il
20 40 60 80 100 120 140 160 180 200

years

Figure 23: Pulse experiment: £ = 100GtCO; at t =0
Comparison across different TAMs, Dietz et al. (2021)
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B.2

Model

Model environment

Gov. policies t; = {t5,, m,tﬁf

State: s; = {kito, Tit, Rit }t,

Agents (HH/firms) controls ¢; = {cit, ¢ijt, kit, ef;, €Sy el el }y
Eq prices: p = pir, wit, qf . 45, 4

Lagrange multipliers / costates: \; = {\%, A5, AL

Local welfare vs Global welfare

r
U; = max/ e Prpiu(ci, Ty )dt
0

Cq

A
W = maxZwiPi/ e_pitu(cit,Tit)dt
{esks St 0

Assumptions:

— weak separability of utility

~ U G U -
ulei, To) = (e} (Tn) = 1 (D" (L))"
— DICE damage functions D¥(T) and DY(T)

DYT) =e 20 s DY) = —DHTWAT ~ T7)
— CES demand / Armington structure, price of imports p;; = Tij(l—i—tfj)pj
1o0-1 54
u({cij}y, i) = ulei, i) ci= ( ajic;f )
J

Heterogenous discount rate: p; = p —n; — (1 —1)g;

Climate system:

St = GéE — 05 =€ [ffe +&Ceqy] — 055

t
S = Spe ! +/0 e melntomo(ele] 4 e, )du

Tyt = Tity + Aix St

with o = g¢1{t > 2100} the rate of growth of additional abatement due to CCS after 2100.

Summary, model setting

Expenditure by household:
Z CijtTij(1+t?j)Pjt = CitPit
J
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¢ Final good firm problem: pay for labor and capital and buys three energy inputs:
w8 = DiDY(Tu)zieF (G, e, e €5y, €hy) — winki — oy — (af +€6 65 el — (aF+€°5)efy — alyely = 0

e Fossil Energy firm profit:
Pﬂrz{; = qfeft — Cf<elxt, Rit)Pi

1

o Budget constraint for the household:
replace labor income, and divide by price index (analog of "real" quantities). Reminder that

capital expenditure are made in the final consumption good bundle.

cibit + (ki + (ni + Gi + 0))Bip = wiely + ki + 7 + 4
P _
0= Plt DY(Tit)zit F (Kit, i;? et eip) — (ni + gi + 6)kit

it

Lopga . (af +€745) ;  (gf+ects) ah tls
e, —v(e?, . } _ 1 el — 1t ec zter Cs it ..
- [qt it (€it Rit) Piy it Piy it~ p, Gt Gt + Py it

« CES / Armington trade model, with price of imports p;; = Tij(l—l-t?j)p]

L

u({cz'j}j,Ti)) - U(Cz) ,Dzu(TZ) (Za; jJT)

£ SN
CD\»—A

1
FOC [Cij] u'(cz)D;”(TZ) aejcj = pij)\zu

Price index: )

- (Zaijp}j_ ) (Z% 75 (1442)p )179)ﬂ
J

Demand system:

Cij Fi \0 CijPij Dij\1-0
= — = Q5| — = e P e
Ci Zj(pij) CiP; i Z)
1-6 ) »
Sij = CijPij _ Qi Pij (( +t23)7‘sz])
’ CiPit ’ >k aikpilk_ i >k @ik (14t Tikpr) 0

Aggregating, we obtain the marginal value of "wealth":

u'(c;) D} (T;)
P;

AV —

(3

B.2.1 Market clearing

We reexpress the market clearing, for good ¢ in expenditure terms. The time subscripts are removed

for conciseness.

Piyi = Di({Tu})ziF (kivei) = Y mhiPrcri + Y Prmhi(al; + af; + ah; + 2f;)
kel kel

o7



Rewriting in expenditure, multiplying by p;, and using the fact that the input choice is identical

between
PiliDi = Y _ Pkai(fvii + ;4w + )P
kel
= ZPk 5 Thi (103 (chi + ol + o+ o + k)
kel k

—Zpkl . skilci +C (eF) + 25ef + 2 €] + (ny, + Gr, + 0) ki )y
kel

Using the budget constraint to replace ¢;

PkSk =
Pavibe = 3 T (b = (/€ ek — () — gieh = (ma e+ Okuri + o ef = Cle)ru] + o
kel

+ ] (ef)en + 2fefen + 2fhefpr + (i + G + )k )

f _el) L) = CSki o~ s
1+t ( (ek —ex) + k) kzdlﬂiipk(vﬁ )

PiYiPi =
kel

where ¥, = yipr + ¢f (ef — eﬁ) represent the revenues of country k in terms of production and

energy export and the lump-sum transfers of the tariffs: t&* = > thTkj(ij +a:£j +aj; T, —i—a?ﬁj).

We see that the lump-sum transfer also depends on the quantities. To be able to express the

market in expenditure, we solve:

Tls
PiDiYi = Z P[0k + t]
1+tkz
Vg = U + tks
SkjiVk

71l b k
B = D thyu (eny + ol + afy + af + o LA T w—
J J

J

::xkj
As a result, we solve the “fixed point” for v; as follow:

- £
v¢=v¢+vzzl+tb

1 - 1

v; = — o V; = Mv; with m; = —
_ L4 .. _ L ..
1 Z] 14t2; 5ij 1 ZJ 14+t2, 8ij

To conclude, the market clearing writes:

Sk
PipiYi = Z 1+tb P [ykpk: +qf (e — ei)]

B.3 Making the dynamic model stationary

We solve the optimization problem of the household — who own the firms. This is a dynamic

problem, since climate changes over time, with emissions &. We express the Lagrangian for the
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problem as a finite-horizon problem, and we take the finite horizon T" — oo.

T T
L(8i, iy Ai) :/0 e P pyu(ci, Ty )dt + A e_pitPi)\fZ(pz‘Dy(ﬂt)Zth(/%ta el e ehy) — (ni + gi + )kt
1 .
o Lol e —u(ez@,w] (af +€7 63 )el, — (aF-+E°63 )5, — alyel, — capiu + 61 — o ) dt
+/e PPN [So ‘”+/ “Wentamon(eled 4+ goes,)du — S|t

T _
+ /0 e_pitpi)\g; (AiXSt — (th zto))dt

We impose the “constraint” that all the economic controls need to be constant over time,

¢t = ¢; Vi. As a result, all the equilibrium prices are also constant over time p;; = p; Vi.

T

T T .
L(si, iy A) :Piu(ci)/ e PitDY(T; )dt—i—P,(/ e PENYDY( Z,5)alt>pZzZ,5F(l<:Z,ez,el,el) —/e*mtkit/\%dt
0 0 0

=D"({Tut}e)
1 f x T—,E-tw Sw((f L efreN T C | ¢CLENC ror = ls
+ ¢/ el —v(ef Rz)}/ e PENTdL —Pi AL ((q +&765 ) el + (¢°+E°t5 el + qi e + (ni+gi+0)ki + P + t; )
% 0 —
Y

T T
+ P /O e PINSS dt + P; /0 e PN (AXS) = (T — Tiy) )t

with S; = Spe % t—|—ft —0s(t—u) o(n+g— 0u(£f e¢,)du
Optimality conditions:

o Consumption [¢;]:
() D" ({Th) = Moz,

o Energy choices [e¥], for k € {f,c,r}:

X (piMPel — ¢f + €7t5))
qu (piM Pe§ — ¢° + £°t5)
X (piMPel —q")

0
0
0

o Capital choice [k;]

AY = \Y(p; M Pk; — 6 — ng; — p)

piMPk; — 8 =F =ngi+ p = MWo=0 & A=)\% =)\¥
_ T 1 _
Ny = / e PNt = —(1 — e PT)\Y
0 Pi

o Fossil production choice [ef]:

X (qf — Ceo (X, Ri)R;) =0
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o Stock of carbon in the atmosphere [S;]
it = A,
o Local temperatures [T;]

Ny = D" (Tiy)ulc;) + DY (Tig) 5 F (ki €)Y
= —(Tie — T7) (seir + v yie) AY [w/DICE damage fcts + CRRA pref]

e Market clearing, energy

T I c__ = r
E el = E Pi€; €l = €5 e

i€l i€l

Il
o)
2

o Market clearing, good

vi = Dil{Tul) P (ki i) = Y Thicw + Y 7hilaf, + o + 2k:)
kel kel
Ski
pi ¥ = — (prye + ¢’ (ef — ef) + t)
kel 14ty
=D(Ti)z: (")

B.3.1 Social Cost of Carbon and present discounted value of damages

In Integrated Assessment, we want to measure the present-discounted value of damages —
for country ¢ — of one ton of carbon emitted in the atmosphere at time S, over all its “lifetime” in
the atmosphere ¢ € [u, T

As a result, with discounting :

g T _ T
A = e Sy — [t A Tt
u

u

T , T /
= u(ci)Aix/ e~ (Pitds)(t—u)pu (T )dt + Az F (K, ei)Aix/ e~ (Pitds)(t—u)py (T )dt

If the cost of carbon is constant (supposing that temperature is stable Tj; — Tz) then the welfare

cost of one ton of carbon writes:

A 5% - YA _
].- )\Sypv — i X2 1— 7(pz+55)(T7u) D’u ,1—11 +)\w ZF ki, ; 7 Dy E 1— 7(p1+65)(T7u)
Titlglfi i u(c )ﬁi +5s( € ) ( ) i % ( e )ﬁi+5s ( )( e )
Y AZ I ;=
Ty —T;, T—00 i + 0

The local cost of carbon LCC; of emitting one ton [g;+] summarizes the damages of a ton emitted
— per effective capita unit! — at time ¢ by country 7. It accounts for the damages occurred between

t and 7. We measure it in monetary unit by dividing it by marginal value of wealth A}} at time ¢
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— the time of the emission.

Vit

1 - T -
LCCy = — g;itt - —)\—we("“’)t/ e~ (Pitds) (5=t p A5 g
9cit it t
S?
_ Nt
At

Now, we were trying to measure the model in stationary form, by taking the present dis-
counted value of the welfare costs and the marginal value of wealth. The stationary local cost of

carbon LCC; writes:

W Pit e(nta)t \PY g
Lo, = — 25 — e
¥ JTepit At

The numerator can be rearranged:

T S,
/ e PNV dt = / e Pt / e PN\ ds dt
0
/ e Pit / —(Pitds)(s— t)Azkads dt
= AixP; / / e Pise 0N s dt
0 t
T T ) T T )
- AiXPi {u(cl)/ /e—Pise—és(s—t)Du (Tis)ds dt+>\;@”ziF(k:i,ei)/ /e—ﬁise—és(s—t)py (Tz’s)ds dt]
0 Jt 0 Jt

We see that the “dynamic marginal cost” can be isolated from the other economic variables

Vi, Ci, i, A\{’. These are the objects we will use when considering optimal climate policy.

Example for policy

To give an example for policy, remember that the LC'C; summarize the future cost of climate

change:
LCC; = _ﬁ _ _foT €—ﬁit6(n+§)t)\ft’p”dt
L N T, —pit \w
)\i fO e Pi A’Ltdt

Suppose one conduct the unilateral climate policy, choosing yearly oil consumption per (ef-
fective) capita [elf |, internalizing the climate externality &, at every period u, and considering that
the revenue of the carbon tax is redistributed lump-sum t{* = ¢/ tfezf . The FOC for elf becomes:

Py (6765) + pz/ / e PitASe O imemitgiuel gt dy = 0

the optimal unilateral carbon tax is the local cost of carbon for country i. This is the standard
Pigouvian result and we will see how to conduct the policy at the global level and accounting for

redistribution effects and endogenous participation.
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B.3.2 Summary: Climate model

Here, we summarize the climate model, and express the present-discounted damages D(€),

normalized by discounting p; = p —n — (1 —n)g;

t _

Sy = Spe 0ot + / ¢~Det=w) o +9ug gy Ty = Ty + AixS;
0

ﬁu _ ﬁ’l T —pitTyu Y _ ﬁl T —pit Ty d
(&—moe D*(Ty)dt D(g)—moe DY(T)dt
> = T
_ Pi W Pi —pit
N = N = l—e—PT/O PN dt

T /T , T /T ,
X;”TLCCZ» = A;xP; {u(cz)/ /efpisefés(s—t)pu (Ty)ds dt + )\;”ZiF(ki,ei)/ /e*mse—&(s—t)py (Ty)ds dt}
0 Jt 0 Jt

£=Y ri(cle] +¢%)

i€l

B.3.3 Summary: Economic model

W () D"(E) = Moy

piMPel = ¢ +¢lt piM Pe§ = ¢° + £°t;
piMPe] =q" piMPki —d=T=mngi+p
¢! = Cex(eF, Ri)P;
Zef:ZPie{ ej = & = 2P € =€ = Z;Pi
iel iel
Di(€)ziF (ki, ei) = Z ThiCki + Z Tm(wii + 2 + xhy + )
kel kel

£=Y pi(ele] + %)

62



C Policy

In this section, we provide details on the three policy benchmark, considered in section
Section 5.1 and Section 5.2 of the main text. We cover first the optimal allocation when the
planner only accounts for resources constraints — the First-Best. Then, we turn to the Ramsey
allocation when the planner is constrained and is not allowed cross-countries transfers nor bilateral
tariffs, and can only choose carbon taxation. In the last section, we consider unilateral policy,
which is a benchmark policy in Nash equilibrium when countries do not cooperate and choose

their carbon taxation and trade tariffs to maximize their country’s utility.

C.1 First Best

In this allocation, the planner chooses = {cl-j, ef}, i.e. the traded good for consumption

5 €
cij, for energy inputs for the productlon of in fossil a:z], coal z7;, non-carbon x; or capital xw, and
the energy demand, in fossil ei , coal e and non-carbon e;.
The welfare criterion the planner maximizes is:
W= wriu({c;};)D"(€)
i
The Planner Lagrangian — in the First-Best allocation — writes:
Zwﬂ?z {Cw}]) —i—)\u Ze —i—Z)\,ul e — P —i—Z)\,ul e; — Pies]
i€l
+ Z Puwidf (E— D Pi(efel + %)) + Z Wi i\ Pzzsz(é’)F(&a ki ei) — Z Prii(cri + of; + 25, + ;)]
i€l kel

where we rescale the multipliers for the market clearing for good Apu;, for fossil energy X,ulf , coal
energy A\u$ and non-carbon energy Au! by the constant A to simplify the comparison with the
decentralized equilibrium.

The problem being convex, we write the optimality conditions for each of the controls:
e Consumption

1/6 1/0 —1/6 Ee
[cij] wipid (ei)e 0] e 0 = pimijw; )

A —0
Cij = Q3jCi (Tijwa‘ﬂjiw,u/(c,))
(2 7

To get the ideal “price” index, we aggregate:

= el 7 = o ()"l gy )
0—1
= ¢’ = Zaij/a cg*l)/e = [wiu’(ci)]eflcl(e /0 Zaw (TijwipiN)! 1-0

J J
_ 1
wit(ei) = X[ D agj(rijwspg) =0
j
63



« Energy inputs &/ and a:fj

N 1/6 1/6 _—1/0
[5] /\Mfgl(xf)x/ %‘/ Zij /= TijWj A
0-1)/0 _ _ 0—1)/6 _
= xz(j = g ) ) 1)/06%(3' / (rijewpg) '~
o1 1/0 _ _ _ .
~ ()7 = a)” (@) OV = [ @h) OV N s ()
J j
1
pig (zf) = [Zaij(TijoHj)l_e] =0
J
o FEnergy demand ef
[e{] wz‘Pi,uiXMPe{ = Pz‘XMf + Piff)\s
P
= wipi M Pe; = p +§T
¢8
[ef] wipiM Pe] = p5 + 687
lef] wz‘,uiMPer = ur

o Climate damage through carbon emissions &£

€] ¢F =D Piwidi = — Y Piw; [U(Ci)ﬁw(g) + MDY (€)ziF (e, fz’)]
I I

Decentralization
We now look at how this planner allocation can be decentralized in the competitive equilibrium.

First, we note the that social cost of carbon is formulated with the multipliers:

o _ o

Cq

where we recognize that the multiplier ¢¢ is the welfare value of one additional ton of carbon (the
welfare cost comes from the minus sign), and A the average marginal utility of consumption — or
marginal value of wealth.

Indeed, the First-Best allocation equalizes marginal utilities through the condition:

wu(c)D; (€) _ wiulc;)Dj (€)
P; Py

=Y

Vi,jel
This implies large redistribution, using lump-sum transfers, such that

e =u"" (”‘f),\ﬁ el
w;D; (€)

;P = wl& + 7Tif + tés

In that cases, the transfers tﬁs are designed, such that the consumptions are equalized. This implies
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redistribution, as tl* < 0 for some countries and t{* > 0 for some other countries.

The price p;, output subsidy t! (or inputs subsidy) and tariffs t% in the allocation are
determined such that the FOC in the goods demand (for consumption and energy inputs) are
satisfied:

(1+tY)p; = wip

b
(14t5)p; = wjk;

1
B = [ ag(ri(14t5)p;) 0 =7
i
1
= [> aij(rijwipg)' 0=
i
Yy tb

PRI

A priori, there could be multiple sets of {t7,t;.} such that these conditions are met. It can not be
characterized further, because the prices p; in the Armington model are endogenous objects that
depend on the demand and market clearing of each good, and can not be expressed analytically.

If the conditions above are satisfied, the energy prices are simply the multipliers :

d 6 = ui G =t

Finally, the optimal tax is simply the Social Cost of Carbon (SCC)

=—Z7>zwz[ iﬁ) D" () + DY (€)zF (e1. £)pi] > 0

=) Puw; [’YCCiPi + ’Yyyipz} Di(€) >0
i
where the second line uses the functional form (CRRA) and our simple climate for the damage of
future path of temperature with quadratic damage: D(E) = P I e e 0s (=) (T —T7)dtds.
The optimal carbon tax is the Pigouvian level that summarizes the marginal cost of climate change
for all countries .
We will see now how that results changes when the transfers and other instruments (like

tariffs or subsidies) are constrained and prevented to do redistribution.
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C.2 Second best: Ramsey policy with constrained instruments

ef}, i.e. the traded good

for consumption c¢;;, for energy inputs for the productlon of in fossil wzj, coal z{;, non-carbon xj; or

and the energy demand, in fossil el- , coal ef and non-carbon e}, as well as the carbon

In this allocation, the Ramsey planner again chooses * = {cij, T, €

capital JJU,
tax t° and the prices p = {p;, ¢/, g5, ql }i- However, the allocation and prices are constrained to be
a competitive equilibrium: in that case, the planner is restricted to choose controls that respect
the individual optimality conditions.

We use the same multipliers: A = {u;, u$, ui} and p/, ¢ for the market clearing clearing
of the final goods, the coal, renewable and fossil energy, and the carbon emissions. We add the
constraints that are satisfied in competitive equilibria: A; for the budget constraint, ¢¢ for the
consumption decision, Gf for the production quantity (supply) choice of energy firms ¢ = f, ¢, r for
fossil, coal and renewable of country ¢, vf for the quantity (demand) of energy ¢ chosen by the
good firm, n;; for the consumption choice for imports j by the household in 7, ﬂfj for the import
choice for inputs from j for the energy firm j. Note that all the multipliers are normalized by w;,
P;, and prices or quantity, to simplify optimal policies formulas.

As a result, the controls are = {c;;, xfj, ef, pi.q’, qf,qr ,t°}i and the multipliers are
A =N, iy 15, 17 wl, b5, Qf’ Uf? ¢ Mij ﬂfj}f,i,j'

We see that, the Ramsey planner, in choosing t¢, with other instruments fixed at baseline

value t?j need to account for many redistributive effects through all the agents decisions.

1
Zwﬂjz Cz i +ZW2P1 ( Pi (5) F(4;, klvezv mez)+ P [ / f Z"Ez]n]pj(l_}'tm)}
J
+ Z {¢"g" (xf) — injnjpj(l—i-tij)} - ((qf—i-ﬁ'ftf)elf + (¢“4+E°t5 el + qjef + (ni+gi+0)k; + ciPi + t§8)>
14 J
+ ) wipip (Pify(g)zz’F(fz‘, kive') = > Prrhicki + Y Thixl; + 15 + 3321'))
I kel kel
w g [ el — piel +szuzq@ & +szuqu & — Pie})
i€l
+ > wiPidf[€ =Y Pil gfef + %)) + szm (X! = ' (e)D(E)) + D D _withy(Pie — ding (7))
i€l i€l e{fer} 1
+ Y wi i (vf [of +€7t5 — piMPe]] + g [gf+€°4° — piMPef] + ] [q" — piMPe] + vF [p+ng; +6 — piMPk] )
i€l ritg+n
11 _ 1
+ D wiPiigeij|(14+ti)Tip; — Pic] afje;;”)
i,J€1
11 _1
+ YD wita (14t Tip — Paag) e a () 0]
Le{f,c,rk}ijel
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Let us go over the optimality conditions of the planner. Note, that — the problem being
statics/stationary — the planner does not distort the consumption/saving decision of the household,
which implies ¢f = 0 — as that can be seen by optimizing over the household marginal value of

wealth )\?.

The optimality conditions writes:

o Consumption: c¢;;

101 1 17:(14+t
WPl (cl)cfaejcje — WP NiTijDj — WiPifljTij Py +w17%czﬂ]”9”( cijw)pj (1—-545)=0
Wi M =0 u/(¢;) \o
Cij = amcl((n]pj)[l + wj )\j — )\” 9(1+tb )(1—57,])]) ( >(\Z) )
1 A T
:Pi
1
u'(e) = N ai;(Ti505) 01 + Wity iyl T4+t;,)(1—s:)] %) 7 = Ay
( z) z(z zj( 1] ]) [ w; )\z )\ 0( Z])( Z])] ) 71

J

=1+ti;

We see that the the consumption choice ¢;; is distorted due to (i) the fact that demand for
good j change the market clearing of country j, hence with shadow value p;, and (ii) the
FOC is distorted with value n;;.

If 7;; is positive, planner would like to relax the FOC p;(1+4t;;) — v/(¢;;) implying it would
like to increase the price.

To give intuition for the good demand distortion, let us give an expression for 7;;:

S |-
%\»—t

1 1 .
M 5T (146i3)p5 (1 = sij) = w'(ci)e] ajjey;” — Nimijpj — wj, Pill;TijPj

(2

- (e - B

(1—51']‘) P; )\7Z B 1—{—’6%

The distortion is positive n;; > 0 for redistributive reasons, related to the budget of ¢ and
the market clearing of j. If u/(¢;)/p; > \; and tfj 2119 " then the planner would like to
distort the FOC by increasing the bilateral cost (1+t§?j)7'ijpj.

If tariffs are set optimally, we have n;; = 0, — from the above equation — we obtain that
)‘i + Z—Z,u,] = u/H(Dfl) (1+tU) and hence

Wy Ky

1tb_1
+ +Wz)\i

for a hypothetical optimal tariffs on consumption imports. By consequence, we would also
obtain naturally that %‘;i) = )\;. However, for arbitrary policies ti’J, the FOC of the household
is distorted and 7;; # 0.
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e Price p;

wﬂ)l)\l@y(é’)F(gw ki, ei) - Z WEPEALTkiCki — Z Z kak)\kaiq;ii

k ¢k
((14+tx;)p; OP
— > wi i [vf MPe] + vf MPe§ + vf MPe;] + > ZMW&WA+WQ85
iel Le{fcr} k P Pi
Tri(14+tki ) pi OPg
+%:Wk ECkiMki [Tkz( + kz) Py 3pi]
+ Z Zwkpkxiiﬁiiﬂci(l'f_tki)[l — ki) =0
ee{f7c7r7k} k

wiPi\DY (E)F(k;, e;) — ZkakAk [ThiCki + Z Thitly;] — Z w; P; [U{MPG{ + VS MPeS + vl MPe} + vF MPer]
i€l

+ Z Zwkekt Tkl(l-i-tkl Ski —i—Zkakal(l—Ftkl)[l Skz] (Ckﬂ]k@—i- Z Z‘kﬂ? ):O
te{fer}t k te{f,c,rk}

This balances out all the redistributive effects: through A; on supply from i and on k’s
demand )y, the distortionary effects on energy choice v¢ and energy production 9£ and the
distortion on the bilateral import good choice nmi; for consumption and ﬁki for inputs in

energy inputs.

 Energy inputs: 2t;, for £ = {f,c, 7, k}

’L]’

1 1
wilhi + ulldly (28) ()7l (24) 70 — wiblalg" (af) (af) Tl (al;) o

% 7 1J % iJ

1
— wikiTijPj — Wik TigP; — williy 5 Tij (1+t)pj(si—1) = 0

I
I

g’ xf 11 _ Ws 1
{01 E Yot ()P ) = ms K+ s = Dy () 1 — o)

(A

g"(x;) 1 w; 1

{ui —0; 7o Y= e (65N + =y = 035 (1) (1 = 555)]
ij i

As for the consumption good above, this input choice :L' . for energy production — which
resembles a production networks/supply chain problem — bring additional distortions for

each energy price ¢, i.e. ¥¢., which we can reexpress:

Z]’

0 "af), L+
(TR S
1=si; g'(z7) 143
which resemble the expression for n;; for consumption good. This time the distortion for
energy inputs ¢ from j are distorted if the shadow value of the market clearing for that
energy sources ,uf outweighs the distortion from the supply of that energy Gf — weighted by

Wi Ky
wi Aj*

supply elasticity, related to ¢g”/¢’, in the case tariffs are such that t?j <
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Again, in the hypothetical case, where tariffs are set optimally, we obtain ﬁfj = 0 and thus:

Wi K

1+t2 =1+ 5
K3 1

_989 "(z f)

gy However, in the standard case where tariffs are set suboptimally,

and therefore: p;
we have ﬁfj # 0.

Price gf, for coal and renewable £ = 7, ¢
1
wiPidi| g(wf) = ef] +wilPivf — g (z))0f) = 0 = pf =g/(ah)6f
(2
since the market clearing is local at the country level, there are no redistributive effect across

countries and the distortion of demand vf equates the distortion of supply Gf.

Price ¢/, for oil/gas
Zwﬂ?l i {)—e -I-sz Piv; v! g'(:v{)@zf):()
7

At the difference of the FOC for qf, for local energy sources, the oil-gas is traded internation-
ally and therefore, changing its price has redistributive effects between countries depending on
net-exports g(m ) —Pie; through the covariance between those net-exports and the marginal

value of income \;:

S wPiilo-g(af) = ef) = Covlwdi, g (o) — Pie])
I

i
Energy demand ef

wiPiXi(DiMPet — ¢°) + wiPipipi M Pet — wigt b py — ¢°pi€*
— Z Wi PiP;U; 865MPef, =0
7
We see that the energy demand choice by the planner internalize multiple effects that will
be key in the formulation of the carbon tax: First it internalizes the climate externality, as
summarized by the multiplier ¢°. Second, it also accounts for the redistributive effect through
the change on the energy market clearing ,uf for that particular energy source. Third, it also
distorts the FOC of the firm in all its energy and input sourcing ¢, as summarized by the
multipliers U , and weighted by the terms 0, eM Pe which relates to the cross elasticity
between energies £ and ¢/. Moreover, it mternahzes the effects that energy use has on good
production, through multiplier u;. All these effects are detailed in more details below.

Let us more specific about each energy sources.

Fossil:
Wi fft +WZIU’ZpZMP€ _q N d)sgf szpﬂ) 8fMP€ =0
Z/
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Coal:
WiNiEtT 4 wipipi M Pe§ — w;qi s — ¢°E¢ — E wipivf/ae;:MPef/ =0
e/

Renewable / non-carbon

wip;pi M Pe; — wiqfuf — Z wipwf’ae; MPef/ =0
e/

o Carbon tax t:

S wiri(vfef +uget) =0
I

The choice of the optimal carbon tax is a uniform tax that does not impose any additional
aggregate distortion on the world economy. As a result, the sum of the country-levels distor-

f

tions sum to zero: a positive distortion — multiplier v; > 0 — need to be compensated by a

negative distortion v§; < 0 for another country, or across energy sources.

¢ Climate damage:
¢° = Z Piwi;

= — Zplwl[ z u/(g) + ()\z + ,ul)Df/(E)plzzF(el, fi, kl) — D?,(g)pl ZU?IMPGf/}
Z/

The marginal cost of climate change can be summarized by ¢° and it internalizes the direct
cost DY'(E) and D¥(E) of climate change on income — hence the multiplier \; — but also
the effects of climate on good production u; and on the distortion of the energy demand

optimality vf.

Reformulation of the carbon tax

We take the example of the carbon tax on fossil fuels (oil-gas) to provide details the formu-

lation of the tax:

Wi gft +szzpzMPe - q N ¢€£f szpzv 0 fMPe =0

K/
- O MPef
Y owipihi &7 =& + ¢l — (T +¢E) Zwmuz + Z DowiPivy 4
i i i i
=A

Which gives, when aggregating over all countries i and rescaling the multipliers for the good market

clearing fi;, the ones for energy ee distortion ¥ ’U , a formula for the carbon tax:

ffta_ff f + flu;f _( f‘|‘§fta)z -~ ZZAKI g/ae{ Peél
N ~ L 4 MPe]
~— S—— vy Trade
=SCC  Ef supply redistribut®

eff demand

redistribut® )
distort®
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We now use the functional forms assumptions in our model to simplify this formula further
Simplifying the formula

Assumptions, for formula in the paper

o Rewriting the social cost of carbon (SCC)

¢€ PZ szz Wﬂ)z)\ (b szz
SCC=%= Y wiPiki PZZ WiPiXi Ai PZ
—lu(e;) D" (&) +

Z w’LPl 7 CZ
(s + 1) DY (E)piziF (eis ) - .
with
L—n
damage D" DY) = (1 —n)(D"(€))""D (&)
u(e)D(€) _ " 1 e e D
VD€ 1- 1D ey (1=n)(D(£))

Apici DV(E) At D(€
¢j —[ ,C *ﬂ( ) + 7” iy( )pZD?(S)zZF(eZ,Z)}
A A (€) A DY(E)

e Nordhaus DICE quadratic damage function and simple climate system: c.f. above

=M

>

DY(T — T*)

TR o DY(T—TY) = —DYT - T*)Y
&:5—@&

(T =1T7)
Ty =

= Tit, + AXSt
~

D7 (€)

Fey —t—o00,T; — v T’z - ,Ti*
Dy(g) t—00,T;+—T; p n—i—(l—n)g-i—(ssfy ( )
9 _ AT -T7) [QMW% Ai + i

N pnt+(A-n)g+stx " A

Ax

of : T
Pitir? — 7Y (2 (¢ +E ) + (g HEH) + gl +
A A A
The Local cost of carbon, for country 7 if w; = 1,w; =0
oo = % - AL - T7)
XN pn+ (1-n)g + 0

NS

(p+n9))|
f r vk
[Piciy + (1 + N B piyin® — 7Y (S (0 +€76°) + < (gf+£°4°) 50+ )]
saG:PE:%@?L_PE:xLC@
AX(T; — Tf

—n+ (1=n)g + 0 [)\z‘ﬂ“’icﬂc + (\i + fis)piyiy
S

7
Reexpressing the total global social cost of carbon

— ¥ (0f (¢ +€7 %) + DF (g +€°%) + 87} + 0F (p +n9)) |
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= wiPidi . _wiP 2Y , the multi-

with the rescaled multipliers for the budget constraint: \; = %% YT
wl Z i
plier the FOC demand v; = @, for the multiplier for market clearing for good: fi; = %
and population share 7; = %
¥ v\ 1+v;
o Isoelastic energy supply curve: z/ = 5 +V1 (ﬁ) i
1 "zl v 1
; = R»lJrVZ 1+v; g = — ! —
9i(@) i 7 g'(xf) 1+v;
As a result, FOC of energy inputs [:EZ | becomes:
aesi . )
F_pfd @) oy i 1 of LV g
o= wib g (zf) wil 14+v ¢ f wibl = v;
Moreover, the FOC of energy price [¢f] becomes:
1+
D wibld (@) = 3wl )
i ‘ i
1 + V; v; 1+v; 63} —V;
f v v i R (== =1
Z v 1+VZ(RZ) <R) Vi
of of ot — e Ly
S wilg(al) = —u Z — (7 (S ) ™")
7 7
As a result, we have, with the aggregate elasticity v
ey e’ 1\—1
Efzwzpz ze _;) V:( Ezfyi )
¢ i
! B x
I v WiPiNi ;oo
A Ef Zz: A ( ¢ Pi)
e Nested CES framework:
1, oemly 725 1, o-1 1 P N s
Energy e; = (Z(wé) ve (ef) oe ) ! Output ((1 5)clf( i) o teo (k‘f‘le N ) !
)4
FOC for fossil energy demand:
ﬂif = [UifaefMPGZf + 0§80, M PeS 4 vf s M Pel 4 vEd,s M Pk;]
1 1-s/  1-se 1 1-s° 1 1-s s
— — | —of(afrefte f clofarelti)gl T— — raref [ 22 kioxy s\
_elf[ v (g7 +€7t%) pra ]—l—vl(ql—i-ﬁt)sz[ae ey ]—i—vlqlsz[ae - | + v (r*+9) oy

72



and when normalizing by A

17 1-sf  1-s°, 1 1-st 1 1-se, ., &S
g[—vf(qfﬁfte)[ s o)l [ - Ol [ - o)
(2

If the production function only contains fossil (oil-gas) in energy w/ = 1, then we obtain:

of = LA = o= L
' el oY " Py

Proposition: Using these assumptions, we can reexpress the carbon tax:

2

~ v ~ e¥ ,\ ~
&t =PI NLOC +q Py S Nel = 2 — (¢ +7 ) Y - Y07

N v N z ~ ~
¢e = ¢ PE[LCC;] + PCovi(Ni, LCCy) + ¢ P27 Covi (A, el %) —(¢/+&7t) Ei[m] — E [o]]
=Social Cost of Carbon P y; Trade 7 q d
L7 supply redistribut® i eman

redistribut® distort®

With the demand distortion of fossil fuels 5{

/:f i i _ /\f f f e 1—Sf fl—Se ~c/ ¢ f c f i - 1_86
Ui_ezf[ Ui(q +£t)[ o® T8 oY ]+Ui(qi+£t)si[ae o¥ ]
ey
N f 1 1—56 ~k = S;

+ 0 g s; [;— - | + 05 (r*+5)—;y }
~ Fyefte ; 1—s¢
/D{:—q +§ ﬁlf ;Z} if s/=1,8=5=0

e; o

(2

and the social cost of carbon SCC as:
SCC =P Y NLCC; = PE;[LCC;] + PCov;(X;, LOC;)

_ Z AX(Tz’ - Tz*)
p—n—+ (1-n)g + s

7

[XﬂP’iCz”Yc + (N + fia)piyin?
(AL fefie SC( . C | ¢CLE ~r r | =k =

V(0] (q” +&7¢%) + 0f (¢f +£°4°) + 0] ¢f + (P‘H?Q))]

with the rescaled multipliers for the budget constraint: N = @B — _wiPii

A Zz wiPiAi

FOC demand v; = @, for the multiplier for market clearing for good: fi; = %

, the multiplier the

Simplifying the multiplier for the FOC for energy demand

~ Iy - et
&t = /P (B, [LCC] + Covy (3, LOCy) ) + PLCov; (3, ef =)
J
1_ e
— (@ +€ )R )] — (¢ +€71)Cov (0], —F)
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where the last equality comes from the fact that E; [ﬁlf 1= ﬁlf = 0 by the assumption that there
is no aggregate distortion — only individual distortion — when the uniform carbon tax is set at the

world level and Eqle/ — %i] =y, el - %{ = 0 by market clearing on the fossil energy market.

To investigate the demand distortion @Zf further, we can see that, with the planner’s FOC

for energy demand, the individual distortion becomes:

f Pi O’y
qf +&5te 1—5¢

wipiv] E[e70% + ol ! — wipi(a!+€7 ) — winigT 7]

The distortion is higher if the welfare motives in terms of cost of climate change ¢°, supply
redistribution pf and trade effect —pu; etc. outweighs the welfare cost of the carbon tax A\t®. As
mentioned earlier, the averate/aggregate distortion is null, so — in the case where fossil (oil-gas) is

the only energy — we obtain:

Z wZ‘Pz"UZf =0
i

vel 1 vel fyefie vel
TS 4ot ut ove; FEN  wipi, D6 S o O
Jrere &y )Zpl 1—55 Jreret ! ZW)M@ 15t gltee 2_wiPip i
K2 1
f
oYe’
€ft52wmz i = (6% + gl 1! (¢! +&7t°) Zwmz,uz =
(]
C!ye'/
- f —e
Divide both side by A = 3~ w;P;\; and by E%7 =3, P; % and €7 = ﬁ, it becomes;
' lezﬁ
S\ vl s f B 1 ovel
Fee wﬂil)\z 1 oY _ fgi)j f,u N fycfie wﬂilul oYe;
§ zz: )\ Eso 1_55 (f )\ ESO' Z ( +£ ); )\ FEs:0 1_523
1 ~ e N
¢t = T )[HPSCCHDCOVJ(A ef — ) = (¢! +&6/+°)Cov,; (1, &)
j

It implies that the carbon tax is dampened if the Planner put larger social weights on countries

!

that use a lot of energy e;, with a higher elasticity oY, and as a larger share of production s,

/\SO’)

resulting in Cov; (Xj, e; 0. If this covariance is negative, then the carbon tax is amplified and

the planner would optimally choose a higher carbon tax.

C.3 Unilaleral policy

In this allocation, the Ramsey planner now maximizes country ¢’s welfare P;U;, choosing the
ef}, i.e. the traded good for consumptlon cij, for
and the

allocation in country i. It chooses x; = {c;;, z¢ U, e;

energy inputs for the productlon of in fossil z/., coal z¢;, non-carbon xl. or capital z¥

ij) 157 J 157
energy demand, in fossil ei , coal ef and non-carbon e}, and the prices p; = {pi, q’,45,q'}. For the

policy instruments, they choose the country ¢ carbon tax t§ as well as the set of trade tariffs {ti?j }i
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against country j. Moreover, we consider the Nash equilibrium, and the planner ¢ take as given
the policies of the other countries j, i.e. ; = {cj, x?k, eg,tj}j,Vj =+ 1.

Again, the allocation and prices are constrained to be a competitive equilibrium and the
planner chooses controls that respect the individual optimality conditions. However, due to all
the general equilibrium and redistributive effects, we need to take a stance of what the planner
internalizes. I make the assumption that the planner in country ¢ only internalizes the optimality
conditions (FOC) of its own country, but still internalize the market clearing of other countries
when it involves the good traded by country 1.

(@),

As a result, it uses the multiplier for the market clearing for the good traded from j, i.e. (O
SO ug-i) represents the shadow value of relaxing country j market clearing (i.e. producing one extra
unit of variety j), as internalized by planner i. Similarly, oil-gas is traded internationally so uf (0)
represents the shadow value of producing one extra unit of oil-gas (in the market, so produced
by any country), as internalized by planner i. However, the market clearing of j for coal and
renewable are not affected directly, only the market in ¢, which we keep denoting xf and ;.

Moreover, for climate damage ¢5 is the shadow cost of one additional ton of carbon emissions
in the atmosphere as seen by country i. For the other multipliers, we use the same as before: \;
for the budget constraint, ¢¢ for the consumption decision, 6! for the production quantity (supply)
choice of energy firms ¢ = f,c,r for fossil, coal and renewable of country i, Uf for the quantity
(demand) of energy ¢ chosen by the good firm, 7;; for the consumption choice for imports j by
the household in ¢, ﬂfj for the import choice for inputs from j for the energy firm j. We are
only considering those values for country ¢ as the planner does not affect directly the distortion in
country j.

As a result, the controls are x; = {¢;;, fj, f, piq’, q,q;,t3, tf] }; and the multipliers are
Xi = {1 g, i 1P, 66, 08,08 6%, i, 0% e g

The planner i’s Lagrangian writes:

. 1
L(xi, Ai) = Piu(c;)D; () + Pi); (piﬁy(g)f(f ki, e; e el) + — S (¢ g’ (x meﬂjpj(l"’_tz])]
j
F Y ) — Y alyrps ()} — (64T E)e] + (@+EE) + el + (Gt S)s + cipi + 19
l J
+ ngi)pmz('i) (PiDi(Ti)Zif(eu D) = > PuTkicki + Y il + 2 + kaJ)
i kel kel

+ DG [N e —piel] + usaf (€ — pief) + pldf (€ — Pie})

i€l
+Pigf[S — Y Pi(el el + €€f)] + Pig (BiA] — v (ci) )+ Y 0 (m—qid (27))
i€l Ze{f,c T}
+ Pi(v] [(aF+€74%) — piMPel] + v [(af+€°6%) — psMPef] + vf [q] — piMPe]] +vf [ png, —psMPk; — 6] )

ri+g+n

1 1k _1
+ > Pimijeif[(14ti5)Ti 05 — Pic a@ T+ Y D ohal(Iti) Ty — Piaf) o al(af;) )
jel te{f,cr} jel

Q:\»—‘
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where wj(-i) are the weights planner ¢ puts on market clearing j, and w; = 1.

The First Order Conditions of the control over home variables c;;, :Ufj, ef , p; write:

« Consumption c¢;;

11 1 . . 17’"1—|—t"p'
Piul(ci)cig aigjcijg — Pi/\iTijpj — w§Z)PiM§~Z)TZ‘jpj + wipicijmjgw(c,,w”(sij — 1)
1)

(i) s

- iyl o\ T

' (eq) = (2 arp) 0L 4+ V= — B (1t (1)) )
j ? 1

:1+t§j

As before, if ti?j are set optimally, we obtain:

(%)
L4t =14 w?
ij N

The optimal tariff on j internalizes the change in demand through the market clearing of
(4)
J

the constraint for 7 and thus reduce demand, hence setting a positive tariff tg’j.

good j and uses this shadow value to set the tariffs: if u;’ > 0, planner ¢ would like to relax

Moreover, in this context, the distortionary effect on the ij trade, denoted by 7;;, is zero.
Indeed, now, since the planner can manipulate that decisions freely, they choose to avoid

causing a distortion 7;; = 0.

l

o Energy inputs: z;;

AN 1y 1 _1 ; 1
49 (7)) (7)) af;(25;) " — 0;q;9" (23) (27) 9 af;(2;) "% — Niiypj — w,(-l)uﬂijpj = Vij i (14ti5)ps (35 — 1) =

g" wf ! 1 D G 1
{uf o g,fxg)) babg' () () 7y () 70 = migms [t Ai + ) — 91 (L) (1=s15)]

(at 1 ) 1
{ui - o7 (1:41)} = [—thN\i + w(-l)ltg-l) - 191'3'5(14-’5?]')(1—&3‘)}
(2
Choosing tariffs optimally yield again:

(
bo_ @O
EA A

The optimal tariff is the same as above, and there is no distortion on the FOC for good
inputs for energy productions, i.e. ¥;; = 0.
Moreover, the shadow value of the market clearing for energy i equals the distortion from

the supply of that energy 6¢ — weighted by the supply elasticity, related to g”/g'.
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For oil-gas, since the market is global and the supply curve is strictly convex, we get:

) — afg"(fr{)
"9

For coal and renewable energy this implies that pf = pf = 0 and there is no distortion of the
market clearing for these local, again because the planner can completely control the demand
and supply for those energy sources.

e Price qf , first with non-oil/gas, £ = r or £ = ¢, the local market implies:

1
PMi[;g(ﬂcf) — el + (Pivf — ¢'(2)05) = 0 = Pivy = g (a})0}

« Price ¢/, for oil/gas
Ailg(a]) —Pie]] + (P} — g'(@])6]) =0

This implies that the total net distortion, between demand Pivzf and supply 9{ equals the
net-import Pie{ - g(a:f)
o Tariffs tfj

7ij (14+ti5)D; 7ij(1+ti)p; OB

I 1—|—ti~)p' a]P’Z'
Z eg(’i']( J /) Pj )+7>'77"(7'"p‘— + Z 9% o (7- ):0
v . b g\t tg . b ijLij\TijPj— . b
o P O(1+tY) Pi 8(1+t )" ekt P O(14t)))
Z stw"‘nwcwﬂ(l Sij) + Z 19” Z](l sij) =0
Le{f,cr} Le{f,e,rk}

As we saw that the tariff is set optimally, we have no distortion for each good sourcing:
consumption 7;; = 0 and energy inputs 194 =0, V..

This implies that for all the goods sourced, we obtain:

> 0i=0

Le{f,er}

the shadow values of the supply distortions are summing to zero at the country level: since
all energy source from the same input bundle at price P;, some supply are distorted positively
while some are distorted negatively.

e Price p; — the planner can only control the price p; from local good %

PNDY (E) fkiyer) — Pidi[Tucii + Y miiwly] — Pi[v] MPe] + vf MPe§ + v} MPel + vf MPek]

l
+ Z 05 (Tii(1+tii)3ii) + PiTii(l—Ftii)[l—Sii] (Ciimi + Z l‘zzﬂfz) =0
Le{f,crk} Le{ f,c,rk}
= N[DY(E) fli, Ky ei) — Tii(cii + Za:“ fMPe + vE MPe§ + vl MPe} + vF MPek] = 0

since we have no distortion good sourcings: 7;; = 79fj = 0,V¢, and use }_ g f’m}ef =0, we
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have that the planner would like to balance out different effects.

This condition is akin to a terms-of-trade manipulation: the planner would like to increase
the price p;, as it increases its purchasing power A\;p;y; via income, and allow to demand
more energy vf, but at the same time balance out the cost for its own household and energy

inputs A;(cii + 3, 2%).

Climate damage per capita ¢ from changing emissions &:

(3

+Zw(l DY (E)pyzF (U ks e5)|

[u(ci)ﬁzu(f) + (N + p(i))DE’/(f)piziF(&, ki, e;) — Dgﬂ(é')pi{vszPezf + UfMPé§ + vf M Pel + vf M Pel}

This represents the local social cost of carbon in welfare units. Climate change has different
impact on country i: it affects utility u(-), affect production and thus budget A;y;. It also

distorts the input demand vf through its impact on firm productivity.

Moreover, it also impacts production of good ¢ through market clearing ,ul(i). Interestingly,
climate also impacts the goods production from countries j, which affects indirectly the
country ¢ through imports ¢: as a result, the planner ¢ does indirectly account for the impact
of climate on other countries j through international trade — because it cares of its own
(%)

imported consumption ¢;; through value p;

This channel is novel when computing the social cost of carbon and I plan to investigate
further how local social of carbon can be correlated across countries through international

trade, an idea also discussed in Dingel et al. (2019).

Carbon tax t:

Pi(uf ¢ +ufe) =0

given that the planner has a single tax instruments for both energy inputs — fossil (oil/gas)
and coal — they would like to avoid create distortion at the country level, and hence the value
of these two distortions should offset each others. In practice, the distortion for oil is positive
while the one for coal is negative: if the planner had two instruments it would set a higher
tax on oil and a lower one of coal, to attenuate the distortionary effects.

Energy demand ef

PiXi(piM Pet — ¢7) + Pl,uz( )pZMPe — gbutp; — (Pigf)Pit — Zmp@-vf/aefMPef/ =0
Z/
Oil-gas:
A{fta—l—,u()piMPer—qfu{(i) — (Psg5)€’ szv 8fMPe =0
6/
Coal
AiE°tS + ,uf )pZMPe —qips — (P )E° ZPlpZU Ok MPe =0
e/
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Renewable:

npiMPel — qipl — > pipf der MPe! =0
e,

Using these last conditions, we can express the optimal carbon tax.

Unilateral carbon tax
From the optimality condition for energy we can express the carbon tax in function of

different motives. Let us consider the example of oil and gas:

Nelts = —upiMPe] + ¢ 1l + (Pig?)ef + 3 pivl 0 M P!
Iz ’
(i 7)
i = —Eg/ + B + (pig)e!

Ai Ai
sza f Uzca c Ufa r Ufa k
+ [piA—i o1 M Pe; 5 o1 MPe; ty o1 MPe; % o1 MPe;

We see that the carbon balance four different effects — as in the global Second-Best but this time

at the country level:

First, a climate externality Pigouvian motive P;¢5/\;: the tax needs to be larger to account for
the local cost of carbon defined as : "

LC CZ‘ = Pi):'
Moreover, this scale with population: if the country is larger P;, the tax internalize more the dam-

age effect that energy consumption has on its’ population.

Second, a distortionary effect: it would like to offset the distortion effect it has across the different

energy inputs, and this weights by cross-elasticities, which relates to the terms 0 s M Pef .

K3

Third, a redistributive term linked to the energy market clearing pf(? if the planner i would like
to relax the market for oil, or reduce oil demand, i.e. a positive u/(?)| it would set a higher tax to

lower its own demand

Fourth, a terms-of-trade manipulation effect, linked to the market clearing of it’s own good ,uz@.
This term is usually positive: the planner would like to increase its own production and to that

purpose it could lower the carbon tax, or even subsidize carbon (!) to manipulate terms-of-trade.

Finally, all these terms are weighted by the country own marginal utility of consumption \; =

u'(¢;)/P;. They are amplified if the country is higher income and dampened for lower income/consumption

countries.

To provide even more intuitions, let us consider that the production only use labor and fossil

(oil/gas) energy and use our isoelastic supply function for oil and gas.

In that case, the carbon tax is solely a tax on oil: there is no demand distortion effect and vlf =

since the tax can completely offset distortion. The second distortionary effect drops out.
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@)
J
depend on the general equilibrium effects and international trade in the Armington model, usually

(@)

Unfortunately, terms-of-trade effect p;” and p;” can not be expressed in closed-form easily as they

not tractable

Moreover, we have the isoelastic supply curve ef = g(w{ ) that implies the term:

g'@) w1
g'(x;) L+
From the optimality condition for energy inputs goods l’{ we had:
//( f T
f@) — gf9 ‘ri)__ Vi 1 of
A AN DR
9'(z;) Vi x;

where v; is the oil-gas inverse elasticity for country ¢, and Glf is the supply distortion.

From the optimality condition for ¢/ we have, with simplification thanks to isoelastic supply:

1
o/ = Ai ef—P'ef—
T
po Vi Lpp o owvi LV e oy Vi Bt .y
K L+vgpf ™ L+ vizf g/(af) ilei = Pie;) l+vef o ier —Piei)
. V;
W0 = Zoxi(pie] —ef)
K3

As aresult, this redistribution terms is positive for net-importers and negative for exporters. This is
intuitive: energy dependent countries would like to reduce their dependence to imports, by taxing
the energy (and redistributing lump-sum those revenues) they hope to reduce the equilibrium
price ¢/ to benefit for better terms-of-trade. This is the same logic as the global social planner
of Appendix C.2, as a smaller scale, and weighted by the country i production e and inverse
elasticity v;: a more inelastic supply, with large v; would amplify this effect: as usual in Ramsey

taxation, it is more relevant to tax inelastic supply goods.
As a result the unilateral carbon tax can write:

(i) F_
) Pie; — e
¢l = _quAA +ofni— o+ dLoc,
%

7

As a result, we see that the optimal carbon tax can become a subsidy if the terms-of-trade
(4)

manipulation motive yu,’ is large enough, if the energy-supply redistribution term is negative, for

example for oil-gas exporters, and if the local cost of carbon LCC; is small.
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D Welfare decomposition

D.1 Change in welfare — experiment

We compute the change in welfare, linearizing the model around an equilibrium where
t® =t = 0 and ti?j = fi?j = 0. This corresponds to the competitive equilibrium, since policies
are identical to the "status-quo"'. We consider a climate agreement J of J countries, which are

indifferent of being in the club or not, since the policy (t, tﬁ-’j) = (0,0) does not change the equi-
librium. We consider a deviation where we increase those policy instruments by a small amount.

To save on notation, we denote dln z; = % — with a slight abuse of notation.

As a result, the policy change we consider is dInt; = fﬁg = dt{ where we consider a
multiplicative carbon tax on fossil fuel qif (14+t5). Similarly we consider a tariff change : dln ti-’j =
dtg%
1+t

= dt?j. In matrix notation, these changes in carbon tax are noted

Jdt® = {1{ics} dInt5} Jodt” = {Iieg jegydty; },,

i
with J = J; = 1{ies}, and J = Jp; = 1{ic7,j¢T}.
This section is inspired Kleinman et al. (2020), where we follow the same steps, using a richer

model, with trade a la Armington, energy in production and carbon and trade policy instruments.

We compute the welfare of individual country 4, defined as the indirect utility ¢; = u({ci;};),

changes as:

iU — du(%) _ U/(Ci)(d];ji B E‘g) - ul(ci)cz'(ciii - d[:i)

with z; = ¢;P; the consumption expenditure.

D.2 Model summary

First let us summarize the model, as presented above

1

P, = x; = wil; + 7'('iz + tés = piZiDi(Ti)F(ei,gi) - qfei + ; (qeef — Pin(ef, Rl)) + tés
i

UV

PiPiyi = Z Pkskirth
7

kel
i = piyi + ¢/ (7 /i — 6{)
v =m; = piyi + ¢/ (ef /Pi — e]) + tI?

Pi 1+v
-—1/v_—1
Sored =X = ()" o R e
k k k

oy—1 1 oy—1 oy

Fi(e(e o), ) = [(1— 7 (RU) 50 + ¢ (2f eyl even) o0 |71

1 ~—1/v 1y
7Tz‘f I/V R f)H%Pi Y

i(q

ge—1 1 ge—1 1 ge—1 Oe

elef e, e") = [(w)7e ()50 + (wf)e ()50 + (w)7e () e 7o
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D.3 Production

Starting from the budget constraint:

1
CiP; = x; = pzZzDz(E)F(ela fz) — qeei + ; ((]fezm — IP’in(ef, RZ)) + tis
i

1 -
(qeef — IPin(ef, RJ) + tés + qftfe{ + gitses

= piziDi(Ty) F (e, i) = (¢ (1+t9)e] + qf(1+85)ef + gfef) +
(2

Since, the revenues of the carbon-tax are redistributed lump-sum to the Household, we do not see

any direct redistributive effect of carbon taxation, as the terms ¢/ tfe{ cancel out. Moreover,

We define the shares what are relevant for the decomposition:

. . e;qf
o Energy share in production: s = y’_—f;
1M
f f CC T T
. . . f_eq I c_ €4; r_ €4q
o Fossil share in energy mix s; = P and similarly s = erdt and s} = et
 Production share/rent share in GDP: n/ = —¥Pip =1—pT
o Consumption share in GDP: nf = —*—
f c c
« Consumption as a ratio of output: s§ = %t = —Li_ WP Th T
YiPi  y;pitmy  YiPi n; 75
. . e;q¢ e;q¢ . . -+7rf Y
o Energy share as a ratio of consumption: “% = 9i _Vibi  SPITTL — gelh
Xq YiPi yip7§+ﬂ'i X4 ? m;
. . Tl'if 7rf yipi—l-wf nr
e Profit share as a ratio of consumption: -+ = —L ==& = &
T yipz‘+7rf Ti g

Taking the first-order expansion of the budget constraint, we obtain:

de; dr; de; i dp; | dyi, eds pelgf del  dgf o efq® dec dqt.  efq” de”  dg”
L_w_ﬂzﬁ(£+i)_&<ezq e G928 Ty ) S 2 q))

Ci x; P; T P Yi z; veiqt el gf eiq; - e¢  q° eiqs e q"
o dr! T dils dr;
+——+ (=) ——
x; T i t° P;

C
C; m;

de; —my (dpi | dy N de! dgf o de dg¢, ., de"” dq"

- *(54'@)—317776(31'(67 q7)+3i( ( ))
+ ne wf " ox gl P
) 2 i 7

)

First, using output changes, approximating the production function — c.f. the logic in Farhi-Baqaee

(2021):
doi_ dDi | MPeeidei _ dDi - rgdey | del
vi  D; vi e D e] el

we see that the Hulten’s theorem imply an first-order impact of a change in energy price that scale

with the share of energy in production s¢, which is typically around 5—10% and the share of fossils
f

in the energy mix s;, s{, which sum to above 85%.

Second, using fossil energy firm problem and the profit change,




The energy rent is affected by changes in the aggregate fossil energy price dq/. Since the cost also

depends on imported inputs, the prices of goods P; also matter for profit and welfare.

Third, using the production of coal and renewable, which are simply ¢ = v{P; and ¢] = v;P;,

we get

dq”  dp; dg®  dp;
= — and = —
q P; q° P

the price of both coal and renewable energy are directly exposed to changes in the price of imports.

Accounting for these different effects simplify dramatically the change in consumption:

de; ﬁ(@Jr@)_ em( (def+dq) f(d%C dqc)ﬂ;(der dq"))

¢ ons Yi s el ¢f q° e qr
0o Iygdgt 1 depy o dEE dp;
U (S Il I (s S e _
+77(+ )(qf l—l—VlPi)—’_fEi) P;
(o d ) [quf LML & 1)<dqf_1dﬂj’i)+df§s _dn
n§ \ pi Foot e qr e\ v/ N 14v By T
de; _ ! (dpi n;” Jddd T Wdgh el o L ydedE
071_77720( ) c Zif—{_niic(l_‘_;)qif_ [?Si(si—FSi)-i—n*f;—Fl}?i‘F z;

D.4 Climate externality

To see the positive influence of carbon taxation on climate, we unpack the damage dD;. In

this section, we simplify the climate system by considering the following static model:

T; = AT = AixS
S=8+E&=58)+ E/ +£E°

where £ = ET + ¢°E° is a representation of long-term emission. If the static model represent a
long-period of time — say 50 or 100 years — we consider £ scale up the annual emissions ), elf + e
due to oil-gas and coal. Moreover, the premium £° represents the premium in carbon emission due
to coal éc = ¢¢—¢f | and we therefore normalize the unit of energy to the carbon content of oil and
gas.

Using Nordhaus’ damage function,

2
D; = e 3Tz

A linear approximation implies:

dD; dT;
WT; — TF)AT; = —(T; — TF) T —
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Regarding the change in temperature caused by emissions, we get:

dT; = AijxdS = Ay (dE! + E°dE°)

- T, Ax(So+€) 3 <S T8 Ee )
£ Ef . E°
ith s/ = <% f/E _ 2 /B _ gt
WL S So+ & ’ g 7 &%

As a result, to summarize, the change in damage depends on the total energy used in fossil

(oil-gas) and coal.
dinD; = —5i(s"/Edn Ef + s/EdIn E°) Y = (T — T})T; sB/9
where 7; summarize in one parameter the heterogeneous impact of climate change.

D.5 Energy markets

We now turn to energy where the demand and equilibrium effect on prices will be of first-oder

importance for our welfare decomposition.

Energy demand
To examine the demand side of the market, we compute the elasticities of demand for each

energy source, which are determined jointly by the firm First-Order Conditions. Thanks to our

. . del gk
nested CES formulation, we can compute the elasticity e/, = 24 % as :
q dq e;
ef, el el sf s¢ 87 —(1-s7) s¢ s"
qf q q Y
c c c _ r1ren—1 _ f c r e f _(1_ <C r
€5 Ego Egr (H®) = e |8 5 s +o s (1—s5°) s
gt Eq¢ Eqr sf s¢ 8" sf s¢ —(1-=s")

where the first part correspond to the change in aggregate price of energy ¢, since gg}i % = sf,

which reduces demands for overall energy, according to elasticity 1‘in¢ where s{ is the cost share of
energy and o¥ the elasticity between energy and other inputs. Second,lthe later part summarizes the
substitution effect across energy sources, negative along the diagonal and positive out of diagonal,
due to positive cross-elasticity in the CES framework.

Moreover, the energy demand also depends on aggregate TFP (and hence climate damage),
and the price level at which the final good is sold. As a result, the productivity elasticities and the

final good price elasticity write:

e{ 5}; 1
C Uy Cc Uy 1
©2 1—s¢ N
‘s T
e 1 €p 1

which again is standard in the Nested CES framework.
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As aresult, we can express the energy demand as a function of the other endogenous variables:

y
)sidIng)

Y Y ~
dlne (1” es{+(1—35)06)[d1an+Jid1nt€]+( ¢ 10 )s§[dIn gf + £3,dInt°] + (0 — 10 s
—5i —S5 5
+ dInD; + dlnpl
1—5
O'y O'y ~ O'y
dlne§ = (0° — . e)si [dlan—l—Jidlnta]—(l_ eSZ—F(I s$)o) [dIngf + £°T;dInt°] + (o — 1_86)8§dlnq£’
dlne] = (0¢ — - e)si [dIng’ + J;dInt*] + (o° 1_86)35[dlnqiC +&°J;dInt?] — (1_ =s; 4+ (1—s;)0%)dIng]

i

dln pi

1_
Those endogenous energy demand can be reintegrated in the production function to obtain,

the change in output, as function of prices of good, energies and productivity:

dlny; = dInD; +s¢[sfdlnef + srdlne¢+srdlneg]

145 a1 D, + 5177 g o Tiding’ +dl
= — t
(—i-lSZ)n —i—llnpzslsf[nq—i-n]
o¥ o
fsfl_sgs;[dlnqz £dInts] — s¢ - lenql
(A
diny; = a¥?dIn z; + a¥PdInp; — ¥ [dIng/ + dIn tﬂ —a’[dIngf + dInt;] — a¥?"dIng]
ey eyY
Yz _ 8;9 yp _ 59
a; —1+1’_$§ alt = 1’_85
o¥ o¥ o¥
o =sipel  olT=sipost el sl

diny; = a¥*dIn z; + a¥PdInp; — ¥ Y dIn¢f — (¥ +£°a¥ %) dInts — (a¥9°+a%T)d Inp;

where this last equation uses the supply curve of coal and renewable. We can see the exposure
of country #’s output of carbon tax: a¥%®/+£cquc = s¢ 1{15 (s{ + fcsf), through the price and

substitution effect of oil, gas and coal.

Fossil energy market
The energy demand in fossil is the sum of individual countries demand, where we denote the
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Pie{
Ef

share of country ¢ in global production )\{ =
dET =" pide]
i

dinBEf =3 Mdne!

. YE

oY N
_se)sf[d Ingf + £°J;d In t7]

i

f+(1—s{)0—6) [dIng’ + J;dInt] + Z M (o°

+Z)\f

) s;pdlng;

We see that carbon taxation decreases demand for oil and gas by substitution, but can also increases
it if the substitution away for coal is strong enough. The first effect dominate the second — up to
the first order — if:

Y
) o= N7

= 2N >3 N

ieJ €T

which depend, among others, on the covariance (Covi()\lf , 1—3{ ) and Covi()\f s¢

5, s5), since the sub-

stitution effect is stronger than the income effect o¢ > o¥/(1—sf), in most empirically-relevant

cases.

Now, the energy supply curve can also be recasted as the sum of individual extraction
Ef =Y, Pielf = Y, €%, and, with the share of fossil production \¥ = e¥/E/, it hence derives as
follow:
6;-8 _ (qf)l/l/i’RiD;l/wIP’;l/w
dinEf =Y Mdlne? Zv dlnq — dIn®;]
i

with the aggregate supply elasticity v = (>, Ay, 1)_1, that we already encountered in the second
best optimal Ramsey policy.
Now, replacing the energy demand quantity d1ln Ef into the energy supply/price curve, we

obtain:

dlan—udlnEerZX” -dlnp;
+1/Z/\f

_ o.f
ding/ = - ﬁZA JidInt® + )\fz

140
afz)\f

o'y
l 17

) sidIngl

c[dInD; + dlnp;] +ZA”C ~dl;

) ¢[dIn gf + €°J;d Int7]

Y Y
)lenql UfZ)\f g dlnD +dlnp] +

1+1/)\ 1+0A
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where X7/ = Xf’f, for T the whole world, and X? =g )\f( esf+(1 s Ne ¢). Replacing the

known terms, prices of renewable, coal, this factor, we obtain:

~o.f NO,C 1 o,C o,r %
——— [ A7 + A7 ]dInt* + (DA]C + D] 4+ AF— )dlnIP’Z
A 14 Z vi

Y
JfZ)\Z 1”5 [dInD; + dln p;]

dlng/ =

1+)\

As before we see that carbon taxation decrease the oil-gas energy price if X?f > X?C. Moreover,
we see that a change in the price index dIn P; of all the countries change the aggregate price of oil
and gas because it both increases the price of renewable and coal, increases demand for oil-gas by
substitutions — the terms A, and UA]" — and it also increases the price of the input — through
the term )\fl%

D.6 Trade a la Armington

To investigate how the price indices P; and the good price p; are determined, we should how

consider the market of goods.

Vg
PiPiYi = Z PkSkiz——
kel Lty
Using the CES framework, we obtain that:
1
— 1—
(Zaw 7 ( 1+tb )1 9)
@ _ Z dt?j )
il Pj 1+t§?j
1-6
cij(I4+ti)miips  _  ((I4ti)7ip5)

- a _ ((1+tz‘j)ﬂ'jpj>1*9
1] — - 7 _ -
T Ykew(ttin)Tepe S, (Tt ) Taepn) P;

g . 4 dtb.
@:(9_1)(@_(@+ ij ))

Sij P; pj 1+tb-

dsij dpr. dth, \dp; |t
=4 = (9 —1) k) (=L +

Sij (ZS”“ Dk 1+t ) (pj 1+t§’j>)

Using those formulas, the market clearing linearizes as follow:

)

Ltg = [dln v; + 02 (Sikdln tik — (1+5ij)dlntij) + (9—1) Z (Sikdln pr —dln pj):|
SijMiV; .
1+t¢j k k;éj

with U; = pPili + qf(ef/Pi - e{)
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This implies:

_dp; | dyi, SkiMp Uk Sk Uk
PZ’UZ(Tpi + E) = ;Pk 1—|—th dh’l[ 1—}—th ]
dp; | dyi\ = PkUk .
(dpi + E) = Ekj o Sik |dIn +92 SprdIn tpy, — (145k;)d1n tr;) + (6 1); (skndInpy — dlnp;)]
f fof frox _ o f
(b | dyiy ) =3t [ (P%) (@Inpy + dIngg) + 7’%11 — L% g ef 4 L% ) (E =€) g1 o
dp; i k Vg Vg, U,
+ 0 Z (Skhd Inte, — (1+ski)dln tki) -+ (9—1) Z (skhdln prn —dln pl)}
h h

with ¢, = 7;’“%’“ Ski, which is analogous to the same matrix in Kleinman et al. (2020). This implies,

that rewritten in matrix notation, we get:

dIn(py) = TvYdIn(py) + Tv® dln e — Tv? d1n ei + Tv™dIng’ + (0 — 1)(TS —I)dInp
+60(TSeJodint’ — T(1+S")o(Jodn t?)')
(1= Tev?) = (0-1)(TS — T')|dInp = (I - Tev!)dIny + To”" dInef — Tv* dInef + Tv"dIng’

+ 6(TSeJadint’ — T(1+S")o(Jodn t?))

) fem f fef Fler—ef
with vezz—qv,l,ve :q L and vt = L5 5 (;k D,
K

D.7 Back to welfare

From above, we saw that welfare writes as:

1y dgf 1o qde | diE
) [m SH(sf + 7) + 2o 2 1] =4 =

qT 771 771, [PZ T

u'(¢)e; C; D; e

dit; —@:ﬁ<dpi+@) nzse quf m(
1§ e g e

with the damage
dinD; = —%;(s//FdIn EY + s/Fd1n E°)

With the oil-gas energy price:

ding’ = pdin B + 3" M Zdlne
- V;

v ~O ~O0,C o.c o.r 1.1
dlng/ = %[—)\j’er)\j]dlnterWZ()\i’ A7+ A )dIn,
14+vA” +oX 7 i
Y
1 — — 1 gy
dnEl = —— =37 + 3% 7dIntt + ——— 3 (A + A7 )dIne; + )\f ;
1+X” A j] 1+17A"’fzi:( ) 142" fz
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D.8 Further simplification

To simplify the welfare formula even further, in the following we consider that energy is
only composed of oil-gas. In practice, oil and gas compose the largest share of energy, with oil
representing close to 35% of energy use and natural gas close to 20% at the world level.

We consider that s{ =1 and s = s{ = 0 in all the formulas above. We also consider that
oil-gas supply only uses the local good, which makes isolated from international trade — making
the extraction ef = (qf)l/"iRiDi_l/Vipi_l/Vz instead of p, v
Those two assumptions simplify our setting dramatically. The previous welfare decomposi-

tion reduces to :

did; :@:[ﬁ_ﬂl]dpurnz dDi _ n; dqf+77z(1+ )dqf_wpurdES
u'(ci)e; ¢ e névit pi S Dy 775 S ne q B m

where the damage rewrite:
dinD; = —y;d1n Ef

with the average damage is defined as 7 = >, ;. And the oil-gas demand curve write:

din EY :Z)\fdlnef

—Z)\ dlan+Jdlnt +2Af‘id1nz> +Z)\f i

= —ZA{ dlan +JidInt] +Z)\{dlnDi + 3" Mdlnp;

where, to simplify notations, we denote X{ = )\{ laye’ and it’s average \° of => M2l Asa

le

result, the demand now rewrites:

1 ~ ~
din BT = - SN Mding’ + Jidint] + Y Mdlnp;
14+5+Covi (A, 1) [ 2N | zz: }

i

We can see that the energy demand curve is affected by climate change: more emission imply larger
damage, which in turn reduce energy demand and hence emissions. Moreover, the covariance term
indicates that if the large energy producers (with a larger share of the market, and high elasticity

o) are also the most affected by climate change, this effect is stronger and the demand curve is

even steeper / more inelastic.
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Recasting this logic in the supply curve, we obtain:

ding' = dIn Ef 2 dnp;

ngq valn —i—zi: i np
din B = =Y M[dng/ + J;dInt] — Z/\f%dlnEf +Z)\fdlnpz
14+ My 4+ Mdn B = =S M Idint® + 3 M dinp, - fo Zv dlnp,

! 7| - Z)\fJ dlntg—i—z — 37N 2)dinpi|

dlnEf = =
14+3+Covi(A, 4) + A
17 ~f . 1 1>
dngf — - V2iididInt -+ Bidlnp,
1+’7+C0Vz()\1 i) + VAT i

with B =\2 + v R § VA NEP VS
Vi 1454Cov(\, i) + oA” :

Welfare rewrites:

At o Ny oy pr o Ly
u'(ci)e;  nf o nfvi v g ne gl e o B
Y T Y T
b . U S (4 1 ;o 1 o L gils o
= [Uf ‘ l]dlnpﬁ—[ i oS+ 7710( +V)}dlnq + ne %Z>‘i Vidlnpl dlnp; + dt;°/z;
Trade
dpi | dyi PrYk q¢'ef el ;o ql(ef —ef)
=) = - dl dl dlne? — 2—kdq1 Lk R gingf
(dpiJr yi) ;tzk[( o @D+ dInyy) + = RdInel — = ey + ngq

+0 Z (Skhd Intpy — (1+8ki)dln tki) + (9—1) Z (Skhdln Pr — dln pl)}
h h

(T Tev?) — (0-1)(TS = T')|dInp = (I - Tev!)dIny + To” dlnef - Tv* dInef + To"dIng
+0(TSeJedint’ — T(1+8')e(Jodn tb)')

Output:

dIny; = a¥*din D; + a¥PdInp; — a¥¥ [dIn ¢/ + dInt:]

ey eqy y
vz _ 14 50 yp _ 5i0 o — o7 o f
] =14+ —— ;" = p a; = s 5i
1—s5 1—s5 1—s¢
Energy demand:
cllnpZ

Y
7 _lding + JidInt7] +

dlnelf = —

%

Energy supply:
1
dlnef = —[dIng’ — dlnp]

Vi

90



(T = Teu?)[1 - a¥Pel] + T(v*" o) + To*' 172 — (0-1)(TS — T')|dInp =

s€

(I—Tov?)[a*?din D — a*¥ [dIng + JdInt°]] + T(v* 0L)dIn ¢ + Tv*' (2 [dIn ¢’ + JidInt*] — 12 )dIn D; + To’
+60(TSeJodint’ — T(1+S")o(Jodin t?)’)

= ((I — TovY)a?* — 12

ie)dlnDi + [ (I - TovY)a?¥ + T(w" ol —|—vef - = 4+ 0")]dIn g’

+ [~ (I - Tov)a4f + T(vefcal‘ie oJ)]dInt® 4+ 6(TSeJodint® — T(1+S8")o(Jodnt?)’)

[(I — Tov?)[I — a¥Pel] + T(vez@%) + T lfyse — (0-1)(TS - T') — ((I — TeovY)a?”? ‘7 )@’yI@( ) }dlnp =
)'_yl ]dIn qf

+ [ = (I=Tov)a?¥ + T (v 012 )]eldInt + 6(TSeJodn t® — T(1+S')o(Jodin 1))

[— (1= Tov)a?sf + T(v" o l+v" (7o +v™) - (1 - Tov’)at?

g€

w

which gives:

dinp=A[ - (I - Tov”)a?? + T(v* ol —H}ef oY +U"e)—((I—T®Uy)Oéy’Z— o'y) %]dlnq

—g€

gl
o V]eJdint® + 0(TSeJadint® — T(1+S)o(Jodn t?))

1—s¢

+A[ - (I—-Tev")a¥ + T(v o

with

T T -1
A = [(I=Tov!) I-a* oI+ T(v" o1)+ Tv*' 175~ (0-1)(TS - T')~ (I-Tev?)a?* — 172 Jovle(% )|

represents all the feedback general equilibrium effects because changes in prices affect input choices
of energy, exports of fossil fuels, energy production, and vulnerability to the rest of the world.

As a result, the price of energy ¢/ affects the price of country i because (i) it increases the
income and hence demand if i is an exporter of fossil increases, (ii) it decreases the energy inputs
ezf of all countries due to increased prices, (iii) it reflects an increase of energy demand and global
emissions, which affects world damage and lowers the price of the most vulnerable countries. The
second effect (ii) is also a direct impact of carbon taxation dt® on the energy demand of all countries,
directly affecting output and prices. Finally, tariffs dtfj affect country i’s demand changing terms

of trade and prices in general equilibrium.
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E Climate agreement — Solution method

In this section, we detail the general formulation for the climate agreement design, which
join together a policy choice and a combinatorial discrete choice problem.
E.1 Inner problem and Outer problem

The world welfare maximization requires to separate the maxima between the choice of

countries and the choice of policy instruments (J,t). We can split the choice in two ways:

mﬁx EZ: wildi(J,t) = max 1{1(%( zz: wildi(J, t)

= ZUZ €
max rfﬂl(atuic EZ: wil;(J,t)

where U;(J, t) the indirect utility can also be written with
Z/{Z(J> t) = UZ(J7 tfa tb) = uz(ll’ {IJ}]i’M tfa tb)

with indicators I; = 1{i € J}.

Depending on how we split the joint problem, it leads to different treatments. In addition,
I also add K additional constraints gx(J,t) > 0 that could arise in case of policy constraints and
imperfect instruments: for example if a preexisting trade agreement constrains the value of tariffs,

or if a political/security agreement may not be feasible because of geopolitical motives.

First representation: policy for each coalition

In this first, naive, approach, I solve for the optimal policy (carbon tax and tariffs) for every

possible coalition:

seBien VI 0) = mpreangge ) wlh(B,0) )
st U(Dt) > Ui}, ) Yiel [\
9e(J,t) = 0 [1x]

Define the marginal gain of j € J for utility of agent ¢
AjUs(J,t) = Us(JU{5}, ) — Ui(T\{j}, t)
We define the Lagrangian function for every possible coalition J

L6 p|]) =W t) + S NAUD ) + > pge(T,t)
k

ie]
Rewriting and using standard optimization arguments for the Lagrangian, and then maximizing
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over J:

max max min £(J, t, A, u) < max min max £(J, t, \)
J t o Ap J Ap t

If W is concave in t, for every J, where the optimal t and A are implicit functions of J

(P(])) = mtaxmlnﬁ(t AlJ) = min maxﬁ(t A, pld)

Ap Ap
:ri\liﬁlm?xZwi i —i—Z)\AU —i-z,ukgk
’ i€l ie]

Step 1: First, if the constraints functions t — AU;(J,t) and t — gx(J, t) maps into R?
(for t € R?), then we can solve the first-order conditions, with the gradient Dy:

t*(J) st > wiDdhi(3, %) + > NDe A1, £%) —|—Zuthgk(J t)=0
1€l €]
> ONAU(T ) =0
)

> kgr(J,t4) =
k
where the two last equations are the complementary slackness

Step 2: Given t*(J), the dual problem allows to recover the multipliers:

mlnz:wZ U;(J,t%) +Z)\AU J,t%) —i—Z,LLkngt)

Aot 1€l €]

Step 3: Given t*(J), A(J), u(J), we have to solve the combinatorial discrete choice problem:

maXZw, (J,t*(J

i€l

This approach suffers from major problems: First, it can be costly to solve iteratively the
primal-dual problem for {t*(J), A(J), u(J)} for every combination of countries J. Second, in a sub-
game perfect equilibrium, the problem becomes nested: the policy and multipliers {t*(J), A(J), u(J)}
depends on the allocation in every deviation ¢;(J\{j}), Vj € J, and hence on the policy and mul-
tipliers {t*(J\{7}), A(J\{j}), u(J\{j})} which also depends on the allocation of every deviation
IN{j, k}, Vi, k € J, etc. This becomes a joint problem where the allocation of each coalition J
is linked to the allocation of all the other sub coalitions, and it requires solving them jointly: a

problem that becomes untractable for any realistic quantitative model.
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Second representation: coalition for each policy

In this second approach, I fix the policy t (carbon tax and tariffs) and solve the model for every

possible stable coalitions J:

Jeg(lﬂ?ﬁeTW(J, t) = max mfx;wiui (J,t) (Py)
s.t. Ui(J,t) > U;I\{i},t) Vield [Ai]
gk(J,t) =0 [ur]

For every policy t we can solve for the optimal coalition J*(t), by solving the combinatorial
discrete choice problem:
oex LAJIt) = max D> wilhi(T.t) + > N(O)AU(T, £) + > pu(t)gr (T, )
i i€] k
Note that this £(J|t) is defined with a slight abuse of notation given that this problem is discrete:
it is well-defined only for A;(t) = 400 if AjU;(J,t) < 0 and A;(t) = 0 otherwise when the stability
constraint is satisfied. Similarly j;(t) = +o00 if gx(J, t) < 0 and p;(t) > 0, otherwise.
This yields the optimal J*(t) that maximizes welfare subject to participation constraints and

policy constraints, and this for every policy t. The procedure to solve this combinatorial discrete

choice problem is detailed in Appendix E.2.

Finally, after we solve the model and the optimal coalition J*(t) for every policy t, the

maximization of welfare implies to solve:

max g wildi (J*(t),t)
Note that the constraints due to participation and policy constraints disappear, as they are already
embedded implicitly in J*(t).

This problem becomes noncontinuous, non-differentiable, and a priori non-convex. We can
not use the Kuhn-Tucker theorem or any standard results of calculus of variation. For that reason,
I solve it using a grid search over t. This is computationally expensive, but it is feasible in finite
time and with reasonable accuracy, provided that the instruments we are searching over are in
small dimensions t = {t°, t’} € R2.

In extensions, we consider additional instruments: transfers, with a simple rule indexed by
a parameter «, as explained in Section 7.1, and fossil-fuels-specific tariffs, using a simple rule
indexed by (, as explained in Section 7.2. As a result, the maximization amounts to searching
over a grid t = {t%, t?, o, B } € R*. This is feasible in several hours for a relatively coarse grid for
a, 8 but allows us to solve this problem both for optimal policies and optimal coalition, which was

previously intractable.

94



E.2 Combinatorial discrete choice problem

Second method: Squeezing procedure for CDCP with Participation Constraints
Second, since full enumeration is costly, I provide an alternative algorithm inspired by methods
used in the international trade literature to solve combinatorial discrete choice problems. The
additional difficulty that needs to be considered is the presence of participation constraints. In
this section, we only consider unilateral deviations. The idea behind this method is greatly inspired
by Arkolakis, Eckert and Shi (2023) and Farrokhi and Lashkaripour (2024).

The idea is to build iteratively sets that are lower bound J and upper bound J sets for the
optimal coalition J: J is a subset which includes all the countries that we know to be part of the
optimal set J and J is a superset, such that it excludes the countries that we know are not part
of the optimal set. The set J\J is the set of potential countries. The natural starting point is
J=9,7J=1L

The squeezing step in standard CDCP is a mapping from J to members that bring a positive
marginal value to the objective W(J) := W(J,t). The modification needed in our setting with
participation constraints is that the country also needs have marginal individual value U;(J) =
U;(J,t) to be part of the coalition:

@(._771:)5{jE]HA]‘W(j,t)>0&A]‘Uj(j,t)>0} (21)

where the marginal values for global welfare and individual welfare are

AW(T 1) = W(ITU{5}t) = W(IT\i}t) = D Piws (U(T U {5}, 8) = Us(T\{5}.1))

1€l

AjUi(T,t) = Us(TU{j} ) — Ui(T\{j}, t)

The iterative procedure builds the lower bound J and upper bound J by successive application

of the squeezing step.
T = a(g®, 1) AR IR (22)

Under some conditions — complementarity, as defined next section — this sequential procedure
yields two sets J and J such that J CJ C J. In some cases J = J = J which gives the optimal
coalition. If not, with J\J = JP°, we find the optimal coalition by searching exhaustively over
all coalitions in:

T ={J| T =JuJ, with J € P(T"")}
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Applicability of the squeezing procedure
From the combinatorial discrete choice literature, Arkolakis, Eckert and Shi (2023), we know that
the squeezing procedure applies in cases where the model exhibit “complementarity” or single-
crossing differences in choices.

Indeed, we say that the objective W(J) obeys the property of single crossing differences in
choice (SCD-C) from below if:

AWWT) 20 = AWWIT)>0 forJcJ & jel

A simple sufficient condition for SCD-C, from below to be respected is that the marginal value of

the objective is monotone in the set J, also called “complementarity”:
AJW(j)SAJW(j/) forjgj’ & jG]I

Theorem (Arkolakis, Eckert and Shi (2023)) The SCD-C from below is sufficient for the applica-
tion of squeezing algorithm to yield J C J C J in standard CDCPs.

In this setting, considering participation constraints requires to adjust the welfare objective,
from W(J) to W(J) as in eq. (17). In this context, the single crossing differences in choice with

participation constraints (SCD-C, PC) take an intricate form, which we detail below:

AUi(T U{j}) =0 AU(T U{j}) >0
Jo(awEauanzo & au@zo) = S [ (AW@UEN 20 & AUT) 20)
or AU(T)<0 or AU(T)<0
vIcJ Vjiel (SCD-C, PC)

An intuition for this condition is the following: IF the coalition J makes (i) allocation outcomes
better for welfare with {j}, if both J and JU{j} are stable, or (ii) the coalition JU{j} is stable if
J is unstable, THEN one of these conditions should also be respected for larger coalitions 7' D J.

The following condition is sufficient for (SCD-C, PC) and provides intuitions on the trade-offs

at play in the construction of the optimal coalition:

AW(T. ) < AW(T,t)

0 <AU(TU{j}t) <AU(T'U{j}t) Vie Ju{j} &iec J'U{j} (23)
OSAZ‘UZ‘(j,t) SAiui(j/,t) Viej&z‘ej’
or

{ 0S AUTUGLY SAUITUGLY Vi€ JUE e TG,

ElzejAzZ/ll(j,t)<0 & Hiej/ Aiui(j/,t)<0
for VJCJ C1 & jel

This sufficient condition states either one of these cases is verified: (1) in the first case of eq. (23),
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the marginal welfare A;W is monotone in J: the welfare gain of adding country j grows with the
size of the coalition [J. Moreover, the participation constraint of each member 7 is still respected
when we include country j, and this monotonically in the coalition, from 7 to J’, and the coalition
is also stable without j. (2) In the second case of eq. (24), we do not require any condition of global
welfare, but the participation constraint of each member ¢ is respected when including country j,
while it is violated when j is not present in 7 and J’. Either one of these two conditions needs to
be respected for every pairs of sets J C J' and every country j.

This condition, as well as its weaker counterpart above (SCD-C-PC), are sufficient condi-
tions for SCD-C from below for W. It shows that the requirements for coalition building are
much stronger as they need to verify if adding marginal members still satisfies the participation
constraints of all the incumbent members. In this context, the modified squeezing steps account
for such constraint and thus:

Theorem The SCD-C-PC from below is sufficient for the application of modified squeezing
algorithm, i.e. successive application of eq. (21), starting from {&, I} and eq. (22), to yield bounding
sets J C J C J in CDCPs with participation constraints.

One of the advantages of this setting is that, for a small number of countries #I ~ 10, we can
evaluate numerically if the sufficient conditions mentioned above are satisfied. The disadvantage
of the model displayed above is that the large amount of heterogeneity, general equilibrium effects
through energy markets, and international trade, prevent the simple evaluation of those sufficient

conditions analytically.
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