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ABSTRACT

This dissertation investigates the optimal design of international climate policy.
Using Integrated Assessment Models (IAM) where countries differ in income, climate
impacts, exposure to energy markets, and international trade, I analyze the optimal
design of carbon taxation, climate agreements, and the spillovers of different climate
policies, with an emphasis on redistribution motives.

I first characterize the optimal taxation of carbon depending on the availability
of international transfers. I show that when redistribution is limited, the uniform
carbon tax differ from the Pigouvian First Best due to these redistribution consid-
erations and general equilibrium effects on the energy markets. Moreover, optimal
carbon pricing should vary across countries, with poorer and hotter countries facing
lower carbon taxes than richer, colder ones.

Second, I quantify the redistributive effects of unilateral and multilateral cli-
mate policies, highlighting the role of international trade in magnifying both the
costs and spillovers of climate action. Through a sufficient-statistics approach, I de-
compose welfare effects across these different channels and map them into observable
shares and measurable elasticities. I show that leakage effects from unilateral cli-
mate action are an order of magnitude larger than the direct benefits from emission
reductions, emphasizing the necessity of global cooperation.

Finally, I study the optimal formation of climate agreements, in the spirit of
Nordhaus’ “climate clubs”, navigating a trade-off between carbon reduction at the
intensive margin, and an extensive margin when countries can strategically free-ride
and participation is endogenous. I find that the optimal climate club includes all
countries except major fossil fuel producers such as Russia, Saudi Arabia, Nigeria,
and Iran, implements a $110 carbon tax within the club, and imposes a 50% tariff on
non-members to deter free-riding. I also explore the role of climate finance transfers,
carbon tariffs, and trade retaliation on the feasibility and stability of climate agree-
ments. Together, these results offer new insights into how climate policies can be
optimally designed and coordinated across diverse economies to address the global

challenge of climate change.
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CHAPTER 1
CLIMATE CHANGE, INEQUALITY, AND
THE OPTIMAL CLIMATE POLICY

Abstract

What is the optimal policy to fight climate change? Taxation of carbon and fossil
fuels has strong redistributive effects across countries: (i) curbing energy demand is
costly for developing economies, which are the most affected by climate change in the
first place (ii) carbon taxation has strong general equilibrium effects through energy
markets and fossil fuel rents. Through the lens of an Integrated Assessment Model
(IAM) with heterogeneous countries, I show that the optimal taxation of carbon
depends crucially on the availability of redistribution instruments. After charac-
terizing the Social Cost of Carbon (SCC), I provide formulas for the Second-Best
carbon tax in the presence of inequalities in incomes and climate damages, and redis-
tributive and distortionary effects on energy markets. I show that a uniform carbon
tax should be reduced by approximately 15% in the presence of inequality compared
to First-Best where cross-country transfers are available. If country-specific carbon
taxes are available, the distribution of carbon prices is proportionally related to the
level of income: poor and hot countries should pay lower energy taxes than rich and
cold countries. These qualitative results are general, and I propose a dynamic quan-
titative model to provide recommendations for the optimal path of carbon taxes.



1.1 Introduction

Greenhouse gas emissions generated by economic activity are causing climate
change, and global atmospheric temperatures have increased by almost 1.5°C' since
the Industrial Revolution. The sources of these emissions are unequally distributed:
developed economies account for over 65% of cumulative greenhouse gas (GHG)
emissions with ~ 25% each for the European Union countries and the United States,
while some developing countries have barely emitted anything compared to their
population level. Moreover, carbon emissions and energy consumption tend to cor-

relate highly with development and income (e.g. GDP per capita).

Moreover, the consequences of global warming are also unequal: the increase
in temperatures disproportionately affects developing countries where the climate is
already warm. Most emerging and low-income economies lie geographically closer
to the tropics and the equator and tend to be most vulnerable to global warming,
e.g. Burke et al. (2015), Carleton et al. (2022).

Finally, implementing climate policy in the form of Pigouvian carbon taxation
has strong redistributive effects as well. Countries that consume a large share of
their energy mix in oil, gas, and coal will be affected more by distortionary carbon
taxation. Moreover, phasing out fossil fuels reduces energy prices, lowering energy

rents and hurting disproportionally exporters of fossil fuels.

These three layers of inequalities raise the following question: what is the
optimal carbon policy in the presence of climate externality and inequality? Should
the optimal tax on carbon and fossil fuels account for these different dimensions of

heterogeneity?

To answer this question, I develop a simple yet general Integrated Assessment
Model with countries’ heterogeneity. Individual countries are heterogeneous in many
dimensions, including (i) income, (ii) damages from climate change, and (iii) expo-
sure to energy markets through differences in energy mix and fossil-fuel exports.
Since the quantitative framework is very general, I first provide an extremely simple
model to provide the main theoretical intuitions, keeping the same features regarding

climate externalities and energy markets.

In both models, 1T study the design of optimal taxation of carbon and the
characterization of the Social Cost of Carbon (SCC), which summarizes the costs of
climate change for one additional ton of carbon emitted. I show that the optimal
policy depends crucially on the availability of redistributive instruments — such as

lump-sum transfers — across countries. In the First-Best, the optimal tax follows the



Pigouvian benchmark and equals the Social Cost of Carbon. However, when cross-
country transfers are not allowed, the optimal tax needs to account for inequality
and redistributive considerations and adjust the level of the uniform carbon tax.
Moreover, when choosing country-specific carbon taxes, the optimal policy is to

lower the carbon tax for poorer countries, and higher for more advanced economies.

I first show these two main results in a simple “toy model”, where I summarize
these lessons in a four-equations static model. Differences in TFP, and thus income,
in the impacts of climate change, and in the costs of extracting fossil fuels provide
a rationale for redistribution. The unconstrained planner — in the First-Best — uses
transfers to offset the redistributive effects of the carbon tax itself. However, in the
Second-Best, when these transfers are assumed away, we see that the uniform carbon
should account for three effects: (i) the climate externality represented by the Social
Cost of Carbon (SCC), (ii) a supply redistribution that summarizes the equilibrium
effect on the price of fossil-fuel energy which redistribution between exporter and
importers, scaled by the inverse elasticity of the energy supply, and (iii) a demand
distortion term that scale with energy inputs choices, shares, and demand elasticity.
Moreover, (iv) these three terms are the aggregation of these effects for each country,
weighted by the “social welfare weights”, which is the product of the marginal utility
of consumption and the Pareto weights. The planner puts more weight on poorer
countries than on more advanced ones. To summarize, the world’s optimal carbon
policy differs from the standard Carbon tax = Social Cost of Carbon, and the
taxation should be adapted to the specific situation of each country.

Second, in this static model, I show how to choose country-specific carbon
taxes. In that case, two motives — the Social Cost of Carbon and Supply Redis-
tribution — remain, and Demand Distortion disappears thanks to the ability of the
planner to act independently in each country. However, the carbon itself is now in-
versely proportional to the social welfare weights: the planner strongly reduces the
carbon tax required for countries with high Pareto weights or high marginal utility
of consumption — i.e. relatively poorer countries. I show in this simple setting how
to implement such policies in emission trading systems or cap-and-trade. Moreover,
I demonstrate that a direct mapping exists between price instruments — like carbon
taxes or carbon prices — and quantity regulations — as discussed in Weitzman (2003),
and Weitzman (2015).

I then build a quantitative dynamic model to provide policy recommendations
to these questions. I consider an Integrated Assessment Model extending the stan-
dard Neoclassical Growth Model with multiple countries and many dimensions of

heterogeneity. First, in each country, a representative firm produces a final good



using capital, labor, and energy inputs. Countries differ in total productivity and
energy efficiency, which implies differences in incomes or GDP /capita and total en-
ergy demand. Second, a representative household makes consumption, capital, and
borrowing decisions over time. Third, there are three energy firms in each country:
oil-gas, coal, and renewable, which are energy inputs used in the final good produc-
tion. Countries differ in energy mix due to differences in costs of energy production.
Moreover, differences in endowments in oil-gas — and dynamically depleting reserves
— lead to countries being exporters or importers of fossil fuels. Finally, global fossil-
fuel consumption — from oil-gas and coal — emits carbon into the atmosphere, which
then feeds back into the climate system. This affects temperatures across regions
and has heterogeneous damages across countries for firms and households. I cali-
brate the model to economic, climate, and energy data for a sample of 68 countries
to match the dimensions of heterogeneity at the heart of countries’ vulnerability to

climate change and climate policies.

Despite the richness of the model and the many market forces and general equi-
librium effects, the main result on the optimal carbon policy carries through. First,
relying on the continuous time formulation of the model, I provide an analytical
characterization of the Social Cost of Carbon (SCC) — which depends on the climate
system and damage parameters but also the differences in social welfare weights. 1
show that in the First-Best allocation, in the absence of redistributive motives, the
Social Cost of Carbon is the sum of the Local Costs of Carbon for each country,
weighed by the planner’s Pareto weights. This result aligns with models that can
be perfectly aggregated where redistribution motives are absent. However, in the
Second-Best, in cases where the planner cannot undermine preexisting inequality or
offset redistributive effects, the Social Cost of Carbon is the sum of Local Costs of
Carbon for each country, weighed by the social welfare weights which now integrate
differences in marginal utility of consumption. If poorer countries are the most af-
fected by climate change, the Social Cost of Carbon would be higher. However, in
this class of models, the Local Costs of Carbon scale with consumption and income,
which implies that the Social Cost of Carbon is lower than in the First-Best or the

Representative Agent economy.

Then, I characterize the optimal carbon policy. In the First-Best allocation,
we recover the Pigouvian benchmark, where the carbon tax equals the Social Cost
of Carbon. This is because the planner redistributes across countries using lump-
sum transfers, for example, taxing lump-sum European and American countries and
transferring to South Asian and African economies. In the Second-Best Ramsey

policy, when the planner is unable to redistribute freely across countries due to lim-



itations on lump-sum transfers, the world optimal carbon tax needs to be adjusted.
As before, it needs to account for Supply Redistribution — depending on energy
supply curve elasticities — and Demand Distortion — which is a function of the en-
ergy demand elasticities. Finally, I also show that country-specific carbon taxes are
scaled by the inverse of the social welfare weights, such that the poorer or warmer
the country, the lower the carbon tax it needs to pay. Moreover, in the quantitative
model, these terms are slightly more involved as they depend on the path of tem-
perature — as the Social Cost of Carbon increases over time, as is common in carbon
taxation in IAM — and the substitution patterns between energy sources and change
dynamically. Similarly, the social welfare weights used for aggregating these effects

across countries also change over time.

In addition, this framework is general, and I develop a method inspired by the
Heterogeneous Agents literature and Mean-Field Games to solve this class of model
globally in continuous time. This relies on the sequential formulation of the opti-
mal control problem, which allows to follow the trajectories of each country/agent.
As a result, it allows us to consider an arbitrary number of dimensions of ex-ante
heterogeneity and a larger number of dimensions of time-varying states than what

is typically covered in the literature using dynamic programming methods.

The main quantitative result is that accounting for inequality implies changing
the optimal carbon tax in three ways. First, computing the Social Cost of Carbon
with the social welfare weights results in a SCC of $210/tC'O2 instead of $430/tC'O2
when simply doing the simple sum of Local Cost of Carbon. Second, implementing
the carbon mitigation does reduce the Social Cost of Carbon — which is an equi-
librium object depending on climate damage. I show that in the First-Best, the
planner would use large transfers to offset inequality. In the Second Best, when
redistribution instruments are absent, the SCC' is approximately 12% lower, from
$170 to $150. This results from the fact that the carbon tax puts more weight on
poorer countries that have a higher marginal value of wealth. Finally, it accounts
for redistribution motives in the energy markets — supply redistribution and demand
distortion. It implies, on the one hand, a lower carbon tax to avoid hurting fossil-fuel
exporters and, on the other hand, a higher tax since the richest countries are the
major consumers of fossil fuels. Quantitatively, these two effects cancel out despite
the net effect being slightly negative. This implies a carbon tax slightly below 150%,
which is in the range of estimates for the optimal carbon tax. Forthcoming results
would show how these effects would change over time with climate change dynamics,
the change in the valuation of fossil reserves, and the growth dynamics of developing

economies.



Related literature

This paper stands at the intersection of several subfields of macroeconomics,

climate economics, and computational and mathematical economics.

First, I develop an Integrated Assessment model (IAM) with heterogeneous
countries, and this naturally relates to the classical approach of IAM by Nordhaus.
I use a neoclassical model with a climate system and damage of temperatures, as in
the DICE model, Nordhaus (1993, 2017), recently revisited in Barrage and Nordhaus
(2024). In this representative agent framework, as in the rest of the literature, the
standard Pigouvian result holds: the optimal taxation of carbon equals the Social
Cost of Carbon (SCC). As a result, it is enough to measure the marginal cost of
climate change to know the full path of the carbon tax. Golosov, Hassler, Krusell
and Tsyvinski (2014) develop a complete study of the optimal taxation of fossil fuels
in a class of models inspired by DICE models and derive the first-best policy and
a closed-form formula as a function of the climate and economic parameters for the

optimal carbon tax and Social Cost of Carbon.

Second, I extend this class of model to handle country heterogeneity. 1 build
on the literature that started with the RICE — the multi-regions version of the
DICE model — with Nordhaus and Yang (1996); Nordhaus (2011). As studied in
Hillebrand and Hillebrand (2019), the optimal carbon tax should be the Social Cost
of Carbon, i.e. the sum of Local Damages, and the heterogeneity across regions
determines the optimal transfer policies. When transfers are unrestricted, there
is no need to adjust the carbon tax or the Social Cost of Carbon for inequality.
More recently, frameworks with more realistic heterogeneity have been developed
to study the impact of climate change and design optimal policies such as Krusell
and Smith (2022), Hassler, Krusell, Olovsson and Reiter (2020), Kotlikoff, Kubler,
Polbin and Scheidegger (20210), Kotlikoff, Kubler, Polbin, Sachs and Scheidegger
(2021) or Belfiori (2018). I show how to solve for the optimal carbon taxation, which
features of the heterogeneity matter, in this class of model.

Related, the spatial-economic geography literature has made important ad-
vances in studying the heterogeneous impact of climate change. Cruz and Rossi-
Hansberg (2021), Cruz and Rossi-Hansberg (2022a), Rudik et al. (2021) or Bilal
and Rossi-Hansberg (2023b) are rich frameworks that incorporate migration, ag-
glomeration and congestion externality, and meaningful spatial heterogeneity. The
design of optimal policies in such models is still being explored in the literature, and

the approach in this article is well-suited for this body of work.

Moreover, a blooming literature has been developed to study the redistributive



effects of carbon taxation within countries and the heterogeneous impacts of climate
change across households. For example, Belfiori, Carroll and Hur (2024) provides
similar theoretical and quantitative results for the optimal policy in the First-Best
and Second-Best without transfers. In similar heterogeneous agents frameworks,
Le Grand, Oswald, Ragot and Aurélien (2023); Wohrmiiller (2024); van der Ploeg,
Rezai and Tovar (2024); Fried, Novan and Peterman (2024); Benmir and Roman
(2022); Kuhn and Schlattmann (2024); Schlattmann (2024); Douenne, Hummel and
Pedroni (2023); Douenne, Dyrda, Hummel and Pedroni (2024) have made significant
contributions to understand the redistributive effects — due to differences in goods,

car and durables, housing, or adaptation mechanisms along the wealth distribution.

I also relate to the literature closer to climate sciences, reexamining the empir-
ical performances of Integrated Assessment Models, such as in Dietz, van der Ploeg,
Rezai and Venmans (2021), Dietz and Venmans (2019), Ricke and Caldeira (2014)
or Folini et al. (2021). Following this literature, I consider a simple climate system
that allows me to both match larger [IAMs and derive closed-form expressions for
the social cost of carbon and optimal carbon tax.

Moreover, I also relate to a thriving literature that studies optimal policy
design in Heterogeneous Agents models. Solving Ramsey policies, Le Grand et al.
(2021), Bhandari et al. (2021a), Davila and Schaab (2023) or McKay and Wolf
(2022) propose different approaches to conduct monetary and fiscal policy in HANK
models. In my framework, I solve the Ramsey policy sequentially and solve climate
externalities and Pigouvian taxation in the presence of heterogeneity rather than
managing business cycle fluctuations.

The method developed here is flexible enough to handle aggregate uncertainty,
such as climate risk and business cycle fluctuation, and results in this dimension
are work-in-progress. The Stochastic DICE model of Cai and Lontzek (2019) and
Lontzek, Cai, Judd and Lenton (2015) or the general approach to study model
uncertainty and ambiguity aversion applied to climate change in Barnett, Brock
and Hansen (2020, 2022) are particularly related. If the inclusion of aggregate risk
is preliminary in the present paper, I provide intuitions in the toy model and will
integrate this in forthcoming works.

Lastly, this work also relates to advances in the mathematical literature on
Mean Field Games. Indeed, if the literature has leveraged approaches studying
the PDE system, following Lasry-Lions’ contribution, Cardaliaguet (2013/2018), or
Achdou et al. (2022), they usually rely on dynamic programming methods. How-
ever, the Pontryagin maximum principle — used for solving the neoclassical model —

extends to the stochastic case, as in Yong and Zhou (1999), or the case with a distri-



bution of agents or — Mean-Field / McKean Vlasov dynamics — as in Carmona et al.
(2015), Carmona and Delarue (2018) or Carmona and Lauriére (2022). Using this
approach in the deterministic case in large dimensions, I solve the model globally,
compute the social cost of carbon analytically, and design optimal policy. For the
case with aggregate risk, I borrow intuitions from Carmona et al. (2016), Bourany
(2019), and Carmona and Delarue (2018) to solve the Stochastic FBSDE system in
future work Bourany (2023).

The remainder of this paper is organized as follows. In Section 1.2, I study
the optimal taxation carbon in a simple model to provide most of the intuitions. In
Section 1.3, I lay out the Integrated Assessment Model that we study in the policy
analysis. In Section 1.4 I derive the optimal carbon tax — First-Best and Second-Best
Ramsey policy — in this context. In Section 3.4, I present how I match the model to

the data. In Section 3.6, I present the main result of the quantitative analysis.

1.2 Toy model

In this section, I develop the simplest climate economy model to highlight the
intuition behind the design of the optimal climate policy. The goal is to provide
intuitions on the effects of heterogeneity across countries, the source of climate
externality related to energy markets, and how it change the level of carbon taxation.
In the next section, I develop a more general quantitative model that will be used

for policy recommendation.

The model is static and all the decisions are taken in one period. Consider
I countries 7 € I, heterogeneous in three dimensions that will be detailed below.
A unique household in each country consumes the good ¢;, produced by the repre-
sentative firm with labor ¢; and energy e;.} In each of these countries, an energy
producer extracts energy and sells this input at price ¢ on international markets.
It earns profits and is owned by the household. Moreover, the countries are subject
to climate damage on production. I describe each agent’s problem in turn. Finally,
a government, whose objective is specified in the next section, imposes a tax on

emission t§ and distributes lump-sum transfers ti»s in each country.

1. Generalization of this model, with differing population 7;, endowments of inputs in the
production function (e.g. capital k;), do not change the qualitative implication of this framework,
as we will see in the quantitative model.



First, a representative household consumes their labor income w;¢;, where the
exogenous labor supply is normalized to ¢; = 1, the profit of the energy firm of its

country 7{ and the lump-sum transfers given by the government tﬁs.

Vi=Ul(c)

¢ = wily + 7§+t .

Second, a representative firm produces a homogeneous good? using energy e;
and household labor ¢; with a constant return to scale technology. Since the labor
supply is normalized to 1, e; represents the energy use per capita. The production
function F(¢;, e;) is concave in (£;, e;), and Fe(£,€) > 0 and Fee (£, €) < 0 and features

Inada conditions. This firm maximizes profits:

max D;(S)zF(,e;) — (¢° +t5)e; —wily (1.1)

i€
where t7 is a carbon tax paid per unit of energy.

Both countries are subject to climate damages D;(S) caused by climate exter-
nalities related to the world fossil-fuel energy consumption that release greenhouse

gas emissions in the atmosphere:

GHG emissions £
—
S = SO + Zie]] € )

where energy use and emissions are measured in (metric) tons of Carbon or COs.
This depends on the mix between fossil fuels and renewable energies, taken as given
in this static model. The quantitative model introduces this endogenous channel of
energy substitution.

The global carbon emission stock is not internalized by households in their
energy consumption decision, leading to damage D;(S) that affects country i’s ef-

fective productivity, as in standard Integrated Assessment models, e.g. Nordhaus
DICE models.

In each country, a competitive energy producer extracts energy e%" — for ex-
ample oil, gas, or coal — maximizing its profit, subject to convex cost C(e?), i.e.
c’(e®) > 0 and ¢”(e*) > 0 that is paid in the homogenous good.

2. This good is traded costlessly across countries and its price is the numeraire, and hence
normalized to 1.



e _ e T (T
M =max ¢e; —Cile;)

ef =&ilgf) =c; e
~ {Wf = q%E(qf) — ¢ (51‘(%'6)) ’

subject the energy price ¢°. This corresponds to a decreasing-return-to-scale extrac-
tion technology, and implies positive profits w§ > 0. Since energy is traded without

friction on international markets, this price is set to clear the supply and demand:

E=>¢e=) €.

i€l i€l

Since the good firm’s technology is constant return to scale (CRS), define F(e;) =

F(1,¢;) to aggregate firms and household budgets into a single constraint:
ci + (¢° +t5)e; = Di(S)ziF(e;) + gfef — Cilef) +t)° N (12)

with )\; the shadow value of that constraint, which plays an important role in redis-

tribution motives.

Heterogeneity. The countries ¢ € I are symmetric in all regards, except
for differences in three parameters. To fix ideas, consider two regions, North and
South, to give qualitative predictions of the policy results. First, countries differ
in terms of productivity z;. Here, I consider a wide definition of z; that accounts
for technology, efficiency, market frictions, and institutions. This results in some
countries — e.g. the North — producing more and being richer, leading to inequality
in consumption.? Second, energy reserves endowments are unequally distributed,
which results in differences in costs of extraction. I assume that northern countries,
e.g. US, Canada, Russia, Norway, etc. have lower costs of extraction €'y (e) < Cfg(e),
implying larger production and energy rents 7§, > 7. Third, some countries, e.g.,
Southern Hemisphere, are more vulnerable to the damages of climate, Dg(S) <
Dy(S) for all S the stock of carbon. In this sense, the damage parameter ; =

/
S%(E?) is higher in the South, vg > . All these differences yield heterogeneity

3. Indeed, assuming F(e) is Cobb Douglas F(e) = ('~%®, with / = 1, we obtain
aD; (S)zief“_l = ¢° leading to

e; = (OélDi(S)Zl'/qe)l/(lia) yi — qeei _ (:Di(s)zi)l/(lfa) (qe)fa/(lfa) [aa/(lfa)ial/(lfa)]

which is increasing in z; and D;(S)

10



in consumption in the competitive equilibrium and motives for redistribution, e.g.

CN > Cg.

Definition 1.2.1 (Competitive Equilibrium). Given a carbon policy t¢, a com-
petitive equilibrium (CE) is an allocation {c;, e;, el }; and energy price ¢° such that
(i) the good firm chooses input e; mazximizing profit, and (ii) the energy firm chooses

extraction ef mazimizing profit, and both goods and energy markets clear:

Zci +Cie]) = ZDi(S)ziF(ei) E= Zei = Zef

1€l 1€l i€l 1€l
This results in the following optimality conditions. First, for consumption, the
multiplier )\; represents the marginal value of wealth or the marginal utility of con-

sumption.
A =U'(c;) with — ¢; = Di(8)ziF(e;) + ¢ (ef — e;) — Ci(ef) +tl*

where consumption depends on production, energy cost, and net energy export.
The second and third optimality for energy use and energy extraction write as

follow:

MPe; = ¢° +t§ with M Pe; :=D;(S)z F'(¢e;) ,
¢ =c'(ef) ,

and this corresponds to the standard condition Marginal Product = Marginal Cost
for Energy.

This competitive equilibrium is inefficient: climate damages D;(S) are not
internalized, and energy consumption is too high in view of the economic costs of
global warming. Moreover, economic inequality results from the heterogeneity in
productivity, energy endowment, and climate damage. In our two regions example,
cy > cg results in Ag > Ay. Redistribution from the North to the South could
be desirable from a utilitarian point of view. This inequality in consumption and
damages arises despite trade openness.* T explore how the social planner allocates

consumption and energy in such an environment.

4. We could consider trade and financial autarky preventing production from being exported to
other countries. This would strengthen heterogeneity and redistributive motives.

11



1.2.1 First-Best: Social planner allocation with full transfers

Consider a Social Planner choosing the agent’s decisions, subject to the re-

source constraints in goods and energy as well as the climate externality.

W= max Z w;U(¢;)
{Civeheg‘r}ieﬂieﬂ

> ci+ci(ef) = Di(S (4]

1€l 1€l ) ) (1‘3>
E=)e=) ¢ (1]
1€l 1€l
S =8+ Zei

1€l

where ¢ is the shadow value of the good market clearing and u€ the one of the energy
market clearing. The welfare function is the weighted sum of countries’ utilities, with
Pareto weights w;. In the following, I denote the social planner allocation {¢;, é; }ier
to distinguish it from the competitive equilibrium.

Choosing the consumption on behalf of the agents yields a redistribution mo-

tive:
[Ci] (;5 = wiU/(éi) = wiU/(éi) = WjU/(éj) Vi,j el.
Depending on the Pareto weights, there is a motive for transferring consumption

across countries.

Regarding the choice of energy inputs:

2] & [é7] (&) = = Dy(S)=F' (&) + YD)z F(¢)
¢ jel

=:5CC
with an additional term that represents the cost of emitting one ton of carbon in
terms of forgone production. This term is the Social Cost of Carbon (SCC) in
the social planner allocation and represents the marginal global damage of climate

/
change. With v, = —%, which is constant with Nordhaus’ Damage function
D;(S) = e‘%(S—S())?7 I redefine it as SCC = > 15755

I turn to the decentralization of such allocation. I consider a planner who has
e tls

101

£l

access to all instruments {t¢ }i, and, in particular, lump-sum transfers t;% across

countries.

12



Proposition 1 (First-Best Policy and Decentralization).
The optimal policy decentralizing the First-Best allocation is a uniform carbon taz,
t; = t°, equal to the Social Cost of Carbon t* = SCC, and uses lump-sum transfers

for redistribution. Indeed, optimality writes:

MPe; .= D;(S)z F'(¢;) = ¢° +1° ¢¢ =c'(e})
with t°=8CC := = > _Dj(8)zF(¢;) = Y Svju; = IE; [Sv;u4]
jel Jel

and transfers {tﬁs}i which are implicitly defined by

OJZ'U/(@') = WjU/(éj) )
6 = Di(S)%F (&) + q°(6F — &) — Ci(eF) + (¢ — t5¢;).

For arbitrary Pareto weights w, lump-sum transfers are redistributive:
i, j st th >0, th <t%e;.

To see this last point, summing the budget constraints yields:

o=t ¢

1€l 1€l
implying there is lump-sum redistribution from richer countries to poorer ones in
the presence of heterogeneity across countries.® In our North-South example, with
zg < ZN, C'N < Cfg or Dg > Dﬁv, and for arbitrary Pareto WeightSG, we obtain that
tfgs > tfég, and té\sf < t¢ép. This implies that some funds are taxed from the North
and redistributed lump-sum to the South. However, there exists a unique set of
Pareto weights w; = 1/U’(¢;) — the so-called Negishi weights — such that this motive
disappears tlSS =tfég and t{,\sl = t*é,y and there are no transfers across countries.

In the following, I rule out this flexible lump-sum transfers assumption: if

development aid exists, in practice, full redistribution with lump-sum taxes and
transfers to cover the differences in technology, market frictions, and institutions is

politically unfeasible.

5. Given that ti* = t°¢; + U'"1(£) — Di(8)zF (&) — ¢°(éf — &,).

6. In particular, this is the case if the Pareto weights are large enough, i.e. wg > ¢/U’(cg) i.e.
more than the weight imposed by the shadow value of good discounted by South’ marginal utility

13



1.2.2  Second Best: Ramsey problem, uniform carbon taz, and

limited transfers

Consider now a social planner designing the optimal climate policy, taking into
account the constraints preventing transfers across countries. Subject to the com-
petitive equilibrium optimality conditions, the climate externality and the absence
of financial instruments for full lump-sum redistribution, the planner takes the deci-
sions of consumption and energy to maximize global welfare. I denote the Ramsey
allocation {¢;, &;, €} }; to distinguish it from the competitive equilibrium {c;, e;, ef

and the First-best allocation {¢;, é;,é7 }.

W = o %IwiU(Ci) (1.4)
I consider a uniform carbon tax for all countries t; = t°, and this, for several
reasons. First, the goal is to provide a direct comparison to the standard Pigouvian
framework, where the natural outcome is a global uniform tax on fossil energy.
Second, following the arguments of Weitzman (2015), the uniform carbon tax or price
of carbon serves as a “focal point”, where the social-planner policy is a representation
of the bargaining outcome in an agreement coming from all the countries in the world.
Third, in the next section, I consider different tax rates for each country.

In both cases — uniform tax or country-specific taxes — I assume away cross-
country transfers: as the revenue of the tax is redistributed lump-sum to the house-
hold ‘Eés = tf¢;. Moreover, in the Second-Best Ramsey policy, the planner inter-
nalizes the optimality conditions of the competitive equilibrium. Using the Primal
Approach in public finance, the Ramsey problem accounts for the countries’ budgets

and the firms’ optimality conditions and is written as:

W = max Zwi Ul(c;)
{6i7éi7éix}’iaqeats el
st G+ (°Ht9)E; = Di(S)z F (&) + ¢°¢f — ¢i(&) +t°¢; (] w5
¢¢ =ci(e) ¢°+t° = MPe; [v;]

S:=8+) ¢ E=>¢e=> ¢ (1]

with the Lagrange Multipliers ¢;, v;, u¢, respectively for the budget constraint, the
energy choice of the good firm, and the energy market clearing.
The Lagrangian of this problem, as well as the detailed optimality conditions,

are derived in detail in Section 1.9. They yields the following optimality conditions
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for consumption ¢;, demand e; and supply ef for energy:

//~ marginal value of
wiU'(&) = ¢y ="08

income/wealth
/! ~ ~
¢it® = v Di(S)z (&) +  pt = X, 05D(S)zF(E)
=demand distortion ~ _  supply o Social Cost of Carbon
redistribution

The planner chooses a single carbon policy instrument and thus accounts for several
redistribution channels across countries through (i) the marginal value of income
¢;, (ii) the distortion of energy demand symbolized by the shadow value of energy
choice v;, (iii) the redistributive effects on energy market with the market clearing
multiplier 1, and (iv) the Social Cost of Carbon summarizing the marginal cost
of climate change. There, before deriving the main formula for the optimal carbon
tax t¢ and explaining the economic intuition behind it, let us introduce these key

objects.

First, I define the “social welfare weight” QASZ = ¢;/¢ that represents the relative
weight that the planner uses for global policy. I define it as a ratio, rescaling the

multiplier ¢;, of the shadow value of relaxing the budget constraint for country 1.

_¢i . wille)

o 6 Ficrwil!(e;) ~

where ¢ = OW/dc = %(Zi@[ w; U’ (cz)> is the average marginal utility. ¢ is the
“money<>welfare” conversion factor for the social planner. When there is no full
redistribution, this factor QASZ is high for relatively poorer countries or countries with

a high Pareto weight w;.

Second, climate change affects countries differently according to their marginal
damages D}. The social cost of carbon scales those damages by the social welfare
weights/inequality factor @ o w;U'(c;) given that the planner does not have access
to full redistribution. Rescaled in monetary unit, with the conversion factor ¢;, the

SCC writes:

oW /oS 1 ~ ~
SCC = = /a = —=2_0;D}(S)zF(ej) = =3 0;D}(S)zF (ej) = 3_ 6 Sy
D.(S
with the definition v; = _D-](ES‘)L’ the slope of the climate damage function, as
j

in Nordhaus” DICE model. In particular, in this heterogeneous countries model

with limited redistribution, the Social Cost of Carbon integrates the distribution of
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consumption/income under the factor qgl

SCC =3 6; Svjy; = IE; (0 Svjy;)
jel
SCC = I'E;[Svjy;] + I Cov, (@-, syjyj> S IE;[Svy;) = SOC
. DUS) .
with the damage slope 7; = —m, and country i’s output y; = D;(S)z F(e;).
The SCC = IE]‘[—D;-(S)ZJ-F(ej)] = IE;[Sv;y;] is the Social Cost of Carbon when
full redistribution is available, or equivalently in representative agent models where

redistributive concerns are absent. Since E;(-) is a mean’

over countries j, we need
to multiply by the number of countries (I here) to obtain the sum of local damages.

Is the SCC higher in the model with inequality compared to the one-agent
setting? Take the North-South economy as an example. First, low-income countries
have a lower consumption and hence higher marginal utility of consumption, e.g.
cg < cn and o g > ) N - Second, South is suffering from stronger damages Dig > va.
However, third, productivity is higher in the North zy > zg implying F(ey) >
F(eg) and income jy:=zxF(ey) > 7g. Therefore, the covariance between ¢;, 7;
and ~; Dg is ambiguous. Quantitatively, in a large class of Integrated Assessment
models, the local cost of climate change Dg(S )y; is strongly correlated with income
y;, as there larger production loss of climate change in richer countries. In such

cases, the covariance Cov; (;ASJ-, ’yjyi> is negative, and as a result:
SCC = ]Ej[S%'yi]—i-I (COVj ((Ej,S’yjyj) < IEj [fyjyj] = SCC if COVj (ij,vjyj> <0

Third, I explore the redistributive effect of carbon taxation on the energy
supply. Changing the price affects the market clearing, with shadow value p°. 1
formulate this supply-side channel as a redistribution between energy importers

and exporters, weighted by a factor representing the curvature of aggregate energy

supply:

2}

(&
1
Supply Redistribution = /; = Cpp 7 3
J

J
= Cpg E; (cgj(@j - 6?))

= CEE (COVJ' <QA5J, ej — ej}”) § 0

7. The formula of the expectation of a product writes E;[z;y;] = E;[z;]E;[y;] + Cov;[z;y;)
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What is the sign of this covariance? In our two regions example, we assumed that
the North had a larger endowment in energy resources and hence higher net energy
exports ey — e}y < eg — €§. Therefore, since the net import of energy correlates
with lower consumption, and hence a higher marginal value of consumption U’(c;),
the covariance term is positive. Moreover, the magnitude of this terms-of-trade
redistribution ultimately depends on the aggregate supply elasticity:

with U= (Zj )\;CV-_1>71

by

-1
Cep = (ZC}/(ef) No=¢
J

with v; the inverse supply elasticity, constant in the iso-elastic case ¢ = C;(e) = y;eVi
and the share of country ¢ in energy production /\f = e} /E. As a result, this Social
“Supply Redistribution” is positive. It is larger when the energy supply is inelastic
— price and profits vary a lot for small changes in quantity produced. It is null
when the energy production is Constant Return to Scale (CRS) when v; = 0, and

therefore, no energy rents are redistributed.

Third, carbon taxation distorts energy choice across users and changes the
equilibrium energy price along the demand curve. We derive the Social “Demand

Distortion” term as:

. . 1 Uj 1" . 7
Demand Distortion = 7 Zj: ?Dj(S)sz (ej) =E; (’Uj D;(8)z; F (ej))

— Cov; (:Z D;(S)5F"(¢)) S0

with v; is the multiplier on the energy demand optimality condition: positive value
implies that the planner would like to relax the constraint, increase the quantity
e;, lower the M Pe;, and conversely for negative values. I define v; = v; /¢ as the
rescaled shadow value of country j’s energy demand.

There is no aggregate distortion, only redistributive distortions across coun-
tries. This comes from the optimality of the tax t°, as E; (ﬁj) = 0, and this yields
the last line as a covariance. How to determine its sign? In our North-South exam-
ple, lower-income economies have energy demand more sensitive to price distortions

since z; F"(e;) relates to the energy share and demand elasticity:

(&

Di(8)ziF" (e7) = ———(1—57) = Dg(8)zsF"(es) < DN(S)znF"(en)

.~€
e;o;

y € . . . . .
where s§ = % < 1is the energy share in production and of is country i’s energy
7

demand elasticity. The North relies “more” on energy — since zy > zg implies that
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enN > eg: more productive countries have higher energy demand ceteris paribus. It
would also be the case if energy is more substitutable in richer countries, i.e. large
0¢ and demand varies a lot with price. The covariance would then be negative:
if the planner values more the production, high v;, of the most inelastic countries,
lower F”(e;) then the tax would be lower. Moreover, that term is null if the en-
ergy demand/production function is constant return in energy such that s§ = 1, or if
energy is perfectly substitutable ¢ — 0o, or if we are in a representative agent econ-
omy Dy (S)znyF"(en) = Dg(S)2gF" (eg) and there is no heterogeneity in demand

across countries.

Proposition 2 (Second-Best Ramsey Policy with limited transfers).

The optimal Second-Best carbon tax accounts for three distributional motives when
setting a single uniform level: (i) climate damage in the Social Cost of Carbon
(SCC), (ii) Supply Redistribution in energy markets through terms-of-trade and
energy rents and (iii) Demand Distortion through distorted firms’ energy choices.
This includes redistribution motives due to the presence of inequality through the
social welfare weights <$j = ¢;/p = ij’(cj)/% SiwiU'(¢;). The optimal energy

tax writes:

t = SCC + Supply Redistribution + Demand Distortion
- 1 - 1
= =32 8;D}(S)zjF(ej) +Cpr 32 0j(ej —¢f) + 72 0;D;(S)%F"(¢;)
J J J

e

~ U ~ 1=
tE = ]E] (Svjy]> + ]COV]' (qf)], S’Yﬂh) + qu(COVj <¢], €j — 6?) — qe (COVj <Uj, 7052

/

for the carbon tax such that M Pe; = C'(e%) + t¢, where v; = —gi(igs)g is the

marginal damage of climate changed, y; = D;(S)zF(e;) is total production, v =

-1
(Zj /\fl/»_l) the average inverse energy supply elasticity, s the energy cost shares,

and of the energy demand elasticity. We see these three motives matter with a single
tax and lump-sum rebate. Compared to the economy with full redistribution, the car-
bon tax is smaller if (i) the cost of climate ~jy; is concentrated in richer countries,

with low qgl-, (ii) the net energy imports are high, with higher e; — €7 ,

(;ASZ- countries, (1ii) the energy is more essential, with low demand elasticity and high
i

1U¢:ie, in poorer, high distortion U;, countries. For (ii) and (iii), carbon tazation is
(2

isomorphic to an energy terms-of-trade manipulation between the exporters and the

in richer, low

importers in trade theory.

8. The parameter +; is constant in DICE damage function D;(S) = e=i(§=50)°,
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In the next corollary, we reexpress the carbon tax as a function of observable
sufficient statistics. Indeed, given its dependence on the multipliers for individual

demand v;, the Demand Distortion term can be quite opaque.

Corollary 3 (Second-Best Ramsey Policy with limited transfers, sufficient
statistics).

The optimal Second-Best uniform carbon tax can be rewritten as:

i e

1 1—s€
t¢ = — SCC + Supply Redz’stm’bution] with &7 = ——2—
. . 550 J 0,64
1+Cov; (¢j,ej ) i i1 sf

1 [ ~ v -
t& = — IE;(Sv,y;) + ICovi(di, Sviyi) + ¢ =Covi(p;, e;—et ]
1+C0Vj(¢j7§j70) I .7( J J) ]( J J J) E ]( 7077 J)

for a uniform carbon tax t¢, with marginal climate damage ~;, output y;, average
inverse energy supply elasticity v, energy cost shares s, energy demand elasticity
of. Note that é‘;’a = ¢; = e;/E if the production function has a Cobb-Douglas
form.9 Demand distortion amplifies or dampens the carbon taxation motives, 1i.e.
the Social Cost of Carbon (SCC) and Supply Redistribution. The carbon taz is
lower if the largest energy consumers e;, with high energy share s¢ and demand
elasticity of have low consumption c; and thus high social welfare weights ¢; =
wilU'(¢j)/7 Siwil(cy).

Note, in representative agent models, as in Nordhaus (2017), or Golosov et al.
(2014), there is no heterogeneity across countries, making all the covariances trivially
null. Hence, we obtain the standard Pigouvian result t© = SCC = IE;[Sv;y;] =
SCC. Moreover, models with unconstrained transfers, which can be aggregated,
yield @:gzgi:l, also reducing these covariances to zero. Models with heterogene-
ity in income, climate damage, or country size, like Nordhaus and Yang (1996) or
Krusell and Smith (2022), but no heterogeneity in energy demand nor energy rent
redistribution also yield the Pigouvian result t= = SCC, where the Social Cost of

Carbon is adjusted for inequality.

These Second-Best carbon tax formulas hold for a single uniform carbon tax.
If the planner has access to a distribution of carbon tax rates (or carbon prices), the
distribution of the tax changes with the presence of inequality, as we see in the next

section.

9. If all countries ¢ have the same Cobb-Douglas production of the form F(¢;,e;) = e

s,0.__oie; __1xe; ~8,0 . 8,0 s,0
get e =7 =124 and hence €7 :=¢;7 /3" ;7 = ¢;/E

0 we
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1.2.3  Ramsey Problem with heterogeneous carbon tax & limited

transfers

We consider a case where the Social Planner implements a distribution of
country-specific carbon taxes tZ‘jj . 1 again assume away cross-country transfers, and
the revenue of the carbon tax is rebated lump-sum tgs = tie;. The welfare objective
and the constraints internalized by the planner are the same as before: (i) the
budget ¢; = D;(S)z F(&;) + ¢° (€] — &;) — ¢;(&) with multiplier ¢;, (ii) the energy
firm optimality ¢¢ = ¢/(ef), (iii) the energy demand optimality ¢¢ + t§ = M Pe;
with multiplier v;, and (iv) the energy market clearing £ = >;¢; = > ;ef. The
only exception is that the carbon tax is country-specific t;. The planner optimality

conditions become:

~

¢,
iU'(c;) = o4 j ===
will'(c;) = ¢ ¢ 3

: w;U'(c;) <1
7 Lierwil’(ci)

the same as before, as the planner keeps the same motive for redistribution. The
social welfare weights, or inequality factor, come for heterogeneity in the marginal
value of income ¢;. However, when the planner can choose one instrument per

country, the distortion of demand is absent:

vj = 0 = Demand Distortion = 0

Proposition 4 (Second-Best Ramsey Policy, heterogeneous taxes & lim-
ited transfers). The optimal Second-Best energy tazation policy with heterogeneous

taxes when transfers are absent becomes:

1 e~ N 1 1w~
== > 65( — Dj(S)zF(e)) +=Cop 1 320i(¢j — )

vt v J

x SCC =Supply Redistribution

1
t; = g [SCC + Supply Redz’stribution]

/)

1 ~ v ~
t7 = g [IE]- (Syjy]) + ICov; (gzﬁj,Svjyj) + qu Cov; (gbj, e; — ef)}

1

where ~y; is the marginal damage of climate change, y; is total output and v; the
average inverse energy supply elasticity, and qgj = qb]/(g oc w;U(c;) are the social
welfare weights

The planner accommodates country-specific levels of inequality for the distri-
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bution of carbon prices. Indeed, for a given — potentially arbitrary — distribution of
Pareto weights w;, the optimal carbon tax is relatively lower for poorer countries.
The two motives for carbon taxation, (i) the Pigouvian Social Cost of Carbon and (ii)
the supply redistribution, changing terms-of-trade and energy rent in general equi-
librium, both need to be discounted by the country level of inequality 52 o w;U'(¢;).
The tax is reduced for countries with low consumption — due to inherently low in-
come (due to TFP) or climate damage — or high Pareto weight in the global welfare.
Lastly, the energy demand is not affected by this country-specific tax.

These main findings — that the level and the distribution of carbon taxes change
with inequality — are general and hold in a dynamic quantitative model that I develop

in the next sections.

1.2.4  From carbon tazxation to carbon pricing in emissions markets

In this section, I investigate how to implement the optimal climate policy
when the planner chooses to design a “cap-and-trade” emission market, such as
the European Union’s “emission trading system (ETS)”. Emissions markets are a
privileged policy solution as they simultaneously provide the strict regulation of a
cap and the market efficiency of emission trading.

Consider a social planner designing the cap-and-trade system, choosing the
number of allowances, or “quotas” or “permits”, £ to be auctioned in a world market.
Moreover, it also chooses the number of permits that are given “for free” to each
country ;. As a result, it controls the total supply of permits & + 3; g;, which
are traded on a global market at price ¢°. Finally, the representative firm in each
country chooses how many permits to purchase ¢; to cover its emissions from energy

use. The country i’s representative household/firm faces the following problem:

U .
dns, Ut

o L a=DiS)EE() + ¢ (ef—e) —cile]) + ¢ Eimei) +
e < g

where the firm pay for ¢; carbon permits at price ¢°. This yields the optimality

condition for energy e; and carbon permits ¢;:
MPe; = ¢° + ¢°

which implies that the implicit carbon tax is M Pe; — ¢¢ = t¢ = ¢°. The complete
treatment of this example is detailed in Section 1.9.1. Below, I summarize several

lessons on the optimal design of this type of policy.
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First, the unconstrained distribution of “free carbon permits” g; acts as implicit
money transfers across countries. Indeed, if the planner “offers” the ownership
of carbon permits, countries/firms can sell them on the market to get ;¢ and
redistribute that money to households. Moreover, due to the government budget
constraints, the revenue and cost of those permits are redistributed lump-sum to
the household >-; tés = ¢° Y i(e; — &;). If these implicit transfers are allowed, the
planner can achieve full redistribution w;U’(¢;) = w;jU’(¢j). As a result, we can
recover the First-Best allocation with ¢ = SCC, exactly as in Proposition 1 and
Section 1.2.1.

Second, if we prevent both explicit and implicit transfers, i.e. & = 0, the
planner again needs to adjust the carbon price for the presence of inequality, as
represented by the social welfare weights ¢; = w;iU(cj)/ % > wiU(¢;). This implies
that the total quantity € to be auctioned on a global market should be chosen to

target a carbon price of ¢° as in the Second-Best in Section 1.2.2.

Corollary 5 (Global carbon price, cap-and-trade system with limited
transfers).
The carbon price target on a global cap-and-trade emission market needs to target the

following level, accounting for redistribution motives, exactly as in Proposition 2:

q° = SCC + Supply Redistribution + Demand Distortion
~ 1 ~ 1 .
q° = —ZQSJ'D;(S)ZJ'F(SJ‘) + CgE Tquj(ej — ef) + TZUJ'DJ(S)ZJ'F”(GJ)
J J J

e

¢ = IE; (Sfyjyj) + ICov; (@,Swyj) + QE%COVJ' (@a €~ ef) —¢" Cov; (@j, 10_7:) '

Third, if the planner wants to achieve additional redistribution, it needs to
design segmented markets with I = #I different prices ¢;. In each market, the
planner needs to set the supply & = e; to achieve the target prices G =t =
(1/ QASZ)(S CC + Supply redistribution), which are the same level as Proposition 4 in
Section 1.2.3. In that context, the carbon permits/allowances are not tradeable
across countries unless against the exchange rate ¢; / q§ for one ton of C'O»s.

We see that the question of the number of instruments prevails over the nature

of the instruments — price or quantity — as I explain in the next section.

22



1.2.5 Prices vs. Quantity

I now discuss the pros and cons of a global carbon tax or country-specific
carbon taxes, or price instruments, in comparison to quantity targets in a cap-and-
trade system, either with a global carbon budget or country-specific carbon targets.
In that sense, I explore the arguments made in Weitzman (2003) and Weitzman
(2015) on these two types of instruments.

Weitzman (2015) argues strongly against quantity targets and emissions cap-
and-trade systems. He defends that a universal carbon tax ideally possesses (1)
cost-effectiveness, (2) a natural one-dimensional focal point (as in Schelling), and
(3) a built-in self-enforcement mechanism that internalizes the externality, balancing
out countervailing forces and heterogeneous interests. According to him, n different
quantity assignments, as in the top-down approach of the Kyoto Protocol, fail on the
second and third points and are harder to bargain upon in international agreements.
It spurs free-riding as each nation has a self-interest to negotiate a low cap on their
own carbon emissions — lower than socially optimal and “disagreements over the
subdivision of an aggregate world cap into n national quantity targets” prevent the
achievement of an efficient solution.

I showed above that (i) the availability of transfers and (ii) the choice of in-
struments — whether a global policy or country-specific ones, are the most important
determinants of the policy effectiveness, rather than the choice of quantity or price
instruments. Indeed, as noted in Section 1.2.4, there is a direct mapping between a
quantity of carbon permits £ along with a distribution of “free allowances” {&;}; and
a carbon tax t° along with cross-countries transfers tés , and both replicate the First-
Best allocation. If, like Weitzman, we note that allocating carbon permits appears
as “visible transfer payments across national borders”, we could instead advocate
for £, = 0 to refrain from transfers that are undermined by free-riding incentives.

In that context, there is also a direct link between choosing a total quantity of
permits £ and a single carbon price ¢°¢ = t¢ that replicates Weitzman’s idea of an
“internationally harmonized but nationally retained carbon tax” exactly as detailed
in Section 1.2.2, Proposition 2 and corollary 5. Regarding policy uncertainty and
the volatility of carbon price in cap-and-trade systems for a given quantity target &,
one could note that policymakers could control the quantity of permits supplied and
perform “open-market operations” to reach a stable carbon price target. Finally,
country-specific quantity & = e; and country-specific carbon taxes {t5} both suffer
from the same pitfalls because of free-riding, bargaining frictions, and transaction
costs in international negotiations. These considerations are examined in Bourany
(2024a).
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1.2.6 Extensions and implication for carbon taration

In the previous sections, I showed how the carbon tax should differ from the
representative agent Pigouvian framework in the simplest model with heterogeneous
countries. In Bourany (2024a), I analyze the case with two important extensions.
First, international trade has redistributive “carbon leakage” effects” that dampen
the effectiveness of carbon policy. For example, imposing a carbon tax on energy
in country ¢ reallocates production toward other countries j that now may export
toward . In Bourany (2024a), I show that the presence of inequality and trade
create a fourth motive that differentiates the optimal carbon tax from the social
cost of carbon.

Second, the carbon policy is chosen by a social planner at the world level.
However, free-riding — when individual countries deviate without implementing the
socially optimal policies — create participation constraints that limit what can be
achieved by the planner. In Bourany (2024a), I study how to optimally design
climate agreements accounting for such free-riding incentives.

Finally, the present analysis is deterministic: both the future gains and losses
of climate policies and climate change are known to all agents. In Bourany (2023),
I study how uncertainty about future climate damage and future economic oppor-
tunities create insurance motives for climate policy, as the Social Cost of Carbon

would be heightened due to climate risk.

1.3 Quantitative model

I develop a neoclassical framework with rich heterogeneity across regions. Time
is continuous ¢ € [tg, 00), and countries are indexed by i € I. They can be heteroge-
nous in an arbitrary number of dimensions summarized in the state variable s;;19.

In each country, we consider five representative agents: (i) a household making
consumption and saving decisions, (ii) a firm using capital, labor, and different
energy sources to produce the final good, and three energy firms that (iii) extract
fossil fuels (oil and gas), (iv) produce coal, and (v) produce renewable/non-carbon
energy. Finally, each country has a government that collects taxes and redistributes

lump-sum rebates.

10. More precisely, state variables of heterogeneity can be split in two, s;z = {s;,5it}, where
s; represents ex-ante heterogeneity and states variables §;; represent ex-post heterogeneity that
changes over time. In practice, the dimensionality of s can be arbitrarily large, as I explain in the
computational section below.
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1.5.1 Household

Each region ¢ € I is populated by a representative household of size P;; at
time ¢t. This population is increasing at an exogenous constant growth rate n;, and
Pit = n;iPi. As a result, the population is given as P;; = P;0e™!. The household
owns all the different firms, including the representative firm that produces goods
with total factor productivity z;+, which also grows with growth rate g;, implying
2t = zjpedit. In the tradition of the Neoclassical model, I normalize all the economic
variables of the model per “effective capita”, dividing by the trend e(nitgi)t,

The household consumes the homogeneous final good ¢;+ and is affected by the
region’s temperature 7;;. They can save and borrow in a liquid financial asset b;; at
a world interest rate 7. Moreover, they can invest and hold that wealth in capital
kit to be rented to the homogeneous good producer at rate let. Households supply

locally their inelastic labor ¢; = 1 to the final good firm, receiving the wage income

{;w;. Moreover, the household receives the profit that the fossil firm generates W{ ,
as will be detailed below. They maximize the per-capita present discounted utility

with discount rate p, and solve the following intertemporal problem.

0.0}
Vity = max / e ey, 7iy) dt 1.6

O etk to (16)
The utility that households receive from consumption is also scaled by a damage
function DY (7), which represents the direct impact of temperature 7;;. I consider

standard CRRA preference with the intertemporal rate of substitution 1/7.

(Do)l

o (1.7)

ui(cit, Tit) = U(Dg(ﬂ't)cit) uDec) =
We aggregate the bond and capital of the individual country as a single wealth
variable w;; = k;+ + b+ and rescale income and wealth per effective unit of labor,
accounting for TFP and population growth g; + n;, it yields the dynamics of wealth

w;¢ accumulation:

g = (rf = (n + 57) Jwie + Wil + ly + 5 (1.8)

starting from initial condition wy, = ko + bp. The return on capital is rft is equal-

ized to the bond return Tft = r} in the absence of other financial market frictions.
Furthermore, the household receives the energy sector profits, and, more specifically,
f

the profit from the oil-gas firm 77, that generates meaningful energy rents. Finally,

the household also receives lump-sum transfers tés from the government. Wealth w;;
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is the first dimension of ex-post heterogeneity.

1.3.2  Final good firm

In each country ¢+ € I, a representative firm produces a homogeneous final
good using a constant-return-to-scale technology F(-) and different inputs: labor /;
at wage w;, capital per effective capita kj; at the rental rate rj, and energy per
effective capita e;; at price g;+ as detailed below.!! The firm maximizing profit, i.e.
output per capita y = DY(7)zF(-) net of input costs:

pax DY (i) i Fy (it L, eqt) — wigls — aizeqe — (rf + 0) ki - (1.9)
The firm’s productivity first differs across countries due to institutional and ef-
ficiency time-invariant factors summarized in z;. Second, temperatures 7;; affect
output through climate damages D%’(Tit), which is the source of climate externality
which will be detailed below. The production function has a constant elasticity of
substitution between the capital-labor bundle k%¢1~% and energy e:

o—1

1 Cgo=l 1 =
Fy(kit, b eit) = [(1 =)o (kf ¢~ *) "7 +e7(2heir)

with ¢ < 1, such as energy is complementary in production!? and where directed
technical change zf is exogenous and deterministic. This directed — energy augment-

ing — technical change increases in output for a given energy consumption mix.!?

This exogenous trend implies zf, = zf edel.
The firm optimal inputs decision for capital, k;;, labor ¢;, and energy e;; is such
that the marginal product of the inputs equals its price. With the marginal product

of capital, labor and energy are defined as: M Px;; = O [D%(Tit)ziFi(kit, Ui, ei)] for

11. The original — unnormalized — production function:

a

o—1 o—175=1
Y, = F(K,, Ly, E) = D(1) {(1 — o) (KL 427 (5B, 7 } '
I normalize output Y; by the trends in TFP €% and population L, = Poe™! to obtain output per
effective capita.
12. If 0 = 1, we have the Cobb Douglas : F(k,{,e) = £2£¢(k*¢1~)17%¢®

13. An upward trend in such technology is sometimes argued to be behind the “relative decou-
pling” of developed economies: an increase in production and value-added simultaneous to a decline
in energy consumption.
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x € {k,(, e}, we obtain the first-order conditions:

rh = MPhiy — 6 =1} wit = MPl; ¢ = MPey (1.10)

Energy demand
Given the demand for energy inputs e; in each country, the firm has the choice
among three sources of energy: fossil fuels ezft, coal ef, and low-carbon/renewables
ejy- These three sources are substitutable, and total energy e;; has constant elasticity

of substitution oe.

subject to the budget for energy expenditures, which implies the price of the energy
bundle g, for o € (0, 00):

diteit = ezft (qtf + 045 + ey (qz'ct +E5) + eirais

1
— — — 170‘@
dip = (Wf(%f + &5 + welgf + €5) T + wi(gf)! ae)
where qtf is the international price of oil and gas, ¢f; the local price of coal energy,
and ¢}, the local price of low-carbon energy. Similarly, the representative final good

firm choose the energy inputs according to the first-order condition:

[y f & ()
df +€t = MPel, = o (et) (1.11)
1

and similarly for the other energy inputs ¢f, + {°t5, = M Pe§, and ¢}, = M Pes,.
Energy from oil-gas, er , and coal, €f, differ from renewable in the sense that
they emit greenhouse gases, with respective carbon concentration ff and &€, as we
will see in Section 3.2.4. As a result, there is a motive for taxing oil, gas, and coal
energy with the carbon tax t3,, which is a tax per ton of COs. I discuss the choice

of this tax in the next sections.

1.5.83  Energy markets

The final good firm consumes three kinds of energy sources — oil and gas,
coal, or renewable (non-carbon) — supplied by three representative energy firms in
each country ¢« € I. Oil and gas sources are traded internationally, while coal and

renewable sources are both traded locally.
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Fossil firm

A competitive energy producer extracts fossil fuels oil and gas ef from its pool
of resources R;;. The energy is extracted with convex production cost yif (efy, Rit),
where these costs are paid in units of the final good, and the oil and gas are sold in

international markets at a price qf :

The fossil-fuel reserves R;; are depleted with extraction ej, such that Rit =
—ef,. We assume that neither the fossil firms nor the social planners internalize
the scarcity of these resources. Internalizing the resource depletion would imply a
more involved dynamic Hotelling problem — with stock effects — with the Hotelling
rent rising over time, dampening the extraction rate ef. I suggest an extension in
appendix XX to see how these motives would change the taxation of fossil fuel and
carbon theoretically. However, in the interest of keeping the framework simple, I
refrain from considering this extension in the quantitative analysis. Richer mod-
els developed in Bornstein, Krusell and Rebelo (2023), Heal and Schlenker (2019),
and Asker, Collard-Wexler, De Canniere, De Loecker and Knittel (2024) study the
dynamic aspects of the oil market and the considerations for carbon emissions.

As a result, the static maximization problem of the fossil firm is given by :

7%']; = Hé%X qfef-} - Vif(Pz‘teg’;t, Rit)/Pit » : )
it 1.12
Rit = —Pirely

where Vl-f (Pitels, Rit)/Pit is the extraction cost per capita, which is convex in e,
and R, = Rjp the initial condition for reserves. Since the extraction costs are
convex, the production function has decreasing return to scale.? As a result, a
positive energy rent W,z); exists, even if the competitive firm takes the fossil price q%f
as given. Moreover, I abstract from market power in the oil market, for example with
the OPEC as a cartel — 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 I/Z-f (-) as we will see in the
quantification Section 3.4. I consider a functional form for cost that yields isoelastic

supply curves for fossil energy extraction.

U; el \1+vi
Vif(e‘ftaRz‘t) =1 J:V (tht) Rit (1.13)
1 1

14. We can also define a fossil production function with inputs x{ such that e¥ = g(x{ ) and
profit m = ¢/ g(z) — z instead of 7 = ¢7e® — v(e?), in which case g(z) = v~ ()
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which is homogeneous of degree one in (e’

V" (e*/R) Z
J/(em,R)GQU

1

,R;) and where the elasticity v; =

is constant.

Naturally, the optimal extraction decision for the fossil firm follows from the

optimality condition:
_ P‘t6~m Vi
af =V (Pitefi, Rit) = VZ<Z”) (1.14)

which yields the implicit function e} = e {) = V{’il(qif) =Rt (q{/ﬂi)l/”i for
the optimal oil and gas extraction.

Finally, energy rent comes from fossil firms’ profits 7/ (qf JP) = q! ex(qf ) —
I/éf (ex(qf ), R) > 0, and the per-capita profit function writes:

—1/v;

.i7. L e\ 1415 R,
fo f Rt — f x f T iy (Pzt€%> it _ 21 A+
(] Rip) = qf €% — v] Pyl Rig) /Py = R
T (Qt zt) qi €y — V; ( 1tCit zt)/ it 1+, \ R, Pas 1 Zt(Qt )
(1.15)
As we will see below, the profit 7T,Lf (qf ,R) and its share in income ngff = ﬁ are
it

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

f

qf and hence affects energy profit 7; and the welfare of large oil and gas exporters.

International fossil energy markets

Oil and gas are traded frictionlessly in international markets.!® The market

clears such that

Bl =S pielnittilt el = 37 cmitaiter, (1.16)
1€l i€l

Countries have different exposure to this fossil energy market. As country ¢ consumes
fossil fuels in total quantity Pite%ft = Pie(”ﬁgi)te%Q, and produces total quantity
Pied, = Pie("ﬁgi)teft, its net exports of oil and gas per effective capita are e —e{ s

0.

15. For the sake of simplicity, 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.
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Coal firm

A representative firm produces 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 lo-
cally, as trade costs for coal transportation are larger. Hence, I make this empirically
grounded assumption that coal is not traded internationally. Moreover, I assume
that production is not subject to the finiteness of the stock of reserves. Indeed, the
scarcity of coal sources is not a concern since the ratio of reserve/production is above
a hundred for most large world producers.

The production ef, has constant returns to scale and uses final good inputs.

The profit maximization problem is analogous to the fossil problem:

Tit = max qi €5t — KiCit
it
where the marginal cost x{ is constant. This implies that there is no coal profit!6 in
equilibrium, i.e. 7§, = 0. The price for coal and the market clearing condition are
given by:
¢ = K5, e =ef . (1.17)

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.

Low-carbon, renewable, firm

The final good firm also uses renewable and other low-carbon energy sources,
such as solar, wind, or nuclear electricity. This provides a way of substituting away
from fossil fuels in the production function F'(-).

A representative firm produces renewable or non-carbon energy, and this sup-
ply, e}y, is not traded. This assumption is verified by the fact that electricity is
rarely traded across countries — and when it is, it is only the result of temporary
differences in electricity production due to intermittency rather than large structural

imbalances. The production €], also has constant returns to scale, and this input is

16. This is motivated by evidence that even the largest coal producers do not have coal rents
above 1% of GDP.
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paid in units of the final good. Hence, the renewable firm maximization problem is:

ro_ T =T ror
Ty = IAX G545 — Ky €y
e’
it
where k[, is the marginal cost of producing renewables, resulting in zero profits

m; = 0. The price of renewable and the market clearing are given by:
qhy = kit = Rge I el = &l (1.18)

where I assume that the marginal cost k;; decreases exogenously at rate g, such that
kit = is lower over time. Given those marginal costs, this returns a perfectly elastic
supply curve. This is a slightly stronger assumption in the context of renewable
energy: In the short run, renewable energy requires investments in capacity, implying
a fairly inelastic supply curve. This is especially true considering the intermittency
problems of wind and solar energy, c.f. Gentile (2024). I take the conservative
assumption that the supply curve is flat in the medium run.

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. To allow this learning-by-doing effect, as in Arkolakis and
Walsh (2023), I consider an extension where the marginal cost depends on power

capacity:

r

ai; = kit = K; (Cjp) " where Cl, = max{el,, 0} (1.19)

where the renewable capacity C]; increases for each additional renewable produc-
tion e},. The capacity of production, in kW, increases for each additional kWh of
production needed e}, at each point in time, and this by a factor -, and decreases
production costs by a factor . The parameter ~, € (0, 00) represents a learning-by-
doing factor. Indeed, C}, = ftto |é§t|%dt, and if 7, > 1 capacity increases more than
one for one due to increasing return to scale. Note that when v, = 1, and €], > 0, Vt,
we simply get that C}, = e}, i.e. the capacity is exactly what is needed for produc-
tion. This would imply a downward-sloping supply curve with (negative) supply
elasticity —x". I assume that neither the firm nor the social planner internalizes this
learning-by-doing externality. The study of the optimal policy in the presence of
both negative climate externalities and positive Schumperian externalities is beyond

the scope of this paper.
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1.3.4 The climate system

The economic activity and fossil fuel consumption of each country create a
climate externality by emiting carbon in the atmosphere. This feeds back in the
climate system, which increases the temperatures and causes heterogeneous dam-
ages over different regions. As in standard Integrated Assessment Models (IAM), it
creates a Pigouvian motive for carbon taxation as summarized by the Social Cost
of Carbon.

Emissions

The consumption of fossil fuels are emitting carbon dioxide (CO2) and other
greenhouse gas emissions in the atmosphere. Due to oil and gas ei; and coal e
consumptions — expressed in unit per effective capita, subject to growth rate of
population n; and TFP g;— we obtain that each country i € I releases total C'O9

emissions:
€t = ’Pie(ni"‘gi)t <§fezft + §c€ft> ,

where ff and £¢ denote the carbon content of respectively oil-gas and coal energy.

As a result, global emissions aggregate to:
E=& €
1€l

I consider that emissions are non-exploding and 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 &, with éto = 1. The share of emissions abated
grows to 100% in the long-run, implying that & —¢—ss0 0. Increasing CCS allows the
system to reach net-zero in several centuries, stabilizing cumulative carbon emissions

and temperatures.

Climate system and temperature

Moreover, these emissions are released in the atmosphere, adding up to the

cumulative stock of greenhouse gas St — or atmospheric carbon concentration:
St =& — 65Ss . (1.20)

A part of these emissions exit the atmosphere and is stored in oceans or the bio-

sphere, discounting the current stock by an amount 5. Moreover, these cumulative
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emissions push the global atmospheric temperature 7; upward linearly with climate

sensitivity y, with some inertia and delay represented by the parameter (.
To = (xS = (Ti = Tiy)) - (1.21)

More particularly, the inertia ( is the inverse of persistence, and modern calibrations
set ¢ = 0.5 is such that the pick of emissions happens after 10 — 15 years. Dietz et al.
(2021) show that classical IAM models such at Nordhaus’ DICE tend to generate a
too large climate system inertia, as shown in the Figure 1.2. Conversely, if ( — oo,
temperature reacts immediately and we obtain a linear model — which is a good

long-run approximation:

_ _ t _
T = Tiy + xSt = Tig + X /t e~9sSE,E, ds
0
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Figure 1.1: Linear temperature model - TAMs

IPCC report

This simple two-equation climate system is a good approximation of large-
scale climate models.1” Indeed, with the appropriate calibration of parameters g

for carbon exit, ¢ for climate system inertia, and x for the climate sensitivity, we

17. These climate models have a much more complex climate block, adding 3 to 4 additional
state variables, e.g. with J the vector of carbon “boxes”: layers of the atmosphere and sinks such
as layers of oceans:

jt = (I)JJt + pSZ €t
I .
F,=F(p"3,) Te=0"T+p"F,

with F} carbon forcing with F(-) ~ log(-), p¥, p', and pT are vectors are ®’ and ®7 Markovian
transition matrices.
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can match these larger models as represented by the pulse experiment as shown in

Figure 1.2.

1.3.5 Damage and externality

Climate damages are related to local temperatures: warmer regions are more
affected and vulnerable to extreme events and impacts.
The temperature in country ¢ is affected by global warming of the atmosphere

T+ with linear pattern scaling A;

Tit = A Ty

(1.22)
it = Tio + 8i(Tt — Tgy)

Atmospheric temperature 7; translates into local temperature 7;; via the sensi-
tivity A; that depends on the geographic properties of country ¢ — like temperature,
latitude, longitude, elevation, distance from coasts and water bodies, vegetation,
and albedo (sunlight reflexivity due to ice, vegetation and soil properties). Evidence
of this temperature scaling is displayed in Section 1.3.5 from the IPCC report. As
shown in Section 3.4, I estimate this pattern scaling by regressing local temperatures

on global temperature.

(a) Annual mean temperature change (°C)
at 1°C global warming

Observed change per 1°C global warming Simulated change at 1°C global warming

Warming at 1°C affects all continents and
is generally larger over land than over the
oceans in both observations and models.
Across most regions, observed and
simulated patterns are consistent.

(b) Annual mean temperature change (°C) Across warming levels, land areas warm more than ocean areas, and the
relative to 1850-1900 Arctic and Antarctica warm more than the tropics.

Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming

0051 152253354455 556657
Change (°C)

Warmer

Finally, I consider a period damage function D%’(Tit) := DY(ry—17) for pro-
ductivity and D" (7;;—77) for damage to utility. The target 7 is the “optimal” tem-
perature for country i. The function DY(7) is a reduced-form representation of the
economic damage. In the baseline quantification, I assume damages are quadratic,
as in standard Integrated Assessment Models such as the DICE framework. This
methodology follows Krusell and Smith (2022), Kotlikoff, Kubler, Polbin, Sachs and
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Scheidegger (2021) and Burke et al. (2015). Moreover, those damages are such that

productivity decays to zero when temperatures are extremely cold or hot.

DY(1) = DY(7 = 7}) = exp (= V1 {rory (=772 = "1 o (T—=71)°)
(1.23)
where 7, represents the damage parameter on output for warm temperatures, with
an asymmetric impact a7/vY < 4¥ for cold temperatures following the quantification
in Rudik et al. (2021), who show that productivity impact is much weaker for cold
than for hot temperatures. The damage function for utility D}(7) has the same
functional form with damage .

This creates winners and losers: countries warmer than their target tempera-
ture 77 are extremely affected by global warming. In contrast, regions with negative
it — 7/ benefit — at least in the short-run — from a warmer climate. I deviate from
the above articles by assuming that the target temperature 7;° differs across coun-
tries: an already warm regions have different adaptation costs compared to a country
which is historically cold. The target temperature 77* = a”7* 4 (1—a”)7;, is more

or less tilted toward historical baseline. I discuss this quantification in Section 3.4.

1.3.6  Competitive Equilibrium

The final good is freely traded, and, with output y;, the market clearing holds:

S pelnit ot [Cit + (kig + (ng + g + ) ki) + V{(eftv Rit) + Kieg + Kipeq
il
= S P HIND, (730) 24 F (g, Ui, €4t) -

il

Similarly, the bond market, in zero net supply, clears'® such that i Pie(”ﬁgi)tbit:O

Definition. Competitive equilibrium (C.E.):
For a set of policies {t,, téf}it, a C.E. is a set {c;z, bit, kit ezft, Sy, el el e, et of
decisions, prices {r7, qg s Wits @5y, Qi bit, and states {w;e, i, Rit, St, Tit }ir such that:

(i) Households choose consumption, saving and investment, {c;z, kjt, bjt i maxi-
mizing utility as in equation (1.6) subject to the budget constraint and wealth
dynamics equation (1.8).

(ii) Final good firms choose inputs {kit,éi,eit,e{t, €%, el }ir to maximize profits,

resulting in input choices following equation (1.11) and equation (1.10).

18. This is also equivalent to 3, p;e(™iT9)tw,, = S pe(mitdty,,.
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(iii) Fossil energy firms maximize profits as in equation (3.6) and extract/produce
{ef}i given by equation (1.14)
,

¢ g

¢.er} are

(iv) Renewable and coal energy firms maximize profits, and supplies {€
given respectively by equation (3.9) and equation (3.10)
(v) Energy markets clears for fossils as in equation (3.8) and for coal and renewable
in equation (3.9) and equation (3.10)
(vi) The emissions & = Y, ¢;+ affects the climate system {S, T¢, it }it, following
equation (1.20), equations (1.21) and (1.22).
(vii) Good markets clear for final good for each country as in equation (3.11), and

bond market clear by Walras law.

Heterogeneity. This model features many dimensions of heterogeneity, that
can be summarized by the state variable s;; = {s;,3;+}, describing the ex-ante
dimensions of heterogeneity s; — differences across countries that do not change
over time — and ex-post heterogeneity s;; that change endogeneously over time.
The states are: s; = {Py, 14, i, 2i, 25, Vi, Vis K5, Ry, g, T, Tios Wi, Rio} and 55 =
{wit, Tit, Rit}.  For solving the model, we need to keep track of this dynamical

system with heterogeneity, as we see next.

1.3.7 Sequential formulation and household decisions

First, since the Household owns the four firms — final good, fossil, coal, and
renewable energy — we can aggregate profits and household budget constraint, which

gives:

wip = (rf — (ni+6;) Jwi + ! (af Rit) + DY (7i)2ia F (ki Ui, ey, €6y €)= (7% + 0) kg
- (qf + 5ftz§t>€zft - (qz'ct + fctft) efy — qhely — cit + b

(1.24)

and yields a single optimal control problem. The consumption/saving relates to the
path of wealth w;;, given that the firms decisions, given by the optimality conditions
To solve for the competitive equilibrium and the optimal decision of the House-

hold, we solve this class of Integrated Assessment Model with the sequential for-
mulation of optimal control problem. This relies on the Pontryagin Maximum
Principle, which can be applied in heterogeneous agents settings — with discrete
agents in our case, or continuous agents/Mean-Field Games, as in Carmona and De-
larue (2018). The household in each country has individual states s = {s;, S }it
= {sj, w;t, Tit, Rit }it, individual controls, ¢ = {e¢;j, bit, kit e{t, Sy, el el bir, take

prices as given q = {r}, qtf . Wity 45, q} bit, and has costates or Lagrange multipliers,
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A= {\ AL ﬁ}a each of which represents shadow value of the respective states

dynamics. The Hamiltonian of the individual country can be written as follow:
H(s, ¢, q, A) = u(e, 7) + A + A7 + A58

for the dynamics w;; given in equation (1.24), 7;; given by equation (1.22) and Sy
given by equation (1.20).

As a result, the equilibrium relations for the household consumption/saving
problem boil down to the standard neoclassical model dynamics and, for each coun-

try ¢ € I, we obtain a system of coupled ODEs:

{A%‘{ = A(p+ng; —r7) (1.25)

M= wue(ciy, Tit)

where \f} is the costate, or “marginal value” of wealth w;;, equal to marginal utility
uc(ci, Tit) = DY (1)’ (D¥(73¢)cir). Using the optimality for ¢, we obtain the Euler
equation:

éit o 1 * = c *\ -

oy E(Tt +ngi — p) + 7 (Tie — 7 )Tt
The dynamics of local temperature appear in the Euler equation. Indeed, because
the marginal utility of consumption is affected directly by changes in temperature,
an increase in temperature in the future triggers substitution from present to future
consumption through saving.

To close the control problem, note that the household income is determined by
the firms decisions. There, the capital and energy choices simply result from static
optimization between the price or cost and the marginal return of those inputs
in production. However, the climate variables affect damages, and the country i
household internalizes that under the “local social cost of carbon” as we will see

now.

1.3.8 Social and Local Cost of Carbon

The Social Cost of Carbon (SCC) is a measure used by climate scientists and
economists to summarize the marginal welfare cost of climate change in monetary
terms. The cost of carbon is an equilibrium concept: it depends on the path of
temperatures but also on economic variables and policies. In the competitive equi-
librium, the climate externality is not internalized and households and firms do not
take climate damages into account for choosing consumption, production, and en-

ergy decisions. Still, forward-looking agents anticipate perfectly the evolution of
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climate.

The Local Cost of Carbon (LCC) represents such a welfare valuation, for the
cost incurred by country ¢ of one additional ton of C'O9 released in the atmosphere.
In continuous time, and using our the Pontryagin Maximum Principle sequential
approach, the Local Cost of Carbon (LCC) can be written easily as the ratio of the

two costates:

Cit a

The welfare cost of carbon )\;S; represents the marginal welfare change from an ad-
ditional ton of carbon S;. This is normalized in monetary units with the marginal
value of wealth, as indeed the monetary value of welfare differs across regions i,

%]C}Zf = N = uc(cit; Tit) 7 ue(cje, Tjt) = )\%, due to inequality in consumption. This

notion is exactly analogous to the Local Cost of Carbon concept developed in Cruz
and Rossi-Hansberg (2022a), among many others.
As a result, following the dynamics of the LCC amounts to solve for the dy-

namics of both costates A}/ and )\2575. Recalling the dynamics of the climate system:

& =iel€it =21 Pie(n#gi)t(ff@zft + 566%)
St =& — 658t
fit = C(2ixSt — (73t — Tity))

we can use the Pontryagin principle to pin down the dynamics of the local cost
of carbon. First, the shadow value of increasing temperatures is affected by the
cost of climate on both the productivity effect DY(7)zF(k,e) and the utility effect
u(DY(1)c).

N = A (p—ni—(1-0)g; + C) + VY (1ie—77)DY (131) 2. F (kg eig) Ny
0DV
+ 7 (7it—=7) D} (7ir) o/ (D" (7t )it ) it -
_aTDu

(1.27)

Indeed, this shadow value increases with marginal damages, scaled by both marginal
utility of wealth AY and consumption u/(D%(7)c;). This change in the marginal
value of temperature affects directly the shadow value of adding carbon in the at-

mosphere according to the dynamics of )\g:

A = M (p—ni—(1=n)gi + 0s) — C X A AT, - (1.28)
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Emitting carbon in the atmosphere has a differential marginal impacts across regions
due to heterogeneous costs of temperature and vulnerability to climate synthesized
by the pattern scaling A; and marginal damages 7Y (7;; — 77°) parameters. Solving
the differential equations analytically, we can obtain the general formula — as found

in Section 1.10. When climate inertia is null { — oo, this rewrites:

w ~. J—

Y = e P (LmmaitO) Sty A (73— ) [1Vyis + 7V cis | Nidds |
where output is y;; = z,Dy(Tlt)F(kit,eit) and A = DY (7)o (D“(Tit)cit). Using
the Euler equation, or costate in equation (1.25), we get A}y = A¥e = Ji (ptngi=r3)du
for s > t, which gives the Local Cost of Carbon:

o )= [ (rk—ni—gi)du Y u
LCCy _>/t € ¢ XA (TZS_T )[’7 Yis + 7 Cis}ds : (1'29)

Note that the Local Cost Carbon is discounted with the interest rate 77 of the global
bond market, and how it compares to growth of population n; and TFP g;.

The Social Cost of Carbon is an aggregate measure that summarizes the global
effects of climate change. It depends on the global welfare metrics and aggregates

the Local Costs of Carbon from different regions. We introduce it in the next section.

1.4 Optimal policy

I consider the social planner that design the optimal climate policy to maximize
global welfare, following three benchmarks: (i) the First-Best allocation, where the
social planner has access to all the instruments, including cross-countries lump-
sum transfers, (ii) the Second-Best policy where the social planner only chooses a
single carbon tax t7, and (iii) the Second-Best allocation, choosing country-specific
carbon taxes t§,. Despite the model being richer than Section 1.2’s model, the
theoretical results are analogous: I show how inequality and the lack of redistributive

instruments change the path of the carbon tax.

1.4.1 First-Best

We consider the optimal policy of a social planner can choose the allocation
decision of each country, subject to the resource constraints of the economy. They

maximize global welfare, which is the weighted sum of household utilities, with
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Pareto weights!

Wi = max > P wl/ —(p—ni—(1-m)gi)t u(DZ“(Tit) Cit) dt (1.30)
to

{c.k.ef ecer e ecer} ]

subject to the good and energy resource constraints and the climate system:

S pyelnitat {Cit (i + (i +Gi+0)kie) + v (e, Rig) + wlely + ’fgtezrt}
1€l

= ZPi@(ni+§i)tpi(Tit)zitF(kita i, e;t) (0]

1€l
= S pelnitailtel, = S elmitate ul) e = [uG] @ = [uf
1€l i€l
St =& — 055t E = ZP e (i+33) (ffe +¢& ezt) [(bf]
Tit = C(AzXSt — (T3t — Titg)) (D]

I associate the Lagrange multipliers ¢} for the good market clearing, ,uic 5y, pury for
the market clearing respectively of fossil (oil-gas), coal and renewable (low-carbon)
and gf)tS and ¢, for the shadow value of additional carbon emissions and temperatures
increase.

The result is similar to the toy model example, and the complete description is
available in Section 1.11. The optimality condition for consumption shows a redis-

tribution motive: the planner equalizes marginal utility subject to Pareto weights:

wiue(cit, Tit) = ¢ = wiue(Cjt, Tjt)

with marginal utility uc(ciz, 7i¢) = D% (75¢)u/ (DY(7i1)cit) = D“(Tit)lfnc;t", with the
CRRA functional form. Despite the possibility, in the competitive equilibrium,
to trade in goods, bonds, and energy, strong inequality exists due to differences
in productivity, energy rents or climate damage. As a consequence, in the First-
Best, the social planner redistributes consumption using lump-sum transfers in the

decentralized equilibrium.

19. Pareto weights should sum to one, s.t. % ZH Piw; =1
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First-Best — Social Cost of Carbon

Given the welfare function in Section 1.11, the marginal cost of adding one unit
of carbon in the atmosphere &; can be summarized by the Social Cost of Carbon.

It represents the

fb Taugvt o

R t

SCO{" =~y = —gp (1.31)
dci t

where the aggregate welfare change gbf is normalized in monetary units with the
aggregate marginal value of wealth OW;/dc;y = wjuc(cir, 7it) = ¢¢. The welfare
cost of carbon evolves again with the marginal damage of temperature, ¢, which
is the costate of the temperature dynamics, and the marginal value of carbon gbf ,
the costate of carbon concentration dynamics, which aggregates these different costs
across all countries. Solving the differential equations for ¢7,, qﬁf and ¢}, following

the same approach as in Section 1.3.8, we obtain the Social Cost of Carbon:

S(t—to) i—g:)d
sccf —>/ S wippe “holriri=a) XA (Tis =) [P is + 7 "eisdt
1€l

and this implies the following proposition.

Proposition 6 (Social Cost of Carbon — First-Best Allocation).

In the First-Best allocation, marginal utilities are equalized ¢; = wiue(cit, Ti), Vi €
I, and as a result, we obtain that the Social Cost of Carbon is the sum of Local Costs
of Carbon of the different locations i € 1.

scci® =S wpLeCy,
1€l

where the Local Cost of Carbon LCCy is defined as in equation (1.29), i.e

00
LCCy = /t e )=y (ru=ni=gi duXA (TZS_T )[’Vyyis + ’Yucis} ds

Despite the model being substantially richer, the main result of the Section 1.2
holds. This aligns with models without heterogeneity in marginal value of wealth,
which can be aggregated. Models where differences in climate damages do not have
redistributive effects on production, consumption and welfare would imply that the
Social Cost of Carbon is simply the sum, weighted by population, P;, and Pareto
weights w;, of the Local Cost of Carbon LCCj;. Such models include Nordhaus and
Yang (1996), and Krusell and Smith (2022), where in the later the free mobility of
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capital and the absence of heterogeneity in TFP or production allows to aggregate

the economy.

Decentralization of the First-Best: transfers and carbon tax

I show how this allocation can be decentralized with carbon taxation in the

competitive equilibrium. The detailed treatment of this result is in Section 1.9.

Proposition 7 (First-Best Allocation — Carbon taxation and transfers).
To decentralize the First-Best allocation, we need two set of instruments: (i)
a carbon tax, (i) cross-country lump-sum transfers. First, the optimal First-Best

carbon tax equals the Social Cost of Carbon, as defined in Proposition 6:
MPel, = ¢f +¢/¢ t; = sccf’

A similar optimality condition holds for coal M Pe§, = qy + £t7. In particular,
the optimal carbon tax is equal across countries. This results from the equalization
marginal value of wealth. To achieve such equalization, the planner uses lump-sum

transfers:

witte(Cit, Tit) = ¢t = wjuc(cjt, Tjt) = = Uc_l(cﬁt’m)

which pins down the lump-sum transfers needed given the budget constraint:

e = (rf—(ni+G;) ) wig+7 ity (r *+5)kz’t—(Q{ +¢/tf) ezft_(qZ'Ct‘i‘fCt%)egt_qgtegt_wit+téf :
A uniform carbon tax result aligns with the standard policy recommendations in
representative agent models — which encompass most Integrated Assessment Mod-
els, like DICE, Nordhaus (2017), Barrage and Nordhaus (2024), FUND, PAGE,
MERGE, and others — or the optimal carbon taxation result of Golosov, Hassler,
Krusell and Tsyvinski (2014). It also reminiscent of models with unrestricted redis-
tribution such as Hillebrand and Hillebrand (2019).

Lump-sum transfers redistribute across countries and across time:
0 —
/ PieMiTIEStls g — 0
to i

f

Situations where income y;;, energy rents 3, climate damage and temperature 7;,
or Pareto weights w; are very heterogeneous such that consumption differentials in

the equilibrium without policy intervention are large, the First-Best implies that
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some countries receive positive lump-sum transfers 37, s.t. tgs > 0 and others pay
lump-sum taxes 35/, s.t. téf?’ < 0. Therefore, such decentralized allocation features
direct lump-sum transfers across countries.

The question is whether such lump-sum transfers are politically feasible. Can
a world central planner impose lump-sum transfers to solve world inequality, for
example taxing North America and Europe and rebating it lump-sum to Africa or
South Asia? In the next sections, I analyze a family of policies where transfers are

not allowed.

1.4.2  Ramsey problem and optimal uniform carbon taxation

I consider the optimal carbon taxation, where the planner is prevented from
achieving redistribution. Lump-sum transfers are not available instruments, for
political, governance, or economic reasons. This implies to solve a Ramsey taxation
problem with imperfect instruments, where the planner internalize the constraints
that are impose by the Competitive Equilibrium.

In particular, it maximizes global welfare, choosing a uniform carbon tax for
the world {t7}; and rebates the revenue of that tax to the household of the country
that pays it t/s = tieit.

o0
Wto max Z Pi wi/t e_(p+ni)t U(D;J(Tlt) Cit) dt .

{ebk,ef ecem e ec et T 0 (1.32)
{t°rq) %q"}

The planner takes the agent decisions, {cit,bit,kit,eé,eft,egt,eft,éft,é;-“t}it, prices
{T?,g{,wit,qft,qft}it, and states {wj, Tjt, St}ir subject to the constraints of the
Competitive equilibrium, which are: (i) the budget constraint equation (1.24),
with multiplier ¢, (ii) the climate dynamics for carbon S, equation (1.21), with
multiplier %S , and temperatures 7;;, equation (1.22), with multiplier 97, (iii) the
firms optimality conditions for energy elft,egt,egt, from equation (1.11), and capi-
tal k;;, respectively with multipliers UZJ;, (AT Uft, (iv) the energy firms optimality
for extraction and production, from equations (1.14), (3.9) and (3.10), and finally
(v) the market clearing for goods equation (3.11), bonds, fossil, coal and renewable
energy, from equations (3.8) to (3.10).

We apply the Pontryagin Maximum Principle and the details of the entire
system are found in Section 1.12. Note that the social planner has full commitment,
in the sense that decisions taken in the initial period ¢y binds V¢ € (g, 00) and there
is no time inconsistency. We provide some intuitions of the most important results.

First, before of lack of redistribution, we can define the normalized social
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welfare weights — as some inequality index — using the marginal value of wealth 17:

Vit = uc(ci, Tit) = wiuelci, Tit) #F wiue(cj, Tjt)

DY = wiPiti wiPiuc(Cit, Tit)
it —w -1
Yy B Liel WiPiuc(cit, Tit)

U = % > wiPibyy
I
(1.33)
with Wt"u the marginal value of wealth of the “average” agent. If the ratio @Eﬁ is

higher than 1, the planner sees country ¢ at time ¢ with a lower welfare than the

average household.

Second-Best, Social Cost of Carbon

Again, as in the previous section, the Social Cost of Carbon is measured as

the ratio of the marginal value of carbon and the marginal value of wealth:

oW,
CT T T T (1.34)
Jct t

it differs slightly from the definition in equation (1.31) of the First-Best, because

2

now the planner consider the “average agent” marginal utility @7{” to convert the
Social Cost of Carbon in monetary unit.
To obtain the Social Cost of Carbon, we again solve the differential equation

for the marginal damage to temperature and the marginal value of carbon.

xX0 _ _ _ S x . - — X
SCC = [ emtlemi=J iy S et a6 Ay i) [V + i s
i€l
This now differs from the First-Best because the temperature damages (7;;—7, z* ) hyyz‘tﬂL

'y“cit} are weighted by welfare /. We thus obtain an important result in Second-

Best economies:

Proposition 8 (Social Cost of Carbon — Second-Best Allocations).

In the Second-Best allocation, inequalities across countries persist as measured by
the social welfare weights ?Z;‘t’ # 1, Vi € 1. When redistribution is constrained, the
Social Cost of Carbon is the weighted sum of Local Costs of Carbon of the different

locations i € 1, weighted by the social welfare weights zzzlbf as given in equation (1.33):

SCCOP =" ¥ LOCy o 3. Piwiuc(cip, i) LCCiy
iel iel
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where the Local Cost of Carbon LCCyy is defined as in equation (1.29), i.e
> )d
LCCy = /t e )=Jy (ri=ni=g:) XA (Tis—, )['Vyyis + 'Vucis} ds

As a result, we can express the Social Cost of Carbon as:

SCC* =" i LOCy
I
— PEw,LCCy] + P Cov! (zZ;g LCCit) s PE[wLOCy] = sccf’

for the mean EH[] and covariance Cotl(-) over locations.?? Since the Social Cost

of Carbon is a sum — and not a mean — one needs to rescale by world population P.

To summarize, the presence of heterogeneity and the correlation between local
damage and income change the Social Cost of Carbon from the Social Planner’s

perspective.

Second-Best, Uniform Carbon Taxation

As shown in model of Section 1.2, taxation of carbon and fossil fuels have

strong redistributive general equilibrium effects through energy markets.

Fossil energy supply redistribution. First, the implementation of carbon taxa-

tion reduces demand for fossil fuels, which has strong redistributive effects on the
energy rent and along the supply curve. Recall that ’UZJ; is the Lagrange multiplier
for the optimality condition on fossil fuel demand, and we denote @Zf; = UZJ; i
the rescaled value by the marginal value of wealth — it would represent the mone-
tary value of marginally relaxing that optimality condition. Moreover, a change in
equilibrium quantity of oil-gas relaxes the market clearing, leading to the following

mechanism:

-1 N
Supply Redistribution{ = (Z I/,Lfeacex (eft,Rz't)l) <Z bif [62{5 Z Uzt) ,
) 1

-1
where <Zi I/Z-f Tt (eft,Rit)l) is the aggregate supply elasticity for oil and gas,

which depends on the equilbrium extraction e, and reserves R;; of each country.

Moreover, as we saw above, carbon taxation lowers the energy price qf leading to

20. We  define  them as E'[zy] = % Y iciPiTit  and Covl(z4t, yit) =
% et Pil @i —Ewi]) (yie—E ya])it.
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a term-of-trade effect. This redistributes energy rents from exporters to importers,

f

and hence scale with ej, — e};. This change is weighted by the marginal valuation

-~

of wealth 1}/, and it is higher when the fossil-fuel producers are also relatively
poorer or weighted more by the planner. This effect rewrites Y, AZ-“%’ lef, — elft] =
Cov%}*{(eft — ezft)) , and we can measure this covariance empirically as a sufficient
statistics. Moreover, the change in energy price also affects the oil and gas price,
affecting the demand, as denoted by the term >; @iJ;. This term comes from the fact
that carbon polity is affecting differentially oil-gas and coal. Recall that, if @Z-J; > 0,
the planner would increase energy prices, moving up along the supply curve, which

results in a lower the optimal carbon tax tj.

Fossil energy demand distortion. Second, carbon taxation is a distortionary

tax that create a wedge for the demand of energy. This demand distortion differs
across countries due to differences in energy mix, productivity and the endowmnent
and cost of energy sources. From the planner’s optimality for energy, we can define

the following term:

Demand Distortz’onzft .:5‘2-/; = {132]; aefMPGth + 053 0, M Pefy + vjy 0,y M Pejy + ok aefMPkit}

~ N ~ ke
=2;D;i(Tit) [UZJ; Foor 05 Foppe + 0 Fopor + Ogy Fefk}

f e )
Lol veles 1=si  fl=sy e e S L 18y
_:it — Uy (g7 +€ tt)( o€ +55; Y )+v¢t(%t+£ tt)s“<ge_ay>
1 1—s¢ stf?
~r r f 4 k. s¢
+ Ui Sy (ae_gyz) + Uz‘t('f’t _|_5)zayz] :

f_

with energy share in production, s, = e;qf/y;, fossil share in energy mix s, =
ei;q{ /eitqsy and similarly s§, = ef,q5,/e;qf; and sl = elqf,/e;rqs;. Moreover, o€ is
the elasticity of substitution between energy sources, o¥ the one between energy and
the capital/labor bundle, and GZJ; = wiPiUZJ; /bit, 0%, and let are rescaled versions of
the Lagrange multipliers for fossil energy, renewables, and capital respectively. Note,
we can find a similar expression for coal energy, Demand Distortion$,, as function

of Fecef7FeCeC7 etc. ;

To understand the intuition behind this term, take the first term, —1;“ —

fl=sf
it oY
effects: the first channel lowers fossil consumption due to direct substitution effect

f

between the three energy inputs, lowering the marginal product of fossil M Pey,

as an example. We see that this demand channel of taxation has two

with elasticity €. The second effect is indirect through the total energy use e,
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proportionally to the fossil share S‘i];. Weighting these different distortions with the
shadow values vj; for input = and scaling it for the input prices q{ . Q5 ete. we
obtain the total distortion caused by taxation of fossil fuels. This term is more
involved than in the simpler model of Section 1.2 and Proposition 2, because of
the general substitution patterns across energy and heterogeneity across countries.
Moreover, the aggregate level of the carbon tax balances out all these distortions

across countries and energies, and the optimality condition for tj gives:
> (foh + €of) =0
i€l

This minimization of total distortion relates to the standard principles of Ramsey
taxation, as in Diamond and Mirrlees (1971); Diamond (1973); Atkinson and Stiglitz
(1976).

Optimal carbon tax. We now present our main result for the optimal Second-

Best uniform carbon tax. Details on how this formula is derived from the optimality
condition for energy choices can be found in Section 1.12. The optimal level of car-
bon taxation integrates the different redistribution motives that we detailed above.
As a result, the Ramsey planner accounts for these general equilibrium effects as

symbolized by the curvature of demand and supply of energy.

Proposition 9 (Uniform Carbon Taxation — Second-Best Allocation).

The optimal Second-Best carbon tax accounts for three distributional motives when
setting a single uniform level t&, in the absence of cross-countries transfers, when
revenues of the carbon are rebated locally tif = eyty: (i) climate damage in the
Social Cost of Carbon (SCC), (ii) Supply Redistribution in energy markets
through terms-of-trade and energy rents and (iii) Demand Distortion through
distorted firms’ energy choices. This includes redistribution motives due to the

presence of inequality through the soctal welfare weights QZZ“LZ = WPy /@;‘t) X
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wiPiuc(cit, Tit). The optimal carbon tax writes:

fftf = Sf SCCfb + Supply Redz’stribution{ + Z Demand Distortz’oni;
1€l

SCC; = PEuiLOCy] + P Cov! (&;‘g Lcoit)

-1 R
Supply Redz’stm’b.of = (Z(uf )_1) [PCOV]I (%%f), eip — €ft> - PEH[@JQ]

1e’et 1

]

Demand Dz’stort.olft = Y. U O, MPuxjy
rve{el ecer k}

(1.35)

where U7, are the rescaled multipliers for the optimality condition M Py = q3; for

[

the choice of input x, i.e. Uy, = wiPiUft/@%, for x being fossil (oil-gas) el | coal

c

e, renewable (low-carbon) " and capital k. Moreover, the supply redistribution de-

pends on the curvature of the oil-gas supply with I/Z-f o

oz the supply elasticity, and the
demand distortion depends on O0,f M Px;; the curvature of the production function,
i.e. the own-elasticity in oil-gas F s r and cross-elasticity, e.g. F s

In addition, even without climate externality SCCy = 0, the carbon tax tf
could be positive, accounting for energy terms-of-trade manipulations, for example
with wealthy exporters and relatively poorer importers, or when richer countries
are consuming more fossil-fuels with higher elasticity, following the intuitions of
Section 1.2.

Such a result holds as long as different agents — countries, firms, or households
— have different marginal utilities of consumption, i.e. different Q,Z% However, these
motives would be absent in models like Golosov et al. (2014) for two reasons: First
if the supply curve for energy is perfectly elastic, because of constant return to scale,
which yields vezer = 0. Second, when the agent/firm is “representative” or multiple
agents can be aggregated — at least in the inputs demand decisions — and a single
energy tax instrument in the First-Best, the social planner is not “distorting” the
energy demand across agents: the planner and the agents would achieve the same

optimality condition for fossil fuel demand.

1.4.3 Country-specific carbon taxation

We now consider an experiment where the social planner design country-
specific taxes that would allow to correct some of these redistributive concerns. In
that case, not only the level but also the distribution of the fossil fuel/carbon tax is

affected by redistribution motives. The planner maximizes global welfare as in equa-
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tion (1.32), choosing a countries-specific carbon taxes {t$,}; over time and rebates
the carbon tax revenue to the household of the country that pays it tls = tie;r. We
solve the planner’s problem choosing the agent decisions, prices, and states, subject

to the constraints of the Competitive equilibrium.

Proposition 10 (Country-specific Carbon Taxation — Second-Best Alloca-
tion).
The optimal Second-Best country-specific carbon taxation, when transfers are absent

and revenues rebated locally, can be written as:

1
t5 = 157“’ {SCC’t + Supply Redz’stm’bution{ + Demand Distortionzft]
1t

SCC; = PEw;LOCy] + P Cov'! @y; LCCit)

—1 .
Supply Redz’strib.og = (Z(yf )_1> {’PCOVH (wﬁ, el — e‘-j;) — PEH[@Q}

1 etel )
)

Demand DiSL‘O?"t.OZ{t = Y. 0f 0, MPuj
rvef{eleCek}

The demand distortion is only local since the planner can choose country-specific
taxes. However, this distortion is not null, since the planner does not have energy-

sources-specific taxes. In particular, the carbon tax affects both oil-gas and coal,
ol + o =0

These local distortive effects remain if energy demands ezft,eft, energy shares, and

elasticities differ.

Following the logic in Section 1.2, the optimal tax still depend on both the
Social Cost of Carbon SCC} and Supply Redistm’butiongr as developed above. These
two energy taxation motives — climate externality correction and energy rents redis-
tribution — remains the same. However, we observe that the demand distortion is
reduced considerably. We observe that because the planner has access to n different
instruments

At the difference with Section 1.2, we now have only the local distortions,
represented by the Lagrange multipliers GiJ;, U5y, Ol ﬁft for the input choices. These
inputs distortion are no longer null in equilibrium as in the Proposition 2, despite
the planner choosing a country-specific tax level. The reason is that now there is a

distortion and a reallocation between oil-gas, coal, and other inputs. The optimality
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for t§ gives:
5f@z‘§ + 50@% = = U;p =0 & Demand Dz’stortz’oni.; =0

Nevertheless, the tax is country 7 specific and depends on redistribution mo-
tives. Indeed the ratio 1 /?Z;‘t’ is the inverse of the social welfare weight — the in-
equality index developed earlier in this section in equation (1.33). It implies that
richer/colder countries, which have higher consumption and lower marginal utilities
are charged higher carbon taxes, and conversely poorer countries should be charged

a lower tax:

low ¢;; high 75 = high ¥¥ o uclci, Tit) = low tift
everything else being constant, in particular SCCy, Supply Redistm’bution{ and

f

Demand Distortions,.

In particular, this result provides a justification for the use of a “tiered” carbon
taxation — where carbon tax would be lower for developing economies and higher for
advanced economies. This proposal, that tend to be promoted for moral reasons, is

shown here to have an explanation based on efficiency and welfare maximization.

1.5 Quantification and calibration

The model is calibrated to a sample of 68 countries to provide realistic pre-
dictions on the impact of optimal carbon policy. I first describe the data used. 1
then provide details on the quantification, and how the parameters are calibrated
to match the data. I summarize in Table 3.1 the dimensions of heterogeneity of the
model. Table 3.2 contains the summary table for the calibration described in this

section.

1.5.1 Data

First, I describe briefly the data used to calibrate the model. 1 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 data for GDP per capita, in Purchasing Power Parity (PPP, in 2016
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
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Oil, Gas, Coal and Renewable. 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.

1.5.2  Welfare and Pareto weights

The welfare function that the social planner maximize, in Section 1.11 is the
weighted sum of individual utilities in all countries, with P; the population size and
w; the Pareto weights.

I consider two sets of Pareto weights. First, I consider the utilitarian bench-
mark, where the planner weight every individual in the world equally: w; = 1. Sec-
ond, following the discussion in Anthoff et al. (2009), Nordhaus (2011) and Nordhaus
and Yang (1996), one would like to choose Pareto weights that eliminate redistribu-
tive effects that are orthogonal to climate change and carbon policy. To that purpose,
the “Negishi” Pareto weights make the preexisting competitive equilibrium efficient

under that welfare metric. This implies that:

1
W) = —F/————~ = CE c;) € argmax P Et Tit
i Uc(cito’Tit()) (¢i) % ; win(c; 0> Ti O)

wiuC<Eit07 Tito) - wqu(Ejt(p Tjto) VZ,] el
where ¢; is the consumption level in the present competitive equilibrium — the period
2018-2023 — absent future climate damage. This implies that the carbon policy do
not have redistributive motives through energy general equilibrium effects. However,
global warming, and the carbon taxation itself have redistributive effects, as they

change the distribution of ¢;;. These effects would thus be taken into account in the

choice of policies as shown in Proposition 9.

1.5.3  Macroeconomy, trade and production

For the macroeconomic part of the framework, I consider standard utility and
production functions. For utility, as in the equation (1.7), I calibrate the CRRA/IES
parameter to be n = 1.5, taken from Barrage and Nordhaus (2024).

For production, I use a nested CES framework. The firm combines a Cobb-
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Douglas bundle of capital k; and labor ¢;2! with a composite of energy e;, with
elasticity o¥. Second, the energy e; aggregates the different energy sources: oil and
gas ef , coal ef, and renewable/non-carbon e, with elasticity . To calibrate these
functions, I set the capital-labor ratio @ = 0.35 to match the cost share of capital.
For the energy, I set ¢ = 0.10 to match the world average energy cost share % =
6%, as measured in Kotlikoff, Kubler, Polbin and Scheidegger (20215) and used in
Krusell and Smith (2022). For the elasticity between energy and other inputs, I set
oY = 0.3 for all countries, which is in the range of estimates in Papageorgiou et al.
(2017), among others.22 Therefore, 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. (2021a). Then, I calibrate the energy mix for oil-gas, with w! = 0.56,
coal w® = 0.27, and non-carbon w” = 0.17, to match the aggregate shares of each of
these energy sources in the data. In the next section, I document how I 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 (2021b),
and Hillebrand and Hillebrand (2019), among others.

[ calibrate the productivity z; of the production function y;;, = Dl'y(Tito) i Uity
to match exactly the GDP, y;,, across countries. This parameter z;, represents
productivity residuals as well as institutional/efficiency differences across countries.
In Figure 3.3, I show the GDP levels, as they replicated with this model.

1.5.4 Energy markets

For the energy market, I match the energy mix of different countries, using
the CES framework displayed above, as well as differences in costs 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 Pie‘if;o from the final good firm and supply Piefto from the fossil energy

firm, extracting oil and gas from its own reserves. We use the extraction function

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

22. Tt also aligns with my own estimation in Bourany (2022).
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Table 1.1: Baseline calibration

Technology € Energy markets

«

o¥
w'
c

r

[}

w
w
o

5
g

0.35 Capital share in F'(-) Capital/Output ratio
0.12 Energy share in F(-) Energy cost share (8.5%)
0.3 Elasticity capital-labor vs. energy Complementarity in production (c.f. Bourany 2022)
0.56 Fossil energy share in e(-) Oil-gas/Energy ratio
0.27 Coal energy share in e(-) Coal/Energy ratio
0.17 Non-carbon energy share in e(-) Non-carbon/Energy ratio
2.0 Elasticity fossil-coal-non-carbon Slight substitutability & Study by Stern
0.06 Depreciation rate Investment/Output ratio
0.01* Long run TFP growth Conservative estimate for growth

Preferences € Time horizon

n
n

Wi
Wi
T

0.03 HH Discount factor Long term interest rate & usual calib. in IAMs
1.5 IES / Risk aversion Standard calibration
0.0035 Long run population growth Conservative estimate for growth
1 Pareto weights Uniforms / Utilitarian Social Planner
1/u'(c;)  Pareto weights Negishi / Status-quo Social Planner
400 Time horizon Time for climate system to stabilize

Climate parameters

gf
5(3
X
s

~®

2.761 Emission factor — Oil & natural gas Conversion 1 MTOE = 1 MT CO2
3.961 Emission factor — Coal Conversion 1 MTOE = 1 MT CO2

2.3/1e6 Climate sensitivity Pulse experiment: 100 GtC' = 0.23°C medium-term warming
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

0.3xvy®  Damage sensitivity Nordhaus’ DICE & Rudik et al (2022)

Marginal damage correlated with initial temp.
Average spring temperature / Developed economies

0.5 Weight historical climate for optimal temp.
14.5 Optimal yearly temperature

Vif to have the following isoelastic form of equation (1.13), which is homogeneous of
degree one in (e, R;). The inputs are paid in the price of the consumption good —
normalized to one.23 This implies the profit function in equation (1.15). I calibrate
the three parameters R;, v; and v; to match the three country-level variables R;,
el and 7er . The reserves R; are taken directly from the data on oil and gas reserves
documented by Energy Institute (2024). I calibrate the slope of this cost function
v; to match exactly the production of oil and gas €], as informed by that same data

source. This is displayed in Figure 3.4. I then calibrate the curvature of the cost

function to match the share nl' = Wizf of fossil energy profit as share of GDP. I

YiDi+ T
choose v; to minimize the distance — mean squared error — between the model share
n’ 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

23. I express the oil-gas extraction with a cost function a:{ = l/if (-). We can also express analo-

gously with the production function:

et = glef) = (2RI (@f)

7 K3 vV 3 K2

with inputs a:{ paid in the final good price. This production has constant returns to scale in
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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 match exactly
the value 0. 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} and (ii) the cost function is linear in goods, i.e.
the production is Constant Returns to Scale, implying ¢f = x{ and ¢; = . This

allows me to match the energy mix of each country by calibrating the energy costs

C

c r €
parameters x; and k] for each country to match the data on coal share .
1 1 1

r

and non-carbon energy share m. Using the CES framework above, I match
exactly the energy shares, successfully identifying countries that are more reliant on
coal vs. oil 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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Figure 1.3: GDP per capita Figure 1.4: Oil-gas production
Thsds 2011-USD PPP, GTOE (gigatons oil equiv.),
avg. 2018-2023 avg. 2018-2023

Figure 1.5: Temperatures
avg. population-weighted 2015

1.5.5 Climate system

Finally, I calibrate the climate model described in Section 3.2.4 to match im-
portant features of the relationship between carbon emissions, temperatures and
climate damages.

First, I calibrate two parameters of the global climate system: the climate
sensitivity y, i.e. the reaction of global temperature, T¢, to the atmospheric concen-
tration of C'Og, &, and the carbon decay rate, dg, representing the exit of carbon

of the atmosphere into carbon sinks — oceans, biosphere — and out of the higher
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atmosphere. To this end, as is standard in Integrated Assessment models, I match
the pulse experiment dynamics of larger IAMs — 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 6 = 0.0004 to match these two moments, as seen
in Figure 1.2.
Moreover, this climate system is inherently unstable for emissions, & = & > icl €its

with trends in population growth, n, and long-term TFP growth g, where n = 0.0035
and g = 0.01 are the long-term growth rates according to forecast by the UN and
World-Bank. 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, under the variable &. I assume the exponential form, & = e~¢t 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 ~ 4.5° by 2100 and are
stabilized around 7° by 2400. 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 initial temperatures 7;;, with data from Burke et al. (2015),
and I display selected countries in Figure 3.5. Furthermore, I assume the linear
pattern scaling 7;; = A;7¢. 1 identify the scaling parameter in reduced-form by
estimating this linear regression over the period t = 1950—2015 for each country
and then aggregating by region i.2* This procedure does not require extensive and

granular data such at geographical characteristics, albedo, etc.

Third, to calibrate the damages, I use a quadratic function as in the DICE -
IAM, and seen in equation (2.12), with the damage parameter v = 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 7; = 5, and the updated calibration in Barrage and
Nordhaus (2024) which calibrate it at v = 0.003467. For small values, I consider
v~ = 0.37, 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.

24. To control for the fact that country j has an influence on world temperature 7, = >, g;7it, 1
estimate the jackknife linear equation with 7; »; = Zi# g:7i for each j, ie. Tjp = ATy »5.
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Finally, to calibrate 7

7, I use also an intermediary assumption between the

following two cases: (i) the representative agent economy, like Barrage and Nordhaus
(2024), would assume 77 = 7;;,, which implies that 7;;—7 = A;T;: 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;* = 7 the same for all regions,
at an “ideal” temperature, as in Krusell and Smith (2022) and Kotlikoff, Kubler,
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 77 = ol 4 (1—04T)Tit0, where a” = 0.5 and 7 = 14.5 is the
average spring temperature of developed economies — and around the yearly average

of places like California or Spain.

1.5.6 Heterogeneity

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

in the model and aggregate the parameters of the calibration in Table 3.2.

Table 1.2: 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

Country size P;
Firm productivity z;

Energy-augmenting productivity zf

Cost of coal production x{
Cost of non-carbon production &

Initial temperature 7;¢,
Pattern scaling A;

Reserves R;
Slope of extraction cost v;

Curvature of extraction cost v;

Population P;

GDP per capita (2016-PPP) y;
Energy cost share s

Energy mix/coal share ef/e;
Energy mix/coal share e /e;
Pop-weighted yearly temperature
Sensitivity of 74 to world T
Proved Oil-gas reserves R;
Oil-gas extracted/produced e?
Profit 7rzf / energy rent

56

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



1.6 Quantitative model results

The results of this section are preliminary. I simulate the model with 68 coun-
tries. However, to display the quantitative results in the graphs, I show examples
of ten large “example countries”: the US, China, Germany, Japan, Russia, Nigeria,

India, Saudi Arabia, Brazil, and Indonesia.

1.6.1 Local and Social Cost of Carbon

In the following graph, I first display the Social Cost of Carbon and Local
Cost of Carbon derived above. Recall that in the Second-Best, we have SCC =
S1Yw LOC;.

In the next graph we plot the difference between LCC; = %; (blue, left bars)

and the carbon-tax relevant terms: QZ;‘” LCC; = g—i (red, right bars). We see that
the US and China have the largest Local Costs of Carbon, since, as argued above,
the LC'C} scales proportionally to population P; and GD P; per capital y;. However,
when we account for inequality and the social welfare weight — with marginal utility
of consumption — we see that now India, Indonesia, and Nigeria are the countries

with the higher “welfare/policy-relevant” Local Cost of Carbon.
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In the competitive equilibrium — i.e. without mitigation policies implemented,
the Social Cost of Carbon can be written in two ways: one without accounting for re-
distributive effects Elw; LC'C;] and one that does integrate inequality EI [zzzw LCC].

In our numerical exercise, we obtain:
Elw; LCC;) = $425/tCO; EN¥ LOC;] = $214/tC Oy

The result is displayed in Section 1.6.1.

The optimal carbon tax with heterogeneity and redistribution motives in the

Second Best allocation is given as:
t® = SCC + Supply Redistribution + Demand Distortion

Correcting for the two additional redistributive terms, the optimal carbon tax is
5% lower than the SCC, because the Supply Redistribution and Demand Distortion
term largely offset each others. The result with Negishi weights are displayed in ?7?.
With utilitarian weights, i.e. w; = 1,Vi, the carbon tax much higher, as both the
Supply Redistribution and Demand Distortion. The planner would use carbon tax

as a tool for redistribution using energy price and terms-of-trade manipulation.

250
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The dynamic setting allows us to compute the temperature path. In Sec-
tion 1.6.1, I display the path of global temperature in the competitive equilibrium
(i.e. the Business as Usual scenario) vs. Second-Best with the optimal carbon tax.
I show that the second-best allocation aligns closely with the Shared Socioeconomic
Pathway (SSP) 4.5, i.e., the "Middle of the Road" Scenario. This is due to the fact

that global emissions are only reduced by 35%, as the marginal costs of climate
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change equate the marginal cost of mitigation and the energy transition. As a re-
sult, it would not be optimal to reduce carbon emissions to net-zero in this class of

Integrated Assessment Models.

— — SSP8.5

— — SSP7.0
SSP 4.5 7,

— — S5P26 _

Model, Comp. Eq. e

Model, Second Best -

World temperature (vs. pre-industrial) °C

2020 2080 2060 2080 20
Time (years)

1.7 Conclusion

In this paper, I examine how to design the optimal carbon policy in a world
marked by multiple layers of inequality. Through both theoretical and quantitative
analysis, I demonstrate that the traditional approach of setting a global carbon tax
equal to the Social Cost of Carbon needs to be reconsidered when accounting for

global inequalities in emissions, income, climate vulnerability, and policy impacts.

The key theoretical insights emerge from both a simplified model and a rich,
dynamic framework. In the First-Best scenario with available redistributive in-
struments, the optimal policy follows the Pigouvian principle, where the carbon
tax equals the Social Cost of Carbon. However, in the more realistic Second-Best
scenario without cross-country transfers, the optimal policy must balance climate
externalities with redistributive considerations. This leads to two main findings:
First, the uniform global carbon tax needs to be adjusted for both supply redistri-
bution and demand distortion effects. Second, when country-specific carbon taxes
are possible, they should be inversely proportional to social welfare weights — the
product of the planners’ Pareto weights and the marginal utility of consumption —

resulting in lower taxes for developing economies.

The quantitative analysis, based on a calibrated model covering 68 countries,
reveals that accounting for inequality reduces the Social Cost of Carbon by approx-
imately 12% (from $170 to $150). This reduction reflects the higher marginal value
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of wealth in poorer countries. The model also captures competing effects on the
optimal carbon tax from energy markets equilibrium: downward pressure to pro-
tect fossil-fuel exporters versus upward pressure to minimize energy use distortions.
These effects largely offset each other, resulting in an optimal carbon tax slightly

below $150, aligned with existing estimates.

These findings have important implications for international climate policy.
They suggest that a one-size-fits-all approach to carbon taxation could be subop-
timal when considering global inequalities. Instead, policymakers should consider
differentiated carbon pricing schemes that account for countries’ economic devel-
opment levels, heterogeneous climate damages, and energy market exposure. This
research also highlights the importance of developing complementary redistributive
mechanisms in international climate policy to achieve both environmental and equity

objectives.

Future research would extend this analysis by examining the dynamic evolution
of these effects as developing economies grow, climate impacts intensify, and fossil
fuel reserves deplete. Moreover, it would assess the role of uncertainty and climate
risk for the optimal policy as in Bourany (2023). Additionally, investigating the
political economy constraints and implementation challenges of differentiated carbon
pricing schemes matters considerably for practical policy design, as I analyzed in
Bourany (2024a).
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1.9 Toy model — Theoretical results

The first two sections are forthcoming. For a similar model — with multi-country
trade — the proofs of the main theorems are analogous to the ones provided in the

appendix of Bourany (2024a).

1.9.1 Cap and Trade

Competitive equilibrium

U .
dns, Ut

o { = Di(S)ziF (e) +a°(ef — ei) = Cilef) + ¢° (i — i)
' fei <c¢ (m:q°]

where 7; is the Lagrange multiplier /shadow for each dollar of carbon permits — hence
the normalization by ¢°. The carbon intensity of energy is &: it requires £ allowance
to get enough carbon permit ¢; for one unit (e.g. ton of oil equivalent) of energy e;.

This yields the optimality condition of the firm for energy e; and carbon permits ¢;:
MPe; = ¢° + &miq” ] mid® ="

which implies that the implicit carbon tax is M Pe; — ¢¢ = £t° = £¢°. Multiplier »;
for inequality constraint e; > ;. Optimality of ¢;: n; = 1.

The Lagrangian for the Second Best allocation in this context:

[Ai]
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j j
+ Zpiwﬂi (qe — Cg(Pief)) + Z Piwwi(MPei — qe — §q€)
Two options for rebate:
(i) Global rebate (government budget): >; tés =3 ¢%(g; — &;) (multiplier p9), or:

(ii) Local lump-sum rebate tés = ¢°(g;—¢;) (in that case p9 = 0, we replace tés in

budget constraint)

Planner’s optimality conditions

o [ci]
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Given that the planner controls directly the supply of carbon allowances, the

market clearing is not a binding constraint for the optimal policy.

o 5] & [E] & [tis] in the case of global rebate:
i) —wiPigid® — ¢ PP+ 1P =0
pE—pd = —wid;
Bl wiPidid” + ¢ — gt Pi =0
1= p = —w;g;
[t4°] >_Piwidi = I Y P
5 i

This implies that the planner implements full redistribution using the distribution
of “free” carbon permits £; and lump-sum transfers tés. The exact mix {tis JEi}

is undetermined as long as the following condition holds:
widi = will'(¢;) = p? = w;U'(¢;)
 [g;] & [g;] Local rebate: no impact in the budget constraint

[ei] — ¢ 1P =0
Eila* " Pi =0
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Given that the purchase of carbon permits, and hence the revenue of “free” carbon
permits, are redistributed/taxed lump-sum, we obtain that &; is a redundant
policy instrument. Moreover, the planner chooses the same policy as the agent,
such that ¢; = &e;.

o]
Z Piwiv; =0
)

Again, as in the carbon taxation case, this implies no "aggregate distortion" at
the global level.

1.10 Quantitative model - Competitive equilibrium
Dynamics of the individual state variables s;; = (wjt, Ti¢, Rit, St):
wig = (rF — 1 — G)wit + D(1ig)F ki, e3) — (rF + Oki + ] (¢ , Rir) — dfyesr — cir

& =&Y Pt elel 1 ¢5)

1€l
Tit = C(A; XSt — (Tit — Tity)) St =& — 655
Rit = —egft gl = (el /Rig)"

Household problem: Pontryagin Maximum Principle

’Hhh(s, {C,k,ef,ec7eT'}7 {)\}) _ e—(p—’!li—(l—’f])gi)tu(ci7 Ti) + e—(p—m—(l—n)éi)t)\;‘é ((r:—(nl—l—gz))wn—l—
DY (ri) 2 F (ki ey, 6y, ) + 7 (af Ra) = (0 + ke — af el = diuels = dlyel — can)
+ e~ (pmni=(=mgi)t \& (& — 8:5¢)
+ e*(pfnr(lfn)s’zi)qlrt (C(Ai XSt — (T3 — Tito)))

Choice of controls:

ue(cits it) = D" (i) (D(13¢)cir) = A

(K] MPkiy =15 +6
4] MPej, = D?(Tit)zi Op F (Kt eZJ-;, e, ely) = qiy for z € {f,c,r}
ef] af = v} (ef Ray)
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The Pontryagin maximum principle for the states {w;¢, 7+, St}

[wt] N = M (p—ni = (1=0)gi) — Hu () = X |(p = ni — (1=n)g)) — (] — 13 — Gi)]
= N = M (p +ngi —17)
[7it] N = My (p=ni—(1=m)gi +C) + 7Y (Ta—77)DY (7it) 2 F (i, €at) Ay
—o,Dv
+ 7" (7= DY (7ir) ! (D" (7it )it ) car
o, pu
[St] M = X (p—ni—(1=m)g; +0s) — Cx A N,

Recall if p 4+ ng; < ry, then A}’ decreases (and consumption increases) over time.

Solving the ODE for the Local Cost of Carbon

)\;S’t:_/oo —(p=ni—(1=1)gi+6s)(s— tCXA)\TdS
t

with A\ = / ei(pinii(lin)ngC)(Sit)(7_1'577_1'*)(1+(a’Y71)]l{7'1,5<7'i*})[’Yyyis Jr’Y"Cisp\f;dS
t
)‘;S’t N 6_(p_ni_(1_n)§’i+55)(s_t)XAi(Tis_Ti*) [’yyyzs + ’Yucis] )\%ds )
o0 t

with output is y;; = ziD%J(TZ-t)F(k:Z-t, e;r) and Nl = D¥ (ry )/ (D;“(Tit)cit) Use the
Euler equation, or costate dynamics:

. _ _ S K

= Ni(ptna i) = = X~ K lornamrian
for s > t, which gives the Local Cost of Carbon:

LCCy = f)\—w %/ (=IO A, (=) [y + 7 e S BT g
it

LCCzt —/ € ~Os(s0) f (ru—ni=ge)du A‘(Tis_Ti*) [’Yyyis +7ucis] ds
t
This implies that the future damages are discounted faster if 77, > n; + g;. Con-
versely, if growth rate of population n; and TFP g; are high compared to the world

interest rate — think of developing economies — then they would put more weights

on future damages on output and consumption per capita.
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1.11 Quantitative model - First-Best

First-Best allocation results from the global welfare maximization of the plan-

ner, who has access to all the instruments:

00 _
Wiy = max Z P; w; /to @*(P*nr(lfn)gi)tU(D%L(Tit> Cit) dt

_{c,k,ef,ecer,ew,éc,é”} i
subject to the good and energy resource constraints and the climate system:

D pielritoot [Cz‘t + (ki (ni+git0)kie) + v (ef, Rir) + ke + H;ﬁte:t}

i€l
= " P HIND () 2 F ki, ey, e6ioely)  [67]
i€l
Bl =Y piemitt el = N tnutaten ] &=c  [ug] A I
1€l i€l
St =& — 38, & = Zpie(ni+§i)t(§f€1-ft + &%) [67]
I
Far = C(AixSt — (it — Tito)) [97:]

Let us define several objects: total population Py = > ;1 pietit P = Pry =
>; P; and global population growth rate:

_ 1 . it
nt—ﬂ%nﬂ?le ¢
1

and the welfare-relevant discount rate:

Pe” o P05 _ P i G LAl
icl
pe = % Z(P—m—(1—77)@)%7%6_(p_m_(l_n)gm_‘[to o
i€l
Yici(p—ni—(1=n)gi)wipie= (P (=m0t
Zieﬂ w;Pie—(pP—ni—(1=n)gi)t

Note, the whole analysis can accommodate time-varying population growth rate n;;

and time-varying TFP growth g;;.
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First-Best Optimal Control Problem — Pontryagin Principle
The Hamiltonian for the Social planner is:

’Hfb(s ¢, P) = Z w; P e—(p—m—(l—ﬂ)@i)tu(Dg(Tit) Cit)
¢t ZP e(nit) ( (7it) 2zt ' (Kt '{taezue )= (ni+gi+0)kis—e” vilnitgt z'f(ezt’R“) K€t —Kir€ir— C”)

i€l
Jiy P Zpe”ﬂ)t( )

i€l

t 0 S —
+e Ji p5d5¢ts{ Z PieM I (el el 4 goet,) — 55575}
I

+ ) wipie” P UTINGE C(AixS, — (Tit — Tit, )

i€l
Pontryagin maximum principle, optimality conditions, first for controls {c, e/, e, ", e®}

« Consumption [c;]

t —
—(p—ni—(1-1)gi - d s
WZ"PZ'Q (p i (1 n)gz)tUc(DZu(Tit) Cit) = e ftOps qu%u’])ie(nl"'gz)t

—(p+ng;)t+ ! psds
w; e ( i, D%(Tit)ul(D%(Tit)Cit) = ¢y
« Energy sources [elft], 5], lely]

OF MPel, = Di(1ig) 2 F, p (ip, €y, 5, ely) = ] — €67
MPe§, = Di(7it) zig Fec (i, eg;, €, elp) = Ki — fcgzﬁf MPel, =k]

+ Energy extraction [ef}]

(b'g}el’z anrgl)t f ( iprit) — ,utf

Vier

4 f
evi(nitai)ty, (ezxt> Yk
Rit of

note that e is the extraction rate per effective capita: with population/TFP

growth, the marginal cost become larger.
 Note that we simplify the problem by avoiding treating ef, and e, and e}, and

e;, as separate variables.

Pontryagin maximum principle, optimality conditions, second for states {k;;, St, 7jt }it
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o Capital [k;]
B = 0P ot — HI (5,6, A) = ¢ pr + S (ni + §;) — 6 (M Phys — 5)
O = o1 (Pt + ni+ G — (MPhyy = 0))

Note if that there is only one country, we get py = p — n; — (1—n)g; and
then we obtain the standard Euler equation qﬁ%” = o' (p +ng; — zt) with
rk = M Pk —§

« Carbon concentration in atmosphere [S]

: B i—(=n)g)t+ L ped
35 = 08 (i + 8) — Swype T ATWRIE Sy Pl p g
i€l

o Temperature [7;], normalized by e~ (p=ni=(1=-n)gi)t 15cal discounting

o5 = o (p—ni—(1-0)gi) — 1L (s, ¢, )
6% = of (p—ni—(1=m)gi + ) + witd (D} (mit) et ) Dy (7it) (it — )7 it

- fti) ﬁst-I-(ni“v‘gi)t‘f'(p—ni—(1_77)§i)t¢

t+e & (it =7 i

Proof of Proposition 6

Solving for the shadow value of temperature ¢/, and carbon qbts

t - _
. _ — [F psds+(p+ng;)t
6% = of (p—ni—(1-m)gi + ) + e o 090 40 (73— Ve + i)
X (p—n, psds+(p+ gz
ito :/to e~ (pmni=(1=mgitC)(t=to) = Jig st o (it =7 [yt + 7" cit
psds—(C—n;—g;)(t—to)
Dty = /to “h ( (=to) ot (it =71 [y + 7" cit
Solving for the SCC};, we get:

o3 :7/ — [} peds—d.(t—to) S wimie ~(p=ni=(1=ma)(t=to)+ [ puds CAuy o dt
to

i€l
¢to = / e~ 0s(t—to) Zwipie—(p—m—(1—n)§i)(t—to)CAiX o7, dt
icl
by —— P / (ko) Zw pie” P (LTI E10) \ A (1 —77) [V it + 7" car S dt
> to i€l

)



Realizing that the marginal value of wealth:

. ot (ot —rk
o = o (pr+ni+ g — (MPky —0)) = Pio = Pt € g pstmigiris e
—_—

_k
=T

of

This implies that the Social Cost of Carbon defined as SCCy, = ¢w can be

rewritten as:

; 1-
_9251% o0 /to olé=tn) > wiPie” (pmmi= (=g (t=10) Y Ay (yp—; )hyyz‘ﬁrwcz‘t}ﬁb%
1€l

t k= —
X e - ‘[to (Tzs_ps_nl_gl)dsdt

_ k _ o G
SCCtO _>/ ZWZPZ —[(p—ni—(1-n)gi)(t—to) ft psds ds(t—to)— ftD(Tzs ni—g;)ds
1€l
X XA (i =) [V yir + 7 i dt

t —
. . —(p—mi—(1—1G: ) (+— — d
The aggregate discount factor is defined as > ;1 w;Pje (p=ni=(1=n)g;)(t=t0) = Pe Jig Ps %
and given that c¢;4, y;+ and 7;; are bounded, we can simplify the expression. Moreover,

changing the order of the sum and integral by Fubini’s theorem, we obtain:

J(t—to) i—Gi)ds
SCCt0—>/ S wipge ST ol " XA (Ti—7F) [V it + 7 e dt
el

o0 s(t—to) —n;—g;)ds
SCCy — Zwﬂ’i/t e 0= ) XA (Tit—T) hyyz‘t + VUCz't} dt
icl 0
SCCtO — Z w;P; LCCy
1€l
where the Local Cost of Carbon LCCy; is given in Section 1.10. Given that, in
the competitive equilibrium, we have free capital flows and frictionless borrowing, it

implies th MPk;; — 6 = ry, which gives the results of Proposition 6. O

1.12 Quantitative model - Second-Best

Second-Best allocation results from the global welfare maximization of the

planner, subject to choice of a global carbon tax, t¢, and local lump-sum rebate:

tls = t5(ef el 4 eoe)).

Wam e S [ D)

{c.kef ecer e ecert
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subject to the good and energy resource market clearing and the climate system:

wie = (17 — (ni+3:) ) wie + 7] (¢, Rie) + DY (rig) 2iF (ke €y, €5, €5) — (r + 6)kt

( / + §ft ) (qzt + fctft)eft — qj1€iy — Cit + tii ) [¥it]

ElJi = Zpie(n i+g)t Ze ni+gi)t [H{]

i€l iel
By =y pie™ 9 (wiy — ki) = 0 ]

i€l
€ = e€j [15:] e = ¢ (1]
Si =& — 58, & = Z Ppie(mitat <§fe'ift + gceft) [ Zg]

I

Fit = C(AixSt — (Tit — Tity)) (V7]

as well as the optimality conditions of the agents of the Competitive equilibrium

K] MPhky =17 +6 [vE]
4] MPe%, = DY (i) 2 0uF (i, ely, €5 ely) = qf) forz e {f,c,r}  [vf]
[ef] aof = v (el Rar) 0]

Using the Primal approach, we can write the Hamiltonian, where the states are
{wit, St, Tit }it, and the controls are {c;jt, bit, kit, 62{5, €Sy, ey, e, €5, e tir, and prices
{r}, q{ s Wity @5y, @} }ir and where each country 4 variable is discounted by p—n;—(1-n)g;:

H(s,¢,1p) = Z w; P e (pfnﬁ(lfn)éi)tU(D?(Tit)cit)

+ Z w;ltjwz Pie_(”_"i_(l—")gi)t ((7“: — (nz—l—gz))wlt + Di(Tit)ZitF(kit7 6{“ eft, 6;5)

iel
7l (af Ri) = (7" + 00k — (af + €745 el — (afy + €°45) et — aluely — cu + )
+ Z Pi@i(pfﬂii(kn)@i)t[th(éft — e5) + pi (e, — egy)]
icl
t _ t_
‘o desﬂ{ Z pie(mitat (Q‘It - ezft) +e “to desﬂf Z pielmitat (wit - kit)
icl i€l
_ [t ped _
+e Juw? sz/;f{ > et (efel, 4 eoes,) — 558,5}
i
+ Zwi P e—(p—m—(l—n)éi)t% C(AiXSt — (T3¢ — Titg))
icl
+sz7’z (b= (i=mant [ 1 (q] +676° =M Pel)) + v5, (¢, +€°4° = M Pe5y) + v, (qf,— M Pe},) + ol (rf+6— Mszt)}
i€l
+Zwi pie (P (1=mgit [eft (Vifew (et Rit) — ) + 05, (k5 — a5y) + 05 (K5, — aiy)
icl

PMP: Optimality conditions for the controls {cit,bit,kit,e{t,eft,egt,eﬁ,égt,é%"t}it

are:
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o Consumption:
w;i Piu (DY (rit) cir) = Yljwi P;

« Capital choice:

g — [ puds 43,
W; Py e—(p—ni—(l—n)gi)tw?t) [Mpkzt _5— T’:] _e fto P ‘u? Z ,Pie(nr‘rgz)t
i€l
—w;pie” (Prmim(1=mgi)t [Ulft(?kMPezft + v§, 0 M Pe§, + vj, 0, M Pel, + vft@kMPk‘it] =0

—[(p+ngi)t— [ pads » -
b = e lomai= [, puds] [v],0 M Ped, + 05,0, M Pe§, + v}, 0 M Pe5, + vl 0 M Pl

The multiplier M? represents the shadow value of liquidity of aggregate bonds.
If we increased bond supply By, it would decrease the interest rate and improve
the ability of firms to borrow and invest, decreasing the marginal value of capital.
This redistributive effect has an impact on the firm inputs optimality conditions
for input z, written with vj,0pM Px;;. As a result, u? is the equilibrium value
equalizing these different redistributive/distortive effects.
 Energy extraction — Oil-gas (Fossil) [ef;]
w; py e i (mmantywigl ol (ef R + e f,l 5Sd5u{7,ie(ni+§i)t
+w;pye P EmItgr el L L (ef, Rit)

t
(pt+nga)t— |, psds] .
fto wi eft'pie(”z“'gz)yf

7{ iere® (eizﬂ th)

-1
py = —e

The multiplier ,uic is the shadow value of liquidity of aggregate oil-gas supply. If
we increased supply Etf , it would decrease the oil-gas price rate q{ going down the
supply curve, as denoted by the curvature Vif czor and weighted by the shadow
value of optimality of the fossil firm’s extraction. Note also that we scaling
the curvature of the cost by population P;e(it9)t - population growth push

extraction along the supply curve.
» Energy production (Coal and renewable)
There’s no redistribution effects across countries through the market clearing,

due to the fact that (i) the coal (and renewable) are traded locally, and (ii) there

are no profits from coal and renewable production.
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e Energy consumption — Oil-gas (Fossil)

~ ot 5.d _ ot 5.d ~
wips e Ommm 0By 01 Pl — gf) — ¢ P o480ty g™ o POyt

—wipie (Pmnim(1=mg)t [Uf;aef MPel, + v5,0,s M PeS, + v1,0,s M Pel, + vk, s M Pk =0

—(p+ngi)t+ | psds
w; P; € f wffts

~(ptng)t [, peds [

= pipd =PI YS + wipe 0}, 00r MPel, + 08,00 MP€S, + 5,0 MPel, + vl 0,5 M Phi]

e Energy consumption — Coal

_ - psds 7
wi Py e PTim(mmMINt W Pee gl ] — gy py e~ (P (Immgt ey cee” Jig L7 P pielnitanty

—wipge PTim(AmMIN [ 9 M Pe, 4 v, 0ec M PeS, + v, dec M Pely, + v5d,s M Pky] = 0

—(p+ngi)t+ |, psds
Wi Py e ( ) f Vit §°ty

~(ptngoit [ pads [

= —PEPY + wipse 0}, 0ec MPe], 4 5, 0cc M P€S, + v, dec M Pel, + vEdoc M Pk

e Energy consumption — Renewable

w; Py e P (=matyw N pec  gr] — gy py e~ (Pmim (=gt
—wipie” PTim M [ ] 9 M Pel, + 0§,0er MPeS, + 05, 0er M Pel, + vE8,s M Phis] = 0

= [v},0cc MPel, + v5,0.c M PeS, + vl,8ec M Pel, + vE8ec M Pky;] = 0

PMP: Optimality conditions for the controls over prices {r}, q;ff Wity @5 Qi it

o Interest rate [r}]

1—- )t —(p—n;—(1—n)g;)t, k
szpz (p—ni—(1=1)g;) wzt[wzt it]+zwi7’z’€ (p—ni—(1-n)g;) Uitzo
)
The redistributive effect on agents’ budget, weighted by v}/ should compensate
for the distortionary effect on firms’ optimality of capital, weighted by shadow

k
value (A

o Fossil energy price: [qtf ]

sz Pie —(p—n;—(1-n)g; t%[ ezft] + 3w Py e—(p—ni—(l—n)éi)t[UiJ; —0F] =

7
o Coal energy price: [qz‘ct]

— _ . 1_ . . _ _ P 1_ -
wi Py e~ P (mmgtyiae o6y gy py e~ P (=mait e — gg] = 0

c _ pncC
= Uit = Ut

79



» Renewable energy price: [¢},], similarly:
= vjp = O

For coal and renewable, since the price is local, the "distortive/redistributive"

effect on the supply equals the one of its demand.

o Wages wj; are determined directly by the Marginal Product of Labor M P{;;,

since the labor supply is inelastic and normalized to 1.

« Carbon tax/Carbon price [t°]

S wi Py 6—(P—ni—(1—n)§i)t[§fU£ + 5] =0

The optimal carbon tax level balances out all the distortions for each country,

f

for oil-gas and coal, according to shadow values v;, and vf;.
PMP: Optimality conditions for the states {w;, St, Tit }it-
o Wealth [w;]

W= (p—n;—(1-1)gi) — H2 (s, ¢, 2p)

L — [ podst(p+ngit
e ftop (p ng)uiJ

W= (p+ngi —17) +

W;P;
- gi)t— [ puds
b =e Uptnge)t fto ’ ]wi [vlft@kMPe{t + v, 0, M Pej, + v}, 0 M Pel, + UﬁakMPkit]
w D pedst(prngt ~[(pngit— [ peds] 1
5= ot ) e ‘ Jopet 2

Pi

. 1
= i (p 4 ngi = 17) + — [hOAMPel, + V0 MPeS, + 0,0 MPe, + Vi 0L MPhy ]

This implies time-varying liquidity motives for the marginal value of wealth.
Abstracting from discounting p—n;—(1—n)g; and py, if ,u% is positive (the planner
would like to increase the supply of bond, decreasing return), it needs to be
compensated for higher marginal value of wealth ¢} in the future ( % is higher

if ,u,lg > () which implies higher consumption, today at time ¢.
o Temperature [7;]

b = Vi (p—ni—(1=m)g) — 1 (s, ¢, )

7 = U (p—ni—(1=n)Gi + ) + 7Y (Taa—7})DY (73t) 2 F (Kie, e )03y + v (T —7 YD (73e) u/ (D™ (7t ) e et
_o, Dy 8, Du

th = Yy (p—ni—(1=1)gi + ) + (Tae—77) [V wir + ¥ cit] iy
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« Carbon concentration [S¢]

wt = wt Pt — HSb(‘S’C’ )

n;—(1—n)g;)t+ sds
S = S (o4 0) = Sy pye (MBS s p
i€l

Proof of Proposition 8
Solving for the differential equations for the marginal value of temperature v}, and
carbon @DZ*S; )

ZTt:/ e_(p_""_(l_n)gi“)(s_t)(Tis—Ti*)[W’yyis+7"Cis}w§‘;ds
t

U = [ e S e OO A s
t

i€l

wtg _ /°° o 0s(s—1) Zwi Pi e—(P—ni_(1_"7)§i)(s_t)CAiX Yl.ds
t

i€l

I —— e 0s(s—1) Z w; Py e~ PimAmMIN DAy (7, —7F) [VWyis + 7" cis) Yids

— 00
¢ t i€l

Using the dynamics for the marginal value of wealth;
T a *
bit :/ ¢~ (P0G (s=t)+ [ ridug; k ds + e~ (ptngi)(T—1) )+ [ *du¢w

ok = 77[ hORMPel, + v§,0, M PeS, + vl 0, M Pely + vh0, M Phyy|

7

First, let us assume that @zkt ~ 0 there are no liquidity effects, giving ¢}/ =
e~ (PG (T=0+ f) riduy

I define the social welfare weights:

[(p—ni—(1-n)g;) psds]
72“)27)@ ' ' ft ° ¢zt

tiel
1; %7’@%
it
&
This allows to simplify the marginal value of carbon:
¢t - - / (s=1) ZW Pie ~(pmni—(1=m)g)(s= t)AzX (7’1377 )['Vyyis +7ucis]1/};1;d5
i€l

w5 s — / o 0a(s— t)zw pr e~ 0mmi= (=M= Ay (i —75) 400 + 7ocis] € +Hongi)(s—t)— [T 1% Ly g
i€l
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This implies the Social Cost of Carbon:

SCC, = th — / 6765(57t)7ft ridu Z e(niJrQi)(Sft)AiX (Tis_Ti*) [’Yyyis + 'Yucis] Wi E1 %t ds

t t iel t

SCC, =S J¥LCCy, Juw — WiPiVit
i€l wt

) P A du
LCCit = / €—5S(S—t)—ft (ru=mi g:)d AZX (Tis_Tz‘*) [’yyyis + 'yucis} ds
t

which gives the results of Proposition 8. [

Proof of Proposition 9
Solving for the optimal carbon tax involves for solving for the objects in the opti-

mality condition for energy choices. Take the energy choice for fossil-fuels:
t — t —
_ o — sds — sds
twiPie” PHII 09 MPel, + 05,0, MPe§; + v}y0,s MPely + vhd, M Pk;
i itOef M€y + Vi Opp M ey + Uy O ME € + V3O zt]

We need to solve each of the objects in turn: (i) the marginal value of carbon, wf ,

related to the Social Cost of Carbon, as seen in the previous proposition, (ii) the

marginal value of oil supply u{ , related to the energy supply redistribution, (iii) the

marginal value of firms’ inputs optimality conditions szt, VS, Vg, Uikt.

Supply redistribution

We want to solve for ,u{ First, take the optimality for [qtf ].

Zwﬂ’z@ (p=ni=(1=m)g)tgr Zwﬂ’z (p=ni=(1=m)gi)t vz e{t]JrZwipie*(ﬂfmf(l*n)éi)tvlft
i

f

The redistribution effect on oil-gas quantity between exporter and importers e, —e;,
exactly compensate — for the planner — the equilibrium effect on demand UZJ; and
supply 0.

Second, using the optimality of [e]}]:

_ t
—[(p+ng;)t— ds 4G
tf —€ lptnge) fto Ps ]Wi th Pie(nﬁ_gl)t yifemef (6%7 Rit)

P (nita)t

¢ lotngt=fi podsl , f
Véfe$ex (6%7 th)

(Lad%

[
w; Pitip = —
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As a result, we obtain:
P e(n +Q'L

e (pmni—(1-m)gi)tgr _
S CRRTs 58
i Vi P‘LPCL (elf’ th)
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Demand distortion

We use a Nested CES framework for production. I express the formula without time

indices for simplicity.

ge—1 oe—1

Brergy ;= ( ()7 ()5 )
1 g—1 1 g—1 0'%
Output  y; = z2<(1 —e)o(z5e;) o + 50(1{?61_0‘)0) '

Optimality for fossil energy demand features this complicated term, which we can
simplify using the CES structure. The curvature of production, represented by terms

like 0,5 M Pezf relates to the elasticity of energy use.

o] = [v] 8. MPe] + vfd,s M Pef + vl 8,s MPe! + vFd,s M PE;]

(3
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with Energy share in production: s§ = Ui , Fossil share in energy mix s; = - ©
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and similarly s = BT and s} = edt
When we normalize by 1), we obtain
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We have similar formulas for Ui;, Vsy, Uy, and Ujy.
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Rewriting the optimal carbon taz

Take the optimality condition for energy choice, where I replaced DZJ;. Sum over
countries ¢ and normalize by world population P

t
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We define:
M{ —(p—mni—(1-1)3s) t+f psds V3 ¥
Supply Redistribution, = —; [ZVZe v oo (€51 Rit) } {sz P;€ —ier — el
Yy by
f
DT moey re e
o
[ St {1+ ot}
Demand Distortion; = fw Zwﬂ? e ~lpmm—(1- ngl)Hf peds _f Bft
i
We obtain:
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This implies the formula in Proposition 9 .
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CHAPTER 2
THE WINNERS AND LOSERS OF CLIMATE POLICIES:
A SUFFICIENT STATISTICS APPROACH
WITH JORDAN ROSENTHAL-KAY

Abstract

To combat global warming, climate policies like carbon taxes, renewable subsidies,
and carbon tariffs need to be implemented to phase out fossil-fuel consumption and
lower emissions. Who are the winners and losers of such policies? Through a simple
Integrated Assessment Model with heterogeneous countries and international trade,
we study the costs of climate change through local damages and trade spillovers in
international goods and energy markets. We study both the costs of implementing
those policies unilaterally, and the local costs and global gains of international pol-
icy cooperation. To do so, we express and decompose these welfare changes to first
order as a function of sufficient statistics, depending on observables and identifiable
elasticities, like nations’ energy mix, energy rents, trade shares, supply and demand
elasticities, and damage parameters. We show that climate change has non-trivial
reallocation effects through international trade in goods and energy. Pursuing uni-
lateral policies generates strong leakage effects in goods and energy markets that are
an order of magnitude larger than the gains due to reduced emissions. Finally, global
climate policy cooperation has a large impact on energy markets, affecting mostly
countries reliant on coal and fossil-fuel producers, causing larger welfare losses for
those countries than the original costs of climate change.
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2.1 Introduction

Climate policies must be implemented to phase out fossil fuel consumption
and keep the world temperature under 2°C' to avoid dramatic consequences of global
warming (IPCC et al., 2022). To that aim, several policies have been proposed. First,
carbon taxation or carbon pricing has been the preferred instrument of economists.
It follows from the Pigouvian benchmark, where the externality — and the social cost
of carbon emissions — can be internalized by taxation. Second, several countries have
been promoting subsidies for renewable energy sources as an alternative to carbon
policy, with, for example, the Inflation Reduction Act in the United States. However,
carbon taxation may engender “carbon leakage”, as economic activity reallocates to
other trade partners unaffected by the policy. As a result, countries have also been

advocating for international cooperation through climate agreements.

Who are the winners and losers of different climate policies? Can we quantify
which countries have the largest losses from climate damages and corrective climate
policies such as carbon taxes, renewable energy subsidies, or carbon tariffs? More-
over, how large are the gains from cooperation for the distribution of welfare gains
and losses? This paper addresses these questions by quantifying the heterogeneous
impacts of those policies and decomposing the welfare impacts for different countries

and across different transmission channels.

We develop a framework that allows us to quantify these different margins using
sufficient statistics, in the sense of Chetty (2009): a set of observable data moments
and elasticities estimated using quasi-experimental variation. In our framework, ob-
servables like the energy mix (i.e., the share of oil, gas, coal, and renewables in energy
use), the energy rent share of GDP, and trade shares, provide crucial information on
whether a country ‘wins’ or ‘loses” as a result of implementing those policies. Using
the structure of a quantitative model, we can summarize and decompose the wel-
fare effects of policy: changes in productivity due to climate damages, and welfare

changes stemming from general equilibrium effects in energy and goods markets.

To that purpose, we use a climate-economy framework — or Integrated Assess-
ment Model (IAM) — augmented with heterogeneous countries, energy markets, and
international trade, closely following Bourany (2025). Individual countries differ in
their vulnerability to climate change and temperature, their energy mix in oil, gas,
coal, and non-carbon energy, their costs of producing fossil fuels, as well as trade
costs in international trade in goods. We approximate the model using a first-order,
log-linear decomposition of welfare changes around the current — i.e., status-quo —

equilibrium. This allows us to linearly break down the various channels through
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which climate change and climate policies affect different nations.

These climate policies have unequal impacts across countries, determining their
willingness to implement such policies. First, regions are differentially affected by
climate change due to differences in local temperature, exposure to global warming,
or trade linkages with vulnerable countries. Second, if carbon taxation reduces
fossil-fuel consumption, it also has substantial impacts on energy markets: it affects
disproportionately the countries that consume a large share of fossil fuels — oil, gas,
and coal — or that export those energy sources. Third, countries are heterogeneously
exposed to international trade and thus to ‘carbon leakage’, which reinforces or
dampens the gains and losses from the climate policies, especially when implemented

unilaterally.

Quantifying the winners and losers from trade policies with our framework —
and understanding the underlying mechanisms — requires several key elasticities, in
addition to readily available moments in international trade, energy and national
accounts data. First, we require estimates of the marginal damages of temperature
shocks in different countries on a structural primitive of our model: TFP in traded
goods. To identify the parameters of our structural damage function, we implement
an estimation strategy inspired by Rudik et al. (2022) that leverages variation in im-
port penetration within bilateral trading partners and changes in local temperature.
Second, we require energy supply elasticities in oil-, gas-, and coal-producing sectors.
We use time-series variation in local fossil rents and international prices and a sim-
ple empirical Bayes shrinkage procedure to recover spatially heterogeneous energy

supply elasticities.

Armed with these elasticities and data moments, we use our sufficient statistics
formula to study three different experiments for a sample of 193 countries. First,
we analyze the effects of increasing greenhouse gas emissions and, hence, global
temperature. This has heterogeneous impacts across locations due to differences in
temperatures. However, climate change has large spillovers: by changing TFP, it
affects production and the endogenous choice of energy inputs. As a result, declines
in productivity are the main driver of reduction in CO9 emissions. Moreover, climate
change also reallocates production unequally across international trade partners.
Therefore, productivity spillovers through trade represent an important transmission
mechanism of global warming across countries, as even cold but open regions can be

affected significantly through trade channels.

Second, we study the impacts of four different climate policies. (i) First, we
consider the case where each country increases unilaterally the carbon tax, and

the revenue of the carbon tax is rebated to the household. As a result, different
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countries are differently affected through their energy consumption and exports,
but the climate impact in terms of emission reduction is limited by the size of
each country. Moreover, unilateral carbon taxation leads to carbon leakage effects:
it reduces domestic fossil fuel demand through taxation and thus also lowers the
global equilibrium price for oil and gas, which then increases the carbon emissions
of the countries not affected by the carbon tax. Additionally, by increasing the
marginal cost domestically, it also reallocates activity through international trade
from regions not affected by the carbon policy. Combining and decomposing all
these effects, we can measure the extent of the ‘free-riding incentives’ that deter
individual governments’ climate action.

Then, (ii) we consider renewable energy subsidies as an alternative to carbon
taxation. Such subsidies lower the relative price of renewable — compared to fossil
fuels — and are financed by lump-sum taxes. As a result, it has different general
equilibrium implications on energy markets, as well as different welfare effects across
countries. Moreover, (iii) to prevent the carbon leakage consequences of unilateral
carbon pricing, trade instruments have been at the center of policy discussions, e.g.
with the Carbon Border Adjustment Mechanism in the European Union. In a third
policy, we study the implementation of carbon tariffs, where the tariff scales with the
carbon intensity of the imports and carbon taxes for countries that form a climate
club. Carbon tariffs divert trade flows away from high emissions countries and
reduce carbon emissions, which we can quantify for a small increase in the carbon
price for imports. We analyze this policy for two sets of countries: the European
Union (EU), which is already implementing carbon pricing and carbon tariffs, and

ASEAN, which gathers southeast Asian countries affected by climate change.

Finally, (iv), we study the distribution of welfare gains and losses from im-
plementing internationally coordinated policies. When all the countries implement
carbon taxation together, greenhouse gas emissions are lowered significantly, im-
proving climate and global temperature. In addition, the demand and, hence, the
price of fossil fuels change depending on the strength of the substitution between oil,
gas, and coal. Such change in oil and gas prices also has strong redistributive effects,
as it depletes the energy rents for fossil-fuel exporters. Finally, global climate policy
reallocates economic activity and trade patterns, and all these effects attenuate the

direct costs of carbon taxation.

This work relates to a lengthy literature on the macroeconomics economics
of climate change, specifically the literature that uses large-scale IAMs to evaluate
the cost of climate change and the effects of different policies (Nordhaus and Yang,
1996; Barrage and Nordhaus, 2024; Cruz and Rossi-Hansberg, 2024). Our main
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contribution is to show that, in macroeconomic IAM of Bourany (2025), the effects
of many climate policy regimes can be decomposed to the first order to direct ef-
fects, effects that operate through the energy market (including changes to energy
rents), and leakage effects in international goods markets, and that these effects
can be estimated by a set of sufficient statistics readily computable with off-the-
shelf macroeconomic data and estimable elasticities. Thus, our work is similar to
Lashkaripour (2021), who uses a sufficient statistics approach to estimate the cost
of a global trade war, Baqaee and Farhi (2024), who examine how changes to trade
barriers reallocate economic activity in general equilibrium, and Kleinman et al.
(2024) who derive sufficient statistics for how productivity shocks differentially af-
fect trading partners in constant-elasticity trade models. In essence, we extend this
approach to a broad set of climate policy instruments in an environment that also
features detailed energy markets, like in Abuin (2024). Additionally, our framework
also allows us to derive a local cost of carbon, which accounts for heterogeneity in
both damages and the marginal utility of income, like in Cruz and Rossi-Hansberg
(2022).

What we do not do is study optimal climate policy at a global level, as in
Golosov et al. (2014), or unilaterally optimal policy in an open economy setting,
like in Kortum and Weisbach (2021). Unlike Bourany (2025), who studies the opti-
mal design of international climate agreements with carbon taxation and tariffs, or
Farrokhi and Lashkaripour (2024), who study the optimal trade policy, either unilat-
erally or in the context of climate clubs, we exploit the tractability of our sufficient
statistics formula to evaluate a large set of climate policies and decompose their
effects that operate through different markets. However, our framework is static,
which precludes us from studying dynamic policy environments, like in Bourany
(2024) who analyze climate policy and redistribution concerns, Hsiao (2022), who
studies climate coordination with commitment, or Kotlikoff, Kubler, Polbin, Sachs

and Scheidegger (2021) who study the benefit of carbon taxation across generations.

The rest of this paper is organized as follows. In Section 3.2, we lay out
our full macroeconomic TAM. Section 2.3 derives our first-order decomposition of
climate policies in our model and details the policy experiments we have in mind.
We describe our data, estimation, and quantification in Section 3.4. Section 2.5

details our results for multiple policy counterfactuals, and Section 2.6 concludes.
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2.2 An integrated assessment model with heterogeneous regions

and trade

This model follows the structure of Bourany (2025). We build a simple inte-
grated assessment model (IAM) incorporating multiple dimensions of heterogeneity,
climate externality, energy markets, and a realistic trade structure that reproduces
the leakage effects of climate policies.

We study a static economy with I countries indexed by ¢« € I, each with
population P;. All the economic variables are expressed per capita.l 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, subsidy, and tariffs.

2.2.1 Household problem

The representative household in country ¢ imports from all countries j € I and
consumes the aggregate quantity c¢;. Each country produces its own good variety.
Household preferences have constant elasticity of substitution 6 over different vari-
eties, following an Armington structure (Anderson, 1979; Arkolakis, Costinot and
Rodriguez-Clare, 2012),

9
1o6-1) 01
U; = max u ({Cij}j> =u(c) , a=> afjcije , (2.1)
{eij} jel

where a;; are the preference shifters for country 7 on the good purchased from

country j.2 We consider standard constant relative risk aversion (CRRA) utility
u(e) = 7/ (1-n).?

1. For example, y; or ezf are final output and fossil energy use, respectively, and P;y; and 797;6{

represent the total quantities produced/consumed in the country.

2. We assume that preferences {a;;} and iceberg trade costs {r;;} are policy-invariant, in par-
ticular, they are not sensitive to price changes and tariffs.

3. We do not include direct effects of climate change on utility, which could proxy for changes to
local amenities, or the mortality effects of climate change. It is easy to augment the framework to
include direct utility damages by assuming the climate externality affects consumption through a
factor DY (&), given world emissions £. As labor is internationally immobile, utility damages have
no general equilibrium effect, and so we omit them from this analysis. Including utility damages
would simply amplify gains and losses stemming from local temperature changes.
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Households earn labor income, energy rents, and transfers, and their budget

constraints is given by:

b l
> cij (L+t3)7ijp) = wili + 7 + t;° (2.2)
jel
where w; is the wage rate, ¢; the exogenous labor supply is normalized to 1, 7{ the
profit earned from the ownership of the energy firms, and tés the lump-sum transfer
received from the government. Households in ¢ imports quantities ¢;; from country

J, purchased at price p;, and subject to iceberg cost 7;; and to trade tariffs 1—|—tlbj.

The optimal consumption choice of the household yields the following quanti-

ties and trade shares given by:

—0
(1447,)73D;
cij = aijei | ————|
1

CijDij ((Ht?j)ﬁjpj)l_e
Sijg = — 5. = iy _ N 1—-6
c;iP; 2k @i ((1+t1) Tk D)

where p;; = (1+t£~’j)7'ijpj is the effective price for a variety from country j sold in

country 4, and P; is the price index of country i:

1
, Lo\ 0
Pi = | > a (1478 :

kel

As a result, we summarize the budget constraint as ¢;P; = Y jeq¢jj (l—l-ti?j)rz-jpj,
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:

(2.4)

1=n
1 o 4mCytls
Uy = u ;) = (wz z”ﬁz) |

L—n P;

2.2.2  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 g DY(E) 5 Fly el 6, ) —witi—a! (L€ )6l (1H€8)e ] (1))
lie; €5 .er

(2.5)
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I ec el') has constant returns to scale and

R R
is concave in all inputs. It uses labor, ¢;, at wage w;, fossil energy, ezf , purchased at

where the production function y; = F'(¢;, e

price, ¢/, coal, €°, at price, qi, and renewable energy, e!, at price, ¢;. Energy from
oil-gas, ezf , and coal, ef, differ from renewable in the sense that they emit greenhouse
gases, with respective carbon concentration ff and &€, as we will see in 3.2.4. As a
result, there is a motive for taxing oil, gas, and coal energy with the carbon tax t5.
Similarly, as an alternative, we consider renewable energy subsidy, which reduces
the price of renewable subsidies by a factor s©.

The productivity of the domestic good firm, y; = Dg(é' ) z; Ji, can be decom-
posed in two terms. First, the TFP, z;, represents productivity as well as institu-
tional /efficiency differences between countries. This technology wedge accounts for
income inequality across countries. These differences in TFP translate into differ-
ences in consumption that create redistribution motives for tax policy. The second
difference in productivity comes from the climate externality. This is summarized by
the net-of-damage function ng (&), given world emissions &£, which is also a reduced-
form representation of the climate system from temperatures. It decreases in £
and is country-specific due to differences in costs of climate change, as detailed in
Section 3.4.

The firm input decisions solve the optimality conditions, where we define
the marginal product of an input x as MPxz; = D!(E) zZ-Fx(E@,er,ef,e;) for x €
{4, ezf ,ef el }. For example, in the case of oil and gas ezf , the first-order condition

can be written as:
DYEY 2z F 1l el 5 el =: p;MPel = ¢f (14¢7t2 (2.6)
1% Z( )ZZ ef( 2762761761) *Pi € q ( +£ z)> :

and similarly for other inputs ¢;,ef,el. Crucially, the private decisions of firms
do not internalize climate externalities of their own fossil-fuel energy use and only
respond to price, carbon tax t7, and subsidy s.

We consider a nested CES production function. The firm combines labor /¢;
with a composite of energy e;, with elasticity o¥.* Second, energy e; aggregates the

different energy sources: oil and gas ef , coal ef, and renewable/non-carbon e, with

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

og¥—1

1 g/—1 1 oY—1\ 5¥—1
Output: g = DU(E) z (7 ()T + (1-e)(¢)*7 )" |

e

_ e__ e__ —
T 4 (w°) e () T+ (wr)ole(ef)aoel)”el .

Energy: ej = ((wf)ol@(ezf)

This allows us to distinguish between the substitution across energy sources and

between energy and other inputs like labor, due to climate policies.

2.2.8 Energy markets

The final-good firm consumes three kinds of energy sources — oil-gas, coal, or
renewable (non-carbon) energy — 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

f

or electricity transfers. The profits all the energy firms nf = w7 + 7nf + 7w are

redistributed lump-sum to the household.

Fossil production

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

good of country i.> The energy firm’s profit maximization problem is given by:

W’Lf = mé%X qfef - CZ(@%)pZ ) (27>
el

1
f
(3
are convex, the production function has decreasing return to scale.® Thus, a positive

where 7?7 is the fossil energy rent per capita in country ¢. Since the extraction costs
energy rent exists even with competitive firms taking the fossil price as given. For
the sake of simplicity, we do not consider that energy firms have market power in

the setting of global energy prices as in Bornstein et al. (2023), even though this

5. Alternatively, one could assume that the energy firms use labor inputs, which is equivalent
given that there is a direct mapping between prices and wages in Armington models.

6. We can also define a fossil production function with inputs x{ such that e* = g(:szc ) and
profit T = ¢f g(z) — ap; instead of m = ¢fe® — C(e®)p;, in which case g(x) = C~!(x).
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framework could easily allow for such an extension. We account for misallocation
(in the sense of Hsieh and Klenow, 2009) arising due to existing policy distortions
that take the form of fossil taxes or subsidies as embedded in extraction productivity
in le (+), while we capture endogenous misallocation from market power (which can
attenuate output elasticities) in our estimates of energy supply elasticities.

Naturally, the optimal extraction decision follows from the optimality condi-
tion,

o =c'(ef)p; . (2.8)

which yields the implicit function ef* = e*(qf Jp;) = C{ /_1(qf /pi)- Finally, the en-

ergy rent comes from fossil firms’ profits Wf(qf, pi) = qfex(qf/pi)—cif (ex(qf/pi)> Di
f

0 and depends on the marginal costs as well as the inverse supply elasticity v; =
f 1
%7(6). We use the isoelastic extraction function ¢/ )
C; (e®)e* 7

f

—f z\ 1+Y;
flrooy. — Vi (&) "po
Ci (7 )pi = 1—0—I/Z-f <Rz> Rip; -

with R; the oil-gas reserves, a fixed factor. This is homogeneous of degree one in
(ef,R;) and implies a constant elasticity supply function. In this formulation, we
think of market power as affecting the supply elasticity by affecting the intensity of

reserves in the production of fossil energy. We can write the profit function as,

f f 1
_ 1+ _fy—1/v 1+-L
podl (Nt el
As we will see below, the profit 7er and its share in income 7);T - yipzriwf 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 qf and

f

hence affects energy profit 7; and the welfare of large oil and gas exporters.
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International fossil energy markets

We assume that oil and gas are traded frictionlessly in international markets.”

The market clears such that

Ef =S piel =S piet . (2.9)

i€l i€l
Countries have different exposure to this fossil energy market. As country ¢ consumes
total quantity of fossil fuels Piezf , produces P;e?, its net exports of oil-gas are P;(e] —

ezf)§0.

Coal production

A representative firm in each country produces coal, which is consumed by the
final good firm. We differentiate coal from other fossil fuels like oil and gas because
coal production typically generates smaller 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, we make this
empirically grounded assumption that coal is not traded.

We again assume production of €f is decreasing returns to scale (owing to
convex extraction costs) and uses country i final good input. Coal producers’ the

profit maximization problem is,

c c=cC C(=C\nm .
T = max ;& —C; (€)pi
[

(¢
with the cost function Cf, with inverse supply elasticity v§ = C?}Tce)e)c. As before,

the price for coal and the market clearing condition are given byz:

¢ =Ci'(@)pi (2.10)

where in equilibrium, €

P = ef. We consider the same isoelastic cost function as for

7. We refrain from considering a general Armington structure in which each country produces
unique, imperfectly substitutable energy varieties. We make the simplifying assumption that fossil
fuels produced in different countries are not distinguishable and traded without cost in international
markets. That is, crude oil or natural gas from Nigeria, Saudi Arabia, or Russia are perfect
substitutes and their movement across borders is costless. In reality, fossil energy has less than an
infinite elasticity of substitution due to quality grade differences like sulfur content, and there are
trade costs in shipping oil, despite the considerable scale economies in transport on large crude
carriers.
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the oil-gas production, with constant inverse elasticity v .

Renewable and non-carbon energy production

The final good firm also uses renewable and other low-carbon energy sources,

such as solar, wind, or nuclear electricity. A representative firm produces renew-
7
assumption is verified by the fact that electricity is rarely traded across countries —

able or non-carbon energy, and this supply, €., is not traded internationally. This
and when it is, it is explained by intermittency rather than structural imbalances.
The cost function C}(e]) = «] is paid in country i good at price p;. Hence, the

renewable firm maximization problem is:

r_ r=r T (ST
m = maxg;¢; — C(€&)pi ,

7

"¢, r
with inverse supply elasticity v} = CZ, ef)eT' As a result, the price of renewable and
the market clearing are given by: '
@ =C'(eNp; , e; =e . (2.11)

Again, we consider the same isoelastic cost function as for the oil-gas and coal
production, with constant inverse elasticity »/. When v] = 0, we have constant
return to scale, C "'is a constant and zero profits m; = 0. This, once again, would
return a perfectly elastic supply curve, which is a slightly stronger assumption in

the context of renewable energy.

2.2.4 The climate system

Carbon emissions released from the burning of fossil fuels create an externality
as they feed back into the atmosphere, increase temperatures and affect damages.
Despite the model being static, we incorporate a simple climate system as in standard

Integrated Assessment Models.

We model the climate damage affecting country ’s productivity with the struc-
tural damage function D%(S ), a reduced-form representation of how rising tempera-
tures (and other correlated weather changes) affect a nation’s productivity z;. The
structural damage function maps emissions £ to atmospheric carbon concentration
S, which fosters a rise in global temperature, and, in turn, local temperatures Tj,

which affect output.
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Figure 2.1: Cumulative emissions and tempera-
ture, IPCC et al. (2022)

The energy choices yield yearly emissions from fossil fuels, which sum up to,

€= Pilele +¢oef)

i€l

where €f and &€ represent the carbon concentration of oil-gas and coal, respectively.
These emissions increase the carbon concentration in the atmosphere. We use the
scalar T to convert a static — one year — model to a long-term / dynamic represen-

tation of climate.
S=5)+T¢&

with Sp the initial carbon concentration before all the policy decisions are made
at the beginning of the 21st century. We assume a linear relationship between the
cumulative C'O9 emissions S and the global temperature anomaly 7 compared to

preindustrial levels.

T =x8 =x (S +T¢) ,

where x is the climate sensitivity parameter, i.e. how much warming a ton of CO2
causes, and where £ and § are measured in carbon units. This specification is ra-
tionalized by the climate-sciences literature. For example, Dietz et al. (2021) shows
an approximately linear relationship between S and 7, as shown in Figure 3.1. It
displays the relationship between temperature anomaly and cumulative C'O9 emis-
sions over time, both for historical data in black and a large class of climate models
in different Representative Concentration Pathways (RCP).

Moreover, we consider a linear relationship between global and local tempera-
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tures, namely,

T; = AT = AjxS

where A; is a linear pattern scaling parameter that depends on geographical factors

such as albedo or latitude.

Finally we consider a period damage function ﬁ(Tz‘t—Ti*) where T7* is the opti-
mal’ temperature for country <. The function @(T) is a reduced-form representation

of the economic damage to productivity, with curvature ¢§
_ox) 146
DYT—Ty) = (BT (212)

In our baseline quantification, we assume damages are quadratic, i.e. § = 1, as
in the Integrated Assessment Models of Nordhaus’ DICE-RICE, Krusell and Smith
(2022), Kotlikoff, Kubler, Polbin, Sachs and Scheidegger (2021) and Burke et al.
(2015). Such damage creates winners and losers: the countries warmer than the
target temperature T* are more affected by global warming. In contrast, regions
with negative T; — 77 benefit from a warmer climate. We discuss this quantification
in Section 3.4.

To conclude, the reduced-form static damage functions Dg(c‘,’) and D}(£),
for productivity and utility, respectively, we summarize the future costs of climate
change in present-discounted value,

D{(£) = D} (T;=T7) = D} (Aix(So + TE) — T ) .

The damage function D;y(é' ) changes endogenously with climate policy choices, as
they affect €.

2.2.5  FEquilibrium

To close the model, we need to determine the final good prices for each country
pi- To do so, we consider market clearing for each good i, which happens for the
total quantity of goods, and not on a per capita basis, so we must adjust by total
population, P;,

Pi i =3 Prrgicki + Pila] +af +al)
~  ia (2.13)
—DY(€)xF ()

f
(3
renewable energy, respectively. To summarize, the competitive equilibrium of this

where x5, 2{ and ] are the good inputs used in country ¢ to produce fossil and
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economy is defined as follows:

Definition. Competitive equilibrium (C.E.):
For a set of policies {tf,t?j,tés}i across countries, a C.E. is a set of decisions
f c o

{cij ey, e5,ei el €5 el }ij, and prices q’, {pi,w;, qf, q} }; such that:

i) Households choose consumption {¢;;};; maximizing utility equation (3.1) s.t. the
71

budget constraint equation (3.2), which yield trade shares equation (3.3)

(ii) Final good firms choose inputs {éi,ezf ,er }; to maximize profits, resulting in

equation (3.5)

(iii) Fossil energy firms maximize profits equation (3.6) and extract/produce {ef };

given by equation (3.7)

(iv) Renewable and coal energy firms maximize profits and supplies {€{, €/ } are given
respectively by equation (3.9) and equation (3.10)

(v) Energy markets clears for fossils as in equation (3.8) and for coal and renewable
in equation (3.9) and equation (3.10)

(vi) Good markets clear for each country as in equation (3.11), and trade is balanced

by Walras Law.

2.3 Welfare decomposition and climate policies

experiments

Different countries have unequal exposure to both climate change and different
climate policies. This international heterogeneity depends on how local temperature
shocks impact countries’ production, countries’ exposure to international energy
markets, and countries’ position in the international goods trade network. In this
section, we log-linearize the model to the first order to describe analytically the

different transmission channels of several climate policy experiments.

2.3.1 Summary of the different experiments

In these experiments, we compute the marginal change in welfare dif; for dif-
ferent policies, e.g., changes in energy taxes dt. Our preferred welfare measure is

the consumption-equivalent change in welfare measured as,

w1

Athy =50~
vt dt ' (¢;) ¢

for policy change dt. Note that this welfare metric — in percentage terms — measures

the total derivative di;/dt and summarizes all the general equilibrium effects of the
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policy. While country ¢’s welfare is simply the indirect utility i;, we compute the

world welfare for several experiments,

W= Puwldi (2.14)
1€l

with Pareto weights w; and population P;. Similarly, the welfare change — measured

in consumption-equivalent units is:

dW/dt
AW = = P;w; Atl; 2.15
i Piw;i ' (ci) ¢ ZZ: e (2.15)
with the consumption equivalent weights @;,
- Piwiu’ (¢i) ¢;

Pilw; = 5P (Ej) = .

Change in carbon emissions and global warming

In a first experiment, we want to understand the impact of climate change on differ-
ent countries. For that, we write the response of agents welfare dif; and decisions dz;
a first-order log-linear change in global emissions, dlog& = %, which will impact
global temperature 7, by an amount dlog7 and hence local temperature 7;. This
changes productivity through damage as well as utility. However, the goal of this
exercise is to quantify and decompose the welfare gains between (i) the direct effect
in terms of TFP and the indirect effects due to (ii) the endogenous choice of inputs,
in particular energy sources, and (iii) the reallocation of production through inter-
national trade. The total impact of climate is measured in consumption-equivalent

percentage change,
1 du;

u ()¢ dE

As we know from the climate economics literature, summarizing all these effects

Asll; =

takes the form of the Social Cost of Carbon (SCC) — accounting for global welfare —
and the Local Social Cost of Carbon (LCC) for the local welfare of country i. These

represent the monetary cost of extra emissions. The Local Cost of Carbon is,

o, jou; — dd; 1

LOC, = 2 j%%% B S
¢ 0 | e d€ u' (¢;)

(2.16)
where dl; is the change in i’s welfare due to an 1% increase in emissions, and v’ (c;)

is the marginal utility of consumption.

Interestingly, at the first-order and small change in d€, the Local Cost of

100



Carbon is related to the consumption equivalent welfare change:

au; 1

LOCi == wiey =

—¢j AgU;
where LCC); is measured in monetary units and A.U; in percentage change.
Similarly, the global welfare changes for additional carbon emission relate to

the Social Cost of Carbon for the welfare objective W, which gives:

SCC = —9¢ — ZPM (¢;) LCC;

= —ZPMZ (c;)ei AglU;

= — (Z Piwiul(cz-)ci> AgW

As a result, the Social Cost of Carbon is proportional to the consumption equivalent
welfare change, where the conversion factor is the household consumption weights
by the social welfare weights w;u/(c;). Details on this calculation in more general

Integrated Assessment Models can be found in Bourany (2024).

Unilateral carbon taxation

We now analyze how welfare changes when each country implements a unilateral
carbon tax t7 on its own emissions. Such a tax increases the cost of oil-gas by
ff dlogt; =~ ¢ f dt$ and the cost of coal by {°dt;. The consumption-equivalent welfare
measure for country ¢ of implementing unilaterally a marginal increase in the carbon

tax t; when other countries are passive t? =0,Vy # 1,

1 du;

ANely = —— — .
t; Ui u' (c;) ¢; dt;

Part of these welfare effects can be decomposed between (i) the direct effect on
climate — which is limited given the unilateral implementation of the policy — and
(ii) the general equilibrium effect through energy prices, oil-gas rents, and good
prices. In particular, the leakage effects play a significant role that we can quantify.
Naturally, such leakage effects generate welfare gains for country ¢ when country j
implements these carbon policies, At§ U;. As a result, the leakage spillovers for all

countries can be summarized by the Jacobian matrix:

AU — {At§ U }Z_j
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withwelfare change Aielf; for country ¢ (row) from country j (column) unilateral
j

carbon policy t°.
Unilateral renewable subsidies

Carbon taxation creates an additional cost for fossil fuels and is particularly detri-
mental to coal energy. Moreover, due to the leakage effect in terms of energy
prices and international trade in goods, unilateral carbon taxation induces nega-
tive welfare losses, which give rise to policy inaction. We consider an alternative
policy where each government unilaterally implements a subsidy on renewable en-
ergy dlogs; ~ ds;, which reduces the cost of renewable inputs e} for final good
firms. This type of industrial policy is financed through lump-sum taxation — main-
taining symmetry with our carbon taxation experiments. The welfare changes can

be written as,

Asf ui

and similarly for the cross-country spillover Jacobian Osif = {AS§ U; }

1]
Unilateral carbon tariffs

To dampen the leakage effects through international trade in goods, carbon tariffs

have been suggested. We consider the unilateral policy where each country ¢ imposes

tariffs that scale with the carbon intensity of the country j it imports from:

€

YD

b . b _ e .be €
where 55 is the carbon intensity of country ¢ with total emissions ¢;, and dti?’6 is the
the marginal increase in carbon price. Unilateral carbon tariffs change the relative
prices of goods and has stronger terms-of-trade effects for carbon-intensive countries.

The welfare change is denoted A, U;.

Unilateral carbon taxation with carbon tariffs

Our fourth policy experiment is the combination of two unilateral policies : (i) a
carbon tax dt; on fossil fuel consumption combined with (ii) a carbon tariff dt?’6 on
the carbon content of the imports, both of them the same size. Such a policy gives
rise to a welfare change for country 1,

AU

(2

where the spillovers from j’s policy on country ¢ write in matrix form U =
{apt}
J ]
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Coordinated carbon policy

We now turn to coordinated climate policy. Unilateral policies are limited in their
impact on climate due to the small size of countries relative to the world economy,
which creates free-riding incentives. We consider the implementation of a marginal
increase of the carbon tax in a large set J of countries — roughly, a climate agreement.
We consider both an agreement with all the countries J = I, and agreements within
the EU and ASEAN member states, in which nonmembers face a carbon tariff. The
optimal design of climate agreements with carbon taxation and tariffs is studied and
solved for in Bourany (2025).

The welfare of country ¢ depends on whether it belongs to the agreements ¢ € J
or not,

Atsu Z/{Z‘,

for each agreement coalition J. In our experiments, we measure changes in welfare
to the first-order given increase in the carbon tax. This implies that the cumulative
impact of coordination scales linearly with the number of additional countries such
that:

1 ay,
ApeygUy = ————— ——
i<l Ui u (¢;) ¢; dt€ |3
1 dU; dt;
- N T P AcU
u (¢;) ¢ %al ds dte ze: R Ui,

where «;; are parameters to be determined as a function of the observables, like
trade and energy market shares, energy elasticities, and damage parameters, as we
will see below. Coordination gains may be nonlinear in terms of welfare — both in

the number of countries J and the size of the carbon tax t* — as discussed in Bourany
(2025).

We now derive the model’s welfare decomposition for general experiments. In

the next section, we turn to the result for specific policy experiments.

2.3.2  Observables and sufficient statistics

We now derive the impact of changes in prices and quantities on welfare
through the budget constraint. First, we define several objects that are relevant

for the decomposition:

i
o Trade share: s;; = —é‘?%ﬂ
(2
. . e eqf
« Energy share in production: s7 = 7=
(2%
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. . . f ef qf esqf r_erqr
o Fossil share in energy mix s; = = and similarly s7 = ¢ and s} = °%
? €iq; €iq; ¢ €iq;

mf _

o Fossil energy share: 77@ ¢ and similarly for ¢, and 5"

— ™
T YDt
yzpze_l 77f e r

« Production share/rent share in GDP: ! = YD bt —nre—n’
« Consumption expenditure: z; = ¢;P;
. . . c __ xz
o Consumption share in GDP: 7§ = TRORE:
f C C
« Consumption as a ratio of output: s; ofy _ cPi _ _ w 7 yzpfr- L= 17_71 T = i@,
TYibi Yipit) YiPi n; n;
f Yy
- on: G190 — G490 _yipi  YiPitT el
o Energy share as a ratio of consumption: = UiDi it S5 e
f f f wf
. - T _ T yipi‘HTi _ n;
» Profit share as a ratio of consumption: T =yt ﬁf and similarly
for 7¢ and 7} .
o The share of GDP of energy imports and exports, with v; = p;y; + qf(ez-x — elf)
for f fof flox_of
Yy _ DPi¥% et _ ¢ el _ 46 ne _ ¢ (ef—e;)
andv—w,v =V = and v"¢ = o

All these variables are measured in the current equilibrium, before implementing
climate policies. Moreover, all these variables are observable in international trade

and national accounts data.

2.3.83  Welfare, budget constraint and expenditure

We now compute the welfare of individual country 7, I/;, in consumption equiv-
alent terms, accounting for the changes in consumption and climate damages,

did; o dz; dP;

(e mp By

9

with x; = ¢;P; the consumption expenditure ¢;. To save on notation, we denote

dx@ — with a slight abuse of notation.® As a result, we expand the budget

dlogx; =
constraint from equation (3.2). The carbon tax and subsidies are rebated/taxed
lump-sum to the households, and hence, climate policies do not have direct in-
come effects and only act through reallocation and equilibrium effects through price

changes.

8. This is not the case, for example, when x; < 0 or changes sign.
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C

y
Ah;dt = 7’@( dlogD? + dlogp; | — dlogP;
N—_—— N—_——

i \ S~ .
climate exports terms import terms
damage of trade of trade

Y
77.
- ’CSZ@(S{dlog ¢ + sidlog qf + s?dlogq{)
(3

(2.17)

energy price effects (demand)

mf e T
+ 777"]¢dlog sz + %Cdlog T + 77;].6dlog i

2 2 ]

energy rent effect (supply)

We see that the welfare gains and losses can be decomposed in five terms: (i) the
for p; the sales of good 4, and P; the price index of the goods purchased by the
household from countries j, and (iv-v) the effects of the energy prices changes — for
oil-gas, qf , coal, ¢f, and renewable ¢} — through the purchasing cost for production
and through the revenue through energy rents. Note that we replace incomes from

output y; at the first-order using the standard Solow decomposition:

M Peje;
dlogy; = dlog DY + = “dloge; = dlog DY + s¢[s] dloge] + s¢dlogef + s}dlog e} ]
Yi
where we use the labor supply being inelastic in this Armington trade structure
¢; = ¢;. While each of these terms depends on how equilibrium prices change in
a counterfactual, we do not need to simulate the model to recover how log prices
change to the first order. Instead, each one of these terms can be computed using

observable moments in the data and estimated or calibrated elasticities.

2.3.4  Climate system and damages

We log-linearize our simple climate system for small changes in emissions &
and energy consumption in oil-gas Ef and in coal E°. Given the linearity of the
climate system T; = A;T = A; xS, we naturally obtain that the percentage increase

in temperature reflects the percentage change in carbon concentration,

dlogT; = dlog§ .
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The change in carbon concentration depends on the time horizon T where & =

So+TE, and s€/S =T¢g /S which converges to 1, the longer the horizon we consider,?

dlogS = s¢/S dlog & —— dlog € .
T—oo

Now, using the damage function with slope v and curvature § as in equation (2.12),

we obtain the linearization:

1)
dlog DY = —¥(1+0)(T; — T*)"T; dlog T;

(2.18)
dlogD%-/ = —%y dlogé€ .

with f_yzy = (1+0)(T; — Tl-*)‘sTi. Therefore, the larger the curvature 9, the more sig-
nificant the heterogeneity in damages (T; — T )5, despite log-linearizing the model
around the current equilibrium. Finally, total emissions reacts to changes in aggre-

gate fossil fuels (oil-gas) and coal consumption,

SfIE _ el /B _ &

dlog & = s/'Eqlog B + s/Eqlog E° - -

To understand the determination of the equilibrium quantities of oil-gas E/ and E€

we now turn to energy markets.

2.8.5 Energy markets — Profits, prices, and supply

Using the energy firm problems, we log-linearize the profit change as a function

of energy and input prices. For fossil energy (oil and gas), this yields,

1 1
leg’/Ti-f = (1—1—Vf)dlogqf — —fdlogpi (2.19)
V.
1

)
with 7 the fossil energy inverse supply elasticity. We obtain similar formulas for 7§
and 7} as functions of v{, v/ and ¢f and ¢; respectively.
Given that coal and renewables are assumed to be only traded locally (i.e.,
-C

e = ef), we can write the supply curves for coal and renewable energy,

dlog¢® = vf dloge§ + dlogp; (2.20)

and similarly for ¢" with inverse elasticity v{. As a result, the price of coal and

renewable energy rises both with the input cost p; and with the quantity demanded

9. If € represents annual emissions ~ 35GTCO;/year, given the calibration on 2015 tempera-
ture, a horizon T corresponding to ~ 85 years until 2100 would imply TE/S ~ 0.7.
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In contrast, oil-gas are traded internationally, where the price qf clears the
world market. Denoting EJ the total oil-gas quantity, changes to the aggregate

supply curve are,

dlog BN =3 Mdlogef = Z)\Zfdlog %f : (2.21)
1 )

with >\,{ = Piezf /Ef the demand share from country i and AP =Piel/ EY the supply

share (or market share) of country i as an exporter,

dlog ¢/ = 7/ dlog BT + Z)\fgdlog D; . (2.22)
i 1

-1
with the aggregate inverse supply elasticity vl = (Zi A 1) :

2.3.6  Energy markets — Tazation and demand

The production function equation (2.7) allows for different, finite elasticities
of substitution between both labor and energy (with elasticity o¥) and between the
different energy sources (with elasticity ¢¢). In our formulation, we can write the

individual country demand curve — for example, for oil and gas — as,

Y
dlog e = = <Usf—|—(1—slf)ae> {dlog ¢ + Efdtf]

¢ 1—51‘-3

substitution away from oil-gas

o¥
+ (Ue_l_S(_z) (Sg {dlog qf + £°dt5) + st [dlog qf — dgﬂ)
(3

substitution away from coal and renewable toward oil-gas
o¥
1—s€

energy demand changes due to climate
damage or price changes

+ (dlogDi—Fdlogpi)

We see that a price surge dlog qf not only decreases fossil demand ef through
substitution across energies o but also away from energy o¥ scaling with the fossil
share szf . In comparison, a cost increase for coal also raises the demand for oil-gas
ef through substitution o€, but similarly pushes firms away from the energy bundle
with elasticity ¥ — the difference of the two elasticities yielding the net effect.
Moreover, an increase in productivity Dly or price p; both increase input demand,

as shown in the last two terms.
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Finally, replacing input demand, we also summarize the impact on output of

changes in prices and policies,
dlogy; = (14+a¥)dlog DY + a¥dlogp; — ays{ {d log ¢/ + ffdtﬂ
—a¥sf [d log ¢f + §Cdtf] —a¥s!|dlogql — dsﬂ,

eqy
with the factor oY = f’_(f;g. We learn two lessons: first, climate damage dlog Df
7

reduces output more than one for one due to input reallocation away from energy.
This multiplier effect (1+a¥) is even stronger when damage reduces when the energy

¢ =" = 0. However, this effect is dampened when

supply curves are flat, i.e. v
those curves are less elastic v¢ — oo: declines in TFP lower the energy price, which
facilitates the purchase of additional inputs and improves production, providing
some form of adaptation to climate change.

Second, we learn about the sensitivity of output to carbon taxation and other
climate policies. The direct exposure of production y; to the carbon tax t is sum-
marized by the factor oY ffslf—l—ﬁcsf) = ff_iye (éfslf + £¢s%), which represent the

substitution effect of oil-gas and coal.

To decompose the effect further, we replace the input demand equation (2.23),
with the supply curve equation (2.20) to find the equilibrium demand for coal and
renewables — where the prices ¢ and ¢} are solved for. Due to the complex real-
locations between the three inputs ezf ,ef,er, we keep the general formula for the
appendix. The general intuition is that climate policies like carbon taxes t; and re-
newable subsidies reduce demand for oil and coal. However, this effect is dampened
by the decline along the supply curve, which reduces the effectiveness of the pol-
icy.19 As a result, the more elastic the supply for coal and renewable, the stronger

the quantity — and emissions — response to carbon taxation and climate policies.

Oil-gas energy price

We now combine the individual countries’ fossil energy demand, as in equation (2.23),

. . . f Pief
with the country ¢ share in global demand \; = —-

77~ s in equation (2.21), and the

10. The formula in the appendix for coal and renewable demand have the following general form.
Take an arbitrary energy demand curve dloge = —o[dlogq + dt] + ddlogb, and the supply curve
dlogq = vdloge + 6dlogc, where b and ¢ are demand and supply shifters respectively, we obtain
the general demand:

o o
dl =— dt dlogb —
og¢e 1+ vo +1—|—u0 08

g

dlogbd

1+vo
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supply curve equation (2.22). We obtain, in general equilibrium, the total demand

for oil,

dlogEf = Z)\‘Zfdlogelf

1

o¥ Y
_ sf + f g .
14w X’fzz: [ ( st )+§CS’C(06_1—36)] e

7

carbon taxation (oil-gas + coal) effect

Yy 1 oY
P 7‘( = )Jidsf + 7fz>\f ¢ dlog D!
1—1—1/)‘]1’ i S I4v )‘ ’
renewable subsidy effect climate damage effect

il oY a¥
+ = ,fZ)\ e logpi + (o— —1_8>(s dlog ¢f + 57 dlog g")

14+v i
terms-of-trade substitution from coal and renewable
effect
(2 23)
with X}C{’f el )\f <1 57 Sf+(1 s )) ¢/ the aggregate demand elasticity for oil,

-1
and the aggregate inverse supply elasticity vl = (Zi A 1)

This decomposition first reveals that the carbon tax affects oil-gas demand
through two channels: the direct substitution away from oil-gas and the indirect
substitution away from coal into oil-gas. Comparing the relative strength, the first

effect dominates if:

ZAf( sl )>§f>z)\f<

eJ l eJ

>c§c_ 3

where J is the set of countries imposing the carbon tax.!l If the largest oil-gas
consumers are reducing their demand for oil faster than they substitute away from
coal, the net effect on oil-gas demand declines. Second, we also observe that climate
policies, like carbon taxation, t¢, and renewable subsidy, s°, are stronger when coor-
dinated: oil-gas demand decline more for larger sets of countries implementing the
policy J. However, it also generates a energy price leakage effect. When country i
does not impose carbon policies, the price of oil declines for larger sets of climate

agreement participants J — which is beneficial for country ’s production and welfare.

11. Reorganizing the termb we can write it as follows — verified in most empirically relevant cases
where large oil consumers )\ also have high oil energy share sf

SN [T sle 4 s5e) o (151l — s5e7) ] > 0

ieJ
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We quantify this leakage effect below.

To study the direct effect of carbon taxation and the gain for coordination with
climate agreement J, we simplify the model further to obtain an analytical formula
for the fossil price. In the following, we assume that the energy mix is concentrated

f

on oil and gas s; = 1,s{ = s} = 0. This implies:

dlogEf =—

1 Vi Vi
— — A Jpdts + ) Nidlogp;
1+&+(Cow(Af,%)+m"’fzi: e zz: A

, P Pl . c NS [ oY
with energy market shares \; = o and weighted by elasticity A; = A; 1Ze.

The average elasticity becomes o = > A 2% the price impact :\{ = 3\{ /(14

i 1-s7"
> 5\{ %—l—DXU’f ), and the covariance is the empirical analog, Cov;(z;,y;) = >; 2;y; —
220 T 22 Yi-

The higher the carbon tax dt; — at the intensive margin — or the size of a climate
policy agreement J — at the extensive margin — the lower the fossil-fuel demand.
However, the strength of carbon taxation is muted for three reasons: (i) the more
inelastic the supply — with higher curvature Vif and 7/ — the larger the price decline
along the supply curve, which then in turn reinforce fossil demand and emissions.
This contrasts with the analysis of the oil market in Asker et al. (2024): we claim
that the more inelastic the oil supply — due to curvature of costs, concentration, or
market power — is detrimental to the effectiveness of coordinated carbon taxation.
Moreover, (ii) the energy curve qf is affected by climate change: higher emissions
damage the climate 7 = >~; 7;, which in turn reduces productivity, energy demand
and hence emissions. Thus, with damages, the price impact of taxation is lower as
it improves both the climate and energy demand in consequence. Additionally, (iii)
this vicious effect is strengthened with the distribution of demand 5\{ and climate
damage ;. The covariance term (Covi(xzf ,7i) is positive if large energy consumers
— with larger market shares )\Zf and high elasticity ¢ — are also the most affected by
climate change — with higher costs 7;. The demand effect of taxation is thus muted

in those circumstances.

2.3.7 International trade in goods

Recall the Armington trade block of the model where the good demand is
constant elasticity of substitution 6, purchased at a price p; and subject to tariffs tll)m-
for goods from country i. Using the market clearing in equation (3.11) — reformulated

such as countries 7 sales equal countries k expenditures, coming from incomes in good
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sales as well as net-exports of fossil energy — the price index, and the trade shares

as in equation (3.3), we obtain the log-linearization of trade patterns:

1
PiDiVi = ) PkSki 1t [Pryr + qf(eglg - eg)]
kel ki

1 1-6

(147315

_ iPj

P; = (Zaij(ﬁj(1+t?j)pj)l 9) Sij = (ZI?D

j 1

dlogsij = (6 = 1) (Z sin (dlog b +dtiy) — (dlogp; + dti; >)
k

The linearization of the market clearing is more complex as it also integrates the

income effects of the changes in imports and exports of energy e‘l-f —ef and energy
prices qf .
(dlog pi+dlog ;) = Yt (T‘;Z’“) (d10g py+dlog yy.)
sales from ¢ k
production income of k
fex fef flex — ef
+ q—kdlog er— Tk g log eg—i—wdlog ¢t
Uk Uk

oil-gas income of k

+60> (Skhdt?gh - (1+Skz‘)dt2i) + (0-1) > (sppdlogpp, — dlogp;)
h h

change in trade share in goods purchased by k£ from h relative to ¢

with S = {s;;};; = Cg%zj the trade share matrix, T = {t;;};; = {%sﬂ} income
flow matrix — which represents the share of income v; from ¢ that is coming from
country j — which is identical to the trade/income matrix in Kleinman, Liu and
Redding (2024), and the Armington CES 6. This implies that rewritten in matrix
notation, we get the price changes as a function of climate damage, carbon tax t©
and renewable subsidies s°, and finally, the trade tariffs policies t® where the matrix
J represent which countries k£ impose tariffs on country «.

As for the reaction of oil-gas prices to climate policy, one general lesson from
this decomposition relates to the gains from coordination: the larger the coalition
of countries implementing carbon taxation and green subsidies, the stronger the re-
allocation effects. Climate damages lower the productivity DZ and income, which
lowers the demand from the most affected countries and redirects the trade patterns.

More policy coordination improves global climate, which mitigates those trade dis-
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ruptions, even for countries that free-ride without implementing carbon policies.
However, this free-riding is a double-edged sword: countries ¢ outside climate agree-
ments benefit more from the leakage effect caused by the climate policy in countries
k, but when those policies are costly for k’s income, that might lower the total
demand for country . All these channels are represented here, and the complete

formula can be found in the appendix in Section 3.13.

dlogp = A[(Tvy—l)éy’Z—Tvef pedf } dlog DY
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trade reallocation due to tariffs

with J a tariff direction matrix — whether country 7 imposes tariffs on country j, with
tariff increasing in the carbon intensity of j in the case of carbon tariffs. 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 Section 3.13.

2.3.8 Back to welfare and decomposition

In summary, we use the following welfare decomposition — following Sec-
tion 3.6.2. We decompose the effects of the climate policies into the following four
channels: (i) the climate damages or direct productivity impacts, (ii) the terms-of-

trade effects, or trade effects, (iii) the effect on profit from the energy sector or energy
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rents and (iv) the impact on energy prices or energy cost.

y y y
Adhidt = = dlog DY + Tdlogp; — dlogP; — s <s{dlog g/ + s¢dlog qf + s dlog q;‘)
n; ; m;
direct trade effects energy cost effects
productivity
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r
T

+ niicdlongf + TZ;cdlogﬂf+ e

1 (3 1

dlogm}

energy rents effects

(2.25)
We decompose the welfare impacts through these four different channels, given the
other general equilibrium effects of the model: the climate damage as in equa-
tion (2.18), the individual countries’ demand for energy as in equation (2.23), the
global price for oil-gas in equation (2.22) which depends on aggregate quantity of
energy consumed in equation (2.23), the profit of energy firms as in equation (2.19),
and finally the general equilibrium of the good markets driving the terms of trade
effects and prices as in equation (2.24). Before turning to the result of our model, we
explain how we estimate the key parameters, such as climate damages and energy

supply elasticities.

2.4 Estimation and quantification

Our main data sources are the World Development Indicators (WDIs), energy
data compiled by Our World in Data from the Energy Institute (OWID, Energy
Institute, 2024), and the International Trade and Production Database estimation
sample (ITPD-E, Borchert et al., 2021) for international trade flows at the sector
level, which allows us to remove energy trade from the flow of all other goods inter-
nationally. Additional data sources are described in the text. Our estimation covers
years 2000-2016 for the trade data, and 1985-2019 for the energy data.

2.4.1 FEstimating the structural damage function

We estimate the structural damage function D%y using temperature shocks and
data on trade flows. Typical damage function estimation recovers damage parame-
ters from regressions of GDP /capita on temperature shocks (see, e.g., Burke et al.,
2015). In this context, a regression of log GDP per capita on temperature would fail
to identify the parameters of the damage function, as GDP contains effects of tem-

perature elsewhere (via their propagation through trade network), as well as general
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equilibrium effects on energy prices, rents and wages. Subsequently, in our context,
an off-the-shelf damage function estimated on GDP recovers parameters that are
subject to the Lucas critique. Our estimates of the structural adaptation function
are robust to this critique because they net out endogenous adaptation and climate
change effects that operate through energy markets.

To estimate T™ and -, we use the model’s gravity regression to estimate the
parameters of the damage function, similar to Rudik et al. (2022). To do so, we
leverage trade flow data from ITPD-E sample combined with local temperature data.
For temperature data, we use Berkeley Earth near-surface temperature data (Rohde
et al. (2013), available in 1° x 1° cells), which we aggregate to the country level,
population-weighing using population from the Global Human Settlement Layer in
2015 (Pesaresi et al., 2024).

The ITPD-E trade data measures trade flows X;; at the industry level between
most country pairs in 2000 through 2016. We use the I'TPD-E data as it allows us
to drop bilateral trade flows in the energy sector. Through the lens of the model,

trade flows from exporter j to importer ¢ are,

1-6
(1+t2)75p; c;

where,
-1 1_g¥ 1_g¥ %
pi = (DY(T)z)  (elg)' ™" + (1=e)(wy) ' ~7") ="
where ¢f is a CES price index for energy prices. We use equation 2.26 as a basis for
estimating D%. Dividing domestic trade, and treating each year ¢ in the data as an
equilibrium of the model, equation 2.26 becomes,

Xijt -6
o (pjt/pit) SijstijtTijt
21t

where ¢;; are all time-invariant bilateral preference or cost shifters, and a;;¢7;;¢ rep-
resents any time-varying components of bilateral preferences or trade costs. Taking

logs and setting 6 = 1 generates the estimating equation,
log B[X;;/Xyi] = Bo(Tje — Tiy) + B1(Ty — Tiy) + sij + st + T'Wig + QW (2.27)

In this specification, g;; is a country-pair fixed effect, while ¢ is a time fixed effect.
Wit and W are importer- and exporter-year controls. These controls are a second

order polynomial in log GDP /capita, the share of GDP that is attributed from oil
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Figure 2.2: Marginal damages on productivity from a 1 degree change in local
temperature versus country baseline temperature.

Notes: Estimates are from equation 2.27 in Appendix Table 2.1, Column (4). 95% CIs computed
using standard errors two-way clustered by importer and exporter. Also pictured: the histogram
of countries across the baseline temperature distribution, weighted and unweighted by population.
The coldest countries in the data are Greenland and Mongolia.

rents, and renewable energy consumption as a percent of total final energy consump-
tion, and are all taken from the WDIs. These controls proxy for the component of
factory gate prices p; driven by energy prices ¢f or wages w;. With these controls,
the coefficients on temperature Sy and 1 identify parameters of the damage function
(when § = 1), namely,

b _ T* —261 _

26, 0 a-1

We estimate equation 2.27 with a Poisson pseudo-maximum likelihood estimator

with high dimensional fixed effects to maintain zeros in the trade matrix (Silva and
Tenreyro, 2006; Correia et al., 2020). We limit the estimation sample to countries for
which domestic trade Xj; is not missing in the ITPD-E data and for which W;; and
Wt is not missing in the WDISs, as well as entities that are present in the I'TPD but
not other common trade datasets, like CEPII (Conte et al., 2022). This retains 169
countries, primarily dropping territories, dependencies, small island states, historical
entities, or special jurisdictions, as well as North Korea.

Identification of By and (1 comes from within-trading-partner pair variation,
tracing out how temperature shocks to bilateral terms-of-trade affect the import

penetration ratio, net of year effects common to all pairs and importer- and exporter-
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year controls (which control for the time-varying component of factor prices). In
short, the identification assumption is that time-varying shocks to preferences a; ;¢

and shocks to bilateral cost shifters 7;;; are such that:
. 2 2
Ela;j17ije | Tits Tig» Tjts Tigs Sigo Sts Wie, Wit = 1

i.e., conditional on the fixed effects, temperature (and its square), and controls,
temperature shocks are uncorrelated with the error term.

Appendix Table 2.1 reports the results of our estimation. All specifications
include two-way cluster standard errors at the importer and exporter-year to account
for serial correlation of temperature within countries. Column (4) reports the results
of our preferred specification, which uses differences in temperature (7 —1Tj;) and its
square as a regressor, providing more efficient estimators of 5y and 1. We estimate
T* = 14.02 and 4 = 0.012. Column (3) reports the results by separately estimating
coefficients on Ty, T}, and their squares. Reassuringly, separate estimates have the
correct sign and magnitude and are statistically indistinguishable from each other,
though estimates on importer temperature are noisier. To estimate T and ~ with
separate coefficients on importer and exporter temperatures, we form precision-
weighted averages of the estimands, and recover estimates of T* and v that are
statistically indistinguishable to those estimated in Column (4).12

Figure 2.2 represents the damage function by using the estimates of Sy and
p1 from Appendix Table 2.1, Column (4) to compute the marginal damages at each
point along the baseline temperature distribution, i.e., the derivative of D;y. Russia,
which starts from a baseline cold temperature, experiences gains from local warming,
while India, a baseline hot country, experiences large losses. This representation of
the damage function is common in the literature, and our damage function resembles
those estimated using GDP (Burke et al., 2015; Cruz and Rossi-Hansberg, 2024), de-
spite our identification strategy that leverages panel variation in non-energy import
penetration and temperature differences.

Finally, to calibrate T}, we also use an intermediary assumption that nests us
between the following cases: (i) that 7™ represents a global peak temperature for
goods production TFP (as in Burke et al., 2015; Kotlikoff, Kubler, Polbin, Sachs
and Scheidegger, 2021; Krusell and Smith, 2022), (ii) or that global warming affects

12. Columns (1) and (2) use an OLS estimator. With the OLS estimator, the effects of importer
temperature on import penetration are substantially noisier. With separate coefficients, we find a
peak of around 16 and a flatter damage function v &~ 0.001. The effects of temperature differences
are indistinguishable from zero in, Column (2).
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all the locations symmetrically, where deviation from the local baseline temperature
T = Ty, damage productivity, as in the representative agent economy of Barrage
and Nordhaus (2024). A variant of (ii) is the assumption of full local adaptation
to a changing climate, in which local weather shocks (i.e., temperature deviations
from a moving average of local temperature) are the only source of damages, an
assumption maintained in Kahn et al. (2019). Bilal and Kénzig (2024) suggest, in
contrast, that climate damages on GDP come in large part from shocks to global
(rather than local) temperature, as they are associated with extreme events. Our
intermediate step and assumes partial local adaptation by assuming,

TF =o' T* + (1-a)T;

i to

where ol = 0.5 and T* = 14.02, as estimated. We hold ~ fixed across countries,
implying that all local adaptation affects the peak but not the shape of the damage

function.

2.4.2 FEstimating energy supply elasticities

Our goal is to recover the supply elasticities of fossil (oil and gas) and coal
production for each country. Our estimation strategy begins with the model-implied

relationship that,

dlogﬁzf = <1+1/Vif>dlogqf — (1/Vif)dlogpi

As the world price of fossil is taken as exogenous to producers, a regression of oil rents
on international oil-gas prices would recover the oil-gas supply elasticity, provided
changes to international oil-gas prices are uncorrelated with changes in traded goods
prices. For oil rents, we use data on the GDP share of oil and gas rents from the
WDIs, 77{ . For each country, we construct the effective price of fossil by taking an
average of international oil and natural gas prices (from OWID), weighted by the
share of oil and gas in the total fossil rents share of GDP. Treating each year as an
equilibrium of the model, we leverage the time series to estimate the fossil supply

elasticity by estimating,

Alog 772’]; = p;Alog q£ + QAlog GDP;y + ; + ujy

by OLS country-by-county, where here A indicates first-differencing and ¢; indicates
a country fixed effect, which controls for country-specific time trends intended to

capture potentially confounding secular trends in oil rents and international prices
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Figure 2.3: Empirical Bayes estimates of oil-gas and coal energy supply elasticities

Left: Hydrocarbon fossil (oil-gas) elasticities. Saudi Arabia, China, Russia, and the United States
are labeled on the plot. Oil-gas energy is inelastically supplied in Saudi Arabia, potentially due to
its market power through OPEC. Right: Coal energy supply elasticities.

within each country. First-differencing implicitly nets out country fixed effects,
which absorb all time-invariant shifters of p;, while controlling for changes to GDP
controls for year-over-year changes to p;, as well as controlling for the denominator
of 7724;, so variation in the lefthandside reflects variation in 7er )

Estimating equation 2.4.2 results in very noisy estimates of p; for some coun-
tries. Some estimates of p;, while positive, fall below 1 (implying a negative oil-gas
supply elasticity), while other estimates even negative, inconsistent with the model
and incompatible with the quantification. To ameliorate this, we estimate a pooled
estimate of p across countries and use an empirical Bayes shrinkage estimator where
we impose a truncated normal prior on p; with the truncation beginning at 1. This
is tractable, as a normal likelihood (for the coefficient estimates, p;) is conjugate
with a truncated normal prior, which allows for easy recovery of the posterior mean.
Imposing coefficient sign restrictions in estimation while jointly shrinking away noise
is similar to the approach in estimating millions of retail product demand elastic-
ities in Rosenthal-Kay et al. (2024). Histograms of the OLS and empirical Bayes
estimates are available in Appendix Figure 2.12.

To recover coal supply elasticities, we repeat the analysis using the coal rent
share of GDP as a regressand and the international price of coal (from OWID) as a
regressor and apply the same empirical Bayes shrinkage routine. While in our model,
coal is traded only locally, in reality, there does appear to be an international price

of coal: differences in coal prices across countries are small, and movements in coal
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prices across countries are strongly correlated (Appendix Figure 2.11), as coal is
traded to some extent, and as a commodity, there is significant and sophisticated
arbitrage in global markets. With this in mind, we treat the global price of coal as
exogenous for estimation.

Figure 2.3 plots the results of our estimation. Coal supply is substantially more
elastic than fossil supply. There is large spatial heterogeneity in supply elasticity
estimates: for example, fossil supply is nearly inelastic in OPEC nations like Saudi
Arabia as well as Russia and China. Our estimates of energy supply elasticities
do not uncover the true resource intensity of extraction technology that, in theory,
could be uncovered by a production function estimation routine that accounts for
market power. Instead, we view our estimates as ‘reduced form’ supply elasticities
that combine both technology and market power. Market power can attenuate the
effective supply elasticity as producers endogenously adjust quantities to move up
along their perceived energy demand curve, consistent with low supply elasticities
for OPEC nations. In contrast, we find fairly elastically supplied oil-gas in the U.S.

However, coal supply elasticities follow an opposite pattern, in which coal
is fairly inelastically supplied in the U.S. and India and more elastically supplied
in Russia and China. On average, coal is far more elastically supplied than fossil,
generating a flatter supply curve and low coal rents in equilibrium. This is consistent
with EPA estimates of the shape of the U.S. coal supply curve (U.S. Environmental
Protection Agency, 2023), and the fact that even the largest coal producers do not
have coal rents above 1% of GDP.

For countries with no fossil or coal rents in the data, we assign supply elastic-

ities equal to the global pooled estimate (such countries are absent in the figure).

2.4.83 Externally calibrated parameters

For shares of energy rents in GDP and the other observable shares — as listed
in Section 2.3.2 — and required by our sufficient statistics formula, we use 2000-2016
averages as the baseline, relying on data from the WDIs; OWID, and ITPD. For trade
shares, we use data from the ITPD-S dataset for 2019, which fills in missing entries
in the trade matrix with temporal smoothing and other extrapolation techniques to
compute trade shares. For domestic trade, some entries in small nations with poor
data, like Cuba, have implausibly low domestic trade shares. We replace reported
domestic trade shares of 5% or less with these predicted domestic trade shares from
a logistic regression of trade shares on log GDP/capita, population size, absolute
latitude, temperature, and log bilateral flows with the United States (which has

good reporting quality). We then renormalize the data so that trade shares sum
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to one, allowing us to construct S. In practice, the trade data is not balanced, so
we renormalize the columns of the T to mechanically enforce balanced trade in the
data.13

For the household, we calibrate the CRRA/IES parameter to be n = 1.5,
taken from Barrage and Nordhaus (2024).14 and set the elasticity of substitution
0 = 5, consistent with a trade elasticity of 4, which accords with the estimates of
Simonovska and Waugh (2014).

For the production function for goods, we use the average energy cost share
Iq)iizj to 10%, as documented by OECD reports and used in Kotlikoff, Kubler, Polbin
and Scheidegger (2021) and Krusell and Smith (2022). For the elasticity between

energy and other inputs, we set 0¥ = 0.6 for all countries, which is in the range of

estimates in Papageorgiou et al. (2017), among others.!® This implies that 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 toward
other inputs — here, labor. This aligns with other empirical and structural evidence
on the impact of energy shocks, e.g., Hassler et al. (2019). For energy sources,
we calibrate the individual countries’ energy mix for oil-gas, coal, and non-carbon
(nuclear, hydroelectricity, solar, wind, etc.) to match the energy mix documented
in Energy Institute (2024). This allows us to successfully identify countries that are
more reliant on specific energy sources: for example, China and India are highly coal-
dependent, while Russia, the Middle East, and the United States/Canada are the
biggest consumers of oil and gas. Finally, for the elasticity between energy inputs,
we use the value o, = 2, following the rest of the literature, i.e. Papageorgiou
et al. (2017), Kotlikoff, Kubler, Polbin and Scheidegger (2021), and Cruz and Rossi-
Hansberg (2024), among others. As we are unable to estimate renewable energy
supply elasticities at the country level, we take 1/v" = 2.7, based on the estimate
in Johnson (2014). A summary of these parameters is available in Appendix Table
2.2.

In addition, we calibrate the climate model described in Section 3.2.4 to match
important features of the relationship between carbon emissions, temperatures, and

climate damages. We consider linear models for the relationships between carbon

13. This ensures that the sum of the shares of income spent on traded goods sums to income.
Visualizations of these trade matrices for 25 large economies are available in Appendix Figure 2.10.

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

15. It also aligns with the estimation in Bourany (2022).
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emissions &£, carbon concentration S, and global and local temperature 7 and T},
and this implies that we do not require to parametrize the climate sensitivity y, or
the pattern scaling Ai.m However, the economic model being static, we consider
the horizon T to be 2100 for performing policy experiments. In this context, we
analyze the long-term policy impact of climate and trade policies through different

channels.

Finally, when we consider welfare, as in equation (2.14), we consider the
weighted sum of individual utilities, with Utilitarian weights w; = 1. This implies
that the aggregation of the consumption-equivalent welfare change in equation (2.15)
can be aggregated with weights P;@; o< Pw;u(¢;)c; = Picz1 " for n the inverse of
the IES, which control “inequality aversion” in this type of models, as discussed in
Anthoff et al. (2009). This, therefore, puts additional weight on the welfare costs of
emerging and low-income countries with low consumption and we report his welfare
measure in our policy experiments. Alternatively, we also consider Negishi weights
w; = 1/4/(¢;). These would undermine these redistributive considerations by putting

more weight on advanced economies, yielding ©; = ¢; « ;.

2.5 Results

In this section, we report the results of our main experiments, using our suffi-
cient statistics formulas, data moments, and estimated damage functions and energy

supply elasticities.

2.5.1 The welfare effects of global warming

We use our sufficient statistics formula to compute the welfare effects of global
warming from an emissions impulse that generates 3°C of warming by 2100. The
results of this exercise are displayed in Figure 2.4. In the left panel, we display the
spatial distribution of welfare changes around the world. Our results accord with
the vast majority of the literature. For example, just as in Cruz and Rossi-Hansberg
(2024), the losers of climate change are predominately concentrated in the global
south: Africa, Latin America, and South East Asia — all hot countries at baseline
— lose, while cooler countries like Canada and Russia win, and the effects of global

warming are small in the United States and China.

16. Indeed, the log-linearization of the linear climate system yield dlogT; = dlogS o dlog€&
where there is no requirement for climate sensitivity or pattern scaling.
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Figure 2.4: The welfare effects of a 3°C rise in global temperature.

Left: map of global welfare changes, in % terms. Red countries lose, while blue countries win.
Right: decomposition of welfare changes for several major economies.

The right panel of Figure 2.4 decomposes the welfare changes into those driven
by the direct effects of climate change, those driven by change terms-of-trade,
changes in energy rents, and exposure to changes in the price of energy. Global
warming, by making the world poorer, reduces global demand for energy, which
lowers the equilibrium price qf and provides relief for oil and gas importing coun-
tries. However, it also deteriorates the energy rents of fossil exporters such as Saudi
Arabia. However, this baseline hot country loses due to the direct effect on produc-
tivity, this loss is partially offset by improving terms-of-trade, as Saudi Arabia is

well-connected in the trade matrix to countries that gain, like Japan and Russia.

2.5.2 Unilateral carbon taxation

We now consider the welfare effects of unilateral carbon taxation. As a case
study, we begin with a unilateral carbon tax imposed by China of $50 USD/ton.
While this is potentially an unrealistic scenario, this illustrates model mechanisms
and the value of including a rich energy sector in a macroeconomic model of climate
change. Despite being a large polluter, this moderate carbon tax has virtually no
effect on global emissions, which fall by less than 0.1%. Yet, the policy nonetheless
creates winners and losers, visible in the left panel of Figure 2.5. The winners of the
policy include Gulf and North African nations, as well as Russia, and interestingly,
China.

The reason for the gains in these nations is visible in the right panel. At
baseline, China is heavily reliant on coal, reflected in their large share of coal in

their energy mix (one of the data moments key to our sufficient statistics exercise).
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Figure 2.5: The welfare effects of a $50/ton carbon tax imposed unilaterally by
China.

Left: map of global welfare changes, in % terms. Red countries lose, while blue countries win.
Right: decomposition of welfare changes for several major economies.

By imposing a carbon tax, China substitutes away from coal toward oil-gas fossil
sources, as coal is dirtier than oil-gas (§./{ ~ 1.44), putting upwards pressure on
the price of these energy commodities. As a result, the global price of oil-gas rises
by approximately 5%, and energy rents rise for fossil exporters as a result of carbon
taxation in China. If oil-gas emissions rise by around 5% as well, emissions from coal
fall by -7.6%. To sum up, utilitarian welfare falls by 0.14% (0.23% Negishi-weighted).

While the rise in the global price of oil-gas improve the rents of fossil exporters,
energy costs inflate in energy importers. For example, European nations ‘lose’ as
their energy costs rise. In China, the overall welfare effect of changing energy prices
is positive: the direct effect of taxation drops out in the first-order decomposition
as tax revenues are rebated to the household; only the general equilibrium of prices
net of carbon taxes affects welfare. Coal prices fall as demand shifts to fossil, and
as China has a large share of coal in their energy mix, they benefit.

In Appendix Figure 2.13, we display the results of a $50 unilateral carbon tax
imposed in the United States. This policy fosters a 0.8% decline in global emissions.
This reduction in atmospheric CO2 has positive welfare effects on nations in the
global south and damages the ‘winners’ of climate change. Interestingly, though
Saudi Arabia’s energy rents appreciate, as was the case with China, their terms of
trade deteriorate as their Middle-Eastern and South Asian trading partners suffer
productivity losses. Welfare effects in the U.S. are small but positive: energy prices
rise, more than totally offsetting the gains associated with reducing climate damages,

but are balanced by improved terms of trade with Canada and European nations.
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Figure 2.6: Left: each country’s individual welfare change from pursuing unilateral
carbon taxation. Right: each country’s individual welfare change from pursuing a
unilateral renewable subsidy.

2.5.8 Unilateral renewable energy subsidies

In contrast to carbon taxation, we consider renewable energy subsidies. We
compare the effect of subsidizing renewables with carbon taxation by plotting each
country’s welfare change from unilateral policy for a $50 carbon tax and a 42.6%
renewable energy subsidy. We choose this renewable energy subsidy so that the
relative price change from policy between the oil-gas and coal bundle and renewables
stays the same on average. The main reason why subsidizing renewable energy
differs from taxing carbon is that it does not directly cause a reallocation from
carbon-intensive coal to oil-gas within the dirty energy bundle, as the tax does not
directly alter the oil-gas and coal price ratio. This affects both the aggregate change
in emissions, as well as dirty energy exporters’ energy rents, depending on their
relative dirty energy supply elasticities.

In Figure 2.6, we plot both each country’s consumption equivalent welfare
change from pursuing a $50 dollar carbon tax (left panel) and a 42.6% renewable
energy subsidy (right).17 There are large differences across the world in the effects
of these two policies. On average, renewable energy subsidies are considerably less
effective at raising welfare and cause more harm. For example, a renewable subsidy
in France is much worse than a carbon tax, as it disproportionally induces France to

move up its renewable energy supply curve. As France has a high share of renewable

17. In Appendix Figure 2.14, left panel, we plot for each country the global welfare gain — of a
Utilitarian planner — associated with unilateral carbon policy. While Russia loses from imposing a
carbon tax on themselves, the world still benefits, suggesting a considerable gap between govern-
mental and global incentives to internalize the carbon externality. Likewise, in the right panel, we
can see similar effects for the renewable energy subsidy.
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Figure 2.7: Left: changes in welfare from a EU climate club. Right: Decomposition
of welfare changes within the EU (top) and for major trade partners and losers of
climate change (bottom).

energy at baseline (over 40%), this effect on energy costs is considerable, as more
resources are wasted on renewable ‘extraction. Simply put, the marginal nuclear
power plant or solar farm has a high price in France. Likewise, in China, a renewable
subsidy generates a large movement up its domestic renewable supply curve, rather
than the small movement up the global oil-gas supply curve induced by carbon

taxation.

2.5.4 Coordinated carbon policy

We now consider coordinated climate policy, in which blocs of nations jointly
implement carbon taxes and tariffs that take the form of a carbon border adjustment
mechanism (CBAMs). CBAMs levy a tariff on the carbon content of imports to each
nation in the bloc, but do not place tariffs on bloc members — a ‘climate club’ as
suggested by Nordhaus (2015) and studied in other work (Clausing and Wolfram,
2023; Ernst et al., 2023; Bourany, 2025). The carbon intensity of any nation’s exports
is observable by knowing the energy mix in production and the carbon intensity
of those energy sources, and is readily observable simply by knowing the carbon
emissions of any country. Exporting countries only respond to CBAM through
the general equilibrium impact on energy prices as well as through terms-of-trade
adjustments in the international goods market.

First, we examine the effects of a European Union-wide climate club with a
carbon tax and tariff of $50. Figure 2.7 displays the results of this exercise. The
EU is a loser from its own climate club, with only Spain and Portugal benefiting.

Aggregate emissions decline by 2.4%, cooling global temperatures and harming EU
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Figure 2.8: Left: changes in welfare from an ASEAN climate club. Right: De-
composition of welfare changes within ASEAN member states (top) and for major
economies and losers of climate change (bottom).

nations that benefit from climate change, alongside other cool nations like Canada
and Russia. However, the global welfare effect of such a policy is positive, with
global utilitarian-weighted welfare rising by 3.9% (a 0.8% with Negishi weights).

In the top right panel, we plot the welfare decomposition for EU member
states. Energy cost effects are heterogeneous across the EU, rising in France and
falling in Poland. Ireland is particular hurt through international trade, as their
major trading partner, Great Britain, faces productivity declines. Countries in the
global South benefit from the reduction in world temperatures (bottom panel), and
most economies benefit from a reduction in energy costs, as demand pressures from
Europe in the international fossil hydrocarbon market lessen. This generates positive
welfare effects in countries that are mostly unaffected by climate change directly, like
the United States and China. Major oil-gas exporters like Saudi Arabia, Nigeria,
and Russia lose energy rents as a result, though only Russia is a net loser due to the
direct, negative productivity effect brought about by reduced carbon emissions.

In contrast, we consider a climate club composed of ASEAN members with the
same policies as the EU climate club. These Southeast Asian countries are losers
from climate change at baseline, so internalizing the carbon externality benefits
them from the reduction in carbon emissions alone. Figure 2.8 plots the results of
this exercise. The ASEAN climate club reduces global emissions by 0.6% and raises
global welfare by 1% (0.2%, Negishi-weighted). By reducing global emissions, the
climate club benefits the losers of climate change and harms the winners.

ASEAN members broadly benefit from the policy, owing to the reduction in
world temperature. However, gains are heterogeneous not only because of exposure

to climate change, but also because of trade in goods and energy, as seen in the
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Figure 2.9: The welfare effects of a $50 carbon tax imposed in every country around
the world.

Left: map of global welfare changes, in % terms. Red countries lose, while blue countries win.
Right: decomposition of welfare changes for several major economies.

top left panel. Energy exports like Brunei have smaller gains as they lose energy
rents. Goods trade within the club reallocates, with Indonesia and Myanmar enjoy-
ing improved terms of trade at the expense of Malaysia, Singapore, Thailand, and
Vietnam. Elsewhere, oil-gas exporters lose energy rents as the fossil fuels price falls
by 0.8%.

2.5.5 Global carbon policy

Finally, we examine the case when all nations impose a $50 carbon tax in Fig-
ure 2.9. When all nations participate in carbon taxation, carbon border adjustment
mechanisms are not needed due to the targeting principle; the carbon external-
ity is internalized at its source. When we impose this policy, the global price of
hydrocarbons rises by 1%. Indeed, this results from the mechanism explained in
equation (2.23), where carbon taxation has a strong impact on coal consumption,
and countries substitute toward oil and gas. In net, carbon emissions decline by
4%, which is one order of magnitude larger than for unilateral policies or carbon
taxation implemented in small climate clubs. Such global climate policy results in
a 6% increase in utilitarian-weighted global welfare. Were we to evaluate welfare
using Negishi weights, the global change in welfare is 1%, as rich, cool countries
receive a higher weight. Consequently, a large part of the measured welfare gain
from implementing global carbon taxation, when evaluating welfare changes from a
utilitarian perspective, stems from reducing international inequality.

We plot the results of this exercise in Figure 2.4. They are the reverse of the
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effects of climate change: nations in the global south benefit from global carbon
taxation while baseline cold nations lose. These losses are offset in Europe, as
European nations like Great Britain and Germany have improved terms of trade,
while gains are attenuated in Saudi Arabia for the same reason. Saudi energy rents
grow as the world substitutes from coal to oil-gas, which puts upward pressure on

the international price of hydrocarbon fossil.

2.6 Conclusion

In this paper, we use a first-order decomposition of the effects of climate policy
derived from a macroeconomic IAM to study who wins and loses under various cli-
mate policy regimes. Our IAM features trade in both goods and energy markets, and
our decomposition is computable with a modest set of sufficient statistics available
using freely available trade and national accounts data and estimable elasticities.

We estimate heterogenous damages on productivity from rises in local temper-
ature using bilateral trade data, and estimate a large set of heterogeneous energy
supply elasticities for both hydrocarbon fossil and coal producers. We find that this
heterogeneity is important not only in capturing heterogeneity in productivity dam-
ages across space from climate change but also in the response of nations’ energy
sectors to climate policy.

We use our estimates to consider a large set of climate policies. First, in
agreement with the literature, we find spatially heterogeneous winners and losers
from climate change, with baseline hot nations suffering as a result of a hotter
planet, and cold nations gaining. These welfare changes are amplified by changes in
international goods and energy markets: dirty energy exporters lose energy rents,
and the pattern of trade adjusts, improving or deteriorating different nations’ terms
of trade.

We find that pursuing unilateral policy is often ineffective in combatting cli-
mate change, despite often creating positive welfare gains for the nations that pur-
sue such policies. For example, carbon taxation in China does little to affect global
emissions, and redirects their energy mix towards oil and gas imports, improving the
extraction rents of energy exporters and indirectly generating an improved terms-of-
trade for China in international goods markets. As nations’ energy mixes differ, car-
bon taxation and subsidizing renewable energy generate different welfare responses.
Broadly, we find that subsidizing renewables is substantially less effective than taxing
carbon.

Coordinated climate policy through climate clubs, in which member nations
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impose a domestic carbon tax and carbon tariffs on imports from non-member na-
tions, better addresses the climate externality. Climate policy in the EU broadly
harms EU members but delivers sizable global gains. A climate club of ASEAN
members both improves global welfare and the welfare of club members. However,
this policy has unequal effects on member nations, as it redirects trade, causing some
nations to benefit more than others.

In short, our results suggest that implementing climate policy is difficult uni-
laterally, as leakage effects can be an order of magnitude larger than the gains
from cooling global temperature. International agreements are necessary to com-
bat climate change, but can generate unequal effects among members party to the
agreement through these leakage channels. While our sufficient statistics and welfare
formulas allow us to quickly compute and decompose the effects of many possible
climate clubs, they do not take into account the nonlinear effects induced by impos-
ing large carbon taxes and tariffs. Bourany (2025) moves beyond sufficient statistics

and solves for the optimal design of these types of climate agreements.
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2.8 Additional tables and figures
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Figure 2.10: Left: Trade shares matrix, S. Right: Income shares matrix T. See
main text for details.
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Figure 2.11: Coal prices in several countries.

Source: Our World in Data, Energy Institute
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Empirical Bayes shrinkage estimates
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Figure 2.12: Histograms of the distribution of OLS country-specific energy supply
elasticities and the empirical Bayes estimates.

Left: oil-gas (hydrocarbon fossil) energy supply elasticities, 1/ Z/Z-f . Right: coal energy supply

elasticities 1/v¢. See main text for details.
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Figure 2.13: The welfare effects of a $50 carbon tax imposed unilaterally by the
United States.

Left: map of global welfare changes, in % terms. Red countries lose, while blue countries win.
Right: decomposition of welfare changes for several major economies.
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OLS Poisson

(1) (2) (3) (4)
Exporter Temperature (C) 0.086™** 0.722%**
(0.030) (0.203)
Exporter Temperature? -0.002 -0.027***
(0.001) (0.007)
Importer Temperature (C) 0.058 -0.607
(0.117) (0.826)
Importer Temperature2 -0.002 0.020
(0.005) (0.023)
Exporter-Importer Temperature (C) difference 0.015 0.652**
(0.061) (0.331)
Exporter-Importer Temperature? difference 0.000 -0.023*
(0.002) (0.012)
T 15.807 -31.560 13.399 14.016
(5.0629) (421.9431) (0.9911) (1.9916)
0 0.001 -0.000 0.010 0.012
(0.0006)  (0.0012)  (0.0027) (0.0060)
Importer-Exporter pair FE v v v v
Origin GDP/cap control v v v v
Origin energy controls v v v v
R? 0.865 0.865
Pseudo-R? 0.854 0.854
Observations 366,384 366,384 463,614 463,614

Table 2.1: Estimates of equation 2.27

**p < 0.1,"p < 0.05,*p < 0.01. Standard errors are two-way clustered at the importer and
exporter level in parentheses. Dependent variable: importer penetration ration X;;/X;;. Columns
(1)-(2) use an OLS estimator with the log of the import penetration ratio on the left-hand side,
while (3)-(4) use a Poisson estimator, which retains zeros in the trade matrix. Specifications differ
by whether importer and exporter temperatures are allowed to have different coefficients, or if the
model-implied coefficient restriction is imposed. Computation of T* and ~ assumes 6§ = 5, as in
our quantification.
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Parameter  Value

Description

Source

Household preferences

n 1.5
0—1 4
Goods production
T* 14.02
¥ 0.012
a¥ 0.3
wf _
wC
w” -
Oe 2

Energy production

Coefficient of relative risk aversion
Trade elasticity

Global peak temperature

Shape parameter of DY

Elasticity of substitution between energy and
labor

Share of oil-gas in production

Coal share

Renewables share

Elasticity of substitution between energy
sources

Barrage and Nordhaus (2024)
Simonovska and Waugh (2014)

Estimated

Papageorgiou et al. (2017)

Calibrated to match energy mix

Papageorgiou et al. (2017); Kotlikoff, Kubler,
Polbin and Scheidegger (2021)

1/ z/Z.f - Supply elasticity of oil-gas Estimated for each country
1/v¢ - Supply elasticity of coal -
1/v" 2.7 Supply elasticity of renewable energy Johnson (2014)
Table 2.2: Summary of estimated and externally calibrated parameters
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Figure 2.14: Left: Map of the global utilitarian welfare change associated with each
country’s unilateral $50 carbon tax. Right: the same, for a 42.6% renewable energy

subsidy.
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2.9 Welfare decomposition

2.9.1 Model summary

First let us summarize the model, as presented above
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2.9.2 Change in welfare — experiments

We compute the change in the welfare of each country for different experiments.
The model is linearized around an equilibrium where climate change is not realized
yet T = 0, and where the policies are identical to the "status quo': t¢ = t® = 0 and
t?j = Eg’j. As a result, this corresponds to the competitive equilibrium.
We consider first-order deviations where we increase either (i) the impact of
climate change and (ii) climate policy instruments by a small amount. To save on
dx; 8

notation, we denote dInxz; = =+ — with a slight abuse of notation!
(2

Effects of climate change
I consider a first-order change in global warming, which will impact global tempera-
ture 7, by an amount dIn7 and hence local temperature T; and local productivity
dz

dln z; = %

Unilateral climate policies — Carbon tax and Renewable subsidy

18. This is the case, for example, when z; < 0 or change sign.
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In addition, I consider a first-order change in local climate policies: carbon tax t;
and renewable subsidies s;. As a result, the policy change we consider is dInt§ =
dts
T+
Similalry, for small renewable subsidy: dlns; = ds;.

= dt; where we consider a multiplicative carbon tax on fossil fuel qif (1+t5).
I consider the case where those policies are implemented unilaterally, i.e., for
country ¢ but not for country j # i, and compare the cost of such implementation

in the presence of trade leakage.

Coordinated climate policies
Then, we consider the case of coordinated climate policies, where a large set of
countries implement the policy jointly. I consider a set J of J countries that are
linked by a coordination mechanism, e.g. a climate agreement. In matrix notation,
these changes in carbon tax are noted:

Jdtt = {]1{iej}d1nt§}

7
with J = J; = 1{icJ} the column vector that is one if 7+ € J and zero otherwise.

Carbon Border Adjustment Mechanism / Carbon tariffs

I also consider a first-order change in tariffs t?j, imposed by country ¢ on the goods
from country j. As a result, the policy change we consider is dIn t?j = fiéj = dtg-’j
for multiplicative tariffs. The tariff scale with carbon intensity of the country one
imports from: t?j = fgtf with the carbon intensity of country j, fg = yj—faj with €

the per capita carbon emissions.

I consider three cases: First, this policy is implemented unilaterally for country
i but not for country j # i. Second, the policy is implemented in coordination with
the carbon tax at the same carbon price t¢, again unilaterally. Third, this carbon tax
+ carbon tariff policy is coordinated among countries within a club J, e.g. European

Union or OECD countries against non-member countries, J = Jij = W{ieJ j¢T}.

Welfare change
I now compute the welfare of individual country ¢, defined as the indirect utility,
accounting for change in consumption and climate damages: U; = u({c;;};,T;) =
u(cﬂ?}‘(T ,)) This changes writes as:

dc;  dD% de;, dp; dD¥
dU; = du <cZ i u'(¢; D) (¢; DY) - + D u'(¢;)¢ o P, + DI

with x; = ¢;P; the consumption expenditure and ¢; = ¢;D}'. As a result, in the main
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text, we display the result in consumption equivalent:

T; P; 'D;l

W (G)e;

2.9.83  Climate externality

To see the effects of a change in emissions and carbon policies on climate, we
unpack the damage dD;. In this section, we consider the following simplified climate
system:

Tz' = AlT = AiXS

S=38)+TE =58+ ¢ B +¢E°
where

€= Piele] +¢c)

is a representation of yearly emissilons & due to oil-gas and coal. We scale those
yearly emissions by a factor T to represent a specific horizon — say 50 or 100 years.
Moreover, the parameters & f and &€ represent the carbon contents for different fossil
fuels per unit of energy supplied.

We use a damage function, conventionally used in Integrated Assessment mod-
els, with curvature J and slope ~:

25 (T 1+

DY(T}) = ¢ T

(3
and similarly for D'(T;). The linear approximation of this climate system implies:

dpg/ y *\ 0 *\ O
o = V(G- T) AL = (T = )T

2

we notice that despite the approximation being linear — and hence abstracting from
the curvature o of damages — we still have that a higher curvature imply more
heterogeneous damages between warm and cold regions based on (T — Ti*)‘s.

Regarding the change in temperature caused by emissions, we get:

dT; = AjxdS = Aix (67 dBET + ¢°dE°)

L 4G AxdE gy <Sf/EdEf N Sc/EdEC)
Ti AiX(SO + TS) Ef ke
Tpf cpc
o B)s_ TE e _ € o/B _ &
with s So 1 TE S < S <

As a result, to summarize, the change in damage depends on the total energy
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used in fossil (oil-gas) and coal.
dn DY = —3Y(s//Edin B/ + s/Fdn E°) 5 = AT, — T)T; 519

and similarly for dln Dzy where ﬁiy and %y summarize in simple parameters — as
sufficient statistics — the heterogeneous impacts of climate change on output and

utility.

2.9.4  Production

We now derive the impact of changes in prices and quantities on welfare
through the budget constraint. First, we define several objects — like shares — that
are relevant for the decomposition:
eiqs
Yibi
f_ad
(3

d similarly s¢ = 5%
nd similarly s§ = -t
ciqf AN SIHEATLY 53 = g
o Production share/rent share in GDP: 77? = Lﬁ'f =1-n7
Yipi+;

 Energy share in production: sf =

o Fossil share in energy mix s

T

e q;

and s" = 4%
¢ eid;

Zj
YiPi+T Zf

f
- - C Y Py z;,  yipitm g
 Consumption as a ratio of output: s;"” = UD: yipi'HT,Lf TR e g

 Consumption share in GDP: n{ =

YiPitT Zf el
i 2 'r]i

_ . e e uips
o Energy share as a ratio of consumption: ;—q,’ — Zidi _ Uipi 7
i Yibi Yipi+T

i
f f f 7r
o Profit share as a ratio of consumption: 7;—1 =T 7 ylp;' LF A
o yipitm K

o The share of GDP of energy imports and exports, with v; = p;y; +qf(ef - ezf)
. fer fef Flex—ef
and vY = p%/l, v’ = qv? , vef = ijl and p"e = L% %) (e;}k el).

Returning to our decomposition, we start from the budget constraint:

1 _
ciP; = x; = Pz D (T;) F e, £;) — g5 e; + ~ > (qfef - picg(ef)) + th
i
= piziDi(Ti)F (e, ;) — (qf(1+tf)€zf +gf (1445)ef + qf (1—s)ef )+
1

> 2 <q€€f - Pz‘Ce(ef)> + 0+ gl el + qftfel — qfsie)
Loy

Since the revenues of the carbon tax and the renewable subsidy are redistributed /taxed
lump-sum to the Household, we do not see any direct redistributive effect of carbon

f

taxation, e.g. as the terms qf t7e; cancel out.
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Taking the first-order expansion of the budget constraint, we obtain:

deg _ dui _ dei _ pigi i | dyiy &(e’;qf del ddly | i’ det day | eld” (40
ci Z; P; ZTi P Yi x; \eiqf el qf eqs et ¢° eqs e g
Wanl W
x; wf Zi fﬁs 12}
de; Y rdp;  dy; Y def dgf de¢ dg° de™ dq”
;:ﬂ(ﬂ+ yz)ﬂ&( T L Ty tsr( a ))
i M \Pi Wi tpe\Tt el ogf l Tt e T oge ST e g
0 ! d7rzf nredns " dwl ES dES de;
+ c f c c + c r 7( Tls ) - 7
n o ;T L A v Pi

First, using output changes, approximating the production function:

dy; dDY MPeje;de; dDY del  .deS deT
R L e
yi  D; vi ¢ D el € i

we see that Hulten’s theorem implies a first-order impact of a change in energy price
that scales with the share of energy in production sf, which is typically around

5 — 10% and the share of fossils in the energy mix s/ 5¢, which sum to above 85%.

10°1)

2.9.5 Energy markets — Profits, and prices for Coal and Renewable

Using the fossil-energy firm problem, we get the profit change as a function of

the price:

d’/Ti-f 1 dqf 1 dp;
(0 - 32
vl’qf Vif Pi
The energy rent is affected by changes in the aggregate fossil energy price dqf . Since
the cost also depends on imported inputs, the prices of goods P; also matter for profit

and welfare.

Similarly, for coal and renewable, we obtain the same formulation for profit:

dri _ (H%)ng _ Ldvi
m it Vb

and similarly for dIn 7} as a function of dlng; .
Now, we use the production function for coal and renewable, which implies the

simple supply curve ¢f = C¢/(e§)p; = (ef)”f p; and ¢} = v P;, we get

r [N . c 1 ,C .
q €; P q €; P

the price of both coal and renewable energy are directly exposed to changes in the
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price of the domestic good used in production.

As a result, the profits from coal and renewable can also be rewritten in func-
tion of quantities:

dr§ del  dp; 1 dp; del  dp;
Z:(1+1>[VT . _'_z}_z:(l_i_yg) 1o P
) il e opil v g el D

2.9.6 Returning to the budget/expenditure

Accounting for these different effects dramatically simplifies the change in consump-
tion:

i _c 7 7 +

. Y . . Y f f c c r r
de; &(@Jr dyl) 7S¢7771(5f(de +di)+ C(de dq )+sf(de erq ))

G nmE\pi Wi 7§ el qf e ¢ e qr
¢ Vi ils
nr ( 1.dq 1 dpi) dt; dp;
+) (45— S5 =)+ ) - —
S (el - ) 2y o

Y dp; dD; ; dq” dq© dq" e 1.dgt 1 dp; dtls  dp,
:Wz<?+7)_ﬁz ¢[s{i+s§q + s} q}—i—zm—c((lﬁ- )q p)_~_7@_

ni\pi D A ¢ ' 7 v’ ¢ vf pi Ti B
oy it s 1 ard o dDL s 1y gdidn i
Y 2R T o S A Z VA A TR

2.9.7 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 nested CES formulation, we can compute the

K
. ¢ _ Oe g .
elasticity e*, = %<, as:
y q* gk ef
q q q Y
6;f € Eqr — (H) 1 =— — sfs¢ & +0° sf —(1—5%) s"
e ggc ggr sf s¢ & sf s¢ —(1-=s")
q

where the first part correspond to the change in aggregate price of energy ¢¢, since

o~ sf, which reduces demands for overall energy, according to elasticity 13—16

€

(2
where s is the cost share of energy and oY the elasticity between energy and other
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inputs. Second, the 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:

/ f
€% Y 1 Ep Y 1
eS| = 1 el | =
1—s°€ p 1—s°
e} 1 £p 1

which again is standard in the Nested CES framework.
As a result, we can express the energy demand as a function of the other

endogenous variables:
f o¥ f f Foef Y
dlne] = —(l_sesi—l—(l—si)ae)[dlnq +&J;dInt*] + (o€ 1_se)sf[dlan+chidlnt5]

o
+( e 1ise)sf[dlan—Jidlns ] +17dlnD + 1 d]npl

i

(1—5?)06) [d1n¢f+£°T;dInt7)

Yy Yy
dIne§ = (o° 7 e)sf[dlan-i{fJidlntE]—(10 s+
s -

7 %

Y
7is¢)sﬂdlana]idlns ]+1—d1nD + < d1np7

Y Yy
dne! = (0° 1;) dng/ +&/ J,dInte] + (o 1ise)s§[dlnq§+£CJidlnt€]

- (%S;Jr(l—s;)ge)[dlnqg—Jidlns ] +1—d1n1> + 1 dmpz

%

Those endogenous energy demands can be reintegrated into the production
function to obtain the change in output as a function of good prices, energy prices,

and productivity:

dlny; = dIlnD; —|—s‘?[ fdlnef —|—37dlne¢—|—s’7dlne§]
{[Efdlan+dlntf]

oY
=( 1 5 )dlnD + dlnplfs TS

. s;?[dlnq§+56d1nt§]— ¢ 7 grldng — JidIns]
1—s¢ 1—s¢

dlny; = a¥*dln z + a¥PdInp; — ¥ [dIng’ + dInts] — a¥*°[dIngf + dInt;| — ¥ 7" [dIng] — dlns]

sSo¥ s¢o¥
al® =14 —— aft = ——
1—s§ 1-s¢
y y
o ¢ o , o
o =si——sl ol =si——si ol =il
1—s¢ 1—s¢ 1—s¢

dlny; = a¥*dIn z; + o¥PdInp; — o dIn ¢’
— (ef ¥ 1£0¥ 1) dInts + oY dInsE — a¥%dIngé — ¥ dIn g}
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dg; = *ﬂg,’ct, §dInt; — oy P dlnsS + Bq’bac[(

dg] = +B%L ¢edInts + BLL dIns§ + 90" |:(0'e—

where this last equation uses the supply curve of coal and renewable. We can see

the exposure of country i’s output of carbon tax: &/ ¥4/ 4¢ca¥:a¢ = 57 Uy (5 s +

£¢s%), through the price and substitution effect of oil, gas and coal.

Coal and renewable energy markets

We write the demand curves in matrix form:

In g€ c In e¢
dge" dln g _ | 0 dln e +dInp;
dlng; 0 v/ dlne]
dlnef &dInt; oY oY
Pl = AdgST + 3 A A dlng’ +¢/J;d1 t€+—d1:/>+
dlne] dlnsi] (U 1—81) [ na ¢ nt’] . 1
with Y y
¥ .c C\ ~€ e o r
e —(ksfsi + (1=5%)o ) (0 - 17%@)32-

(‘76_1315)55 (102 +(1=s)o )

We can summarize and solve the system, where the vector b compiles the other
terms (productivity and oil price effects):

dg;" = wvdey" +dlnp;

3

Yy
= Adg" + Adnt;” + T dnp; + b
—S

Yy
des” = [1— Av] ™ AdInt&" + [[ — Av] ™' [A + ﬁﬂ]dln pi + [T — Av] b,

Solving in matrix form yields the price and quantity expression for coal and renew-

ables.

Y
dgi" = [1— Av] v A dint{" + [1 — Av]~lwb; + [ - Av] ™! [10 v

2 _56

1]1dInp;

with b = (o i’;f)s{[dln ¢/ + &/ 3;dInte] + (Zoedn D;.
We can write the energy and price as follows:

Y . Y
o 10 )l [dIng’ + &/ JidInte] + ;—dlnDi] + B9PdInp;
— —

v Yy
= )slldIng! + ¢/ Tidnt] + #dlnl)i} + 397" dIn p,

Where (37 are complicated parameters function of A and v. For v = v = 0,

we can simplify to have Bg’é, = BabL = 0 and BIPY = 1, where we simply obtain
dlngf = dlng] = dInp;. For quantities, we get the demand curve as a function of
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the policies:

o¥

def =~k €dnts — Bt dIns; + 47" dInp; + J°0¢ | (07

Vsl [dng’ + ¢/ Jidint?] + - dlnDZ—]
e

_se

y
def = et ¢edInts + BoE dInss + P "dInp; + 40" [(Ue— 10 -
, , e

K2

Yy
)s/[dIng” + ¢/ TidInte] + %dmm}
where, 3¢ are again complicated parameters function of A and v. Again, with v} =
vl =0, we obtain ﬁZ’Z = Ay p and gept = S Ap g+ —ﬁie,Vﬁ and B0t = 1,v/¢
As a result, the energy demand for fossil can also be rewritten:

Y
dine! = —(-Z—s{+(1-s7)0%) [dIn g’ + &/ JidInt7] + (06—10 )s¢ldIn gf + €°T;d I t°]

1—3;i —sf
e a? r r € a? a?
+ (O’ fl_sf)si [dlng] — J;dIns] + 1_sedlnDi + gdlnpi
c q,t ¢c e t € b,c e a¥ f f f € a¥ c
dgf = B2t € dnts = BLL dins + F0°((0° =7 s/ [dIng’ + €/ JidInt*] + Z—dInDi] + f7"*dInp
,C c —5¢ —s€

2

Y
dgf = it €dInt; + B2 dlns; + 47 [ (0°~ -
) ) _s¢

(2

. Y
)sf[dng! + &/ J;dnte] + &dln Di] + 9P Inp,

oV

dln ele = { — (1—36 S{-F(l—s{)o'e) + [Sfﬁq’b,c + s:ﬂ‘];bﬂ‘] (0_8_

Y
= )?s/ fdng! + € Jid ]
s

oY oY
{5 — e84 sIBE (05— ) € udnt + { — 5] — sEBLE + 81681} (0° —0—) Jid s
Y Y Y Y
T {1+ (o) [sepve + sipetr | Dy + { D+ (07T [seprre + spprr | Ld
1—s¢ 1—s¢ 1-—s¢ 15§

dln e{

—B5% ding” + & JidInt®) + 5L, &TidInts — BY JidInsi + 80 dInD; + g7 dInp

This equation shows the layers of general equilibrium effects happening in the three
energy markets. An increase in the price of fossil (oil-gas) directly decreases the
oil-gas quantity consumed. However, it also creates substitution effects, as it now
also increases both the demand and hence the price of coal and renewable — with
magnitude B9%¢ and 89" which then triggers a substitution effect away from those
sources, and toward fossil, which then mitigates the drop in oil-gas demand. Similar
effects arise for the carbon tax on coal °t§, which increases demand for oil-gas, or
subsidies for renewables s? that decrease it, accounting for all reallocation channels.

If we assume 1§ = v] = 0, the coal and renewable supply curves are perfectly
elastic, and then, we obtain a simplified formula as a function of primitives:

Y

y y
dinel = —( 7 sf—l—(l—sif)oe) [ding’ + ¢/ J;dInt®] + s (0°— 7 ) £JidInt; — s} (0~ ? ) JidInss
1—s¢ 1—s¢ 1—s¢
—_———— ~—_—————
=By} =By =By
a¥ a¥ a¥
7 imD; [ e ¢ T] dlnp;
+ 1_86 n + 1_Se+(o— 1_85)(52+51) np
——
=ped.f —ge.d.f



Going back to the general case, we can rewrite output — substituting the price
of coal and renewable — as a function of policies:

dIny; = a¥*dIn z; + a¥Pdlnp; — a¥% d1n ¢f
— (e av 1 4£a¥ 1) dInts + ¥ dInsE — a¥dIng¢ — ¥ dIng!

Yy Y
dgf = —BY! ¢edInts — BOL dInst 4 BT0C[— (at—la ) s/ [ding” + ¢ TidInte] + —1” _dInD;] + 77 dInp,
© ” —s¢ —s

K2

Y
dgf = B3 €dints + 1L dins + 5907 (o' T
’ : —56

. Y
)sf[dng! + &/ J;dInte] + édln Di] + BIPTdInp,
2
y
7(ay,qcﬁq,b,c_i_ay,qrﬂq,b,r)}dln D + [ay,p _ (ay,q05q,p,c+ay,qrﬁq,p,r)}dln D;

= dlny, = [ay’z —
1—s¢

y
+ [ — a¥af + (ay7q05q7b>c+ay7qrﬂq>b7r) (06_ )sﬂ dln qf

o
€
1-s¢

+ [, (ffay,qf+£cay,q0) + (ay’chg:é,ay,qrﬂgi)gc + (ay’q65q$b,c+ay’qrﬂq,bm)(UE_

Yy
)sled Jamt
—

+ [ay,qr + (ay,qc/Bg::_ay,(Nﬂg’f)} dln S‘Z?

this combines all the demand and supply substitution patterns arising in the three

energy markets. To give an idea for the mechanism, take the parameter for the
carbon tax t°, it shows different effects: (i) the direct impact of carbon taxa-
tion on the consumption of oil-gas and coal (£fa¥% 4 4£¢a%1¢), (i) the indirect
impact of the decline in coal demand due to this tax £t on respectively the
price of coal ¢f and the price of renewable ¢/, hence change the input choices:
(ayvchag;ﬁ —a%q’"ﬁﬁ;é)gc, and (iii) the indirect impact of the decline in 0il-gas demand
due to the tax £%t¢ on the price of coal qi and the price of renewable ¢} respectively,
ie. (af‘/’qcﬁq’b’c—i-ay’qrﬁq’b’r) (ae—%)sgéf, the price of energies ¢ and r affecting
output with magniture o¥9¢ and o¥%9" respectively.

To save on notation, I compile these effects under the new parameters

dlny; = 6Y*dInD; + 6¥PdInp; — 6¥ din g/ — ¥ dIntS + §¥*dIns:

Fossil energy market — demand

The energy demand in fossil is the sum of individual countries demand, where we
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Piezf
Ef

denote the share of country ¢ in global production )\Zf =
dES =3 pide]
7
dinEf =S Mdme!

1

:_fo( ye +(1=s))o Vdng! + & J;dnte]

a¥ oY
+ Z/\{( € 1_S¢)sf[d1an +&£€J;dInt®) + Z)\{(ae—l_ise)sﬂdlan — J;dIns]
(3

7 7 i
+Z{
(3

allnpZ

We see that carbon taxation decreases demand for oil and gas by direct substitution
but can also increase it if the substitution away for coal is strong enough. The first

effect dominates the second — up to the first order — if:

Z)\f( ezf( )>£f>2>\f< 10-)650

eJ 1eJ

which depend, among others, on the covariance (Covi()\lf , 1—5{ ) and Covl()\{ ,55),
since the substitution effect is stronger than the income effect 0 > o¥/(1—5), in
most empirically-relevant cases.

However, that simple condition only summarizes the direct effects. When
we consider the indirect effects, accounting for the changes in prices for coal and

renewable d1n ¢ and dInq".

din B/ =S Mdnef
7
- —ZA{@? Jdngf + &f 3;d ] +Z)\fﬁfm €3 dInts

7

+Z/\f5fm JidInss +2Af5€dfd1np +Z)\f5€dfdlnpz

The condition becomes:

Z;)\f{( s { +(1- sf) ) [3563’6’64—3;55’[)’1 (06— iy)zs{}gf

oY -
> ZjAf{s — s6BLE + 7B }(a — T )e =y
1€

149



We obtain that, if X?f > X?C, the direct effect of a carbon tax &f t¢ on oil-gas
outweighs the reallocation from coal to oil-gas due to the larger increase £°t;.
Fossil energy market — supply

Now, the energy supply curve can also be recast as the sum of individual extraction
Ef =%, PZ = Y i P;ef, and, with the share of fossil production A} = Pief/Ef, it

hence derives as follow:

1 7 _—1 i —1 i
= (o)

din Bf =3 \dne? ZXE dlan dInp;]
?

=  dlng :DdlnEf+Z/\f—dlnpi
R

—1
with the aggregate supply elasticity v = (Zi A 1) , that we already encoun-
tered in the second best optimal Ramsey policy.

Now, replacing the energy demand quantity d In E/ into the energy supply/price
curve, we obtain:

dng’ = vdm B + 3" N Ldlp,
- V;

Y , Y
SN ’fdlan—i—ﬁz/\f’f §fJidlnt€+DZ)\{(ae— T )stldIngS + & idIn t°]

1—s¢
+ VZ /\f

ding’ = —VZ)\fofZ dlan +¢/JidInte] +1/Z)\{ﬁj;:ii ¢ JidInt;

a,_/
X7

+VZAfoMJdlns +VZ)\fﬂedfdlnD Jrl/Z)\fBedfdlnszrZ)\a: dlnpl

Y
)si[dIng] — dlns] +yZ)\f 7 [dlnD —i—dlnpz—&—Z)\x dlnpz

dlng’ = UfZAJ —€7 85 + €985 JdInt® + fZ)\foMJdlns

1+

+

” X(,f D Mprt dmp; + H;mf ;[Afﬁf’p’f +Afy%_]dlnpi

where Xg’f = X](IT o , for T the whole world. As before, we see that carbon taxation
decreases the oil-gas energy price if X?f > X?C. Moreover, we see that a change
in the good price dIlnp; 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 ﬂ)\?’c and D)\g’r —and it also increases the price
of the input — through the term )\ZUVZ
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If we assume that again v¢ = " = 0, this implies:

oy y
T s
f ’I’ . Uy l; f O'
1+V)\ ey Z)\ ( - Sf) JidIns; + o ,fz)\z = SedlnD
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Similalry, we can write total energy demand as:
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2.9.8 Trade a la Armington

To investigate how the price indices P; and the good price p; are determined,

we should now consider the market for goods.
Uk
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kel

Using the CES framework, we obtain that:
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Using those formulas, the market clearing linearizes as follows:

i = {dln v 403 (spdlnty, — (Lbsijdlnty)) + (0-1) 3 (sydlnpy — dln pj)]
BN k k#j

with v = piyi +a/ (eF —ef)

7

This implies:
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with ¢ = 7;"%2’? Sri, which is analogous to the same matrix in Kleinman et al.
1%

(2024). Using the fact that >°p t;;, = 1 we factorize the p;. This implies, rewritten
In matrix notation:
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Recall fossil demand and supply and production of goods y;,
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We can replace that in the general equilibrium for prices:

x
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Rewriting and rearranging:
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Replacing output y
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As a result, the general equilibrium effects on the goods markets yield the
following change in prices:
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(2.28)
Again, this compiles all the different channels of transmission that arise in our
model. For example, taking the parameter for the carbon tax t© we see that it
changes the price in multiple ways: (i) first, it lowers the oil-gas expenditure for
country k, by a factor 6;’ f§f (ii) however, it increases the oil-gas bill as a substi-
tution away from coal 8% e fc In addition, (iii) taxing carbon reduces output by a

factor 6%'¢, which then reduces the revenues in net by a factor (TovY—I).
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2.9.9 Back to welfare and climate damage

From the budget/consumption expenditure, we saw that welfare is written as:
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with damages
dnDY = -3¢ (s//Edin B + s/Fdn E°)

and similarly with ;' for D}

The oil-gas energy price is central for summarizing all the general equilibrium
forces for fossil-fuel demand. As a result, since the aggregate supply curve for oil
and gas is upward sloping, a higher price implies a higher demand, and hence higher

quantity consumed and greenhouse gas emitted.
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Similarly, for total coal consumption, we can aggregate, with weights A{ =
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As a result, we can write damage depending on a complicated combination of

supply and demand effects:
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¢/ E

with :\{ = )\{ + )\fﬁf’b’c (Ue_lif)s 7B We can rewrite without the price of

oil-gas qf
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Damages change with the aggregate consumption of oil, gas, and coal, which each
depends on various general equilibrium effects. The carbon tax and renewable sub-
sidies create substitution effects away from fossil and toward renewable. Moreover,
the price level p; increases the terms of trade for countries that consume oil-gas, and
reduces production for exporters, which then affects the equilibrium prices of oil.
All these effects are accounted for in this formula, which then enter in the welfare

calibration above.

2.9.10 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 slf =1l and s} = s§ = 0 in all the formulas above.

This assumption simplify our setting dramatically. The previous welfare de-

composition reduces to :
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where the damage rewrite:
dnD; = —;dIn Ef

with the average damage is defined as 7 = Y ;7¥;. And the oil-gas demand curve
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write:
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where, to snnphfy notations, we denote )\f = )\{ T—s¢" and it’s average ol =

i A Z 1= 57 . As a result, the demand now rewrites:
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We can see that the energy demand curve is affected by climate change: more emis-
sion 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 cli-
mate change, this effect is stronger and the demand curve is even steeper / more

inelastic.
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CHAPTER 3
THE OPTIMAL DESIGN OF CLIMATE AGREEMENTS
INEQUALITY, TRADE, AND INCENTIVES FOR CLIMATE POLICY
JOB MARKET PAPER

Abstract

Fighting climate change requires ambitious global policies, which are undermined by
free-riding incentives. The heterogeneity in both the impacts of climate change and
the costs of carbon taxation exacerbate non-cooperation, which makes the implemen-
tation of multilateral climate agreements difficult. This paper studies how to design
an optimal climate club — in the spirit of Nordhaus (2015) — to maximize global wel-
fare, incorporating strategic behavior when countries can exit climate agreements.
In an Integrated Assessment Model with heterogeneous countries and international
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 participation. 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 several fossil producers —
Russia, Saudi Arabia, Nigeria, and Iran — a $110 tax per ton of COg within the
club, and a 50% tariff on goods from non-members. In contrast, the globally op-
timal carbon tax is $130 when free-riding is absent. In several extensions, I study
additional policy instruments, such as transfers (as in the COP29’s NCQG on cli-
mate finance), carbon tariffs (e.g. UE’s CBAM), or fossil-fuel-specific tariffs, and

examine the effects of trade retaliation for the stability of climate agreements.
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3.1 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 the free-riding problem: the benefits of climate policies
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 coun-
tries, determining 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 im-
pact on energy markets, affecting the surplus of fossil fuel exporters 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 agree-
ments. 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 con-
text, 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

1. 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.

158



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 interna-
tional trade. I build a multi-country IAM, 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 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 agreement. 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 accommodating 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.2 This policy design follows closely Nordhaus (2015)’s

climate club setting.

2. In 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.
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Countries make individual choices to join or leave the agreement, and such
strategic participation needs to be accounted for in the design of the agreement. I
consider Nash equilibria, where countries make participation decisions either unilat-
erally or in “sub-coalition deviations”, i.e. when a subset of countries decide together
to deviate and leave the agreement. The club design thus mirrors an optimal tax-
ation 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.3

I contrast this framework with policy benchmarks absent endogenous partic-
ipation. First, I consider the optimal carbon policy when the coalition gathers the
entire world without participation constraints. I show that the choice of the car-
bon 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 distributional mo-
tives. 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 $130 per ton of C'Oy 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.

3. Weitzman (2015) argues that a single carbon price serves as a “focal point” and is superior to
binding quantity 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.

4. The optimal policy problem with limited instruments is treated extensively in Bourany (2025)
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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Second, I also compare the “climate club” framework to the non-cooperative
Nash equilibrium, in which each individual countries choose its “unilaterally opti-
mal” 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, former Soviet countries, Saudi Arabia, Nigeria, and Iran. The agree-
ment imposes a moderate carbon tax of $110 per ton of CO9 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 $130
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 re-
duce 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, regard-
less of the level of the tariffs, since the gains from trade are bounded. Therefore, it
is optimal to lower the tax from $130 to $110/tC'Os 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, Iran,
Saudi Arabia, and Nigeria outside of the climate agreement. Indeed, they suffer
large welfare costs from carbon taxation, being relatively 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 deter free-riding and incen-
tivize 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,
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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.

In extensions, I consider additional policy instruments: (i) transfers with a fund
aimed at supporting mitigation and adaptation of developing countries, (ii) Carbon
Border Adjustment Mechanisms replacing the club’s uniform tariffs, and (iii) fossil-
fuel-specific tariffs. First, transfers have been at the center of policy discussions at
the UN’s COP28 in Dubai and COP29 in Baku. I consider an experiment where
the climate agreement redistributes part of revenues from the carbon tax to poorer
economies like South Asia and Africa — which consume less fossil fuel per capita.
It improves the welfare of these countries much more than the loss incurred by the
richer economies of North America, Europe, and East Asia. However, the total
scale of such policy is limited due to free-riding and redistributive concerns. The
maximum transfers that the global club designer can collect is around $350 millions.
Interestingly, this amount aligns well with the amount of climate finance that was
agreed in the COP29 in Baku.® I show that the free-riding problem limits the

amount that be agreed upon in such climate agreements.

Second, I analyze the implementation of Carbon-Border-Adjustment Mecha-
nisms (CBAM) in the context of these climate agreements. CBAM - and more
generally “carbon tariffs” — have been discussed in the European Union as a tool to
fight against carbon leakage and avoid the negative consequences of carbon pricing
or fossil taxation in terms of trade competitiveness. I consider an experiment in the
design of climate agreements where the carbon tariff impose an additional cost on
the carbon content of the traded-goods, and would thus act as a substitute punish-
ment for uniform tariffs. I show that, to replace the 50% tariff, the agreement need
to impose a carbon price of $1250 on imported goods. This price is much larger than

the carbon tax (~ $100) since the carbon content of production is usually very low

5. There, “developed nations have agreed to help channel "at least" $300bn a year into developing
countries by 2035 to support their efforts to deal with climate change.” This amount fell short of the
$1.3tr/year initially proposed by developing countries, which raised objections from the delegations
of India and Nigeria regarding the final text.
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(~0.3kg CO2/$) and the punishment need to be strong enough to incentive partic-
ipation of non-members to the club. However, if one would impose that the internal
price of carbon should equal the external price used for carbon tariffs — for example
by following the World Trade Organization rules — then it imposes an additional

constraint that limit considerably the strategic power of this climate agreement.

Third, I study the impacts of fossil-fuel-specific tariffs. Imposing tariffs directly
on oil-gas exports has a strong effect on the energy rents of fossil-fuel-exporting
countries. This targets directly the large fossil-fuel producers, like Middle-Eastern
Gulf countries and Russia, which are typically the first ones to free-ride from the
club. Such tariffs increases the penalty costs and hence the retaliatory power of the
climate club and thus enforces the participation of these countries. As a result, this
allows the club to increase the attainable carbon tax and global carbon abatement.
With such instruments, we can reach the globally optimal allocation with complete
participation and a more ambitious carbon policy.

Lastly, I compare how these optimal agreements results 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 consequences 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

very 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
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club. With a low carbon price — up to 25$/tC'O9 — 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 - ex-
tensive 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 mod-
eling 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 ma-
nipulation — 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 an-
alyze 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 con-
ducted 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 European Union
starts a coalition, implements the unilaterally optimal trade-climate policy, and iter-
atively 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 maximizing output, reducing

emissions, and improving welfare.
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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 coopera-
tion, with classical references such as Barrett (1994, 2003, 2013), Carraro and Sinis-
calco (1993), Chander and Tulkens (1995, 1997), Harstad (2012), Dutta and Radner
(2004, 2009), Nordhaus (2015) or the older literature collected and summarized in
Batabyal (2000), Chander (2018) and 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. Sim-
ilarly, 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 (2025),
I show that the optimal carbon policy accounts for several general equilibrium chan-
nels, 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
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(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 3.2, I lay
out the Integrated Assessment Model that we study in the policy analysis. The
design of the climate agreement is exposed in Section 3.3. In Section 3.4, I present
how I match the model to the data. In Section 3.5, I discuss the optimal policy
benchmarks with or without cooperation in a setting without free-riding incentives.
In Section 3.6, I present the main result of our analysis on the optimal climate
agreement. In Section 3.7, I develop extensions that relax some of the assumptions
made in the baseline results, such as the availability of additional instruments or

retaliation.

3.2 An integrated assessment model with heterogeneous regions

and trade

I build an integrated assessment model (IAM) that incorporates various di-
mensions of heterogeneity influencing individual countries’ incentives to join climate
agreements. This framework is the simplest model that includes both climate exter-
nality, 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 pop-
ulation P;. All the economic variables are expressed per capita.7 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.

6. More particularly, the static is a stationary representation of a dynamic model, as I describe in
Section 3.11.3. 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.

7. For example, y; or elf are final output and fossil energy use respectively, and »;y; and 731'6{

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.
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3.2.1 Household problem

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

stitution 6 over goods from different countries.

10-1\ 555
U; = max u({cij}j) = u(D}L(E)cZ) : ¢ = (Z al;c,/ )9_1 : (3.1)
{eij} jel

where a;; are the preference shifters for country ¢ on the good purchased from
country j, which also include the home-bias a;;.5 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 3.4,
we detail how we calibrate this function for each country i. Households earn labor

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

b I
> cij (1+t3) 705 = wil; +f + te (3.2)

jel

where w; is the wage rate, ¢; the exogenous labor supply is normalized to 1, 7er the
profit earned from the ownership of the energy firms, and t%s the lump-sum transfer
received from the government. On the expenditure side, the household in ¢ imports
quantities ¢;; from j, purchased at price p;, 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 quanti-

ties and Armington trade shares given by:

(1+t7))73jp;\ =0
cij = aijci(]P,i> :
(3.3)
CijPij _ ((1+tg5)7ip))" 7
G g a (-t migpp) =0

where p;; = (1+t£~’j)njpj is the effective price for a variety from country j sold in

8. We assume that preferences {a;;} and iceberg trade costs {r;;} are policy-invariant, in par-
ticular, they are not sensitive to price changes and tariffs.
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country ¢, and P; is the price index of country i:

P; = ( > aik((1+tik)7ikpk)1_9) =

kel

As a result, we summarize the budget constraint as ¢;P; = 3 e ¢;j (1+t?j)7'ijpj,
and the per-capita welfare of country ¢ is then summarized by the indirect utility as

the utility of income discounted by the price level and climate damages, namely:

= u(DHE)e: ) = u(DF(E) U

3.2.2  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:
DY(E) 2 F(ls el eC.et) — wils — (af 165t8Vef — (gE£5t8)eC — ol er
max pl ’L( )Zl ( Zaei7ez7ez> wZ 1 (q +§ 2)6i (qz+€ z)ez q’LeZ
0l ecer
1205 2C50%g
f

where the production function y; = F(¢;,e; , €S, el) is constant returns to scale and

177171
f

concave in all inputs. It uses labor, ¢;, at wage wj;, fossil energy, e;, purchased at
price, ¢/, coal, €°, at price, qi, and renewable energy, e!, at price, ¢} . Energy from
oil-gas, ezf , and coal, €f, differ from renewable in the sense that they emit greenhouse
gases, with respective carbon concentration §f and &€, as we will see in Section 3.2 4.
As a result, there is a motive for taxing oil, gas, and coal energy with the carbon
tax t7. We discuss the choice of this tax in the next sections.

The productivity of the domestic good firm, y; = Dzy(g ) 2; U;, can be decom-
posed in two terms. First, the TFP, z;, represents productivity as well as institu-
tional/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 sum-
marized by the net-of-damage function D?(S ), given world emissions £. This func-
tion is also a reduced-form representation of the climate system from future temper-
atures, decreases in £, and is country-specific due to differences in costs of climate
change, as we detail how we detail in the quantification Section 3.4.

The firm input decisions solve the optimality conditions, where we define
the marginal product of an input = as MPxz; = D!(E) zin(fi,e{,ef, ef) for x €

{4, eif ,e5 el }. For example, in the case of oil and gas ezf , the first-order condition
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can be written as:

DY (E) 2 For(ti,e] €f €)= piMPel = ¢f +€/t5 (3.5)

R )

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;?.

3.2.3  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.

Fossil firm

In each country 7 € I, a competitive energy producer extracts fossil fuels —
oil and gas — ef and sells it to the international market at price ¢/. 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:

Pﬂrif = max gl et — Cif(ef)]P’Z- : (3.6)

€

f

where P;m; is the total energy rent of country 7. Since the extraction costs are
convex, the production function has decreasing return to scales,' and hence, even
with competitive firms, 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 Cif (-) as we will see in the quantification Section 3.4.

9. This allows to account for international inputs in goods and services for building capital for
resource extraction.

10. We can also define a fossil production function with inputs xf such that e* = g(:vfc ) and
profit m = ¢/ g(z) — xp; instead of ™ = ¢e® — C(e®)p;, in which case g(z) = C~1(x)
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Naturally, the optimal extraction decision follows from the optimality condi-
tion:

of =cl'(ep)p (3.7)

(3 1
which yields the implicit function €™ = e*(qf /p;) = CJ; /_1(qf /P;). Finally, the en-
ergy rent comes from fossil firms’ profits 7/ (¢f, p;) = qfex(qf/IP@-)—Cif (ex(qf/]P’i))P’i >
).
C{/(e”)ex '

As we will see below, the profit 7/ (qf ,P;) and its share in income nf

0 and depends on the marginal costs as well as the elasticity v; =

-

mf
yipitmil
reducing carbon emissions by phasing out of fossil fuels reduces energy demand and

f

7

are key to determine the exposure of a country to carbon taxation. Indeed,
its price ¢/ and hence affects energy profit 77 and the welfare of large oil and gas

exporters.

International fossil energy markets

I assume that oil and gas are traded frictionlessly in international markets.!!

The market clears such that

Bf =3 Pl =3 ef . (3.8)

1€l 1€l
Countries have different exposure to this fossil energy market. As country ¢ consumes
fossil fuels in total quantity Piezf , and produces total quantity ef, its net exports of

oil and gas are e} — Piezf < 0.

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 lo-
cally, as trade costs for coal transportation are larger. Hence, I make this empirically

grounded assumption that coal is not traded.

11. For the sake of simplicity, I refrain from considering a general Armington structure, combining
o

different fossil varieties with demand e{ = (Z j(ezfj)% °~". 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 ©® — 00
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The production € is constant returns to scale and uses final good inputs.
I assume the production function is of the form ef = z{/C{, where z{ is a CES
aggregator of exactly the same form as equation (3.1). As a result, the inputs
xf{ = Cfe; is paid in the consumption bundle at price P; and the profit maximization
problem is:
T =max g;e; — Ce;P;

i —
€

where the marginal cost C{ is a constant. This implies that there is no coal profit12
in equilibrium, i.e. 7{ = 0. The price for coal and the market clearing condition are
given by:

q =Cip; e = e . (3.9)

7 ]

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.

Renewable, non-carbon, firm

The final good firm also uses renewable and other low-carbon energy sources,
such as solar, wind or nuclear electricity. This provides a way of substituting away
from fossil fuel in the production function F'(-).

A representative firm produces renewable or non-carbon energy, and this sup-
ply, €}, 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 dif-
ferences in electricity production due to intermittency, rather than large structural
imbalances. The production e is also constant returns to scale, with production
ef =z /C/', and x] a CES aggregator of the same form as equation (3.1). This input
is paid in units of the final good at price P;. Hence, the renewable firm maximization
problem is:

,

— rel _ Cr e p.
= rrg?}xqz e; —CiejP;i,

7
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:

q =C/P; e, =e . (3.10)

12. This is motivated by evidence that even the largest coal producers do not have coal rents
above 1% of GDP.
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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 capacity, 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). T take the
intermediary conservative assumption that the supply curve is flat and will explore

the robustness of this assumption in future extensions.

3.2.4 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 model being static, I incorporate climate system

13 as in standard Integrated Assessment Models. These future damages,

dynamics
summarized in the stationary equilibrium, affect the Social Cost of Carbon and the

Pigouvian level of carbon taxation, as we will see in Section 3.5.1.

I model the damage functions affecting country ¢ utility D}'(£) and productiv-
ity D%(é’ ) 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 Tj;, and then from local temperatures to damage ZA)(Tit—Ti*), and (iv)

finally summarizes it in present discounted value to obtain DY () and DY (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
€=y piele] +¢f)
1€l

where ff 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 & = elgtn)te , Vt.1* They represent trajectories of emissions given the emissions

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

14. In the stationary model, we consider a balanced-growth path with global population and
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and policies decisions in the initial equilibrium, e.g. e; and ef.

Second, I consider a dynamic system — in continuous time — for carbon con-

centration in the atmosphere:
St = GE — 05k with Sty = 52024

where 0 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. 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'O2 emissions

Sy and the global temperature anomaly 7; compared to preindustrial levels.

Te = xSt = (Sto + / s(t—to) ¢ té}dt)

where x is the climate sensitivity parameter, i.e. how much warming a ton of C'O9
causes, and where & is measured in carbon units, and S, 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 Sy and 7, as is shown in
the following Figure 3.1. It displays the relationship between temperature anomaly
and cumulative C'O9 emissions over time, both for historical data in black and a

large class of climate models in different Representative Concentration Pathways
(RCP).

Fourth, I consider a linear relationship between global and local temperatures,
namely:
Tir = Tio + AiTe = Tio + AixSt

where A; is a linear pattern scaling parameter that depends on geographical factors
such as albedo or latitude. In the quantification Section 3.4.5, I explain how I

estimate this pattern scaling by regressing local temperatures on global temperature.

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;.

173



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

2100

= Historical
RCP4.5 RCP range
RCP6.0  —— 1% yr'CO,

—— RCP8.5 1% yr' CO,range

Temperature anomaly relative to 1861-1880 (°C)

1
0 500 1000 1500 2000 2500
Cumulative total anthropogenic CO, emissions from 1870 (GtC)

Figure 3.1: Linear temperature model — Cumulative emis-
sions and temperature, IPCC et al. (2022)

Fifth, I consider a period damage function D(Tj—T: *) where T is the “op-
timal” temperature for country i. The function D(T") is a reduced-form represen-
tation 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 winners and losers:
countries that are substantially warmer than a target temperature 77 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 temper-
ature 77" 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 = aT*+(1—a)Tjy can be more or less tilted toward historical
temperature. I discuss this quantification in Section 3.4.5.

Finally, to obtain a reduced-form static damage functions D} (€) and D¥(E),
for productivity and utility, respectively, I summarize the future costs of climate

change in present-discounted value:
Y u _ [ _pt A *
Dj (&) =Dj(€) = P/to e P D(Ty—T7)dt |

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-
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of-damage function D%(é’ ) will be internalized by the Social Planner when making

optimal climate policy choices.

3.2.5  Equilibrium

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

p;i, and we consider the market clearing for each good ¢

Pili = Y PrThiCki + Pkai(xgi + o + o)
kel kel
(3.11)

Ski
Pibi Y, = S e (Prpgyk + ¢ (ef — Prel) + Pth)

1+t7.
D (Emr(y FEL TR

where :cii, xf, and z}; are the good inputs used by country & and imported from
country ¢ 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 fol-
lows:

Definition. Competitive equilibrium (C.E.):
3 tb

Z, Zj,tls}l across countries, a C.E. is a set of decisions

For a set of policies {t¢

{C’L]7 Zfa 6276@ ) 62 ) Z’ 1}2]7 and pI'ICGS q {p27wl7 q/p }Z SUCh that:

(i) Households choose consumption {c;;};; maximizing utility equation (3.1) s.t. the
budget constraint equation (3.2), which yield trade shares equation (3.3)

(ii) Final good firms choose inputs {¢;, { ,el }i to maximize profits, resulting in
equation (3.5)

(iii) Fossil energy firms maximize profits equation (3.6) and extract/produce {e] };
given by equation (3.7)

(iv) Renewable and coal energy firms maximize profits, and supplies {ef, e’} are

29 Z
given respectively by equation (3.9) and equation (3.10)

(v) Energy markets clears for fossils as in equation (3.8) and for coal and renewable
in equation (3.9) and equation (3.10)

(vi) Good markets clear for final good for each country as in equation (3.11), and

trade is balanced by Walras Law.
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3.3 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.

3.3.1 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 tb, such that in the competitive equilibrium,

f

— Countries ¢ € J are subject to a carbon tax t° on fossil energy e; and coal ef.

If country j exits the agreement, club members i € J charge uniform tariffs
b _ b . .

tj; =t’ on the final good imported from j.

Countries in the club rebate the revenues of the carbon tax and tariffs to the
household tés = ta(ﬁfezf—i-ﬁcef) +25¢1 thiij(Cij+${j+wz¢j+$gj)

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

— Countries outside the club, k ¢ J, keep a passive trade policy, tzg =0,V el

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

energy at international price qf 16

I keep the number of policy instruments t = {t° ,tb} 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

15. This assumption will be relaxed in the extension, Section 3.7.4.

16. This assumption will be relaxed in Section 3.7.3.
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(2015). For example, quantity targets ¢; and bilateral tariffs t?j exacerbate free-
riding incentives since an agreement requires all countries to accept the policies 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 4;(J, t%,t%) = u(ci(J,tE,tb)DZ-(E(J,ts,tb))) as in Section 3.2.1.
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 ¢ in the agreement will participate if the value of

staying is larger than the value of being outside the agreement:

Ui (T,65, %) > U (I\{i}, 15, t0) ViCJ. [Unilateral-Nash PC]
(3.12)
2. Sub-coalition deviation: country i can choose to exit the agreement in coop-

eration 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,65,t%) > 1;(I\J, 5, t2) Viel] & VI CJ. [Coalition-Nash PC]
(3.13)
The optimal agreement needs to account for these participation constraints, and be

robust to unilateral or sub-coalition deviations.

17. For this reason, I refrain from studying agreements that bargain over a set of country-specific
taxes t7 or emissions quantity targets ;, and bilateral tariffs tﬁ?j7 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 (2025) 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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Welfare criterion and planner’s objective

We consider a global social planner maximizing the world welfare:

max W(J, t%,t’) = max > Piw; Ui (T, 5,80 (3.14)
J’té"tb J7t67tb ZG]I

subject to participation constraint — Unilateral Nash, robust to deviation

Je S ") = {7 | U(T 458" > U(T\{i},t5,¢), VieT}, (3.15)

or Coalitional-Nash, robust to sub-coalition J deviations:

JeCt ") = {T | Uy T 54" 2 U (T\Tt°.t1), VieJ, VieJ&vVIicT}.
(3.16)

where w; are the Pareto weights, and P; the population size of country ¢. 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 optimal 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 3.5.2
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¢, 7.

Extensive margin vs. intensive margin tradeoff

The problem of a world planner determines jointly the policy instruments t = {t, tb}
and the choice of the country subject to participation constraints J € S(t°, tb) or
C(t¢ ,tb). 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 tb
reduce incentives for countries to participate. If a country deviates by exiting the

agreement, it increases its emissions, and international trade is reduced, lowering
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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 3.6.3.

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.

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 en-
compass carbon tax tf = t*1{icJ}, uniform tariffs on non-members tzbj = th1 {ieJ,jel}
as well as potential additional instruments as analyzed in Section 3.7. The design

problem can be stated as

max W(J, t) = max Y _P;w; Ui(J,t) ,
It b el

st.  JeS(), or JeC(t).

Participation constraints S(t) or C(t), as defined in equation (3.15) and equa-
tion (3.16), 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 intricate, 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) .
Tt t J]JES(t)
JeS(t)
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I explain in Section 3.14 why the opposite approach — solving for the coalition as an

outer problem and for policy instruments in the inner problem — is intractable.!8
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 ap-

plication:

max W(t) , where W(t) = max W(J,t) = W(J*(t),t> :

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(II). 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(IJ,t) ,
JeP(D)
sit. JeS(t).

I express the Lagrangian of the constrained optimization, with multiplier v; for

0

country i’s participation, we obtain, with a slight abuse of notation2?, as follow:

g WAL+ 3 s (W00 ~UI\(3).0) ) = max WOLH (317

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

19. For this reason, I keep the number of instruments small t={t*,t%, to search over a low-
dimensional space t € R?.

20. The 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 v; j = 0 if J € S(t) and v; j = oo if J ¢ S(t), the problem well
defined.
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in the case where the participation constraints only account for unilateral devia-

tions.2!

First method: Exhaustive enumeration

First, when the number of countries I = #I is small, one obvious yet costly solution
is to perform an exhaustive search over P(I). The idea is to enumerate all the combi-
nations J € P(I), and evaluate welfare WW(J, t). This has evidently a computational
cost proportional to 2#1 ie. 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 J 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 1 = 00, 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¢,tb}, the
larger the coalition, the higher the gains from trade and the gains from reducing

emissions. 22

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.

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

22. As long as t¢ is below the globally optimal carbon tax as we derive it in Section 3.5.1.
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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 participation constraints is that the country also needs to

gain marginal individual value U;(J) := U;(J, t) to be part of the coalition:
O(T,t) = {j €T|AW(T,6) > 0 & AjUU;(T,t) > 0} (3.18)
where the marginal values for global welfare and individual welfare are

AW(T t) = W(TU{i}t) = W(T\{G}t) = 3 Piws (Us(T U {5}, 8) = U( T\ {3}, 1))

i€l

AU(T, 1) = Un(TUL Y, 8) — U (TN} 0)

The iterative procedure builds the lower bound 7 and upper bound J by successive

application of the squeezing step.
JED = a(g®),¢) T =97, p) (3.19)

Under some conditions (complementarity, as defined next section and in the ap-
pendix) this sequential procedure yields two sets J and J such that J C J C J.
In some cases J = J = J, yielding the optimal coalition. If not, with J\J =
TPt we find the optimal coalition by searching exhaustively over all coalitions

J =JUJ, with J e P(JP).

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 Section 3.14.2.

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. A;W(J) <
AjW(J ! ),for 7 C T "& j € I In the climate agreement setting, participation
constraints and stability require to adjust the welfare objective, from W(J) to )/NV(J )
as in equation (3.17). In this context, the complementarity (or single crossing differ-
ences in choice for its weaker form), with participation constraints, takes an intricate
form (SCD-C-PC) which we detail in Section 3.14.2.

Theorem The SCD-C-PC from below is sufficient for the application of modi-
fied squeezing algorithm, i.e. successive application of equation (3.18), starting from
{@,1} and equation (3.19), to yield bounding sets J € J C J in CDCPs with
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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.

3.4 Quantification

The model is calibrated to a panel of thirty-two countries 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 3.1 the
dimensions of heterogeneity of the model. Table 3.2 in the appendix contains the

summary table for the calibration described in this section.

3.4.1 Data

First, I describe briefly the data used to calibrate the model. 1 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
twenty-five countries and seven regions: (i) United States, (ii) Canada, (iii) China,
(iv) Germany, (v) France, (vi) Spain, (vii) Italy, (viii) Rest of EU, (ix) United
Kingdom, (x) India, (xi) Pakistan, (xii) Rest of South Asia, (xiii) Nigeria, (xiv)
South Africa, (xv) Rest of Africa, (xvi) Egypt, (xvii) Iran, (xviii) Saudi Arabia,
(xix) Turkey, (xx) Rest of Middle-East+Maghreb, (xxi) Russia, (xxii) Rest of CIS,
(xxiii) Australia, (xxiv) Japan, (xxv) Korea, (xxvi) Indonesia, (xxvii) Thailand,
(xxviii) Rest of South-East Asia, (xxix) Argentina, (xxx) Brazil, (xxxi) Mexico,
(xxxii) Rest of Latin America.?3

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.

23. In a previous iteration of this project, I considered a panel of 10 regions, to compare the
exhaustive enumeration with the algorithm for Combinatorial Discrete Choice.
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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).

3.4.2  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(I,t) =) PiwiUi(J,t) = Piwiu(c;)Di'(€)
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.

Following the discussion in Anthoff et al. (2009), Nordhaus (2011) and Nord-
haus and Yang (1996), one would like to choose Pareto weights that eliminate redis-
tributive effects that are orthogonal to climate change and climate policy. To that
purpose, I choose the “Negishi” Pareto weights that make the preexisting competi-

tive equilibrium efficient under that welfare metric. This implies that:

—_

1) i i
witd (6;) D} (€) = wju'(¢;)Df (€)  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 3.5.1. In

Figure 3.2, I display the weights w;, and w;P; adjusted for population P; = P;/P.

3.4.83 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
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Figure 3.2: Pareto weights across regions

weights w; (blue, left), P;w; (red, right)

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-n _
(D) " e
1-n  1-n

i = D(€)

I calibrate the CRRA/IES parameter to be n = 1.5, taken from Barrage and Nord-
haus (2024).24 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 ¢;2° with a composite of energy e;, with
elasticity o¥. Second, the energy e; aggregates the different energy sources: oil and

gas el | coal e$, and renewable/non-carbon e}, with elasticity o¢.

y _ 1 og/—1 1 asl—a oY—1\ 771
Output s = DY(E) 2155 = DV(E) 5 (1 = ) e) " + =7 (k) =)0 )"

1 of-1 1 of-1 1 of—1\ ge—1
Buergy ¢ = ()7 ()T + @) ()T + (@7 ()T )

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

25. Labor is inelastically supplied ¢; = ¢; in each country and normalized to 1 — since the country
size P; is already taken into account. As a result, all the variables can be seen as input per capita.
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To calibrate these functions, I set the capital-labor ratio to be a = 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.?6 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 wl = 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; = D%(E) 2 Ui
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 3.3, I show the GDP levels, as they replicated with this model.

Finally, we use trade flow data as seen in Figure 3.23 to match the pattern
of international trade in goods. First, I estimate a gravity regression between trade

27_ with fixed effects for importers and exporters —

flow and geographical distance
finding an elasticity with distance x = —1.45. To rationalize it in the model, I
project iceberg trade costs on this geographical distance 7;; = dfj All the residual
differences in trade flows, not rationalized by trade costs, 7;;, prices, p;, or demand,
yi, are then explained by differences in preferences a;;. We calibrate § to minimize
dispersion in a;; over countries j, which implies a trade elasticity ¢ = 5.0. I calibrate
those parameters a;; to minimize the distance — mean squared error — between model-

_ CiTigPj (rijpj)~°
generated trade shares s;; = —ar T = Ui S~ s (7oxDr)

in the data. Since our model imposes a trade balance, those trade shares cannot be

g, and observed shares s;;

matched exactly, only approximately. It does match the fact that some countries

26. It also aligns with my own estimation in Bourany (2022).

27. The gravity regression is standard: logx;; = xlogd;; + a; + ;. In the model, 7;; = d’

i We
get Kk =(1—0)8.
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are relying more on trade exports and imports — like China, East and South-East

Asia, and Europe — compared to others — Middle East, Africa, and Russia.

3.4.4 Energy markets

For the energy market, I match the energy mix of different countries, using the
CES framework 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 Pie{ 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 C'Zf to

have the following isoelastic form

Vs e‘f.L' 1+v
¢l (eF Ry)p; = N J: 1/<Rl) RiP; .
(]

which is homogeneous of degree one in (ef,R;). The inputs are paid in the price

of the consumption bundle P; since the input x{ = Cif (ef,R;) takes the same CES

form as the consumption demand ci.28 This implies the profit function

.77 r\ 14+v;
o for_pfr oy Vili (€ ‘Db
Pim; = qfez‘ —C; (6, R;) = 1—|—1/Z(Rlz RiP; .
I calibrate the three parameters R;, v; and v; 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
v; to match exactly the production of oil and gas e}, as informed by that same data

source. This is displayed in Figure 3.4. I then calibrate the curvature of the cost

f
function to match the share n]' = ﬂ:_ 7 of fossil energy profit as share of GDP. I
Yipi+m;
choose v to minimize the distance — mean squared error — between the model share
nF 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

28. I express the oil-gas extraction with a cost function x{ = Cif . We can also express analogously
with the following production function:

where the inputs a:f are paid in the final good bundle. This production has constant returns to

scale in (x{, R:).
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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 match exactly
the value n. 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: ef = ef and €] = 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 Cf and C] for each country to match the data on coal share egcéf;_e;

,
and non-carbon energy share %. Using the CES framework above, I match
el- ei €

exactly the energy shares, successfullyzidentifying countries that are more reliant on

coal vs. oil 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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Figure 3.3: GDP per capita, Figure 3.4: Oil-gas production
Thsds 2011-USD PPP, avg. GTOE (gigatons oil equiv.)
2018-2023 avg. 2018-2023

" Figure 3.5: Temperature, Avg.
" pop-weighted, 2015

3.4.5 Climate system

Finally, I calibrate the climate model described in Section 3.2.4 to match im-
portant features of the relationship between carbon emissions, temperatures and
climate damages.

First, I calibrate two parameters of the global climate system: the climate
sensitivity y, i.e. the reaction of global temperature, 7z, to the atmospheric concen-

tration of C'O9, &, and the carbon decay rate, dg, representing the exit of carbon
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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 IAMs — 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 3.24 displayed in the appendix.

Moreover, this climate system is inherently unstable for a given trend of emis-
sions — given once and for all by our static economic model & = >~; Pie(”ﬂj)t(ﬁ 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. To counteract the
non-stationarity of the climate system, I follow Krusell and Smith (2022) and as-
sume that part of the emissions & are captured and stored. I assume the exponential

form:

Tt = xSt St = (& — 65Sk G =e o

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 3.5. Furthermore, we
consider the linear pattern scaling Tj; = A;7;. I identify the scaling parameter in
reduced-form by estimating this linear regression over the period t = 1950—2015 for
each country and then aggregating by region i.3Y 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

29. Such 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 (2025), I simulate the dynamic model over time, which
aligns with standard paths of future temperatures from TAMs.

30. To control for the fact that country j has an influence on world temperature 7; = ", ¢; T34,
I estimate the jackknife linear equation with 7; +; = Z#j 9Ty for each j, ie. Tjr = ATy »5.
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as in the DICE Integrated Assessment Model:
DY(Ty—TF) = exp ( — Y UYg sy (T =T7)? =7 g eryy (Ty—T7)?)

with the damage parameter v = 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 T; = 5,
and the updated calibration in Barrage and Nordhaus (2024) which calibrate it at
4T = 0.003467. For small values, I consider v~ = 0.3y, 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 77", I use also an intermediary assumption between the fol-
lowing two cases: (i) the representative agent economy, like Barrage and Nordhaus
(2024), would assume T} = Tj;,, which implies that Tj;—T7 = A;T;: 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 77 = T the same
for all regions, at an “ideal” temperature, as in Krusell and Smith (2022) and Kot-
likoff, Kubler, 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 =o' T + (1-a")T;

i to

where of = 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.

3.4.6  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 3.2.
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Table 3.1: 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

3.5

Country size P;
Firm productivity z;

Energy-augmenting productivity z{

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

Initial temperature Ty,
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 T;+ to world T¢
Proved Oil-gas reserves

Oil-gas extracted/produced e?
Profit 7rl.f / energy rent
Geographical distance 7;; = dfj
Trade flows

constraints

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)

Optimal policy benchmarks without participation

I provide two benchmarks for optimal policy when participation is exoge-

nous.

welfare, representing the cooperative allocation.

First, I consider a global social planner policy that maximizes aggregate

Second, in the non-cooperative

Nash-equilibrium, each country implements its unilaterally optimal policy.

3.5.1

Global Climate Policy with cooperation

The cooperative policy depends on the availability of redistribution instru-

ments. 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 (2025) where I develop

this argument in a large class of Integrated Assessment Models.

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 alloca-

tion, i.e. consumption, inputs for energy production, and energy demand: x =
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{Cij7 1]7 Z} fOI‘EE{fC T}

W = max Z Piw; U =Yy Piwil; (3.20)
{ci,ei,ef, 7, ZEH
subject to the market clearing of energy and goods.

The derivation is detailed in Section 3.12.1. 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:

wit (¢;)DH(E) Wju,(cj)p}t(g) <

- = Vijel.
P; P;

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

AP;
1—1 7 .
L= _— Viel
C; U <Z g(£)>, 1el,

tés = wil; + 7Ti-f — ;P .

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} (£). Importantly, the transfers
tés are designed such that the marginal utilities of consumption are equalized. This

ls ls
t; t;

implies redistribution, as < 0 for some countries and > 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
e Qb Hu y/ , e \n-
MO =X T _%:Pz z[ ey Bl &)+ DLE)sF (G eilpi| > 0
=3 P [’YcCiPi + vyyz‘pz} Di(€) >0
i

where qbg represents the welfare cost of one additional ton of carbon, which corre-
sponds to the multiplier of the constraint & = Y ; £f ef + £%¢, and A 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 cli-
mate change scales with the damage parameters v¢, 7Y, output y;p; and consumption

¢;P;, and a damage function 152-(5 ), depending on the climate system.3!

31. Specifically, the function D;(€) = ﬁftooo [ emPse%:(5=(T,—T})ds dt depends on the un-
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In that context, the optimal tax is simply the Social Cost of Carbon (SCC)

E
tE:SCC:qﬁf
A

= Z ’PiwiLC Cz'
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.

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 equation (3.20), where the
planner chooses a single uniform carbon tazx, t<, rebates the revenue of the carbon tax
locally tg-s = te(ff 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

T = {cij,xfj, ef}, i.e. the traded good for consumption, ¢;;, for energy inputs for
the production of in fossil, xi:, coal, xfj, and non-carbon, :Egj, the energy demand,
f r

in fossil e; , coal, ef, and non-carbon, e}, as well as the carbon tax, t*. However,

10 70
the Ramsey allocation, x, and prices p = {p;, ¢/, q5,q; }; 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 equation (3.2) of the household, )\;, represents a redistribution

derlying climate system, and how a ton of COs emitted in time ¢ affects temperatures in all future
periods s.
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motive for the planner. Moreover, (ii) the multipliers UZf for the fossil fuel demand

/
2
fuel choice, and similarly (iii) the multipliers for the fossil fuel production choice ef

e; optimality condition represent the distortionary effect of the taxation on fossil-
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 complete set of optimality conditions for the planner is technical, and

I restrict its exposition to Section 3.12.2.

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

summarized as:

ff t¢ = ff > 3\2 LCC; + ziXi Supply Redistrib; 4 ziXi Demand Distort? — 3=, Trade Redistribs ,
—_——

—scC
wiPiNi  wiPiul(¢;)

_ o5
YiwiPiNi  YwiPiu/ ()

7

with Xz =

The “social welfare weights” \; = w"?’\i = Z%Z%\;)\z are the rescaled multipliers for
the budget constraint )\;. As a result, the Sociajl Cost of Carbon: SCC =Y, Xz LCC;
is the weighted sum of the Local Costs of Carbon LCC; adjusted for inequalities
across regions. It measures the marginal cost of climate cost as valued by country i,
and — in the second-best — accounts for all the redistributive and distortive effects
caused by global warming.?? Moreover, the multipliers for the FOC demand 0; =

@, for market clearing for good: fi; = wl—?’& are rescaled in the optimal tax

—1
formula. With the aggregate inverse supply elasticity for fossil v = (Zi A 1) ,

32. The Local Cost of Carbon in the Second Best is slightly more involved than in the First Best
as it now account for additional distortions and general equilibrium effects (see Section 3.12.2 for
details):

€ . . 4 ,
Laz:@c:“mewa+pﬁa%ﬂ@@m@+§q+mﬂamzf%MPé
i 7

)\i ’U/(Ci)
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the optimal carbon tax can be unpacked as:
fie = IPSTN.LOC, fpl7 N(ef ¢ felte = =f
§ =¢ Z i i T4 EZ z(ei_;i>_(q +§t)ZN2_ZUz’ )
1 (3 (3 (3

~ v ~ z
e = ¢/ PE;[LCC;] + PCov; (N, LCC) + ¢! P5Cov; (Niel %)

Ef supply
redistribut®

=Social Cost of Carbon

- Ez[aﬂ —(¢!+¢t%) Byl

— o
0 d d Ys Trade
€ deman redistribut®

distort®

This implies that the carbon tax can be different from the Social Cost of Carbon
when the planner has redistributive motives. In Section 3.12.2, I further develop the
distortion terms ¥U; 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 (2025). It matters quantitatively

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

300 Comp. Eq., SCC

First Best, tax = SCC

Second Best, SCC

S.B. Energy supply redistribution
S.B. Energy demand distortion
S.B. Trade effect

200

Carbon tax:
131 USD/TCO2

100 |

SCC/Tax, PPP-USD/TCO2

Competitive Optimal tax Optimal tax
Equilibrium  (First Best) (Second Best)

Figure 3.6: Social Cost of Carbon and optimal carbon taxation

In Figure 3.6, 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. around $200 per ton of COs. However,
in the First-Best, the planner lowers both the climate damages ¢°, and, thanks to

large redistribution, the marginal value of wealth X\ for the “average household”.
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Therefore, the Social Cost of Carbon SCC = ¢/ \ is also high, and the optimal
carbon tax equals the SCC' at t¢ = SCC = $200/tCO.

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 $200 to approximately $155 per ton of
C'O3. Moreover, redistributive effects are accounted for in the level of the carbon
tax: first, the countries that consumes the largest fossil-energy are the richest/least
affected by climate change. Second, the oil and gas importers are also more inclined
to have higher social welfare weights w;u’(c;). For these two reasons, the carbon tax
should be increased. However, the countries the most affected by climate change
and poorest, are also experiencing large trade reallocation. This is accounted for in
the optimal policy, which is now lower because of this leakage effects. For all these

reasons, the optimal carbon tax is now set at $131 per ton of C'Os.

Winners and losers from cooperative carbon taxation

This optimal second-best carbon tax, despite accounting for redistributive ef-
fects, still has heterogeneous impact across countries. In Figure 3.7, I display the
welfare change from this policy U; (L, t%)/U; (I, 0) in consumption equivalent, in com-
parison to the competitive equilibrium. We first observe that most regions benefit
greatly from cooperation, with an aggregate effect of 7% on global welfare. However,
this hides large heterogeneity across countries.

The biggest winners are, without contest, the countries that are the most
affected by climate change: South-East Asia, Africa, South Asia, and warm Middle-
Eastern and European countries, which gain between 7% and 20% of consumption
equivalent. Many of them see a reduction in the cost of their energy imports due
to the reverse leakage effects — as indeed, phasing out fossil-fuel cause a reduction
in the fossil price qf . However, countries that consume a large share of coal, like
China, India, South-Africa. and Australia are not gaining as much due to the
large distortive effect of carbon taxation. Finally, large fossil fuels — oil and gas —
exporters like Russia, Canada, Nigeria, Saudi Arabia, Iran or other Gulf counries,
all 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.
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Winners and losers of optimal carbon taxation

2 b Carbon tax: 131.2 USD/TCO2
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Figure 3.7: Welfare gains across countries — Second-Best equilibrium

3.5.2  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 tar-
iffs 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 re-
sults that contrast with the above references. I describe the complete setting in
Section 3.12.3

In this exercise, I consider a Local Social Planner who chooses a local carbon

tax t;? and trade tarifs t?j to maximize household welfare:

Vi = max Piui
t€,t0

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: tés = tf({felf + £%5) + 2k t?kcik:Tikpk'

In the spirit of the previous section, using the Primal approach, we see that
the planner ¢ chose the policy instruments t, t?j internalizing a wide array of mar-
ket clearing and optimality conditions. More specifically, the planner accounts for
the market clearing for good j as household and energy firms in country ¢ imports
this variety, e.g. as consumption ¢;;. I denote this shadow value for good j equa-
tion (3.11) as ,u§i> It pé-i) > 0, planner ¢ would like to expand j’s supply — relaxing its
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market clearing and lowering its price. In contrast, we usually obtain ,ugi) < 0: the
planner would like to reduces its own i-supply, to increase its price and manipulate
terms of trade T.0.T; = p;/pj, Vj # i.

Similarly, the planner accounts for the fossil energy market clearing equa-
tion (3.8), which is global, with multiplier uf (@), I addition, the planner internalizes
the country-level constraints, such as budget with multiplier \; = u/(¢;)D}(&) /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 Section 3.12.3.

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, ¢;;, 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 7, because of the existence of tariff and country-specific tax.

Optimal tariffs

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

(%)

b _
where /L;i) are the Lagrange multiplier for good j’s market clearing as accounted

by planner ¢, and \; the marginal utility of consumption. Tariffs increase when the
planner seeks to decrease demand for good j. This is especially the case when the
household in country ¢ is richer: the redistributive effect of tariffs are amplified when

¢; — 00, A\; — 0 and thus t?j — 00. Unfortunately, with the primal approach, these
(2)

multipliers 14 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):

oV;

oV ¢§
LCC; = — 351- =
TCZ' (]
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where ¢ is the multiplier for carbon dynamics — or shadow cost of increasing emis-
sions by 1 ton of COy. In the unilaterally optimal allocation, this cost of climate
change is given by:

%
Ai

)

i
Uu\c, —
LCC; =P; {(Z)Pz@g/(é’) + DY (E)ziF (ti,ei)pi + > =—DY(€)zF(Lj,¢5)p;| ,
J

u'(c;)
N ,u(-i) _
= Pi[Piciv” + yipin? | Di(E) +P; Y =12 D5 (€)
1

J

where 752(5 ) are damage functions that only depend on the climate system as shown
above — e.g. pattern scaling A; and climate sensitivity and decay x and ¢ — and
the parameters v¢ and ¥ affect utility and production damages. We note that in
addition to considering the direct damage on country ¢ household utility and output,

the planner in ¢ also internalizes the damage that climate has on the production of
(1)
J

rich, low A;-countries. This introduces a novel channel through which local costs of

trade partner y;, through multiplier x;” again, and this impact is even larger for
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).

(1) f_ oz

; P.es — e

i =¢Loc, -/t +ofy Tt
—— 7 ei

Pigouvian ~—~— —_—

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 ¢’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

(7)

case where p;’ < 0, then it would tax carbon to lower production. In the opposite
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case, if country i looks after expanding its supply and lowering its prices, when
ul(-i) > 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 neg-
ative for exporters. Energy exporters would like to subsidize energy to increase
demand, in an attempt to raise the equilibrium price qf and benefit from better
terms-of-trade. This is weighted by the country ¢ production e} and inverse elastic-
ity 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 3.5.1, at a local level.
(#)
1

or if the energy-supply redistribution term is negative, for example for oil-gas ex-

To sum up, if the terms-of-trade manipulation motive p;” > 0 is large enough
porters, and if the local cost of carbon LCC; is small, the optimal carbon tax can

become a subsidy.

3.6 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
major fossil fuel producers: Russia, Saudi Arabia, Nigeria and Iran. Members of
the club impose a $114 carbon tax per ton of CO9 and a 48% 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 developing economies with a fossil-
intensive energy mix, the first outweighs the second, implying that they would not
participate in a climate agreement unless the tax is decreased from $131 to $114.
This encourages the participation of several Middle-Eastern and South Asian coun-
tries, but the optimal agreement does not include the entire world. Indeed, lowering
the tax so low to incentivize fossil-fuel exporters to participate would compromise
climate action and reduce world’s welfare.

I first provide details on the trade-off behind country participation, both nu-
merically and theoretically, using first-order decomposition of the model. T then

present the main result of the optimal climate club.
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3.6.1 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 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 3.8, I present an experiment where all countries j € I implement
the optimal level of fossil-fuel taxation t© = $131/tC' O3, except for country ¢, which
deviates from that policy, setting the tax to zero. In this experiment, other countries
j do not impose retaliatory tariffs on country 7, 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 i 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'(c;). 1 provide a welfare decomposition in Section 3.6.2 to show the

sources of these welfare costs and how it differ across regions.

Now, let us compare this cost of carbon taxation to the cost of trade tariffs.
In Figure 3.9, I measure the welfare costs of tariffs in the following experiment: all
countries j # i impose a very large tariff — 500% — on country i. For each country
1, 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 small in standard trade models, c.f. Arkolakis et al. (2012).33

33. Autarky is when both countries j impose large tariffs on ¢ and ¢ imposes tariffs on j as well.
Here, I consider one-sided tariffs, closer to the policy implemented in our climate club.
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Figure 3.8: Welfare gain for country ¢ of unilat-
erally deviating from a world agreement setting a
$131 carbon tax
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imposing a 500% tariff on country i

Asian countries — like Japan and Korea, China and South-East Asian economies
— and Europe have the most to lose to be in subject to tariffs — above 5% 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 more closed to international trade, suffer less
from tariffs, which change their willingness to join a climate club. This difference is
also reinforced because the tariffs hurt the terms of trade of energy importers, which

now have to pay a larger fossil-fuel bill in real terms. This explains

3.6.2  Welfare decomposition

To understand the mechanisms through which climate change, carbon taxa-
tion, and tariffs affect welfare, I provide a first-order approximation of welfare to
shed light on different mechanisms. This welfare decomposition is described in thor-
ough detail in the companion paper Bourany and Rosenthal-Kay (2025), and in
Section 3.13.

There we compute the change in welfare, linearizing the model around the
competitive equilibrium where t& = t¢ = 0 and tg-’j = E?j = 0, where policies are
identical to the “status-quo”. 1 start from a climate agreement J of J countries.

Those countries are indifferent between being in the club or not, since the policy
(5, £

RN
turbation where those policy instruments are increased by a small amount, dt§ and

) = (0,0) does not affect the equilibrium. I then consider a log-linear per-

dt?j respectively for the club members ¢ € 7. In that context, we can do a decom-

position of welfare as a function of four channels: (i) the direct impact on climate
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damage — productivity 'Diy and utility D} — (ii) the terms-of-trade effect through
change in p; and P;, (iii) the energy costs for the goods firms, through prices qf ,
¢ and ¢, and (iv) the energy rents of fossil fuel producers 7T%f . We can map those
welfare channels as function of “sufficient statistics” which only depends on observ-
ables data moments — like energy mix, e.g. ezf /ei, energy rent 7er as share of GDP,
and trade shares s;; — and elasticities that can be estimated, like the energy supply

elasticities, e.g. for fossil v;, or the climate damage parameter %-y .

3.6.3  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 several fossil producers. Moreover, the carbon tax for
members of the club is lowered below $115, and tariffs are set at a moderate rate
of 48% for non-members. This outcome balances the intensive margin-extensive
margin tradeoff of this policy design.

At the intensive margin, increasing the carbon tax reduces fossil-fuel use and
emissions for the countries participating in the climate agreement. As a result,
aggregate welfare is increased until the optimal carbon tax t¢ = $131 is reached.
However, at the extensive margin, a higher tax reduces participation as free-riding
incentives are reinforced 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 3.10, 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, making it relatively
costless for countries to participate in the agreement. For higher taxes, we observe
that the first regions to deviate are Iran, Russia, and Saudi Arabia. For larger
tax, other developing countries, like Nigeria, India, and South American economies
would also exit the agreement. These decisions originate from the tradeoff explained
in Section 3.6.1. 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 or
oil-gas, like India, Africa and South American countries. This compares to the cost

of tariffs, which are relatively small for those regions for tariffs below 150%.

Another lesson from this analysis is that trade policy is a key strategic instru-
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Figure 3.10: Participation: Intensive and extensive margin trade-off for agreement
design: t€ on y-axis, t¥ on x-axis

ment to deter free-riding. Indeed, absent tariff retaliation, with t® < 5%, the gain
from unilateral deviation prevail over the cost of climate action, and no carbon tax
above t© > $30 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 3.11: Optimal climate agreement:
participation as function of t¢ on y-axis and t? on x-axis

We turn now to the design of optimal climate agreements, and the choice of

carbon taxes and tariffs. We note that the optimal Second-Best policy with a large
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carbon tax t¢ = $131 and complete participation is not achievable in a climate club.
As shown in the dotted lines in Figure 3.11, it corresponds to an area where many
countries in South-Asia, Middle-East, and Russia would all exit the agreement. As
a result, the optimal agreement that would maximize welfare is such that the carbon
tax is lowered from $131 to $114: this incentivizes the participation of several South

Asian and South-American countries.

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 92% of the welfare gains at-
tained in the optimal-policy without endogenous participation, as seen in Figure 3.7
of Section 3.5.1. In Figure 3.12, I plot global welfare for the different carbon taxes
and tariffs (t¢, tb). in consumption equivalent relative to welfare in the competitive
equilibrium (t°, tb) = (0,0). Welfare change non-monotonically in the carbon tax as
emissions and temperature are reduced. However, when participation declines and
countries exit the club, the deviating countries go back to their status-quo policies,
raising their emissions, which decreases discontinuously global welfare. The opti-
mal agreement achieves almost 5% of consumption-equivalent welfare gains, close
to 90% of the welfare gains of the Second-Best where all countries are participating

exogenously absent free-riding.

.

150
World optimal car Brazil + Arg + Tur + Pak out
India + Middle East out

g
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Figure 3.12: 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,
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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 3.2, 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 3.14 and Figure 3.13 plot the change in global welfare and carbon emissions
varying the carbon tax, and keeping the tariffs fixed at the optimum, th = 48%.
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, Saudi Arabia, Nigeria, and Iran are included,
one can reduce emissions from 35 to below 22 GtC'O9 per year, a decline of 38%

compared to the competitive — Business-as-Usual — equilibrium.
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Figure 3.14: Global welfare (percent conso eq.),
compared to Competitive Equilibrium
for a given tariff t? = 48%

Figure 3.13: Global Emissions (yearly)
for different carbon taxes a given tariff tb = 50%

Note that the optimal climate agreement achieves almost the same emission
reduction as in the case with a higher carbon tax t* = SCC = $155/tC'Oy — corre-
sponding to the Social Cost of Carbon — and fewer countries. 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,
North America, and East Asia, all have to bear a much higher cost of 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
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a 6% welfare gain while a club with a more restricted set of countries and larger tax
reaches only a 4.8% welfare gain. Making a smaller set of countries bear the cost of
taxation is detrimental to their welfare: developed countries consume larger quan-
tities 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.

Because of endogenous participation, welfare and emissions are indeed differ-
ent metrics that provide contrasting insights on what should be the optimal policy.
In the next graphs, Figure 3.15 and Figure 3.16, I summarize, for the different equi-
libria we considered above, respectively the global emissions in Gigatons of C'O9 and
welfare in consumption equivalent difference compared to the competitive equilib-
rium. Clearly, the First Best has the lowest emissions — 18.5GtCOs, a reduction of
47% relative to the Business-as-Usual scenario — and the maximum welfare — 13%
of consumption equivalent change. In this case, the planner has access to unlimited
instruments: it uses transfers to redistribute across countries, which offset the neg-
ative 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 6.5%, although emissions are only slightly higher.

Welfare gain vs. C.E. (percent conso. eq.)

First-Best Second-Best Optimal Tax=5CC Comp. Eq First-Best Second-Best Optimal Tax=SCC
(no transfers) Agreement w/o Rus/M.E./So.A (no transfers) Agreement w/fo Rus/M.E./So.A

Figure 3.15: Global Emissions (yearly) Figure 3.16: Global welfare (percent conso. eq.),
comparison across equilibria comparison across equilibria

In these two benchmarks, we assume away the free-riding problem, which con-
strains the achievable policy and carbon reduction. I now compare the two equilibria

considered above: the optimal agreement with all the countries except Russia, Saudi
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Arabia, Iran, and Nigeria reaches a reduction of 38% of carbon emissions. This
reaches the welfare of 6% consumption equivalent while a club with larger taxes
loses on welfare by increasing the tax burden on smaller set of participants.

The analysis of the potential welfare gains of the First-Best highlights that
transfers can serve as a strong instrument to offset the negative effects of the uni-
form carbon taxation and tariffs, and I investigate if we can provide such welfare
improvements with transfers Section 3.7.1 and with fossil-fuels specific tariffs in
Section 3.7.3.

3.6.4  Coalition building

The social planner/designer chose the proposed optimal agreement. However,
can this agreement 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:
AT = U (I}, 67, 60) — U (TN i), ¢, )

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 3.3.2. 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, i.e. Germany, France, Spain, Italy, Rest of EU
— Round 2: China, UK, Turkey, Rest of South and South-East Asia
— Round 3: USA, Japan, Korea, Australia, Thailand,
Indonesia, Pakistan, Rest of Africa & Latin America
— Round 4: Canada, South-Africa, Mexico
— Round 5: India, Brazil, Egypt, Argentina, Rest of Middle-East

¢ Stay out of the agreement: Russia, CIS, Saudi Arabia, Iran, Nigeria

The European Union has the best interest in reducing climate change, being pos-

itively affected by a decrease in the fossil-fuel price, consuming a small share of
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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, Turkey, important
trading partners 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 and fourth round, most other countries, which have large gains from trade,
join the climate club to avoid retaliatory tariffs. Lastly, South-Asian and Middle

Eastern countries also joins to be able to trade with the rest of the world.

3.7 Extensions: the impact of additional policy instruments and

retaliation

In this section, I propose extensions to our baseline climate agreement by
suggesting additional instruments to improve the allocation. By proposing simple
policies that could be achievable in practice, I investigate if we can improve on the

optimal climate agreement presented above.

3.7.1 Transfers and COP’s “climate fund”

One of the major policy proposals of the COP28 in Dubai was the idea of a
loss and damage fund, which translated into the COP29 in Baku in the New Collec-
tive Quantified Goal (NCQG) on Climate Finance. These ideas were, in substance,
to give transfers to developing countries to accelerate the achievement of the Paris
Agreement goals and compensate them for adaptation against climate change. I
propose a simple implementation of such policies in my climate agreement frame-
work. Given that the club is implementing a large carbon tax t, one practical
proposal is to redistribute a share of this tax revenue through lump-sum transfer
across countries.

In the baseline agreement, the carbon tax revenues are redistributed to the
household of the country paying the tax: tés = tg(ff er +£%¢). Here, the exercise
allocates a share a® to a “climate fund” which then redistributes those revenues

equally across countries, with a simple rule:

1
tls = (1—a®)t° (ffelf%—ﬁcef) + agﬁ %Pjtg(ffe‘jf+fceg) : Viel
j€

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

change.
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I then choose the optimal share o to maximize global welfare W(a®), using
a simple grid search. This results in the climate fund being optimal for o®* =
0%. With Negishi weights, the welfare-maximizing size of the climate fund is null:
developed countries pollute more and do not want to transfer part of their carbon
tax revenues.

I also simulate a climate agreement with a “climate fund” with a size
a® ey Pjtg(ﬁfejf—l—éce;) in line with amount that was agreed in the COP29 in
Baku, through the NCQG on Climate Finance — $300 billions per year. The re-
sults of that experiment are shown in Figure 3.17. This policy only redistributes
lump-sum from high to low-energy users. The welfare costs are around 0.6 — 0.8%
for Europe, the United States, and advanced countries in Asia and Oceania. How-
ever, even a small “climate fund” is particularly welfare-improving for developing
countries — like India, Pakistan, the rest of South Asia and the rest of Africa (not
displayed), Brazil, and Indonesia — who gain around 1 to 3% welfare gains. Those
regions are small contributors to the global climate externality, and such transfers
would enable them to lower the cost of climate change through adaptation and

dampen the redistributive cost of carbon taxation.

Winners and losers, Climate fund

i

L |
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Welfare gain, (percent conso. eq.)
o

Figure 3.17: Welfare across countres
Optimal climate fund: of* = 15%

The amount agreed upon in COP29’s final text was significantly lower than
the $1.3 trillions per year initially proposed by developing countries, raising ob-
jections from the delegations of India and Nigeria. Nevertheless, the framework I
developed here provides explanations on why this amount can not be increased to
more substantial amounts. First, more ambitious climate finance relying on direct
transfers would imply large losses for the developed countries, which would con-

tribute the most due to their large emissions. This would reinforce the free-riding
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problem by raising the cost of participating in the agreement. Second, the welfare
function W = ¥; Pjw;U; using the Negishi weights w; = 1/u'(¢;) is biased toward
these advanced countries. It provides a representation of the balance of power in
these international climate agreements. This explains why the effort for transfers —
even as low as the one accepted in COP29 — would be detrimental to the welfare of

developed economies, which is not optimal for the planner.

3.7.2  Carbon Border Adjustment Mechanism (CBAM) and “carbon
tariffs”

Carbon Border Adjustment Mechanism (CBAM) introduced in the European
Union (and taking effect in 2026) and more generally “carbon tariffs” have been
the main policy proposals to address carbon leakage. Indeed, implementing carbon
pricing and fossil-fuel taxation reallocate production to regions not affected by the
policy. To address this competitiveness effect, policy-makers have been suggesting
implementing trade policy in a form of tariffs that scale with the carbon intensity,
measured by the amount of carbon emission “embedded” in the production of the
good imported. I analyze the implementation of such carbon tariffs in the climate
agreement [ studied above. In this context, this trade penalty would replace the

uniform trade tariffs that act as a trade sanction for countries deviating.

£f€f+£ceq
> J 2 Jhe i el ¢,
Yjbyj

t); = 4 the =
where t?€ is the carbon tax or carbon price (in $/t COs) imposed on the good from
country j and fiy is the carbon intensity (in t CO2/$) for the output y;. The climate
agreement need to decide on the design {J,t° ,tbvg} and the result of this policy
experiments are diplayed in Figure 3.18.

We see on that figure that the carbon price/carbon tariff that need to be
implemented is much higher > 500$/tCOy to have a chance of sustaining a club
with a significant carbon tax internally and a large enough set of countries. In
that case, the optimal climate agreement gathers again all the regions in the world
at the exception of Russia, Iran, Nigeria, and Saudi Arabia. It needs to impose a
carbon tax of 113$/tC'O2 and a carbon tariff of 1250 $/tC'O9. The intuition for this
result are the same as above: to navigate the intensive-extensive margins tradeoff,
it is beneficial to lower the carbon tax for members of the club and leave several

fossil-fuel producers outside of the club.
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The external carbon price imposed as carbon tariffs is much higher than the
internal carbon price. Indeed, to encourage participation, we need implement a
strong penalty. To replace the 50% uniform tariff on goods, the club now need to
impose a 1250$/tCOy as carbon tariff. However, suppose now that the climate
agreement faces an additional policy constraint — for example from World Trade
Organization rules — that the tariff set on carbon externally should equal the carbon
tax set internally t2¢ = t¢. This is represented in Figure 3.18 by the white dashed 45°
line. We see that this constraint prevents the agreement to achieve any meaningful
carbon tax and large participation. The optimal agreement in that context would
be much less ambitious: it would achieve policies {t€,t>¢} = {45, 45} $/tC' Oy with a
participation gathering the world without Russia and many Middle-Eastern, South-
Asian and Latin American countries. The analysis of this exercise implies that such
agreements would need to bypass some of these WTO policy constraints to achieve

higher carbon mitigation.

3.7.83 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
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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 par-
ticipation. Therefore, 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 energy imports from non-participants, taking the form:
b
QJJ][ = (1+¢ f)q]{\J

if non-members export fossil fuels to the club, i.e. ZiG]I\J ef > ZieH\J elf and

Yied ezf > > ieyei. This tax imposed on oil-gas is redistributed lump-sum to the
club households, scaled by the country oil-gas consumption. Such a policy implies
a lower equilibrium price?’4 for non-member q{\ 7 < qJ{ .

In the following graph Figure 3.19, I plot over different values of ttf the welfare
impact for members of the club and the non-members — which is Russia, Saudi Ara-
bia, Nigeria, and Iran here — to see if this strategic tariff provides enough incentives

for those fossil-fuels producers to join the club with high carbon taxes.
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Figure 3.19: Welfare for world, large members, and non-members

Tariff on oil-gas energy: t°/* = 40%

With very large fossil-fuel-specific tariffs of t/* = 30% of the price of oil and

gas, the welfare of Russia, Saudi Arabia, as well as Iran and Nigeria (not plotted)

34. However, if non-member countries do not export fossil fuels to the club, then the two oil-gas
clear separately and can have different prices — although this case does not occur in equilibrium.
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can be lowered enough due to the drying out of their energy rents. In that case,
they find it beneficial to participate in an agreement that replicates the second-best
allocation instead of suffering such sanctions.

Note that such a strong tariff on oil-gas aligns well with the price cap on
Russian oil that has been implemented after Russia’s invasion of Ukraine. Indeed,
the European Union implemented a price cap of $60/barrel in Dec. 2022, compared
to an oil price around $100/barrel in the Winter 2022-23. The economic theory of
such price caps is studied in Johnson, Rachel and Wolfram (2023).

3.7.4 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 {t, tg’j} =0, O}i¢ J-

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

tg)z:/ft?j, VZ‘EJ,
where k € (0, 1] is an exogenous parameter that represents the extent of the retal-
iation. 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 3.20, Figure 3.21 and Figure 3.22, respectively for x = 10,50%, 100%.
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gure 3.20: k =0.1 Figure 3.21: kK =0.5

For moderate values of retaliation of non-members, i.e. k € (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 k = 0.10, the optimal carbon tax t¢ is less than $100/tC'Os, and the tariff is still
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tb = 45% — instead of $115 carbon tax in the k = 0 case.

However, the larger the retaliation, the larger the cost of trade disruption for
both members 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¢ = $131/tCOs, for large tariffs of t? = 100%. 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.

3.8 Conclusion

This paper examines the design of an optimal climate agreement in the pres-
ence 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 designing the optimal climate agreement. A small coalition of countries
can implement high carbon taxes, achieving significant individual emissions reduc-
tions. 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.
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The main findings is first that the optimal climate club includes all countries
except Russia, with a moderate carbon tax of $100 per ton of CO9 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 COg. 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 agree-
ment 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 partici-
pation. However, its effectiveness diminishes as carbon taxes increase. I analyze the
benefits and limitations of additional policy instruments, such as transfers through
a “climate fund”, carbon border adjustement mechanisms and “carbon tariffs”, or
fossil-fuel-specific tariffs. I show how they can improve the climate agreement and

push the carbon tax closer to the second-best allocation.

In conclusion, this research highlights the strategic considerations at play in
the design of effective climate agreements in the presence of heterogeneous countries
and diverging 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 intertem-
poral 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 renewable
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 study coalition-building and time-varying carbon tax
and tariffs. Indeed, would it be better to build a broad-but-shallow club now and
deepening it later with higher carbon tax, or is it optimal to start from a deep-but-
narrow agreement today to broaden it later? I keep the analysis of this question
for future research. The current paper shows that climate agreements, with climate
policies such as carbon taxation and trade tariffs, can provide the right incentives
and offer a pivotal step toward reducing global emissions and temperatures and a

hope in our fight against climate change.
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3.10 Calibration

Table 3.2: Baseline calibration

Technology € Energy markets

«
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%
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QI &>

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

0.12 Energy share in F(-) Energy cost share (8.5%)

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

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

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

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

0.06 Depreciation rate Investment/Output ratio

0.01 Long run TFP growth Conservative estimate for growth

5.0 Trade elasticity (CES) Gravity equation estimation

Preferences € Time horizon

p

n
n

Wy
Wi

T

0.03 HH Discount factor Long term interest rate & usual calib. in IAMs
1.5 IES / Risk aversion Standard calibration
0.0035 Long run population growth Conservative estimate for growth
1 Pareto weights Uniforms / Utilitarian Social Planner
1/u'(c;)  Pareto weights Negishi / Status-quo Social Planner
400 Time horizon Time for climate system to stabilize

Climate parameters

gf
éc
X
Js
¢
’YEB
,Y@
ol

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
2.3/1e6 Climate sensitivity Pulse experiment: 100 GtC' = 0.23°C medium-term warming
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
0.3xv®  Damage sensitivity Nordhaus’ DICE & Rudik et al (2022)
0.5 Weight historical climate for optimal temp. Marginal damage correlated with initial temp.
14.5 Optimal yearly temperature Average spring temperature / Developed economies

3.10.1 Additional calibration graphs

Quantification — Trade shares

We displayed the trade share from the data in Figure 3.23 and how we calibrate
the trade model.

Armington Trade model and trade shares:

_cpig (i) 7p) Y
. %] (Lt 10
CiP; >k @ik (L+t5) TikDr)

Sij =

We estimate a gravity regression, and CES ¢ = 5.63. The Iceberg cost 7;; are
projection of geographical distance log 7;; = Slogd;;. The preference parameters
a;j 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 3.4.3.
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Figure 3.23: Trade shares as mesured in Conte et al. (2022)

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.

o
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Figure 3.24: Pulse experiment: £ = 100 GtCO9 at t =0
Comparison across different IAMs, Dietz et al. (2021)
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3.11 Model

3.11.1 Model environment

Gov. policies t; = {t,, m,tif}

State: s; = {kit(p ity Rit b
Agents (HH/firms) controls ¢; = {cjt, ¢, kit 65, €5ty €y Ei It

Eq prices: p = pit, wit. qf , 4§ 4}
Lagrange multipliers / costates: A; = {\¥, )\z, /\Z;

Local welfare vs Global welfare
T .
U = mg}X/O e PPu(cis, Tip)dt

T _
W = maXZwiPi/ e_pitU(City Tz‘t>dt
{Ci}i el 0

Assumptions:

— weak separability of utility

- C; ~ 1-n
u(eit, Tip) = () D" (Tyy) = ~1L—(D*(Ty))
— DICE damage functions D¥(T") and DY (T)

pUT) = FTT S DE(T) = ~DUTHAT )

(3
— CES demand / Armington structure, price of imports p;; = Tij(1+t?j)pj
0

ufeij}j, 7)) = u(e, ) (Za@, o )

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

Climate system:

St =& — 058t =~ [£felt + &5, — 058k

' _
Sy = 806—6st +/() €—5s(t7u)€(n+gfo)u <£f€zfu + £ce§u)du
Tyt = Ty + A XSt

with o = g-1{t > 2100} the rate of growth of additional abatement due to
CCS after 2100.
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3.11.2  Summary, model setting

o Expenditure by household:

ZcijtTij(l‘i‘t?j)Pjt = CitPit
j

e Final good firm problem: pay for labor and capital, and buys three energy
inputs:

w5 = DiDY(Ti) zit F (4, kg, 6{,57 €it egt)_witgi_rtkit_(qg‘ifftft)@{t_(qg‘i‘fctft)ezqt_qgtegt =0

o Fossil Energy firm profit:

Pirh = af ef, — (e} Ri)P;
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.

: _ z
citBit + (ki + (n + 3 + 0) )Py = wigly + rekyy + ]+t

Dit _
0= sz,tpy(th)Zth(kit, ei;, €Sy ely) — (ng + g; + 0) ki
1
f o efss C_| ¢C4S r ls
1 f x x (Qt +£ t't) S (%‘*’5 t‘t) ;¢ t; ;
+ ej;—v(ei, R; }— Boer— Ueel,— el —c;y + L — k;
PPy [qt i€t Rit) Py it Py it Py it — Cit Py it

« CES / Armington trade model, with price of imports p;; = Tij(l—i-t?j)pj
. 101N g
ulfe} 1) =u(e) DIT) = (Xale,) )

111
FOC  [c] W (e;)DH(Ty) el alic; 7 = pijAY

Price index:

1-0\1-¢ b 1-6\1-0
P; = <Zaijpij > = (Zaz‘j(Tz‘j(1+tij)pj) )
j j
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Demand system:

N @:ai.(ﬂy N CijPij :ai_(@)l—e
G T\pij il a7
1-6 _
CijPij Pij ((14ti)7ijp5)"

ij —5 = Gjj -
ciPit Sk awpi S @i ((14+ti) Tigpp) 10

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

o _ W(c)DH(T,)
1 P'L

Market clearing

We reexpress the market clearing, for good ¢ in expenditure terms. The time sub-

scripts are removed for conciseness.
) k
Pivi = Dil{Ti})ziF (ki ei) = 3. ThiPrcri + 3 Prurpi (s + 2y + aly; + o)
kel kel
Rewriting in expenditure, multiplying by p;, and using the fact that the input choice

is identical between

k
Piyipi = Z Pkai(Iii + Ty + Ty + TP
kel
=> P S (162 )pilepi + o, + 2§ + 2y + 2k
= k T b ki ki)Pi\Cki ki ki ki ki
kel ki

1 _
= Pr——p Skilci + Cl(eF) + 2fe§ + 2L el + (ny, + gg + 0)kg )P,
kel 1t

Using the budget constraint to replace ¢;

PrLSki _
PiyiDi = Y thz (ykpk — (¢ +€65)e], — (af+€°°) — glef — (ng + G; + 8)kiePy
kel 1+t

+lalef —cliepr] +of
+ sz(eﬂlg)IF’k + deipk + Z}QGZ]P’k + (nk + gr + 5)kk’Pk )

PlSki oy Ski ~ 7l
PiyiPi = ) thZ <ykpk +qf (ef - ei) +tks> => 1+th Pr(Ug + ty;)
kel 14t kel 14t

f

where U = yppp + qf (e% — ek) represent the revenues of country k in terms of

. s Tls
production and energy export and the lump-sum transfers of the tariffs: t;7 =
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5 th 7 ey + xij +af; + x + ).

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

to express the market in expenditure, we solve:

5, o
PiDiyi = ) ] tlb Pr[0r + ty;]
i Aty
Vg == 17/f +E§€s
Tls b f r c k SkjVk
ty =D th:Tri(cps + . + ag; + af; + xl)p e —
7 RINTR] k kj kj kj/Pk kj =
j J (1+tk‘])7-kjp]€

Z:ij

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

Uz*“z"’vzzl tb

1 ~ ~ . 1
v; = 7 v = m;v; with m; =

b tb.
1— . ) Sis 1— . ) Sis
2 142,74 2 L7, 7"

To conclude, the market clearing writes:

Sk
PiDilyi = Z th Prmy; {ykpk +qf (6% - GIJ:)]

3.11.3 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 problem as a finite-horizon problem, and we take the
finite horizon T — oc.

L(si,¢i, M) = /Te_pitPiu(cit,Tit)dt + /Te_p"’tm)\;i (piDy(Tlt)an(kjlt, ft,emen) (ni + gi + 0) ks
0 0
- [of e~ vien R - @€l — (Gt - diel - curi ol — )t
T t
—I—/e_f”‘tm)\ist [Soe_‘s"t—i—/ e_és(t_“)e(”’Lg_o)“(ffefu—&—gcefu)du—St}dt
oT 0
+ /0 PN (AixS: = (The = Tuy) ) dt

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

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

10

T T
L(si, ¢, Nj) = Piu(cz')/o e PIDY(Ty)dt +Pi</0 @_pitA%Dy<nt)dt>pizitF(ki:ef e, ef)

=D"({Tyt}1)
T _ .. 1 T
- /0 e Ptk A dt + ~ {qfef —v(ej, Rz’)}/o e PN dt
1
—
7

- PiW((quréftf)%f + (¢°+€°45 )ef + ajef + (ni+gi+0)k; + ciP; + t§'8>

T _5it\s T 5T
+P; /0 e PSS, dt + P; /0 e Pit)T (AZ-XSt _ (Tl-t—TZ-tO))dt

with & = 806_55t + f(’)5 e 0s(t=u) g(n+g—oju (5fezfu + Cefu)du

Optimality conditions:

« Consumption [¢;]:

W (e;)D" ({Ty}e) = NigPs

« Energy choices [e¥], for k € {f, ¢, r}:

]

N (pivPe] —of +¢5t))

N (piMPef — ¢ + £45)
X (piMPe} —q")

0
0
0

« Capital choice [k;]
\W __ W =
i = X (piMPk; — 6 = ng; — p)
piMPk; — 6 =7 =ng; + p = =0 & A==\

1 o
(1— e PN

T _
i :/ e PINY At =
iT 0 it i

» Fossil production choice [ef]:

N () = Cer(ef , Ri)R;) = 0
o Stock of carbon in the atmosphere [St]

X5 = AL
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» Local temperatures [Tj]

! !
Ny = DY (Tip)ule;) + DY (Tig) 2 F (ki )\

= —(Ty — T7) (Wit + Y vi ) MY [w/DICE damage fcts + CRRA pref]
o Market clearing, energy

St =Y pel

€
1€l 1€l

Ele)

I
D]
=0

€
o Market clearing, good i

kel

vi = Dil{Tiuh)ziF (kis i) = 3 Thicri + 2 Thi(@g; + 2 + 07)
kel
Pi YU

_ Ski
~~ _Z

!
oo PRYE T o (ef — el) + 1)
B kel 111,
=D(T})zF (")

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
Sy, over all its “lifetime” in the atmosphere t € [u, T
As a result, with discounting :

T

T
/e*(ﬁiJr‘SS)(t*“)Aix)\g;dt
T u

iX

T
= u(c;) A / 6_(57‘%5)&_“)@“/(Tit)dt+)\}”ziF(ki,ei)AiX/ e‘(ﬁi-‘-&s)(t—u)py/(n )t

A

lim AYPY = u(c;) X
= mu
Ti+—T;

t
If the cost of carbon is constant (supposing that temperature is stable Ty — T})
then the welfare cost of one ton of carbon writes:

= = Al -
S (1= e T DY (T} 4 N5 F ()=
_ A,
lim A5 =38 = X
Ty —T;, T—00 pi + 0

— e (Pitd)(T—u))

A2 py'(TH(1
el
(u(ci)D“/(Ti) £ DY (T)AY 2 F (ki ei)>

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 T'. We measure it in monetary unit by dividing
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it by marginal value of wealth A}/ at time ¢ — the time of the emission.

sz‘t 1 T
LCCZt = — a;’i = )\w 6(n+g) / 8_(pi+65)(8_t)PiAidS
S,pv
_ (gt i
Al

Now, we were trying to measure the model in stationary form, by taking the
present discounted value of the welfare costs and the marginal value of wealth. The
stationary local cost of carbon LCC); writes:

X T et S gy

LCO _ T = — — —
N JfemPit A dt

The numerator can be rearranged:

T
/ e PNt = / e PL/ P05 NS s dt

0
/ept/ —(Pitds)(s—t) A zx)\Tdsdt

= Aixm/ / e Pise 0 =ONT gs dt
o Jt
T ;T , T ,
= A;xP; {u(cl)/ /e‘pise_‘SS(S_t)D" (T;s)ds dt—|—/\;?”ziF(ki,ei)/ /e‘pise_és(s_t)l)y (T;s)ds dt
0 Jt 0 Jt

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

variables y;, ¢;, e;, 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:
X T e mtent Sy

LCC _ T = — — —
N Jle=Pit Al dt

Suppose one conduct the unilateral climate policy, choosing yearly oil con-

sumption per (effective) capita [elf ], internalizing the climate externality €, at every

period u, and considering that the revenue of the carbon tax is redistributed lump-
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sum tés = {ftfe‘lf. The FOC for elf becomes:

— T /T _
Pin (€565) + Py /O / e PitASe=0s(t—w) (nitguet gt gy = 0
u
= tf = LCC;
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.

Summary: Climate model

Here, we summarize the climate model, and express the present-discounted

damages D(E), normalized by discounting p; = p —n — (1 —1)g;

t
S, = Spe % +/ e—ds(t—u) (n+)ug gy, Ty = T + AixS,
0
pi (" y 2
—u o (3 —pitTyu ] —1 - i Bty 4
D (5) - 1_6_51TA € D (ﬂt)dt D (5) - 1_e—ﬁiT/0 € D (Et)dt
= = T
w o Pi v Pi —pit yw
)\i — 1 — e*ﬁiT )\’LT — 1 — e*ﬁiT /O e )\tht

T T T T
X;;,Lcci — AiXPi [U(CZ)/ / e*ﬁisefés(sft)pu’ (Tit)ds dt + )\;-“UZiF(ki,ei)/ / e*ﬁisefés(sft)py/ (Tit)ds dt}
0 Jt 0Jt

€= milele] + &)

i€l
Summary: Economic model

u'(c;)D(€) = XigP;

piMPel = ¢f +¢ft piM Pef = q° + 5
piMPej =q" piMPki —0 =7 =1ng;+p
¢ = Cen(ef Ri)P;
S = L] f = & = =iF, ¢f =% = B,
i€l 1€l
Di(E)%F (ki e;) = %Tkicki + %Tki (xf; + af; + s + 7))
S €

£=S"piele] +¢cef)
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3.12 Policy

In this section, we provide details on the three policy benchmark, considered in
section Section 3.5.1 and Section 3.5.2 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.

3.12.1 First Best

In this allocation, the planner chooses = = {c¢;;, :cfj, ef}, i.e. the traded good
f ¢
K K
and the energy demand, in fossil e‘if , coal ef and

for consumption ¢;;, for energy inputs for the production of in fossil z;;, coal x

k

non-carbon z!. or capital Tijs

1)
non-carbon ef.

The welfare criterion the planner maximizes is:

W = Zwipiu({cij}j)ﬁuw)

The Planner Lagrangian — in the First-Best allocation — writes:
L(z,A) = Zwipiu({cij}j)ﬁu(g) + ! [Z ef —piel] + Zxﬂf[éf — Pief] + Zxﬂﬂéf — Pi€;]
i i€l I I
+ Z Piwi¢; (E— Z Pi(¢le] +€%€5)) + Z wipiA [Pz D’ (E)F (U, ki e;) — Z P (Chitah, +ag+ah;)]
I i€l i kel
where we rescale the multipliers for the market clearing for good Ap;, for fossil energy
Xuzf , coal energy Au§ and non-carbon energy Ayl 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:

o Consumption

1/6 1/0 ~1/0 ~

[cij] wiPitd (ci)e; "t e T = PiTijwipg A

Y —0
Cij = QijCi (Tz’jwm wiu/(@)
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To get the ideal “price”

index, we aggregate:

o Climate damage through carbon emissions £

€]

Decentralization

=D _Piwi¢; =
I

=) Piw; [u(cl)
I

0—1)/6 0-1)/0 (6—1)/6 ~ 11—
= Cz('j O fuogud (c))P~ 15 )/ 5] 4 (rijwipin) 0
-1
- 1/6 (6—1)/0 —1 (6-1)/0
= ¢’ :Zaij/ cl(-j )/ :[wiu/(ci)]e 102( /Zaw lew]u])\) -0
J J
_ 1
witd (e) = X| 2 ayj(rijwing) ) 1
J
o Energy inputs & and %
~ 1/6 1/6 —1/60 ~
[zij] Nl ()} aij/ i 10 = mijwinh
0—1)/6 — 0—1)/6
= xﬁj ) R e
L _ _ _
= (@) Z YO0 = )P~ @) O D03 g (i)
J J
01T
Mzg( {Zaw TZJWJM]) } -
J
e Energy demand ef
[e‘if] wiPiuZ’XMPG{ = PiXuf +77i§f)\8
¢5
= WiMiMPGi :[Lf—i—fgf
gbé'
6] wipiM Pef = p§ + €
[e7] wipiMPe] = 1}

)1—9

DY (&) + MDY (€)ziF(ei, 1))

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 _
Cj



where we recognize that the multiplier ¢5 is the welfare value of one additional ton
of carbon (the welfare cost comes from the minus sign), and \ the average marginal
utility of consumption — or marginal value of wealth.
Indeed, the First-Best allocation equalizes marginal utilities through the con-
dition: . .
5 _ wit(ci)Di (€) _ wjule)Dj(€) Vijel

P; P;

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

AP,

/—1 1 .
;= —— |, Vi el
ot <w¢D§-‘(é’)> '

P, = wi&' + 7Tzf + tés
In that cases, the transfers tés are designed, such that the consumptions are equal-
ized. This implies redistribution, as t%s < 0 for some countries and tgs > 0 for some
other countries.
The price p;, output subsidy ti/ (or inputs subsidy) and tariffs tgj in the al-
location are determined such that the FOC in the goods demand (for consumption

and energy inputs) are satisfied:

(1+tY)p; = wip

1

P; = [Z aij(7ij (14)py) 0| 7
j

1
1-0]11-0
P = | agj(rijwmg) 0T
J
A priori, there could be multiple sets of {tZy, tgj
It can not be characterized further, because the prices p; in the Armington model

} such that these conditions are met.
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 :

¢ = q§ = s q = 1}
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Finally, the optimal tax is simply the Social Cost of Carbon (SCC)

(€ — ng . o u(CZ) ﬁu’g ny’g Fle: 0:)D; 0
T = TP [P+ DY) ] >
=Y Pw; [VCCiPz‘ + Vy?/ipi}ﬁi@) >0
T

where the second line uses the functional form (CRRA) and our simple climate
for the damage of future path of temperature with quadratic damage: 15(5) =
p iy I e~ Pse—0s(s—1) (T;s—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 instru-

ments (like tariffs or subsidies) are constrained and prevented to do redistribution.

3.12.2  Second best: Ramsey policy with constrained instruments

In this allocation, the Ramsey planner again chooses & = {c;;, xfj, ef}, i.e. the

f

traded good for consumption ¢;;, for energy inputs for the production of in fossil z; i

c r : k
i non-carbon Tjj Or capital T3,

and non-carbon e, as well as the carbon tax t* and the prices p = {p;, q/, a5, q; }i-

coal x and the energy demand, in fossil er , coal €f
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: X = {p;, uf, p; } and wf, % 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, 95 for the production
quantity (supply) choice of energy firms ¢ = f, ¢, 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 4, ﬁfj 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 x = {cij,xfj, ef, P q’, 45, q; ,t°}; and the multi-
pliers are
X = {0 i 1 1§ o 66, 07,08, 0%, i, 95 Y05

We see that the Ramsey planner, in choosing t°, with other instruments fixed
at baseline value t?j needs to account for many redistributive effects through all the

agents decisions.
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Zwﬂ)z Cz +ZW2P1 ( (8) F(t;, k276{7 zveb

- [ e Z%Tmpj (1+t2)) ]+Z{ () = Do wyign; (14+47))}
; .
J

~ (" +€70)e] + (€945 + el + (mirtgi+dki + iy +11°) )

+ > wipik (Pipy(g)zip(% kive') =3 Prrpicri + > Tki(xii + x; + xzz-))

H kel kel
{Ze _Pl } Zwlﬂzqz 6 _PZ Zwllu’zqz 6 _PZ )
1€l
+ S wiPigf € — 3P ffef+fc ¢ +Zwﬂ%¢z (P A=/ (c;)D"(€))
1€l 1€l
+ Z sz zt( it — %tg )+sz Pz( [ f"’gftg_piMPeﬂ‘{’
te{fer} I 1€l
+ vf [gf+E4° —pi MPe | +f [¢"—p;i MPe] | +0F | pngi +5—piMPkiD
——
rit+g+n
11 _1
+ 0 wiPimijeifl (144705 — Picf afie; 7]
1,j€l
A I
+ Z Z w;v 7,] 1+t23)7'23p] z(ajz')eaij(xij) 7]
te{fcrk}igel

Let us go over the optimality conditions of the planner. Note, that — the prob-
lem 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:

 Consumption: ¢;;

Lol 1 17 (14t;)p;
w;Piu (CZ)CZQ afj 236 wipi)\iTijp] WiPilTijPj + szzng%e”CijUJ(l Sij) =0
i il =0 ' (c;) \0
Cz‘j:aijci((Tijpj>[1+ j)\], ;%(Ht?j)(l—szj)]) ( v )

Z 1 2 1
1
_ Wiy Ml _p\ 19

UI(Ci):/\i(Zaij‘(Tz‘jpj)l i+ L2~ S (14t55) (1—s45)]" 9) = \;P;
7 w; Np N0
:1+tij

We see that the the consumption choice ¢;; is distorted due to (i) the fact
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that demand for good j change the market clearing of country j, hence with
shadow value 1, and (ii) the FOC is distorted with value 7;;.

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

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

.
D ) .
Jafic? — NiTipj — .P@“JTZJPJ

: <“’<cz-> 1 1+
W b
) IPZ )‘ 1+tw

The distortion is positive 7;; > 0 for redistributive reasons, related to the
budget of i and the market clearing of j. If u/(c;)/P; > )\; and t?j ZJ KJ,
then the planner would like to distort the FOC by increasing the bilateral cost

(1—"131{7-)7'1']'})]'.

If tariffs are set optimally, we have n;; = 0, — from the above equation — we

. 7
obtain that \; + %Mj = ué,fl) (1+t;;) and hence

Wi Ky

b
142 =1
+ oy

for a hypothetical optimal tariffs on consumption imports. By consequence,

M = )\;. However, for arbitrary policies

the FOC of the household is dlstorted and n;; # 0.

we would also obtain naturally that

Z]’
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e Price p;

WiPNDY (E)F (Ui, ki er) — S WrPrMeThiCki — 3.0 > Wk PR AR Thi L

K ¢k
(1+t,;)p; OP
> wi P {sz MPe] +vf MPe§+0} MPeﬂ + > Zwkﬁit(TM( i) B k)
iel el fer) k Py Pi
Thi (1 4tk )Pi OP,
+ ) WEPECEiMki | Tk (1+t;) —
% KPECkiMi | Thi (1+0ki) P 8pz-}
+ Y Y wrPraf V(L) [ sg] = 0

e{f,erk} k

wiPADY (E)F (kiy €5) = 2 WP Thichi + 2 Thithi| — Do wiPi [U;fMP‘fzf + vi MPej
k ‘

icl
+vf MPe] + v MPef| + 3" 3wl (7 (1) s
te{fer} k
+ > WPy (Lt (15 <Ck:i77k:i+ > xiﬂ%) =0
k te{f,eork}

This balances out all the redistributive effects: through A; on supply from i
and on k’s demand )\, the distortionary effects on energy choice vl and energy
production Qf , and the distortion on the bilateral import good choice ny; for

consumption and 19€ . for inputs in energy inputs.

o Energy inputs: a:fj, for ¢ ={f,c,r k}

SaEs

1 1 1 1 1 _
wilki + et g (@) (@) P al ()70 —wiblafg” (xf) (xf)al(f;)

1
—WiAiTijPj — WjHyTijPj — wﬂ%jgTz‘j(Htij)pj(Sij—l) =0

¢ 08" @ 0 T R b b
{Mi_ei ; g}qig(%')( i)7a;;(x;) ":Tijpj[tij)\ﬂr 792]6,(1+tz’j>(1_5ij>]

1"e X
g9 (%) 1 1
i =0 = ‘{UA+1M Oy 5 (L+t5)(1 = s5)]

As for the consumption good above, this input choice x - for energy produc-
tion — which resembles a production networks/supply cham problem — bring

additional distortions for each energy price /, i.e. 9., which we can reexpress:

17°
Wi i
¢ _ 0 ¢ d'@)y 1t aN
Vij = 1 {Mi_ei/ E}_ b
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which resemble the expression for 7;; 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 Hf — weighted by supply elasticity, related to ¢’ /g’, in
i b~ Wikj

the case tariffs are such that ti; < &, Ve

Again, in the hypothetical case, where tariffs are set optimally, we obtain

ﬁfj = 0 and thus:

1+tb 1+
Wi \;

959 "(2 )
(%)
set suboptimally, we have ﬁfj # 0.

and therefore: ,uZ However, in the standard case where tariffs are

Price qf , for coal and renewable ¢ = r, ¢

1
P og(wh) — ef] + wi(Pivf - g/ (o) =0 = Pl =g

7

since the market clearing is local at the country level, there are no redistributive
effect across countries and the distortion of demand Uf equates the distortion
of supply Of .

Price ¢/, for oil/gas

Zwﬂ)z P {)—6 +ZW2 Piv; f g’(x{)ng):o
i

At the difference of the FOC for qf, for local energy sources, the oil-gas is
traded internationally and therefore, changing its price has redistributive ef-
fects between countries depending on net-exports g(xf) — Piezf , through the

covariance between those net-exports and the marginal value of income \;:

Z%PA g(z]) = ef] = Cov(wini, g(a]) — Piel)

Z

Energy demand ef

WiPiA; (piMPef —q ) =+ szzﬂzpzMPe — W;d; /%7)2 (bepifg

—Zwﬂ?zpw 8gMPe =0
g/

We see that the energy demand choice by the planner internalize multiple
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¢€

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 Uf/, and weighted by the terms (961;M Pefl which relates to the cross
elasticity between energies ¢ and ¢'. Moreovlelr7 it internalizes 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:
wiNi€lE + wiipiMPel — of uf — ¢7¢) — sz'pivflaefMpef/ =0
7 i
Coal:
WINECE + wigtipi M Pe§ — wigfu§ — ¢°€° — 3 wipivf Ope MPef =0
7
Renewable / non-carbon

/ !
winipiM Pef, — wigf i — 3 wipiuf ae;MPef =0
E/

Carbon tax tf:

S wipiv] el +vfg) =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 distortions sum to zero: a positive distortion — multiplier

f

v; > 0 —need to be compensated by a negative distortion vj; < 0 for another

country, or across energy sources.

Climate damage:
Y Piwidf
I

=Y Piw; [u(cz’)pw(c‘f) + (N + ) DY (E)piziF(eq, i ki) — DY (E)pi Y Uf/Mpeﬂ
I Va

The marginal cost of climate change can be summarized by ¢° and it internal-
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izes the direct cost Diy/(c‘,’ ) and D () of climate change on income — hence
the multiplier \; — but also the effects of climate on good production p; and

on the distortion of the energy demand optimality Uf .

Reformulation of the carbon tax

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

the formulation of the tax:

Wi)\ifft€+wiﬂipiMP€f ¢/ — 7 eh =S wipul 3fMP€ =0

g/
p 86 MPe 4
> wiPidi ¢t =&l + ¢/ p — (¢f +¢T ) Zwﬂ’mz + Zzwﬂ’zv o
\q:—/
=\

Which gives, when aggregating over all countries ¢ and rescaling the multipliers for

the good market clearing ji;, the ones for energy eé distortion v U , a formula for the

carbon tax:
/0
fe—el O 4 g (el s N
3 S S )ZZ: Jii, ZZ L
\SgC " y; Trade 4
- EJ supply redistribut® 74 d
redistribut® €; . imig
istor

We now use our model’s functional form assumptions to further simplify our formula.

Simplifying the formula
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» Rewriting the social cost of carbon (SCC)

Ws 77 )\ w Pz 7
e ZZwm e
¢S = — {u(q)ﬁw((ﬁ') (i + Mi)D? (E)pizil'(ei,4s) ]
| ()D€
with A = — and CRRA u'(c) = =
D)= (07©) " D)= (1- (D) D)
we)D(E) _ e 1 e oD )
WD @) Tmiprg, T
ﬁ = _[Aeric D“'(g) Aitm @y’(g) DY (E)z;F(e;, b
S S 5(5) 3 5y(g)pz z()z (Za )
above.

DY(T —T*) = B (T-T7)?

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

S DT - TY) = ~DUT - (T~ TY)
S =E— 6,8,
Ty = Tity + AxS;
D" () Ax
— —t—o00 it ) — Y Tl — Ti*
Dy(g) t—00,Ti;—T; P n+(1—n)g+657 ( )
e A (T — T* , ;
& = X(Z; 7} ) épicm%— Ait pa
A p—n+(1-n)g+ds L X

ry U
X, 4q;
Reexpressing the total global social cost of carbon

¢€
SCC =P Z w; P =L

with the rescaled multipliers for the budget constraint: A

r k
ereyy Vi gy Vi
T % (qereet)+ Ut
The Local Cost of Carbon, for country ¢ if w; = 1,w
LCC; = o

i
Ax(T; — T*
,PZ X( i
1

of
7 f fs
1J +t
3 piyiy” 7(/\( o)+

= (p+n§))]

@i Ax(T,- - Ti*)
Xi

;=0
p—n+ (1-n)g + s

{chz’}/ +(1+ X )pzyz'}/
f VE ol k
(@) + S 654) + S+ S ()]

=P > NLCC;

? ) [ ~ N
2 MN:P:c: c \: .
o—n+ (1_n)g Iy i Gy +( 1 +Nz)pzyz’Y

— ¥ (0] (¢f +€745) + DF (g +€°4°) + O qf + O (p+ng))]

_ wi@)\z‘ _ Wﬂsz/%\z
A i wiPiXi’
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the multiplier the FOC demand o; = wﬂ;"w, for the multiplier for market

clearing for good: [i; = % and population share P; = %

_ €T 1+V1
o Isoelastic energy supply curve: zf Y (%Z) R;

- 1+

Vi -1 H(l’f) Vs 1

) — R THy 9 _ 4

9i(7) i g (zf) 14y

As a result, FOC of energy inputs [:C{ | becomes:
"e.f —v: 1 1+vu;
f gl O gf T L of = LEVi g
H wyY; g/(mf) Wi 1+yil'lf Wit Vi Ty

Moreover, the FOC of energy price [qf ] becomes:

2

.. T\ 14y T\ —V;
_ ity v <62> 172(62) ‘51
a Z vi 14+1v;\R; "\ R vi
1

1+y
Switfg @) =—pf 3 — Ll g/ (a])
(3 1

of (o) = —uf S f(l 6?1—>
;erzg(x) 2 ;Vi— :LL/ Ef(z@: sz
=7
As a result, we have, with the aggregate elasticity v
f_v D\ f e = _ e ~1\~1
Iz —EZWZPZ Z(ei—;) V—(Zﬁ%’ )
) L i
f 7 D\ T
14 v wWiPiNi , [ €
E_p 2 A S
)y Efzi: NG )

¢ Nested CES framework:
/ 1 / ge—1 #
Energy e = ( ()7 (ef) )
Y4

Output  y; = ((1 — es)%(el-)aT + €i(k?€}_a)) -
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FOC for fossil energy demand:
= [0/ 8.s MPe] + 08,1 MPeS + 0] 0o MPel + vFd,; M Pk;]

1 1-s°

fl_

and when normalizing by A

1 1-s°

1—
1 g ) [

_gf R 1
Uf +s ]+v7qrsf[; -

1 ool
SARCACE Y]

fie _ rorgl [ _175° k*’L}
Jto (g +€76)s] [ = — ol s] [ —— ol 40) =

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

we obtain:

p e st e q;
e; Pi¥i

oY

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

~ v N “T D
= dPYNLOC +a! P S Nie] = 00) — (] 4l 6) > - >0
i ¢ !

7

¢/t¢ = ¢/ PE[LCC,] + PCovi(3, LOC) + ¢/ P Covi (M. ef 55

=Social Cost of Carbon EJ supply
redistribut®
. =f
— (@ +&) Eilp) - E[D;]
Trad !
Yyilrade ¢! demand
. . o
redistribut " distort®
=f

With the demand distortion of fossil fuels v;

o R B sf o plesty Feeyef [ L 1257
o= | O+ sl ] 4 5] [~ ]
1—g er/y
—l—Uqu {[;—T}‘l"l) (T +5) Oy ]
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and the social cost of carbon SCC as:
SCC =P Y. N LCC; = PE;[LCC;| + PCov;(A;, LOC,)
7

Ax(T; = T7)

-Py i

~ p—n+(1-n)g +ds

[)\iPiCiVC + (N + Bi)piviv?

— (0] (¢ +€4°) + DF(gf+€°4°) + OF g} + 0 (p + ng))}

with the rescaled multipliers for the budget constraint: \; = wiPidi wﬂ) Ai

A D wZ’P i
the multiplier the FOC demand v; = @, for the multiplier for market clearing
for good: ji; = %

Simplifying the multiplier for the FOC for energy demand

. Iy . el
gl =elp (Ej [LCC;) + Covi(A;, L(ch)) + PLCov; (3, ] - Pfj)

el VBT — (of +el ) Cov(d . 125
— (@ +&)E [15] = (¢7 +€7t7)Cov (07, —)
oe:
(3
where the last equality comes from the fact that |E;[o; ] >0 U ol =0 by the assump-
tion that there is no aggregate distortion — only 1nd1v1dual dlstortlon — when the
uniform carbon tax is set at the world level and Ei[ezf — p—l] die z % =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:

Pi

f+§ft5 1— S €f¢5 +qf / _Wz/%( f+’£ft€) — wiA sztg

wﬂ?ﬂ)

The distortion is higher if the welfare motives in terms of cost of climate change ngS ,
supply redistribution uf 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 wiPi'UZf =0
f

1 ovel qf +efte oYe;
f S fie D \s i Ty (2
é‘ ¢ + q ZPZ — ? qf—|—§ft€£ t zi:wzpz)\z I—Sf qf+§ft€ zi:wzplﬂ"b 1—5? 0

1
a/+&7te

yef vl vl

oYe; g’e; o’e:

¢t § wiPiAi 71—32 = (¢7¢° + ¢ p') § Pi 71_52 — (a7 +¢7t7) E Wi P g T_gle
i i i i i

%
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_ vel Y,
Divide both side by A = 3°; w;P; \; and by E%% =37, PZ 1= e and és 7 = ﬁ’
17 175%
it becomes:
PN 1 ovel #° Foo1 ovel wiPip; 1 ovel
fie WiPiA; i _ (e 97 e -~ i (gf 1eTtE iPilli i
ST Fe e - S TS ZP s @+ )zi: N Bl
fie 1 f q¢'v e Foehie o
ele = [g PSCC +PLICov; (3, ef = 5) = (o +747)Cov, (75, 77)

1+(COVJ(AJ,’\50)

It implies that the carbon tax is dampened if the Planner puts larger social weights

f

on countries that use a lot of energy e; , with a higher elasticity 0¥, and as a larger

energy share in production sf, resulting in Cov; (3\], A‘; U) > 0. If this covariance
is negative, then the carbon tax is amplified, and the planner optimally chooses a

higher carbon tax.

3.12.3  Unilateral policy

In this allocation, the Ramsey planner now maximizes country 1’s welfare P;U;,

} i.e. the traded

f
’LJ ?
and the energy demand, in fossil elf , coal ef and

choosing the allocation in country 7. It chooses x; = {ci], i €

good for consumption ¢;;, for energy inputs for the production of in fossil z;;, coal

”, non-carbon z; ij or capital J?Z],
non-carbon e}, and the prices p; = {p;, qf ,q5,q} }. For the policy instruments, they
choose the country i carbon tax t; as well as the set of trade tariffs {tlz?j }; against
country j. Moreover, we consider the Nash equilibrium, and the planner ¢ take as
given the policies of the other countries j, i.e. ©; = {cjk, xﬁk, 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 7 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 7, i.e. ,ug.i): SO ,uy) 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 10) represents the shadow value of
producing one extra unit of oil-gas (in the market, so produced by any country), as

internalized by planner ¢. However, the market clearing of j for coal and renewable
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are not affected directly, only the market in ¢, which we keep denoting x§ and .

Moreover, for climate damage ¢5 is the shadow cost of one additional ton of
carbon emissions in the atmosphere as seen by country ¢. For the other multipliers,
we use the same as before: \; for the budget constraint, ¢¢ for the consumption
decision, Hf for the production quantity (supply) choice of energy firms ¢ = f, ¢, 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 7, 194 for the import choice for inputs from j for the energy firm j. We
are only con51der1ng those values for country ¢ as the planner does not affect directly
the distortion in country j.

As a result, the controls are x; = {¢;;,v fj, Z,p,,qf qa,q; , t5, tb }j and the
multipliers are

)

N = (i i ), 68, 6, 0, 6% g, 9% ).

The planner i’s Lagrangian writes:

Lz, Ni) = P; u(cZ)D (&) +PiX; ( D’ (&) fL, k“el ,e5,er) + L [q g Zx”njpj(l—i—t”)}
J
+Z{q - mejnjpj(1+t§?j)} — (¢ +€7t5)e] + (q°H+€°t5) el + gl el + (nit+gitd)ki + cipi + t?))

+ 20l o (PDUT e ) = 3 Patens + 3l + s+ 1))

kel kel

+Mf<1 (D er —piel] + psaf (&5 — piel) + i q) (€ — Pie])
i€l

+Pidf[S = Pi(le] + %) + Pigf (riA! — v/ (c;)D + Y 0i(ri—glg'(=])
i€l Le{f,c,r}
+ P ( (¢ +€745)—pi MPe]] + vf [(¢5+€°t%)—pi MPef| + ] [¢f —piMPe] | + v¥ [ p+13: —piMPki—a})
ri+g+n

11 1 L _1
+Z7>m”c”[(1+t”)7'”pj ch agic;’ ] Z 2191] ij[(1+635)7i5p5 — i(xf)f*afj(xfj) 7]
jel Le{f,c,r} jel

where wj(-l) are the weights planner ¢ puts on market clearing j, and w; = 1.
The First Order Conditions of the control over home variables cij,xfj, ef . Di

write:

+ Consumption c¢;;

5.8 "7 1755 (1+t;:)ps
Piul(ci)cig afjcije — PiAiTijPj — ( )Pzﬂg )lepj + wiPicijnij 9%(%], —1)
1]
<'>#@ i 1 =
1-6 2 b 1—0 —
u'(c;) = )\i<2aij(ﬁ'jpj) [1+w; )\L — %5(1%”)(1_3”.)] >
J ) )

_1a4b
=1+,
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As before, if t?j are set optimally, we obtain:

7
0
Ai

1+t = 14w

The optimal tariff on j internalizes the change in demand through the market

gi) > 0,
planner ¢ would like to relax the constraint for j and thus reduce demand,

clearing of good j and uses this shadow value to set the tariffs: if p

hence setting a positive tariff t?j.

Moreover, in this context, the distortionary effect on the ij trade, denoted
by n;;, is zero. Indeed, now, since the planner can manipulate that decisions
freely, they choose to avoid causing a distortion 7;; = 0.

l

e Energy inputs: Ty

1 1 _1 1 1 _1
i + pilgi g () (2) 7 al (2;) 77 — Oq; 9" () () 7 af () 70

i 1
— )\iTijpj — CU§ )NjTijpj — ﬁijaTij(]-"i-tij)pj(Sij — ]_) =0
g (af) 11 _1 IRC 1
0 7 (20 }qu’(mf)(mf)@af}(xfj) 7 = TiDpj [t?j)‘i + w§ )ME) - ﬂij5(1+t?j)(1_5ij)]
1"( L
0 i)y 1 b (@) () Lo
{wi —0; 7= }= b [ = tohi +w;”p” — 19ij5(1+tij)(1_8ij)]
7 (%]

Choosing tariffs optimally yields again:

b i) Hy
tm:@§‘f
2

1"e b

9" (z;)

191]:0 ,ufzef, 2

9(37@)

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 ¢ equals the
distortion from the supply of that energy Hf — weighted by the supply elasticity,
related to ¢ /g’

For oil-gas, since the market is global and the supply curve is strictly convex,

we get:

For coal and renewable energy this implies that pf = p} = 0 and there is no

distortion of the market clearing for these local, again because the planner can
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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
Pidil-g(wf) — ef] + (Pivf — g (2)0)) = 0 = Py =g @)

1

« Price ¢/, for oil/gas

This implies that the total net distortion, between demand Pivif and supply
Glf equals the net-import Pie{ — g(x{ ).
; b
L4 Tal“lffs tZ]
I 1—|—ti‘)p- 6]1% Ti‘(l-i-ti‘)p‘ aIPZ'
Z Hf(TJ< S B )+7’mij(7ijpj— 4 12 - )
te{f.c,r} P a(1+tij) P; 8(14_%_)
i (1+ti;)p; O
T Z 1913 zJ<TZJJ : _J —) =0
te{f,crk} Fs a(1+tl )
= Z Qfsij—&-nijcijm(l—sij)—i— Z 192] ZJ 1 SU) 0
te{f,er} ee{f,e,r,k}

As we saw that the tariff is set optimally, we have no distortion for each good
sourcing: consumption 7;; = 0 and energy inputs 196 =0, V/.

This implies that for all the goods sourced, we obtam.

S 6=0

te{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 ¢

Pl/\lﬁy(g)f(k“ ei) — Pi [Tiicii + Z Tiixfi] — P; [UZJCMPE{ + ’UZ-CMP(i? + U;MP@; + ’UfMPeﬂ
4

+ Z 0% (Tia(1+t33)833) + PiTia(1+t3) [1—s44] (Ciinii + Z CUM%) =0
Le{f,c,rk} Le{f,e,rk}

= N\ @y(é’)f(&, ki ei) — mii(cii + in)] - [U{MPeZ-f + v MPeS + vl MPe! + UfMPef] =0

since we have no distortion good sourcings: Nij = ﬁfj = 0,V/¢, and use
de{ f7c,r}ﬁf = 0, we have that the planner would like to balance out dif-

ferent effects.
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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 \;p;y; via
income, and allow to demand more energy Uf, but at the same time balance

out the cost for its own household and energy inputs A;(c;; + >y xfz)

+ Climate damage per capita ¢; from changing emissions &:
6 = [ue) DY () + O + DY (EpiziF (ti, ki)
— DY (&)pi{v] MPe] + vfMPe§ + ] MPef + vf MPek}

+ Z wj(-i)uy)Dg'(S)pjsz(ﬁj, kj, e])}
J

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 \;y;. It also distorts the input demand Uf through its impact on
firm productivity.

(i)

Moreover, it also impacts production of good i through market clearing p, .
Interestingly, climate also impacts the goods production from countries 7,
which affects indirectly the country ¢ through imports i: as a result, the plan-
ner ¢ does indirectly account for the impact of climate on other countries j
through international trade — because it cares of its own imported consump-
tion ¢;; through value ,ug-i)
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 tf:
Pi(v] el +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.

o Energy demand ef

y / !/
PiXi(piMPef—ql) + Piﬂgl)Pz’MPGf — g P — (Pig5)Piet =S Pipjul 3eeMP€f =0
o ‘
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Oil-gas:
Nl s + ugi)piMPe‘f - qfuzf(i) — (Pigf)el — prflaefMPefl =0
7 i
Coal
NE + i DiMPe§ — qfu§ — (Pig)E¢ — S Pipyol e MPef =0
7

Renewable:

, / !
Wi MPe} — qiuf — 3 Pipio Oer M Pef =0
;€/

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:

nelt5 = i pivtPe] + w4 (Pio)ed + X pif 9 M Pef

é/
(4) f(@) €
fee— P gp M p o (Pifier
&'t VR vl S s vl
vf J e Ul .ok k
+ |p; jy 86{]\/[Pei + )\iae{MPeZ + )\iaechPeZ + j 8{3{]\4]36Z

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 :

€
LCC; = Pi?_
i

Moreover, this scale with population: if the country is larger P;, the tax internalize

more the damage 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 8ef MPef.

i

Third, a redistributive term linked to the energy market clearing uf (i), if the planner
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7 would like to relax the market for oil, or reduce oil demand, i.e. a positive ,uf (i),

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(-l). 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 con-
sumption \; = u/(c;)/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 (o0il/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

f
(3
effect drops out.

and v; = 0 since the tax can completely offset distortion. The second distortionary

(i)
J
easily as they depend on the general equilibrium effects and international trade in

(4)

Unfortunately, terms-of-trade effect ;~ can not be expressed in closed-form

and p

the Armington model, usually not tractable

Moreover, we have the isoelastic supply curve €] = g(x; ) that implies the term:

gy 1
g,(xi ) 1+v 2
From the optimality condition for energy inputs goods :clf we had:
mef
S0 gl 9 (z3) oy Lo

i - , i
gal)  IHvia]

where v; is the oil-gas inverse elasticity for country 7, and Glf is the supply distortion.

From the optimality condition for qf we have, with simplification thanks to isoelastic
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pf @ = e; Ai(P; { ey)

As a result, 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 qf to benefit for better terms-
of-trade. This is the same logic as the global social planner of Section 3.12.2, as a
smaller scale, and weighted by the country i production ef 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:

(4) [z
(3

{2

As a result, we see that the optimal carbon tax can become a subsidy if the
terms-of-trade manipulation motive /LZ@ is large enough, if the energy-supply redis-
tribution term is negative, for example for oil-gas exporters, and if the local cost of

carbon LCCj; is small.

3.13 Welfare decomposition

3.13.1  Summary

This welfare decomposition is described in thorough detail in the companion
paper Bourany and Rosenthal-Kay (2025), and 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.

There we compute the change in welfare, linearizing the model around the
competitive equilibrium where t& = t¢ = 0 and t?j = f?j = 0, where policies are
identical to the “status-quo” I start from a climate agreement [J of J countries.

Those countries are indifferent between being in the club or not, since the policy

255



(5, 1

RN
turbation where those policy instruments are increased by a small amount, dt§ and

) = (0,0) does not affect the equilibrium. I then consider a log-linear per-

dtgj respectively for the club members ¢ € J. 1

denoting dInz; = % for any variable z;. The carbon tax and tariffs are
(2

b

increased by dt; and dt;; respectively for the club members i € J.

J

Jdt® = {1{ies) dts } Jodtb = {]l{iej,ﬁj}dt?j}ij

i
with J = J; = 1{ieJ}, and J = Jp,; = 1{ieJ,j¢T}.
The welfare decomposition of individual country 4, defined as U; = u({c;;};)

the indirect utility is computed as the consumption-equivalent welfare change:

P nédinp; + | — 1%L — nfsés] +77?(1+i)]dlan - [?7fo(8§+8?)+?7?$ +1|dInp;
1 (A

where n¢ = %L with z; = ¢;P; is the ratio of final good output in comparison to

z
. . . s
consumption — which can also come from energy rent. The counterpart is ] = —-.
(2
Th hare s¢ = 995 and the share of oil 1 ble sf — 519,
e energy share sj = 7o and the share of oi -gas/coal /renewable s; = et BOverns

—1
the impact of energy prices. The aggregate supply elasticity v = (Zi AN 1)
represents the oil-gas supply curve, and the climate damage 5; = v(T;—=17)T; sE/S
is represented in a static fashion — with € the emission of that period and s& /S=¢ /S

with & the carbon concentration in the atmosphere.

We observe that most of the impacts arise through aggregate quantity of emis-
sions and fossil fuels consumption, which then affect world prices qf . For conciseness,
I express all the General Equilibrium effects on fossil quantities as a function of price
qf: dlan ~vdlnEf + ...

The countries affected the most by a change in equilibrium quantity of fossil
fuels consumed E7, price qf , and thus by carbon taxation, are the countries with
high sensitivity to dIn ¢/. A reduction in fossil demand benefits the countries that
have large damages from climate changes 7;, as well as large energy share from
fossil szf . 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 called the “energy price leakage effect” in the literature. However, this decrease
in price hurt fossil fuel producers as it dries out their energy rents, as summarized
by nf(1+%). Moreover, there are 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
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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 S‘Z-f = 1,5{ = s} = 0. The details of the

derivation are provided in Section 3.13:

v

1+’§/+COVZ()\f, i) +

ding! = — 7fZ)\fJ dt5+262dlnpz

pygead

—S;

with the market share )\f _ Pie ’ for fossil, and weighted by elasticity )\f

€
1

and its average A7 = ¥; )\{ 1‘71

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 qf , by a factor v — the aggregate energy
supply elasticity. Moreover, the energy curve qf is affected by climate change: more
emissions imply larger damages v = >; 7;, 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 )\f and high elasticity

o in the term )\f = )\f 57 associated with larger cost 7;, this effect is stronger and

the demand curve is even steeper and more inelastic.

Moreover, carbon taxation t& and tariffs tg’j have large general equilibrium
effects, through leakage and reallocation, and affect y; and p;. I can compute these
changes in prices in equilibrium:

dlnp = A—l[_ (I-Tov?)a? 4 + T(’erCDl—i-Uef o

ey — <(I TovY)a??*— )1% dingf

+[- (I-Tov")a? 7 + T(v o )]@Jdln t° 4 6(TSeJodln t’ — T(1+S")o(Jodnt’)’)

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 companion paper Bourany and Rosenthal-Kay (2025).

3.14 Climate agreement — Solution method

In this section, we detail the general formulation for the climate agreement

design, which combines a policy choice and a combinatorial discrete choice.
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3.14.1 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).

choice in two ways:

meax > witdi(J,t) = maxmax Y wili(J,t)
’ 1 )

1 40) 4
:mtaxgl(%ﬁczi:wiui(ﬂ,t)

where U;(J, t) the indirect utility can also be written with
U1, ) = Uy (3t 1%) = UL, {1} 0,1 10)

with indicators I; = 1{i € J}.

We can split the

Depending on how we split the joint problem, it leads to different treatments.

In addition, I also add K additional constraints g (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:

JePI?]I&)L?(teTW(J’ t) = max rtnea%%:wiui(ﬂ, t)
s.t. U(J,t) > U (D\{i},t)  Viel [\
t

gr(J,t) = 0 (k]

v

Define the marginal gain of j € J for utility of agent ¢

We define the Lagrangian function for every possible coalition J

(P1)

L6 plI) =W t) + > NAUT ) + D ppgr(J, t)
2

1€]J

Rewriting and using standard optimization arguments for the Lagrangian, and then
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maximizing over J:

max max min £(J, t, A, p) < max min max L(J,t, \)
I Ap J Ap

If W is concave in t, for every J, where the optimal t and A are implicit functions
of J

(P1(])) = max min £(t, A|J) = min max,C(t A ull)

A A
= min max Y wldi(J,t) + D NAU(T,6) + > prgr(J.t)
Aot e i€l k

Step 1: First, if the constraints functions t — A;U;(J,t) and t — g5(J, t)
maps into ]R%L (for t € R?), then we can solve the first-order conditions, with the

gradient Dy:

t*(J) s.t. > wi Deldi (T, 6%) + > X DeAild; (1, £7) +Zythgk(J t) =0
iel €]

Z i AU (T, t*) =0
€]

> kg (T, %) =

where the two last equations are the complementary slackness

Step 2: Given t*(J), the dual problem allows to recover the multipliers:

manwZ Ui (T, 67) + D AU (T, 87) + > g (I, 67)
Hier 1ef k

Step 3: Given t*(J), A(J), u(J), we have to solve the combinatorial discrete

choice problem:
maXZwZ (J t*(J )
1€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 U;(J\{j}), Vj € J, and hence on the policy and multipliers
{t*(I\{7}), AI\{7}), o(J\{7})} which also depends on the allocation of every de-
viation J\{j, k}, Vj,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
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quantitative model.

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:

.,]]ePI?I[%,XteTW(J’t) = max mfxzi:wiui(ﬂ,t) (P)
s.t. U;(J,t) > U;(I\{i},t) Viel  [\]
9x(J,t) =0 (g

For every policy t we can solve for the optimal coalition J*(t), by solving the

combinatorial discrete choice problem:

max L(J|t) = maXsz’Ui(J, t) + Z N (0)AU; (T, t) + Zﬂk(t)gk(Ja t)
JeP(I) I 5 icl A
Note that this L£(J|t) is defined with a slight abuse of notation given that this
problem is discrete: it is well-defined only for \;(t) = +oo if A;Y;(J,t) < 0 and
A;(t) = 0 otherwise when the stability constraint is satisfied. Similarly u;(t) = +oo
if g;.(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 Section 3.14.2.

Finally, after we solve the model and the optimal coalition J*(t) for every

policy t, the maximization of welfare implies to solve:

max Z w;li (J*(t), t)
1€l
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 cal-
culus 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 ac-
curacy, provided that the instruments we are searching over are in small dimensions
t = {t°,t'} € RZ.

In extensions, we consider additional instruments: transfers, with a simple

rule indexed by a parameter «, as explained in Section 3.7.1, and fossil-fuels-specific
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tariffs, using a simple rule indexed by 3, as explained in Section 3.7.3. As a result,
the maximization amounts to searching over a grid t = {t%,t?, o, 8} € 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.

3.14.2  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 7 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 = @, 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 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:
O(T,t) = {j €T|AW(T,6) > 0 & AjU;(T,t) > 0} (3.21)
where the marginal values for global welfare and individual welfare are

AW(T t) = W(TU{j}t) = W(T\{j}.t) = Zﬂm( (T Ui t) = U(T\{5}.1))

AjUi(Tt) = Us(TU{5 1 t) = U( TG} t)

The iterative procedure builds the lower bound 7 and upper bound J by successive

application of the squeezing step.

FEFD (g ®) ¢ FEH) — o 7" ¢) (3.22)
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Under some conditions — complementarity, as defined next section — this sequential
procedure yields two sets J and J such that J € J C J. In some cases J = J = J
which gives the optimal coalition. If not, with J7\J = JP°, we find the optimal

coalition by searching exhaustively over all coalitions in:

Jrem={J|g=g0J, with J € P(7"")}

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) >0 = AWITN>0 fogcJ & 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 7, also called “complemen-
tarity”:

AW(IT) <AWT)  forgcd & jel

Theorem (Arkolakis, Eckert and Shi (2023)) The SCD-C from below is sufficient

for the application of squeezing algorithm to yield 7 € 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 equation (3.17). In this context, the
single crossing differences in choice with participation constraints (SCD-C, PC) take
an intricate form, which we detail below:

AU (T U{j}) =20 AU (T"U{i}) =0
o (Awaugn zoeau =0) = [ (AWIUEN 20 & AT 2 0)
or  AU(T)<O0 or  AUT)<O0
vJcJ Vjiel (SCD-C, PC)

An intuition for this condition is the following: IF the coalition J makes (i) allo-
cation outcomes better for welfare with {j}, if both 7 and J U {j} are stable, or
(ii) the coalition J U {j} is stable if 7 is unstable, THEN one of these conditions
should also be respected for larger coalitions J' D J.

The following condition is sufficient for (SCD-C, PC) and provides intuitions

262



on the trade-offs at play in the construction of the optimal coalition:

AW(T ) < AW(T t)
0 < AU(TU{Et) < AU(T'U{}t)  YVie Ju{j} &ie J'U{j} (3.23)
0 < AU(T, t) <AUT't) YieTJ&kieJ

or
0 <AU(TU{}t) < AU(T'U{j}t)  YVie Ju{j} &ie TJ'U{j}
Jdi € TAU(T,t) <0 & JieJ ANU(T ) <0

(3.24)
for VZCJ CI & jel

This sufficient condition states either one of these cases is verified: (1) in the first
case of equation (3.23), 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 ¢ is still respected when we include country
4, and this monotonically in the coalition, from J to J’, and the coalition is also
stable without j. (2) In the second case of equation (3.24), we do not require any
condition of global welfare, but the participation constraint of each member i is
respected when including country j, while it is violated when j is not present in J
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 suf-
ficient conditions 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 modi-
fied squeezing algorithm, i.e. successive application of equation (3.21), starting from
{@,1} and equation (3.22), to yield bounding sets J € 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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