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Abstract

To combat global warming, climate policies like carbon taxes, renewable subsidies, and car-
bon tariffs must 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 in goods and energy, we study both the costs of
implementing these policies unilaterally, and the local costs and global gains of international policy
cooperation. To do so, we express and decompose welfare changes under different policy regimes to
the first order as a function of sufficient statistics that depend on observables and identifiable elas-
ticities like nations’ energy mix, energy rents, trade shares, energy 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 unilateral policies generates strong leakage ef-
fects, primarily through energy trade. Global climate policy cooperation mitigates leakage, but
not all countries have an incentive to participate. Regional climate clubs operate differently: an
EU-wide club reduces global emissions but creates internal winners and losers, while an ASEAN
climate club achieves smaller global gains but delivers welfare increases for member nations.

∗Thomas Bourany, tb3219@columbia.edu, Jordan Rosenthal-Kay, Jordan.Rosenthal-Kay@sf.frb.org.
The views in this paper do not necessarily reflect the views of the Federal Reserve Bank of San Francisco or the
Federal Reserve System. We thank our advisors, Esteban Rossi-Hansberg, Mikhail Golosov, and Michael Greenstone,
for their valuable advice and guidance. We also thank Rodrigo Adão, Jonathan Dingel, and Wojciech Kopczuk for
interesting discussions. We thank Aleisha Sawyer for excellent research assistance. All errors are our own.

1

https://thomasbourany.github.io/files/Bourany_RosenthalKay_2025_SufficientStats.pdf


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 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 taxation,
with, for example, the Inflation Reduction Act in the United States. These climate policies may
engender ‘carbon leakage’ by reallocating economic activity to other trade partners unaffected by
the policy, motivating the need for carbon tariffs. To address these concerns, countries have also
been advocating for international cooperation through climate agreements.

Who are the winners and losers of these different climate policies? This paper addresses
this question by quantifying the heterogeneous welfare impacts of different climate policies across
nations and decomposing the transmission channels through which they operate: productivity
changes from climate damages, and general equilibrium effects in energy and goods markets. 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, observables like the energy mix (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 different
climate policies.

To that purpose, we use a climate-economy framework – or Integrated Assessment Model
(IAM) – augmented with heterogeneous countries, energy markets, and international trade, closely
following Bourany (2025). Individual countries differ in their vulnerability to climate change, their
energy mix in oil, gas, coal, and non-carbon energy, their costs of producing fossil fuels, as well as
trade costs in international goods trade. 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 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 im-
pacts 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 resources. Third, countries are
heterogeneously exposed to international trade in both goods and energy, 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 climate policies with our framework – and un-
derstanding the underlying mechanisms – requires several key elasticities, in addition to readily
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available moments in international trade, energy, and national accounts data. First, we require

estimates of the marginal damages of temperature shocks in di�erent 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 vari-

ations in import penetration within bilateral trading partners and changes in local temperature,

and controls for energy market e�ects. 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 simple empirical Bayes shrinkage procedure to recover spatially heterogeneous energy

supply elasticities.

Armed with these elasticities and data moments, we use our su�cient statistics formula to

study several di�erent policy experiments for a sample of 193 countries. First, we analyse the e�ects

of increasing greenhouse gas emissions and, hence, global temperature. This has heterogeneous

impacts across locations due to di�erences in temperatures. Local temperature changes have large

spillovers: by changing TFP, they a�ect production and the endogenous choice of energy inputs.

As a result, declines in productivity are the main driver of reduction in CO2 emissions. More-

over, climate change reallocates production unequally across trade partners. Therefore, spillovers

through international trade represent an important transmission mechanism of global warming

damages across countries, as even cold but open regions can be signi�cantly a�ected through trade

channels.

Second, we study the impacts of four di�erent climate policies. (i) First, we consider the

case where each country unilaterally increases the carbon tax, and the revenue of the carbon tax

is rebated to households. As a result, countries are heterogeneously a�ected through their energy

consumption and exports, but the climate impact, in terms of emission reductions, is limited by

the size of each country. Moreover, unilateral carbon taxation leads to carbon leakage e�ects: local

taxation reduces domestic fossil fuel demand and thus also lowers the global equilibrium price for

oil and gas, leading to increases in carbon emissions of the countries una�ected by the carbon

tax. Additionally, by increasing the marginal cost of goods exports, it also reallocates activity

through international trade to regions that do not implement carbon taxation. Combining and

decomposing all these e�ects, 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 renewables � compared to fossil fuels � and are �nanced by lump-

sum taxes. As a result, they have di�erent general equilibrium implications on energy markets,

as well as di�erent welfare e�ects across countries, compared to carbon taxation. Moreover, (iii)

to prevent the carbon leakage consequences of unilateral carbon pricing, carbon tari�s have been

suggested as potential solutions, e.g., with the Carbon Border Adjustment Mechanism in the

European Union. In a third policy, we study the implementation of such carbon tari�s, under

which a group of countries � a climate coalition � jointly administer a carbon tax as well as tari�s
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that scale with the carbon intensity of imports. 1 Carbon tari�s divert trade �ows away from

high-emissions countries and reduce carbon emissions, which we can quantify for a small increase

in the carbon price for imports. We analyse this policy for two sets of countries: the European

Union (EU), which is already implementing carbon pricing and carbon tari�s, and ASEAN, which

gathers southeast Asian countries, all of whom are a�ected by climate change. We �nd that while

an EU-wide climate club more e�ectively combats climate change, it creates winners and losers

within member nations. In contrast, a climate club of ASEAN members has a smaller global e�ect,

but unambiguously improves the welfare of its member states.

Finally, (iv) we study the distribution of welfare gains and losses from implementing in-

ternationally coordinated policies. When all the countries implement carbon taxation together,

greenhouse gas emissions are lowered signi�cantly, improving 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 changes in oil and gas prices also have strong

redistributive e�ects, depleting the energy rents of fossil-fuel exporters. Finally, global climate

policy reallocates economic activity and trade patterns, and all these e�ects attenuate the direct

costs of carbon taxation.

Although our �rst-order su�cient statistics approach precludes a consideration of nonlinear-

ities in the climate system, or how agents react to aggregate risk generated by uncertainty in the

path of future warming, it provides a powerful tool to easily assess many di�erent policies. More

importantly, it allows us to decompose the channels through which these policies create winners

and losers, thereby highlighting the role energy and goods trade play in shaping the e�cacy of

di�erent policy instruments in di�erent regions. To assess the relevance of nonlinearities in the

global climate system for our results, we estimate the social cost of carbon at two points of approx-

imation: at baseline ($203/tCO2) and under 3� C of warming ($302/tCO 2), suggesting that our

results are best interpreted as relative to the status-quo than as valid under some future, warmer

climate.

Related literature

This work relates to a lengthy literature on the macroeconomics of climate change, speci�cally

the literature that uses large-scale IAMs to evaluate the cost of climate change and the e�ects

of di�erent policies (Nordhaus and Yang, 1996; Barrage and Nordhaus, 2024; Cruz and Rossi-

Hansberg, 2024). Our main contribution is to show that, in the macroeconomic IAM of Bourany

(2025), the e�ects of many climate policy regimes can be decomposed to the �rst order to direct

e�ects, e�ects that operate through the energy market (including changes to energy rents), and

leakage e�ects in international goods markets, and that these e�ects can be estimated by a set

of su�cient statistics readily computable with o�-the-shelf macroeconomic data and estimable

elasticities. Thus, our work is similar to Lashkaripour (2021), who uses a su�cient statistics

1This experiment resembles the idea of a `climate club' in which countries form a coalition, set a carbon tax on
their own emissions, and apply trade penalties against non-participating countries, cf. Nordhaus (2015); Farrokhi
and Lashkaripour (2024); Bourany (2025). Note that in our case, carbon tari�s scale with carbon intensity of the
good traded, implying additional reallocation across import sources.
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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 su�cient statistics for how productivity shocks di�erentially a�ect 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.

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, as in Cruz and Rossi-Hansberg

(Forthcoming).

The structure of energy markets in our model distinguishes us from recent work. Like Kot-

liko� et al. (2024), we model detailed fossil fuel production and energy rents, but our quanti�cation

covers 193 countries, instead of 18 regions. Unlike Krusell and Smith (2022), we allow for cross-

border trade in energy, and unlike Cruz and Rossi-Hansberg (2024), we allow for energy rents

to accumulate heterogeneously across space. However, we abstract from both market power and

dynamic considerations in international energy trade (Bornstein et al., 2023; Abuin, 2024), and

instead focus on a framework that yields tractable su�cient statistics to study the role energy

markets play in shaping the e�cacy of climate policy. Our focus on the consequences of climate

policies through energy choice enables a �ner analysis of various substitution mechanisms between

coal, natural gas, and renewable energy, as in Abuin (2024) and Harstad and Holtsmark (2025).

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 optimal design of international climate agreements

with carbon taxation and tari�s, or Farrokhi and Lashkaripour (2024), who study the optimal

trade policy, either unilaterally or in the context of climate clubs, we exploit the tractability of

our su�cient statistics formula to evaluate a large set of climate policies and decompose their

e�ects that operate through di�erent markets. However, our framework is static, which prevents

us from studying dynamic policy environments, as in Bourany (2024), who analyses climate policy

and redistribution concerns, Hsiao (2022), who studies climate coordination with commitment, or

Kotliko� et al. (2021), who study the bene�ts of carbon taxation across generations. Moreover,

our static environment limits us from considering the role climate policies may play in generating

dynamic forms of adaptation, like spurring the accumulation of adaptation capital (e.g., sea walls,

as in Fried, 2022; Hong et al., 2023; Hsiao, 2025), changing the speed of fossil extraction (for

example, whether policy faces a `green paradox,' Lemoine, 2017; Norman and Schlenker, 2024) or

renewable uptake (Arkolakis and Walsh, 2023), or directing innovation towards the production of

green energy (Acemoglu et al., 2012, 2016). We hope future research will improve our understanding

of dynamic leakage e�ects in the energy sector induced by carbon policy.

The rest of this paper is organized as follows. In Section 2, we lay out our full macroeconomic

IAM. Section 3 derives our �rst-order decomposition of climate policies in our model and details

the policy experiments we have in mind. We describe our data, estimation, and quanti�cation in

Section 4. Section 5 details our results for multiple policy counterfactuals, and Section 6 concludes.
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2 A global integrated assessment model

This model follows the structure of Bourany (2025). We build a simple integrated assessment

model (IAM) incorporating multiple dimensions of heterogeneity, a climate externality, interna-

tional energy markets, and a realistic trade structure that reproduces the leakage e�ects of climate

policies.

We study a static economy with I countries indexed by i 2 I , each with population P i . All

the economic variables are expressed per capita.2 Each country is composed of �ve representative

agents: (i) a household that consumes the �nal goods, (ii) a �nal-good �rm producing goods using

labour and energy, (iii) a fossil energy �rm 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 tari�s.

2.1 Household problem

The representative household in countryi imports from all countries j 2 I , consumes the

aggregate quantity ci , and inelastically supplies a unit of labour to each country's representative

goods �rm. Production follows an Armington structure in which each nation produces its own

unique variety of traded consumption goods (Anderson, 1979; Arkolakis et al., 2012), over which

households have constant elasticity of substitution preferences over di�erent national varieties.

Households maximize their utility Ui , solving,

Ui = max
f cij g

u (f cij gj ) = u (ci ) ; ci =

0

@
X

j 2 I

a
1
�
ij c

� � 1
�

ij

1

A

�
� � 1

; (1)

where aij are the preference shifters for countryi on the good purchased from countryj .3 We

consider standard constant relative risk aversion (CRRA) utility u(c) = c1� � =(1� � ).4

Households earn labour income, energy rents, and transfers, and their budget constraints are

given by, X

j 2 I

cij (1+t b
ij )� ij pj = wi + � e

i + t ls
i ; (2)

where wi is the wage rate, � e
i the pro�t earned from the ownership of the energy �rms, and t ls

i

the lump-sum transfer received from the government. Households ini import quantities cij from

country j , purchased at pricepj , and subject to iceberg cost� ij and to trade tari�s 1+t b
ij .

2For example, yi or ef
i are �nal output and fossil energy use, respectively, and P i yi and P i e

f
i represent the total

quantities produced/consumed in the country.
3We assume that preferencesf aij g and iceberg trade costs f � ij g are policy-invariant, in particular, they are not

sensitive to price changes and tari�s.
4We do not include direct e�ects of climate change on utility, which could proxy for changes to local amenities,

or the mortality e�ects of climate change. It is easy to augment the framework to include direct utility damages by
assuming the climate externality a�ects consumption through a factor Du

i (E) which summarizes climate damages,
given world emissions E. As labour is internationally immobile, utility damages have no general equilibrium e�ect,
and so we omit them from this analysis. Including utility damages would simply amplify gains and losses stemming
from changes in local temperature.
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The optimal consumption choice of the household yields the following quantities and trade

shares given by:

cij = aij ci

 
(1+t b

ij )� ij pj

Pi

! � �

;

sij �
cij pij

ci Pi
= aij

((1+t b
ij )� ij pj )1� �

P
k aik ((1+t ik )� ik pk )1� � ;

(3)

where pij = (1+t b
ij )� ij pj is the e�ective price for a variety from country j sold in country i , and Pi

is the price index of country i :

Pi =

0

@
X

k2 I

aik
�
(1+t b

ik )� ik pk
� 1� �

1

A

1
1� �

:

As a result, we summarize the budget constraint asci Pi =
P

j 2 I cij (1+t b
ij )� ij pj , and the per-capita

welfare of country i is then summarized by the indirect utility as the utility of income discounted

by the price level and climate damages, namely:

Ui = u (ci ) =
1

1 � �

 
wi + � e

i +t ls
i

Pi

! 1� �

: (4)

2.2 Final good �rm problem

The representative �nal good producer in country i is producing the domestic variety at

price pi . The �rm's pro�t maximization is:

max
` i ;e

f
i ;ec

i ;er
i

pi Dy
i (E) zi F (` i ; ef

i ; ec
i ; er

i ) � wi ` i � qf (1+ � f t "
i )ef

i � qc
i (1+ � ct "

i )ec
i � qr

i (1� s"
i )er

i (5)

where the production function �yi = F (` i ; ef
i ; ec

i ; er
i ) has constant returns to scale and is concave

in all inputs. It uses labour, ` i , at wage wi , fossil energy,ef
i , purchased at price,qf , coal, ec, at

price, qc
i , and renewable energy,er

i , at price, qr
i . Energy from oil-gas, ef

i , and coal, ec
i , di�er from

renewable in the sense that they emit greenhouse gases, with respective carbon concentration� f

and � c, as we will see in Section 2.4. As a result, there is a motive for taxing oil, gas, and coal

energy with the carbon tax t "
i . Similarly, as an alternative, we consider renewable energy subsidy,

which reduces the price of renewables by a factors" .

The productivity of the domestic good �rm, yi = Dy
i (E) zi �yi , can be decomposed in two

terms. First, the TFP, zi , represents productivity as well as institutional/e�ciency di�erences

between countries. This technology wedge accounts for income inequality across countries. These

di�erences in TFP translate into di�erences in consumption that create redistribution motives

for tax policy. The second di�erence in productivity comes from the climate externality. This

is summarized by the net-of-damage functionDy
i (E), given world emissionsE, which is also a

reduced-form representation of the climate system from temperatures. It decreases inE and is

country-speci�c due to di�erences in costs of climate change, as detailed in Section 4.
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The input decisions of the �rm solve the standard optimality conditions. For example, in

the case of oil and gas (hereon, oil-gas)ef
i , the �rst-order condition is

pi D
y
i (E) zi Fef (` i ; ef

i ; ec
i ; er

i )= qf (1+ � f t "
i ) ; (6)

and similarly for other inputs ` i ; ec
i ; er

i . Crucially, the private decisions by �rms do not internalize

the climate externalities of their own fossil-fuel energy use and only respond to price, carbon tax

t "
i , and subsidy s"

i .

We consider a nested CES production function for output yi . The �rm combines labour

` i with a composite of energyei , with elasticity � y .5 Second, energyei aggregates the di�erent

energy sources: oil-gasef , coal ec
i , and renewable/non-carboner

i , with elasticity � e.

yi = Dy(E) zi

�
"

1
� y (ei )

� y � 1
� y + (1 � " )

1
� y (` i )

� y � 1
� y

� � y

� y � 1
;

ei =
�

(! f )
1

� e (ef
i )

� e � 1
� e + ( ! c)

1
� e (ec

i )
� e � 1

� e + ( ! r )
1

� e (er
i )

� e � 1
� e

� � e

� e � 1
:

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

and other inputs like labour, due to climate policies.

2.3 Energy markets

Energy is generated from three sources: oil-gas, coal, and renewable (i.e., non-carbon) energy.

Each of these energy sources are supplied by three representative energy �rms in each country.

Oil-gas is 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. The pro�ts of all the energy �rms � e
i = � f

i + � c
i + � r

i

are redistributed lump-sum to the household.

2.3.1 Fluid fossil production

In each country i , a competitive energy producer extracts �uid fossil fuels � oil-gas, ex
i � and

sells them on the international market at price qf . The energy is extracted at a convex costCf
i (ex

i ),

where these costs are paid in the price of countryi 's good. The energy �rm's pro�t maximization

problem is given by:
� f

i = max
ex

i

qf ex
i � C f

i (ex
i )p i ; (7)

where � f
i is the fossil energy rent per capita in country i . The optimal extraction decision follows

from the optimality condition

qf = Cf 0
i (ex

i )p i : (8)

5 labour is inelastically supplied ` i = �̀ i in each country and normalized to 1 � since the country size P i is already
taken into account. As a result, all the variables can be seen as input per capita.
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A positive energy rent exists even with competitive �rms taking the fossil price as given, as energy

production is e�ectively decreasing returns to scale. For the sake of simplicity, we do not consider

that energy �rms have market power in the setting of global energy prices as in Bornstein et

al. (2023), even though this framework could easily allow for such an extension. We account

for misallocation across energy sectors (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 Cf
i (�), while we capture endogenous misallocation from market power (which can

attenuate output elasticities) in our estimates of energy supply elasticities.

We use an isoelastic extraction functionCf
i displays decreasing returns

Cf
i (ex

i )p i =
�� f

i

1 + � f
i

(ex
i )1+ � f

i pi ;

with inverse renewable supply elasticity is� f
i = Cf 00

i (ex )

Cf 0
i (ex )ex

. In this formulation, we think of market

power as a�ecting the supply elasticity by a�ecting the intensity of reserves in the production of

fossil energy. We can write the pro�t function as

� f
i =

� f
i (�� f

i ) � 1=� f
i

1 + � f
i

(qf )
1+ 1

� f
i :

As we will see below, the pro�t � f
i and its share in income� �f

i = � i
f

yi pi + � i
e are key to determine the

exposure of a country to carbon taxation. Indeed, reducing carbon emissions by phasing out fossil

fuels reduces energy demand and its priceqf and hence a�ects energy pro�t � f
i and the welfare of

large oil-gas exporters.

2.3.2 International fossil energy markets

We assume that �uid fossil (oil-gas) is a homogeneous good traded frictionlessly in interna-

tional markets.6 The market clears such that

E f =
X

i 2 I

P i e
f
i =

X

i 2 I

P i ex
i : (9)

As we allow for international trade, the production of �uid fossil in country i , P i ex
i , need not

equal its consumption, P i e
f
i ; country i 's net exports of oil-gas areP i (ex

i � ef
i ) 7 0. Each country's

exposure to the international fossil market depends on its status as a net exporter or importer of

�uid fossil.

6We 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 are not distinguishable
across countries 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 in�nite elasticity of substitution due to quality grade di�erences like sulfur content, and there are
trade costs in shipping oil, despite the considerable scale economies in transport on large crude carriers. Farrokhi
(2020) estimates this elasticity as above 19, which suggests oil is almost perfectly substituted across source countries.
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2.3.3 Coal production

In addition to oil-gas production, coal, a solid fossil, is produced by a representative �rm in

each country, and sold to each country's �nal goods �rm. We di�erentiate coal from �uid fossil

fuels like oil-gas for two reasons. First, coal production typically generates smaller energy rents as

share of GDP for producer countries. Second, most coal is consumed locally: trade costs for coal

are considerably higher than they are for oil-gas, which can �ow via pipelines and are considerably

more energy dense than coal. Hence, we make this empirically grounded assumption that coal is

not traded.

We again assume production of coal,ec
i , is decreasing returns to scale (owing to convex

extraction costs) and uses countryi �nal good input. These convex extraction costs capture the

fact that an expansion of the coal industry requires mining deeper or expanding production to less

productive mines.

Coal producers' pro�t maximization problem is

� c
i = max

ec
i

qc
i ec

i � C c
i (ec

i )p i ;

with the cost function Cc
i , with inverse supply elasticity � c

i = Cc 00
i (ec )

Cc 0
i (ec )ec . As before, the coal supply

decision is determined by

qc
i = Cc0

i (ec
i )p i : (10)

We consider the same isoelastic cost function as for the oil-gas production, with constant inverse

elasticity � c
i .

2.3.4 Renewable and non-carbon energy production

The �nal energy source we consider is renewable and non-carbon energy. This includes

sources such as solar, wind, or nuclear power. A representative �rm produces renewable or non-

carbon energy, and this supply,er
i , is not traded internationally. This assumption is veri�ed by the

fact that electricity is rarely traded across countries, and when it is, it is explained by intermittency

(e.g., `reciprocal load smoothing,' Antweiler, 2016) rather than structural imbalances. The convex

costs of renewable `extraction' are similarly paid in country i 's good at price pi .

Aggregate renewable energy supply may be upward sloping for several reasons. First, there

may be quality degradation, as the sunniest or windiest spots are used �rst, and so expanding the

size of the renewable energy sector requires placing wind or solar generation capacity on lower-

quality sites. Second, there may be �xed factors of production, that induces increasing marginal

cost. For example, critical materials such as silicon, cobalt, lithium, and rare earth elements such

as neodymium are needed in the production of renewable energy.

The representative renewable �rm solves:

� r
i = max

er
i

qr
i er

i � C r
i (er

i )p i ;
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so that the inverse renewable supply elasticity is� r
i = Cr 00

i (er )
Cr 0

i (er )er . As a result, the supply decision of

the renewable producer is determined by

qr
i = Cr 0

i (er
i )p i : (11)

Again, we consider the an isoelastic cost function for renewable extraction with constant inverse

elasticity � r
i . When � r

i = 0 , we have constant return to scale,Cr 0
i is a constant and zero pro�ts

� r
i = 0 . This, once again, would return a perfectly elastic supply curve, which is a slightly stronger

assumption in the context of renewable energy.

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 damage productivity. Despite the model

being static, we incorporate a simple climate system as in standard Integrated Assessment Models.

We model the climate damage a�ecting country i 's productivity with the structural damage

function Dy
i (E), a reduced-form representation of how rising temperatures (and other correlated

weather changes) a�ect a nation's productivity zi . The structural damage function maps emissions

E to atmospheric carbon concentrationS, which fosters a rise in global temperature, and, in turn,

local temperaturesTi , which a�ect output.

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

E =
X

i 2 I

P i (� f ef
i + � cec

i ) ;

where � f and � c represent the carbon concentration of oil-gas and coal, respectively. These emis-

sions increase the carbon concentration in the atmosphere. We use the scalarT to convert a static

� one year � model to a long-term / dynamic representation of climate.

S = S0 + TE

with S0 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 cumulativeCO2 emissionsS and

the global temperature anomalyT compared to pre-industrial levels.

T = � S = � (S0 + TE) ;

where � is the climate sensitivity parameter, i.e. how much warming a tonne ofCO2 causes, and

where E and S are measured in carbon units. This speci�cation is rationalized by the climate-

sciences literature. For example, Dietz et al. (2021) shows an approximately linear relationship

betweenS and T , as shown in Figure 1. It displays the relationship between temperature anomalies

and cumulative CO2 emissions over time.
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Figure 1: Cumulative anthropogenic emissions since 1750, (fossil fuel and industrial, GtCO2) and
temperature anomalies relative to the pre-industrial era (1861-1890, in degrees� C), since 1900.
Source: Ritchie et al. (2023).

Moreover, we consider a linear relationship between global and local temperatures, namely,

Ti = � i T = � i � S ;

where � i is a linear pattern scaling parameter that depends on geographical factors such as albedo

or latitude.

Finally we consider a period damage functionD̂(Tit � T?
i ) whereT?

i is the optimal temperature

for country i . The function D̂(T̂ ) is a reduced-form representation of the economic damage to

productivity, with curvature � ;

Dy
i (Ti � T?

i ) = e� 
 y (Ti � Ti
? )1+ �

: (12)

In our baseline quanti�cation, we assume damages are quadratic, i.e.� = 1 , as in the Integrated

Assessment Models of Nordhaus' DICE-RICE, Krusell and Smith (2022), Kotliko� et al. (2021)

and Burke et al. (2015). Such damage creates winners and losers: the countries warmer than the

target temperature T? are more a�ected by global warming. In contrast, regions with negative

Ti � T?
i bene�t from a warmer climate. We discuss this quanti�cation in Section 4.

To conclude, the reduced-form static damage functionsDy
i (E) and Du

i (E), for productivity

and utility, respectively, we summarize the future costs of climate change in present-discounted

value,

Dy
i (E) = Dy

i (Ti � T?
i ) = Dy

i (� i � (S0 + TE) � T?
i ) :

The damage functionDy
i (E) changes endogenously with climate policy choices, as they a�ectE.
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2.5 Equilibrium

To close the model, we need to determine the �nal good prices for each countrypi . To do

so, we consider market clearing for each goodi , which happens for the total quantity of goods,

and not on a per capita basis, so we must adjust by total population,P i ,

P i yi|{z}
= D y

i (E)zi F (�)

=
X

k2 I

P k � ki cki + P i (x
f
i + xc

i + xr
i )

(13)

where x f
i ; xc

i and xr
i are the good inputs used in countryi to produce fossil and renewable energy,

respectively. To summarize, the competitive equilibrium of this economy is de�ned as follows:

De�nition. Competitive equilibrium (C.E.):

For a set of policiesf t "
i ; tb

ij ; t ls
i gi across countries, a C.E. is a set of decisionsf cij ; ef

i ; ec
i ; er

i ; ex
i gij ,

and pricesqf ; f pi ; wi ; qc
i ; qr

i gi such that:

(i) Households choose consumptionf cij gij maximizing utility equation (1) s.t. the budget con-

straint equation (2), which yield trade shares equation (3)

(ii) Final good �rms choose inputs f ` i ; ef
i ; er

i gi to maximize pro�ts, resulting in equation (6)

(iii) Fossil energy �rms maximize pro�ts equation (7) and extract/produce f ex
i gi given by equa-

tion (8)

(iv) Renewable and coal energy �rms maximize pro�ts, so that supplies f ec
i ; er

i g are given respec-

tively by equation (10) and equation (11)

(v) Energy markets clears for fossils as in equation (9) and for coal and renewable in equation (10)

and equation (11)

(vi) Good markets clear for each country as in equation (13), and trade is balanced by Walras'

Law.

3 Welfare decomposition and climate policy experiments

Di�erent countries have unequal exposure to both climate change and di�erent climate poli-

cies. 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 �rst order to

describe analytically the di�erent transmission channels of several climate policy experiments.

3.1 Summary of the di�erent experiments

In these experiments, we compute the marginal change in welfaredUi for di�erent policies,

e.g., changes in energy taxesdt . Our preferred welfare measure is the consumption-equivalent

change in welfare measured as,

� t Ui =
dUi

dt
1

u0(ci ) ci
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for policy change dt . Note that this welfare metric � in percentage terms � measures the total

derivative dUi =dt and summarizes all the general equilibrium e�ects of the policy. While country

i 's welfare is simply the indirect utility Ui , we compute the world welfare for several experiments,

W =
X

i 2 I

P i ! i Ui ; (14)

with Pareto weights ! i and population P i . Similarly, the welfare change � measured in consumption-

equivalent units is:

� t W =
dW=dt

P
i P i ! i u0(ci )ci

=
X

i

P i b! i � t Ui (15)

with the consumption equivalent weights b! i ,

P i b! i =
P i ! i u0(ci )ciP
j P j ! j u0(cj )cj

:

Change in carbon emissions and global warming

In a �rst experiment, we want to understand the impact of climate change on di�erent countries.

For that, we write the response of agents welfaredUi and decisionsdxi a �rst-order log-linear

change in global emissions,d logE = dE
E , which will impact global temperature T , by an amount

d logT and hence local temperatureTi . 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 e�ect in terms of TFP and the indirect e�ects due to (ii) the endogenous choice of

inputs, in particular energy sources, and (iii) the reallocation of production through international

trade. The total impact of climate is measured in consumption-equivalent percentage change,

� E Ui =
1

u0(ci ) ci

dUi

dE
:

As we know from the climate economics literature, summarizing all these e�ects 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,

LCC i = �
@Ui

@E

. @Ui

@ci
= �

dUi

dE
1

u0(ci )
(16)

wheredUi is the change ini 's welfare due to an1% increase in emissions, andu0(ci ) is the marginal

utility of consumption.

Interestingly, at the �rst-order and small change in dE, the Local Cost of Carbon is related

to the consumption equivalent welfare change:

LCC i = �
dUi

dE
1

u0(ci )
= � ci � E Ui

where LCC i is measured in monetary units and� c Ui in percentage change.

14



Similarly, the global welfare changes for additional carbon emission relate to the Social Cost

of Carbon for the welfare objectiveW, which gives:

SCC = �
@W
@E
@W
@c

=
X

i

P i ! i u0(ci ) LCC i

= �
X

i

P i ! i u0(ci )ci � E Ui

= �

 
X

i

P i ! i u0(ci )ci

!

� EW

(17)

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

! i u0(ci ). Details on this calculation in more general Integrated Assessment Models can be found

in Bourany (2024).

Unilateral carbon taxation

We now analyse how welfare changes when each country implements a unilateral carbon taxt "
i on

its own emissions. Such a tax increases the cost of oil-gas by� f d log t"
i � � f dt "

i and the cost of coal

by � cdt "
i . The consumption-equivalent welfare measure for countryi of implementing unilaterally

a marginal increase in the carbon taxt "
i when other countries are passivet "

j = 0 ; 8j 6= i ,

� t "
i

Ui =
1

u0(ci ) ci

dUi

dt "
i

:

Part of these welfare e�ects can be decomposed between (i) the direct e�ect on climate � which

is limited given the unilateral implementation of the policy � and (ii) the general equilibrium

e�ect through energy prices, oil-gas rents, and good prices. In particular, the leakage e�ects

play a signi�cant role that we can quantify. Naturally, such leakage e�ects generate welfare gains

for country i when country j implements these carbon policies,� t "
j

Ui . As a result, the leakage

spillovers for all countries can be summarized by the Jacobian matrix:

@t U =
n

� t "
j

Ui

o

ij

with welfare change� t "
j
Ui for country i (row) from country j (column) unilateral carbon policy t " .

Unilateral renewable subsidies

Carbon taxation creates an additional cost for fossil fuels and is particularly detrimental to coal

energy. Moreover, due to the leakage e�ect in terms of energy prices and international trade in

goods, unilateral carbon taxation induces negative welfare losses, which give rise to policy inaction.

We consider an alternative policy where each government unilaterally implements a subsidy on

renewable energyd log s"
i � ds"

i , which reduces the cost of renewable inputser
i for �nal good �rms.

This type of industrial policy is �nanced through lump-sum taxation � maintaining symmetry with
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our carbon taxation experiments. The welfare changes can be written as,

� s"
i

Ui

and similarly for the cross-country spillover Jacobian@sU =
n

� s"
j

Ui

o

ij
.

Unilateral carbon tari�s

To dampen the leakage e�ects through international trade in goods, carbon tari�s have been

suggested. We consider the unilateral policy where each countryi imposes tari�s that scale with

the carbon intensity of the country j it imports from:

d log tb
ij � dtb

ij = � "
j dtb;"

i � "
j =

� i

yi pi

where � "
i is the carbon intensity of country i with total emissions � i , and dtb;"

i is the the marginal

increase in carbon price. Unilateral carbon tari�s change the relative prices of goods and has

stronger terms-of-trade e�ects for carbon-intensive countries. The welfare change is denoted� t b
i

Ui .

Unilateral carbon taxation with carbon tari�s

Our fourth policy experiment is the combination of two unilateral policies : (i) a carbon tax dt "
i

on fossil fuel consumption combined with (ii) a carbon tari� dtb;"
i on the carbon content of the

imports, both of them the same size. Such a policy gives rise to a welfare change for countryi ,

� t b;"
i

Ui

where the spillovers fromj 's policy on country i write in matrix form @t b;" U =
n

� t b;"
j

Ui

o

ij
.

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 tari�. The optimal design of climate agreements with carbon taxation and tari�s is

studied and solved for in Bourany (2025).

The welfare of country i depends on whether it belongs to the agreementsi 2 J or not,

� t " jJ Ui ;

for each agreement coalitionJ. In our experiments, we measure changes in welfare to the �rst-order

given increase in the carbon tax. This implies that the cumulative impact of coordination scales
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linearly with the number of additional countries such that:

� t " jJ Ui =
1

u0(ci ) ci

dUi

dt "

�
�
�
J

=
1

u0(ci ) ci

X

j 2 J

� ij
dUi

dt "
j

dt "
j

dt "
|{z}
=1

=
X

j 2 J

� ij � t "
j

Ui ;

where � ij 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 countriesJ 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 speci�c policy experiments.

3.2 Observables and su�cient statistics

We now derive the impact of changes in prices and quantities on welfare through the budget

constraint. First, we de�ne several objects that are relevant for the decomposition:

ˆ Trade share: sij = cij pij
ci Pi

ˆ Energy share in production: se
i = ei qe

i
yi pi

ˆ Fossil share in energy mixsf
i = ef

i qf

ei qe
i

and similarly sc
i = ec

i qc
i

ei qe
i

and sr
i = er

i qr
i

ei qe
i

ˆ Fossil energy share:� �f
i = � f

i
yi pi + � e

i
and similarly for � �c

i , and � �r
i .

ˆ Production share/rent share in GDP: � y
i = yi pi

yi pi + � e
i

= 1 � � �f
i � � �c

i � � �r
i

ˆ Consumption expenditure: x i = ci Pi

ˆ Consumption share in GDP: � c
i = x i

yi pi + � e
i

ˆ Consumption as a ratio of output: sc=y
i = ci Pi

yi pi
= x i

yi pi + � f
i

yi pi + � f
i

yi pi
= � c

i
1� � �

i
= � c

i
� y

i
,

ˆ Energy share as a ratio of consumption:ei qe
i

x i
= ei qe

i
yi pi

yi pi
yi pi + � e

i

yi pi + � f
i

x i
= se

i
� y

i
� c

i

ˆ Pro�t share as a ratio of consumption: � f
i

x i
= � f

i
yi pi + � e

i

yi pi + � f
i

x i
= � �f

i
� c

i
and similarly for � c

i and � r
i .

ˆ The share of GDP of energy imports and exports, withvi = p i yi + qf (ex
i � ef

i ) and vy = pi yi
vi

,

vex
= qf ex

i
vi

, vef
= qf ef

i
vi

and vne = qf (ex
i � ef

i )
vk

.

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.

3.3 Welfare, budget constraint and expenditure

We now compute the welfare of individual country i , Ui , in consumption equivalent terms,

accounting for the changes in consumption and climate damages,

dUi

u0(ci )ci
=

dxi

x i
�

dPi

Pi
;
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with x i = ci Pi the consumption expenditure ci . To save on notation, we denoted logx i = dx i
x i

�

with a slight abuse of notation.7 As a result, we expand the budget constraint from equation (2).

The carbon tax and subsidies are rebated/taxed lump-sum to the households, and hence, climate

policies do not have direct income e�ects and only act through reallocation and equilibrium e�ects

through price changes.

� t Ui dt =
� y

i

� c
i

�
d logDy

i| {z }
climate
damage

+ d log pi| {z }
exports terms

of trade

�
� d log Pi| {z }

import terms
of trade

�
� y

i

� c
i

se
i

�
sf

i d logqf + sc
i d logqc

i + sr
i d logqr

i| {z }
energy price e�ects (demand)

�

+
� �f

i

� c
i

d log � f
i +

� �c
i

� c
i

d log � c
i +

� �r
i

� c
i

d log � r
i

| {z }
energy rent e�ect (supply)

(18)

We see that the welfare gains and losses can be decomposed in �ve terms: (i) the direct impacts

of climate damages productionDy
i , (ii-iii) two terms of trade e�ects for pi the sales of goodi , and

Pi the price index of the goods purchased by the household from countriesj , and (iv-v) the e�ects

of the energy prices changes � for oil-gas,qf , coal, qc
i , and renewableqr

i � through the purchasing

cost for production and through the revenue through energy rents. Note that we replace incomes

from output yi at the �rst-order using the standard Solow decomposition:

d logyi = d logDy
i +

MPei ei

yi
d logei = d logDy

i + se
i
�
sf

i d logef
i + sc

i d logec
i + sr

i d loger
i
�

where we use the labour supply being inelastic in this Armington trade structure` i = �̀ i . 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 �rst order. Instead, each one of

these terms can be computed using observable moments in the data and estimated or calibrated

elasticities.

3.4 Climate system and damages

We log-linearize our simple climate system for small changes in emissionsE and energy

consumption in oil-gasE f and in coal E c. Given the linearity of the climate system Ti = � i T =

� i � S, we naturally obtain that the percentage increase in temperature re�ects the percentage

change in carbon concentration,

d logTi = d logS :

The change in carbon concentration depends on the time horizonT where S = S0 + TE, and

sE=S = TE=S which converges to 1, the longer the horizon we consider,8

d logS = sE=S d logE ���!
T!1

d logE :

7This is not the case, for example, when x i < 0 or changes sign.
8 If E represents annual emissions� 35GT CO2 /year, given the calibration on 2015 temperature, a horizon T

corresponding to � 85 years until 2100 would imply TE=S � 0:7.

18



Now, using the damage function with slope
 and curvature � as in equation (12), we obtain the

linearization:
d logDy

i = � 
 y(1 + � )
�
Ti � T?� � Ti d logTi

d logDy
i = � �
 y

i d logE :
(19)

with �
 y
i = (1 + � )(Ti � T?

i ) � Ti . Therefore, the larger the curvature � , the more signi�cant the het-

erogeneity in damages(Ti � T?
i ) � , despite log-linearizing the model around the current equilibrium.

Finally, total emissions reacts to changes in aggregate fossil fuels (oil-gas) and coal consumption,

d logE = sf=E d logE f + sc=Ed logE c sf=E =
� f E f

E
sc=E =

� cE c

E

To understand the determination of the equilibrium quantities of oil-gas E f and E c we now turn

to energy markets.

3.5 Energy markets � Pro�ts, prices, and supply

Using the energy �rm problems, we log-linearize the pro�t change as a function of energy

and input prices. For fossil energy (oil and gas), this yields,

d log � f
i =

 

1+
1
� f

i

!

d logqf �
1

� f
i

d log pi (20)

with � f
i the fossil energy inverse supply elasticity. We obtain similar formulas for� c

i and � r
i as

functions of � c
i , � r

i and qc
i and qr

i respectively.

Given that coal and renewables are assumed to be only traded locally (i.e.,�ec
i = ec

i ), we can

write the supply curves for coal and renewable energy,

d logqc = � c
i d logec

i + d log pi (21)

and similarly for qr with inverse elasticity � c
i . As a result, the price of coal and renewable energy

rises both with the input cost pi and with the quantity demanded ec
i .

In contrast, oil-gas are traded internationally, where the price qf clears the world market.

Denoting E f the total oil-gas quantity, changes to the aggregate supply curve are,

d logE f =
X

i

� x
i d logex

i =
X

i

� f
i d logef

i ; (22)

with � f
i = P i e

f
i =Ef the demand share from country i and � x

i = P i ex
i =Ef the supply share (or

market share) of country i as an exporter,

d logqf = �� f d logE f +
X

i

� x
i

��
� i

d log pi : (23)

with the aggregate inverse supply elasticity �� f =
� P

i � x
i � � 1

i

� � 1
.
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3.6 Energy markets � Taxation and demand

The production function equation (7) allows for di�erent, �nite elasticities of substitution

between both labour and energy (with elasticity � y) and between the di�erent energy sources (with

elasticity � e). In our formulation, we can write the individual country demand curve � for example,

for oil and gas � as,

d logef
i = �

�
� y

1� se
i
sf

i +(1 � sf
i )� e

� h
d logqf + � f dt "

i

i

| {z }
substitution away from oil-gas

+
�

� e�
� y

1� se
i

� �
sc

i
�
d logqc

i + � cdt "
i ] + sr

i [d logqr
i � ds"

i
� �

| {z }
substitution away from coal and renewable toward oil-gas

+
� y

1� se

�
d logD i + d log pi

�

| {z }
energy demand changes due to climate

damage or price changes

:

We see that a price surged logqf not only decreases fossil demandef through substitution across

energies� e but also away from energy� y scaling with the fossil sharesf
i . In comparison, a cost

increase for coal also raises the demand for oil-gasef through substitution � e, but similarly pushes

�rms away from the energy bundle with elasticity � y � the di�erence of the two elasticities yielding

the net e�ect. Moreover, an increase in productivity Dy
i or price pi both increase input demand,

as shown in the last two terms.

Finally, replacing input demand, we also summarize the impact on output of changes in

prices and policies,

d logyi = (1+ � y)d logDy
i + � yd log pi � � ysf

i
�
d logqf + � f dt "

i
�

� � ysc
i
�
d logqc

i + � cdt "
i
�

� � ysr
i [d logqr

i � ds"
i
�
;

with the factor � y = se
i � y

1� se
i
. We learn two lessons: �rst, climate damaged logDy

i reduces output

more than one for one due to input reallocation away from energy. This multiplier e�ect (1+ � y)

is even stronger when damage reduces when the energy supply curves are �at, i.e.� c = � r = 0 .

However, this e�ect is dampened when those curves are less elastic� c ! 1 : 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 poli-

cies. The direct exposure of productionyi to the carbon tax t "
i is summarized by the factor

� y
�
� f sf

i + � csc
i

�
= se

i � y

1� se (� f sf
i + � csc

i ), which represent the substitution e�ect of oil-gas and coal.

To decompose the e�ect further, we replace the input demand equation (24), with the supply

curve equation (21) to �nd the equilibrium demand for coal and renewables � where the pricesqc
i

and qr
i are solved for. Due to the complex reallocations between the three inputsef

i ; ec
i ; er

i , we keep

the general formula for the appendix. The general intuition is that climate policies like carbon
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taxes t "
i and renewable subsidies reduce demand for oil and coal. However, this e�ect is dampened

by the decline along the supply curve, which reduces the e�ectiveness of the policy.9 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 (24), with the

country i share in global demand� f
i = P i e

f
i

E f as in equation (22), and the supply curve equation (23).

We obtain, in general equilibrium, the total demand for oil,

d logE f =
X

i

� f
i d logef

i

=
1

1+�� �
�;f
I

X

i

� f
i

"

� � f
� � y

1� se
i
sf

i +(1 � sf
i )� e

�
+ � csc

i

�
� e�

� y

1� se
i

�
#

| {z }
carbon taxation (oil-gas + coal) e�ect

Ji dt "

�
1

1+�� �
�;f
I

X

i

� f
i sr

i

�
� e�

� y

1� se
i

�

| {z }
renewable subsidy e�ect

Ji ds"
i +

1

1+�� �
�;f
I

X

i

� f
i

� y

1� se
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with �
�;f
I =

P
i 2 I � f

i

�
� y

1� se
i
sf

i +(1 � sf
i )

�
� f the aggregate demand elasticity for oil, and the aggregate

inverse supply elasticity �� f =
� P

i � x
i � � 1

i

� � 1
.

This decomposition �rst reveals that the carbon tax a�ects 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 �rst e�ect dominates if:

�
�;f
J :=

X

i 2J

� f
i

� � y

1� se
i
sf

i +(1 � sf
i )� e

�
� f >

X

i 2J

� f
i

�
� e�

� y

1� se
i

�
sc

i �
c =: �

�;c
J

where J is the set of countries imposing the carbon tax.10 If the largest oil-gas consumers are

reducing their demand for oil faster than they substitute away from coal, the net e�ect on oil-

9The formula in the appendix for coal and renewable demand have the following general form. Take an arbitrary
energy demand curve d log e = � � [d log q + dt] + ~�d log b, and the supply curve d log q = �d log e + ~�d log c, where b
and c are demand and supply shifters respectively, we obtain the general demand:

d log e = �
�

1 + ��
dt +

~�
1 + ��

d log b�
�

1 + ��
d log b

10 Reorganizing the terms, we can write it as follows � veri�ed in most empirically relevant cases where large oil
consumers� f

i also have high oil energy sharesf
i :

X

i 2J

� f
i

� � y

1� se
i

(sf
i � f + sc

i � c) + � e
�
(1� sf

i )� f � sc
i � c

� �
> 0:
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gas demand declines. Second, we also observe that climate policies, like carbon taxation,t " , and

renewable subsidy,s" , are stronger when coordinated: oil-gas demand decline more for larger sets

of countries implementing the policy J. However, it also generates aenergy price leakage e�ect.

When country i does not impose carbon policies, the price of oil declines for larger sets of climate

agreement participants J � which is bene�cial for country i 's production and welfare. We quantify

this leakage e�ect below.

To study the direct e�ect of carbon taxation and the gain for coordination with climate

agreementJ, 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 on oil and gassf
i = 1 ; sc

i = sr
i = 0 .

This implies:

d logE f = �
1

1+�
 + Covi (e� f
i ; �
 i ) + �� �

�;f

X

i

e� f
i Ji dt "

i +
X

i

b� f
i d log pi

with energy market shares � f
i = P i e

f
i

E f , and weighted by elasticity e� f
i = � f

i
� y

1� se
i
. The average

elasticity becomes�
�;f

=
P

i � f
i

� y

1� se
i
, the price impact b� f

i = e� f
i =(1 +

P
i

e� f
i 
 i + �� �

�;f
), and the

covariance is the empirical analog,Covi (x i ; yi ) =
P

i x i yi �
P

i x i
P

i yi .

The higher the carbon tax dt "
i � at the intensive margin � or the size of a climate policy

agreementJ � 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

� f
i and �� f � 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 e�ectiveness of coordinated carbon taxation. Moreover, (ii) the energy

curve qf is a�ected by climate change: higher emissions damage the climate�
 =
P

i �
 i , 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 e�ect is strengthened with the distribution of demand e� f
i and climate

damage �
 i . The covariance term Covi (e� f
i ; �
 i ) is positive if large energy consumers � with larger

market shares� f
i and high elasticity � � are also the most a�ected by climate change � with higher

costs �
 i . The demand e�ect of taxation is thus muted in those circumstances.

3.7 International trade in goods

Recall the Armington trade block of the model where the good demand is constant elasticity

of substitution � , purchased at a pricepi and subject to tari�s tb
ki for goods from country i . Using

the market clearing in equation (13) � reformulated such as countries i sales equal countriesk

expenditures, coming from incomes in good sales as well as net-exports of fossil energy � the price
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index, and the trade shares as in equation (3), we obtain the log-linearization of trade patterns:

P i pi yi =
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P kski
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k )];
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@
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; sij =
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! 1� �
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d log pk + dtb
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�
d log pj + dtb

ij

�
!

:

The linearization of the market clearing is more complex as it also integrates the income e�ects of

the changes in imports and exports of energyef
i � ex

i and energy pricesqf .

(d log pi + d logyi )| {z }
sales from i

=
X
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t ik
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�
(d log pk + d logyk )
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qf ex
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d logex
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qf ef

k
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d logef

k +
qf (ex

k � ef
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d logqf

| {z }
oil-gas income of k

+ �
X

h

�
skh dtb

kh � (1+ ski )dtb
ki

�
+ ( � � 1)

X

h

(skh d log ph � d log pi )

| {z }
change in trade share in goods purchased by k from h relative to i

�

with S = f sij gij = cij pij
ci Pi

the trade share matrix, T = f t ij gij = f P j vj
P i vi

sji g income �ow matrix �

which represents the share of incomevi from i that is coming from country j � which is identical

to the trade/income matrix in Kleinman, Liu and Redding (2024), and the Armington CES � .

This implies that rewritten in matrix notation, we get the price changes as a function of climate

damage, carbon taxt " and renewable subsidiess" , and �nally, the trade tari�s policies tb where

the matrix J represents which countriesk impose tari�s on country i .

As for the reaction of oil-gas prices to climate policy, one general lesson from this decom-

position relates to the gains from coordination: the larger the coalition of countries implementing

carbon taxation and green subsidies, the stronger the reallocation e�ects. Climate damages lower

the productivity Dy
k and income, which lowers the demand from the most a�ected countries and

redirects the trade patterns. More policy coordination improves global climate, which mitigates

those trade disruptions, even for countries that free-ride without implementing carbon policies.

However, this free-riding is a double-edged sword: countriesi outside climate agreements bene�t

more from the leakage e�ect caused by the climate policy in countriesk, but when those policies

are costly for k's income, that might lower the total demand for country i . All these channels are
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represented here, and the complete formula can be found in the appendix in Appendix B.
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(25)

with J a tari� direction matrix � whether country i imposes tari�s on country j , with tari� in-

creasing in the carbon intensity ofj in the case of carbon tari�s. Moreover, the general equilibrium

(and leakage) e�ects are summarized in a complicated matrixA that summarizes the fact that the

price pi also a�ects energy demand, oil-gas extraction, energy trade balance, and output. Further

description can be found in the Appendix B.

In sum, we use the welfare decomposition of Equation equation (18), which decomposes

the e�ects of climate policies into the following four channels: (i) the climate damages ordirect

productivity impacts, (ii) the importer and exporter terms-of-trade e�ects or trade e�ects, (iii) the

impact on energy prices orenergy coste�ect, and (iv) the e�ect on pro�t from the energy sector

or the energy rent e�ect. We decompose the welfare impacts through these four di�erent channels,

given the other general equilibrium e�ects of the model: the climate damage as in equation (19),

the individual countries' demand for energy as in equation (24), the global price for oil-gas in

equation (23) which depends on aggregate quantity of energy consumed in equation (24), the

pro�t of energy �rms as in equation (20), and �nally the general equilibrium of the good markets

driving the terms of trade e�ects and prices as in equation (25). Before turning to the result of

our model, we explain how we estimate the key parameters, such as climate damages and energy

supply elasticities.

4 Estimation and quanti�cation

Our main data sources are the World Development Indicators (WDIs), energy data com-

piled 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)
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for international trade �ows at the sector level, which allows us to remove energy trade from the

�ow of all other goods internationally. 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.

4.1 Estimating the structural damage function

We estimate the structural damage function Dy
i using temperature shocks and data on

trade �ows. Typical damage function estimation recovers damage parameters from regressions

of GDP/capita on temperature shocks (see, e.g., Burke et al., 2015). In this context, a regres-

sion of log GDP per capita on temperature would fail to identify the parameters of the damage

function, as GDP contains e�ects of temperature elsewhere (via their propagation through trade

network), as well as general equilibrium e�ects on energy prices, rents and wages. Subsequently,

in our context, an o�-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 e�ects that operate

through goods and 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 �ow 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 in1� � 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 �ows X ij at the industry level between most country

pairs in 2000 through 2016. We use the ITPD-E data as it allows us to drop bilateral trade �ows

in the energy sector. Through the lens of the model, trade �ows from exporterj to importer i are,

X ij = pij cij =

 
(1+t b

ij )� ij pj

Pi

! 1� �
ci

Pi
aij ; (26)

where,

pi = ( Dy
i (Ti )zi )

� 1
�
� (qe

i )1� � y
+ (1 � � )(wi )1� � y

� 1
1� � y

where qe
i is a CES price index for energy prices. We use equation 26 as a basis for estimating

Dy
i . Dividing domestic trade, and treating each yeart in the data as an equilibrium of the model,

equation 26 becomes,
X ijt

X iit
=

�
pjt =pit

� 1� � &ij &t ~aijt ~� ijt

where&ij are all time-invariant bilateral preference or cost shifters, and~aijt ~� ijt represents any time-

varying components of bilateral preferences or trade costs. Taking logs and setting� = 1 generates

the estimating equation,

logE[X ij =X ii ] = � 0(Tjt � Tit ) + � 1(T2
jt � T2

it ) + &ij + &t + � 0Wit + 
 0Wjt : (27)
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Figure 2: Marginal damages on productivity from a 1 degree change in local temperature versus
country baseline temperature, using estimates of equation 27 available in Appendix Table A1,
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.

In this speci�cation, &ij is a country-pair �xed e�ect, while &t is a time �xed e�ect. Wit and

Wjt 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 rents, and renewable energy consumption

as a per cent of total �nal energy consumption, and are all taken from the WDIs. These controls

proxy for the component of factory gate pricespj driven by energy pricesqe
i or wageswi . With

these controls, the coe�cients on temperature � 0 and � 1 identify parameters of the damage function

(when � = 1 ), namely,

�
1
2

� 0

� 1
= T � ;

� 2� 1

� � 1
= 
:

We estimate equation (27) with a Poisson pseudo-maximum likelihood estimator with high dimen-

sional �xed e�ects 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 tradeX ii is not missing in

the ITPD-E data and for which Wit and Wjt is not missing in the WDIs, as well as entities that are

present in the ITPD 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.

Identi�cation of � 0 and � 1 comes from within-trading-partner pair variation, tracing out

how temperature shocks to bilateral terms-of-trade a�ect the import penetration ratio, net of

year e�ects common to all pairs and importer- and exporter-year controls (which control for

the time-varying component of factor prices). In short, the identi�cation assumption is that

time-varying shocks to preferences~aijt and shocks to bilateral cost shifters ~� ijt are such that

E[~aijt ~� ijt j Tit ; T2
it ; Tjt ; T2

jt ; &ij ; &t ; Wit ; Wjt ] = 1 ; i.e., conditional on the �xed e�ects and our con-
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trols, temperature shocks (and their square) are uncorrelated with the error term.

Appendix Table A1 reports the results of our estimation. All speci�cations 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 speci�cation, which uses di�er-

ences in temperature (Tjt � Tit ) and its square as a regressor, providing more e�cient estimators of

� 0 and � 1. We estimate T̂ � = 14:02 and 
̂ = 0 :012. Column (3) reports the results by separately

estimating coe�cients on Tit , Tjt , and their squares. Reassuringly, separate estimates have the cor-

rect sign and magnitude and are statistically indistinguishable from each other, though estimates

on importer temperature are noisier.11

Figure 2 represents the damage function by using the estimates of� 0 and � 1 from Appendix

Table A1, Column (4) to compute the marginal damages at each point along the baseline tempera-

ture distribution, i.e., the derivative of Dy
i . 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 identi�cation strategy that leverages panel variation in non-energy import penetration

and temperature di�erences.

Finally, to calibrate T?
i , we also use an intermediary assumption that nests us between the

following cases: (i) that T � represents a global peak temperature for goods production TFP (as in

Burke et al., 2015; Kotliko� et al., 2021; Krusell and Smith, 2022), (ii) or that global warming a�ects

all the locations symmetrically, where deviation from the local baseline temperatureT?
i = Tit 0

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 Känzig (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.12 Our intermediate step and

assumes partial local adaptation by assuming,

T?
i = � T T? + (1 � � T )Tit 0

where � T = 0 :5 and T? = 14:02, as estimated. We hold
 �xed across countries, implying that all

local adaptation a�ects the peak but not the shape of the damage function.

11 To estimate T � and 
 with separate coe�cients on importer and exporter temperatures, we form precision-
weighted averages of the estimands, and recover estimates ofT � and 
 that are statistically indistinguishable to
those estimated in Column (4). Columns (1) and (2) use an OLS estimator. With the OLS estimator, the e�ects
of importer temperature on import penetration are substantially noisier. With separate coe�cients, we �nd a peak
of around 16 and a �atter damage function 
 � 0:001. The e�ects of temperature di�erences are indistinguishable
from zero in, Column (2).

12 Goulet Coulombe and Klieber (2025) suggest these estimates are driven by a spurious correlation due to the
timing of the eruption of Mount Agung and postwar European growth, and later, ENSO events and the rise of
China. Neal et al. (2025) �nd that including global temperature tends to amplify the cost of climate change in
several econometric models. We omit global temperature given the limited time-series and these potential concerns.
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4.2 Estimating 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,

d log � f
i =

�
1 + 1=� f

i

�
d logqf �

�
1=� f

i

�
d log pi

As the world price of fossil is taken as exogenous to producers, a regression of oil rents on interna-

tional 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,� f
i . For each country, we construct the e�ec-

tive 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,

� log � f
it = � i � log qf

it + 
� log GDP it + &i + uit : (28)

We estimate equation (28) by OLS country-by-country, where here� indicates �rst-di�erencing

and &i indicates a country �xed e�ect, which controls for country-speci�c time trends intended

to capture potentially confounding secular trends in oil rents and international prices within each

country. First-di�erencing implicitly nets out country �xed e�ects, which absorb all time-invariant

shifters of pi . Controlling for changes to GDP controls for year-over-year changes topi , as well as

controlling for the denominator of � f
it , so variation on the left-hand side re�ects variation in � f

i .

Estimating equation (28) results in very noisy estimates of� i for some countries. Some esti-

mates of � i , while positive, fall below 1 (implying a negative oil-gas supply elasticity), while other

estimates are even negative, inconsistent with the model and incompatible with the quanti�cation.

To ameliorate this, we estimate a pooled estimate of� across countries and use an empirical Bayes

shrinkage estimator to shrink noisy and wrong-signed estimates towards the pooled mean. We

impose a truncated normal prior on � i with the truncation beginning at 1. This is tractable, as

a normal likelihood (for the coe�cient estimates, � i ) is conjugate with a truncated normal prior,

which allows for easy recovery of the posterior mean.13 Imposing coe�cient sign restrictions in

estimation while jointly shrinking away noise is similar to the approach in estimating millions of

retail product demand elasticities in Rosenthal-Kay et al. (2024). Histograms of the OLS and

empirical Bayes estimates are available in Appendix Figure A2.

13 To be precise, we implement a quasi-empirical Bayes routine by estimating E [� i j �̂ i ] under the hierarchical
model,

�̂ i j � i � N
�
� i ; � 2

� i

�

� i � N1;1 (�; � � );

where we treat the pooled regression estimate and its standard error as parameters of a truncated normal prior where
the truncation begins at 1, N1;1 . As a truncated normal prior preserves conjugacy with a normal likelihood (both
are of the exponential family), the posterior is then also truncated normal, with location and scale parameters ~� i =

! i �̂ i + (1 � ! i )�̂ and ~� � i = �̂ � i

p
1 � ! i where the shrinkage factor takes the precision-weighted form, ! i =

�̂ � 2
� i

�̂ � 2
� i

+ �̂ � 2
�

,
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Figure 3: Empirical Bayes estimates of oil-gas and coal energy supply elasticities. Left: Hydrocar-
bon 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 their market
power through OPEC. Right: Coal energy supply elasticities.

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: di�erences in coal prices across countries are small,

and movements in coal prices across countries are strongly correlated (Appendix Figure A1). This

is because in actuality, coal is traded to some extent, and as a commodity, there is signi�cant and

sophisticated arbitrage in global markets. With this in mind, we treat the global price of coal as

exogenous for estimation.

Figure 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 e�ective supply

elasticity as producers endogenously adjust quantities to move up along their perceived energy

and the posterior averages rely on the inverse Mills ratio,

E [� i j �̂ i ] = ~� i + ~� � i

�
�

1� ~� i
~� � i

�

1 � �
�

1� ~� i
~� � i

� ;

where � () and �() are the pdf and cdf of standard normal distribution.
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demand curve, consistent with low supply elasticities for OPEC nations. In contrast, we �nd fairly

elastically supplied oil-gas in the US

However, coal supply elasticities follow an opposite pattern, in which coal is fairly inelastically

supplied in the US and India and more elastically supplied in Russia and China. On average, coal

is far more elastically supplied than fossil, generating a �atter supply curve and low coal rents in

equilibrium. This is consistent with EPA estimates of the shape of the US coal supply curve (U.S.

Environmental Protection Agency, 2023), and the fact that even the largest coal producers do not

have coal rents above1% of GDP.

For countries with no fossil or coal rents in the data, we assign supply elasticities equal to

the global pooled estimate (such countries are absent in the �gure).

4.3 Externally calibrated parameters

For shares of energy rents in GDP and the other observable shares � as listed in Section 3.2

� and required by our su�cient 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 �lls 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 �ows with the United States (which has good reporting quality).

We then renormalize the data so that trade shares sum to one, allowing us to constructS. In

practice, the trade data is not balanced, so we renormalize the columns of theT to mechanically

enforce balanced trade in the data.14

For the household, we calibrate the CRRA/IES parameter to be� = 1 :5, taken from Barrage

and Nordhaus (2024).15 and set the elasticity of substitution � = 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 shareq
e
i ei

pi yi
to 10%, as

documented by OECD reports and used in Kotliko� et al. (2024) and Krusell and Smith (2022).

For the elasticity between energy and other inputs, we set� y = 0 :6 for all countries, which is in

the range of estimates in Papageorgiou et al. (2017), among others.16 This implies that labour 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, labour. 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

14 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 A3.

15 This is slightly lower than the standard value � = 2 , for the reason that higher curvature would imply more
unequal weights, ! i , across di�erent countries.

16 It also aligns with the estimation in Bourany (2022).
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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

speci�c 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� e = 2 , following the rest of the literature,

i.e. Papageorgiou et al. (2017), Kotliko� et al. (2024), 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=� r = 2 :7, based on the estimate in Johnson (2014). A summary of these parameters is

available in Appendix Table A2.

In addition, we calibrate the climate model described in Section 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 emissionsE, carbon concentration S,

and global and local temperatureT and Ti , and this implies that we do not require to parametrize

the climate sensitivity � , or the pattern scaling � i .17 However, since the economic model is static,

we consider the horizonT to be 2100 for performing policy experiments. In this context, we analyse

the long-term policy impact of climate and trade policies through di�erent channels.

Finally, when we consider welfare, as in equation (14), we consider the weighted sum of

individual utilities, with Utilitarian weights ! i = 1 . This implies that the aggregation of the

consumption-equivalent welfare change in equation (15) can be aggregated with weightsP i b! i /

P i ! i u0(ci )ci = P i c
1� �
i for � the inverse of the IES, which control �inequality aversion� in this

type of models, as discussed in Antho� 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! i / 1=u0(ci ).

These would undermine these redistributive considerations by putting more weight on advanced

economies, yieldingb! i = ci / yi .

5 Results

In this section, we report the results of our main experiments, using our su�cient statistics

formulas, data moments, and estimated damage functions and energy supply elasticities. Our

results for various carbon taxation experiments are available in Appendix Table A3.

5.1 The welfare e�ects of global warming

We use our su�cient statistics formula to compute the welfare e�ects of global warming

from an emissions impulse that generates 3� C of warming by 2100. The results of this exercise

are displayed in Figure 4. In the left panel, we display the spatial distribution of welfare changes

around the world. The losers of climate change are predominately concentrated in the global

17 Indeed, the log-linearization of this linear climate system yields d log Ti = d log S / d log E and there is no re-
quirement for climate sensitivity or pattern scaling. If world emissions increase by 12%, so does carbon concentration
S, implying a 12% increase in the world temperature � 3� by 2100, from 19� to 22 � and local temperatures Ti .
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Figure 4: The welfare e�ects 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.

south: Africa, Latin America, and South East Asia � all hot countries at baseline � lose, while

cooler countries like Canada and Russia win, and the e�ects of global warming are small in the

United States and China. This aligns with the literature on the heterogeneous e�ects of climate

change (Cruz and Rossi-Hansberg, 2024; Krusell and Smith, 2022).

The right panel of Figure 4 decomposes these welfare changes into those driven by the direct

e�ects of climate change, those driven by changes in 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 priceqf and provides relief to oil and gas

importing countries. However, it also deteriorates the energy rents of fossil exporters such as Saudi

Arabia. While this baseline hot country loses due to the direct e�ect on productivity, this loss is

partially o�set by improved terms-of-trade, as Saudi Arabia is well-connected in the trade matrix

to countries that gain, like Japan and Russia.

Using our framework, we can compute the Social Cost of Carbon in the Business-as-Usual

scenario. The global welfare cost of reaching3� by 2100 � with utilitarian Pareto weights ! i = 1 ,

giving the same importance to each person in every country � is a loss of17% in consumption-

equivalent welfare, as displayed in Figure 4. We use our formula in equation (17) to obtain a Social

Cost of Carbon ofSCC = $203 per tonne of CO2. This number is quite high given that our model

is static and log-linearized. An Integrated Assessment Model with dynamics and non-linearity

as Cruz and Rossi-Hansberg (2024); Krusell and Smith (2022); Bourany (2024) or uncertainty as

Weitzman (2009); Barnett, Brock and Hansen (2020) � among many others � would amplify those

costs, increasing the Social Cost of Carbon.18

18 One exercise we performed in our framework is to change the climate cost as computed in equation (19). Country-
level climate damages scale with the temperature gap Ti � T ? , and we could replace the present temperature Ti

with future temperature T ?
i + 3 � , to change the point of approximation of our linearization. This implies that the

currently cold countries would be warmer by 2100 and lose more from global warming. The Social Cost of Carbon
becomes$302=tCO2 , which shows how the model would amplify the cost of global warming. Using Negishi weights
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Figure 5: The welfare e�ects 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: decom-
position of welfare changes for several major economies.

5.2 Unilateral carbon taxation

We now consider the welfare e�ects of unilateral carbon taxation. As a case study, we begin

with a unilateral carbon tax imposed by China of $50 USD/tonne. 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 China being a large polluter, this

moderate carbon tax has virtually no e�ect on global emissions, which actuallyrise, though by

less than 0.07%. Yet, the policy nonetheless creates winners and losers, visible in the left panel

of Figure 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, re�ected in their large share of coal in their energy mix (one of the

data moments key to our su�cient statistics exercise) and the fact that they are a fossil importer.

By imposing a carbon tax, China substitutes away from coal towards oil-gas fossil sources, as

coal is dirtier than oil-gas (� c=� f � 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, making the Gulf countries among the biggest winners. Utilitarian welfare

falls by 0.2% (0.2% Negishi-weighted). China is one of the few countries for which local carbon

taxation causes global welfare losses; see Appendix Figure A5.

While the surge in the global oil-gas price improves the rents of fossil exporters, it also in�ates

the energy costs for the rest of the world, in particular energy importers. This causes a decline in

production and welfare, as for example, European nations `lose' from the Chinese carbon tax. As a

result, this also incentivizes those other countries to substitute away from oil and gas towards coal,

at baseline, the SCC falls to $3.31, re�ecting the fact that the cost of climate change is predominately borne by
low-income countries with a high marginal utility of consumption.
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Figure 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.

explaining the slight increase in global emissions. In China, the overall welfare e�ect of changing

energy prices is positive: the direct e�ect of taxation drops out in the �rst-order decomposition

as tax revenues are rebated to the household; only the general equilibrium of prices net of carbon

taxes a�ects welfare. Coal prices fall as demand shifts to fossil, and as China has a large share of

coal in their energy mix, they bene�t. Moreover, China experiences a slight improvement in its

terms of trade, as the volume of its exports decline due to higher energy costs.

In Appendix Figure A4, 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 e�ects on nations in the global south and damages the

`winners' of climate change. Interestingly, though Saudi Arabia's energy rents appreciate, though

more modestly than was the case with China, their terms of trade deteriorate as their trading

partners su�er productivity losses. Welfare e�ects in the US are small but positive: energy prices

rise, more than totally o�setting the gains associated with reducing climate damages, but are

balanced by improved terms of trade with Canada and European nations.

5.3 Unilateral renewable energy subsidies

In contrast to carbon taxation, we consider renewable energy subsidies. We compare the

e�ect of subsidizing renewable energy 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 policy-induced relative price change between the

oil-gas and coal bundle and renewables stays the same on average. The main reason why subsidizing

renewable energy di�ers 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 a�ects both the aggregate change in emissions, as well as

dirty energy exporters' energy rents, depending on their relative dirty energy supply elasticities.

In Figure 6, we plot both each country's consumption equivalent welfare change from pur-
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Figure 7: Left: changes in welfare from an EU climate club. Right: Decomposition of welfare
changes within the EU (top) and for major trade partners and losers of climate change (bottom).

suing a $50 carbon tax (left panel) and a 42.6% renewable energy subsidy (right).19 There are

large di�erences across the world in the e�ects of these two policies. On average, renewable energy

subsidies are considerably less e�ective 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

energy at baseline (over 40%), this e�ect 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.

5.4 Coordinated carbon policy

We now consider coordinated climate policy, in which blocs of nations jointly implement

carbon taxes and tari�s that take the form of a carbon border adjustment mechanism (CBAMs).

CBAMs levy a tari� on the carbon content of imports to each nation in the bloc, but do not place

tari�s on bloc members � a `climate club' as suggested by Nordhaus (2015) and studied in other

work (Clausing and Wolfram, 2023; Ernst et al., 2023; Farrokhi and Lashkaripour, 2024; 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.

19 In Appendix Figure A5, 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 bene�ts, suggesting a considerable gap between governmental and global incentives to internalize the carbon
externality. Likewise, in the right panel, we can see similar e�ects for the renewable energy subsidy.
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First, we examine the e�ects of a European Union-wide climate club with a carbon tax and

CBAM-tari� of $50. Figure 7 displays the results of this exercise. The EU is a loser from its own

climate club, with only the South of Europe � Spain, Portugal, and Italy � bene�ting. Aggregate

emissions decline by 3%, cooling global temperatures and harming the EU nations that bene�t

from climate change (e.g. Germany, Scandinavian countries), alongside other cool nations like

Canada and Russia. However, the global welfare e�ect of such a policy is positive, with global

utilitarian-weighted welfare rising by around 5% (1% with Negishi weights). This underscores the

importance of coordinating climate policy: unilateral carbon policy without tari�s has virtually no

global impact when pursued by EU member states due to formidable leakage e�ects (see Appendix

Figure A5), which a climate club can overcome.

In the top right panel of Figure 7, we plot the welfare decomposition for EU member states.

Energy cost e�ects are heterogeneous across the EU, e.g. rising in France and falling in Poland

and Germany. Ireland is particularly hurt through international trade, as their major trading

partner, Great Britain, faces productivity declines. Countries in the global south bene�t from

the reduction in global temperature (bottom panel), and most economies bene�t from a reduction

in energy costs, as demand pressures from Europe in the international fossil hydrocarbon market

lessen. This generates positive welfare e�ects in countries that are mostly una�ected 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 e�ect brought about by lower carbon emissions.

In contrast, we consider a climate club composed of ASEAN members with the same policies

as the EU climate club. These southeastern Asian countries are losers from climate change at

baseline, so internalizing the carbon externality bene�ts them due to a reduction in carbon emis-

sions alone. Figure 8 plots the results of this exercise. The ASEAN climate club reduces global

emissions by 0.5% and raises global welfare by around 0.8% (0.2%, Negishi-weighted). By reducing

global emissions, this climate club bene�ts the losers of climate change and harms the winners.

ASEAN members broadly bene�t from the policy, due 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 top left panel. Energy exporters like Brunei and

Indonesia have smaller gains as they lose energy rents. Goods trade within the club reallocates,

with Laos, Indonesia, and Myanmar enjoying improved terms-of-trade at the expense of Malaysia,

Singapore, Thailand, and Vietnam. Elsewhere, oil-gas exporters lose energy rents as the global

�uid fossil fuels price falls by 0.6%.

5.5 Global carbon policy

Finally, we examine the case when all nations impose a $50 carbon tax in Figure 9. When all

nations participate in carbon taxation, carbon border adjustment mechanisms are not needed due

to the targeting principle; the carbon externality is internalized at its source. When we impose this

policy, the global price of hydrocarbons rises by 1.0%. Indeed, this results from the mechanism

explained in equation (24), where carbon taxation has a strong impact on coal consumption, and
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Figure 8: Left: changes in welfare from an ASEAN climate club. Right: Decomposition of welfare
changes within ASEAN member states (top) and for major economies and losers of climate change
(bottom).

countries substitute towards 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 around 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 9. They are the reverse of the e�ects of climate

change: nations in the global south bene�t from global carbon taxation while baseline cold nations

lose. These losses are o�set 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

and Nigerian energy rents grow as the world substitutes from coal to oil-gas, thanks to the upward

pressure on the international price of hydrocarbon fossil.

6 Conclusion

In this paper, we use a �rst-order decomposition of the e�ects of climate policy derived from

a macroeconomic IAM to study who wins and loses under various climate policy regimes. Our

IAM features trade in both goods and energy markets, and our decomposition is computable with

a modest set of su�cient statistics available using freely available trade and national accounts data

and estimable elasticities.

We estimate heterogeneous damages on productivity from rises in local temperature using

bilateral trade data, and estimate a large set of heterogeneous energy supply elasticities for both

hydrocarbon fossil and coal producers. We �nd that this heterogeneity is important not only in

capturing di�erences in productivity damages across space from climate change, but also in the
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