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Abstract

We develop a quantitative model of trade, sectoral linkages, and carbon emissions, with fossil fuel markets
playing a central role. These goods, produced from natural resources and traded globally, exhibit upward-
sloping supply. We use the model to account for carbon emissions, quantify the impact of trade shocks
on emissions and welfare, and to derive and evaluate optimal carbon ax instruments implemented at
different stages of the global value chain. We compare, alone and in combination, an extraction tax on
fossil fuel mining, a production tax on the direct use of fossil fuels, and consumption and export taxes on
the use of fossil fuels in intermediate and final goods. We show how each tax instrument affects direct
and indirect emissions and how global value chains reorganize endogenously in response. We estimate
fossil fuel supply elasticity using mine-level data across world regions, and show that a $100 per ton CO4
global carbon tax would cut emissions by nearly half and raise welfare by 1.4 percent. Unilateral optimal
production taxes induce substantial leakage. A unilateral optimal consumption tax that affect direct and
indirect emissions along the global value chains can reduce leakage and yield greater global welfare gains.
Pairing unilateral consumption and extraction taxes yields larger welfare gains than implementing either
tax in isolation, whereas adding export taxes to the mix produces only modest additional benefits—except
when imposed by China, where the effects are substantial.
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Introduction

Trade, carbon, and energy policy are increasingly intertwined. Europe has introduced the first carbon-
based import tariff (the Carbon Border Adjustment Mechanism, or CBAM). In response, many other
countries are debating implementation of their own CBAMs. More broadly, global climate negotiations
fiercely debate each country’s contribution to and responsibility for carbon emissions. Fragmented na-
tional policies raise concerns about “leakage,” as production shifts to less regulated regions.

A central issue in these debates is how to measure and account for the fossil fuels embodied in
intermediate goods circulating through global value chains (GVCs). This issue arises both from the wide
cross-country variation in the fossil-fuel intensity of producing final and intermediate goods and from
concerns about carbon leakage when unilateral carbon policies are implemented. Consequently, there
is growing interest in carbon taxes designed to affect the indirect use of fossil fuels along GVCs. A
country able to impose such a tax could potentially reduce leakage and achieve larger reductions in global
emissions. At the same time, general-equilibrium responses in fossil fuel markets may critically shape the
magnitude of carbon leakage.

Although recent work has begun adopting quantitative models to study the interactions between trade
and the environment, fossil fuel markets and their role on GVCs are often absent. This paper contributes
by developing a quantitative trade model that explicitly incorporates fossil fuel markets and sectoral
linkages to examine how international trade and GVCs shape the design and effectiveness of optimal
climate policies. With fossil fuels and input—output linkages at its core,, the model enables the design
and quantification of optimal carbon taxes that target both the direct and indirect use of fossil fuels along
GVCs.

We use the model for three purposes. First, we account for carbon emissions from each country
according to goods consumed, goods produced, and fossil fuels extracted. Second, we quantify the effects
of moving to autarky on carbon emissions. Third, we derive optimal carbon taxes at different stages of
the GVC and quantify their effects on emissions, real income, and welfare.

Our framework is based on a quantitative model of trade and carbon emissions. Three mining sectors
— coal, natural gas, and crude oil — use natural resources for production, generating upward-sloping supply
curves. Unlike most trade-energy frameworks, which assume that fossil fuels are differentiated, we assume
that fuels are homogeneous and freely tradable. Non-mining sectors have goods differentiated by country
of origin (Armington assumption), face iceberg-type trade costs, and may use fossil fuels as inputs in
production. Emissions come exclusively from using fossil fuels, and we allow for carbon taxes applied at
the point of extraction, production, or consumption, as well as taxes on the carbon content of imports
and exports, which play a critical role in carbon border adjustment mechanisms. These assumptions
provide a transparent framework for tracking emissions through GVCs and yield counterfactual results
that are straightforward to interpret.

Our approach contrasts with most of the literature, which typically models pollution as a reduced-
form byproduct of production (Copeland and Taylor, 1994). Instead, we treat emissions as the outcome

of explicit decisions about fossil fuels use in production. Consistent with the science of carbon emissions



from homogeneous Earth elements, we assume that emissions per physical unit of fossil fuel are constant
across counterfactuals. At the same time, emissions per unit of output can vary depending on inputs
choices in production, reflecting substitution between fossil fuels and other factors. In this framework,
fossil fuel prices adjust endogenously to clear global supply and demand.

Additionally, our approach allows for the implementation of carbon tax instruments at multiple stages
of the GVC, enabling us to study their optimal design and effects. Specifically, we consider taxes on fossil
fuel extraction—made possible by explicitly modeling fossil fuel markets—, taxes on direct fossil fuel
use in production, and consumption taxes that target both the direct and indirect use of fossil fuels
embedded in goods. These last taxes can transmit upstream across the GVC, rendering prices and trade
shares specific to the GVC end point destination—a feature we build into the framework. We derive
conditions under which these tax instruments, individually or in combination, maximize global efficiency
in the presence of environmental externalities, both under globally coordinated taxation and when a
single country or coalition acts unilaterally.

We quantify the model by compiling a wide array of existing data and estimating one key parameter.
We combine data from the World Input Output Database (WIOD) (Timmer et al. 2015) and Exiobase
(Lenzen et al. 2012) to measure global production and trade flows for all goods and services, including
fossil fuels, for the year 2014. Our sample includes 28 countries, including a rest-of-world aggregate, and
28 sectors, including three fossil fuel extraction sectors.

In line with recent spatial models involving energy (Arkolakis and Walsh 2023; Cruz and Rossi-
Hansberg 2024), we use data on mine-level cost schedules across several world regions from Welsby et al.
(2021) to estimate the global supply elasticity of coal, natural gas, and crude oil. The average supply
elasticity across the three fossil fuels is of around 3. This elasticity is an important parameter for our
quantitative analysis as it governs general equilibrium price responses of fossil fuels.

We begin the analysis by presenting model-based carbon accounting calculations that allocate emis-
sions responsibilities to countries according to extraction of fossil fuels, the direct use of fossil fuels in
consumption or production, or the direct and indirect use of fossil fuels in consumption. We use these
accounting measures to measure leakage and to compute optimal taxes; they are also directly relevant to
climate negotiations.

Following research on the gains from trade, we quantify the impact of international trade on emissions
by comparing observed emission levels with those under an autarky counterfactual. We find that inter-
national trade increases global emissions relative to autarky by 5.7 percent. While autarky represents an
extreme scenario, it helps clarify channels through which trade affects emissions. Our results depend on
the fossil fuel supply elasticity: With flat supply curves, trade increases emissions by only 0.34 percent.
This result suggests that changes in the price of fossil fuels are a key mechanism through which trade
affects emissions: trade decreases fossil fuel prices in fuel importing countries, increasing their emissions,
while higher prices exporting countries do not balance out this shift.

We then use the model to derive optimal carbon taxes. We consider three tax instruments that parallel

the three emission-accounting metrics mentioned above: extraction, production, and consumption taxes.



An extraction tax targets fossil fuel producers; a production tax applies to fossil fuels used directly
in production and consumption; and a consumption tax covers fossil fuels used throughout the global
value chain ending in final consumption. We also consider taxes on the carbon emissions associated with
imports and exports, as these are necessary for a CBAM, as well as optimal combinations of carbon
taxes.!

We first characterize the taxes that achieve global efficiency. If a global tax is available, then an
extraction, production or consumption tax at a rate equal to the global social cost of carbon (SCC)
achieves the first best, since this is a Pigouvian tax. If instead only a single country or a subset of
countries implements carbon taxes, we show that the globally efficient rate for each tax is the SCC
scaled by one minus the leakage rate.? Intuitively, higher leakage decreases environmental benefits while
preserving economic distortions, reducing the optimal tax rate. Using an intuition similar to Kortum
et al. (2023), a combination of extraction, consumption, and export carbon taxes can reduce leakage,
increasing welfare.

We quantify the effects of both optimal global and optimal single-country carbon taxes, assuming
a global SCC of $100 per ton of COs. A global tax on extraction, production or consumption reduces
emissions by around 45 percent, and increases welfare by 1.4 percent relative to baseline global GDP.
Consumption decreases by around one percent on average, with heterogeneous effects across countries.
For example, due to terms-of-trade effects, net exporters of fossil fuels gain from a global extraction tax,
but lose from a global production or consumption tax. Net fossil fuel importers have opposite patterns.
The upward-sloping supply curve for fossil fuels shapes the effects of a global carbon tax. A decomposition
of the aggregate effects shows that the reduction in emissions would be 50 percent larger with perfectly
elastic supply of fossil fuels, compared to our baseline estimates. With either a production or consumption
tax, this difference arises because, in response to the global decline in fossil fuel demand, world fossil fuels
prices fall, which weakens the tax incentive to reduce fossil fuel use. With extraction tax, the difference
arise because, in response to the global decline in fossil fuel supply, world fossil fuel prices increase, which
weakens the tax incentive to reduce fossil fuel production.

When only one or a subset of countries imposes the taxes, the optimal tax rate and its effectiveness
vary significantly by tax type and country. By taxing emissions along the entire global value chain, a
consumption tax most effectively limits leakage, which is twice as large under extraction or production
taxes. As a result, when considering the optimal tax that each country in isolation would impose (assum-

ing other countries set taxes to zero), the average optimal policy is most stringent for consumption taxes,

LA consumption tax is close to CBAM as it is equivalent to a production tax and an import tax of the same magnitude,
supplemented by an export subsidy to undo the production tax on exports.

2Global efficiency is the obvious goal for a global tax, but it is also a natural objective to consider for a tax imposed by a
single country. Countries’ climate policies are often guided by global considerations. Many countries reference the global social
cost of carbon (SCC) when setting carbon taxes, as documented by OECD (2021). This feature aligns with evidence that carbon
taxes often exceed country-specific damage estimates. Kotchen 2018 rationalize this policy through a repeated game framework,
where countries internalize the global SCC expecting future cooperation. Focusing on global efficiency also allows the planner
abstracting from terms-of-trade effects and focusing exclusively on solving the environmental externality, which is the main goal
of most environmental policies.



with $70 per ton of COs, followed by $42 for production, and $35 for extraction taxes. Taxes applied to
a single country are more effective when large economies impose them. For example, a production tax
levied in China, which accounts for over 30 percent of global production emissions, results in a leakage
rate of 32 percent, while the same policy in France leads to substantially higher leakage. In general,
production taxes are more effective when applied by major producers, and extraction taxes are most
effective when implemented by large fossil fuel exporters.

When consumption taxes are applied to one country in isolation, they decrease global emissions and
increase global welfare more than other taxes do. A consumption tax in China cuts global emissions by
11.5 percent and generates welfare gains of 0.43 percent relative to initial GDP, while the same policy
by the EU reduces emissions by 2.4 percent and generates welfare gains of 0.07 percent relative to initial
GDP. In contrast, a production tax in the EU yields only a one percent emissions reduction and a global
welfare gain of 0.04 percent. Since the consumption tax closely resembles a CBAM, these results highlight
the potential gains from shifting toward such policies.

Finally, we examine carbon taxes that combine demand- and supply-side instruments, specifically, a
consumption, export, and extraction taxes applied to one country at the time. The combined approach
consistently delivers higher global welfare gains than any single instrument alone. While a consumption
tax applied to any single country generally yields better global welfare outcomes than a production
tax, combining it with an extraction tax further enhances gains. For example, the combined US taxes
generate global welfare gains that are 40 percent higher than the gains from a consumption tax alone.
Further adding an optimal export tax does not deliver a large quantitative difference, except if the three
taxes were applied to a large exporter like China. Taken together, these results suggest that as countries
move toward consumption-based climate policies, they may achieve additional gains by also incorporating
supply-side measures targeting fossil fuel extraction.

We build on the growing literature on quantitative models of trade and the environment. Like much of
that literature, our model allows for many sectors and for a sectoral input-output structure, as in Costinot
and Rodriguez-Clare (2014) and Caliendo and Parro (2015). A few papers include mining sectors using
natural resources in fixed supply, as we do. Farrokhi and Lashkaripour (2023), Bourany 2024, and
Farrokhi et al. (2025) allow for a freely-tradable energy resource produced under decreasing returns to
scale. They follow the standard approach of assuming differentiated (Armington) energy varieties, while
we assume that each fossil fuel is homogenous, an approach with easily interpretable implications. Egger
and Nigai (2014) model energy markets explicitly, but their analysis is restricted to flat supply curves
for fossil fuels, and does not distinguish among the different fossil fuels (e.g., coal versus gas), or among
different non-mining sectors, which misses the heterogeneity embedded in the world input-output table.
Larch and Wanner (2017), Caliendo et al. (2024), and Moigne et al. (2024) adopt an abatement approach,
as originally proposed by Copeland and Taylor (1994), and assume constant sectoral emission intensity.
This framework abstracts from explicit modeling of fossil fuel markets, and therefore does not directly
link responses in these markets to changes in emissions. As discussed above, this omission overlooks

the price channel and prevents endogenous adjustments in sectoral emission intensity in response to



shocks—channels that are quantitatively important for assessing the impact of trade shocks and carbon
policies. Since the supply elasticity for fossil fuels turns out to be critical in these models, our contribution
is to provide estimates for coal, natural gas, and crude oil, separately, and to show quantitatively that
this is a key parameter when evaluating the effect of trade shocks and environmental policies.

Our design of optimal carbon taxes using a model based on fossil fuel markets is related to Kortum
et al. (2023). While they present analytical results for optimal taxes in a stylized model, we use a
quantitative trade model and exact hat algebra methods to compute optimal taxes and quantify their
effects on emissions and welfare. Farrokhi and Lashkaripour (2023) and Bourany 2024 also evaluate
quantitatively different carbon policies. Their analysis centers on climate clubs, carbon taxes, terms-of-
trade effects, and the associated political economy. In contrast, our focus is on globally efficient carbon
tax schemes that can affect the direct and indirect use of fossil fuel along GVCs. By incorporating
intermediate goods and input—output linkages, our model can capture how endogenous GVC responses
affect the effectiveness of climate policies.

An industrial ecology literature, distant from international trade research, measures the energy and
environmental goods embodied in global production and trade (Davis and Caldeira 2010; Peters et al.
2011; Lopez et al. 2019; Zhang et al. 2020; Heal 2022). This literature studies “consumption based carbon
accounting,” and highlights that measuring carbon emissions by where goods are consumed, rather than
by where they are produced, assigns a larger responsibility to climate change to net importers, like the US,
and less responsibility to net exporters, like China. Unlike this literature, we provide theory-grounded
aggregate measures and decompositions of carbon emissions according to where energy is extracted, used
in production, and consumed.?

The paper proceeds as follows. Section 1 presents the model, and Section 2 presents the analysis of
optimal carbon taxes. Section 3 describes the data. Section 4 discusses carbon accounting. Section 5
presents the estimation of fossil fuel supply elasticities. Section 6 analyzes the autarky counterfactual.

Section 7 analyzes optimal carbon taxes. Section 8 concludes.

1 Model

Our quantitative model of trade and the environment allows for many sectors, including three mining
sectors that extract fossil fuels (crude oil, coal, and natural gas). Only these fossil fuels generate COq
emissions, reflecting the fact that together they are responsible for about 75% of global greenhouse gas
emissions (Ge et al. 2024).

Non-mining goods are differentiated by origin (& la Armington), and traded internationally incurring
iceberg-trade costs . Fossil fuels, in contrast, are homogeneous and freely traded internationally, but may

face per-unit carbon taxes. Mining goods are produced using labor and a natural resource (“mines”)

3Because ours is a general equilibrium model, counterfactual exercises account for all adjustments in prices and quantities.
This approach differs from accounting analyses, such as Davis and Caldeira (2010), which use the Leontief inverse of a global
multi-region input-output table to learn about the emissions embodied in traded goods, but they do not study the equilibrium
outcome under a specific counterfactual.



specific to each mining sector, and non-mining goods are produced with labor and intermediate goods as
in Caliendo and Parro (2015).* All markets are perfectly competitive.

Our assumption that fossil fuels are homogeneous departs from most of the literature, which assumes
Armington differentiation (e.g. (Caliendo and Parro, 2022; Moigne et al., 2024)). The homogeneity
assumption is convenient and matches several realistic features of fossil fuel markets. First, fossil fuels are
relatively undifferentiated—many are traded on spot markets, and estimated demand elasticities are high,
ranging from 25 to 45 (Fontagne et al. 2022). Second, differentiation leads to implausible implications:
high-priced varieties would bear lower ad valorem carbon taxes despite emitting the same COq per unit,
inducing sharp and unrealistic reallocations. Third, the homogeneity assumption yields more transparent
tax incidence and counterfactual results. Finally, there are data reasons to assume homogeneous prices
for fossil fuels—the implied prices from using data from input-output tables on quantities and values are
subject to measurement error that results in extreme values for these prices (see Appendix D). However,
when analyzing the effects on emissions, it is important to model separately the three fossil fuels since
the quantity of CO2 emissions they each produce are very different—coal is the dirtiest while natural gas

is the cleanest.

1.1 Setup

The economy is composed of multiple countries indexed by i, j,{,n = 1, ..., N and multiple sectors indexed
by k,s,r € K = {1,...,K}. There are two types of sectors: mining sectors, s € KM, and non-mining
sectors, s ¢ KM Wherever possible, the index j represents the country where the mining occurs, indices i
and [ represent the countries where production of non-mining goods takes place, and n is mostly reserved
to denote the country of final consumption. Country j is endowed with L; units of labor and M ; mines
that can only be used for s € KM,
Each country has a representative agent with indirect utility function
Vi (P X ) = X0 (1)
n

where Xg and P, are final expenditure and the consumer price index in n, and =, denotes the dollar-
valued damages to country n from worldwide emissions £ (i.e., the national social cost of carbon in terms
of the numeraire), with v = >, v, the global social cost of carbon. Letting P, ; denote the price or price
index of good s in country n, the consumer price index in n reflects Cobb-Douglas preferences and is
given by P, = [[, Ph%*, with p,, s € [0,1] and >, pin s = 1.

Mining sectors and emissions. The production of mining good s € XM uses mines m and labor
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4We use the terms mining goods and fossil fuels interchangeably.



with o € [0,1). The fixed natural resource implies that mining sectors have upward-sloping supply
curves, and that a share a; s of the sales in mining sector s and country j are rents to owners of mines.”

Carbon emissions result exclusively from the use of mining goods in production and consumption.
Emissions from the use of one unit of mining good s equal an “engineering” constant e; > 0. Letting g; s

denote output (in quantities) of mining good s in country j, global carbon emissions are then

&= Z Zes%’,s' (3)

sekM j

Non-mining sectors. Within each non-mining sector s ¢ K™, Armington varieties are aggregated
assuming a constant elasticity of substitution (CES) os > 1. This aggregate good is then consumed or
used as an input to produce non-mining goods. Non-mining production is constant returns to scale, and

uses £ units of labor, ¢ units of the mining sector-k input, and Q) of the non-mining sector k according

g Ql (s qr Al ks Qk Al ks
() LG I @
l,ls ks Q) ks

kekM kg kM

to

with o g, q s € [0,1] and g g5 + Y pexc ups = 1 for all I and s ¢ KM,
Varieties of non-mining goods are subject to iceberg trade costs: 7, s > 1 units of s ¢ KM need to
be shipped from [ so that one arrives in n. The triangular inequality holds, 7, s < Tji sTin s, for all j,1,n

and s ¢ KM, and we assume that Tpn,s = 1 for all n and s ¢ KM

Carbon Taxes. We allow for several types of per-unit carbon taxes. Specifically, we allow for mining
taxes, which are levied directly on carbon emissions associated with mining goods extracted; production
taxes, which are levied directly on carbon emissions from the use of fossil fuels in domestic production and
consumption; consumption taxes, which are levied on the carbon emissions in the whole global value chain
(GVC) ending with domestic final consumption; import tazes, which are levied on the carbon emissions
in foreign links of GVCs ending with domestic consumption; and export taxes, which are levied on the
carbon emissions in the domestic links of GVCs ending with final consumption abroad. These per-unit
taxes on carbon are in dollars per metric ton of carbon emitted multiplied by the factor ey introduced
above.

We denote mining, production, consumption, import and export taxes by t;-w ,th ,tg,t,lz, and th . In
the presence of these taxes, producers of good s in country j are paid the price ps; — estﬁw , Where p; is the

international price of mining good s. The purchase price in country [ for a good used in the GVC ending

5Although climate change represents a dynamic problem, where long-lived carbon stocks create damages over centuries, we
follow much of the research on trade and the environment and use a static model. This choice allows us to capture rich geographic
and input-output linkages while abstracting from the long-run dynamics of climate change. A few features where dynamics are
particularly relevant, such as the Hotelling Rule wherein resource prices increase over time due to extraction, are captured by
our model with a static upward-sloping supply curve for resources. Our calibration of ~,, uses independent estimates of the social
cost of carbon derived from integrated assessment models that also incorporate long-term effects.



in destination n is ps + e (th + t(,f + ]I#nté + ]Inﬂth), where [ is the indicator function (i.e., I;z, = 1 if
I # n and I;4, = 0 otherwise). Importantly, prices of mining goods used as inputs in production now

depend both on the country where production takes place as well as the GVC endpoint.

1.2 Model Equilibrium

Letting w; denote the wage in country j and recalling that the endowment of mines for s in j is M,

the supply curve of s in country j is

lfa]-,s

v (5)

1
Y}',s = (ps - esté’w) qj’s = Mj,s (ps - estéw) %5 wj
Rents earned from owning mines producing good s € XM in country j are
Hj7s = aj,s}/},s‘ (6)

For non-mining goods s ¢ KM, the supply curve in country ! for GVCs ending in country n is perfectly

elastic at unit cost
Prns = Adw ™ [T Gon+etin)™ T PO
kekM kg kM
where #;,, = th + tg + H#nté + ]In#tzx , and P, 1, denotes the price index of non-mining input k& ¢ KM
faced by producers in [ who are part of GVCs ending in n.° Crucially, when consumption, import or
export carbon taxes are in place, these price indices depend on the GVC endpoint n, since the prices
producers face for their intermediate goods vary with the destination of the GVC.”

Given our CES assumption for varieties of non-mining goods, these price indices satisfy

Pf;Z’“ = Z [T kpini] 7, (7)

(2

where 7;; 1, are trade costs to ship non-mining good k from ¢ to [. Trade shares also depend on the point
of final consumption. Specifically, the share of expenditure by country ! on non-mining good k for GVCs

ending in n that is allocated to origin i is
1—
(TukPing) 7"

l—oyg
]Dl,n,k

(8)

Nilnk =

Expenditure on any good s in country [ comes from both final consumption and demand for in-

termediate goods used in production. Recalling that X ZC denotes final expenditure in country [, gross

5The consumption price index in n for non-mining good k is Pk =Pk
"Without consumption, import and export taxes the previous equation takes the more standard form Dls =
-1, Qs P\ %l ks QL ks
Aoy Tyexenr (pr + ext]) [igren B ™



expenditure in sector s by country [ for GVCs ending in country n is

Xl,n,s :Hl:nﬂl,leC'i_ Z al,sk}/},n,kv (9)
kg]c]\/l

where Y} ,, , denotes gross output (in value) of non-mining good k produced in country [ for GVCs ending
in n. While the first term on the right-hand side of equation (9) captures final expenditure in s by [ and
is non-zero only for GVCs ending in [ (i.e., for [ = n), the second term captures demand in [ for s as an
input in production of non-mining goods k for GVCs ending in n.

Final expenditure equals the sum of wages, rents, carbon taxes revenues, and international transfers,

XlC :wlLl+ Z aj,sn,s“‘TZ"’Al- (10)
sekM

As in Dekle et al. (2008), exogenous transfers A; are needed in our static model to account for trade
imbalances, while transfers Y; are endogenous and funded from the revenues collected from carbon taxes.

These revenues are given by

ﬂ - Z €s tl]wa’s + Z thQlﬂ%S + Z thQi,l,s + Z tlIQi,l,s + Z thQZ,n,s )
n i

sekKM i#l n#l
where v
l,s
Qs = ———1 (11)
’ bs — estljw
is the quantity produced of s € KM in [ and
Xl n,s
=7 12
dim Ds + estip ( )

is the quantity used of s € KM in [ for GVCs ending in n.

The standard assumption has these tax revenues rebated to consumers in the same country, T; = 1.
While our model can accommodate essentially any system of transferring carbon tax revenues across
countries, we also consider a simple rule in which global carbon tax revenues are distributed in proportion

to the damages from carbon emissions across countries, Y; = (v;/v) >_; 11

A competitive equilibrium satisfies three sets of market-clearing conditions. The market clearing

condition for non-mining good s ¢ KM produced in country I for GVCs ending in country n is

}/;',n,s = Z Ail,n,le,n,s' (13)
l

For mining good s € KM, the market clears at the world level,

10



Z qj,s = Z din,s- (14)
J In

Finally, labor market clearing in each country [ entails

wily =) Vi, (15)
S

where oy s =1 — oy ¢ for s € KM and Yis=>,Yinsforsé¢ KM,

A competitive equilibrium given taxes is a set of good prices, sectoral price indices, gross expendi-
tures and revenues, and trade shares for non-mining goods, {pin.s; Pin,s Ajln,ss Xin,s Ylﬂ%s}ngICM? world
mining-good prices, {ps} i nm, quantities and revenues for mining goods, {g;s, qin,s}, final expenditure

and wages, { XY, w;}, such that equations (5)-(15) are satisfied.

1.3 Emissions

We allocate global emissions across countries according to extraction, production, and consumption.
We first calculate global emissions by substituting mining output in equation (11) into equation (3).

Extraction-based emissions reflect the fossil fuels each country extracts,

= Z €sj,s- (16)

sekM

Production-based emissions emissions reflect where fossil fuels are used in production,

P = Z ZeSQZ,n,s- (17)

seKM n
Also called “Scope 17 emissions, the expression in (17) is the most common measure of emissions used
in research and policy. For example, widely-used datasets like WIOD or the Global Trade and Analysis
Project (GTAP) report EZ’PS by sector.®
Equation (23) helps relate our modeling of emissions to that of the abatement approach in the lit-

erature, which assumes that pollution is an input to production. We can rewrite equation (23) using

that o
e = Xins  li=npusX) sk Yl nk
l’ s — — — e —_— .
e ps + estl,n ps + estl,n kM ps + estl,n
Hence,
P Hi, X
S
O S o a8
sekcM Ps + €s ( + s£KM
8Final consumption of mining good s € KM in country [ are included in g; ; 5. Equation (9) implies that g; ;s = ?"F:((’W =
sTes\t T

/'LLTSXZCV + Zke;cM ap, sk Y1k
pates(tF+t7) pstes (tF+tC)
term is the use of s as an intermediate good for non-mining production for domestic GVCs .

. The first term on the right-hand side is final consumption of mining good s, while the second

11



where the first term refers to emissions produced by household, and the second term are emissions related
to the use of fossil fuels in non-mining sector k,
&l = Z 632 Oélslenk
sexcM Ps + €stin
Papers such as Caliendo et al. (2024) and Moigne et al. (2024) use data on scope 1 production emissions
and output value in industry £ and country [ to calculate sectoral emissions per unit of output at baseline,
which are directly observed in the data. Equation (18) reveals that sectoral emission intensities change
with the price of fossil fuels as well as with carbon taxes. For example, with only production carbon
taxes, this intensity would be given by €1 = 5lﬁ€/(}ﬁ,k/pl,k) = ﬁ Y osckcM mal sk- Our approach,
consistent with the scientific properties of homogeneous Earth elements, fixes emissions per physical unit
of each fossil fuel, e,, while allowing sectoral emissions intensities €; ; to adjust endogenously in response
to shocks.? In this way, we capture within-sector “technique effects,” whereby a sector’s emission intensity
declines in response to a carbon tax—effects that are absent under the fixed-intensity approach, where
changes occur solely through the reallocation of production across sectors and countries.
Consumption-based emissions reflect final consumption responsible for fossil fuels used along the GVC.

As an intermediate step to compute consumption-based emissions, we first solve for gross output levels

in terms of final consumption. Substituting equation (9) into (13) yields

znk ZAznnk/Jflle +Z Z O‘zlnkrYinr for k¢ICM (19)
L r¢gKM

This is a standard accounting identity—all of country i’s sales of non-mining good k to GVCs ending
in country n either go to final demand or to intermediates. Here, c p kr = it n k0 ke represents world
input-output coefficients for non-mining goods, valued at producer prices, for GVCs ending in country
n. Importantly, in the presence of consumption, import or export taxes, input-output coefficients o, ir

vary by the country where the GVC ends. Solving for gross output levels yields

Yvi,n,k = Z Z Xil,n,kr)\ln,n,rﬂn,ng for k ¢ lCMy (20)
U rgkM

Eiln,k

where Xiinpr = (I — {ail’n’kr})_l.w The term Zj; 5, ), captures the value at producer prices of non-mining
good k from i used as an intermediate in the GVCs ending with non-mining goods produced in [ for final

consumption in n. Emissions associated with mining good s used as an intermediate for GVCs ending

9At the observed equilibrium, both approaches should, in principle, yield the same emission intensity (pinned down by the
data), with any difference attributable solely to measurement error.
10The matrix {; n kr} is for the non-mining sectors only, so it is a (K — 3) x (K — 3) matrix.
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with non-mining goods produced in [ and consumed in n are therefore

gln,s = €s Z Z &7 skl .k for se€ ICM (21)
ps+es in kgIcM

Multiplying = n 1 by ;¢ yields the value at user prices of mining good s used for that production.
To get to &, s we divide by the user price of s in 7, sum over 4, and multiply by emissions e, per unit
of mining good s.'' We arrive at consumption-based emissions in country n by summing Ein,s over all |

and all s € KM, and then adding the emissions associated with final consumption of fossil fuels,

g,,?: Z G anX + Z Zglns (22)

P C
sekM Ps +€s (t i ) sekM 1

If instead we sum over all n, we arrive at “scope 3” production-based emissions,

=2 +€S(E:f+tc U DPILIE (#)

sexcm Ps seKM n

Consumption-based carbon accounting, 55 , measures the emissions from the fossil fuels embodied in
both mining and non-mining final goods consumed in country n. In contrast, scope 3 production-based
carbon accounting, é’lP 3 measures emissions from fossil fuels embodied in non-mining final goods produced
in country ! plus mining goods directly consumed in [. Both measures account for emissions in the entire
GVC of the final goods that a country consumes or produces.

The analysis of optimal taxes also requires measures of import-based and export-based emissions:

€7€ - Z ZQ?QZ,TL,S (24)

selCM I#n

ng: Z ZGSQZ,n,s- (25)

seKM n#l

Import-based emissions are associated with fossil fuels used as intermediates in foreign production of
non-mining goods for GVCs ending domestically. Export-based emissions are associated with fossil fuels
used as intermediates in the production of non-mining goods for GVCs ending abroad. Unlike the other
four metrics, import and export-based emissions are not part of the emissions accounting, since they do
not sum to global emissions.

To illustrate the difference between the four measures of country-level emissions, consider cars that are
purchased by US consumers and produced in Mexico using coal extracted in Canada and steel produced
in Brazil. Emissions generated along the whole GVC leading to those cars would be attributed to the US
according consumption-based accounting, to Mexico according to production-based accounting (scope 3),

and to Canada according to extraction-based accounting. Scope 1 production-based emissions would be

1, s refers to emissions generated in value chains ending in final production in I and exported for consumption in n; the
lack of comma is intentional. By contrast, Y; , » does not require direct trade between ¢ and n .
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attributed both to Mexico and to Brazil—Mexico would be responsible for carbon emitted from burning
coal to produce cars, while Brazil would be responsible for the carbon emitted from the fossil fuels used

in making the steel used as an input by Mexico to make the cars.

2 Optimal Carbon Taxes

We derive formulas for optimal carbon taxes building on Costinot and Werning (2023) and Adao et al.
(2024), who provide necessary conditions for taxes to support a Pareto-efficient allocation in the presence
of externalities. Like Kortum and Weisbach (2024), we abstract from terms-of-trade considerations, which
are zero-sum globally; Farrokhi et al. (2025) provide analyses incorporating such effects.

Appendix B.2 shows that globally efficient carbon taxes must satisfy

S o deM + > t7del +> tdel + ) " thdel +> 4 dEN = ~d€E. (26)
l n n l

J

For global efficiency, emissions must be such that fiscal externalities from carbon taxes, on the left, equal
global externalities from carbon emissions, on the right. If taxes fail to satisfy this condition, then a
small adjustment would raise global money-equivalent utility.'?

A carbon tax system may include one or several types of carbon taxes. Let Z € T = {M,P,C,I, X}
index different types of carbon taxes. Equation (26) implies that if the planner can freely choose tax tlZ ,

it must satisfy
Y e
t—L =y ——. 27

Z'eT j

Because extraction, production, and consumption taxes satisfy > j E]-Z = &, the preceding formula shows
that global efficiency is achieved by setting any one of those taxes equal to the social cost of carbon,
th =~ for all j and Z € {M, P,C'}. We refer to these taxes as optimal global carbon taxes.

Setting carbon taxes in a single country represents the other extreme. In this case, equation (26)

implies a simple optimal tax formula in terms of leakage, which is defined as

Z
o7y 80

bt 28
J c‘)EjZ /8th’ (28)

i.e., one minus the marginal change in global emissions relative to the change in the country imposing

the tax, Combined with equation (26), the optimal tax t]-Z then satisfies

t7 =~(1—L7). (29)

12f international transfers are available, such an adjustment combined with appropriate transfers would make all countries
strictly better off. In the absence of transfers its desirability can still be assessed under a specific global welfare criterion — such
as the sum of money-equivalent welfare across countries — which again implies that the adjustment is welfare-enhancing.
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With zero leakage, the optimal tax equals the global social cost of carbon. Because trade generates
leakage,Equation (29) shows that trade decreases optimal taxes. In the extreme of complete leakage, any
emissions decrease in the region imposing the tax would be exactly offset by an equivalent increase in
emissions in the rest of the world, so that the optimal tax is zero.

OEZ |ot?
For Z € {M,P,C}, we can use & = ng to rewrite leakage as EjZ _ T O8O0

OEZ Jor?
J J

in th leads to a fall in EjZ , and the leakage captures the offsetting increase in foreign emissions. In

the case of Z € {I,X}, one can use & = 5}3 and EJP + EJ.I = Sjc + €J-X to rewrite the leakage as

7z _ (g Jor* —og ot ) +30; 4, 9T Jor
J 0EX JotX

by the increase in foreign production emissions and by emissions generated by domestic production for

. An increase

. An increase in th leads to a decline in SlX , but this is offset

domestic consumption.

Equation (29) can be easily adjusted to compute the globally efficient tax in j allowing for arbitrary
(i.e., not necessarily efficient) taxes in other countries. In this case, equation (26) must still hold, but
only for changes in taxes that can be freely chosen. Thus, for example, the globally efficient production

tax in country j given arbitrary production taxes in other countries satisfies

thﬁ_ o€

l P~ To,p
o o

Equation (29) must still hold, with leakage given by

S (i) ogf ot
J O€F jor?

As in the case of global optimal taxes, some taxes are redundant. Starting from a production tax,
adding an import tax and an export subsidy to undo the production tax on exports can replicate an
equivalent consumption tax— a carbon-border adjustment tax reflects this idea. Without loss of generality,
we focus on optimal carbon tax schemes that combine extraction, consumption, and export taxes. We
can again express optimal taxes in terms of leakage. When extraction, consumption, and export taxes

are available, we define the leakage from a consumption tax as

dE [dt§ | e _gex —
¢ M x_g=1- I :
L dEM =deX =0 = I C :
et At dE5 /15 | gerr—aex —o

This expression entails a variation dt;-w , dtjo, dt;( such that

oEM 0EX
J Z _ J Z _
Z otz dtj - Z ot dtj =0,
Ze{M,C,X} J zZe{M,C, X} ~J

and the optimal consumption tax is then

C _ C
ty =7 (1 - Ej,dng:dg;f:o> :
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We can similarly conclude that optimal extraction and export taxes satisfy

M _ M X _ X
;=7 <1 - /:’j,deC:deX:0> and iy = <1 - Ejjdgjj_w:dgjc:o> .

In the case in which a coalition of countries, rather than only one country, coordinates on carbon
taxes, equation (26) can again be used to characterize optimality. Consider a coalition of countries
Q C {1,..., N} that agrees to impose uniform carbon taxes to pursue global efficiency, understanding that

leakage will occur since countries outside the coalition set zero taxes. If the coalition has access to only
Z

one tax, the optimality condition is analogous to equation (29): t§ = v (1 — /Jg), with Eg =1- %,
Q Q

and Sg =3 jen ng , for Z € M, P,C. For a combination of taxes, optimality conditions for a coalition of

countries is analogous to the conditions for an individual country.

We do not claim that these taxes implement what a planner with full control of the allocation in
country j, or among the coalition €2, would do. First, we assume a uniform carbon tax across fuels, but
heterogeneity in leakage across different fuel types may recommend a deviation from t™ + t¢ % ~—with
only one fuel, Kortum and Weisbach (2024) show that t 4 t© = ~. Second, while besides the two
previous restrictions we have allowed for fully general carbon taxes, full efficiency may require other
taxes and subsidies, as Kortum and Weisbach (2024) show. Finally, when a coalition is considered, we
restrict taxes to be uniform across members, but leakage may differ across countries, and hence, different

taxes may improve efficiency.

3 Data

We combine data from global multi-region input-output tables to build a sample of 28 countries, including
a category for the Rest of the World (ROW), and 28 sectors. Appendix Table 77 lists sectors and Appendix
Table D3 lists countries.

Our primary data is from the World Input Output Database (WIOD), 2016 release (Timmer et al.
2015). This dataset includes sectoral bilateral trade flows, sectoral gross output, expenditure, and final
consumption, all in US dollars. We focus on 2014, the latest year covered by WIOD.

Appendix C.1 provides details on how we combine data from WIOD and Exiobase (Lenzen et al.
2012) to include three mining sectors: coal; natural gas; crude oil. We separate crude from refined
oil, and gas mining from gas processing and distribution, to distinguish extraction from processing and
distribution activities. To match the structure of the model, we reallocate the intermediate inputs used
by the mining sectors in a country to value added, with a corresponding adjustment to final consumption.
The procedure is detailed in Appendix C.1.

WIOD also provides Energy Tables with data on the quantities of each fossil fuel used, by country
and sector. We aggregate these data to obtain world quantities of each fossil fuel. We use these world
quantitative together with the dollar value of world gross output from WIOD to compute the global price

for each mining good s € KM,
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_ S ”
b S
We obtain peoar = 204, pgas = 314, and p,y = 564 dollars per ton of oil equivalent.'?

We obtain emissions per physical unit of each fossil fuels, es, from the U.S. Energy Information
Administration, which reports ecoq = 3.81, €gas = 2.06, and ey = 2.94 tons of CO2 per tonne of oil
equivalent.

The indirect utility in our model incorporates country-specific damages from carbon emissions. We
set the global Social Cost of Carbon (SCC) to $100 per ton of CO—our parameter 7.'* To reflect the
heterogeneous distribution of climate damages across countries, we use the country-level SCC estimates,
SSCj, from Ricke et al. (2018), to allocate the global SCC to countries proportionally. Specifically, the
country-specific damage parameter is calculated as v; = %7 Appendix Figure A3 shows +; for
each country.

Finally, to estimate the mining supply elasticity, we use data from Welsby et al. (2021), who provide
marginal extraction cost curves for each fossil fuel separately, for16 regions around the world.'> The data
combine mine- and field-level fossil fuel quantities with estimates of extraction costs by resource type and

region—and they do not include transportation costs or taxes.

4 Carbon Emissions Accounting

In this section we use the data described in Section 3 to compute the emissions measures introduced
in Section 1.3. Importantly, there were no destination-specific carbon taxes in place in 2014 (i.e., no
consumption, import or export carbon taxes), so that Ay, s = Aips and agpn sk = Nig sy s for all i,1,n
and all s, k. Moreover, since carbon taxes were low at this time, we assume that they are equal to zero
in our analysis.'6

Figure 1 reports carbon emissions according to our four measures of country emissions in equations

(17)-(23), in million tons of COg, for selected countries in our sample. We sort countries according to

13Using a global price for each fossil fuel computed as in equation (30) would match world emissions as reported in the WIOD
data, but it will not match production emissions reported for each country individually. Discrepancies, however, are not large.
Appendix Figure A2 shows country-level emissions calculated with our methodology and emissions calculated using implied
country-level prices. Appendix Figure A1l shows the country-level production prices implied by the WIOD and International
Energy Agency (IEA) quantity data (p; s = Y]VSVI oby Q]I-EA): there is large variation across countries that we would attribute to
measurement error rather than to true differences in prices of a mostly homogeneous good.

14Recent estimates of the SCC concentrate around $200, though earlier estimates were concentrated around $50, with some
estimates on a much higher range. Given that our data are for the year 2014, we choose $100, which is in the middle range of
those estimates.

15McCollum and Khourdajie (2021) describe Welsby et al. (2021) as the state-of-the-art. Arkolakis and Walsh (2023) use
these data to rank locations by their marginal cost of extraction, and Cruz and Rossi-Hansberg (2024) use related but earlier
estimates of extraction costs from Bauer et al. (2016).

16 According to World Bank Carbon Pricing Database (World Bank 2015 ) in 2014 only five countries—Australia, Canada,
Korea, Spain, and Norway—had carbon prices exceeding $30 per ton in 2014. The carbon price under the EU Emissions Trading
System was just $9.50 per ton.
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Figure 1: Carbon Accounting, Selected Countries
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Notes: Calculations using data from WIOD and equations (16), (17), (22), and (23).

their production emissions, SIP .

Figure 1 shows that production-based emissions for the US are lower than consumption-based emis-
sions, while the opposite is true for China, a comparison that echoes previous work (Davis and Caldeira,
2010), and which reflects trade imbalances. Additionally, scope 1 production emissions are lower than
scope 3 for the US, while the opposite is true for China, reflecting differences between direct emissions
from using fossil fuels, which matter for scope 1 emissions, and emissions embodied in inputs used along
the GVC, which matter for scope 3 emissions.

To ease the comparison across measures for each country, the right panel of Figure 1 shows the vari-
ous measures of emissions relative to scope 1 production emissions. Appendix Table D3, which describes
all countries in our sample, confirms several well-known patterns. Net exporters of fossil fuels (e.g.,
Canada and Russia) typically look dirtier according to the extraction-based measure of emissions. Devel-
oped countries look cleaner when measuring emissions according to production, but dirtier if measuring

emissions according to consumption. In general, the opposite is true for less developed countries.'”

5 Estimation of the Supply Elasticity for Fossil Fuels

The quantitative version of the model requires an estimate of decreasing returns in mining. We assume
that «; s varies across fossil fuel type, but not across countries, vy = «;,. This parameter is isomorphic
to the share of natural resources in mining, and is directly related to the supply elasticity of fossil fuels.
Estimates are therefore useful not only for our model’s calibration, but also for macroeconomic research

on energy and climate change more broadly.

17 AppendixE.4 presents two decompositions of consumption-based emissions. The first decomposes the cross-country variance
in emissions per capita into differences in emissions per dollar of consumption and in consumption per capita. The second
decomposition splits emissions into emissions per dollar of fossil fuel and energy expenditure per dollar of consumption.
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Rewriting the mining supply curve in equation (5) in terms of the quantity of mining good s, and

inverting it yield

1

ﬁj,s — (qJ,S) 1—vg M]TSI—I/S (w;aj,és) 1—vg ’ (31)

M
J

of natural resources, M; ,, the inverse supply elasticity for fossil fuel s is

where p; s = ps —esty” is the extraction price of s in country j. Conditional on the wage and the amount

8111153-73 o 5 . Vg
— Ms — )
Olng; s 11—
and hence,
Bs
Vs = . 32
T B+l (32

We use data from Welsby et al. (2021), who provide marginal extraction cost curves for each fossil
fuel separately, in each of 16 regions around the world to estimate the inverse supply elasticity for each

fossil fuel s separately, by OLS, using the following equation:

lnﬁvj,s = ﬁs In Quj,s + Hj.s + Cvj,s- (33)

Each observation in this regression represents a vertex v describing a region j extracting mining good
s. The dependent variable In p,; s represents the log of the marginal cost of extracting mining good s in
region j from vertex v. The independent variable, In ¢, s, represents the log of the cumulative quantity of
(v, J,s) extracted. The regression includes region-fossil fuel fixed effects p1; s, which capture the marginal
cost of the first unit of fossil fuel s in region j. The error term (,; contains any measurement error in
the prices of mining goods.

Figure 2 shows the raw data from Welsby (2021). Each panel describes one of the three fossil fuels,
and each line describes a region’s supply curve.

The supply curves consist of horizontal segments. The left of each curve shows the cheapest sources
for each fossil fuel. Moving to the right along each curve progressively adds more expensive sources. The
regression in equation (33) interprets flat segments as a data point (Inpy;x,Ing,;x). For example, the
thick blue line in panel (b) describes the supply of Middle Eastern oil; it lies to the right of other lines
because the Middle East has cheaper and more abundant oil resources than other regions. The orange
right-most line panel (a) describes Chinese coal; it generally lies to the right of other lines because China’s
coal has greater abundance at lower cost than other regions.

Figure 3 shows the vertex of each line segment from Figure 2, residualized by region and fossil fuel
type fixed effects, as well as the estimates of the coefficient ;.

Our estimates range from 0.32 (0.02) for coal and 0.35 (0.05) for natural gas, to 0.68 (0.01) for oil.
Equation (32) implies decreasing returns parameters of vooa = 0.24, UNGas = 0.26, and vo; = 0.41.
Economically, these estimates imply that natural resources account for a fourth of the cost of fossil fuel

extraction for coal and natural gas, and 40 percent for oil. In turn, these estimates of s imply supply
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Figure 3: Supply curve and estimates of the inverse elasticity, by fossil fuel

°
9
° o,‘ °,
o Oil: Slope = 0.68 (s.e. = 0.01) ‘n®e ®
D0 - L PYS
N °
= &
= °
© e O
B o
(0]
Y o - [
4&,: [ J
@]
O
§ 0 _Coal: Slope = 0.32 (s.e. = 0.02)
5
=
°
°
8. L8
[ (]
° ..o ®
Y
°
o °
‘T T T T T T
-6 -4 -2 0 2

Log Cumulative Quantity, Residualized

Notes: Coefficients from estimating equation (31) separately for each fossil fuel. Each point represents the vertex of
one line segment from Figure 2, residualized by region-fossil fuel type fixed effects. Standard errors are in parentheses.

21



elasticities of 3.1 for coal, 2.9 for natural gas, and 1.5 for crude oil. Given these magnitudes—and the
estimates in the literature reviewed below—we interpret them as pertaining to long-run elasticities.

How do these estimates relate to existing estimates of the supply elasticity of fossil fuels? Although the
supply elasticity for fossil fuels is crucial for understanding the effectiveness of a carbon tax in reducing
carbon emissions, the literature is scarce and US-focused. Arora (2014) reviews the elasticity assumed in
computable general equilibrium models and finds that US natural gas supply elasticities ranged across
models from 0.1 to 6.0 for the long-run and -0.4 to 7.2 for the short run, a remarkably wide range.
Boeters and Bollen (2012) review the literature and conclude with estimates of the supply elasticity of 1
for gas and 4 for coal, which are in a similar overall range as our estimates. In recent work, Farrokhi and
Lashkaripour (2023) calibrate the cost share of carbon reserves from the value added share of natural
resources in the primary energy sectors, from GTAP, with a range of 0.31 to 0.49, similar to ours. Abuin
(2024) recovers supply elasticities for gas and coal from IV regressions that exploit shifts in prices coming
from changes in electricity demand conditions. Her estimates are around 0.24 for gas and 0.77 for coal.
Overall, we view as the most reliable approach in the energy and climate macro literatures to estimate
these elasticities using physical estimates of extraction costs across fossil fuel deposits (e.g., Bornstein
et al., 2019; Cruz and Rossi-Hansberg, 2024).

6 Effects of Moving to Autarky

Much of the quantitative trade literature studies the effects of moving to autarky (e.g., Arkolakis et al.,
2012). While this case represents an extreme experiment, we begin by analyzing its effects on emissions,
real GDP, and welfare, because it provides a simple way to highlight key mechanisms in the model.'®

We compute the effect of autarky by applying exact hat algebra to the model’s equilibrium conditions
(Dekle et al., 2008; Costinot and Rodriguez-Clare, 2014), as shown in Appendix B.1. As in Section 4, we
assume that carbon taxes are zero, avoiding differentiation in trade shares or input shares across GVCs
ending in different countries, and, hence, making the exact hat algebra analysis standard.

Appendix B.1 shows how to express emissions under autarky as a function of variables in the observed

equilibrium (and the supply elasticity of fossil fuels,

&= & (wn’sw”Ln/ (1- w%)>lys,

sekM Yn,s

where Vs = fins + D g r@kcM On,sk X Jer Hon,r is the Domar weight of sector s in autarky, {xnst} =
(I —{an,sc}) " is the standard Leontief inverse matrix for non-mining sectors, and Y1 = 3" nr Vst s.

We compute the change in consumption-based observed emissions and autarky emissions.'® Appendix

18Real GDP and consumption differ due to exogenous international transfers, A,. We report changes in real GDP to avoid
having trade imbalances substantially affecting results (Costinot and Rodriguez-Clare, 2014).

19The different accounting measures of emissions are all equivalent in autarky. Because baseline emissions differ at the country
level depending on the accounting method adopted, changes in emissions due to a move to autarky also differ across accounting
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B.1 also shows the expressions for changes in real GDP, ), = (wnLn + D sekM VSYnys) /Py, from the
observed equilibrium to autarky.
Finally, we need a measure of welfare, which adjusts consumption by carbon damages. Applying hat

algebra to equation (1) yields
L XC —E(E/X,) 1

v, = 2n —. 34

1= (/%) B, .

Without trade imbalances (A,, = 0) or carbon damages (v, = 0), the change in real GDP equals the

change in welfare, V;, = J,,.%°

We combine the expressions above with values for {al,sk’a Q055 Nin,ss Py Yl XIC, Ml Al} and {es} cxenm,
from the data. We use the estimates of v from each s € KM from Section 5 , set o, = 6 for all s ¢ KM,
from Head and Mayer (2014), and use the estimates of country-level carbon damages, ~,, described in

Section 3.

6.1 Autarky Results

Figure 4 shows the change in each country’s consumption-based emissions from moving to autarky,
(EA/ES —1)x100. Appendix Table D4 shows the corresponding numbers.

The effect of autarky on consumption-based emissions varies widely across countries. Autarky de-
creases consumption-based emissions the most in the Netherlands, a small open economy with few do-
mestic fossil resources, by nearly 90 percent. Autarky decreases consumption-based emissions in South
Korea, another small open economy with few domestic fuel resources, by nearly 70 percent. At the other
extreme, autarky increases consumption-based emissions the most in Norway, a fuel abundant country,
by almost 50 percent. Since Norway is a net exporter of mining goods, moving to autarky increases the
domestic consumption of its fuel production.

Globally, autarky decreases emissions by five percent, or two billion tons. Autarky increases energy
prices in many large countries, leaving energy exporters like Russia and Norway unable to arbitrage high

fuel prices abroad. Higher prices lead to lower use of fossil fuels and lower global emissions.

methods.
20Computing V,, uses the fact that final expenditure equals GDP in autarky, hence XC = XxGA/XC =Y A/XC. We also use
this observation when we compute changes in consumption, X /P,.
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Figure 4: Effect of Global Autarky on Emissions, by Country
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To generalize beyond such qualitative explanations, we decompose the effect of autarky on each

country’s consumption-based emissions:

xCA  xCB
E—EY =) eathns | 5 — 73 (35)
sekM Pn,s Ps

N~

Af’lz Price channel

Z Z Z Qn sk Xn,kr — Z Qg stzl fer A ln r | Mn, rXC B

sercm Psgicm \ pgrcm

~~

Aﬁ’QE Sourcing channel
C,B C
+ (571 — & )
—_———

A,‘? 3= Imbalances channel

Equation (35) expresses the change in emissions in each country as the sum of three terms.
The imbalances channel Aﬁ’?’ measures the change in consumption-based emissions for country n due

to shutting down trade imbalances (A}, = 0 for all n).
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The sourcing channel Aﬁ 2 reflects the effect of autarky on sourcing of intermediates, evaluated at
final expenditure X S ’kB and fossil fuel prices p? after removing trade imbalances. The sourcing channel
entirely reflects differences in input-output coefficients «, s across countries. If oy, 4, = ay, for all n, then
Yon Aflw = 0. Trade shares )\ﬁm reflect the counterfactual equilibrium after removing trade imbalances,
and {xf7,} = {1 = {ir ], 17"

The price channel Af}’l reflects effects of autarky on fossil fuel prices. These price changes reflect shifts
in fuel demand intersecting upward-sloping fuel supply. Thus, they closely reflect the supply parameter
v. Additionally, fuel price changes affect mining rents and therefore final expenditure, which changes
from X5 to X§4. Multiplying by the closed-economy Domar weight of each fossil fuel and dividing by
the corresponding price gives the implied change in the quantity of each fossil fuel.

Table 1 reports Af’l, AL ’2, and AL from equation (35) as a percent of baseline consumption-based
emissions for selected countries; Appendix Table D4 shows all countries. The table also reports the
implied change in welfare and real GDP.

Table 1 shows that the price channel accounts for most of autarky’s effects on global emissions. The
price change decreases global emissions by 5.11 percent, accounting for 95 percent of the total effect of
autarky on emissions. The sourcing channel decreases emissions by 0.34 percent, or a six percent decrease
relative to baseline. Perhaps unsurprisingly, trade imbalances do not affect global emissions much.?! Key
to the price channel is the supply elasticity of fossil fuels. If the fuel supply curves were flat (vs = 0,
for all s), autarky would barely decrease emissions; the sourcing channel would completely account for
the autarky’s effects, and the price channel would vanish. Concretely, emissions would decrease by -
0.31 percent rather than -5.75 (-5.44-0.31) percent. The sharp contrast between results highlights the
importance of allowing for upward-sloping fuel supply curves in understanding how trade affects emissions.

The relative importance of the price and sourcing channels varies by country. Autarky decreases
emissions for net fuel importers, like France and Korea, by increasing fuel prices. Although China is a
net importer of fuels, autarky increases China’s emissions by nine percent due to a large positive sourcing
effect—China’s domestic value chain has greater carbon intensity than the Chinese GVC observed in the
data. In contrast, autarky increases emissions for net exporters of fossil fuels, like Canada and Russia,
with the sourcing channel offsetting the increase in the case of Canada, but reinforcing it in the case of
Russia. Appendix Figure A6 plots systematic versions of these relationships. Panel (a) plots the price
channel A7 from equation (35) against net fuel exports, by country. Panel (b) plots the sourcing channel
Aﬁ 2 from equation (35) against the ratio of production-based scope 3 to scope 1 emissions, a ratio that
captures the relative dirtiness of GVCs due to imported inputs.

Finally, Table 1 shows the effects of autarky on real GDP and welfare; Appendix Table D4 shows all
countries. Unsurprisingly, autarky decreases real GDP in all countries, by more than three percent in the
US and around 19 percent in France. The decline in emissions makes the autarky welfare loss only slightly

smaller globally than the decline in real GDP. This echoes the idea that benefits from international trade

210ur analysis of the change in emissions under autarky uses consumption-based emissions. While at the global level using
either production, extraction, or consumption based emissions for these calculations does not affect the results, at the country
level, it matters. Appendix Tables D3 and D4 provide the numbers to perform these calculations.
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Table 1: Effect of Global Autarky

Country Price channel Sourcing channel Imbalances channel % change % change % change
% ARt /EC % AR?/EC % A£’3/5nc in emissions in real GDP in welfare
(1) (2) (3) (4) (5) (6)
Canada 17.1 -7.72 -0.04 9.32 -10.9 -10.2
China -8.21 9.19 7.25 8.23 -3.2 2.85
France -36.7 -30.2 0.32 -66.5 -18.7 -19.2
Korea -82.8 -6.86 15.2 -74.4 -17.1 -7.93
Russia 26.2 0.19 9.16 35.6 -9.79 -4.72
USA -4.64 -9.83 -5.81 -20.3 -3.05 -5.54
World -5.44 -0.31 0.02 -5.73 -6.91 -6.91

Notes: % change in emissions refers to autarky relative to observed consumption-based emissions, (8;? JEC — 1) % 100.

Aﬁ 1 is the price channel, Aﬁ 2 is the sourcing channel, and Aﬁ 3 is the trade imbalance channel, in equation (35),
all relative to observed consumption-based emissions. Welfare changes are given by equation (34). World change in
real GDP and welfare are calculated using equation (36).

dramatically exceed climate damages due to trade (Shapiro, 2016).

7 Effects of Optimal Carbon Taxes

7.1 Carbon Taxes: Overview and Methodology

This section evaluates how carbon taxes on extraction, production, consumption, imports, and exports
affect emissions, real income, and welfare. In a closed economy, these taxes have identical effects on
national emissions—with import and export taxes not operative. In an open economy, taxes applied to a
single country may produce different levels of leakage, and hence different impacts on emissions and real
income. We consider single-country taxes and global taxes. For global taxes, we consider two transfer
rules: a national system that distributes tax revenues in the country where they originate, and a global
system that redistributes tax revenue across countries according to each country’s losses from climate
change (v,). We compare all tax counterfactuals to a baseline calibration that matches the observed data,
assumes zero baseline carbon taxes, and assumes a global social cost of carbon of v = 100, in dollars per
metric ton.

Analysis of counterfactual scenarios must recognize that variables like trade shares and input shares
become specific to GVC endpoints when import or consumption taxes are implemented. We derive expres-
sions for the counterfactual changes in equilibrium variables as functions of observable data, model param-
eters, and the analyzed shocks. Where possible, we define proportional changes using standard hat algebra
notation, & = 2/ /x. For variables that become GVC endpoint-specific only after the shock, we define the

proportional change relative to the initial non-GVC-specific value, &, = x}, /x, where the subscript n refers
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to the GVC endpoint.?? Appendix B.1 shows the conversion of equilibrium equations (5)-(15) in levels
to analogous equations (39)-(46) in changes. Given baseline values {al,sk, Qg s, Ail,sap57n,saXFa Ml,SaAl}

from data, and given the shocks of interest, we use these equations to compute counterfactual changes:

A~ ~ N 3 A~ 3 s oC A
{{pl,n,s; Pl,n,37 )\jl,n,Su Yl,n,s} ¢IcM ’ {ps; }/l,s} cicM ) Xl,n,57 Xn ) wl} .
s s

The rest of the calibration mirrors the one in Section 6.
We measure utility changes for each country using equation (34). To assess the impact of policy
changes on global welfare, we first compute the compensating variation associated with the tax for each

country, then sum across countries and divide by the initial world GDP,

A-y ZX;’(C (X0~ B.) + (ne/x0) (B E)]. (36)

Appendix B.3 shows the derivation. The first term on the right-hand side of equation (36) is the aggregate
effect of the tax on consumption—without environmental losses, that term would measure the policy’s
welfare impact. The second term measures the aggregate carbon damages.

In what follows, we first consider global extraction, production, and consumption taxes separately,
and set the tax rate equal to the global social cost of carbon, v = 100. As Section 1 demonstrates, this
case corresponds to the optimal global tax. And second, we consider optimal taxes, both in isolation and

combined, applied to each country in our sample, one at the time.

7.2 Global Carbon Tax Results

When the planner implements a global tax, it is optimal to do so through either an extraction, production,
or consumption tax equivalent to the SCC. Table 2 shows estimates of the effects of global carbon taxes
on emissions, consumption, and welfare, for selected countries and the entire globe; Appendix Table D8
shows results for all countries. We present results under the assumptions that taxes are redistributed
domestically and globally, alternately.

A global carbon tax of $100 per ton of COs, either to extraction, production, or consumption, would
reduce global emissions by around 43.5 percent. For comparison, the Dynamic Integrated Climate-
Economy model (DICE) estimates a decrease in global CO2 emissions of around a third (Barrage and

Nordhaus, 2024).23 Despite that our model differs considerably from DICE, and the scenarios considered

221f we departed from a baseline with carbon taxes that differentiated according to the GVC endpoint, we would need a global
input-output table capturing this variation, i.e., we would need { n ks} rather than just {a; rs}. The European Union is
introducing a carbon border adjustment mechanism, which may add GVC endpoint considerations into carbon taxes, but this is
not in place in 2014, the year of our data. The counterfactual data that we derive from the exact hat algebra with consumption

taxes has the differentiation by GVC endpoint, {ai n ks }-

23The Optimal Cost/Benefit scenario in Barrage and Nordhaus (2024) has the global carbon price rise steadily to $115 per
ton of COs in the year 2050. Their baseline begins with a carbon price of $6 per ton of COs in 2022, growing at 2.5 percent per
year. By 2050, their baseline has a carbon tax of $12.59 per ton of CO5. Comparing their optimal and baseline scenarios in the

year 2050 thus approximates the DICE estimate of the impact of a global carbon price of $100 per ton of COs.
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are not identical, we estimate emissions effects of a similar order of magnitude.

Table 2 also shows that the different tax instruments have heterogeneous effects across countries. For
example, a global extraction tax decreases Korea emissions by 62.3 percent, which is much higher than
the effects of a global production or consumption tax. For US, Russia, and China, the three global taxes
have similar effects on emissions.

Columns (4) through (6) of Table 2 show that the effects on consumption depend on the type of
tax applied. An extraction tax benefits a fossil fuel exporter, like Russia, when tax revenues are rebated
domestically because the tax increases global energy prices and improves the terms of trade, and hence, it
acts encouraging the exercise of market power. Correspondingly, an extraction tax decreases consumption
for fossil fuel importers when revenue is rebated domestically. If tax revenues were instead rebated
internationally according to each country’s environmental damages, fossil fuel exporters, like Russia,
would experience very large consumption losses, of around 15 percent. Column (5) shows that when
revenues are rebated domestically, a production tax decreases consumption in countries with carbon-
intensive technology, like China and Russia, while increasing consumption in countries with cleaner
technology, like South Korea. These patterns change considerably when revenues are rebated globally.
Effects of production and consumption taxes are more similar partly because most goods are produced
and consumed domestically, and hence, taxing either production or consumption has somewhat similar
effects. With global transfers, the tax base is irrelevant for global emissions or country-level changes in
consumption and welfare.

Overall, Table 2 shows that while an optimal global tax reduces global consumption by 0.7 percent,
by also reducing emissions by almost half, it increases global welfare by around 1.5 percent. Welfare
increases the most in the US, India, and Brazil (see Appendix Table D8), and decreases the most in
Russia. The contrast between Russia and India is striking: Russia gains from higher emissions due to
potential agricultural benefits in a warming climate, while India gains from lower emissions, given its
disutility from climate change.

To understand the mechanisms driving the changes in emissions, globally and in each country, we
decompose the effect of a global production tax on emissions. We emphasize channels that are present in
our model, but are typically absent in papers that follow an abatement or constant emissions intensity
approach. We perform two decompositions: the first one emphasizes the price channel that arises from
allowing for an upward-sloping mining supply curve, while the second emphasizes the technique effect
that arises from endogenous changes in sectoral emission intensity.

We first show that the percentage change in production-based emissions after a global tax can be

decomposed into the following terms (see Appendix E.2):

P/ P o 65 65 es 65 / 63 12
gl - gl - Z <p/ - p> ZXl,ms + E ( e tP - p,> ZXl,n,s +Z 17 (Z Xl,n,s - ZXl,n,s> .
s s $ n s DPs s7 s n s s n n

Price Effect Direct Tax Effect Expenditure Effect

(37)
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Table 2: Optimal Global Carbon Taxes

% change FEmissions Consumption Welfare
Tax Extr. Prod. Cons. Extr. Prod. Cons. Extr. Prod. Cons.
m 2 B @ 6 6 7 @
Canada -34.0 -379 -393 031 -161 -1.39 -1.61 -3.42 -3.20
China -49.8 -52.0 -50.5 -2.14 -1.54 -2.02 -0.09 0.52 0.02
France -41.5 -32.3 -395 -0.69 0.02 038 -044 027 0.63
Korea -62.3 -31.9 -381 -192 184 077 -1.72 206 0.99
Russia -53.8 -b8.7 -B87 247 -2.88 -3.26 -3.59 -8.06 -8.38
USA -36.8 -30.2 -33.8 -0.76 -0.2 -0.08 0.35 091 1.03
World -43.2  -43.5 -435 -0.79 -0.79 -0.79 1.41 1.37 1.37
(a) National Transfers
% change Emissions Consumption Welfare
Tax Extr. Prod. Cons. Either Either
1) (ny (2 (13 (14)

Canada -30.7  -39.7 -43.6 -6.50 -8.06

China -49.8 -52.6 -51.9 -4.28 -2.38

France -42.4  -32.4  -40.5 -0.41 -0.16

Korea -63.8 -31.5 -40.2 -1.92 -1.72

Russia -45.1  -59.1  -65.0 -14.7 -18.1

USA 374 -30.5 -34.7 -0.73 0.36

World -43.5 -43.5 -43.5 -0.74 1.59

Note: Tax is t; = scc X es where scec = 100$/ton CO, for s € KM applied to all countries. For the extraction tax, we
report extraction-based emissions calculated using equation (16). For the production tax, we report production-based
emissions (scope 1) calculated using equation (17). For the consumption tax, we report consumption-based emissions
calculated using equation (22). Welfare changes for each country are calculated using equation (34). Global welfare
gains and changes in consumption are expressed relative to initial GDP, calculated using equation (36). Columns
(1)-(9) report results assuming that tax revenues are rebated to local consumers, while columns (10)-(14) report
results for tax revenues redistributed globally according to the country’s share of the social cost of carbon (in US

dollars).

(b) Global Transfers
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Figure 5: Global Carbon Tax, Decomposition: Price effect
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Notes: Decomposition of the total change in production-based (scope 1) emissions (red circle) relative to baseline
emissions due to a global production tax of 100$ per ton of COs.. Each bar corresponds to a term of equation (37).

The first term represents the price channel, which captures the change in energy demand in country [
resulting from shifts in fossil-fuel prices. Since a global production tax lowers aggregate demand, the tax
decreases fossil fuel prices, increasing the incentives to use them in production, and resulting in increases
of global emissions. The second term captures the direct effect of the tax on households and industry
fossil fuel use, while holding prices constant. Finally, the last term reflects changes in expenditure of
fossil fuels.

Figure 5 presents results for selected countries and the entire world; Appendix Table D6 shows results
for all countries. Each term of the decomposition, represented by the bars, is calculated as percentages of
baseline production-based emissions. Their sum corresponds to the total change in emissions, represented
by the red circle. The direct tax channel accounts for most of the tax’s impact on global emissions. This
channel captures declines in the demand for fossil fuels from direct consumption (households) and for
intermediate goods (firms). The expenditure channel plays a small role. Importantly, the price channel
dampens the effectiveness of the tax, raising global emissions by 30 percent relative to the baseline;
without this channel, the reduction in emissions would be substantially larger.

Our second decomposition shows the contribution of technique, composition, and household expen-
diture in reducing production-based (scope 1) emissions when a global production tax is applied (see
Appendix E.3):
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The technique effect captures changes in emissions resulting from adjustments in production tech-
niques within each sector, so that emissions per unit of output decrease. This channel is absent in papers
that assume a fixed sectoral emission intensity. The second term reflects effects arising from the reallo-
cation of activity across sectors with different emission intensities. The third term captures changes in
emissions due to shifts in household expenditure. Figure (6) shows the results for selected countries and
the world. The technique effect accounts for a substantial share of the emission reduction in all countries.
For instance, of the 45 percent decline in global emissions, changes in emission intensity within sectors
explain 25 percentage points, changes across sectors account for 12 percentage points, and changes in

household expenditures contribute to the remaining 7 percentage points.
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Figure 6: Global Carbon Tax, Decomposition: Technique effect
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Notes: Decomposition of the change in production-based (scope 1) emissions relative to baseline emissions due to a
global production tax of 100$ per ton of COy. Each bar corresponds to a term of equation (38).

7.3 Single-Country Carbon Tax Results

This section quantifies the effects of a carbon tax applied to a single country by a planner that maximizes
global welfare. First, we consider the case where a single country has access to only one tax instrument
(extraction, production, or consumption). We compute the optimal tax level using equation (29), and
evaluate its effects on global emissions, global consumption, and global welfare.

Figure 7 summarizes the results for selected countries and the EU. The first panel reports the optimal
tax rate applied to each country (one at the time), based on extraction, production, or consumption;
Appendix Table D7 reports results for all countries. Because the optimal tax is given by equation (29),
th =71 - CjZ ), leakage [,jZ can be inferred from the tax rates shown in the figure. Consumption taxes
most effectively limit carbon leakage, since they affect both the use of fossil fuels domestically and along
the GVC ending in the country. The optimal consumption tax therefore exceeds the optimal extraction
or production tax level, and averages about $70 per ton of COs. Notably, we find little cross-country
heterogeneity in optimal consumption tax rates, as their broad coverage across GVCs reduces country-
specific leakage. Optimal extraction and production taxes are lower, and average $37 and $42 per ton
of COaq, respectively. The optimal production tax is the most heterogeneous across countries due to its
associated leakage. Larger economies, like the US, Russia, and China, have higher optimal production

tax levels, as their market size dampens leakage.
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The remaining panels of Figure 7 show the effects on world emissions, world consumption and world
welfare, resulting from each single country implementing one of these taxes; Appendix Table D8 presents
results for all countries. Overall, consumption taxes are more efficient than production taxes at reducing
global emissions and improving global welfare. They also increase global welfare more than extraction
taxes, except in the case of large fossil fuel producers such as Russia. For example, the optimal US
production tax reduces global emissions by two percent, whereas the optimal US consumption tax reduces
them by 3.9 percent. This reduction in emissions results in a 66 percent higher welfare gain under the
consumption tax. If the European Union applied these taxes, the effects are even more pronounced, with
a consumption tax doubling global welfare gains compared to a production tax. This result suggests that
shifting from production taxes—which primarily target the direct use of fossil fuels and are the most
commonly used—to consumption taxes, which also account for their indirect use through GVCs, can
significantly improve global efficiency.

To highlight the importance of the curvature of the fossil fuel supply, we examine the sensitivity of
optimal taxes to the parameter vs. Table 3 reports results for our benchmark values of v, and alternative
scenarios where the values of v are scaled by 80 percent and 120 percent, respectively. A lower supply
elasticity (i.e., higher vs) implies lower leakage from an extraction tax, but higher leakage from a pro-
duction or consumption tax. Hence, optimal consumption and production taxes decrease with v,, while
optimal extraction taxes increase with v;. Averaging across countries, when we increase vs by 20 percent,
for all s, with respect to the baseline estimates, the average optimal extraction tax increases from 33 to
38 dollars per ton of COs, while the optimal consumption tax decreases from 68 to 62 dollars. Average
optimal production tax also decreases from 38 to 36 dollars. Intuitively, when the supply elasticity is low
(high vy), it becomes more difficult for the rest of the world to boost production and offset the supply
lost due to the country’s extraction tax, resulting in lower leakage and a higher optimal tax. Conversely,
when a country imposes a production tax, domestic demand falls, pushing prices down. A more inelastic
supply for fossil fuels (high vs) causes a larger price drop, which in turn leads to a greater increase in
demand elsewhere, increasing leakage—and hence, decreasing the optimal tax. Appendix Table D11 ex-
plore the sensitivity of optimal taxes to the trade elasticity ¢ — 1 and shows that a lower trade elasticity

is associated with higher optimal taxes.

7.4 Single-Country Carbon Tax Combination Results

This subsection considers a scenario where a single country or coalition implements the optimal combi-
nation of extraction, consumption, and export taxes. We also present results for the intermediate case of
combining extraction and consumption taxes. Combining tax instruments can improve global efficiency
relative to using one tax in isolation. An extraction tax raises the global price of fossil fuels by reducing
supply, while both a consumption and export tax—acting on the carbon emissions of the GVC ending
domestically and abroad, respectively—lowers global demand and decreases fossil fuel prices. As these
pressures on prices offset each other, the joint implementation of these taxes can stabilize the world price
and reduce carbon leakage ((Markusen, 1975; Kortum and Weisbach, 2021; Kortum et al., 2023)).
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Figure 7: Single-Country Optimal Carbon Tax
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Note: In each panel, the x-axis represents the country or coalition applying the optimal tax while the the bars indicate
the tax type. Panel (a) shows the optimal tax th in dollars per ton of CO2 according to equation (27). Panel (b)
reports the corresponding percentage change in world emissions. Panel (c) shows the percentage change in world
real consumption, calculated using equation (36). Panel (d) presents the world welfare gains relative to initial GDP,
calculated using equation (36).
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Table 3: Optimal Tax and the Supply Elasticity of Fossil Fuels

Extraction Tax Production Tax Consumption Tax
0.8 X vy Vs 1.2 xvs 0.8 Xy Vs 1.2 xvs 0.8 Xy Vs 1.2 X vy

(1) (2) (3) (4) () (6) (7) (8) 9)

Canada 35.61  40.95 45.99 43.62 4144  39.04 80.60  72.55  65.12
China 27.62  32.68  37.55 63.35  60.60 57.71 80.74 7593 71.13
France 28.56 3424  38.31 35.08 3337 31.51 75.16  68.09  63.37
Korea 23.89  28.60 32.16 30.13 28.20  26.22 78.35  70.67  65.52
Russia 2413 28.83  33.49 56.28  53.57  51.33 82.71  79.90 73.38

United States 37.06 4219  47.03 43.70  40.66  37.69 76.49  70.71  65.01
World Average  28.55  33.63  38.41 40.98 3848  36.08 73.99  68.21  62.71

Note: Optimal tax for different values of v,. Tax is th} s = th X es where th is the optimal tax per ton of COsy, for
s € KM, and applied by each country shown, one at the time.

Table 4 presents the results for a tax scheme that combines optimal extraction and consumption
taxes in selected countries, one country at a time. Appendix Table D9 report results for all countries.
We report the effects on world emissions, world consumption, and global welfare. Optimally combining
carbon taxes with a different base leads to greater welfare gains, compared to each tax alone. The largest
global emissions reduction occurs when China implements the policy (15 percent), accompanied by a 0.41
percent increase in welfare. Taxes by US or Russia are also important as they reduce global emissions
5.2 and 2.7 percent, respectively. Taxes by the EU can reduce global emissions by 2.29 percent, leading
to less than a 0.1 percent welfare gain.

Next, we consider the full set of optimal taxes that is characterized by a consumption, an extraction,
and an export tax. Table 5 summarizes the results for selected countries and Appendix Table D10 report
results for all countries. This tax combination allows for a country like China to achieve a higher reduction
in global emissions and global welfare gains. As China is a large exporter, adding an export tax to the
optimal tax scheme allows for a reduction of more than 15 percent in global emissions, leading to half a
point increase in global welfare.

Finally, Figure 8 compares the global welfare gains, measured according to equation (36), resulting
from the five tax schemes previously analyzed. For fossil fuel exporters, such as Canada and Russia,
extraction taxes deliver greater welfare gains than either unilateral production or consumption taxes.
For large consumers, like China, the US, and the EU, consumption taxes outperform both alternatives
in terms of global welfare. For instance, when the EU adopts a consumption tax, global welfare rises
by 200 percent more than under a production tax. While production carbon taxes remain the most
common policy instrument, this result highlights the potential of measures that target the indirect use of
fossil fuels along GVC-such as certain proposals for the Carbon Border Adjustment Mechanism (CBAM),
which approximates our consumption tax. An optimal combination of consumption and extraction taxes

delivers even larger, quantitatively significant gains. Relative to a consumption tax alone, combining

35



Table 4: Single-Country Optimal Carbon Taxes: Consumption and Extraction

Change in world Change in world World welfare Extraction Consumption

emissions (%)  consumption (%) gains (%) tax tax

(1) (2) 3) (4) (5)

Canada -0.88 -0.02 0.02 36.7 65.4
China -13.8 -0.25 0.41 23.3 73.6
France -0.35 -0.01 0.01 33.2 62.9
Korea -0.42 -0.01 0.01 25.4 67.0
Russia -2.35 -0.04 0.07 25.9 72.5
United States -4.95 -0.10 0.13 31.8 65.9
Furopean Union -2.29 -0.04 0.07 27.3 65.7

Note: Tax is tf s = th xes Z € {E,C}, th is the optimal tax combination of extraction and consumption tax per ton of
COa, for s € KM applied by each country shown, one at the time. Global welfare gains and changes in consumption
are expressed relative to initial GDP, calculated using equation (36).

Table 5: Single-Country Optimal Carbon Taxes: Consumption, Extraction, and Export

Change in world Change in world World welfare Extraction Consumption Export

emissions (%)  consumption (%) gains (%) tax tax tax

(1) (2) 3) (4) (5) (6)

Canada -0.92 -0.02 0.03 37.7 64.9 25.1
China -15.8 -0.28 0.48 24.3 73.8 52.8
France -0.36 -0.01 0.01 33.3 62.6 17.2
Korea -0.48 -0.01 0.01 25.7 66.5 18.8
Russia -2.68 -0.05 0.09 279 71.2 44.6
United States -5.01 -0.10 0.14 31.9 65.7 15.3
European Union -2.37 -0.04 0.07 27.6 67.3 23.6

Note: Tax is tj% s = th X es Z € {E,C}, th is the optimal tax combination of extraction, consumption, and export

tax per ton of CO», for s € KM, applied by each country shown, one at the time. Global welfare gains and changes
in consumption are expressed relative to initial GDP, calculated using equation (36).
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Figure 8: World Welfare Gains, Different Tax Combinations
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Notes: World welfare gains of different optimal taxes and tax combinations, applied to each of the countries shown,
one at the time. Global welfare gains are expressed relative to initial GDP, calculated using equation (36).

both instruments increases global welfare by 39 percent for the EU, 100 percent for Canada, 19 percent
for China, and 40 percent for the US.

These results indicate that while shifting from production to consumption-based taxation improves
efficiency considerably, further gains can be achieved by a country complementing demand-side taxes
with supply-side taxes on fossil fuel extraction. Finally, incorporating export taxes into the policy mix
amplifies efficiency for major (non-mining) goods exporters. For example, China’s welfare gain rises from
0.42 to 0.49 when an export tax is added to the consumption—extraction tax scheme. For the remaining

regions and countries, the quantitative effects of adding an optimal export tax are small.

8 Conclusions

We develop a quantitative trade model with fossil fuel markets and global value chains (GVCs). We
use the model to quantitatively evaluate the welfare and emissions effects of a range of optimal carbon
taxes applied at different points of the GVC. We also use the model to illustrate the effects of moving
to trade autarky. By modeling the production of fossil fuels with decreasing returns to scale, we capture

the endogenous price adjustments that are central to understanding the effects of climate policy.
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We analyze optimal policy design through extraction, production, and consumption carbon taxes,
implemented either globally or unilaterally, and alone or in combination. When applied globally at the
social cost of carbon, all three taxes yield similar aggregate outcomes—reducing global emissions by 45
percent and raising welfare by around 1.5 percent.

Unilateral policies, however, differ sharply in their effectiveness. Consumption taxes deliver the highest
global welfare gains by targeting emissions along GVCs and limiting carbon leakage. Pairing a consump-
tion tax with an extraction tax further increases efficiency: applied to the US, this combined approach
raises welfare by up to 40 percent relative to a consumption tax alone. Further adding an export carbon
tax improves outcomes only slightly, except when the taxes are applied to a large exporter like China.

These results underscore the importance of targeting emissions comprehensively along the GVC —an
approach central to current policy debates, such as the EU’s CBAM and the Foreign Pollution Fee Act
2025 under discussion in the US Congress. Combining demand- and supply-side instruments further

enhances the effectiveness of unilateral climate policy in bolstering global welfare.
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A Summary of Main Model Variables

Table Al: Main Variables

Variable Description

{i,7,l,n} Country indices

{k,s,r} Sector indices; s € KM for mining, s ¢ KM for non-mining
M; Number of mines in country j for mining sector s

Vo (P, X¢,€)  Indirect utility in country n

X Total expenditure in country n

Xg Final expenditure in country n

JA)n Real GDP in country n

P, Consumer price index in country n

Yn Damage cost (dollars) in n from emissions global emissions
& Global carbon emissions

P, s Price index of good s in country n

s Cobb-Douglas expenditure share on good s in country n

0 s Output elasticity of mines in mining sector s in country j
Qj,s Quantity of mining good s produced in country j

€s Emissions per unit of mining good s

O Elasticity of substitution in sector s

Aps Productivity in non-mining sector s in country [

s Labor shares in non-mining production in country [ sector s
ks Share of input k£ in non-mining production in country [ sector s
Tin,s Iceberg trade cost from [ to n for good s

t;w Extraction carbon tax in country j

tf Production carbon tax in country I

t¢ Consumption carbon tax in country n

th Import carbon tax in country n

th Export carbon tax in country [

Ds International price of mining good s

Y s Value of mining good s produced in j

Din,k unit cost of good k in [ for GVCs ending in n

Pk Price index of non-mining input & in [ for GVCs ending in n
Xin,s Gross expenditure by [ on good s for GVCs ending in n
Yink Output of non-mining good & in [ for GVCs ending in n
Xilm,s Expenditure share by [ on good s from 4 for GVCs ending in n
I1; Rents from mines in country j, sector s

w; Wage in country j

A Exogenous transfers to country [

T, Carbon tax transfers to country [

T Carbon tax revenues collected by [

Qnys Quantity of good s used in [ for GVCs ending in n

M Extraction-based emissions from j

& Production-based (Scope 1) emissions from [

&S Consumption-based emissions in n

Elp 3 Scope 3 production-based emissions in [

&l Import-based emissions in n

ElX Export-based emissions from [

L7 Leakage of country j
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B Model

B.1 Hat Algebra

The hat change in the unit cost of good s ¢ KM in i in a GVC ending at n is

~ X ks
; i1 s pebe +er (7 + 5 + Lt/ L+ Losit’ X)) .
= dgdape T (Moo el b5 T g

kekM kg KM

the change in the price index is

~ P I X Al hs

plooe _ Z \ P ) +ep (U7 A7 + Dgnt')) + Loat') T 2

1ns llS li,sWy Dh l,n,h
hekM hgcM

and the change in trade shares is

. Qi hs 1-0os
o 1 Prpnten (18 Hlignt' [zt X )\ 0 Pihs
A (m s“’ HheICM < h thélCM in,h

s Hl—os
l,n,s

A M’ Vs
A ~ PsPs — estj L —jes e
Y}vs = J»$s wj ’ :
Ps

Changes in final expenditure are given by

XEXE = wLpiy Ly + Z VsYy sYis + TiTh + Ay,
sekCM

where

LT = Z €s tl]‘4q2,3+ztl]3q2,ns+ztl qzl5+zthzls+ztl qz,n,s ’

sekM n i#l n#l

while changes in total sectoral expenditure are

Xk X1 = H(zzn)ﬂn,ngXg + Z Qp ks Z AthnsMis Xnn.s Xn.s-
sgkM h

Gross output changes for s ¢ K are given by

Yi,n,syi,s = Z )\lh,n,s)\lh,sXh,n,sXh,sa
h
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while for s € KM they are given by

D Ga=D s (45)
J In

Finally, labor market clearing in country [ entails

wiLpinLy =Y Y Y. (46)
S

Autarky. Emissions under autarky are

yA Y
A § : n,s M In,s
gn = €s A = gn,s N ) (47)
sexcm Prs o s

where the second equality follows from the definition 5% = e,Y,, s/Ds,variables in changes are p, s =
pf}s /ps and Yms = Yn‘i‘s /Yy s, and under autarky, mining good prices are specific to each country, p;;{s.
To compute Yms in equation (47), we start from the equilibrium equation Yn‘i‘s = wn’SX,g ’A, where
Uns = fns + Zk,r¢ICM Qi sk X krn,r 1S the Domar weight of sector s in autarky, and {xn s} = (I —
{ansk}) ™t the standard Leontief inverse matrix for non-mining sectors. Final expenditure in autarky
equals wages plus rents, x5 = WAL, + Y osckcM VSY,{?S. Combining these equations and letting 9 =

A
Y scicM Vstn, s denote the Domar weight of the whole mining sector in autarky, we have X,? A = ;U_" L]’V}.

Setting wa‘ = wy, by choice of numeraire yields

o . 1/}n,swnLn/ (1 - 1/}1]:/[)
Yn,s = Yn,s .

The proportional change in the price of mining good s € KM is Dj,s = }7]” >, which captures the change in
the domestic price of mining good k resulting from moving along its supply curve as the country shuts
down trade.

Autarky emissions in equation (47) can therefore be rewritten as

oM 1—vg
El=2 Eus (W’SwnL”/ G )> . (48)

sekM Yn,s

Changes in real GDP, Y, = (wnLn + U pexm Yn,k) /Py, from the observed equilibrium to autarky, are

given by
s waln/(1-w3) 1 (49)
" wn Ly + EkEICM Vk:Yn,k: pn’

with

szn s
D wn,swnLn 1 - w,'J,LM ’ _;Z’ﬂ:s

sekM s¢ kM

The first term on the right-hand side of equation (49) captures the change in GDP, which we divide by
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the change in the consumer price index to obtain the change in real GDP. The change in the consumer

price index in equation (50) reflects both changes in the price of mining and non-mining goods (first and
Yn,s

second terms). If v, = 0, for all s, and noting that o, = oo for s € KM, then Y, = [1 Mns . which is the

standard expression for the gains from trade in a model with input-output links (Arkolakis et al., 2012;
Caliendo and Parro, 2015).

B.2 Optimal taxes

Letting e; and r; denote the expenditure and revenue functions in country ¢, an equilibrium satisfies
ei(p,ui, €) =ri(p, 7, t) + A; + T;, (51)

where p and 7 denote the vector of consumer and producer prices, respectively, t is the vector of carbon
taxes. Consumer prices in country n for s € KM are Pn,s and for variety j of s ¢ KM are Djn,n,s- Producer
prices in country ¢ are m; , for s € KM and Tin,s for sales of s ¢ KM for GVCs ending in n. Producers
pay the same prices as consumers for intermediate goods, hence the dependence of the revenue function
on p. The vector of prices also includes pj; s, which is the price of variety j of s ¢ KM for use as inputs
in producing non-mining goods in ¢ for GVCs ending in n. Producers are also affected by carbon taxes
directly in their use of fossil fuels.

Fiscal transfers satisfy

( sekM i n 7
where g; s is quantity of s extracted in i, ¢, s is quantity of s consumed in n, g; s is quantity of s used
by ¢ to produce non-mining goods for GVCs ending in n.

The expenditure function satisfies

€ (pa U, E) = é’L {pn,s}se]CM ) {mu}l iji,i,scji,s h’l',S (Cl’i,sa ceey CNz‘,s) 2 1 y Us + ’7257
c -

5,185
J s¢icM

where cj; s denotes consumption of variety j of s ¢ KM in country 4, and h; is some CRS function (in our
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case CES).?* The revenue function satisfies

D sexM Tisfis (Lis)
rilp ) = o + 2o sgicM Doy Tin,sGi.s (fi,n.s, {qi,n,ks}k§KM ) {jS,n,ks}kgKM)
{Zi,s}se}cM’{li»nwqui»n,sk}seéKM - ZSQICM 2kekM 2n (p"’k + ek (tim - t’?)) di,n ks
= D25 IcM DokgicM D p Piiyn,kjisn,ks

)

where ¢; 5 for s € KM is the quantity of labor used for mining s in 7, and lin,ss Qimks and gj; n ks denote
the quantities of labor, mining good k& € K™ and variety j of non-mining good k ¢ K™ used to produce
variety i of good s ¢ KM for GVCs ending in n.
Market clearing conditions are
fis(lis) =dqis, s€KM,

> ik=Y okt Y Ginks s€KM,
7 n i,n
Qin,s = Z Qin,sky S € ]CM
ket kM
Gi,s (Ei,n.& {Qi,n,ks}kE;CM 7{jS,n,ks}k¢KM) =Tins, S ¢ ICM;

M
Tin,s = E E Til,s%il,n,sk T Tin,sCin,s, S ¢ K,
I kg¢kM

where ;5 s is the quantity of non-mining good s produced by ¢ for GVCs ending in n. No-arbitrage
conditions are

C M

Dn,s = Ds + €styy s se KV,

M M
7Ti,szps_esti ) SGIC )
M
Diln,s = Til,sTin,syy S ¢ K.

Differentiating equation 51 yields the total differential

e’i(pa Uy, 8) = Ti(p7 ™, t)

24The consumer price index in i for s ¢ KM is

his (Cliysy s CNiys) > 1

{C1i,s,--sCNi,s

P, = min , Epji,i,scji,s
J
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Z €ip; s APi,s + Z Z €ipjiiAPjisis + €iudui + € cdE =

sekM sgkM g
Z Ti,Pn,kdpn,k"i' Z Z”J’ji,n,kdpﬁﬁ,k
kekM KgKM G
Z
+ Z Tim dTis + Z Z’“i,m,n,sd”i7n,s+ Z eri,tﬁdtn +dY;.
sekM sEKM 1 sgkM Z n

Applying the envelope theorem yields

Z Ci,sdpis + Z Z Cji,sdPjii,s + €iudu; + e; pdE

sekM s¢kM g
- Z Z Z Gin,ks@Pn,k — Z Z Z QjinksdDjin k
sgKM pekcM  n sgKCM kg icM j,n
+ Z Qi,sdm; s + Z Z Qin,sATim,s — Z Z Z ek (dfi,n _ dtg) Gimoks + dYs.
sekcM sgKM n s¢kKM kekM n

Adding up over i and using the no-arbitrage conditions yields

Z Z Cis (dps + e5dtl) + Z Z Cji,sTji,sdmji s + AW + vdE

sekM d sEKCM i,
== > Gimmks dpeterdtin) = D DD GinksTiikdTjnk
S¢IC]M ke]c]% i,n S¢K]\/I k¢/C]M j7i7”
+ Z Z Qi,s (dps - esdtfw) + Z Z qi,msdm,ms + Z dTi,
sekM i s¢kM in i

where dW = ZZ e;wdu; and we have used e; p = 7; and v = Zl v;. Using

ZdT’L = Z €s [Z tz]‘v[in,s + Zq@sdtzj‘\/l]

sekM

+ Y e Y (tSden s + cnsdtl))

sekM n

+ Z €k Z (Z (Ei,nd%‘,n,k + Qi,mkdti,n)) )

kekM n i
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market clearing conditions ¢;ns =) ) KM Qi sk for s € KM, and cancelling terms we have

Z Z Ci,sdps + Z Z Cji757'jz‘7sdﬂ'j,i,s + dW + ")/dg

sekM 3 sEKM i,j
== > imkdri— D DD GimksTiikdTjnk
kEICM i7n S¢KM k%/CM jvivn
+ Z ZQi,sdps+ Z Z%,n,sdﬂi,n,s
sekM i sgKM in
+ Z Zest@z\/ldq@s"" Z Zestgdcn,s+ Z Z(es{i,nin,n,s)
sekKM i sekKM n sekKM in

Collecting terms yields

Z Z Ci,s + Z Qin,s — Z Gis | dps +dW + ~dE

sekM
= Z Z qjn,s = Tjn,kCjn,s — Z ZTji,SjS,n,Sk dﬂ'j,n,s
s¢kM gn | kgKcM i
+ Z Zestz]'wd%,8+ Z Zestgdcn,s_’_ Z Z(eszi,ndq@n,k)
sekM i sekKM n kekM in

Using the market clearing conditions and the definition of ¢;,, then implies

AW + ~vd€ = th\/[ Z esin,s

i sekM
+Z Z tces (dcns+Zszns>
n sekM
+th > D esddings
sekM n
+Ztl > D esdding
sekM i#n
+ZtX > D esding.
sEKM n#i
Using
(5 C
C - X )
n,s ps + 65 (tﬁ + tg)ﬂn,s n
and

1 c
Qin,s = Z . I Z A sk Z Z Xil,n,kr)\ln,n,rﬂn,an )
%

+ est
DPs sti,n kgélCM I rgélCM
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and the definitions of £4 for Z = M, P,C,I, X, we finally get

AW +ydE =Y tMde}M + 3 " tPdel + " 15ded + Y deX +> ¥ deX.
Setting dW = 0 we then have the equation in the text.

B.3 Aggregation for World Consumption and Welfare

We have that
XC —y,.&

Vi = P,

Simple algebra shows that

v 1 XFXG — € _ 1 XE — (1€/XE) €

" Pn Xg — W& pn 1- ’Yng/Xg

The compensating variation (CV) is obtained by solving for X,, for V,, = 1,

~ CV ~ A
XC, =P [1— (wm&/XT)] + (mE/XT) E.

The CV is then

n n

cv, = x0xc _ x0 _ x© (B [1 = (3m&/XE)] + (m€/XG) €~ 1],

or

CVi = X [Py =1+ (1a8/XE) (€= B)]

A measure of the welfare gain for n is
A, = (X,g‘x,? - ch) — vV, = XC [Xg — By — (1€ XC) (5 - Pn)} .
Adding across countries, dividing by world’s GDP X¢ =3 X¢ and using w, = X /X yield

A/XO =Y A XC =Y w, [Xg — By~ (1a€/X) (é - Pn)} :

This is a measure of the gains as a share of pre-policy GDP.
We can further decompose the welfare changes into changes in real expenditure gains and changes in

emissions.

A/XC = an ()fg - Pn) + an (’ynS/Xg) (Pn —4‘:’) .
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C Data Appendix

C.1 Constructing Energy Sectors in WIOD

WIOD describes three main sectors that cover energy: mining; utilities; and refining of petroleum and
coke. We apportion the aggregated energy industries in WIOD into their subcategories to have a higher
level of detail in terms of energy commodities. We use Exiobase to provide additional energy sector detail,
as follows. For each WIOD sector containing energy, we expand the sector into the associated Exiobase
more detailed energy sectors. We allocate the proportion of costs for a given country-industry pair from
WIOD into these energy sectors using the cost shares from Exiobase. We then assume that the input
cost shares of each energy sector within mining are equal and that the input cost shares between the
Electricity and Gas Utility sectors are the same. This procedure ensures that the resulting input-output
table satisfies the required accounting identities.

Specifically, we associate WIOD’s “Mining and Quarrying” sector with four Exiobase sectors: “Mining
of coal and lignite; extraction of peat” (pl0), which is our coal extraction sector; “Extraction of crude
petroleum and services related to crude oil extraction, excluding surveying” (plOa), which is our oil
extraction sector; and “Extraction of natural gas and services related to natural gas extraction, excluding
surveying” and “Extraction, liquefaction, and re-gasification of other petroleum and gaseous materials”
(pll.b and pll.c), which is our gas extraction sector; and Exiobase’s extraction sectors for uranium, iron,
copper, nickel, aluminum, precious metals, lead, zinc, other mining, and quarrying stone, sand, and clay
(p12, p13.1, p13.20.11, p13.20.12, p13.20.13, p13.20.14, p13.20.15, p13.20.16, p14.1, p14.2, p14.3), which
is our Other Mining sector.

Finally, we associate WIOD’s “electricity, gas, steam and air conditioning supply” sector with Exiobase
electricity (p40.11.a through p40.11.f plus p40.12 and p40.13), Exiobase “manufacture of gas; distribution
of gaseous fuels through mains,” which is our processed gas sector (p40.2); and “steam and hot water
supply; water collection, purification, and distribution” (p40.3 and p.41), which we leave as another
sector.

Finally, to be consistent with the model production function in mining, we re-allocate inputs used by
country ! in mining sector k € KM to value added of that country-sector. To maintain the accounting
identities unchanged we reallocate the flows of inputs s from country j purchased by mining sectors
k € KM in country I into final demand of country [ for good s from country j. This maintains country-level
Scope 1 emissions and extraction-based emissions unchanged, while changes country-level consumption-

based emissions. World emissions are also unchanged.

C.2 Additional Data Details

For the marginal extraction cost data we use from Welsby et al. (2021), the underlying data sources
include BP, Rystad, the Energy Information Agency, the National Energy Technology Laboratory, the

Organization of Petroleum Exporting Countries, the International Energy Agency, and the German Fed-
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Table C2: List of Sectors

Codes Sector

A Agriculture

B10 Coal*

B11 Natural Gas*

B12 Crude Petroleum™

B13 Non-energy mining and quarrying
C10T12 Food, beverages & tobacco

C13T15 Textiles, apparel & leather

C16 Wood & cork products (excl. furniture)
C17T18 Paper, media & printing

C19 Coke & petroleum products

C20T21 Chemicals & pharmaceuticals

C22 Rubber & plastics

C23 Non-metallic minerals

C24 Basic metals

C25 Fabricated metals (excl. machinery)
C26T28 Electronics, machinery & equipment
C29T30 Motor vehicles & transport equipment
C31T33 Furniture, other manuf. & repairs
D35A Electricity

D35B Gas distribution

F Construction

G Trade (wholesale & retail)

H Transport & storage

I Accommodation & food services

J Information & communication

KL Real estate & insurance

MTN Professional & administrative services
PQRSTUOTE Education, health, public & other services
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Figure Al: Implied prices for fossil fuels, by

country
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Notes: The bars are implied producer prices for each fossil fuel, p; s, expressed in dollars per ton of oil equivalent, for
the top ten producers of each fossil fuel. Prices are calculated as the ratio of gross output in dollars from WIOD to
total quantity from IEA, Y]WS/I ey Q]I-EA. The world average is the global price calculated in the paper as ps = Y;/Qs.

eral Institute for Geosciences and Natural Resources (BGR). In cases where reports from multiple data
sources disagree, e.g., oil resources in Venezuela, Canada, and the Middle East, or gas resources in Russia,

the authors utilize the measures that most closely follow definitions of proved resource reserves from the

Society of Petroleum Engineers.

D Additional Results
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Table D3: Accounting for carbon emissions, by country and measure

Country name Country code Extraction Production (S1) Production (S3) Consumption
Australia AUS 1,399 287 494 409
Austria AUT 8 59 75 84
Brazil BRA 493 487 561 599
Canada CAN 1,019 582 630 659
China CHN 8,519 11,189 10,433 10,340
Czech Republic CZE 51 82 89 84
Germany DEU 92 342 555 743
Denmark DNK 36 48 71 74
Spain ESP 29 306 298 293
France FRA 33 291 418 474
Great Britain GBR 405 533 641 720
Greece GRC 8 75 46 55
Croatia HRV 55 32 30 34
Hungary HUN 3 44 48 51
Indonesia IDN 924 398 550 516
India IND 405 1,122 1,081 1,001
Italy ITA 45 262 328 382
Japan JPN 202 1,445 1,497 1,529
Korea KOR 29 681 723 636
Mexico MEX 426 243 355 344
Netherlands NLD 111 10 154 161
Norway NOR 600 221 217 241
Poland POL 192 263 251 245
Romania ROU 42 96 98 94
Rest of the World ROW 13,327 10,285 9,811 9,173
Russia RUS 2,472 989 1,217 919
Turkey TUR 101 123 216 249
United States USA 4,198 4,730 4,338 5,116
World WORLD 35,225 35,225 35,225 35,225

Notes: Emissions are in million tons of COs. Extraction-, production (S1)-, production (S3), and consumption-based

emissions.
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Figure A2: Consumption-based emissions under different assumptions

[1 Assumption: Homogeneous mining prices
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Notes: Consumption-based emissions for the top-ten polluting countries. Each bar represents consumption-based
emissions relative to emissions implied by heterogeneous prices and no adjustments in trade shares in mining. Light-
green bars show results assuming only homogeneous prices, while gray bars also include trade share adjustments.
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Figure A3: Country-level Climate Damage Parameter, by Country
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Notes: Country-specific damage parameter is calculated as v; = %’y, where SSC; denotes country-level damage
J J

from Ricke et al. (2018), and + is the global social cost of carbon set at $100 per ton of COs.

E Counterfactual Emissions Decompositions

E.1 Autarky: Decomposition
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Figure A4: Effect of Global Autarky, Selected Countries
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(b) Change in Real GDP and Welfare
Notes: % change in autarky to observed consumption-based emissions, (5;? /EC — 1) x 100. Aﬁ 1 is the price

channel, Aﬁ 2 is the sourcing channel, and Aﬁ 3 is the trade imbalance channel, in equation (35). Welfare changes
are calculated using equation (34), for each country. Global change in real GDP and welfare calculated using
equation (36).
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Figure A5: Effect of Global Autarky: Emissions, Real GDP, and Welfare
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(b) Change in Real GDP and Welfare
Notes: % change in autarky to observed consumption-based emissions, (57‘14 JEC — 1) x 100. Ay is the price

channel, Af’Q is the sourcing channel, and Aﬁ’?’ is the trade imbalance channel, in equation (35). Welfare changes
are calculated using equation (34), for each country. Global change in real GDP and welfare are calculated using
equation (36).
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Table D6: Optimal Global Carbon Tax, Decomposition 1: Price effect

% change in emissions

Price effect

Direct tax effect

Expenditure effect

(1) (2) (3) (4)

Australia -43.5 29.2 -78.1 5.40
Austria -39.4 24.8 -55.6 -8.60
Brazil -30.9 24.7 -62.4 6.85
Canada -39.7 23.8 -59.6 -3.92
China -52.6 33.2 -82.5 -3.23
Czech Rep. -53.6 29.5 -70.4 -12.6
Germany -33.7 28.9 -82.0 194
Denmark -41.6 20.9 -43.6 -18.9
Spain -37.8 25.4 -63.5 0.30
France -32.4 24.8 -68.5 11.3
Great Britain -36.8 24.9 -63.9 2.17
Greece -24.1 23.7 -59.4 11.6
Croatia -59.2 36.5 -93.8 -1.92
Hungary -34.4 24.2 -64.2 5.61
Indonesia -30.2 26.6 -70.4 13.6
India -42.4 29.6 -72.5 0.48
Italy -26.3 21.3 -58.9 11.3
Japan -43.8 27.9 -72.5 0.77
Korea -31.5 23.6 -62.1 7.03
Mexico -30.2 22.6 -52.2 -0.58
Netherlands -3.95 21.7 -74.1 48.5
Norway -34.5 21.7 -51.5 -4.72
Poland -54.9 33.6 -81.1 -7.38
Romania -42.2 27.8 -69.3 -0.79
ROW -42.4 26.7 -69.3 0.19
Russia -59.1 37.3 -100.6 4.29
Turkey -53.1 35.7 -99.8 10.9
USA -30.5 22.7 -57.7 4.49
World -43.5 28.5 -72.4 0.52

Note: Decomposition of total change in emissions after a global production tax of 100$ per ton of CO4 calculated

using equation (37).
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Table D7: Single-Country Optimal Tax, All countries

Extraction Tax Production Tax Consumption Tax

(1) (2) (3)

Australia 29.20 38.56 77.45
Austria 35.82 28.95 58.05
Brazil 44.76 36.20 65.77
Canada 40.95 41.45 72.55
China 32.68 60.60 75.93
Czech Rep. 27.06 46.85 66.34
Germany 28.15 33.89 67.42
Denmark 42.43 24.61 60.79
Spain 28.64 32.42 64.09
France 34.24 33.37 68.09
Great Britain 40.00 42.96 67.35
Greece 27.49 18.97 60.10
Croatia 27.09 62.11 71.86
Hungary 30.99 29.20 62.63
Indonesia 32.47 30.93 72.00
India 29.84 43.54 70.30
Italy 34.96 32.06 66.87
Japan 29.97 47.38 69.57
Korea 28.60 28.20 70.67
Mexico 47.08 29.51 67.24
Netherlands 34.32 13.78 59.50
Norway 35.39 42.34 72.31
Poland 26.87 50.47 68.56
Romania 28.55 44.04 65.29
ROW 45.02 50.40 73.00
Russia 28.83 53.57 79.90
Turkey 28.03 60.09 65.61
United States 42.19 40.66 70.71
European Union 30.11 38.22 66.97

Notes: Optimal tax per ton of COgq for selected countries calculated using equation (29).
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Table D9: Optimal Single-Country Carbon Tax Combination: Extraction and Consumption

Tax Combination % change in % change in word % world welfare

world emissions consumption gains
Extr. Cons.
L @ (3) (4) (5)

Australia 27.06 65.78 -1.09 -0.02 0.03
Austria 33.14 59.91 -0.06 0.00 0.00
Brazil 39.01 63.06 -0.58 -0.01 0.02
Canada 36.73 65.40 -0.88 -0.02 0.02
China 23.34 73.61 -13.80 -0.25 0.41
Czech Rep. 25.86 66.53 -0.10 0.00 0.00
Germany 27.54 62.48 -0.55 -0.01 0.02
Denmark 40.64 60.94 -0.06 0.00 0.00
Spain 26.40 63.97 -0.23 0.00 0.01
France 33.23 62.86 -0.35 -0.01 0.01
Great Britain 36.58 64.50 -0.68 -0.01 0.02
Greece 26.52 60.78 -0.04 0.00 0.00
Croatia 25.24 70.44 -0.07 0.00 0.00
Hungary 28.04 64.17 -0.03 0.00 0.00
Indonesia 28.18 65.65 -0.84 -0.02 0.03
India 27.53 69.33 -1.06 -0.02 0.06
Italy 31.79 62.24 -0.25 -0.01 0.01
Japan 27.56 69.13 -1.37 -0.02 0.04
Korea 25.41 67.04 -0.42 -0.01 0.01
Mexico 43.09 59.70 -0.35 -0.01 0.01
Netherlands 33.07 59.00 -0.15 0.00 0.00
Norway 31.50 63.66 -0.36 -0.01 0.01
Poland 25.38 68.12 -0.35 -0.01 0.01
Romania 26.87 65.74 -0.09 0.00 0.00
ROW 31.45 67.96 -13.12 -0.25 0.40
Russia 25.93 72.52 -2.35 -0.04 0.07
Turkey 26.62 64.76 -0.28 -0.01 0.01
USA 31.77 65.92 -4.95 -0.10 0.13
European Union 27.30 65.70 -2.29 -0.04 0.07

Note: Optimal tax columns present the optimal tax combination of an extraction and a consumption tax applied
to one country at the time. Global welfare gains and changes in consumption are expressed relative to initial GDP,
calculated using equation (36)
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Table D10: Optimal Single-Country Carbon Tax Combination: Extraction and Consumption

Tax Combination % change in % change in word % world welfare
world emissions consumption gains
Extr. Cons. Export.
) (3) (4) (5) (6)

Australia 27.66 65.13  31.71 -1.13 -0.02 0.03
Austria 33.81 60.36  23.10 -0.07 0.00 0.00
Brazil 39.64 62.50 21.36 -0.60 -0.01 0.02
Canada 37.63 64.90  26.47 -0.92 -0.02 0.03
China 24.27 73.77  52.75 -15.75 -0.28 0.48
Czech Rep. 26.36 66.35  38.44 -0.13 0.00 0.00
Germany 27.57 62.21  20.11 -0.58 -0.01 0.02
Denmark 42.13 61.27  23.08 -0.07 0.00 0.00
Spain 26.59 63.89  19.43 -0.26 -0.01 0.01
France 33.05 62.66 17.18 -0.36 -0.01 0.01
Great Britain 36.88 64.18 25.84 -0.71 -0.01 0.02
Greece 26.68 60.79 9.25 -0.05 0.00 0.00
Croatia 26.09 69.88  53.78 -0.08 0.00 0.00
Hungary 28.72  64.22 20.97 -0.04 0.00 0.00
Indonesia 28.87 64.78  17.65 -0.86 -0.02 0.03
India 28.91 68.39  29.28 -1.21 -0.02 0.06
Italy 3199 61.89 16.12 -0.26 -0.01 0.01
Japan 28.63 67.93  36.93 -1.54 -0.03 0.04
Korea 25.73 66.54  18.78 -0.48 -0.01 0.01
Mexico 43.73 59.28  24.22 -0.37 -0.01 0.01
Netherlands 33.13  59.49 -2.70 -0.15 0.00 0.00
Norway 33.02 62.52 29.12 -0.39 -0.01 0.01
Poland 26.03 67.78  40.02 -0.42 -0.01 0.01
Romania 28.01 65.36  36.72 -0.11 0.00 0.00
ROW 31.31 68.77  35.77 -14.45 -0.27 0.44
Russia 27.86 T71.16  44.63 -2.68 -0.05 0.09
Turkey 26.89 64.46  39.84 -0.30 -0.01 0.01
USA 3193 65.72 15.31 -5.01 -0.10 0.14
FEuropean Union 27.60 67.30  23.61 -2.37 -0.04 0.07

Note: Optimal tax columns present the optimal tax combination of an extraction, a consumption, and an export tax
tax applied to one country at the time. Global welfare gains and changes in consumption are expressed relative to
initial GDP, calculated using equation (36)
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Figure A6: Effect of Global Autarky, Price and Sourcing Channels
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Notes: % change in emissions refers to autarky relative to observed consumption-based emissions, (5;? JEC — 1) % 100.

Price channel is Aj! /EC % 100, and sourcing channel is A2 /EC x 100 in equation (35). Net exports of fossil fuels is
exports of fossil fuels minus imports, expressed in million dollars. Ratio Production S3 to Production S1 is the ratio
of production scope 3 emissions to production scope 1 emissions.

Table D11: Optimal Tax and the Trade Elasticity

Extraction Tax Production Tax Consumption Tax

c=3 oc=6 oc=3 c=26 oc=3 oc==6
(1) (2) (3) (4) (5) (6)
Canada 43.56  40.95 52.93 41.44 73.46 72.55
China 37.13  32.68 69.22 60.60 78.43 75.93
France 34.24 3424 48.74 33.37 69.61 68.09
Korea 28.64  28.60 41.07 28.20 70.90 70.67
Russia 30.26  28.83  63.83 53.57 80.24 79.90

United States  46.43  42.19 54.01  40.66 72.93 70.71

World Average 34.91 33.63 51.59  38.48 71.22 68.21

Note: Tax is tf s = th X es where th is the optimal tax per ton of COq, for s € KM and applied by each country shown,
one at the time. For the extraction tax, we report extraction-based emissions calculated using equation (16). For the
production tax, we report production-based emissions (scope 1) calculated using equation (17). For the consumption
tax, we report consumption-based emissions calculated using equation (22). Leakage is calculated using equation
(28).
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E.2 Global Production Tax Decomposition: Price Channel
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E.3 Global Production Tax Decomposition: Technique, Composition,
Household Expenditure

The effect of a global production tax on production scope 1 emissions is
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E.4 Observed Emissions Decomposition

We use the model to perform a variance decomposition of the consumption-based emission measure to
understand the sources of the differences in emissions across countries. As it is standard in the literature,
even though we do not model the pattern of emissions across countries at different levels of development,

we first decompose emissions per capita into emissions per dollar of consumption and consumption per

capita,
¢ EC X¢
In L—” = In X—nc + In L—" . (52)
—_— — NI

emissions per capita  emissions per $ of consumption $ consumption per capita

We can regress each term from the right-hand side on emissions per capita (the left-hand side); these
coefficients sum to one. The first coefficient captures the variation in log emissions per capita coming from
emissions per dollar of consumption, while the second coefficient captures the variation in log emissions
per capita coming from consumption expenditure (in dollars) per capita.

Figure AT reports results.

Emissions per dollar of consumption account for -13% of the variance in overall emissions per capita
(left panel). while consumption per capita explains 113% of the variance (right panel). This comparison
suggests that countries with lower emissions intensity per unit of consumption tend to have higher overall
emissions per capita. This trend is partly due to large nations like Russia, India, and China, which despite
their lower emissions per capita, have high emissions per dollar consumed due to their less efficient energy
use in consumption. Conversely, EU countries have high consumption per capita which leads to high
emissions per dollar consumed. However, they use energy more efficiently as they have low emissions per
dollar.

We can further decompose emissions per dollar of consumption (i.e. the first term in equation (52))
into two components: emissions per dollar of fossil fuels used; and emissions coming from fossil fuel

expenditure per dollar of consumption,

Csn, c . c
In ’r? —In Ej,l,k Ds X]l7sk>\ln,an,k i In ZSEK]V[ Zj,l,k? le,Sk)‘ln,anJ{;
C o . c C ’
Xy B > sekcM Zj,l,k Xal,sk)‘ln,an,k i(n
emissions per $ of consumption fossil fuel expenditure per $ of consumption

emissions per $ of fossil fuel

(53)

The first term is reflects a country’s the fossil fuel mix. The second term reflects a country’s overall
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Figure A7: Consumption-based emissions: variance decomposition
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Notes: Graphs show a decomposition of consumption-based emissions. The left panel shows the first term in equation (52), while
the right panel shows the second term in equation (52).

expenditure on fossil fuels. Figure A8 shows the results. The first term in equation (53) explains 21
percent of the variation across countries in emissions per dollar. The second term captures the remaining
79 percent of the variation. This result indicates that the variability in emissions per dollar of consumption
across countries mostly reflects differences in the share of expenditure devoted to fossil fuels, rather than
differences in the types of fossil fuels a country uses. Countries like France and Germany have low
emissions per dollar of consumption both because they use cleaner types of energy and send a lower
share of expenditure on fossil fuels. The types of fossil fuels matter more in coal-dependent countries like
China, India, and Indonesia.

Summing up, richer countries have higher emissions per capita. However, they have lower emissions
per dollar of consumption because fossil fuels account for a lower share of their expenditure and because
they use cleaner fossil fuels.

Although these decompositions provide informative measures on how to allocate emissions respon-
sibilities across countries, and speak to the sources of variation across countries, they do not take into
account how equilibrium variables, such as fossil fuel prices, would respond to a change in policy, such
as a reduction of trade costs. Section 6 uses the model, which accounts for equilibrium effects, to study

counterfactual scenarios.
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Figure A8: Consumption-based emissions: variance decomposition
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the second term in equation (53).
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