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The Welfare Effects of Explicit and Implicit
Subsidies on Fossil Fuels
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We examine the welfare effects of removing explicit and implicit
fossil fuel subsidies, the latter entailing Pigouvian pricing of local
externalities from fossil energy consumption. We map a multi-
region, multi-sector general equilibrium model to granular data
on subsidies, local marginal external costs, and national income
and product accounts. On average, unilateral Pigouvian pricing
improves a country’s welfare by 3.7%, generates fiscal revenues
equal to 2.5% of consumption, and reduces the carbon price needed
to meet the Paris climate target by 76%. Non-market welfare
gains exceed market-related losses, benefiting most countries. Local
air pollution pricing accounts for 90% of net benefits. About one
third of countries would already meet their climate targets, making
additional policies like carbon pricing redundant. For all countries,
combining Pigouvian energy pricing with carbon pricing increases
welfare compared to relying on carbon pricing alone. Removing
explicit subsidies has a minor impact on welfare and emissions.
Global Pigouvian energy pricing would reduce global emissions
by 32%, while increasing global welfare by 2.4%. Our findings
underscore the potential of Pigouvian energy pricing to align
economic, fiscal, and climate goals.

Keywords: Fossil Fuels, Subsidies, Externalities, Pigouvian
Tazation, Climate Policy, Co-Benefits, General Equilibrium
JEL Classification: C68, H23, Q43, Q58

The fundamental problem posed by climate change is that it is a global public
good: while the mitigation costs of reducing greenhouse gas (GHG) emissions are
local, the benefits are global (or individual nations enjoy only a small fraction of
the benefits of their actions). Strong free-rider incentives for individual countries
hamper cooperative multinational policies to internalize climate damages caused
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by the use of fossil energy sources (Barrett, 1994; Barrett and Stavins, 2003; Nord-
haus, 2019). Indeed, theory suggests that for a collective action problem such
as global climate change, free riding becomes more problematic the greater are
the aggregate gains to cooperation (Barrett, 2003), which is particularly the case
if climate damages increase. Overcoming the free-rider problem thus requires a
restructuring of the underlying incentives.

This paper examines the incentives for reducing fossil energy consumption at the
local (i.e. country or regional) level when the global climate externality is ignored.
Global economies heavily rely on fossil fuels, incurring significant costs from local
externalities that are not internalized in market decisions. A series of influential
IMF reports (Coady et al., 2019; Parry, Black and Vernon, 2021; Black et al.,
2023) show that many countries continue to heavily subsidize fossil fuels, both
explicitly (by undercharging supply costs) and implicitly (by failing to account for
the non-market costs associated with local externalities of fossil fuel use). Global
fossil fuel subsidies in 2022 totaled $7 trillion (7.1% of global GDP) in 2022, of
which 18% account for explicit and 82% for implicit subsidies.'*? On a policy level,
reform efforts to phase out inefficient fossil fuel subsidies have been ongoing since
the G20’s 2019 and 2020 commitments, reaffirmed at the United Nations Climate
Change Conferences in 2021 and 2022.

We analyze three main questions: What incentives do countries and regions
have to eliminate fossil fuel subsidies and implement energy pricing that reflects
both supply costs and local externalities related to fossil fuels? How large are the
foregone welfare gains due to the subsidized use of fossil fuels in today’s economies,
or, put differently, what are the true cost of subsidizing fossil fuels? To what extent
would the removal of both explicit and implicit fossil fuel subsidies contribute to
helping individual countries and the global community achieve the climate targets
outlined in the Paris Agreement?

We present the first study on the welfare effects of both explicit and implicit fossil
fuel subsidies using a structural general equilibrium model of the global economy,
which integrates spatial (i.e., country- and region-specific) and industry-level de-
tails of fossil energy supply and consumption. Previous studies have either focused
exclusively on explicit fossil fuel subsidies (Jewell et al., 2018; Chepeliev and van
der Mensbrugghe, 2020; Arzaghi and Squalli, 2023) or, in the case of implicit sub-
sidies, have relied on partial equilibrium models centered on individual countries’
fossil fuel markets (Davis, 2014; Clements et al., 2014; Parry, Veung and Heine,
2015; Breton and Mirzapour, 2016; International Energy Agency, 2017; Coady
et al., 2019; Black et al., 2023). In contrast, our analysis incorporates both market
and non-market welfare effects of fossil fuel subsidies within a general equilibrium
framework.

We provide evidence that a multi-market and international perspective is es-

1Figure 1 illustrates the regional heterogeneity in explicit and implicit fossil fuel subsidies. We take a
closer look at the data in Section III.

2Using data on fossil fuel subsidies from the World Bank, Davis (2014) finds that road-sector subsidies
for gasoline and diesel totaled $110 billion in 2012, creating a global deadweight loss of US$44 billion.
When external costs are included, the economic costs rise by US$32 billion.



FIGURE 1. Fossil fuel subsidies and major local externalities related to fossil energy use in percent of
consumption for selected countries and world regions
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(b) Implicit subsidies: Local externalities related to air pollution and oil use in road-based transportation

Notes: Own calculations based on data on explicit fossil fuel subsidies from Chepeliev, McDougall and
van der Mensbrugghe (2018), on implicit fossil fuel subsidies from (Coady et al., 2017), and on consumption
from GTAP (Aguiar et al., 2022).
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sential. Fossil fuels are deeply integrated into the production and consumption
of goods and services, both domestically and within global supply chains. Conse-
quently, markets and economies are highly interconnected and responsive to climate
and fiscal policy decisions regarding the removal of fossil fuel subsidies. Moreover,
the non-market and COs2 emissions effects of reducing fossil fuel use are closely
tied to the physical quantities of coal, oil, and gas. Evaluating fossil fuel subsidies
thus requires a framework that captures not only the monetary value of economic
activity but also the impact in terms of physical energy flows.

Our structural model integrates detailed data on both explicit and implicit fossil
fuel subsidies from the IMF database (Parry et al., 2014; Coady et al., 2017) and the
Global Trade Analysis Project (Chepeliev, McDougall and van der Mensbrugghe,
2018; Aguiar et al., 2022), along with national income and product accounts data,
including bilateral international flows and trade tariffs. The model accounts for
the marginal local external costs of consuming refined oil (e.g., gasoline, diesel,
kerosene), coal, and natural gas, differentiating by fuel type, sector of use, and type
of local externality. These local externalities include health impacts from elevated
mortality risks due to air pollutants—specifically particulate matter (PMg,5), sulfur
dioxide (SO2), and nitrogen oxides (NO,)—as well as non-pollutant externalities
related to oil use in motor vehicles, such as congestion, accidents, and, to a lesser
extent, road damage.

To estimate the welfare effects of explicit and implicit subsidies on fossil fuels,
we perform counterfactual analysis using our structural equilibrium model. The
factual benchmark is defined by our model, which is calibrated to observed global
and country-level production, consumption, and international trade flows, assum-
ing existing explicit subsidies on fossil fuels and unpriced local externalities. The
counterfactual experiments adopt the fundamental concept of Pigouvian pricing
(Pigou, 1920; Coase, 1960; Baumol and Oates, 1988), defining the full costs of
fossil fuels as the price that eliminates both explicit and implicit subsidies. By ex-
ploiting the heterogeneity of subsidies across fuel, country, sector, and externality
type, as represented in our data and model, we analyze counterfactual experiments
with varying scopes of Pigouvian pricing to examine the structure of countries’ in-
centives for subsidy reform.

Our main findings are as follows. First, we present evidence showing that there
are strong incentives for countries to unilaterally eliminate both explicit and im-
plicit subsidies on fossil fuels. Our analysis focuses on three key aspects that influ-
ence these incentives: the impact on welfare (both market and non-market), the
iscal revenues generated by eliminating subsidies, and the impact on the economic
costs associated with achieving 2°C-compatible national climate targets under the
Paris Agreement. We find that the unilateral removal of explicit fossil fuel subsidies
results in modest welfare gains for most countries—averaging 0.2% globally—with
more substantial benefits observed in countries with sizable subsidies, such as Saudi
Arabia and Indonesia. In contrast, unilateral implementation of local Pigouvian
energy pricing—which includes the removal of explicit subsidies—generates signif-
icantly larger welfare gains, averaging 3.7% across countries and regions.

Pigouvian pricing produces divergent effects on market and non-market welfare,



which means that the net effect is a priori unclear: while the reduction in implicit
subsidies enhances non-market welfare, the associated increase in energy prices
tends to reduce market welfare. We find the overall net effect to be positive for
nearly all countries, particularly in countries with high energy intensity of consump-
tion or high marginal damages. These include major economies such as China,
India, Saudi Arabia, Russia, and several European and Commonwealth countries,
where welfare improvements range from 5% to 23%. Furthermore, pricing exter-
nalities linked specifically to local air pollution captures nearly 90% of these net
welfare benefits, underscoring the effectiveness of targeting pollutant-specific re-
forms. Pricing non-polluting externalities yields greater welfare gains than the
removal of explicit subsidies alone.

Fiscal revenue implications are substantial: on average, countries or regions could
generate fiscal revenues equivalent to 4.9% of consumption through local Pigouvian
energy pricing, with regional estimates ranging from 1.8% to 16.2%. In contrast,
the removal of explicit fossil fuel subsidies alone would yield comparatively modest
revenues, averaging just 0.4% of consumption annually. Aggregated across all
countries and regions, we estimate that total fiscal revenues from comprehensive
local Pigouvian pricing would reach 4.9% of global consumption—equivalent to
$2.5 trillion per year (in 2017 USD).

Second, while the unilateral removal of explicit fossil fuel subsidies has only a
limited effect on the shadow cost of carbon required to meet Paris climate targets,
the elimination of implicit subsidies substantially reduces these costs. On average,
country-level carbon prices decline by 68%, and about one-third of countries and
regions would overachieve their Paris climate targets, effectively reducing the re-
quired carbon price to zero. Crucially, the integration of climate policy with local
Pigouvian energy pricing lowers the cost of achieving climate goals for all countries
and regions. On average, across countries, adding Pigouvian energy pricing on top
of carbon pricing to meet the Paris climate target increases welfare by 120% or 1.7
percentage points. The reason is that CO» pricing alone represents a cost-effective
way to achieve the climate target, but does not take into account the non-market
welfare cost created by the local externalities of fossil fuel use. For countries that
exceed their climate targets through Pigouvian energy pricing alone, additional
climate policy is therefore redundant. For countries that do not meet their climate
target through Pigouvian energy pricing alone, the policy combination enhances
welfare compared to relying on carbon pricing alone.

Third, we estimate that global CO5 emissions would decline by 32% if all coun-
tries and regions eliminated both explicit and implicit fossil fuel subsidies. Notably,
the global implementation of Pigouvian pricing targeting local air pollution exter-
nalities alone would result in a 26% reduction in emissions—sufficient to meet the
global mitigation requirements consistent with 2°C-compatible targets outlined in
the Paris Agreement.

Finally, using our global, multi-region model, we estimate that the welfare cost
of the unregulated use of fossil fuels—characterized by the continuation of ex-
plicit subsidies and no removal of implicit subsidies—amounts to 2.4% of global
consumption. Implementing Pigouvian pricing for local air pollution externalities



alone would result in a global welfare improvement of 2.3%. In contrast, the welfare
effects of removing explicit fossil fuel subsidies are modest at the global level, yield-
ing an average gain of only 0.1%. Comprehensive local Pigouvian energy pricing
is advantageous for all countries and regions, even for those facing welfare losses
due to reduced fossil fuel export revenues—provided it is implemented globally.

In sum, our empirical findings provide strong evidence that local Pigouvian en-
ergy pricing generates significant welfare gains, substantial fiscal revenues, and first-
order climate co-benefits, making it a highly beneficial policy for both unilateral
and multilateral adoption. In particular, aside from political economy challenges®
that may impede the elimination of both explicit and implicit fossi fuel subsidies,
our findings suggest that decarbonization efforts sufficient to reduce global COs
emissions by one-third could pay for itself.

Our paper contributes to several literatures. First, we provide the first analysis of
the welfare effects of both explicit and implicit fossil fuel subsidies using a structural
general equilibrium model of the global economy that incorporates country- and
industry-level detail in fossil energy supply and use. Prior studies have either
focused solely on explicit subsidies (Jewell et al., 2018; Chepeliev and van der
Mensbrugghe, 2020; Arzaghi and Squalli, 2023) or used partial equilibrium models
to examine implicit subsidies at the national level (Davis, 2014; Clements et al.,
2014; Parry, Veung and Heine, 2015; Breton and Mirzapour, 2016; International
Energy Agency, 2017; Coady et al., 2019; Black et al., 2023). In contrast, our
approach captures both market and non-market welfare effects in a unified general
equilibrium framework, providing novel global estimates at the country level.

Second, recent literature has sought to reframe the public good dilemma of cli-
mate change by highlighting unilateral incentives for decarbonization. Mitigation
policies are shown to yield substantial co-benefits for local air quality and health
(Shindell et al., 2018; Huang et al., 2023). Thompson et al. (2014) find that health
benefits can offset 26-1,050% of U.S. carbon mitigation costs, while Vandyck et al.
(2018) estimate that achieving the Paris Agreement targets could prevent 71,000
to 346,000 premature deaths globally each year.* Similarly, Basaglia, Grunau and
Drupp (2024) link major pollution reductions in EU industries to the EU ETS and
emissions standards. Bilal and Kénzig (2025) show that, for major emitters like
the US and EU, ambitious decarbonization can be self-financing. While we provide
estimates of the non-market welfare costs of fossil fuel use—including both pollu-
tion and non-pollution externalities—our primary focus lies elsewhere: we develop
a structural, quantitative model capable of analyzing counterfactuals, allowing us

3Cutting fossil fuel subsidies has proved extremely difficult, not least because of political economy
issues. Subsidies exist often because they are the only reliable mechanism available to governments that
are under pressure to provide benefits to politically well-organized groups (Victor, 2009). Inchauste and
Victor (2017) provide an in-depth study for four countries to identify barriers to subsidy reform. Droste,
Chatterton and Skovgaard (2024) propose a political economy theory of fossil fuel subsidy reforms in
OECD countries. Mahdavi, Martinez-Alvarez and Ross (2022) use high-frequency data on gasoline taxes
and subsidies for 157 countries and find that fossil fuel taxes are determined by a country’s revenue needs,
not its political institutions or environmental commitments.

4Empirical work shows local air pollutants negatively affect mortality (Knittel, Miller and Sanders,
2016; Jarvis, Deschenes and Jha, 2022), health costs (Schlenker and Walker, 2016), and labor productivity
(Bretschger and Komarov, 2024).



to assess how internalizing local externalities can advance progress toward Paris
Agreement climate targets. Thus, we reverse the perspective by asking what the
climate mitigation co-benefits are of addressing externalities not related to GHG
emissions—rather than examining the co-benefits of climate policies themselves.
Given the ongoing gridlock in international climate policy, we argue that this per-
spective is highly relevant.

Third, by adopting a comprehensive welfare perspective that accounts for local
externalities beyond GHG emissions, we show that carbon pricing alone may fall
short of cost-effectiveness. In doing so, we add to the scarce literature on corre-
lated externalities. In reality, a single source of emissions is typically comprised of
multiple pollutants that cause simultaneous localized and global externality prob-
lems, and pollution abatement in turn jointly reduces the flows of these pollutants
(Caplan and Silva, 2005). Conceptual and theoretical work has explored how the
design of environmental regulation should account for the correlation structure
between multiple pollutants (Moslener and Requate, 2007; Fullerton and Karney,
2018; Brunel and Johnson, 2019).°> Despite the centrality of externalities in environ-
mental economics, there is surprisingly little quantitative research on the welfare
effects of policies targeting correlated externalities. The case of COy emissions
and local externalities associated with fossil fuel consumption, both based on the
same underlying combustion activity, is a prime example of correlated externali-
ties. We use our structural model to examine whether pricing local externalities
offers greater welfare benefits than directly combating carbon externalities. Again,
given the gridlock surrounding international carbon pricing as a global approach
to climate policy, this question holds significant policy importance.

This paper proceeds as follows. Section I describes our model and defines con-
cepts for local Pigouvian energy pricing. Section II describes data sources and
model calibration. Section III provides a descriptive analysis of fossil energy subsi-
dies and local externalities using the observational data which underlies our struc-
tural model. Section IV presents our design of counterfactual experiments and
scrutinizes the role international trade and global supply chains for assessing the
removal of fossil fuel subsidies. Section V presents and discusses our main results.
Section VI concludes. An online appendix provides further details on the model
implementation and results.

I. The Model
A.  Measuring Welfare and Emissions

Our welfare assessment is based on a comprehensive global general equilibrium
framework that accounts for domestic production and consumption responses as
well as international market effects resulting from local energy pricing reforms.
Equilibrium prices p and quantities q are derived from a multi-region, multi-sector

5 Another, less closely related strand of literature explores how environmental taxes interact with fiscal
externalities stemming from pre-existing distortions in factor markets and broader fiscal policies (Goulder
et al., 1999; Parry and Williams, 1999; Barrage, 2020).



general equilibrium model that treats policy decisions regarding explicit and im-
plicit fossil fuel subsidies as given.

The regulator in region r € R has two ways to directly influence local fossil fuel
prices: reducing existing fossil fuel subsidies s and levying taxes T to address local
externalities related to fossil fuel use. Subsidies are paid for the use of fossil fuel of
type f € F = {Coal, Natural gas, Oil} used in sector g € G, where G comprises all
production sectors and final consumption activities. Similarly, taxes on the use of
fossil fuel are differentiated by fuel type and sector and, in addition, by the type
of local externality z € X = £ U N, which include damages related to local air
pollution £ = {SO,, NO,, PM3 5} and local (non-pollutant) externalities related to
oil use in transportation N = { Congestion, Accidents, Road damages}. Let s and
7 denote the vectors of externality-, fuel-, sector-, and region-specific taxes and
subsidies on fossil energy, respectively, with elements:

Tafgr € (X X FxGxR) and spr€ (FXGXR).

Welfare W, in region r comprises the economic and non-economic costs and
benefits from local energy pricing reform 7 and s (enacted in region r and possibly
in other regions):

(1) W, == U, (Cig(7.s),p(7,5)]) = > _ Darlq(7,s),p(7,s)],
TEX
Market effects: :=D,, Non-market effects:
~ Utility from Damages from multiple
private consumption local externalities

where U, measures local economic welfare (excluding damages from local externali-
ties) in money metric utility based on the equilibrium level of private consumption
C, of the representative consumer in region r.

D, denotes monetized damages due to the local externality x in region r as a
function of the equilibrium quantity of fossil fuels used in local production and
consumption:

(2) Dzr — Z mzfgr « q;;issil energy used [q(T, S),p(’T, S)] '
feF,geg

Mgy denotes the externality-, fuel-, sector-, and region-specific monetized marginal
external cost per unit of fossil energy used. We assume that m, s, is constant,
i.e. marginal external costs are independent of the quantity of fossil energy used.®
In addition to the value-based economic model, our framework incorporates sup-
plementary physical accounting of energy flows to enable the measurement of local
. . Fossil energy used .
external costs as a function of physical energy volumes Upr consistent
with economic equilibrium decisions.

6Given the global, multi-sector, and multi-fuel scope of this study, the assumption of constant external
marginal costs is dictated by data availability. While empirical estimates of non-linearities in fossil fuel-
related externality costs exist for some countries, the IMF database used in our analysis provides only
point estimates of marginal costs.



The climate co-benefits from local energy pricing are evaluated by observing the
development of global CO5 emissions from the burning of fossil fuels:”

(3) Y oz, = Y e x q;;‘;%” energy used [0+ s), p(T, 8)]
reR fEF.,geG

where €y, denotes the fuel-, sector-, and region-specific benchmark CO; intensity
(per unit of fossil energy).

B. Local Energy Pricing

Fossil fuels serve as inputs in both local production and consumption activities.
Energy subsidies and taxes are applied on an ad valorem basis at the point of
combustion, whether in production (e.g., coal-fired electricity generation) or con-
sumption (e.g., refined oil for transportation or natural gas for residential heating).

Output of sector g in region r, Yy, is produced using a nested constant-elasticity-
of-substitution (CES) technology which combines inputs of capital K., natural
energy resource of type N,g4, of type z € Z = {Coal, Natural gas, Crude oil}, labor
L, a composite of energy inputs £, and a composite of intermediate inputs from
other (non-energy) sectors Oy, (Figure C.2 in the Online Appendix illustrates the
nested structure):

(4) Ygr = FQT[G(H(th Lgr)7 E9T<Ai6}'gr))7 Ogr(Aigé]-'gr)7 Nzgr ] .
——

Value-added Energy Non-energy ~ Natural resource
composite composite composite of fossil energy

Each intermediate input A4, ¢ € Z, is an aggregation of goods produced at
different locations, i.e. domestically produced and imported varieties of the same
commodity ¢ (Armington, 1969). Local energy taxes and subsidies drive a wedge
between the price paid by fossil energy users and the (net-of-tax or -subsidy) price
charged by fossil energy suppliers. Local supply cost (including value-added tax)
for domestically-produced and imported fossil fuels of type f are p}/r and p%,
respectively, and

~Y Y Y ~M M M
(5) Prgr = pfr(l - ngr) and Prgr = Djr (1 - ngr)

denote the supply cost taking into account existing fossil fuel subsidies s = {s};r, S%r}-
The user cost (per unit of energy) of fossil fuel f in sector g and region r, cﬁr, which

7Our analysis focuses on the climate benefits derived from reducing COy emissions resulting from
the combustion of fossil fuels. It is beyond the scope of this paper to address the inclusion of non-COxq
GHG emissions and process emissions. In the context of examining the local co-benefits of climate policy,
non-CO2 emissions have been explored in previous studies, such as those by Vandyck et al. (2018) and
Anenberg et al. (2012).
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includes fossil fuel subsidies and taxes to address local externalities, is given by:

1

A _ LY \1—o# MA1—0AT1-04
(6) lor=(1+ 3 Tatgr+ 02 X |0f(Bfr)' ™ + (1= 0 ) (Bf) ~7F |

TEX
Local energy taxes to Eﬁ;}r, Local energy market price including fossil
address local externalities g . . L.
and costs of carbon fuel subsidies (for domestic and imported varieties)

where 9}7—;7« and ¢4 denote share and substitution parameters used in the Armington
aggregation, respectively. d, is a regional carbon surcharge paid in proportion to
the carbon content of the fossil fuel used.

Following the definition of Coady et al. (2017), an explicit energy subsidy cor-
responds to a situation where the user cost of fossil energy is below its supply
cost.

DEFINITION 1: (Explicit subsidies) An explicit energy subsidy for fossil fuel
f used in sector g in region r involves either s}fgr > 0, s%r > 0, or both.

An implicit energy subsidy refers to the situation in which consumers face a price
for fossil energy that does not fully reflect the supply cost and the local and global
external damages of energy use. We define the local Pigouvian energy price as the
price that reflects the local costs but ignores the global costs from COs emissions:

DEFINITION 2: (Local Pigouvian energy prices) The local price of fossil
fuel f used in sector g in region r fully reflects the supply cost and external dam-
ages associated with the presence of multiple fossil-energy related local externalities,

i.e. the user cost of fossil energy C?gr involves local externality taxes T,fq = My tgr

M =0.

and the removal of explicit energy subsidies s}/gr = Sfgr =

The local Pigouvian energy price thus expresses how energy use should be priced
according to the self-interest of a country or region.

The “full” Pigouvian price on energy would, in addition, reflect the global climate
externality (i.e., as reflected by the social cost of carbon). Given the conceptual and
empirical challenges associated with determining the social cost of carbon, partic-
ularly in the context of multiple countries, we refrain from employing theoretical
“full” Pigouvian pricing. Instead, we adopt an alternative approach, using the
COg emissions reduction targets, or Nationally Determined Contributions (NDCs),
established by countries under the Paris Agreement, and calculate the national
carbon price 7, required to meet those targets. To this end, we introduce regional
carbon markets, represented by (15), in our model with scaled NDCs as regional
limits on CO9 emissions. We can then define:

DEFINITION 3: (Emissions-constrained Pigouvian energy prices) In ad-
dition to local Pigouvian energy pricing (Tyfgr = Myper and s}ng = s%r =0),
COy emissions from local energy use are priced to meet national climate targets

(0, = 7).
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C. Global Supply Chains, International Trade, and Markets

To measure the welfare effects from removing explicit and implicit subsidies on
fossil fuels in the global economy, we use a multi-region multi-sector Arrow-Debreu
general equilibrium model which resolves global supply chains as portrayed by a
multi-regional input-output structure and bi-lateral commodity-specific interna-
tional trade flows. The model captures the behavioral responses of firms and
consumers in multiple regions to local energy prices. Local and global damages
from fossil fuel use beyond what is reflected in local energy prices are treated as
externalities, i.e. economic agents ignore these effects.?

DOMESTIC PRODUCTION AND FINAL GOOD AGGREGATION.— Product and factor mar-
kets are perfectly competitive, and there is free entry and exit. When portraying
the decentralized optimization problems of price-taking economic agents, we can
thus characterize optimal input choices as arising from cost (expenditure) mini-
mization subject to technical constraints.

The representative firm in sector Y, takes the output price p;/,n and input prices
for capital pff , labor pf , natural resources pZ]r, and intermediate inputs pf_}lr as
given, and maximizes profits according to:

Yy _ .Y K L L A N
max ng - pgr}/g’r‘ — Pr Kgr — Py (1 + Tgr)LgT‘ - ZpigrAigT‘ - Z perzgr
K7,Lr,Agr,Ngr el eZ

subject to the technology constraint (4). TgLT denotes a country- and sector-specific
tax rate on labor earnings used in sector g and region r.

In equilibrium, the unit cost in each sector are greater or equal to the output
price, and firms make zero profits. The zero-profit condition for Yy, is then given
by:

(M) o (P(7,8),0,0) > py. L Yy >0.

Marginal supply costs c;; depend on input prices p(7,s) and technology parame-
ters (0, 0). Production activities are represented by nested CES technologies (see
(4) and Figure C.2). 0 comprises the value shares for each input at a given sub-nest
of the nested production function. For example, the value share of fossil energy
input f in the energy composite E,, is given by:

7A -

®) 0 — T
' 7A e

Ty PrgArer

where p4 and A are prices and quantities (or p* x A the value) observed at the

8We characterize the interactions of decentralized decisions by consumers and producers by formulating
a mixed complementarity problem which associates quantities with zero-profit and prices with market-
clearing conditions (Mathiesen, 1985; Rutherford, 1995). A characteristic of the Arrow-Debreu model is
that it can be cast as a complementary problem, i.e. given a function F': R® — R"™, find z € R™ such
that F(z) > 0, 2 > 0, and 2T F(z) = 0, or, in short-hand notation, F(z) > 0 L z > 0. Intuitively,
complementarity means that if z > 0 then F'(z) = 0 and if F(z) > 0 then z = 0.
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benchmark. o comprises the elasticity of substitution parameters between inputs
at each sub-nest. For example, ogb; denotes the elasticity of substitution between
fossil fuels and electricity in the energy composite E,;.

Differentiating the unit cost function with respect to input prices yields the
demand for inputs. For example, the optimal input choice of fossil energy f in
sector Yy, is given by:

Ocyro(pP(T, 8),0,0)

9 A T:Yr
(9) fa g ap]/%r

For reasons of a compact algebraic model representation, we avoid explicitly
writing out optimization problems, cost functions, and input demands, for each
production and consumption activity.” Instead, we state for each activity the
technology parameters and corresponding zero-profit condition. For sector Y,
technology parameters include:

oY = {05,.05.,00., 05,05 0 0 00,00
which denote the cost shares of Armington input ¢, energy composite, value-added
composite, capital input, labor input, natural resource input z, value added and
energy composite, composite of non-energy intermediate inputs, domestic variety
of type 1, respectively, and:

oY = {o¥, 0% oF KL 5O D

gr9grrTgrs Ogr s Tgrs Tgp

which denote the elasticity of substitution parameters at the top-nest, between
value added and energy composites, between inputs in energy composite, between
capital and labor, between inputs in non-energy composite, between domestic and
imported variety of type i, respectively.

In addition to sectoral production activities, the g set includes the aggregation of
goods for final demand purposes which are: private consumption (g = C'), public
consumption (g = G), and investment (g = I'). For private consumption, Fe() in
(4) defines the utility function for the representative consumer in region r which
aggregates final goods:

(10) Ucr = ForlAicr, - Aicr, ., Arcy]

ARMINCGTON AGGREGATION AND INTERNATIONAL TRADE.—All goods, except final
goods for consumption and investment purposes, are tradable. Following the (Arm-
ington, 1969) approach, varieties of the same good are distinguished by origin
(i.e. place of production) according to a two-stage differentiation (see Figure C.2
in the Online Appendix).

9This would only add tedious algebra without additional insight. In general, if the production technol-
ogy is CES with inputs z;, y = f(z) = @[Zl 6;(x;/Z;)?]*/?, the unit cost function in calibrated share form

(Rutherford, 2002) is ¢(p) = E[EZ 0:(p:/P;) 1"/ (1=9) where o denotes the elasticity of substitution and
the value share of input ¢ is defined as: 0; = ﬁl@/(zl, Dy Ty ), where Zl 0; = 1.
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At the first stage, imports from different regions are aggregated. The equilibrium
level of aggregate imports of good i in region r, M;,, is determined by:

l/l—cri
(11) (Zewpw )= >> >pM L M, >0.

where er /. denotes the benchmark cost share of exports of good ¢ from region ' € R
to region r in total imports of region r, and a{‘f is the elasticity of substitution for
good ¢ for imports of region r from other regions.

At the second stage, aggregate imports are combined with domestically-supplied
varieties of the same good, thereby introducing preferences for like goods produces
at home and abroad. Using the definition of the unit cost from (6), the equilibrium
quantity of the Armington aggregate of good i, which is supplied for the use in

sector Y, is determined by:

(12) Clor = Plgr L Aigr >0

SMALL OPEN ECONOMY.— We implement an alternative international trade closure
that assumes that regions or countries behave according to a small-open-economy
(SOE) assumption in international markets, i.e. each region takes the international
world market prices of imports and exports as given. Comparing the SOE with
a full multi-region trade model allows for an assessment of international market
responses to subsidy removal and the pricing of local externalities. In the case of
the SOE trade closure, (11) and (13a) change to, respectively:

(11) ol =p"M =pll L My >0
de M,World
(13a/) > Aigr ’9’“ + MV L ph>0
g pzr 6pir

where pW"”d denotes the world market price for good ¢, Miwo”d the total imports

of good i by the rest of the world, and cM World

the world.

MARKETS.— Market clearance conditions for goods and factor markets determine
equilibrium prices. The market for sectoral good Yj4., Armington good A;g., and
the aggregate import composite M;,., respectively, clears if:

the unit import cost of the rest of

(13a) ZAW “’” + ZMW L pr>0
ocY
(13b) Aigr > Yy, g —4L 1 Pl >0

zgr
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dcik
(13c) M. > ZAigrﬁ L pM>o.
g Pir

Labor and capital are perfectly mobile between sectors within a region, but
immobile across regions. The wage rate and capital rental rate for the respective
regional market in region r is determined by:

— ocY,

(14a) Lo > > Yoot L pE >0
9 Pr
_ ock.

(14b) K = Y Ypgg L opi=0
g T

where the L, and K, are the exogenously given endowments of labor and capital
owned by the household in region r. Similarly, the market for the fossil energy
resource z in region r is in equilibrium if:

— ock,
(14c) Na 23 Yoy L po20
g

zZr

where N ., is the natural resource endowment owned by the household in region 7.
RECGIONAL CARBON MARKETS.—For analyzing regional limits on COs emissions

COZ:,V be (as, for example, implied by the NDCs under the Paris agreement), we
include the possibility of regional carbon markets:

(15) o2 >SN e Ay L om0
g7

where , is the regional carbon price and Wi\mc measured in physical quantities
(CO2 equivalents).

FINAL DEMANDS.—Households in region r receive income from inelastically sup-
plying capital, labor, and natural resource endowments, collecting tax revenues I,
(including potential carbon revenues and net of subsidy payments):

Qr :pfkr +p£zr + szZerT + I +Zr
z

where A, is the balance of payment deficit or surplus in region r in the benchmark,
and where ) A, = 0. Throughout our analysis, we assume that the revenues
from pricing local external effects and from carbon pricing are returned to the
representative consumer in each region as a lump sum (included in T',). Equilibrium
on the market for private consumption requires that:

(16a) pgTYCT =Q,.
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Demands for public consumption and aggregate investment are treated as exoge-
nous and invariant to climate policy choices, given by respective benchmark levels
G, and I, in each region. Markets clear if:

(16b) penYor =G, and p) Y =1,.

COMPETITIVE EQUILIBRIUM.—Given policy choices for energy subsidies and taxes
(s, T), the equilibrium is characterized by prices and quantities (p, q) such that (i)
Yyr, Mjyr, and A;g maximize profits or minimize costs as in (7), (11), and (12) and

(ii) p}., pgr, pM pE pE| pl¥, and p¥,. clear the respective markets (13a)—(16b).

II. Data and Calibration

To develop a quantitative version of our theory, a large number of region- and
sector-specific parameters have to be determined. We proceed in four steps. First,
we characterize the sectoral production structure, intermediate inputs, consump-
tion, and bi-lateral international trade patterns of each regional economy consistent
with observed Social Accounting Matrix data describing a benchmark equilibrium
at a given base year. This enable us to infer value flows for quantity variables and
share parameters @ = {9{2“05, 9;@,95, 95}, HZT, Ogrs 9?,, 91%, 9%7«7 GgT}. We also
describe the underlying physical accounting of energy flows and how we choose

elasticity of substitution parameters in production and consumption o = {a;/r, T
afT, UgL, Ug,, 0913, O'ZAT/I , Uﬁ}. Second, we detail how we calibrate the model to in-

corporate data on existing fossil fuel subsidies {s};r, S%IT}. Third, we describe how
we derive estimates for externality-, fuel-, sector-, and region-specific (monetized)
marginal external cost per unit of fossil energy used myy,,. Fifth, we describe how
we translate the regional climate targets as declared by the NDCs under the Paris
agreement into the context of our model.

A. Matching National Income and Product Accounts

The parametrization of the multi-sectoral economic structure for each region as
well as the trade linkages between regions are based on regional social accounting
matrix (SAM) data. This study makes use of SAM data from the Global Trade
Analysis Project (GTAP, Aguiar et al., 2022) which provides a consistent set of
global accounts of production, consumption, and bilateral trade as well as physical
energy flows differentiated by primary and secondary energy carrier, including
information on existing taxes and subsidies. We use version 11 of the GTAP
database and the base year 2017.

Table 1 shows the sectors and commodities, regions, and primary factors of the
model. The model distinguishes five energy sectors (coal, natural gas, crude oil,
refined oil, electricity) and the services sector which are direct aggregations of the
65 commodities in the GTAP data. Primary factors in the dataset include capital
and labor, and fossil energy resources of coal, crude oil, and natural gas. The
141 countries and regions in GTAP11 are presented by 19 countries and 6 region
aggregates in our model.
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TABLE 1. Model sectors, regions, and primary production factors

Sectors and commodities (g € G)

Energy sectors (i € T)
Coal
Crude oil
Natural gas
Refined oil products
Electricity

Energy-intensive € trade-exposed sectors (i € I)

Non-ferrous metals
Iron and steel
Non-metallic minerals
Chemicals and rubber
Paper, pulp, and print
Transport sectors

Air transport

Countries and regions (r € R)

Argentina (ARG), Australia (AUS),

Brazil (BRA), Canada (CAN), China (CHN),
France (FRA), Germany (DEU), India (IND),
Indonesia (IDN), Italy (ITA), Japan (JPN),

Mexico (MEX), Russia (RUS), Saudi Arabia (SAU),
South Afria (ZAF), Korea (KOR), Turkey (TUR),
United Kingdom (GBR), United States (USA),
Rest of Middle East and North Africa (RMEN),
Rest of Sub-Saharan Africa (RSSA),

Rest of Commonwealth of Independent States (RCIS),
Rest of Emerging and Developing Asia (REDA),
Rest of Latin America and the Caribbean (RLAC),
Rest of the World (ROTW), Rest of Europe (REU)

Primary factors

Water transport Capital

Other transport Labor

Other sectors Fossil energy resources (z € Z)
Agriculture Coal

All other goods Crude oil

Natural gas
Final demand
Private consumption (g = C)
Public consumption (g = G)
Investment (g = I)

Notes: Sectoral and regional classifications shown above are direct aggregations of the 65 sectors and 141
countries/regions contained in the GTAP11 database (Aguiar et al., 2022). The regional mapping is based
on Coady et al. (2017). The sectoral and regional mappings are available on request from the authors.

We follow the standard calibration procedure in multi-sectoral numerical general
equilibrium modeling (see, for example, Rutherford, 1995; Harrison, Rutherford
and Tarr, 1997; Bohringer, Carbone and Rutherford, 2016) according to which
production and consumption technologies are calibrated to replicate a single-period
reference equilibrium consistent with the SAM data in the base year.'"

B. Physical energy flows and COy emissions

We make use of data on physical energy flows of domestic and imported energy
use by fossil fuel by sector by region €y, contained in the GTAP11 database.
We can then track how physical energy quantities (in mtoe, million tonnes of oil

equivalent) change in equilibrium, as is required for our welfare measurement of
damages D,, in (2), according to: quSSZl energy used _ €Ufgr X Apgr. Similarly, we
use GTAP11 data on benchmark CO9 emissions intensity of domestic and foreign

fuels by sector €y, to compute equilibrium CO; emissions as in (3).

10For example, the CES production technology for output of sector i in region r can be globally char-
acterized, given the elasticity of substitution and observed benchmark values for output and inputs from
the SAM data, by calibrating the function coefficients according to the value share of inputs for the cor-
responding unit cost function. A more detailed explanation can be found in, for example, Rutherford
(2002).
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C. Substitution Elasticities

The choice of values for the elasticity of substitution parameters o follows closely
the MIT EPPA model (Paltsev et al., 2005; Chen et al., 2015), a numerical general
equilibrium model which has been widely used for climate policy analysis. We use
the econometrically estimated substitution parameters parameters for Armington
trade provided by Narayanan, Badri and McDougall (2012); O'Z-]\;[ and af,‘, vary
between 1.9-6 depending on region and commodity.

D. Fossil Fuel Subsidies

For explicit fossil fuel subsidies, we use data from the Global Trade Analysis
Project (GTAP, Aguiar et al., 2022). Starting from version 11, GTAP already
includes explicit consumer subsidies for fossil fuels in the commodity-specific tax
rates following the procedure outlined in Chepeliev, McDougall and van der Mens-
brugghe (2018). Energy subsidies in the GTAP11 dataset are derived from data
provided by the International Energy Agency (IEA).'

Using region and fossil fuel specific external data on energy subsidies (in billion
$) provided by GTAP, we compute subsidy rates s = {s};r, sj\;lr} which are used in
(5). The subsidies considered are (i) related to fossil fuels, (ii§ levied on consumers,
and (iii) are determined by a price-gap approach such that consumer prices are
below supply costs (i.e. international market prices in case of traded goods). Thus
producer support measures like tax reliefs for coal production are not included.
However, since producer subsidies are estimated to be relatively small (Coady
et al., 2017), we do not expect that including them would significantly change our
results.

E.  Local Externalities

We use data collected by the International Monetary Fund (IMF) on local ex-
ternalities from Parry et al. (2014) and Coady et al. (2017). Data is available in
great detail for 155 countries for 2013 and 2015 with marginal external costs of
consumption of gasoline, diesel, kerosene, coal, and natural gas by externality. We
take into account the following types of local externalities related to fossil energy
consumption. Parry et al. (2014) provide a comprehensive account of the method-
ology for estimating health damages from local air pollutants and non-pollutant
externalities of oil use in transportation. Since we draw directly on their data,
we include their documented methodology below, quoting text from Parry et al.
(2014) to ensure clarity and completeness.

LOCAL AIR POLLUTANTS (LPOLL).—According to (Parry et al., 2014), the estima-
tion procedure comprises four main steps: “(1) Determining how much pollution is
inhaled by exposed populations, both in the country where emissions are released

11Both the IEA and the IMF utilize a price-gap approach to quantify explicit subsidies, where the
international market price is treated as the supply cost. However, there is a key difference in their
methodologies: the IMF excludes taxes from its supply cost estimates, thereby capturing only pre-tax
fossil fuel subsidies. In contrast, the IEA includes value-added taxes in its reference prices when these
taxes are applied to final energy sales, using them as a proxy for economy-wide taxation.
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and, for emissions released from tall smokestacks, in countries to which pollution
may be transported; (2) Assessing how this pollution exposure affects mortality
risks, accounting for factors, such as the age and health of the population, that
affect vulnerability to pollution-related illness; (3) Monetizing the health effects;
(4) Expressing the resulting damage per unit of fuels. The main cause of mortal-
ity risk from pollution is particulate matter with diameter up to 2.5 micrometers
(PMg.5), which is small enough to permeate the lungs and bloodstream. PMy 5
can be emitted directly as a primary pollutant from fuel combustion, but is also
produced as a secondary pollutant from chemical reactions in the atmosphere in-
volving primary pollutants, the most important of which is sulfur dioxide (SOz2),
but also nitrogen oxides (NO;).”

NON-POLLUTANT EXTERNALITIES OF OIL USE IN TRANSPORTATION (NPOLL).— Non-
pollutant externalities include the following categories according to (Parry et al.,
2014): “(1) congestion cost, i.e. the cost of reduced travel speeds for other road
users caused by an extra kilometer of driving by one vehicle, averaged across dif-
ferent roads in a country and across times of day; (2) accident cost, i.e. the total
societal costs from road traffic accidents; and (3) road damage cost, i.e. vehicle
use causes an additional adverse side effect through wear and tear on the road net-
work. However, given that road damage is a rapidly rising function of a vehicle’s
axle weight, nearly all of the damage is attributable to heavy-duty vehicles.”

F.  2°C Compatible Paris Climate Targets

We translate percentage reduction targets, NDCs, submitted by countries to
the UNFCCC into effective, 2°C-compatible reduction targets for COs from fossil
fuel combustion relative to our model base year of 2017. This involves various
steps which include (1) adjusting the data for our own baseline and relative to the
model base-year 2017, (2) adjusting the targets to COz-only emissions and treating
negative targets as well as NDCs expressed as intensity targets, and (3) scaling the
(translated) NDCs targets to be consistent with a 2°C global warming temperature
target. The Online Appendix provides a detailed description of our approach to
translate NDCs to the context of our model. Applying these percentage reduction
targets to the region’s benchmark CO- emissions yields the effective emissions
limits CiOQiVDC which determine the emissions budgets of regional carbon markets
in (15).

III. A First Look at the Data

We first provide a descriptive analysis of the economic magnitude and composi-
tion of fossil fuel subsidies and local externalities using the observational data that
underpins our counterfactual equilibrium analysis.

Figure 2 shows the breakdown of global explicit and implicit subsidies by fuel
and externality. Coal has no explicit subsidies, but its SO2 emissions are the largest
pollutant externality. Oil mainly contributes non-pollutant local externalities such
as congestion, accidents, and road damage. Table 2 compares the monetized value
of fossil fuel subsidies and local externalities to regional consumption. Globally,
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F1GURE 2. Global explicit and implicit fossil fuel subsidies by energy product and subsidy component
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TABLE 2. Summary statistics on the magnitude of explicit fossil fuel subsidies and local externalities

Region Consumption Explicit fossil Combined local
fuel subsidies externalities

bill. $2017 bill. $2017 % of cons. bill. $2017 % of cons.
ARG 466.0 2.4 0.5 13.2 2.8
AUS 811.9 — — 26.1 3.2
BRA 1°411.3 — — 38.4 2.7
CAN 1°056.4 — — 47.3 4.5
CHN 5733.7 18.1 0.3 1'842.7 32.1
DEU 2’045.0 — — 86.9 4.2
FRA 1’530.2 — — 58.7 3.8
GBR 1°950.0 — — 52.8 2.7
IDN 615.2 13.3 2.2 35.5 5.8
IND 1’806.6 20.3 1.1 272.5 15.1
ITA 1'241.6 — — 34.7 2.8
JPN 2’870.1 — — 215.2 7.5
KOR 818.4 0.1 0.0 98.9 12.1
MEX 787.3 0.1 0.0 29.7 3.8
RCIS 339.6 13.6 4.0 62.6 18.4
REDA 1’303.8 4.3 0.3 81.7 6.3
REU 4’485.4 — — 350.9 7.8
RLAC 1°400.4 13.4 1.0 71.8 5.1
RMEN 1'758.2 95.1 5.4 75.9 4.3
ROTW 926.1 0.3 0.0 60.3 6.5
RSSA 905.4 1.1 0.1 19.3 2.1
RUS 877.2 11.5 1.3 288.3 32.9
SAU 309.4 27.8 9.0 40.6 13.1
TUR 532.3 — — 65.6 12.3
USA 14’190.9 — — 472.1 3.3
ZAF 245.3 — — 24.0 9.8
World 50°417.6 221.4 0.4 4°465.8 8.9

Notes: Own calculations based on data on explicit subsidies from the Global Trade Analysis Project
(Aguiar et al., 2022) and on local externalities (Parry et al., 2014; Coady et al., 2017). “Combined local
externalities” refers to the aggregate sum of externalities across different fossil fuels, sectors, and types of
externalities for a given region.
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local externalities exceed explicit subsidies by a factor of 20. Explicit subsidies
represent only 0.4% of global consumption, while local externalities account for
8.9%. Regionally, local externalities typically outweigh explicit subsidies, with ex-
plicit subsidies being significant in only about 50% of regions.!? They are most
prevalent in Saudi Arabia, the Middle East & North Africa, the RCIS, and Indone-
sia reaching up to 9% of consumption. Local externalities are particularly high in
China, Russia, and many other Asian and Middle Eastern countries.'3

Regional disparities in local externalities from fossil energy use are substantial.
To disentangle the drivers of regional heterogeneity, we apply the following decom-
position:

Fossil energy used
(17) D - ___ D (R
Ur qvl:—'osszl energy used Ur
~~
Local externalities Externality intensity  Fossil energy intensity
relative to consumption of fossil energy use of consumption
[$/mtoe] [mtoe/$]

where, in line with (1) and (2), U, is consumption observed in the benchmark,

D, =3, D,, are combined damages of local externalities, and gf°ssi energy used —

. T
2fg qg(;‘ml energy used i the amount of fossil fuels used (in physical units of energy).

A similar calculation yields the decomposition by type of fossil fuel.

Figure 3 displays the results of the decomposition. Panel (a) shows a consider-
able regional variation in the intensity of local externalities in relation to a physical
unit of energy (aggregated across all fossil fuel types), along with differing energy
intensities of regional economic activity. The decomposition points to different un-
derlying causes for the prevalence of local externalities in relation to consumption.
For example, for Russia the large prevalence of local damages is more strongly
driven by high energy intensity of consumption, while for China it is more due to
the high damage per unit of fossil energy used. Large externalities for regions in
the lower right corner (for example, Saudia Arabia and RCIS) are due to relatively
high fossil use other than externality intensity, and vice versa for regions in the
upper left corner (for example, Japan, France, and Turkey). Countries such as the
United States, India and Germany are closer to the respective global average in
both dimensions.

Panel (b) further decomposes both intensities by fossil fuel type. Regional het-
erogeneity in terms of the intensity of local externalities of fossil energy use is
smallest for natural gas, while there exists considerable between-country variation
for coal and oil. For example, China has a particularly high level of damage due to
local externalities per unit of coal used, while the damage per unit of oil is much
closer to the global average. By contrast, Japan has a high intensity associated
with oil use and a relatively low intensity associated with coal. This suggests that

12Based on Table 2, Figure 1 visualizes the size of explicit and implicit subsidies relative to consumption
for selected countries and regions on a global map.

13Table C.3 in the Online Appendix provides further detail on the size of fossil fuel subsidies and local
externalities by region and by type of fossil fuel.
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F1GURE 3. Decomposition of the size of local externalities related to fossil fuel use by region
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Notes: Own calculations based on data from Global Trade Analysis Project (Aguiar et al., 2022), version
11, and Parry et al. (2014); Coady et al. (2017). The decomposition is based on the formula in (17), which
identifies the externality intensity of fossil energy use (shown on the y-axis) and the fossil energy intensity
of consumption (shown on the x-axis). Panel (a) shows the decomposition aggregated over all fossil fuels.
Panel (b) provides a further disaggregation by type of fossil fuel. mtoe=million tons of oil equivalents.
Dashed lines represent the average of the respective axis across regions.
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TABLE 3. Design of counterfactual experiments

Dimension Specifications Scenario name

Fossil fuel subsidy remowval
Explicit subsidies

Fossil fuel subsidies Subsidy
removal
Implicit subsidies (Local externality pricing)

Local air pollutants LPOLL

Non-pollutant externalities NPOLL

LPOLL and NPOLL Full
Geographic scope of implementation

Unilateral, i.e. one region at a time Unilateral

All regions jointly Global
International trade closure

Small open economy SOE

Multi-regional trade MRT
Climate mitigation policy

CO2 emissions reductions according Paris2C

to NDCs under Paris agreement
and compatible with 2°C warming

the regional variation in the externality intensity of aggregated fossil energy use is
largely driven by the between-country differences for the same fossil fuel.

IV. Preliminaries

In this section, we first outline the design of our counterfactual experiments,
which are used to assess the welfare effects of removing fossil fuel subsidies and
implementing local Pigouvian energy pricing. We then present evidence demon-
strating that neglecting international market responses introduces significant bias
in estimating both the welfare effects and COg emission reductions associated with
fossil fuel subsidy removal.

A.  Design of Counterfactual Experiments

We examine the welfare implications of accurately reflecting local energy prices
by eliminating both explicit subsidies (see Definition 1) and implicit subsidies on
fossil fuels. The latter entails taxing local externalities associated with fossil en-
ergy consumption based on their marginal damage. The simultaneous removal of
explicit and implicit subsidies aligns with our concept of local Pigouvian pricing
(see Definition 2).

Table 3 presents an overview of the dimensions and specifications of our coun-
terfactual experiments. To assess the quantitative significance of different subsidy
components, our analysis sequentially examines explicit subsidies, the pricing of
local air pollutants, and local non-pollutant externalities. Additionally, we eval-
uate the welfare effects of a unilateral subsidy removal, wherein one country or
region eliminates subsidies while all others maintain existing explicit subsidies and
do not price local externalities. This approach provides insights into the unilateral
incentives for subsidy reform across different countries and regions. Finally, we
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consider a scenario in which fossil fuel subsidies are globally eliminated, leading all
countries and regions to adopt local Pigouvian energy pricing. While being highly
hypothetical, it offers a valuable estimate of the welfare gains currently foregone
in a globalized economy that remains deeply reliant on fossil energy.

Fossil fuels are deeply embedded in economic output and welfare through global
supply chains for goods and services. To assess the role of international markets
and economic interdependencies in evaluating local Pigouvian energy pricing, our
counterfactual experiments incorporate variations in the international trade clo-
sure of our equilibrium model. In a small-open economy (SOE) setting, a country
or region cannot pass on the costs of higher energy prices to international mar-
kets. Simultaneously, net fossil energy exporters may experience adverse effects
if major trade partners reduce energy imports as a result of subsidy removal and
the internalization of local externalities. We compare the SOE model to a multi-
region trade (MRT) model which assumes bi-lateral Armington trade flows and
endogenous international price effects.

Finally, we investigate the extent to which local Pigouvian energy pricing con-
tributes to countries and regions meeting their climate policy ambitions. To provide
a global perspective, we assess how aligning fossil energy prices with true costs af-
fects both national welfare and the (shadow) carbon price required to achieve a
country’s 2°C-compatible NDC under the Paris Agreement.

B. The Bias from Not Incorporating International Market Effects

To assess the potential bias arising from disregarding the response of interna-
tional markets and global supply chains, we compare estimates from the SOE
model with those from the MRT model. Our findings indicate that the welfare
effects estimated using the MRT model differ from those of the SOE model in both
sign and magnitude, particularly at the country and regional levels.!* This section
summarizes our main insights. The Online Appendix provides additional detail to
substantiate these findings.

The discrepancy between the MRT and the SOE models arises because the SOE
framework omits several critical adjustment mechanisms that shape an economy’s
response to the removal of explicit and implicit fossil fuel subsidies. Under the
SOE assumption, import and export prices remain fixed, preventing countries from
passing forward the costs of higher domestic energy prices resulting from subsidy
removal and local externality pricing. The limitations of the SOE framework be-
come even more pronounced when countries or regions collectively eliminate fossil
fuel subsidies. The removal of these subsidies reduces global demand for fossil
energy, adversely impacting net energy-exporting countries.

Neglecting the responses of international markets and global supply chains also
leads to biased estimates of COy emissions reductions. Under the MRT-Global
scenario, the removal of fossil fuel subsidies results in a 32% reduction in global

14 At the same time, we find that when measuring global average impacts that the international market
bias is less pronounced. This suggests that a global model without detailed country- or region-specific
differentiation may still provide a reasonable first-order approximating of measuring the aggregate, global
effects of fossil fuel subsidy removal.
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FIGURE 4. Welfare effects of unilateral local pricing of externalities by region by scope of externality pricing
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Notes: The percentage welfare change is measured relative to a benchmark that includes existing explicit
fossil fuel subsidies, excludes Pigouvian pricing of local externalities, and assumes no climate policy.

emissions, compared to a 37% reduction under the SOE model. In the SOE model,
fossil energy-intensive products can shift towards imports when local energy pricing
reforms are implemented, as regional policies do not affect international prices.
In contrast, the MRT model assumes that global energy pricing reforms lead to
higher fossil fuel prices and upstream product costs on international markets. This
reduces the incentive to import from or shift production to other regions, resulting
in consistently lower CO2 emissions reductions both regionally and globally.
Given that the SOE framework overlooks key channels essential for evaluating
the welfare effects of fossil fuel subsidy removal in a globalized economy with

interconnected goods and energy markets, we base our main analysis on the MRT
model.

V. Quantitative Results

In this section, we present and discuss our main findings. First, we analyze the
unilateral incentives for countries when other countries do not adopt local Pigou-
vian energy pricing. Second, we assess the global and regional foregone welfare
gains resulting from the continued unregulated use of fossil fuels in today’s glob-
alized economy. Finally, we quantify the potential benefits for climate change
mitigation—aligned with the 2°C-compatible Paris Agreement targets—in a coun-
terfactual world with local Pigouvian energy pricing implemented globally.
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FIGURE 5. Decomposition of welfare effects from subsidy removal and full pricing of local externalities into
market and non-market effects by region

40

B Subsidy removal
35
A Removal & Full pricing

CHNY RU3

w
o

N
al

20

15  45°line

Non-market effect (in %)

-12.5 -10.0 -7.5 -5.0 -2.5 0.0 25
Market effect (in %)

Notes: Percentages changes in market and non-market welfare, following the definition of welfare in (1), are
measured relative to a benchmark that includes existing explicit fossil fuel subsidies, excludes Pigouvian
pricing of local externalities, and assumes no climate policy. In Panel (b) the axis “Market effect (in %)”
refers to the weighted %-change in market welfare (%AU,). Axis “Non-market effect (in %)” refers to
weighted %-change of the negative non-market effect (—%AFE,). Percentage changes are weighted by their
benchmark share in total welfare (UT/WT respectively ET/WT). Summing up the two effects yields the
welfare change (in %) as depicted in Figure Panel (a).

A.  Unilateral Pigouvian Energy Pricing

We analyze a country’s incentives for unilateral implementation from three dis-
tinct perspectives: (1) we assess the market and non-market welfare effects, (2)
we quantify the fiscal revenues that could be generated by correctly pricing energy,
and (3) we explore how local Pigouvian energy pricing affects the cost of achieving
a country’s climate targets under the Paris Agreement.

COMBINED WELFARE EFFECTS.— Figure 4 reports the welfare effects by country or
region from the unilateral removal of both explicit and implicit fossil fuel subsidies,
depending on the scope of pricing. Several key insights emerge. First, removing
explicit fossil fuel subsidies results in modest welfare gains for most countries,
with an average welfare gain of 0.2%. Given the relatively small magnitude of
explicit fossil fuel subsidies in most industrialized countries, the associated welfare
effects are also small. However, for several regions, welfare gains are notably larger,
including Saudi Arabia (4.0%), Commonwealth countries (RCIS) (2.7%), Indonesia
(1.5%), and countries in the Middle East and North Africa (RMEN) (1.4%).

Second, incorporating Pigouvian pricing of local externalities (i.e., removal and
full pricing) results in substantial benefits, with an average welfare gain of 3.7%.
Notably, implementing energy price reforms through a unilateral policy approach
would lead to welfare improvements for almost every country or region. Coun-
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FIGURE 6. Fiscal revenues per year (in % of consumption) of unilateral fossil fuel subsidy removal and
Pigouvian pricing of local externalities
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tries or regions with high fossil fuel use intensity or high energy intensity of
consumption—such as China, India, Saudi Arabia, Russia, and the RCIS—would
see significant welfare gains, ranging from 5% to 23%, due to the implementation
of local Pigouvian energy pricing. These countries fall in the upper and lower right
quadrants defined by the global averages in Figure 3.

Third, pricing only externalities related to local air pollution (LPOLL) captures
most of the welfare benefits, yielding an average welfare gain of 3.3%. This ap-
proach accounts for 89% of the total welfare gains from full Pigouvian pricing. No-
tably, for countries like China and Russia, Pigouvian pricing of local air pollution
externalities alone would result in substantial welfare gains of approximately 20%.
Fourth, pricing non-pollutant local externalities increases welfare by an average of
1.3%. Despite being less impactful overall, it proves to be the most effective policy
in several regions, including Saudi Arabia, South Africa, Canada, and Germany.

DECOMPOSING MARKET AND NON-MARKET WELFARE.—Figure 5 decomposes the
welfare change of a country or region into market and non-market components,
following the definition of W, in equation (1). Several key insights emerge. First,
removing explicit fossil fuel subsidies (where they exist) improves welfare on both
dimensions. Market welfare increases as subsidy removal reduces market distor-
tions, narrowing the gap between producer and consumer prices of energy. Ad-
ditionally, the reduction in fossil energy use leads to positive non-market welfare
effects. Second, when applying Pigouvian pricing of local externalities, market
and non-market welfare do not move in the same direction, revealing a trade-off
between the two. While Pigouvian pricing increases non-market welfare, higher en-
ergy prices lead to economic costs in terms of market-based consumption, resulting
in a decrease in market welfare. Our findings show a positive net effect for nearly
all countries, with most countries falling above the 45° line. Countries with high
marginal damages or high energy intensity of consumption (or both) experience
particularly large welfare gains.
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FISCAL REVENUE EFFECTS.—Figure 6 shows the fiscal revenues, expressed as a
percentage of consumption, that could be generated annually by local Pigouvian
energy pricing. This includes both budgetary savings from eliminating explicit
fossil fuel subsidies and tax revenues from pricing local externalities.

We find that fiscal revenues from a unilateral approach to correct local energy
prices would be substantial. On average, countries or regions would generate rev-
enues equal to 4.9% of consumption, or $223 billion per year (in 2017 USD), ranging
from 1.8% to 16.2% at the country or regional level. Removing explicit subsidies
would, on average, contribute only 0.4% (or $7 billion) to additional fiscal income
annually, whereas pricing local externalities would generate significantly larger rev-
enues. Pricing externalities related to local air pollution would, on average, yield
fiscal revenues equal to 2.5% of consumption, or $124 billion per year, while pricing
non-pollutant externalities would generate 2.0% of consumption, or $91 billion per
year.!5

Looking more closely at European countries, France, Germany, the United King-
dom, and other European nations could expect substantial public budget inflows,
averaging 3.2% of consumption (or $103 billion), with total revenues reaching $359
billion per year (in 2017 USD), comprising $216 billion from pollutant externality
pricing and $142 billion from non-pollutant externality pricing.

Globally, summing across all countries and regions, we estimate that total fiscal
revenues from local Pigouvian energy pricing would amount to 4.9% of global
consumption, or $2.5 trillion per year (in 2017 USD).

IMPLICATIONS FOR THE ECONOMIC COSTS OF CLIMATE TARGETS.— The case for uni-
lateral local Pigouvian energy pricing may be further strengthened if it reduces
the need for additional, costly carbon abatement measures that a country must
implement to meet its climate targets under the Paris Agreement. We investi-
gate this climate-related aspect of incentives for local energy pricing reforms using
the concept of emissions-constrained Pigouvian energy prices (see Definition 3).
Specifically, we ask how large is the reduction in the equilibrium (shadow) carbon
price required to meet a country’s 2°C-compatible Paris climate target when local
Pigouvian pricing is introduced.

Figure 7, Panel (a), compares the carbon prices required to meet a country’s or
region’s Paris climate target both without and with local Pigouvian energy pricing.
First, explicit subsidy removal is applied in approximately 50% of regions, leading
to an average reduction in carbon prices by 14% among this group of regions.
Second, full pricing of local externalities results in a substantial decrease in the
required carbon price, with an average reduction of 68%, equivalent to a drop
in the average carbon price from $144 to $69 per ton of COs. Third, a striking
result is that with local Pigouvian energy pricing, about one-third of countries and
regions would already overachieve their NDC target, meaning the required carbon

15While pricing non-pollutant externalities has a relatively small impact on welfare (compared to pricing
externalities from local air pollution), it plays a more significant role in fiscal revenue generation. This is
largely because the demand for transportation services, and thus oil used for transportation, is relatively
price inelastic. As a result, pricing non-pollutant externalities leads to minor changes in non-market
welfare, while the limited quantity changes imply that the Pigouvian tax on transportation is applied to
a relatively inelastic tax base.
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FIGURE 7. Achieving Paris climate targets without and with unilateral local Pigouvian energy pricing
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Notes: “Paris2C” refers to achieving 2°C-compatible Paris targets with national carbon pricing only,
i.e. without subsidy reform or additional pricing of local externalities. In panel (a), The y-axis shows the
level of the COg price 7, above and the respective percentage change below the zero line. Panel (b) shows
the percentage welfare change relative to a benchmark that includes existing explicit fossil fuel subsidies,
excludes Pigouvian pricing of local externalities, and assumes no climate policy.
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price to meet the Paris climate goal would be zero (a 100% reduction).

Figure 7, Panel (b), reports the welfare change, including both market and non-
market effects, resulting from local Pigouvian energy pricing when combined with
a climate policy based on the 2°C-compatible Paris targets. We find that achieving
the climate target without removing explicit and implicit fossil fuel subsidies yields
welfare gains for most countries and regions. On average, welfare increases by
1.5%.16

The key insight here is that most regions experience substantially higher welfare
gains (or reduced welfare losses) if policies are designed to price local externalities
related to fossil fuels in addition to achieving their climate targets. On average,
across countries, adding Pigouvian energy pricing on top of carbon pricing to meet
the Paris climate target increases welfare by 120% or 1.7 percentage points. The
reason is that COs pricing alone represents a cost-effective way to achieve the
climate target, but does not take into account the non-market welfare cost created
by the local externalities of fossil fuel consumption.

For countries that exceed their climate targets through Pigouvian energy pricing
alone, additional climate policy is therefore redundant. For these countries, the
carbon price falls to zero (see Figure 7, Panel (a)), suggesting that reducing fossil
energy use through local Pigouvian pricing is more beneficial than relying only
on climate policy measures. For countries that do not meet their climate target
through Pigouvian energy pricing alone, the policy combination of Pigouvian en-
ergy pricing and carbon pricing enhances welfare compared to relying on carbon
pricing alone.

B.  Estimating the Foregone Welfare Gains from Fossil Fuel Use

Economies worldwide remain heavily reliant on fossil fuels, the use of which
entails substantial costs due to adverse local effects that are not internalized in
market decisions. We next analyze a counterfactual world in which all countries and
regions adopt local Pigouvian energy pricing. While such a multi-lateral pricing
of local externalities represents arguably a hypothetical counterfactual, it provides
a basis for quantifying the foregone global and regional welfare gains from the
unregulated use of fossil fuels, i.e. from the mispricing of fossil fuels. Importantly,
in deriving such estimates, it is crucial to take into account both the domestic and
international market responses, as is featured by our model.

CLOBAL WELFARE EFFECTS.—Figure 8 presents the foregone welfare effects at
both regional and global levels. Panel (a) illustrates the total welfare changes,
while Panel (b) decomposes these into market and non-market welfare effects. Our
estimates indicate that the welfare cost of unregulated fossil fuel use in the global
economy amounts to 2.4% of global consumption (Panel (a)). Notably, implement-
ing Pigouvian pricing for local air pollution externalities alone would capture over
90% of these welfare gains, resulting in a global welfare increase of 2.3%. Addi-

16That climate policy reducing GHG emissions can have considerable co-benefits is consistent with a
large body of literature on the (local) co-benefits of climate change mitigation policies (see, for example,
Nordhaus and Yang, 1996; Tol, 2002; Thompson et al., 2014; Li et al., 2018; Shindell et al., 2018; Tong
et al., 2021; Huang et al., 2023).
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FIGURE 8. Global and regional welfare effects of multi-lateral worldwide removal of fossil fuel subsidies
and pricing of local externalities
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tionally, pricing non-pollutant externalities would generate a 0.7% gain in global
welfare. In contrast, the removal of explicit fossil fuel subsidies yields a relatively
modest global welfare improvement of 0.1%.

WELFARE EFFECTS BY COUNTRY AND REGION.— Welfare gains (or losses) at the
country or regional level are smaller (or larger) under global joint implementation
compared to unilateral adoption of local Pigouvian energy pricing (see Figure 4).
When all regions implement local Pigouvian pricing, the costs of fossil energy and
energy-intensive imports rise. Unlike unilateral action, global adoption of local
energy pricing limits firms’ and consumers’ ability to substitute imported goods in
response to higher domestic energy and energy-intensive goods prices.

Fossil energy exporters experience welfare losses as global demand for fossil fuel
imports declines. Panel (b) of Figure 8 illustrates these effects, with some regions
falling below the 45° line—unlike the unilateral pricing case depicted in Figure 5,
where all remain above it. For oil-exporting regions such as RCIS, RMEN, and
Saudi Arabia, local energy pricing for oil-related transport use has the most signif-
icant welfare impact. However, these losses are mitigated or offset when subsidy
removal and comprehensive pricing scenarios are considered, particularly for RCIS.
Similarly, coal exporters such as Indonesia, Australia, and Canada experience wel-
fare losses as coal demand declines with comprehensive pricing of local pollutants.
In contrast, Russia and South Africa gain more from pricing their local pollutant
externalities than they lose from reduced coal trade.

In summary, our analysis shows that local Pigouvian energy pricing is advan-
tageous for all countries and regions, even for those facing welfare losses due to
reduced fossil fuel export revenues—provided it is implemented globally.

C.  Global Pigouvian Energy Pricing: Co-Benefits for Climate Mitigation

We finally examine the climate change mitigation benefits of multi-lateral, local
Pigouvian energy pricing if adopted by all countries and regions. While hypo-
thetical, this counterfactual analysis helps evaluate the extent to which pricing
fossil energy to internalize local externalities could contribute to global and na-
tional progress toward the Paris Agreement climate goals. The guiding questions
are: To what extent would global carbon emissions decline under global Pigouvian
pricing? How close would countries be to meeting their national climate targets?
What are the implications for welfare costs and carbon prices required to achieve
the 2°C-compatible Paris targets?

Figure 9, Panel (a), compares global and regional COy emission reductions at
varying levels of local Pigouvian energy pricing with the climate targets outlined
in the Paris Agreement. We estimate that global emissions would decrease by
32% if all regions implemented comprehensive energy pricing reforms, including
the removal of subsidies and full pricing of local externalities. At the global level,
this reduction would already meet the required emissions cut consistent with a 2°C
development pathway under the Paris Agreement. A substantial portion of this
reduction (i.e., a 26% reduction in emissions) is attributable to the pricing of local
externalities related to air pollution. In contrast, the global removal of fossil fuel
subsidies would contribute only marginally to meeting the Paris targets, yielding
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FIGURE 9. Achieving Paris climate targets without and with global local Pigouvian energy pricing
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a mere 2% reduction in CO; emissions.!” Additionally, internalizing non-pollutant
externalities associated with oil use, primarily in transportation, would result in a
5% reduction in global CO2 emissions.

There are significant regional disparities in the potential for achieving national
2°C-compatible Paris targets through local Pigouvian energy pricing. Approxi-
mately 20% of countries or regions, including major emitters like China, India,
and Indonesia, would already meet their Paris targets. For most of these nations,
pricing local air pollution externalities plays a key role in significantly reducing CO4
emissions. However, for countries with substantial fossil energy subsidies, such as
Saudi Arabia and other MENA countries, subsidy removal is crucial to achieving
Paris targets through energy pricing reform. Additionally, other industrialized and
energy-importing nations, including Germany, the United States, Japan, and the
United Kingdom, would already meet over 30% of their Paris targets through local
Pigouvian energy pricing.

Figure 9, Panel (b), reports changes in the shadow cost of carbon, as measured
by a national carbon price, of meeting a country’s or region’s 2°C-compatible Paris
target resulting from local Pigouvian energy pricing. On average across countries,
the carbon price to achieve Paris targets is reduced by 60% and drops by more than
80% for about one third of countries. Importantly, the latter group of countries in-
cludes with China, the United States, and India the top three CO2 emitters, which
collectively account for over 53% of global emissions. Not surprisingly, removing
explicit subsidies has only negligible effects on carbon prices for most countries,
the exception being countries with high explicit subsidies on fossil fuels (such as
Saudia Arabia and RMEN).

VI. Conclusion

The global public good nature of climate change mitigation and the associated
free-rider problem require restructuring incentives for countries to price fossil en-
ergy consumption. This paper has examined the regional and global efficiency,
distributional, and fiscal impacts of eliminating explicit and implicit fossil fuel
subsidies. We develop a multi-region, multi-sector equilibrium model that incor-
porates data on fossil fuel subsidies, local external costs, and international market
responses, capturing global supply chain dynamics and sector-specific details. Our
findings show that while unilateral removal of explicit fossil fuel subsidies provides
modest welfare and fiscal benefits, comprehensive local Pigouvian pricing, which
also internalizes local externalities from fossil energy consumption, yields much
greater gains. The integration of carbon pricing with local Pigouvian energy pric-
ing lowers the cost of achieving climate goals for nearly all countries and regions.
For countries that exceed their climate targets through Pigouvian energy pricing
alone, additional climate policy is therefore superfluous. Removing explicit and im-
plicit fossil fuel subsidies globally would reduce global CO2 emissions by roughly
one third while increasing global welfare. Our findings suggest that Pigouvian

17This estimate aligns with comparable studies, which find reductions in the range of 1-4% (Jewell
et al., 2018; Chepeliev and van der Mensbrugghe, 2020; Arzaghi and Squalli, 2023).
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pricing of fossil energy can align economic, fiscal, and climate objectives at both
national and global levels.

Several limitations of our analysis point to valuable directions for future research.
First, our estimates of welfare gains from Pigouvian energy pricing should be in-
terpreted as a lower bound. On the one hand, we assume that the fiscal revenues
are returned lump-sum foregoing additional gains from efficiency-enhancing use, for
example, by reducing distortionary income taxes. On the other hand, we do not ac-
count for the potential positive effects of reduced air pollution on health and labor
productivity. Second, the IMF data is the only available source providing compre-
hensive spatial and sectoral coverage of local marginal external costs associated
with fossil energy use. However, this comes with the trade-off of lacking informa-
tion on potential non-linearities and measurement uncertainty. As a result, our
quantitative estimates rely on point estimates of constant marginal external costs.
If the relationship between marginal external costs and fossil fuel consumption is
positive and non-linear, we may somewhat overestimate the non-market welfare
gains from reducing fossil fuel use through Pigouvian energy pricing. Third, while
the economic rationale for Pigouvian energy pricing is strong, it has not gained
widespread traction as a public policy—likely due to several challenges commonly
associated with environmental taxation. These include higher energy prices, con-
cerns about with-in country distributional effects and international competitive-
ness, and the influence of vested interests (Metcalf, 2009; Victor, 2009; Rausch,
Metcalf and Reilly, 2011; Stiglitz, Stern et al., 2017; Baranzini et al., 2017). An
important direction for future research therefore lies in better understanding the
political economy dynamics and distributional consequences of removing explicit
fossil fuel subsidies and pricing local externalities related to fossil energy use.
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Appendix A. Translation of Paris climate targets (NDCs) to model context

We translate Nationally Determined Contributions (NDCs) submitted by coun-
tries to the UNFCCC into effective, 2°C-compatible reduction targets for CO2 from
fuel combustion relative to our model base year of 2017. Table A.1 shows the input
data and reductions targets which enter the model. Our approach comprises the
following steps:

1. Input data and adjustments for own baseline

We start with the original information on NDC as communicated by countries
under the Paris agreement (see under column 'NDC' as communicated’ in Table
A.1). These include lower and upper bound %-reduction targets "NDC’, 'NDC+’),
base year ('tP®°’) and target year (’t'a%°*’) the 'Type’ of target setting (i.e, re-
duction target ('redu’), intensity target (’int’)), and the ’Scope’ of GHG emissions
covered (i.e, 'All’ GHG emissions, ’'CO2’ emissions).

2. Translation of reduction targets against 2017 emissions

We translate the NDCs into effective reduction targets against 2017 CO9 emis-
sions (our model base year) (see under column ’Adjusted for 2017 model baseline’).
Column 'CO%*®* reports the COy emission level in "2 relative to the model base
year (CO2%17 = 1). The CO, emission level (relative to 2017) for the upper bound
target NDC is:

_ NDCy

Al NDC+ _ base | (1
(A1) CONPO* = cole (1~ 2

)
and the NDC} relative to the model base year 2017 is computed by:
(A.2) NDCZ' =100 x (1 — COYPOT).

3. Adjusting for CO,

For countries that have stated their NDCs in terms of total GHG emissions, we
adjust their reduction targets, N DC’JQFON, using a COq correction factor derived
from the EU Commission’s JRC-POLES model, as presented in the Global Energy
and Climate Outlook 2023 (Keramidas et al., 2023). This adjustment accounts for
differences between overall GHG reduction commitments and the specific reduc-
tions in COy emissions from fuel combustion. The correction factor is calculated
as follows:

A%CO,

COqy
(A.3) Corr = AUGHG

where: A%CO5 represents the percentage reduction in COy emissions from fuel
combustion, and A%GHG represents the percentage reduction in total GHG emis-
sions, both taken from the JRC “NDC” scenario relative to a business-as-usual
(BaU) reference scenario for the NDC target year, t**78°*. For instance, if a coun-
try commits to reducing total GHG emissions by 20% but reduces CO4 emissions



from fuel combustion by only 10%, the correction factor would be 0.5.

To refine these correction factors, we set a minimum value of 0.05 if a country’s
computed correction factor is zero or negative. This reflects the assumption that at
least 5% of the GHG reduction stated in the NDC stems from decreased fossil fuel
combustion. To remain conservative in our approach, we do not scale reduction
targets upward, meaning that the correction factor is capped at 1.

These adjustments ensure a consistent and realistic alignment between NDC
commitments and the reductions in CO9 emissions from fossil fuel use.

4. Adjustments for negative and intensity targets

Additional adjustments to the reduction targets ensure that (1) no region has a
negative reduction target and (2) setting a minimum absolute reduction target for
countries with a emissions intensity target.

No Negative Reduction Targets: We ensure that no region has a negative reduc-
tion target, meaning that, at a minimum, all regions maintain their 2017 emission
levels in our scenarios. There are two possible approaches: setting negative reduc-
tion targets to zero either before or after aggregating into model regions. If set
to zero only after aggregation, countries within a model region could pool their
targets. While this approach may be reasonable for some aggregated regions, we
assume that each country individually must have a minimum reduction target of
Zero.

Minimum Target for Intensity-Based Commitments: For countries with emis-
sions intensity targets, we impose a minimum reduction target of 5%. The ratio-
nale is that the translation of intensity targets is highly sensitive to GDP and CO4
baseline assumptions, sometimes resulting in zero reduction requirements under
IEO baselines. We assume that countries with intensity-based targets implement
at least moderate policies leading to effective carbon pricing, even if their original
NDC intensity target had already been met in 2017.

The final reduction targets, after accounting for COy adjustments, negative re-
duction targets, and intensity-based targets, are reported in column N DC’E}nal of
Table A.1.

5. Global emissions budget approach to define Paris targets consistent
with 2°C temperature target

To derive country-specific targets consistent with a 2°C temperature goal, we
apply a budget-based approach grounded in the declared Paris Agreement targets.
Specifically, we scale up these targets to ensure a global CO5 emissions reduction
of 25% relative to 2010 levels (or 30% relative to 2017). This reduction aligns with
the threshold necessary to ”limit global warming to below 2°C with at least 66%
probability” (Intergovernmental Panel on Climate Change , IPCC).

To achieve this, we adjust each region’s target emissions level (under N DCf‘rnal)
by applying a uniform scaling factor of 0.82, ensuring that the global emissions
target is met. This approach guarantees that every region has a positive reduction
target, even if its initially reported target was zero. The 2°C-correction factor is
derived by dividing the global emission level compatible with the 2°C target by the



TABLE A.1. Translation of NDC Paris targets to model context.

Country NDC as communicated by Adjusted for 2017 CO3 and 2°C
code country under Paris agreement model baseline adjustment

Type  Scope  tP*¢  ¢tareet  NDC NDC.  CO5™°  COYPYt  NDCV Corr©92  NDCEM NDCOSEM
ARG redu All 2030 2030 15 30 0.90 0.63 37.2 0.95 35.4 47.0
AUS redu All 2005 2030 26 28 0.93 0.67 32.7 0.89 29.2 42.0
BRA redu All 2005 2025 37 37 0.72 0.45 54.7 0.05 2.7 20.3
CAN redu All 2005 2030 30 30 0.96 0.67 33.1 0.87 28.8 41.7
CHN int CO2 2005 2030 60 65 0.59 1.06 -5.7 1.00 5.0 22.2
DEU redu All 1990 2030 40 40 1.00 0.60 40.0 1.00 40.0 50.8
FRA redu All 1990 2030 40 40 1.09 0.66 34.5 1.00 34.5 46.3
GBR redu All 1990 2030 40 40 1.46 0.88 12.5 0.45 5.7 22.7
IDN redu All 2030 2030 29 41 1.38 0.81 18.6 0.28 5.1 22.3
IND int All 2005 2030 33 35 0.50 1.24 -23.6 0.05 5.0 22.2
ITA redu All 1990 2030 40 40 1.23 0.74 26.2 1.00 26.2 39.5
JPN redu All 2013 2030 26 26 1.09 0.81 19.0 0.95 18.0 32.8
KOR redu All 2030 2030 37 37 1.02 0.64 35.6 1.00 35.6 47.3
MEX redu All 2030 2030 22 36 0.94 0.60 40.0 0.61 24.4 38.1
RUS redu All 1990 2030 25 30 1.00 0.70 30.0 0.72 21.5 35.7
SAU redu All 2030 2030 0 0 1.00 1.00 0.2 0.91 0.2 18.2
TUR redu All 2030 2030 21 21 0.89 0.71 29.4 0.95 28.1 41.1
USA redu All 2005 2025 26 28 1.17 0.84 15.7 0.99 15.5 30.8
ZAF redu All 2010 2030 -33 14 1.01 0.87 12.7 0.97 12.3 28.2
RCIS — — — — — — — — — — 19.3 33.8
REDA — — — — — — — — — — 12.1 28.0
REU — — — — — — — — — — 38.1 49.3
RLAC — — — — — — — — — — 40.5 51.3
RMEN — — — — — — — — — — 6.3 23.2
ROTW — — — — — — — — — — 11.0 27.1
RSSA — — — — — — — — — — 3.0 20.5
Global — — — — — — — — — — 14.5 30.0

Notes: NDC as communicated: NDCs as communicated by the countries. Type {redu=“CO3 or GHG reduction target against a specific base year (possibly in
the future)”, int=“CO2 or GHG intensity target against a specific base year”}. Scope {All = “All GHG emissions”, CO2 = “Target on COg2 emissions only”}.
tbase: Base year of NDC (year the NDC target is stated against). t*2'8et: Target year of NDC (year the NDC is to be fulfilled). NDC: %-reduction based on
lower Paris target. NDCy: %-reduction based on upper Paris target.

Adjusted for 2017 model baseline: Translation of NDCs relative to our model base year of 2017. C’Og’ase: CO5 emission level in tP25¢ relative to the model base
year (CO2017 =1). CO;\IDch: COg emission level (relative to 2017) for NDCy. NDC_2~_017: NDC4 (%) relative to the model base year 2017.

CO5 and 2°C adjustment: Adjusting NDCs for other non-COz emissions and scaling for 2°C-compatible development of global warming. Corr€©2: Applied

COz correction factor to translate from GHG to COg2 emissions from fuel combustion. NDCE“EI: Resulting NDC4 (%) after applying Corr©92 and corrections
for taking into account negative and intensity targets. NDCg‘g‘"‘l: %-reduction targets based on the Paris NDCs after adjusting for consistency with a 2°C
temperature target based on an emissions budget approach and for translating to a base-year of 2017. Note that NDCs for aggregate regions were computed
only after main corrections had been applied.



FIGURE B.1. Decomposition of welfare effects from local energy pricing into market and non-market effects
under alternative international trade closures
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Notes: Percentages changes in (market and non-market) welfare, following the definition of welfare in
(1), are measured relative to a benchmark that includes existing explicit fossil fuel subsidies, excludes
Pigouvian pricing of local externalities, and assumes no climate policy. Axis “Market effect (in %)” refers
to the weighted %-change in market welfare (%AU,). Axis “Non-market effect (in %)” refers to weighted %-
change of the negative non-market effect (—%AE;). Percentage changes are weighted by their benchmark

share in total welfare (U,./W . respectively E,/W,). Summing up the two effects yields the welfare change
(in %) as depicted in Table B.2.

global emissions level implied by the N DCfirnal commitments. The final adjusted
targets used in our scenario analysis are reported in column N Dngal.

Appendix B. Additional results for international market effects

This section provides additional detail on the main findings summarized in Sec-
tion IV.B.

Figure B.1 compares SOE (blue points) to MRT-Unilateral (yellow squares). It
shows that the MRT model predicts welfare improvements for all countries follow-
ing subsidy removal and full externality pricing. Notably, total welfare gains—
including both market and non-market effects—are positive, as all countries lie
above the 45° line. In contrast, the SOE model projects smaller welfare gains
or even welfare losses for some countries. The ability to pass forward costs in
the MRT framework allows countries with negative welfare effects under the SOE
model (such as Germany, France, and the United Kingdom) to mitigate their ad-
verse market impacts more effectively than the reduction in positive non-market
effects, ultimately improving their overall welfare outcomes.

Moreover, Figure B.1 makes the point that the limitations of the SOE frame-
work become even more pronounced when countries or regions collectively elimi-
nate fossil fuel subsidies. The removal of these subsidies reduces global demand



TABLE B.2. Welfare bias from failing to account for international markets and global supply chains

Region Absolute welfare change (%) Welfare bias
SOE MRT-Unil MRT-Global SOE vs. MRT—Unil. SOE vs. MRT-Global
A A% A A%
ARG 0.1 0.2 -0.0 -0.1 28.5 0.1 1’969.8
AUS 0.3 0.4 -1.8 -0.1 31.3 2.1 116.2
BRA -0.2 0.0 -0.6 -0.2 1’790.0 0.4 72.6
CAN 0.5 0.7 -0.6 -0.2 31.9 1.1 170.2
CHN 18.9 19.4 19.0 -0.5 2.4 -0.1 0.4
DEU -0.6 0.2 0.1 -0.7 462.3 -0.7 519.0
FRA -0.5 0.1 0.2 -0.6 945.3 -0.7 312.4
GBR -0.4 -0.0 -0.0 -0.3 642.9 -0.3 2'987.9
IDN 2.5 2.8 0.6 -0.2 8.7 1.9 297.8
IND 4.7 5.0 5.5 -0.4 7.6 -0.9 15.6
ITA -0.5 -0.2 -0.1 -0.3 183.3 -0.4 698.4
JPN 1.0 1.4 2.0 -0.4 30.9 -1.0 49.1
KOR 3.3 4.5 4.7 -1.2 26.1 -1.4 29.0
MEX 0.6 0.7 -0.1 -0.1 19.9 0.7 519.7
RCIS 9.1 9.9 5.5 -0.8 7.8 3.6 64.5
REDA 1.4 1.8 0.5 -0.4 19.9 0.9 174.2
REU 1.2 2.3 2.4 -1.1 48.3 -1.1 49.0
RLAC 0.9 1.3 0.6 -0.3 27.1 0.4 63.4
RMEN 2.0 1.8 -2.3 0.2 12.3 4.3 187.5
ROTW 2.0 2.7 2.5 -0.8 27.5 -0.5 21.3
RSSA 0.1 0.3 -2.2 -0.2 65.1 2.3 105.1
RUS 22.6 22.9 15.6 -0.3 1.4 7.0 45.1
SAU 6.6 6.6 -7.3 -0.0 0.1 13.9 190.2
TUR 1.1 2.0 2.4 -0.9 45.7 -1.4 56.0
USA 0.2 0.4 0.3 -0.2 55.9 -0.1 43.2
ZAF 2.0 2.5 2.1 -0.5 20.1 -0.1 6.6
Global 2.6 — 2.4 — — 0.2 7.2

Notes: “Absolute welfare change (%)” is relative to benchmark of no energy pricing reform. “SOE vs. MRT-
Unil” and “SOE vs. MRT-Global” evaluate the change in welfare from a model with SOE trade closure
to a model MRT trade closure for the case of “Unilateral” and “Global” implementation, respectively. A
refers to the percentage point difference. A% refers to the “diff-in-diff”, i.e. the percentage change between
the absolute welfare changes.

for fossil energy, adversely impacting net energy-exporting countries. Comparing
SOE (blue points) to MRT—Global (green triangles) reveals that energy-exporting
countries, such as Australia and Brazil, experience greater welfare losses in terms
of market effects. On average, we find that the SOE model produces biased wel-
fare estimates, with deviations of 60% (102%) compared to the MRT model under
unilateral (global) fossil fuel subsidy removal. At the country and regional levels,
these welfare biases are substantial, reaching up to 165% (253%) in the case of
unilateral (global) implementation.

Table B.2 provides a detailed breakdown of welfare changes by region when
comparing the SOE and MRT models, along with the calculated biases in welfare
estimates.

Appendix C. Additional figures and tables
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TABLE C.3. Descriptive statistics on fossil fuel subsidies and costs of local externalities by fuel (in % of
benchmark consumption).

Region Fossil fuel subsidies Local externalities

Refined oil Natural gas Coal Refined oil Natural gas Coal
ARG 0.40 0.10 0.00 2.70 0.10 0.10
AUS — — — 3.00 0.00 0.20
BRA — — — 2.60 0.00 0.10
CAN — — — 4.20 0.10 0.10
CHN 0.30 — — 6.10 0.10 25.90
DEU — — — 3.00 0.10 1.10
FRA — — — 3.50 0.10 0.30
GBR — — — 2.30 0.10 0.30
IDN 2.20 — — 4.50 0.10 1.20
IND 1.10 0.10 — 7.70 0.00 7.40
ITA — — — 2.60 0.10 0.10
JPN — — — 6.70 0.30 0.50
KOR — — 0.00 8.90 0.40 2.80
MEX 0.00 — — 3.70 0.00 0.10
RCIS 1.30 2.10 0.70 6.20 0.60 11.70
REDA 0.20 0.10 0.00 4.30 0.10 1.90
REU — — — 4.40 0.10 3.20
RLAC 0.90 0.10 — 5.10 0.00 0.10
RMEN 3.20 2.20 — 4.10 0.10 0.10
ROTW 0.00 — 0.00 4.70 0.40 1.50
RSSA 0.10 0.00 — 2.10 0.00 0.00
RUS — 1.30 — 22.90 2.70 7.30
SAU 7.50 1.50 — 12.80 0.30 —
TUR — — — 9.00 0.10 3.20
USA — — — 2.50 0.20 0.70
ZAF — — — 7.20 — 2.50

World 0.30 0.13 0.01 4.48 0.19 4.18




TABLE C.4. Descriptive statistics on percentage changes in welfare, consumption, and local externalities under different policy scenarios.

Region Welfare change (%) Consump. change (%) Local Ext. change (%)
Subsidy Removal Subsidy Removal Subsidy Removal
removal NPOLL LPOLL & Full removal & Full removal & Full

ARG 0.06 0.24 0.22 0.20 -0.07 -0.63 0.13 0.83

AUS 0.00 0.38 0.30 0.43 0.00 -0.59 0.00 1.02

BRA -0.00 0.04 0.15 0.01 -0.00 -0.61 0.00 0.62

CAN -0.00 0.63 0.37 0.67 -0.00 -0.78 0.00 1.45

CHN 0.49 3.40 18.77 19.40 0.00 -10.66 0.48 30.06

DEU -0.00 0.30 0.09 0.16 -0.00 -1.26 0.00 1.42

FRA -0.00 0.11 0.13 0.06 -0.00 -1.12 0.00 1.18

GBR 0.00 -0.06 0.09 -0.05 0.00 -0.72 -0.00 0.67

IDN 1.53 1.76 1.72 2.76 0.46 0.06 1.08 2.69

IND 0.64 2.42 3.44 5.05 -0.01 -2.99 0.66 8.04

ITA -0.00 -0.05 0.01 -0.18 -0.00 -0.88 0.00 0.69

JPN -0.00 1.42 1.05 1.45 -0.00 -1.95 -0.00 3.40

KOR 0.02 3.02 3.39 4.51 0.00 -1.39 0.01 5.90

MEX 0.00 0.56 0.52 0.70 0.00 -0.33 0.00 1.04

RCIS 2.71 1.81 9.03 9.88 0.64 -2.34 2.07 12.22

REDA 0.13 1.01 1.13 1.79 0.02 -0.61 0.11 2.39

REU -0.00 0.83 1.91 2.33 -0.00 -1.52 0.00 3.85

RLAC 0.42 1.05 0.80 1.26 0.04 -0.69 0.39 1.95

RMEN 1.36 1.17 0.55 1.80 0.51 0.15 0.85 1.64

ROTW 0.04 1.03 2.23 2.72 0.01 -0.12 0.03 2.85

RSSA 0.04 0.31 0.08 0.32 0.00 -0.20 0.03 0.52

RUS 0.28 9.58 22.44 22.89 0.09 -7.53 0.18 30.42

SAU 4.00 4.87 3.12 6.60 1.22 -0.19 2.78 6.79

TUR -0.00 1.33 1.30 1.98 -0.00 -3.87 0.00 5.85

USA -0.00 0.34 0.28 0.44 -0.00 -0.62 0.00 1.05

ZAF -0.00 2.09 1.20 2.49 -0.00 -1.25 0.00 3.74

Notes: Values represent percentage changes relative to a baseline scenario (“No reform”) for the respective policy measures.
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