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Preface

This dissertation consists of three self-contained chapters that study questions in the elds of
international trade and environmental economics.

Chapter 1 examines the e ects of carbon taxes and carbon tari s on emissions and welfare.
Although this issue is becoming more pressing, standard models largely ignore the role of
heterogeneity in rms' responses. Using administrative German rm data, | show that two
determinants of carbon leakage the emission intensity of production and the import
intensity of intermediates vary signi cantly across rms. | incorporate this heterogeneity
into a model of heterogeneous rms to introduce two new adjustment channels to carbon
pricing: the reallocation of production towards rms with alower emission intensity or a higher
import intensity. | calibrate the model to the German manufacturing sector and simulate
an increase in the domestic carbon price. A model with rm heterogeneity predicts greater
emission reductions, smaller welfare losses, and a higher leakage rate. Production reallocation
towards less emission-intensive rms o sets increased emissions from o shoring. Combining
a domestic carbon price with a carbon tari would further reduce leakage and welfare losses.
However, it would not yield additional emission reductions since it limits the reallocation of
domestic production towards clean rms.

Chapter 2, co-authored with Alessia Campolmi, Harald Fadinger, Chiara Forlati, and Ulrich
Wagner, proposes an alternative policy to the EU's Carbon Border Adjustment Mechanism
(CBAM) to limit carbon leakage. Carbon leakage undermines the e ectiveness of unilateral
carbon pricing. Taxes on import-embedded emissions, like the EU's CBAM, prevent leakage
but their scope is limited by strong information asymmetries. We propose an alternative system
of border tax adjustments, the Leakage-Based Adjustment Mechanism (LBAM), that can be
applied to all sectors using readily available data. LBAM tari s sterilize carbon leakage without
requiring information on foreign carbon intensities. Using a quantitative trade model, we
show that LBAM improves over CBAM in terms of global emissions and EU welfare. LBAM
also avoids large welfare losses among EU trading partners that would result if CBAM was
extended to all sectors.

Chapter 3 studies the aggregate e ects of energy tax exemptions on output, emissions, and
exports in Germany. Energy tax exemptions are a widely used policy instrument to shield
energy-intensive, trade-exposed industries from rising energy costs. Using German rm-level
data, | document that these exemptions overlap with carbon pricing policies and are applied
asymmetrically across rms. This reduces allocative e ciency and undermines domestic
emission reductions, although it may mitigate emission leakage. To quantify these economic
and environmental consequences, | develop a heterogeneous rms open economy model and
compare outcomes under distortionary energy tax exemptions to those under export subsidies,
a frequently proposed alternative policy instrument.

Xi






1 The Role of Firm Heterogeneity
iIn Carbon Leakage

1.1 Introduction

Without a globally coordinated e ort to harmonize carbon pricing, countries rely on domestic
policies to reduce carbon emissions. However, rising domestic carbon prices can lead to
emission-intensive imports displacing clean domestic production, resulting in carbon leakage.
A growing literature proposes to address this leakage problem by combining a domestic
carbon price with a carbon tatCampolmi et al., 2024; Farrokhi and Lashkaripour, 2025; Kortum
and Weisbach, 202These papers commonly use industry-level data and assume that rms
di er only in their productivity. This, however, limits within- and between- rm adjustments to
climate policies and is at odds with empirical evidence documenting pronounced heterogeneity
in two measures of leakage risk atthe rm level: a rm's international sourcing activity and
emission intensity. Firms select into importing, source from di erent partner countries, and
import di erent productgAntras et al., 2017; Bernard et al., 2009fhe context of trade
liberalization, this heterogeneity has importantimplications for aggregate welfare, productivity,
and employmergBlaum et al., 2018; Halpern et al., 2015; Hummels et al., 30mdarly, there is
signi cant heterogeneity in rms' emission intensities and fuel mix within and across industries
(Barrows and Ollivier, 2018; Graevenitz and Rottner, 2020; Lyubich et al. Disl#je these
ndings, the role of rm heterogeneity for aggregate outcomes of climate policy has received
limited attentior{Jo and Karydas, 2024; Kim, 2023; Sogalla et al., a02uifs implications for
carbon leakage remain unexplored.
In this paper, | ask how important rm heterogeneity is for the e ectiveness and welfare
e ects of climate policies. | study this question empirically and theoretically in the context of
the German manufacturing sector. First, | show that German rms vary along two dimensions
of heterogeneity that shape carbon leakage: their sourcing strategy for intermediate inputs
and their emission intensity. Next, | incorporate these two dimensions of heterogeneity into
a standard Melitz model with intermediate inputs. Compared to the standard model, this
introduces a new adjustment channel: the reallocation of production to rms less a ected
by climate policies, i.e., those with lower production cost increases. | nd that ignoring
both sources of heterogeneity leads to an underestimation of the reduction in emissions
and an overestimation of the welfare losses associated with an increase in domestic carbon
prices. Adding a carbon tari reduces the leakage rate, but not the total emissions, in a
model with heterogeneity in emission intensity and import intensity. A domestic carbon
price reallocates production towards low-emission-intensity rms that are import-intensive,
decreasing domestic emissions but causing leakage through an increase in imports. Combining
a carbon tax and a carbon tari , however, reallocates production towards high-emission-
intensity rms compared to the carbon-tax-only scenario. This increases domestic emissions
more than it decreases foreign emissions since the most emission-intensive domestic rms
produce more emission-intensively than foreign rms.
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The German manufacturing sector provides a particularly interesting setting for this analysis.
Germany is the largest emitter in the European Union, with the manufacturing sector alone
emitting 300 million tons of C@in 2018, which is equivalent to one-fourth of Germany's
total emissior(®ottner and Graevenitz, 202Fhirough the EU ETS, the sector is also subjectto
stringent environmental regulations aimed at substantially decreasing emissions in the coming
decade. At the same time, German rms are highly integrated into global supply chains, with
more than 70% of rms sourcing intermediates from foreign countries. Together, these factors
create ideal conditions for carbon leakage to occur.

| combine German administrative rm-level data on emissions, trade, and balance sheet
information for the manufacturing sector between 2011 and 2018. | rst provide directreduced-
form evidence for the carbon leakage mechanism by demonstrating that emissions and foreign
inputs are substitutes. To estimate the e ect of o shoring on emission intensity, | use exoge-
nous variation in foreign prices caused by country-speci c trade costs and productivity shocks.
Consistent with other studi@skerman et al., 2024; Dussaux et al., 2023; Leisner et al., 2022),
o shoring, de ned as the use of foreign inputs, reduces a rm's domestic emission intensity.
If o shoring increases by 10%, a rm's emission intensity decreases by 0.26%. Moreover, the
e ect varies across rm-size bins, with larger rms reducing their emission intensity more.
Di erences in sourcing strategies can explain this variation, as large rms have access to a
broader set of partner countries and, consequently, more imported varieties.

Next, | use the German data to document that di erences in rms' sourcing strategies
introduce signi cant variation in the import intensity and emission intensity of imported
intermediate inputs across rms. Large rms use relatively more and more emission-intensive
foreign intermediate inputs. This nding is explained by an extensive-margin e ect. Larger

rms source foreign intermediate inputs from more countries, including those with higher
emission intensity of production, resulting in a higher emission intensity of their imports.

However, even though large rms use more and more emission-intensive foreign inputs,
they also have a higher domestic emission intensity than that of their smaller counterparts.
This nding contrasts with the literatui@arrows and Ollivier, 201 8}ill, it can be explained
by the composition of the German manufacturing sector, which has a high share of output
from the most emission-intensive industries, which include steel, aluminum, cement, paper,
and glass. Large rms operating in these industries bene t from several policies that grant
access to cheap energy, making them relatively more emission-intensive.

Motivated by this empirical evidence from German rm-level data, | build a heterogeneous
rm model to quantify the general equilibrium e ects of climate policy changes. The model
extends the rm-level input trade frameworRlafim et al. (2018 include emissions as an
additional input factor of production. Sourcing intermediate inputs is subjectto xed costs,
but through love-of-variety and quality di erences, foreign intermediate inputs reduce the
production costs of a rm. Large rms import from more countries and have a higher import
intensity. Independent of a rm's sourcing strategy, | assume that rms di er in their relative
e ciency in using emissions. | call this emission-speci ¢ productivity the emission bias. This
introduces variation in the emission intensity of rms.

My model di ers from the standard environmental Melitz model with input trade in two
dimensions. First, rm heterogeneity in import intensity and emission intensity introduces
variation in rm exposure to climate policies. This gives rise to a reallocation of production
output. Second, | depart from the standard assumption of a Cobb-Douglas production
function, limiting the elasticity of substitution between di erent production factors to one.
Peter and Ruane (202how that this restriction biases aggregate gains from trade liberalization.



1.1 Introduction

To take the model to the data, | rst estimate the elasticity of substitution between interme-
diate inputs and emissions. This elasticity is crucial for understanding carbon leakage because
itindirectly in uences the elasticity between domestic and foreign emissionsObfol kid/
and Raval (2028nd estimate the elasticity using information on factor costs and a shift-share
instrument based on international energy price variation. My ndings indicate that emissions
and inputs are substitutes, with the estimated elasticity ranging from 1.4 to 1.8, depending on
the choice of weights for the shift-share instrument and the sample period.

Next, | estimate the parameters of the joint distributions of productivity, emission bias, and
xed costs of imports using a Simulated Method of Moments (SMM) approach. This method
estimates the endogenous parameters of the joint distribution to minimize the distance between
selected empirical and data moments. | use the observed rm-level distributions of value added,
emissions intensity, and foreign shares as empirical counterparts for the productivity, emission
bias, and xed costs of importing. The estimated model matches all moments of the data. This
stands in contrast with more aggregate versions of the model. Ignoring (i) heterogeneity in
sourcing strategy, (ii) heterogeneity in emission bias, or (iii) heterogeneity in sourcing strategy
and emission bias shows that introducing an emission bias is crucial not only to capture
the correlation between rm size and emission intensity, but also to achieve the dispersion
in emission intensity. Similarly, without xed import costs, all rms would have the same
foreign share. Hence, none of these aggregate models can fully capture all the features of
the data. To further evaluate the ability of my model to tthe data, | estimate the e ect of
a 1% increase in the aggregate emission price by rm decile on emission intensity, output,
o shoring, and the emission intensity of imports using (i) the German rm-level data and (ii)
my calibrated baseline model. The predicted treatment e ects of my baseline model match the
estimated treatment e ects of the data, even though my calibration did not target this result.
Furthermore, this result sheds light on the heterogeneity in rms' responses to climate policy.
Large rms decrease their emission intensity and increase their output, their imports, and their
emission intensity of imports relative to smaller rms.

To quantify the emission and welfare e ects of future increases in the domestic carbon
price, | use the estimated model to simulate a counterfactual increase in domestic carbon prices
for Germany, both with and without a carbon tari . Speci cally, | simulate an increase in the
domestic carbon price from 10 to #30CO ,. My baseline model predicts an 11% decrease in
emissions and welfare declinedillion. The leakage rate is 25%: for every ton of domestic
CO, saved, foreign emissions increase by 0.25 tons16@ aggregate versions of the model
predict a smaller decrease in emissions and a larger decrease in welfare. For emissions, their bias
ranges between 2 and 20%, and for welfare, their bias is between 40 and 44%. The sign of the
bias depends onwhether the reallocation towards less emission-intensive rms orthe o shoring
of emissions is more prominent. This depends on the parametrization of the elasticities of
substitution, the demand elasticity, and the joint distribution of parameters. In the calibrated
version of my model, the reallocation channel dominates. Hence, the heterogeneous emission
bias model has the smallest bias.

To better understand how a domestic carbon price increase a ects leakage, | decompose
leakage into four channels: changes in emission intensity, production, o shoring, and the
emission intensity of imports. | nd that global emission reductions are primarily driven by
a decrease in the domestic emission intensity and output of rms and reallocation towards
clean rms. This is partially o set by an increase in imports and, hence an increase in foreign
emissions.

Next, | study the e ectiveness of carbon tari s in limiting carbon leakage. Carbon tari s
are one solution to mitigate carbon leakage without a globally coordinatéggpaiicy
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and Lashkaripour, 2025; Kortum and Weisbach, 20B&se tari s impose a carbon price on

the emissions embodied in imports, helping o set domestic cost disadvantages. The tari
corresponding to pricing emissions embodied in imports at the domestic carbon price is 8.5%.
In the aggregate models, carbon tari s reduce emissions by an additional 23 - 30%. In my
baseline model, however, emissions increase because a carbon tari reallocates production
towards emission-intensive domestic rms with a low import intensity. In all models, welfare
decreases substantially after the introduction of a carbon tari . This additional reduction is
largest in the baseline model, where the welfare loss more than doubles.

Literature Review This paper is related to several strands of the literature. First, it
relates to the literature studying carbon leakage and carbon tari s in the absence of a global
carbon price. To mitigate leakage associated with the introduction of a domestic carbon
price, governments can employ capacity-based syidsitchés et al., 2014)utput-based
subsidie@-owlie and Reguant, 202)dustry exemptior(§erster and Lamp, 2024y, carbon

border tari s(Fischer and Fox, 2012; Fowlie et al., 2@/Bn though most world trade is in
intermediate goods, almost all studies focus on leakage in nal goods. The exception is

and Konstantin (2024yvho introduce trade in intermediates in a multi-country model with
perfectly competitive rms. I follow a di erent approach and focus on one country to highlight

the role of rms in carbon leakage and welfare.

Second, the paper relates to the literature quantifying the environmental e ects of o -
shoring, which can be split into empirical and theoretical contributions. Recent empirical
studies using rm-level data have demonstrated that o shoring can lead to a reduction in
the domestic emission intensity of r(akerman et al., 2024; Cole et al., 2021; Dussaux et
al., 2023; Leisner et al., 2022; Li and Zhou, 2bY&Y, the reason that emission intensity de-
creases is unclear, with evidence pointing to imports becoming more emission-intensive and
productivity-enhancing e ects. Complementary theoretical papers that study o shoring in
the presence of environmental policZaeeniwchan (2017), LaPlue and Erickson (2020), and
Schenker et al. (201€)osest to my researchiis (2021)who studies the e ect of o shoring
on U.S. air pollution and calibrates her model using sectoral data. However, evidence on the
role of rm heterogeneity is sparse, with several theoretical papers focusing only on hetero-
geneity in productivitfChang et al., 2022; Graevenitz et al., 2024; Kreickemeier and Richter, 2014;
Shapiro and Walker, 2018; Sogalla, 2023; Sogalla et al.| eoa#jbute to this literature by
quantifying the general equilibrium e ect of rm heterogeneity on carbon leakage and welfare.
By using rm-level data, | can document the importance of reallocation across rms.

Third, an emerging literature focuses on the dispersion of heterogeneity in environmental
performance across rigarrows and Ollivier, 2018; Leisner et al., 2022; Lyubich et al., 2018).
While existing papers focus on the role of product, within-, and across-sector dispersion in
emission intensity, | focus on the role of rm size and emission intensity. In contrast to the
literature, | document a positive correlation between rm size and emission intensity when
using value added as a measure of size. This is driven partially by the composition of the
manufacturing sector in Germany and energy subsidies for large rms.

Methodologically, this paper relates to the literature modeling the importing behavior of
heterogeneous rniBlaum, 2024; Blaum et al., 2018; Gopinath and Neiman, 2014; Halpern et al.,
2015; Ramanarayanan, 20209l the role of rm heterogeneity for aggregate out¢orkelskis
etal., 2012; Blaum, 2024; Blaum et al., 2018; Brinatti and Morales| e&gEnoBlaum et al. (2018)
to incorporate rm heterogeneity in two input factors of production: intermediate inputs and

Ymbruno and Ketterer (2018§ the same holds for energy intensity in Indonesia.
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emissions. Introducing rm heterogeneity in addition to productivity, leads to the reallocation

of production across rms. | contribute to this literature by documenting the importance of

rm heterogeneity for aggregate emissions, carbon leakage, and welfare when studying climate
policies.

The rest of the paper is structured as follows: Section 1.2 contains a description of the data
and empirical evidence, while Section 1.3 presents the theoretical model. Sections 1.4 and 1.5
contain the quantitative exercise and the counterfactual analysis. Section 1.6 concludes the
paper.

1.2 Descriptive Evidence

In this section, | establish empirical evidence on (i) the e ect of trade in intermediate inputs
on domestic C@emission intensity, (ii) rm heterogeneity in emission intensity, and (iii)

di erences in sourcing strategies across rms. | start with a description of the data and the
construction of the variables, before presenting my results.

1.2.1 Data

German administrative data | use rich administrative data (Amtliche Firmendaten

fur Deutschland ) provided by the Federal Statistical O ce of Germany from 2011 to 2019.
For my analysis, | combine several data sources. The rst dataset is the German manufacturing
census atthe rm level. Participation is mandatory for all establishments with more than 20
employees. The data include information on sales, employment, investment, and sectoral
a liation. Additional information on value added and expenditure on labor, energy, capital,
and intermediate inputs are available for a sample of rms. | combine this information with
plant-level data on energy consumption. Again, all plants with more than 20 employees must
provide information on their energy consumption by energy type, electricity procurement,
and electricity from self-generation. After aggregating the datato the rmlevel, I can construct
CO, emissions at the rm level. Lastly, | use customs data, which provide information on
quantity, value, and partner country for each rm's six-digit product-level imports and exports.

Emission Intensity ~ The dataset on energy consumption contains information on con-
sumption for 14 di erent fuel types and electricity in KWh. Each fuel type and electricity can
be matched to an annual emission factor provided by the German Environmental Agency (see
Table A.21 in the Appendix for a list of energy types and emission factors). | calculate total
CO, emissions for each rm by multiplying energy consumption by fuel type with its emission
factor and summing up all energy types. Unless otherwise noted, | de ne emission intensity
as emissions divided by the value added to measure the dirtiness of a rm's production. |
use value added instead of sales to account for the emission o shoring e ect of intermediate
inputs.

Offshoring Measure | use several measures to measure a rm's o shoring activity. |
followHummels et al. (2018nd de ne o shoring as imports that belong to the same industry
asthe rm. | distinguish between narrow o shoring (measure 1) and wide o shoring (measure
2). Narrow o shoring is 0 shoring within the rm's four-digit industry, while wide o shoring

is 0 shoring within the rm's two-digit industry. As a third measure, | characterize all non-raw
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material imports (measure 3) as o shoring. Unless otherwise noted, the third measure of
o shoring is used. Firms will use more foreign intermediate inputs solely because they are
larger. However, to determine the leakage and welfare e ect of the policy, the key measure of
interestis a rm's relative import intensity. | de ne a rm's import intensity as the foreign
share, which is the value of foreign intermediates divided by the sum of the value of domestic
and foreign intermediates. Foreign intermediate inputs are the value of all non-raw material
imports (measure 3).

Emission Intensity of Imports To measure the emissions embodiedina rm'simports,

| need the emission intensities of foreign production. This information is available through
environmentally extended multiregional input-output (EE MRIO) tables. Following the
literature, | use EXIOBASEtadler et al., 2018EXIOBASE combines data from national
accounts, energy accounts, and input-output tables, among other sources, to cover about
90% of global GDP. Data for 200 products across all sectors are available for 44 countries,
plus ve aggregate regions. The original dataset covers 1995-2011 but has been extended to
2022. EXIOBASE reports emissions from combustion and non-combustion activities. |
convert emission intensity measures to 2015 Euros and merge them with HS6 trade ows. In
cases where an exact match between EXIOBASE products and HS6 codes and products is
impossible, | use an unweighted average over all matched products.

Final Data Sample For my analysis, | keep all rms that report information on their cost
structure and positive sales. This reduces my sample to 134,123 observations. Although |
drop more than 50% of the observations, more than 80% of emissions, production, and trade
are covered, as summarized in Table 1.2. Due to the wave structure of the cost survey, which
rotates smaller rms in and out of the survey every four years, the sample is not balanced.

Table 1.1 presents summary statistics for the sample. There is considerable heterogeneity across
rms in value added, emission intensity, and o shoring activity.

1.2.2 Stylized Facts
Fact1l O shoringreduces domestic emission intensity butincreases rms' emissions.

A canonical trade-environment model assumes that as a rm's o shoring activity increases,
its emission intensity decreases. The assumption is that emission o shoring - speci cally the
o shoring of dirty production stages and positive productivity e ects of intermediates - leads
to a decrease in emission intensity. To con rm that this relationship holds for Germany;, |
regress the emission interiSityof a rmi in yeat, de ned as emissions from direct fuel
and electricity consumption embodied in production divided by the value added or sales, on a
variable measuring rits o shoring activity in yedrand a set of rm; and year; xed
e ects:

log(Elw) = o+ 1log(Oshoring )+ i+ ¢+ ! (1.1)

O shoring is de ned here as all non-raw material imports and is instrumented using World
Export Supply. Since my measures of international sourcing activity are not exogenous (e.g.,
there could be unobserved productivity shocks that reduce a rm's emissions intensity and in-
crease its international sourcing), | follow the literature and construct a shift-share instrument
followingHummels et al. (2014)sing aggregate trade ows at the HS6 level from Comtrade.
The instrument is constructed as follows:

2Se&Shapiro (202X9r a comparison of di erent EE MRIOs.
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Table 1.2: Representativeness of Data Sample

Full data Sample
CO, Emissions (thousand t) 324,816.58 298,930.19
O shoring (millions) 292.99 266.76
Sales (millions) 1,798.23 1,537.54
Energy use (GWh) 1,071.11 997.33
Emission intensity (kWwa)) 0.18 0.19
Number rms 36,187 15,031

NotesThe table compares selected outcomes in 2014 for the full data, consisting
of all rms with more than 20 employees, and a subsample of these data used in the
analysis. C®emissions, o shoring, sales, and energy use are the sum of all rms.
Emission intensity is the average rm-emission intensity weighted by rm sales.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical
O ces of the Federal States of Germany, AFiD-Modul Auyenhandelsstatistik 2011
2019, AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe
1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢ prepa-
rations, own calculations.

X
WES; = X okt Shie ; (1.2)
ck
whereX ¢ denotes aggregate exports of prddirom countrycin yeat to all countries
except Germansiy is the import share of producfrom countrycfor rm i ina pre-sample
period. Intuitively, the instrument uses exogenous supply-side variation uncorrelated with
rm-speci ¢ productivity shocks. The pre-sample year for all rms is 2011. Thus, for the

instrument to be de ned, a rm must continue to import a speci ¢ product from at least
one country during the sample peridarusyak et al. (2028)condition for consistency of
the 2SLS estimator allows the variation in shares to be endogenous as long as the variation in
shocks is exogenous. This requires shocks to be as good as randomly assigned and that rms
are exposed to many small, independent shocks. Exposure shares in this setting can be viewed
as endogenous, as (unobserved) di erences in rm characteristics a ect which products rms
source from di erent countries. Variation in world exports of prddirom countryc may,
for example, arise from country-speci ¢ productivity or trade cost shocks, which can be viewed
as a quasi-experimental variation. Since rms on average import from nearly twelve di erent
import partners, the exposure to each shock should be small enough and independent of the
others.

I ndthata 10% increase in o shoring reduces emissions intensity by 0.264%, all else being
equal (see Table 1.3, column (2)), using value added as the denominator. The e ect s slightly
largerthanthe OLS estimate incolumn (1). | use the foreign share, de ned as o shoring divided
by total intermediate use, as an alternative measure. Here, the estimate of -0.0758 is statistically
signi cant. To explore the role of rm heterogeneity, | add an interaction of the o shoring
measure with rm size, measured by the number of employees (column (4)). Once | add the
interaction term, the e ect of o shoring becomes much smaller and insigni cant. However,
the e ect of the interaction is statistically signi cant, negative, and economically relevant. The
larger the rm, the more negative the e ect of o shoring on emission intensity. Repeating
the regression with emissions as the dependent variable shows that o shoring reduces rm



1.2 Descriptive Evidence

Table 1.3: Impact of O shoring on Emission Intensity and Emissions

Log Emission Intensity Log Emissions
1) 2) 3) 4) (5)
Log O shoring -0.0211 -0.0264 -0.0145 -0.1044
(0.0021) (0.0129) (0.0173) (0.0145)
Log O shoring X Log Size -0.0027 0.0243
(0.0015) (0.0013)
Foreign share -0.0758
(0.0128)
First Stage
Log WES 0.1057 0.0047 0.0047
(0.0069) (0.0142) (0.0142)
Log WES X Log Size 0.0181 0.0181
(0.0023) (0.0023)
F-Stat 236.87 87.22 87.22
Firm FE X X X X X
Year FE X X X X X
N 57,604 57,604 57,604 51,079 51,079

Notes p< 0:10, p< 0:05 p< 0:01L Robust standard errors are in parentheses. This table presents
the results of regressing a rm's emission intensity on its o shoring activity, controlling for rm and year- xed

e ects. Emission intensity is measured in kgf €@ terms of value added, and the o shoring measure 3 is
used. For the regression, the years 2012-2018 are used.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

emissions only for small rms (see column (5)), while large rms increase their emissions.
These ndings indicate that o shoring reduces rms' emission intensity. This reduction
may occur directly through o shoring previously in-house, emission-intensive production
stages or indirectly through productivity gains from substituting foreign intermediates for
domesticones. The ideais that o shoring can replace domestic intermediate inputs or domestic
emissions. If imported intermediates replace mostly domestic intermediates, the e ect on
emission intensity will be smaller. The replacement of domestic with foreign intermediates is
most likely happening during the sample périod.

In Table A.4, | show that the result is invariant to the choice of o shoring measure. For
both narrow and wide o shoring, the estimates are more negative. Looking at the e ect

3Compared to the literatu¢dkerman et al., 2024; Dussaux et al., 2023; Leisner et al.y20&@2),
nds an elasticity around 0.5, my elasticity is very small. Other studies include China's accession to the WTO
and the EU's Eastern enlargement. A signi cantincrease in trade in intermediate inputs with partner countries
with high emission intensities characterizes both events.
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heterogeneity across rm deciles, the largest rms experience a larger decrease in their emission
intensity, but these results are not statistically signi cant.

Fact2 The relationship between rm size and emission intensity is nonlinear.

To assess the general equilibrium e ect of trade in intermediate inputs, it is crucial to know
how rm size and emission intensity are correlated. It is commonly assumed that large, more
productive rms use cleaner production technologies than smalapso and Walker,

2018).

Figure 1.1 reveals a nonlinear relationship between rm size and emission intensity. At rst,
emission intensity decreases with size, but the sign reverses after reaching a threshold size. This

nding also holds when using sales as a measure of rm size.

The composition of the German manufacturing sector drives the nonlinear relationship
between rm size and emissions. Heterogeneity in emission intensity varies across two-digit
industries: the most emission-intensive industries display a positive correlation between rm
size and emission intensity. In contrast, in less emission-intensive industries, large rms are
also less emission-intensive (Figure A.9). Since many large German rms produce in emission-
intensive industries, such as chemicals, the correlation between rm size and emission intensity
is, on average, positive.

Several possible explanations exist for why large rms have a higher emission intensity. First,
large rms are more likely to pay lower taxes on their energy consumption and emissions
Gerster and Lamp (2028econd, in Germany, large electricity consumers can buy electricity at
a lower rate. Both conditions can result in large rms in emission-intensive industries facing a
relatively lower emission price, making their production relatively more emission-intensive
than that of small rms.

Fact3 Large rmsrely more on emissions-intensive foreign intermediates.

The amount of carbon leaked per rm depends on the amount of foreign intermediate inputs
and their emission intensity. Both vary with rm size. Focusing on the importance of imported
intermediates for rms of di erent sizes, Figure 1.2 shows that large rms use relatively more
imports in their production. The foreign share, de ned as o shoring expenditures divided

by total intermediate expenditure, measures the relative importance of foreign intermediates.
The foreign share increases with rm size. Heterogeneity across rms is pronounced. The
largest rms spend almost four times as much on foreign intermediates as the smallest rms.

Variation in the foreign share can be driven by an extensive or an intensive-margin e ect.
Firms can increase their foreign share by starting to import from additional countries. Then
di erent foreign shares can be explained by the extensive margin. Alternatively, all rmsimport
from the same set of partner countries, but some rms import more from each country. Then,
di erent foreign shares can be explained by the intensive-margin e ect. Table 1.4 shows the
foreign share, the share ofimporters, and the number of partner countries for di erent rm-size
deciles. The foreign share is increasing with the share of importers and the number of partner
countries. Small rms with a lower foreign share are less likely to be importers and import
from relatively few partner countries compared with large rms. This evidence is consistent
with an extensive-margin e ectand, hence, a xed cost to import from each additional country.
If the intensive margin were the driver, then the share of importers and the number of partner
countries would be more similar across deciles.
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Figure 1.1: Emission Intensity and Firm Size

NotesThis gure shows a binscatter plot of log(emission intensity) as the dependent variable and log(value
added) as the independent variable, controlling for four-digit industry and year xed e ects. Observations are
divided into ten equally sized bins using the independent variable. For each bin, the mean of the independent
variable and the mean of the dependent variable are calculated. Data for the dependent variable are residualized.
Emission intensity is de ned as tons of emissions divided by value added. The plot uses the years 2011-2018.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States

of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

Table 1.4: Extensive and Intensive Margin of Importing

VA Decile 1 2 3 4 5 6 7 8 9 10
Foreignshare  0.11 0.13 0.18 0.22 0.24 0.28 0.30 0.28 0.31 0.42
Share importers 0.38 0.54 0.66 0.75 081 0.88 091 0.94 0.97 0.99
Importpartners 1.48 2.59 3.72 5.12 6.60 8.83 114304 19.11 30.12

NotesThis table reports the average foreign share, share of importing rms, and number of import partners by
value added decile in 2014. Firms are divided into ten equally sized bins based on value added. The foreign share
is de ned as non raw material imports divided by intermediate input expenditures. A rm is classi ed as an
importer if it engages in 0 shoring.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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Figure 1.2: Foreign Share and Firm Size

NotesThis gure shows a binscatter plot of foreign share as the dependent variable and log(value added) as the
independent variable, controlling for four-digit industry and year xed e ects. Observations are divided into ten
equally sized bins using the independent variable. For each bin, the mean of the independent variable and the
mean of the dependent variable are computed. Data for the dependent variable are residualized. The foreign
share is de ned as imports excluding raw materials divided by expenditures on intermediate inputs. The plot
uses the years 2011-2018.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

Because sourcing locations di er across countries, the emission intensity of imports varies
with rm size, as the emission intensity is dispersed at the country level. Large rms source
from a di erent set of partner countries. In general, they have more trading partners and source
from farther-away countries. These faraway countries are usually more emission-intensive in
their production (see Figure A.1).

Figure 1.3 shows how the emission intensity of imports and rm size correlate. Large rms
not only produce more emission-intensive products but also import more emission-intensive
products. The e ect seems to be at least partly driven by their sourcing strategy. Compared
to the domestic emission intensity, the emission intensity of imports is less dispersed across

rms. Lower implicit emission costs do not deter rms from importing emission-intensive
intermediates. One possible explanation could be that the cost share of emissions is relatively
low, while di erences in labor or capital costs are the main determinants of a rm's sourcing
strategy.

Summary This section presented facts highlighting the heterogeneity in emission intensity
and sourcing strategy across rms. In Section 1.3, | build a model incorporating rm hetero-
geneity in sourcing strategy and emission intensity of production to quantify the e ect of a

changes in domestic carbon prices and a carbon tari on carbon emissions and welfare.
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Figure 1.3: Emission Intensity of Imports and Firm Size

NotesThis gure shows a binscatter plot of log(import emission intensity) as the dependent variable and log(value
added) as the independent variable, controlling for four-digit industry and year. Observations are divided into
ten equally sized bins using the independent variable. For each bin, the mean of the independent variable and the
mean of the dependent variable are computed. Data for the dependent variable are residualized. The emission
intensity of imports is de ned as direct and indirect emissions divided by value added. The years 2011-2018 are
used for the plot.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

1.3 Model

In this section, | introduce a quantitative model to study the role of rm heterogeneity on
emission intensity in a globalized world. To achieve this, | extend the sourcingBhade| by

etal. (2018 include emissions. The model features multiple sectors linked by input-output
linkages, a rm-speci ¢ sourcing strategy that generates di erences in the share of foreign
inputs across rms, and rm di erences in emission prices driven by technological choices.

1.3.1 Environment

Firms live in a small, open economy and produce di erentiated varieties. The set of rmsis
xed. A representative consumer is endowed with L units of labor. The supply of emissions
is perfectly elastic, and one unit of emissions can be purchased atpepriensiumers

allocate their income between a tradable manufacturing good and a non-tradable outside
good.

Consumer preferences | model the preferences of a representative agent as a two-tier
utility function:

U= C,s: (1.3)
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The upper level is a Cobb-Douglas aggregator over sector agQselgatetes the industry
aggregate of secgpronsisting of domestic varieties produced withirbthe sector. Thereis one
outside sector that is non-tradable. Expenditure sh&€6; 1), with le s=1,are

constant and depend only on their price and income.

The lower-tier utility function is a CES composite of domestic varieties produced by rms
within sectos, which are imperfect substitutes:

Z s

C, = a()Td T (1.4)

1s2 s

where ¢ > 1represents the sector-speci c elasticity of substitutionsasthe set of
produced varieties.

Production Each sector of the economy is populated by a set of heterogeneous rms
denoted by 5. Each rm produces a di erent variety indexelddyn the following, | replace

I with the index. | treat the number of rmslg within each sector as xed. Competition is
monopolistic. Firms employ four factors of production: capitdhborl;, emissions;,

and intermediate inpu¥s, and produce their variety as follows:

G= (1 DX, T+ E O FKL) = (1.5)

where ; represents productivity,is the sector-speci c elasticity of substitution between
intermediates and energyis the emission bias of a given rm, apn the material share of
production. | restrict the production technology to a nested Cobb-Douglas-CES production
function with nests driven by the allocation to primary and secondary production factors
and the reduced-form evidence on the e ect of o shoring on emission intensity. Nest one
contains a labor-capital aggregate combined according to tedhlagyich | assume to

be Cobb-Douglas. Nest two consists of the intermediate input bundle and emissions.

Firms can use domestic and foreign intermediate Kpytshich are imperfect substi-
tutes:

Xs
1 1
Xs Xs Xs 1

Xi= iZp® + Xgi* ; (1.6)

whereap; andzp; are the quantity and quality of the domestic input.

Sectoral linkages are modeled using a roundabout production st@aditureéo and Parro,
2015)with each sector consuming a distinct input bundle composed of the output from all
other sector:

Zos = Y. (1.7)

P
where s 2 [0; 1]and jszl is = 1 speci es the sector-speci ¢ input-output linkages.

[

I
Yjs = Yyjs Qv (1.8)
0

1
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1.3 Model

Sourcing Strategy ~ The foreign input bundle is a function of quality-adjugtegian-
titiesz, sourced from a rm-speci ¢ set of partner countrigsvhich is referred to as the
sourcing strategy: -

1 1
Xgi = (Qezc) — dG(0) ; (1.9)
c2

wherec indicates the country from which inputs are imported dadhe elasticity of
substitution between inputs.

| further assume that rms face a rm-speci ¢ xed €p&tr importing inputs that are
constant across countries. | also assume that the price of the input bundle is the same for alll
rms. Thus, the sourcing strategy is a function of quality. Then, the import price index is
given by:

Z N Z 1
Pe( )= .p(q):ql dG(a) = q *dG(q) : (1.10)

q2 g2

| assume the country quality parameter follows a Pareto distribution characterized by shape
parameter> 0and scale parametgr.
Z 1
Pe( )= Omin g ' 'dGg (1.11)

92

Because of the assumption of constant xed costs across countries, rms source from countries
whose quality lies above a cugo Hence, the price index simpli es to:

1
Pei(N) = Gin ﬁ n-1=zn ; (1.12)
where n is the mass of countries, ifsisourcing fronz andn are functions of { ; q min)-
Restricting > min [1; 1], the price indee decreases in the number of partner

countries.

Unitcost  Using the CES properties of the production function, the unit cost of a given
rm can be expressed as a function of parameters and prices.

1

y= - W S P (1.13)
i 1 s s
with: )
i = (L )°QU DTt et T (1.14)
and )
Q= (=)' * +Pe() ' * T x; (1.15)

wheraw is the price of the capital-labor bungieis the price of emissions consisting of the
price of energy and a carbonttgo, is the price index of materials, consisting of intermediate
inputs and emissior@( ;) is the price index of intermediate inppgsis the price of the
domestic input bundle, aii ( ;) is the price index of the foreign input bundle.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Standard calculations imply that the domestic share, de ned as expenditure on domestic
intermediate inputs divided by total intermediate input spending, is given by:

_ (Po=pp)" *
(Po=G)" ** + Pe() 1 x

The foreign share is de ned as:

=(pp=ap)" *Q( )* %  (1.16)

SDi

Sgi =1 Spi - (117)

Plugging in Equation 1.12, the domestic share can be expressed as a function of partner

countries: I
1 1
Xs

Sor (M= 1+ (po=p)o : (1.18)

It follows that the unit cost can then be expressed as a function of the number of partner
countries and the emission bias:

1 w1
ui(n) = — —
I() i 1 S S |
1 s pD 1 s T sS (119)
(I ) °spi(n) x * © + ipg
Pricing Decision and Profit Maximization Given their sourcing strategy and emis-

sion bias, rms choose their price to maximize their pro ts. Since consumer preferences are
CES, the price equals a rm's unit agsmultiplied by a constant markup:

p= —°> Tui (1.20)
S

The consumer price index is then given by:

Z 1
P, = pt cdi : (1.21)

The pro t maximization problem of a rm is given by:

| = max u(m® 9B  w(nf +f1(n>0) ; (1.22)

wherd denotes the country-speci ¢ xed cost, Bnid the xed cost of importind® =
%ﬁl *P,s Sis de ned as a function of the general equilibrium oBjectdS where
S is aggregate spendingn) is de ned as above.

1.3.2 Changes in Trade and Environmental Policy

The following section presents theoretical results on how changes in the domestic emission
price and carbon tari s, speci cally an increase in the price of the foreign intermediate good,

a ect emission intensity at the rm level in partial equilibrium. For tractability, | study rm
responses in an economy with one sector anciseéhe numéraire.

I show that an increase in the domestic emission price decreases the emission intensity ofa rm,
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1.3 Model

while a carbon tari increases the emission intensity of a rm. Hence, if both instruments
are combined, it is ex ante unclear whether the emission intensity of a rm and the aggregate
emission intensity will increase or decrease. In the aggregate model without reallocation
across rms, the aggregate and rm emission intensity coincide. Hence, the result can also be
applied to the aggregate emission intensity. In models with additional rm heterogeneity, this
conjecture does not hold. Di erences in emission intensity and sourcing strategy introduce
reallocation of production across rms, which will a ect the aggregate emission intensity.
Depending on the underlying distribution of these variables, the change in aggregate emission
intensity is either upward or downward-biased.

Firm emission intensity =~ Emission intensity is de ned as a rm's emissions divided by
value added. Using standard CES calculations, | get:

1
z= = 1 ; CPet (@ )Q( )T+ pt ot Tt (123)
S S

Emission intensity, measured in terms of output value, does not directly depend on produc-
tivity. Productivity in uences emission intensity indirectly through a rm's domestic share
and emission bias, both of which are correlated with productivity.

Proposition 1:  Anincrease in the domestic emission price decreases emission intensity condi-
tional on emissions and intermediate inputs being sul$titut@s 0.
Proof.

@z_ s 1 s
@p s 1
s (1 ) QU )t cpett P ospetH(l Ipee <0
(@ )sQ )t =+ ;ptc’ '

(1.24)

Ifthe governmentincreases the emission price through a carbon taxincrease, rms substitute
other factors of production for emissions, leading to a cleaning up of domestic rms. These
can be either labor or intermediate inputs. In the case of foreign intermediate inputs, however,
this will come at the cost of relocating domestic emissions abroad.

In general, the response of a rm's emission intensity to an increase in the emission price
depends on two components: the change in emissions and the change in value added. Suppose
value added is more sensitive to a change in the emission price, e.g., a high demand elasticity

s- In that case, value added will decrease more, and the reduction in emission intensity
will be stronger. This a ects all rms in the same way. On the other hand, the change in
emissions depends on the elasticity of substitution between emissions and intermediate inputs,
in addition to the distribution of emission bias and xed costs. Intuitively, large rms are hit
harder by an increase in the emission price, but can compensate for this e ect by having easier
access to foreign intermediate inputs. Ex ante, itis unclear whether large, emission-intensive

rms reduce their emission intensity more than small rms.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Proposition 2: A carbontari increases domestic emission intensity conditional on emis-
sions and intermediate inputs being subgtituteg < 0.
Proof.
dz _ s 1 s
dPFi S 1 S
1
@)@ JUNTE " P
(T Q) s+ pt e

Hence, under afairly general assumption that all production factors are substitutes, a carbon
tari increases the emission intensity of domestic rms as rms substitute away from foreign
intermediates towards domestic inputs, including emissions. Conversely, trade liberalization,
which corresponds to a decrease in the foreign price, reduces rm emission intensity through
emission o shoring. This, however, will come at the cost of relocating domestic emissions
abroad.

Similar to the reaction of emission intensity to the emission price, the magnitude of the
change in emission intensity is not obvious. It depends on the relative change in value added
and emissions. Additionally, the elasticity between foreign and domestic emissions becomes
more important and determines how much emissions willchange. Large rmsusing (relatively)
more foreign intermediates are hit harder by a carbon tari .

i "Pg °
(1.25)

1.3.3 Carbon Leakage

Emission Intensity of Imports To compute carbon leakage, | need to take a stance on
how the emission intensity of imports correlates with rm size. Larger rms source from more
countries than smaller rms. Adding a country to a rm's sourcing strategy can either increase
or decrease the emission intensity of imports. To express emission intensity as a function of
the number of partner countries, | assume that the emission intensity of countries follows a
Pareto distribution. Similar to the expression for the foreign price index, | derive the following
equation:

EEI(n)=rt D n~1=vn ; (1.26)
wheren is the mass of countries from which the rmis soureiagd are functions of
elasticity of substitution between foreign varietesl the shapeand scale parametgf,
of the Pareto distribution.

Leakage Rate | use the leakage rate to measure carbon leakage, which is the amount of
domestic emissions o set by an increase in emissions abroad. The leakage rate is de ned by
dividing the change in foreign emissions by the change in domestic emissions:

Foreign Emissions

L = . — .
Domestic Emissions

(1.27)

A leakage rate smaller than one implies that overall emissions decrease, while a leakage rate
larger than one implies that overall emissions increase. The literature reports leakage rates
between 10 to 40 % for nal gogéswlie and Reguant, 2022; Sogalla, 2a28) 75 % for
intermediate goodseisner et al., 2022).
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1.3 Model

Decomposition of Change in Global Emissions Building upon the leakage rate, |

want to dissect the channels contributing to the change in domestic and foreign emissions
and, hence, the leakage rate. | decompose the change in global emissions, the sum of domestic
and foreign emission changes, into four parts:

Z \, Z \,
[ Global — (2% z)va di+ (va® va)zdi+
|—{z—} | {z }
| Emission substitution {Z _ Output }
Z \, Pomestie emlSSI?SNS (1.28)
XP Xedza(Xe)dit (@(Xe)? zi(Xei)) X di;
|- {z }o- {z }

O shoring Emission Intensity Imports

I {z

Foreign emissions

}

with (i) the change in domestic emissions due to emission substitution, (ii) the change in
domestic output, the change in foreign emissions due to (iii) o shoring, and (iv) the emission
intensity of imports. Domestic emissions can decrease either if rms become cleaner and
reduce their emission intensity or through changes in rm output. Changes in outputinclude
the e ect of output reduction and output reallocation towards more or less emission-intensive

rms. In uenced by the changes in the input mix and output, rms' o shoring will also
change. This happens through an extensive-margin e ect. Firms add or drop countries from
their sourcing set, which either increases or decreases their importing activity. As a by-product
of this extensive-margin e ect, the average emission intensity of imports will change as well if
we assume that foreign countries di er in their emission intensity.

The contribution of the di erent channels depends on the underlying joint distribution of

productivity, xed costs of importing, and the emission bias, together with the parameters
governing the elasticity of substitution between inputs and the demand elasticity.

1.3.4 Welfare

To account for the disutility of emissions for consumers, | fStapiro (2021)y modifying
the utility function of the consumer as follows:

¥ ¥
U= Cssf (E Global) - CSS 1+ EGIObaI E(()Slobal : (129)

s=1 s=1

Damages from global emissions, denoted'®? , enter utility in a multiplicative way
through the functiori ( ), whose speci cation is chosen so that an increase in one ton of
global emissions compared to a baseline emission level causes damages equal to the social
cost of carbon. However, consumers ignore the e ect of emissions on their utility, treating
emissions as an externality.

After modifying the utility function to include environmental damages, the change in
welfare can be decomposed into two components:

dlogW = dlogX PlogngEG"’ba'; (1.30)
| {z=
Real Income

Disutility Emissions
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1 The Role of Firm Heterogeneity in Carbon Leakage

The real income depends on the price index and nominal income, while nominal income
is determined by labor income and the aggregate resource loss due to xed costs. | assume
income from emission prices and carbon taxes is lost to rent-seeking@btipitesnd
Walker, 2018) he disutility of emissions increases with global emissions and the social cost of
carbon.

1.3.5 Equilibrium

| assume that rms maximize pro ts and consumers maximize their utility, subject to their
budget constraints. Moreover, the goods and labor markets clear, and trade is balanced.
Additionally, | assume that the rest of the world (RoW) has the same CES demand structure
as that of domestic consumers and rms. The supply of foreign intermediates and emissions is
perfectly elastic. For more details, see Section A.3 in the Appendix.

1.4 Estimation of the Model

As shown in the previous sections, rm heterogeneity has implications for both domestic and
global emissions. | calibrate a one-sector version of my model using German microdata to
guantify the impact of emission subsidies and the increase in global trade of intermediate inputs.
First, | estimate the key parameters of the model, followed by an outline of the calibration
procedure. Finally, | present the calibration results and evaluate the model t.

1.4.1 Estimation of Parameters

Elasticity of Demand | use German microdata to compute the elasticity of substitution

s. | follow Ober eld and Raval (202and infer s from rms' markups. Markups are de ned
as the ratio of total revenue to total costs. Following my model, | compute costs as the sum of
wages, capital costs, and material expenditures:

revenue _ s
costs s 1

(1.31)

| obtain an average markup of 1.36, corresponding to an elasticity of substitution of 3.8. This
value is on the higher end of the estimates featured in the literature.

Elasticity of Substitution for Intermediates and Emissions Minimizing costs

implies that, for a rm, factor prices equal their marginal products. Using the rst-order con-
dition, itis possible to express the factor-cost ratio as a function of the elasticity of substitution
and factor prices. Seaval (2019pr a more detailed derivation. Equation 1.32 identi es the
elasticity of substitution between the intermediate input bundle and emissions using variation
in the two-digit industry emission prnge; :

pXXis

lo
J Pe Eis

= o+ 1log(pes) + sGis + €s: (1.32)

| construcipe.s by taking a weighted average of the rm-speci c emission @ricedudes

controls for the four-digit industry, year, and a multi-plant dundmyis the quantity of

intermediate inputs, whilgs is the quantity of emissions. The coe cient of interest is
1= 1.
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1.4 Estimation of the Model

Instruments | use di erences in factor prices across two-digit industries to identify the
elasticity of substitution. If these prices are correlated with unobserved industry characteristics
such as market power or productivity, the OLS estimatawitifoe biased. To address this
endogeneity issue, | propose a version of the shift-share instrutiemhbis et al. (2014),
which utilizes di erences in the energy-input composition combined with foreign prices for
energy. Variation in energy prices captures supply-side shocks independent of German rms'
demand. Since Germany is a small, open economy, it does not have the power to in uence
market outcomes. | use pre-sample shares of energy inputs from 2011 to measure a rm's
exposure to energy-supply shocks. | construct rm-level instruments for input prices and then
take a weighted average to obtain industry-level instruments.

Hence, the instrument for the energy input pité = at the rm level is de ned as
follows:

EIPF = jSkoPyt'; (1.33)

wherg denotes the set of di erent energy inputs a given rm cagjugeepresents rm's
share of energy inputn yeaito = 2011, Whi|er\tN is an unweighted average of the price of
energy inpuj, calculated using data from all countries except Germanytirl pédain
data on energy input prices from the International Energy Agency (IEA).

Table 1.5: Elasticity of Substitution Between Emissions and Intermediates

Log Input Cost Ratio

(1) (2) 3) (4)

Log Average Emission Price 0.4600.486  0.760 0.815
(0.033) (0.020) (0.038) (0.024)

Multi-plant Dummy 0.065 0.041 0.069 0.056
(0.019) (0.012) (0.018) (0.012)

First Stage

Log EIP 0.111 0.107 0.113 0.108
(0.006) (0.006) (0.003) (0.004)

F-Stat 198.2 596.6 406.3 1203.0

Industry FE X X X X

Year FE X X X X

N 42,116 90,887 42,124 90,898

Notes p< 0:10, p< 0:05 p < 0:01 Robuststandard errors are in parentheses.
This table presents the results of regressing a rm's intermediate input-energy factor-cost-ratio
on its emission price, controlling for rm and year xed e ects. Columns (1) and (2) construct
shares based on energy consumption, while columns (3) and (4) use emissions to construct
shares. Columns (1) and (3) use the period 2012-2015, while columns (2) and (4) use the
period 2012-2019.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces
of the Federal States of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-
Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-
Panel Industrieunternehmen 1998 2019, project-speci ¢ preparations, own calculations.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Table 1.5 shows the estimated elasticity of substitution between emissions and intermediate
inputs. The estimates for this elasticity are between 1.5 and 1.8. Thus, both inputs can be
classi ed as substitutes. For my calibration, | set the elasticity to 1.46.

Elasticity of Substitution for Ell and Sourcing Strategy I need an estimate

for the elasticityto calculate the emission intensity of imports and leaked emissions. Using
Equation 1.26, the theory predicts a log-linear relationship between the number of sourcing
locations and the emission intensity of imp&ts| , which can be estimated using German
microdata and information on foreign emission intensities from Exiobase. | estimate the
following regression:

IOg(E” i) = st ¢t |Og(nist) + Uist; (1-34)

wheren denotes the rm's average number of countries per product soyeredl; are
sector and year xed e ects. | measure products at the 6-digit level.

Table 1.6Elasticity of Substitution Between Imported Emission Intensity and Imported
Varieties

Log Emission Intensity Imports

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

Log Number Varieties 0.146 0.188 0.189 0.177 0.089
(0.001) (0.003) (0.003) (0.004) (0.004)

Export Status -0.020 -0.001 0.006
(0.005) (0.008) (0.008)

Log Capital/Worker -0.009 -0.008

(0.002) (0.002)

Year FE X X X X X

Number Products X X X X

Industry FE X X X X X

N 219,903 219,816 219,816 102,706 91,958

Notes p < 0:10, p < 0:05, p < 0:01. Robust standard errors are in parentheses. The

calculation of the emission intensity of imports is based on Exiobase. Column (5) considers only rms
that import more than one variety.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal
States of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung
1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019,
project-speci ¢ preparations, own calculations.

The results of the regression are displayed in Table 1.6. The emission intensity of imports
increases with the number of imported varieties, measured by the number of foreign partner
countries. Controlling for export status, the number of products, or the log capital-to-worker
ratio changes the coe cient only slightly. However, restricting the sample to rms with more
than one partner country nearly halves the coe cient. In my calibration, | use the smallest
estimate of 0.089.
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1.4 Estimation of the Model

Other Parameters  Table 1.7 provides an overview of the parameter estimates | use to
calibrate my model. To identifyl divide material spending by the rm's total costs. For the
carbon tax, | take the EU ETS price from 2014nd are taken frorBlaum et al. (2018).

Table 1.7: Calibrated Model Parameters

Description Parameter Estimate Source
Demand elasticity 4.10 German data
Output elasticity materials 0.48 German data
EoS between emissions and intermediates 1.46 German data
EoS between dom. and foreign intermediates x 2.38 Blaumetal. (2018)
SensitivityPr to mass sourcing countries 0.38 Blaumetal. (2018)
Sensitivity Ell to mass sourcing countries 0.09 German data
Price for one unit of emissions t 10 EU ETS Price

NotesThis table reports the values of the calibrated parameters. The calibrated parameters are estimates using
German rm-level data, aggregate data, or taken from the literature.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of
Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019, AFiD-
Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci c preparations,
own calculations.

1.4.2 Estimation Procedure

| allow for three dimensions of heterogeneity in my model: productjaterage xed costs
f;, and emission bias | parameterize the distribution of the three parangetefs i)
as a joint log-normal with means ; and , variances?, ?and 2 and correlations

t , . and ¢ .*1normalize average productivity to one. To solve the model, | use the
simulated method of moments (SMM). The objective of the SMM is to minimize the distance
between the data and model moments by picking values for the endogenous model parameters.
Intuitively, the distribution of value added, the emission intensity, and the domestic share
are the data equivalent of the distribution;of ;, andf;. Hence, the SMM estimates all
parameters ¢f i;fi; i), the xed costs of importing and the minimum emission intensity of
imports. To estimate the parameters, | must match each model moment with a moment from
the data. The model with full heterogeneity targets nine data and model moments. | use the
dispersionin value added to identify the dispersion in productivitile aggregate emission
intensity and the dispersion in rm emission intensity identify the mean and the dispersion
of the emission bias. The aggregate foreign share and the dispersion of the foreign share
identify the mean and the dispersion of the rm-speci ¢ xed costs to import from a country.
The share of importing rms identi es the xed costs of importing that all rms have to pay
to startimporting. The correlation between value added, emission intensity, and foreign share
identi es the correlation between productivity, emission bias, and xed costs. Lastly, | use the
minimum emission intensity of imports to identify the average emission intensity of imports
in the model.

4For consistency across the di erent models, | calibrate all models to feature variation along the intensive
instead of the extensive margin. To do so, | introduce a home bias into the model to replace heterogeneity in
xed costs. See A.3.2 for details. As shotenm et al. (2018)pth approaches are nearly equivalent.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Table 1.8: Overview of Heterogeneity Models

Aggregate Het. Bias Het. Sourcing Baseline

Productivity X X X X
Emissionbias 7 X 7 X
Fixed costs 7 7 X X
NotesThis table introduces the naming convention for di erent versions of the
model.
1.4.3 Model Fit

| calibrate four di erent versions of the model, di ering in the degree of rm heterogeneity

(see Table 1.8). First, the aggregate model features only heterogeneity in productivity, with
all rms having the same foreign share and emission bias. Next, | allow rmsto di er either

in terms of their emission bias in the heterogeneous bias model, or in terms of their sourcing
strategy in the heterogeneous sourcing model. Finally, in my baseline model, I incorporate both
heterogeneous emission bias and heterogeneous sourcing strategy in addition to heterogeneous
productivity.

Table 1.9 shows the t of the four di erent models. Overall, my baseline model ts the
sign of all the targeted moments of the data. As expected, the heterogeneous bias model
matches the distribution of emission intensity better than that of the foreign share. The
heterogeneous sourcing model cannot t the dispersion of emission intensity, which can be
generated only through variation in sourcing strategies, and predicts a positive correlation
between the domestic share and emission intensity. The aggregate model matches neither
the distribution of emission intensity nor that of the foreign share. Table 1.10 displays the
parameter estimates for the baseline model.

In Figure 1.4, | plot the distributions of the emission intensity and the foreign share for the
data and all four versions of the model to verify that the model matches not only the moments,
but also the distribution of the variables.

Figure 1.4a shows the distribution of the emission intensity for the four models and the data.
Not surprisingly, the aggregate model does not feature any dispersion in emission intensity
and cannot match the data. In the heterogeneous sourcing model, large rms have a lower
emission intensity, caused by variation in the foreign share. Both models overpredict the
emission intensity of small rms while underpredicting the emission intensity of large rms.
The baseline and heterogeneous bias models match the distribution of log emission intensity
well. Similar to the other models, they overpredict the emission intensity of small rms and
underpredict the emission intensity of large rms, butto a lesser extent.

Figure 1.4b shows the distribution of the foreign share for the four models and the data. The
aggregate and heterogeneous sourcing models do not feature any dispersionin the foreign share,
and overpredict the foreign share for all but the largest rms. The baseline and heterogeneous
sourcing models match the positive correlation between foreign share and rm size. However,
they underpredict the foreign share for all but the largest rms and feature a jump in the
foreign share for the largest rms.
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1.4 Estimation of the Model

Figure 1.4: Model Fit: Emission Intensity and Foreign Share

(a) Emission intensity

(b) Foreign share

NotesThis gure compares the model predictions to the data across four model versions. Panel (a) plots emission
intensity by rm-size decile for both the data and the models. Panel (b) plots the foreign share by rm-size decile
for the data and the models. Each point represents the average for a rm-size decile.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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Table 1.9: Model Moments

Aggregate Het. Bias Het. Sourcing Baseline

Moments Data Simulated

Dispersion in log va 1.42 1.42 1.42 1.41 1.42
Agg. domestic share 0.65 0.65 0.65 0.64 0.64
Share of importers 0.78 1.00 1.00 0.78 0.78
Dispersion inlog sD 0.51 0.00 0.00 0.51 0.50
Corrlog va - log sD -0.26 0.00 0.00 -0.25 -0.25
Agg. logz -8.55 -8.55 -8.55 -8.54 -8.55
Dispersioninlog z 1.27 0.00 1.27 0.01 1.27
Corrlogva-logz 0.12 0.00 0.12 -0.25 0.11
CorrlogsD-logz -0.03 -1.00 0.00 0.98 -0.03
Agg. log Ell -7.07 -7.07 -7.07 -7.08 -7.07
Emission Ratio (D/F) 1.32 1.32 1.32 1.32 1.32

NotesThe table reports the data and model moments for the calibrated models using the SMM approach.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

1.5 Policy Experiment

Using the calibrated model, | want to study the e ects of a change in the domestic carbon
tax, both with and without a carbon tari , on domestic and foreign emissions and welfare.
The increase in the domestic emission price is calibrated to match a price increase from 10
to 100e /t CO,, simulating the rising prices of the EU ETS. The increase in the foreign
price is calibrated to match a carbon tari that applies the domestic carbon tax to emissions
embodied inimports. | nd that an increase in the domestic carbon price decreases emissions
and welfare in all models. In general, a carbon tari reduces emissions further unless the most
import-intensive rms are more emission-intensive than foreign producers.

1.5.1 Domestic Carbon Price Increase

Context  The European Union Emission Trading System (EU ETS) came into force in
2005 to reduce greenhouse gas emissions in the EU. While the social cost of carbon (SCC) is
estimated to be at leet0, with estimates reaching @400, the carbon price in the EU

ETS remained bela35 until 2020.

To slow climate warming, the carbon price in the EU ETS will have to increase signi cantly
in the future. The absence of a carbon tari may have a detrimental e ect on the domestic
manufacturing sector due to the relocation of production. It may also lead to signi cant
carbon leakage. To examine a moderate increase in carbon prices, | simulate a change in the
carbon price to 108/t CO,. Such a price increase has already been observed temporarily in
2023 and is also in line with projected carbon prices needed to meet EU emissions targets.
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Table 1.10: Parameter Estimates for the Baseline Model

Parameter Description Parameter  Estimate
Average home bias h 3:4773
Average emission bias 5:9347
Dispersion emission bias 1:0616
Correlation emission bias and e ciency . 0:1061
Fixed costs of importing f 0:0001
Dispersion xed costs f 1:6772
Correlation xed costs and e ciency f: 0:2560
Correlation emission bias and xed costs 0:1134
Minimum Emission Intensity of Imports - 9:3835
Emission price Pe 1:3240

NotesThe table reports the parameter estimates for the baseline model using the
SMM for calibration.

Results Asshownin Table 1.11, all four models predict a decrease in emissions and feature
carbon leakage. However, there are signi cant di erences between the models. Aggregate
models underestimate the emission reduction and either under- or overestimate leakage.

In the baseline model, domestic emissions would fall by 10.7% in response to the increase in

the carbon price from 10to 166 CO ,. Consistent with the concept of emissions o shoring,

foreign emissions increase by 8.1%. Global emissions, de ned as the sum of domestic and
foreign emissions, decrease by approximately 10.7% overall, which is signi cantly less than
the reduction in domestic emissions. The leakage rate is 25% and similar to estimates for
nal good leakage rates from the literature, which range between 10 and 50%. However, itis
smaller than the leakage rate for intermediate inputs of 75% faeisthényet al. (202R)sing
reduced-form evidence.

In the three other, more aggregate models, global emissions decrease by between 8.5 - 10.5%.
Hence, the bias of the aggregate models ranges between 2-20%, with the heterogeneous
emission bias model being the closest. The bias is driven by di erent components. Models
without heterogeneity in emission intensity underestimate the domestic emission reduction
because they do not feature reallocation towards cleaner rms or, to a much smaller extent, in
the heterogeneous sourcing model. Models without heterogeneity in sourcing strategy display
lower emission o shoring because large rms increase their o shoring relative to smaller rms

as they face lower costs to do so. Since these two e ects bias the aggregate emission change in
di erent directions, itis not clear whether the aggregate model would overestimate leakage
relative to the baseline model, as the magnitude and direction of the bias depend closely on
the parametrization of the model. Moreover, the biases for the global emission change and the
leakage rate are not perfectly correlated. The baseline model has a higher leakage rate than the
aggregate models without heterogeneity in sourcing strategy, but a lower leakage rate than the
heterogeneous sourcing model. Again, the absence of heterogeneity in xed costs biases the
leakage rate downwards, whereas the heterogeneity in emission bias introduces reallocation in
the baseline model, mitigating leakage.

Table 1.12 decomposes the absolute change in emissions in million tons into the four
di erent channels of (i) emission intensity, (ii) output, (iii) o shoring, and (iv) the emission
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Table 1.11: E ect of a Domestic Carbon Price Increase on Emissions

Model Domestic (%) Foreign (%) Global (%) Leakage Rate Bias (%)
Baseline -24.88 8:13 10.:68 025 Q00
Aggregate -21.62 6:89 9:35 024 1245
Het. sourcing -22.16 9:55 851 033 2029
Het. bias -23.99 742 1048 023 1.91

NotesThe table reports the percentage changes in domestic emissions (Col. 1), foreign emissions (Col. 2),
global emissions (Col. 3), and the leakage rate (Col. 4) for a carbon price increase froeviiG@®,100
Column 5 shows the model bias in the change in global emissions relative to the baseline.

intensity of imports. In all models, the domestic emission reduction is driven by a change
in the emission intensity of the rm. All rms produce less emission-intensively after the
domestic carbon price increases. The reduction is stronger in the absence of emission intensity
heterogeneity. This can be explained by the relatively stronger price increase in the domestic
intermediate inputs bundle, limiting substitution towards intermediates. However, these
two models feature a reduction in domestic emissions due to the output channel. The most
emission-intensive rms shrink in absolute and relative terms. This e ect is stronger than the
increases in output of the clean rms and those with a low cost of sourcing. The increase in
foreign emissions is driven by an increase in o shoring, with the composition of imports only
marginally a ecting total emissions. Overall, emissions go down by 56.06 million tagns of CO

in the baseline model.

Table 1.12: Carbon Price Increase: Decomposition of the Change in Emissions

Model Emission Intensity Output O shoring ElImports  Total
Baseline -63.59 10:84 1831 Q05 56:06
Aggregate -67.47 2:82 1557 Q00 49.08
Het. sourcing -66.49 0:23 2152 Q05 44:69
Het. bias -64.09 7.67 1676 Q00 55.00

NotesThe table reports the decomposition of the change in global emissions into changes in emission
intensity (Col. 1), output (Col. 2), o shoring (Col. 3), and the emission intensity of imports (col. 4) for a
carbon price increase from 10 tod @O ,. All values are in million t CO

In addition to leakage, | want to explore the welfare e ects of an increase in the carbon price.
The welfare e ect can be decomposed into two components: the change in consumers' real
income and the change in emissions. On the one hand, the higher carbon price increases prices,
resulting in adecline in real income. On the other hand, emissions decrease, which reduces
the disutility associated with emissions as measured by the social cost of carbon. Ex ante, itis
not clear which of these e ects is stronger. | perform a back-of-the-envelope calculation to
quantify the change in welfaresinas shown in Table 1.13. For this calculation, | take values
for the domestic emissions from the manufacturing sector, the emissions embodied in imports,
the average wages in Germany, and the number of employees from the data. Additionally, |
value each tonne of emissions at its social cost of carbon (SCC), which | assume to be equal to
e 150(Rennert et al., 202ZJ.he changes in emissions are taken from Table 1.11.
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Table 1.13: Welfare E ects of a Carbon Price Increase

Model RealIncomg, Emissiong() Change Welfarg | Bias (%)
Baseline -65.00 841 56:59 Q00
Aggregate -87.50 7:36 8014 4162
Het. sourcing -87.65 6:70 80:94 4304
Het. bias -87.18 8:25 7893 3949

NotesThe table reports the change in real income (Col. 1), disutility of emissions (Col. 2), and welfare
(Col. 3) for a carbon price increase from 10 t@1000 ,. Units are in billiore . Column 4 shows the
model bias in welfare relative to the baseline.

In the baseline model, an increase in the domestic carbon priceAcCXD@ results in
an increase in the price by 2.63%, which is equivalent to a decrease of realgr&ne by
billion. Compared to the real income e ect, consumers bene t moderately from the emissions
reduction, amounting to aboe®.06 billion. However, this bene tisinsu cientto o set
the loss in real income, resulting in a total welfare decé® difillion. This nding is
consistent with the literature, which typically identi es the real income e ect as being more
signi cant than the emissions reduction e(8btpiro, 2021; Shapiro, 20T8)e other models
overestimate the welfare losses by around 40% because they feature a larger increase in the
price index, around 3.5%. In the baseline model, small rms cannot escape the carbon price
shock. In the other models, they experience cost reductions through cheaper domestic or
foreign intermediates. In the baseline model, however, domestic intermediates become more
expensive, and o shoring is too costly.

1.5.2 Domestic Carbon Price Increase and Carbon Tariff

Context  The second counterfactual examines how combining a domestic carbon price and
a carbontari can prevent carbon leakage in the baseline model. Unlike domestic emissions
subsidies, carbontari s, or aglobal carbon tax, aimto create alevel playing eld for all countries
in terms of carbon prices without an equivalent carbon pricing mechanism abroad.

The carbon tari prices emissions embodied in imports using the domestic carbon price.
This is a simpli ed version of the Carbon Border Adjustment Mechanism (CBAM) proposed
by the EU, abstracting from rm heterogeneity in the emission intensities of foreign countries.

Results Table 1.14 shows that a carbon tari can limit carbon leakage and reduce global
emissions compared to the scenario with only a domestic carbon price for all but the baseline
model. Taxing emissions embodied in imports for each rm is equivalent to an average tari

of 6.75%, with rm-level tari s ranging from 5.9% to 7.9%. Compared to the carbon price-
only scenario, emissions increase by 7% in the baseline model and decrease by an additional
23-30% in the other models. These di erences are driven by the di erent reactions to a carbon
tari . A carbon tari, even on its own, increases emissions in the baseline model, whereas

it decreases emissions in all other models. These reactions are shaped by the existence of
emission-intensive rms with a low import intensity: emission-intensive rms with a low
import intensity are growing as a response to a carbon tari (see Figure 1.5a). Intuitively, the
carbon tari hurts rms with a high import intensity (see Figure 1.5d) most. All rms want

to substitute away from foreign intermediates towards emissions, but the e ect is strongest
for import-intensive rms (see Figure 1.5c). This causes an increase in the domestic emission
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intensity (see Figure 1.5b). In the baseline model, high-emission-intensity and low-import-
intensity rms exist. Conversely, they are the least a ected, and production is reallocated
towards them, and they increase o shoring by relatively less than other rms. Domestic
emissions increase by more than in the aggregate models, and the o shoring response is less
pronounced. In the baseline model, this e ect can be strengthened by the fact that some of
these emission-intensive and low import-intensity rms produce more emission-intensive than
foreign producers.

The ranking of models in terms of emission reduction has changed. Now, the baseline
model performs worst in terms of leakage rate and global emission reduction, whereas the
heterogeneous bias models feature the largest emission reduction.

Table 1.14: E ect of a Domestic Carbon Price Increase and Carbon Tari on Emissions

Model Domestic (%) Foreign (%) Global (%) Leakage Rate Add. red. (%)
Baseline -20.92 4:70 9:90 Q17 7:32
Aggregate -20.85 0:17 11:96 0:01 2787
Het. sourcing -20.85 1:84 11:09 Qo7 3022
Het. bias -22.75 0:22 1287 001 2283

NotesThe table reports the percentage changes in domestic emissions (Col. 1), foreign emissions (Col. 2),
global emissions (Col. 3), and the leakage rate (Col. 4) for a carbon price increase froevilG@,100
and a carbon tari based on the emission intensity of imports. The carbon tari prices emissions at the
domestic carbon price. Column 5 shows the model bias in global emissions change relative to the baseline.

Table 1.15 decomposes the change in aggregate emissions into the four di erent channels.
Compared to the carbon-tax-only scenario, the domestic emission intensity increases, and the
reallocation channel in the models with heterogeneity in emission intensity is muted, especially
in the baseline model. The carbon tari distorts the e cient abatement of domestic emissions
by reallocating production towards emission-intensive rms. Imported emissions decrease
in all four models, but the carbon tari is most e ective at limiting imported emissions in
models without heterogeneity in the import intensity. The change in the emission intensity of
imports does not play an important role. Even though emissions in three out of four models

Table 1.1%Carbon Price Increase and Carbon Tari : Decomposition of the Change in Emis-

sions
Model Emission Intensity Output O shoring ElImports  Total
Baseline -61.15 1:42 1066 0:05 51:96
Aggregate -64.63 2:26 0:39 Q00 6277
Het. sourcing -64.51 2:15 420 0:04 5820
Het. bias -61.92 6:13 Q50 Q00 67:55

NotesThe table reports the decomposition of the change in global emissions into changes in emission
intensity (Col. 1), output (Col. 2), o shoring (Col. 3), and the emission intensity of imports (Col. 4) for

a carbon price increase from 10 toel®@O , and a carbon tari based on the emission intensity of
imports. The carbontari prices emissions at the domestic carbon price. All values are in mjlliont CO

decrease, welfare drops further in all four models. In the aggregate model, welfare decreases by
an additional 36%. In the baseline model, welfare losses are more than double. Additionally,
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1.5 Policy Experiment

Figure 1.55irm-level E ects of a Carbon Tari

(a) Change in output (%) (b) Change in emission intensity (%)

(c) Change in imports (%) (d) Carbon tari (%)

NotesPanel (a) shows the change in output, Panel (b) shows the change in emission intensity, and Panel (c)
shows the change inimports by rms'initial import and emission intensity due to the carbon tari . Panel (d)
shows the relationship between the carbon tari and rms'import intensity.

welfare losses are the largest in models with heterogeneity in sourcing strategy. Large rms
with a high import intensity and a low price are hit relatively harder, causing higher welfare
losses in those models.

1.5.3 Sensitivity Analysis

In this section, | show that the change in emissions, the leakage rate, and the change in welfare
are linear in the carbon price. Additionally, | show that even for high SCC estimates, consumer
welfare decreases if the domestic carbon price increases. | simulate increases in the domestic
carbon price for values betwed® ance 500 per ton CQ for my baseline model.

Figure 1.6a shows emission reductions of a carbon tax with and without a carbon tari
for my baseline model. Emissions decrease nearly linearly in the carbon tax with and without
a carbon tari . However, the gap between the two scenarios widens as the carbon tax and
marginal emission reductions become smaller. Although global emissions decrease with the
carbon price, the leakage rate increases with the carbon price (see Figure 1.6b). A carbon tari
equivalent to the domestic carbon price reduces the leakage rate by a constant proportion
below the leakage rate of the domestic carbon tax. However, the leakage rate remains well
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Table 1.16: Welfare E ects of a Carbon Price Increase and Carbon Tari

Model Real Incomg,( Emissiong() Change Welfarg | Add. red. (%)
Baseline -134.44 7:79 12664 12379
Aggregate -118.39 9:41 10897 3598
Het. sourcing -119.09 8:73 11036 3634
Het. bias -118.19 10:13 10805 3689

NotesThe table reports the change in real income (Col. 1), disutility of emissions (Col. 2), and welfare
(Col. 3) for a carbon price increase from 10 t@2000, and a carbon tari based on the emission
intensity of imports. The carbon tari prices emissions at the domestic carbon price. Units aresin billion
Column 4 shows the model bias in welfare relative to the baseline.

above zero for all except a carbon pried dfper ton CQ. To further decrease the leakage

rate, the emissions embodied in imports would have to be taxed at a higher price than domestic
emissions. Figure 1.6¢ and Figure 1.6d focus on the sensitivity of welfare losses with respect to
the carbon price and the SCC. Similarly to the trend for emissions, welfare decreases with the
carbon price. However, welfare reacts more sensitively to a carbon tari than emissions do, and
the gap between the two scenarios continues to grow with the carbon price. Besides the change
in consumer income, the gap in welfare losses depends on the SCC. Contrary to changes in
consumer income, measuring the SCC is less precise. The 95% con dence interval for the
SCC is approximately betwestD ande 400 per ton CQ (Rennert et al., 2022peviating

from my standard assumption that the SCC is eqed %0 per ton C@can hence change

the welfare gap. For my preferred scenario of a carbon price ineré86eter ton CQ,

welfare losses can be as snedl@billion, which is approximatedyL 5 billion less than my
benchmark result.

1.5.4 Model Extensions

This section discusses possible extensions to the baseline model. To focus on the role of rm
heterogeneity, the model focuses on a one-sector economy with input substitution towards
intermediates and labor as the only available abatement mechanism. This abstracts from
several other factors in uencing leakage and welfare. In the following, | want to focus on the
implementation of a domestic carbon tax for only selected industries, trade in nal goods,
an additional abatement channel through clean energy/technology, and the role of EU-wide
cooperation in carbon taxation.

Multi-sector In my previous analysis, | assumed that all manufacturing rms must pay a
carbon tax. However, only the most emission-intensive industries in Germany are covered by
the EU ETS.I plan to extend my model to a two-sector economy with input-output (10)
linkages to address this limitation. In this version, I classify rms into two sectors: dirty and
clean. Only rms inthe dirty sector are subject to a carbon price. This allows me to study the
spillover e ects of the carbon price on untreated rms and compare the emission reductions
achieved when all rms are covered.

Figure A.9 and Figure A.10 in the Appendix show the heterogeneity in emission intensity,
foreign share, and emission intensity between a clean and dirty industry. Here, | classify

SIndustries vary widely in their emission intensity, as shown in Figure A.4a in the Appendix.
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Figure 1.RAlternative Carbon Prices and SCC

(a) Emissions for Di erent Carbon Prices (b) Leakage for Di erent Carbon Prices

(c) Welfare for Di erent Carbon Prices (d) Welfare for Di erent SCC

NotesPanel (a) shows the change in global emissions, Panel (b) shows the change in the leakage rate, and Panel
(c) shows the change in welfare for di erent carbon prices, with and without a carbon tari . Panel (d) shows the
sensitivity of the change in welfare to the social cost of carbon (SCC) for an increase in the carbon price from 10

to 100e /t CO 5.

all 4-digit industries with an above-median emission intensity as dirty. My current model
parametrization aligns with the characteristics of the dirty sector, where large rms are more
emission-intensive. Including a clean sector in the analysis will increase leakage.

Trade in Final Goods  Although this paper focuses on the role of rm heterogeneity

in the leakage of intermediate inputs, leakage from nal goods can occur simultaneously.
When examining emissions embodied in imports (see Figure A.8 in the Appendix), it becomes
evident that more emissions are imported via intermediate goods; however, the emissions
from imported nal goods are only slightly smaller in magnitude. By extending the model to
include trade in nal goods, | can distinguish between the contributions of di erent channels,
which will help in designing e ective policies.

Intuitively, leakage in nal goods will replace the production of small rms with imported
goods. Since small rms are, on average, cleaner and have lower leakage ratea, allowing for trade
in nal goods will increase leakage, assuming that imported goods are more emission-intensive
than the production of small domestic rms.

33



1 The Role of Firm Heterogeneity in Carbon Leakage

Abatementand Clean Energy  Inmy baseline model, the standard environmental trade
abatement mechanigamtweiler et al., 2001; Shapiro and Walker, 20 &#k)sent. This absence
may lead to overestimating carbon leakage, as rms cannot abate emissions and can substitute
only labor and intermediates to reduce their emissions. Hence, my estimates should be treated
as an upper bound for leakage. To address this shortcoming, | plan to introduce two types
of energy into my model: dirty and clean, which are imperfect substitutes for each other. All
rms have access to dirty energy, which generates emissions. However, to access clean energy,
rms must pay a xed cost. In this context, | use renewable energy as a proxy for clean energy.
Alternatively, one could consider including investment in clean production technology.
Figure A.12 in the Appendix shows the variation in the share of renewable energy across
the rm size distribution.

EU Trade The EU isthe mostimportantimport partner of German rms. Approximately
60% of the imported intermediates are from EU member countries. My model treats imports
from EU ETS and non-EU ETS countries equally. However, this does not accurately re ect
that countries covered by the EU ETS are likely to reduce their emission intensity. Moreover,
they are subject to the CBAM. As a result, this may lead to an overestimation of leakage and
underestimating rms switching to cleaner partner countries.

| plan to introduce a further distinction between EU and non-EU imports to overcome this
shortcoming in my model. EU imports are cleaner and not subject to a carbon tari , but their
prices still rise. In contrast, non-EU imports are subject to a carbon tari , yet the pass-through
isincomplete. Furthermore, EU imports are assumed to become cleaner, while the emission
intensity of non-EU imports remains the same. Although | do not include a multi-country
version of the model in this analysis, these modi cations allow me to obtain more precise
estimates of carbon leakage.

1.6 Conclusion

This paper documents that German manufacturing rms exhibit varying emission intensities,
even after controlling for input expenditures. Contrary to common assumptions, larger rms
are characterized by higher emission intensity due to lower emission prices per unit. These
lower emission prices result from di erences in the underlying energy mix and rms' tech-
nologies to generate emissions. Moreover, rms di er in their shares of foreign intermediates
and the emission intensities of imported intermediates. Building on these empirical facts, |
propose a theoretical model with heterogeneous rms that di er in their import and emission
intensities. | demonstrate that the model aligns with standard empirical results at the rm
level.

In my quantitative exercise, | demonstrate that models lacking heterogeneity in sourcing
strategy and emission bias fail to capture the characteristics of the German data. In a counter-
factual analysis, | examine the e ects of increasing the domestic carbon price from 10 to 100
e/t CO,, with and without a carbon tari . First, an aggregate model without rm hetero-
geneity would underestimate emission reductions and welfare losses. In my baseline model, an
increase in the domestic carbon price from 10 te @D , reduces domestic emissions by
about 25%, while foreign emissions increase by 8.1% without a carbon tari . In contrast, the
aggregate model predicts that domestic emissions decrease by only 2%, while foreign emissions
increase by 7%. A carbon tari can reduce leakage and lower global emissions in all but my
baseline model.
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1.6 Conclusion

Even though emissions fall in response to a carbon price increase, the welfare e ects are
negative because real income declines more than consumers bene t from the lower disutility
associated with emissions. Moreover, accounting for the nonlinearity of carbon leakage in
carbon prices is crucial if policymakers aim to minimize welfare losses.

The results should be viewed as an upper bound for welfare losses and a lower bound for
emission reduction. My model features only input substitution as a way to reduce emissions. In
reality, rms have the option to investin abatement, switch to cleaner energy sources, or switch
to cleaner import partners. Hence, the analysis can be extended along several dimensions.
First, a multi-sector version could better capture the signi cant sectoral heterogeneity present
in the data. Carbon leakage may be more or less pronounced depending on the sector, and
consequently, the optimal policy might vary by industry. Second, this paper focuses solely
on carbon leakage in intermediate inputs. An extended version of the model could consider
carbon leakage in both nal and intermediate inputs: a unilateral increase in carbon prices
incentivizes emissions o shoring and exposes domestic rms to greater import competition.
Third, switching to cleaner import partners or energy sources can be incorporated easily.
Finally, given the varying importance of domestic and foreign emissions, carbon tari s could
be complemented by rm-speci ¢ domestic emission subsidies to achieve higher emission
reductions.
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Appendix to Chapter 1

A.1 Data Appendix
A.1.1 Data Cleaning

Data on energy use at the plant level is aggregated to the rm level and then combined with
other datasets. While the German Statistical Agency employs several quality checks, resulting
in generally good data quality, some inconsistencies persist, particularly in the reporting of
energy use and materials. First, | eliminate all rms that report les4 0@ in sales

or have total energy use below 1,000 kWh. Second, due to misreporting, there are often
signi cant uctuations in reported values within rms over time. To address this, | impute

any observations that di er by more than 30% from the values reported in periods t-1 and t+1,
with the average of the adjoining periods. With data available starting in 1995, this adjustment
does not a ect my sample. Third, | impute missing observations for rms where data for the
years t-1 and t+1 are available, using the average of the adjoining periods to ensure a balanced
panel.

A.1.2 Trade Data Imputation

EU internal trade data for Germany are not collected at the rm level, but rather for tax
groups ( Organkreise ). A tax group is an amalgamation of independent rms that jointly
le taxes. Only the parent company reports the monthly trade ows within a tax group. The
German Statistical Agency has implemented an algorithm based on information from the

VAT information exchange system and product-level production data to allocate imports and
exports to the integrated companies within a tax gfouge et al. (202pyovide more details

on the implemented methodology and coverage of the data.

A.1.3 Emission Intensity of Foreign Production

My main source for foreign emission intensities is Exiobase. To calculate the emission intensity
of imports, | focus on direct and indirect €€missions from fuel combustion. This variable
is directly provided by Exiobase, but can also be calculated by multiplying the Leontief matrix
with the factor production coe cient matrix S. Afterwards, | winsorize the data by industry
and year to remove obvious outliers and convert the industry classi cation of Exiobase into HS
codes, to merge the emission intensities with the German trade data. For countries without
data, | assign the values of the regional aggregates. Missing observations are imputed with
the country median. Figure A.1 depicts the Exiobase emission intensity of manufacturing for
di erent countries using direct and indirect emissions. Germany, highlighted in red, is among
the cleanest countries, similar to other European countries.

Exiobase's data quality is subject to criti¢ismiie and Reguant, 2027 exclude the
possibility that my results are driven by false data, | conduct a robustness check using data on
manufacturing emission intensities by country collected by the United Nations Sustainable
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Figure A.1: Manufacturing Emission Intensity by Country

NotesThis gure shows the average emission intensity in kgeCi@ 2014 for countries in the Exiobase
dataset. Emissions include direct and indirect emissions from fuel combustion.
SourceStadler et al. (2018)yn calculations.

Development Goals (UNSDG). However, compared to Exiobase, this includes only direct
emissions.
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A.2 Model Validation

A.2 Model Validation

To study the heterogeneity in rms' responses to climate policy and to validate the model, |
compare the predicted treatment e ects of my baseline model with the estimated treatment

e ects. In both cases, | study a 1% increase in the aggregate emission price. Building on the
decomposition of global emissions change in Section 1.3.3, the focus is on output, emission
intensity, o shoring, and the emission intensity of imports. Both my model and the data
predict that large rms are more responsive to a carbon price shock. Large rms decrease their
emission intensity and increase their output, their imports, and their emission intensity of
imports relative to smaller rms.

A.2.1 Empirical Specification

For my model validation, | closely follBvinatti and Morales (2025Wsing the German
rm-level data, | estimate the following regression:

log(yir) = o+ 1l0g(PELI®)+ ,log(PEL®)log(Li)+ i+ s+ ¢+ i (B.35)

wherey;; is the output, emission intensity, o shoring, or emission intensity of imports for

rm i inyeat. pEg\;tgg is the average implicit price of emissions rms pay in the two-digit
industrysin yeat. L is the size of rmi measured by employment. 5, and ; are rm,

industry and year xed e ects.

| construct an industry-level instrument for the emissions price, using variation in the energy-
input composition combined with foreign energy prices to capture exogenous energy-supply
shocks. To measure the exposure of an industry to energy supply shocks, | use pre-sample
shares of energy inputs from 2011 for each industry. The instrument is de ned as:

Zst = jSistoPit (B.36)

wheres;s. , is the share of energy inpum industrys in the pre-sample yetaer‘t’V is the

average price of energy inpurt all OECD countries excluding Germany. The validity of

the instrument relies on the industries being exposed to small, independent, and random
shocks. For example, variations in world market prices may arise from technology shocks or
production shocks.

Results Table A.1 presents the average change in a rm's output (column 1), emission
intensity (column 2), o shoring (column 3), and the emission intensity of imports (column
4) in response to an emission price shock. Panel A shows the OLS estimates, and Panel B
shows the 2SLS estimates. The OLS and 2SLS estimates have the same signs, but the OLS
estimates are downward-biased. The 2SLS estimates in column (1) suggest that, on average,
rms increase their output measured by value added. The estimates in columns (2) and (3)
show that rms simultaneously decrease their emission intensity and increase their use of
imported intermediates. Column (4) suggests that rms use more imported intermediates and
more emission-intensive imported intermediates. These estimates can be taken as evidence
for emission o shoring, which, as a by-product, increases rm productivity. However, only
the estimates for emission intensity and o shoring are statistically signi cant. My ndings are
similar to those dfontagné and Schubert (20280 studied energy shocks a ecting French

rms. They nd that rms decrease their emission intensity and increase their imports of
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intermediate inputs. However, the e ect on output is insigni cant and close to zero for 2012
to 2019

Table A.1: Firm-level E ects of an Emission Price Increase

Output Emission Intensity O shoring Ell

1) 2) 3) (4)
Panel A: OLS Estimates
Log Industry Emission Price  0.0614 -0.1313 0.1657 0.0642
(0.0530) (0.0785) (0.1459) (0.0827)
Panel B: 2SLS Estimates
Log Industry Emission Price  0.1692 -0.2484  0.2880 0.2550
(0.1182) (0.1330) (0.1644) (0.2363)
F-Stat 28.9 28.9 314 31.4
Firm FE X X X X
Industry FE X X X X
Year FE X X X X
N 69,616 69,616 54,935 54,935

Notes p< 0:10, p< 0:05 p < 0:01 Thistable presents the results of regressing a rm's output,
emission intensity, o shoring, and emission intensity of imports on the industry emission price; the industry
emission price interacted with employment and year, industry, and rm xed e ects. Standard errors are
clustered at the industry level.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

These average e ects mask rm heterogeneity. In Table A.2, | present the estimates where |
allowthe e ectto vary with rmsize. Again, the OLS estimates in Panel A have the same sign as
the 2SLS estimates in Panel B, but are downward biased. Starting with the estimate for output
in column (1), I nd a negative and statistically signi cant e ect of the industry emission price
on output. Still, the estimate for the interaction of the industry emission price with rm size
is positive and statistically signi cant. The overall e ect is positive for all rms with more
than 16 employees. Anincrease in the industry emission price increases the output of all rms,
but more so for large rms. Columns (2) to (4) show the estimates for emission intensity,

o shoring, and the emission intensity of imports. While the estimates for the interaction
term are highly statistically signi cant, the estimate for the industry emission price is not.

Overall, the estimates suggest that rms decrease their emission intensity and increase their
intermediate imports, as well as the emission intensity of theirimports. The response of large
rms is more pronounced for all three dependent variables.

Table A.3 shows the average rm response for di erent rm-size deciles. To compute the e ect,

| multiply the estimates by the average emission price and the average number of employees
for each rm decile. Overall, the e ects are relatively large. A 1% increase in the aggregate

6Colmer et al. (2025}udy rms' responses to the EU ETS and nd that regulated rms decrease their
emission intensity, but nd no signi cant e ect on output and o shoring.
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Table A.2: E ect Heterogeneity of an Emission Price Increase

Output Emission O shoring Ell
Intensity

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

Panel A: OLS Estimates
Log Industry Emission Price -0.2942 -0.0665 -0.3860 0.0315
(0.0523) (0.0835) (0.1553) (0.0816)

Log Industry Emission PriceLogL 0.0732  -0.0133  0.1106 0.0066
(0.0042) (0.0042) (0.0135) (0.0028)

Panel B: 2SLS Estimates
Log Industry Emission Price -0.2272 -0.1517 -0.2758 0.2009
(0.1303) (0.1277) (0.1742) (0.2365)

Log Industry Emission PriceLogL 0.0834  -0.0204  0.1157 0.0111
(0.0073) (0.0062) (0.0184) (0.0047)

F-Stat 28.9 28.9 31.4 31.4
Firm FE X X X X

Industry FE X X X X

Year FE X X X X

N 69,616 69,616 54,935 54,935

Notes p< 0:10, p< 0:05 p< 0:01L Standard errors in parentheses. This table presents the results
of regressing a rm's output, emission intensity, o shoring, and emission intensity of imports on the industry
emission price; the industry emission price interacted with employment and year, industry, and rm xed e ects.
Standard errors are clustered at the industry level.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

emission price decreases emission intensity by approximately 1.3% for the median rm. The
change in imports of intermediates and output depends strongly on rm size. The largest
rms increase their imports and output approximately four times more than the smallest
rms. Overall, the e ect for the median rm is smaller when accounting for rm heterogeneity.
Without heterogeneity, rms would increase their output by 1.02%, while with heterogeneity,
the median rm would increase its output by approximately 0.8%. Hence, aggregate estimates
overestimate the median response.

A.2.2 Firm Response: Baseline Model and Data

Next, | want to compare the rm response predicted by the data and the model. | re-estimate
Equation B.35 using the calibrated model and simulate a 1% increase in the aggregate emission
price, which equals a carbon tax increasesftdhtoe 14. | compute the average response for

each rm decile by multiplying the estimates by the aggregate emission price and the average
employment for each rm decile.
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Table A.3: Firm Response to a 1% Emission Price Increase by Firm Decile

VA Decile 1 2 3 4 5 6 7 8 9 10

Output 033 043 054 064 0.75 085 099 115 139 184
Emission Intensity -1.21 -1.23 -1.26 -1.28 -1.30 -1.32 -1.35 -1.39 -1.44 -1.54
O shoring 0.67 081 096 110 125 139 158 1.80 213 277

Ell 131 132 133 134 135 135 137 139 141 1.47

NotesThe table reports the mean % change for output, emission intensity, o shoring, and the emission intensity
of imports in response to a 1% change in the aggregate emission price for di erent rm deciles. Firms are ranked
based on their value added, with decile 1 being the rms with the lowest value added. The e ects are computed
using the estimates reported in Table A.2.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

Figure A.2 compares the model response with the data. The model matches the predicted

e ects of the data well. Similar to the data, it predicts a decrease in emission intensity and an
increase in output and o shoring. In the model, only the largest rms increase the emission
intensity of imports. The model correctly predicts that large rms react more strongly to an
increase in the emission price for all four outcome variables and matches the slope of the data
response fairly well. Still, the e ect size between the data and the model di ers. However, this
discrepancy in levels between the model and data estimates is expected, as the e ects estimated
using the German rm data cannot account for the general equilibrium e ect on prices.
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A.2 Model Validation

Figure A.2: Firm Responses: Baseline Model vs Data

(a) Emission intensity (b) Output

(c) O shoring (d) Emission Intensity of Imports

NotesThe gure shows the mean % change in (a) emission intensity, (b) output, (c) o shoring, and (d) the
emission intensity of imports in response to a 1% change in the aggregate emission price for di erent rm deciles,
comparing the data and the model. Firms are ranked based on their value added, with decile 1 being the rms
with the lowest value added.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢

preparations, own calculations.
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1 The Role of Firm Heterogeneity in Carbon Leakage
A.3 Model Derivations

In the following, | provide the main derivations for a one-sector economy.

A.3.1 Firm Problem

Consumer preferences imply that rm revenue is given by:

1
Ri = pyi = % S; (B.37)

R 1
where the price indéXis de ned a® = pt di T andS denotes total spending.
Since rms charge a constant markup over unit costs, their price is pqual te; u;.
Substituting this for the rm price, the expression can be written as:

1
uP S (B.38)

Piyi = 1

Firms maximize pro ts by choosing the optimal domesticsihare

i = max u(sD)® )B  w(n(sD))f + f;1(n> 0)) (B.39)
sD;2[0;1]
with
|
1 1
w 1
' a ) (B.40)
1 pp 1 1
iSp(n) x * o +(1 ) Pe B;
1
B:E—1 P 1s; (B.41)
and )
1 sDy T9 zgp*
D:) = == B.42
n(sD)= =5 . (8.42)
The derivative of the pro t function with respecs is given by:
[
@ _ 1 w ' 1 @ ) .
@b . 1 - B—l i (Po=0b)
@ ) g (B.43)

so(M X T(pp=p)t +(@ ) pl

1 (1 1
(1 sbj) ¢ sDh; f=0:
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A.3 Model Derivations

A.3.2 Optimal Domestic Share of a Firm

For the calibration exercise, to achieve consistency across models, | assume that all rms are
importers and that the xed costs and xed costs of importing are zero. To introduce variation
in the domestic share, | assume that rms have a home bias

X

1 1 T

X - X -
Xi= izt +@ XX (B.44)

With the home bias, the price index of intermediates is given by:

Q0= (=) *+@  )XPe() ! x Tx: (B.45)

Solving for the domestic share and plugging in the import price index, we get that the domestic
share is given by:

|
' 1
1 X x 1
sD = 1+ | Po n(x D (B.46)
i bz

Settingh = 1, I can nd the domestic share of a rm given its home bias

A.3.3 Import Status of a Firm

A rmimports if the net gains from importing are larger than zero, with the net gains being
de ned as the di erence between pro ts if the rmis an importemnd pro tsifthe rmis
anon-importer °:

P> (B.47)
with " and P given by
!
I 1 —W ' 1 L 1 1 I '
= 7 = (@ Dso(n)xI(pp=m) + ipe B
n(sD)f f,
(B.48)
and
1 Iy
1 w 1 —
v= = 1 =@ ) (=)t ¢ B: (B.49)
|

A.3.4 Emission Intensity

Fromthe rm's cost minimization problem, it follows that the emissions of a rm are given
by:

SE 1 1 ! 1 s p !
E = S5 & u P ls= - =87 g (B5o
ope 1 pM; ' Ppe P ( )
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1 The Role of Firm Heterogeneity in Carbon Leakage

wheresg is the emission shasg.is de ned by:

_ ipé _ 1 1.
ETTR @ (g PP (B.51)

Dividing by value adde = (1 ) B s gives us the emission intensity of rmi:

Zi= % ok @ DQO' + .t t (85

A.3.5 General Equilibrium Variables
Total spendin consists of consumer incoBfg, rms' expenditure for domestic intermedi-
ate inputsSP°M | and exportSROW :

S = SC + SPOM 4 gROW. (B.53)

Consumer income is the sum of labor income and pro ts. | assume that revenue from the
carbon pricing scheme and carbon tari s is lost due to rent-seeking:

Z
S¢=  Iidi+ Es: (B.54)

Standard calculations for the Cobb-Douglas production function imply that the labor expen-
diture ofa rmis:

i= — @1 )2 s (B.55)

Domestic intermediate expenditure and total import spending are given by:

Z Z
SDOM = inSDimidi = sX;sD; Sidi
Z
= sX;sDim; —1p|y|d| (856)
Z
1 i .
= ——S sX;sh; & di
and
Z Z
SROW = sX;(1 sDi)midi= sX;(1 sD;) s;di
Z
1 .
= SXi(l sDi)mi —piyidl (B57)
Z

. 1
_ 15 sDi)% di:
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A.3 Model Derivations

Combining these equations, total spending is given by:

z
.1
s= — @ s % di+ s
z z (B.58)

1 . :
+ —S sX;sD;!;di+ in(l SDi)! i di

The price index, the second general equilibrium variable, can be expressed as:

i -1 - (B.59)

A.3.6 Equilibrium

The equilibrium is de ned as a set of pripgsand allocations such that:

1. Firms maximize pro ts:

| = max u(sb)® B w(n(sD)f + f,1(sD> 0)) : (B.60)

2. Consumers maximize their utility, subject to their budget constraint:

Z Z
picdi = wL + idi: (B.61)
3. Goods markets clear: Z
Yi = Gyt + 0 ydv: (B.62)
4. Labor markets clear: Z
L= L+IF di (B.63)
5. Trade is balanced: 7
FOW = sDjmdi: (B.64)
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1 The Role of Firm Heterogeneity in Carbon Leakage

A.4 Calibration
A.4.1 Simulated Method of Moments Algorithm

As preparation, setthe number of rmsto 31,529 and draw shocks for productivity, xed costs
of sourcing, and emission bias from a standard normal for each rm.

1. Guess avalue for each internal model parameter. Set the weighting matrix equal to the
identity matrix.

2. Draw productivity, xed costs of sourcing, and emission bias for given parameters and
shocks.

3. Given parameters, ndthe xed point where the general equilibrium &xgeat®
no longer change. For this, guess the iBidabP .

4. GiversS andP, solve the model and compute each moment.
5. Compute Euclidean distance between data and model moments.

6. Iterate until the distance between data and model moments is small enough. Otherwise,
go back to step 1.
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A.5 Additional Tables

A.5 Additional Tables

Table A.4: Impact of Narrow and Wide O shoring on Emission intensity

Log Emission Intensity

(1) (2)

Log O shoring (wide) -0.0273

(0.0188)
Log O shoring (narrow) -0.0234

(0.0160)

First Stage
log WES 0.0976 0.1138

(0.0137)  (0.0163)
F-Statistics 50.5081  48.9238
Firm FE X X
Year FE X X
N 38,907 38,907

Notes p < 0:10, p < 0:05, p < 0:01. Robust stan-
dard errors are in parentheses. This table presents the results of
regressing a rm's emission intensity onits o shoring activity, con-
trolling for rm and year- xed e ects. For the regression, the years
2012-2018 are used.
SourceResearch Data Centres of the Federal Statistical O ce
and the Statistical O ces of the Federal States of Germany, AFiD-
Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energiev-
erwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019,
AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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Table A.5: Correlation Between the Relative Domestic Share and Import Partners

Log Relative Domestic Share

(1) (2) 3) (4) (5)
Log No. Varieties ~ 1.535 1.056 1.055 1.050 0.998
(0.0071) (0.0147) (0.0148) (0.0150) (0.0160)

Export Status 0.018 0.023 0.212
(0.0281) (0.0289) (0.0326)

Log Capital/Worker -0.015 -0.003
(0.0068) (0.0069)

Year FE X X X X X

No. Products X X X X

Industry FE X X X X X

N 97,796 97,715 97,715 94,972 84,306

Notes p< 0:10, p< 0:05  p< 0:01 Robuststandard errors are in parentheses. This
table presents the results of regressing the relative domestic share of a rm, de ned as the foreign
share divided by the domestic share, on its number of imported varieties, export status, and capital
per worker, while controlling for rm, product, and year xed e ects. For the regression, the years
2012-2018 are used.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the
Federal States of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul En-
ergieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieun-
ternehmen 1998 2019, project-speci ¢ preparations, own calculations.
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Table A.6: Exiobase: Correlation Firm Size and Emission Intensity Imports

Log Emission Intensity Imports

1) 2) 3) (4)

Log Sales 0.0522 0.0162
(0.0001) (0.0043)
Log VA 0.0378 0.0263
(0.0013) (0.0063)

Year FE X X X X
Firm FE X X
Industry FE X X
N 218,753 105,682 214,559 101,215

Notes p < 0:10, p< 0:05 p < 0:01 Robuststandard errors are in
parentheses. The emission intensity of imports is calculated using Exiobase.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical
O ces of the Federal States of Germany, AFiD-Modul Auyenhandelsstatistik
2011 2019, AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Indus-
triebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-
speci ¢ preparations, own calculations.

Table A.7: UNSDG: Correlation Firm Size and Emission Intensity Imports

Log Emission Intensity Imports

1) (2 ©)) (4)

Log Sales 0.0930 0.0488
(0.0013) (0.0058)
Log VA 0.0734 0.0364
(0.0017) (0.0080)

Year FE X X X X
Firm FE X X
Industry FE X X
N 218,301 105,553 214,098 101,085

Notes p< 0:10, p< 0:05 p < 0:01 Robuststandard errors are in
parentheses. The emission intensity of imports is calculated using UNSDG data.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical
O ces of the Federal States of Germany, AFiD-Modul Auyenhandelsstatistik
2011 2019, AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Indus-
triebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-
speci ¢ preparations, UNSDG, own calculations.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Table A.8: Carbon Tari s for Di erent Carbon Prices

Carbon Priceg/t CO ;)
14 50 100 150 200 500

Panel A: Industry Carbon Tari

Aggregate, Het. emission bias 1.18 4.23 8.46 12.70 16.93 42.32
Het. Sourcing 1.18 4.23 8.46 12.69 16.92 42.29
Baseline 1.19 423 8.47 1270 16.94 42.34

Panel B: CBAM Tari

Aggregate, Het. emission bias 1.18 4.23 8.46 12.70 16.93 42.32
Het. Sourcing 090 3.21 6.42 9.64 1285 3212

Baseline 095 3.38 6.75 10.13 1351 33.77

NotesThis table reports the average carbon tari (in %) for di erent domestic carbon prices.
The industry carbon tari is based on the aggregate emission intensity of imports, whereas the
CBAM carbon tari is based on the emission intensity of individual rms.
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Table A.9: E ect on Emissions for Di erent Carbon Prices

Change in Emissions (%)

Domestic Foreign Global Leakage Rate

(1) (2) (3) 4)
Panel A: Carbon price ofel/4 CO,
Baseline -1.36 0.42 -0.60 0.23
Aggregate -1.18 0.34 -0.53 0.21
Het. sourcing -1.21 0.46 -0.49 0.29
Het. emission bias -1.33 0.36 -0.60 0.21
Panel B: Carbon price ofee®d CO,
Baseline -12.44 3.92 -5.40 0.24
Aggregate -10.77 3.22 -4.75 0.23
Het. sourcing -11.05 4.43 -4.39 0.30
Het. emission bias -12.05 3.47 -5.37 0.22
Panel C: Carbon price of #J0CO,
Baseline -24.88 8.13 -10.68 0.25
Aggregate -21.62 6.89 -9.35 0.24
Het. sourcing -22.16 9.55 -8.51 0.33
Het. emission bias -23.99 7.42 -10.48 0.23
Panel D: Carbon price of E50CO,
Baseline -34.78 11.72  -14.77 0.25
Aggregate -30.32 10.23 -12.87 0.25
Het. sourcing -31.05 14.24 -11.56 0.35
Het. emission bias -33.43 11.01 -14.31 0.25
Panel E: Carbon price of 200C0O,
Baseline -42.78 1479 -18.01 0.26
Aggregate -37.44 13.29 -15.61 0.27
Het. sourcing -38.31 18.59 -13.82 0.37
Het. emission bias -41.05 1429 -17.24 0.26
Panel F: Carbon price of ®00CO,
Baseline -69.58 26.44  -28.27 0.29
Aggregate -62.36 27.60 -23.65 0.33
Het. sourcing -63.54 39.32 -19.27 0.47
Het. emission bias -66.70 29.53 -25.29 0.33

NotesThe table reports percentage changes in domestic emissions (Col. 1), foreign emissions (Col. 2), global
emissions (Col. 3), and the leakage rate (Col. 4) for a carbon price increase from 1G4 CO500
Column 5 shows the model bias in global emissions change relative to the baseline.
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Table A.10: Welfare E ects for Di erent Carbon Prices

1 The Role of Firm Heterogeneity in Carbon Leakage

Real Income Emissions Welfare
(1) (2) )

Panel A: Carbon price ofel4CO,
Baseline -3.49 0.47 -3.02
Aggregate -4.47 0.42 -4.05
Het. sourcing -4.50 0.39 -4.11
Het. emission bias -4.47 0.47 -3.99
Panel B: Carbon price ofedd CO,
Baseline -32.10 4.25 -27.85
Aggregate -42.04 3.74 -38.30
Het. sourcing -42.23 3.46 -38.77
Het. emission bias -41.96 4.23 -37.73
Panel C: Carbon price of #30CG,
Baseline -65.00 8.41 -56.59
Aggregate -87.50 7.36 -80.14
Het. sourcing -87.65 6.70 -80.94
Het. emission bias -87.18 8.25 -78.93
Panel D: Carbon price of E50CGO,
Baseline -91.89 11.63 -80.25
Aggregate -126.79 10.14 -116.65
Het. sourcing -126.67 9.10 -117.57
Het. emission bias -126.10 11.27 -114.84
Panel E: Carbon price of 200C0O,
Baseline -114.26 14.19 -100.07
Aggregate -161.19 12.30 -148.90
Het. sourcing -160.65 10.89 -149.77
Het. emission bias -160.06 13.57 -146.49
Panel F: Carbon price of ®00CO,
Baseline -195.79 22.26 -173.53
Aggregate -304.53 18.62 -285.91
Het. sourcing -300.25 15.17 -285.07
Het. emission bias -300.33 19.92 -280.42

NotesThe table reports the change in real income (Col. 1), disutility of emissions (Col. 2), and
welfare (Col. 3) for a carbon price increase from 10 to 4300 ,. Column 4 shows the
model bias in welfare relative to the baseline. All values are ie billion
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Table A.11: Decomposition for Di erent Carbon Prices

El Output Imports EIl  Total
1) (2) (3) 4

Panel A: Carbon price ofel4CQO,

Baseline -3.46 -0.62 094 0.00 -3.14
Aggregate -3.70 0.18 0.76  0.00 -2.77
Het. sourcing -3.64 0.02 1.03 0.00 -2.59
Het. emission bias -3.49 -0.48 0.82 0.00 -3.16
Panel B: Carbon price ofeed CO,

Baseline -31.65 -6.17 8.82 0.03 -28.35
Aggregate -33.74 1.71 7.28 0.00 -24.95
Het. sourcing -33.21 0.20 10.00 0.02 -23.04
Het. emission bias -31.92  -4.59 7.84 0.00 -28.20

Panel C: Carbon price of £30CO,

Baseline -63.59 -13.60 18.31 0.05 -56.06
Aggregate -67.47 3.64 1557 0.00 -49.08
Het. sourcing -66.49 0.39 2152 0.05 -44.69
Het. emission bias -64.09 -9.69 16.76 0.00 -55.00

Panel D: Carbon price of 250CGO,

Baseline -89.29 -20.65 26.38 0.08 -77.56
Aggregate -94.38 5.39 23.11 0.00 -67.58
Het. sourcing -93.08 0.53 32.11 0.07 -60.67
Het. emission bias -89.93 -14.21 2487 0.00 -75.12

Panel E: Carbon price of 200CO,

Baseline -110.38 -27.30 33.30 0.10 -94.57
Aggregate -116.27  6.99 30.03 0.00 -81.97
Het. sourcing -114.75  0.63 4191 0.08 -72.57
Het. emission bias -111.11 -18.27  32.28 0.00 -90.49

Panel F: Carbon price of ®00CO,

Baseline -184.52 -59.47 59.52 0.17 -148.42
Aggregate -191.66 14.33 62.35 0.00 -124.16
Het. sourcing -189.78 0.82 88.64 0.16 -101.16
Het. emission bias -185.36 -36.10 66.71 0.00 -132.79

NotesThe table reports the decomposition of the change in global emissions into changes in emission
intensity (Col. 1), output (Col. 2), o shoring (Col. 3), and the emission intensity of imports (Col. 4) for a
carbon price increase from 10 to 14e10CQ0O ,. All values are in million t CO
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Table A.12: E ect on Emissions for Di erent Import Prices

Change in Emissions (%)

Domestic Foreign Global Leakage Rate

(1) (2) (3) 4)
Panel A: Carbon price ofel/4 CO,
Baseline 0.68 -0.54 0.15 0.60
Aggregate 0.13 -1.00 -0.35 5.60
Het. sourcing 0.23 -1.07 -0.33 3.57
Het. emission bias 0.23 -1.01 -0.31 3.36
Panel B: Carbon price ofee®d CO,
Baseline 2.39 -1.92 0.54 0.61
Aggregate 0.47 -3.49 -1.23 5.62
Het. sourcing 0.79 -3.72 -1.16 3.58
Het. emission bias 0.80 -3.54 -1.07 3.37
Panel C: Carbon price of #J0CO,
Baseline 4.69 -3.79 1.04 0.61
Aggregate 0.91 -6.78 -2.40 5.64
Het. sourcing 1.52 -7.21 -2.24 3.58
Het. emission bias 1.54 -6.88 -2.08 3.37
Panel D: Carbon price of E50CO,
Baseline 6.89 -5.62 151 0.62
Aggregate 1.32 -90.88 -3.50 5.66
Het. sourcing 2.21 -10.48 -3.25 3.59
Het. emission bias 2.24 -10.03 -3.04 3.37
Panel E: Carbon price of 200C0O,
Baseline 9.01 -7.39 1.96 0.62
Aggregate 1.70 -12.82 -4.54 5.68
Het. sourcing 2.85 -13.56  -4.21 3.59
Het. emission bias 291 -13.00 -3.94 3.38
Panel F: Carbon price of ®00CO,
Baseline 20.13 -17.07 4.13 0.64
Aggregate 3.59 -27.51  -9.79 5.79
Het. sourcing 5.97 -28.65 -8.93 3.62
Het. emission bias 6.18 -27.85 -8.46 3.40

NotesThe table reports percentage changes in domestic emissions (Col. 1), foreign emissions (Col. 2), global
emissions (Col. 3), and the leakage rate (Col. 4) for a carbon tari based on the emission intensity of rm
imports. The carbon tari applies the domestic carbon price, ranging from 1£t60@0%. Column 5
shows the model bias in global emissions change relative to the baseline.
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Table A.13: Welfare E ects for Di erent Import Prices

Real Income Emissions Welfare

(1) (2) (3)

Panel A: Carbon price ofel/4 CO,

Baseline -9.81 -0.12 -9.93
Aggregate -4.52 0.28 -4.24
Het. sourcing -4.52 0.26 -4.26

Het. emission bias -4.52 0.24 -4.28

Panel B: Carbon price ofee®d CO,

Baseline -34.17 -0.42 -34.59
Aggregate -15.69 0.97 -14.72
Het. sourcing -15.68 0.91 -14.77
Het. emission bias -15.69 0.84 -14.84

Panel C: Carbon price of #J0CO,

Baseline -66.04 -0.82 -66.86
Aggregate -30.22 1.89 -28.33
Het. sourcing -30.17 1.76 -28.41
Het. emission bias -30.21 1.64 -28.57

Panel D: Carbon price of E50CO,

Baseline -95.83 -1.19 -97.02
Aggregate -43.72 2.76 -40.96
Het. sourcing -43.61 2.56 -41.04
Het. emission bias -43.69 2.39 -41.30

Panel E: Carbon price of 200C0O,

Baseline -123.75 -1.54 -125.29
Aggregate -56.29 3.58 -52.71
Het. sourcing -56.10 3.32 -52.78
Het. emission bias -56.23 3.10 -53.13

Panel F: Carbon price of ®00CO,

Baseline -260.20 -3.25 -263.46
Aggregate -116.43 7.71 -108.72
Het. sourcing -115.68 7.03 -108.65
Het. emission bias -116.21 6.66 -109.55

NotesThe table reports the change in real income (Col. 1), disutility of emissions (Col. 2),
and welfare (Col. 3) for a carbon tari based on the emission intensity of rm imports. The
carbon tari applies the domestic carbon price, ranging from 14 ¢dt300 ,. All values are
in billione.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Table A.14: Decomposition for Di erent Import Prices

El Output Imports EIl  Total
1) 2 3 @

Panel A: Carbon price ofeldCO,

Baseline 0.43 1.61 -1.21 -0.02 0.81
Aggregate 0.51 -0.11 -225 0.00 -1.85
Het. sourcing 0.36 0.32 -240 -0.01 -1.74
Het. emission bias 0.38 0.30 -2.29 0.00 -l161
Panel B: Carbon price ofeed CO,

Baseline 1.50 5.65 -4.28 -0.06 2.81
Aggregate 1.79 -0.39 -7.88 0.00 -6.48
Het. sourcing 1.25 1.12 -8.37 -0.05 -6.06
Het. emission bias 1.33 1.05 -8.00 0.00 -5.63
Panel C: Carbon price of #30CQO,

Baseline 2.93 11.05 -8.45 -0.12 5.46
Aggregate 3.47 -0.75 -15.31 0.00 -12.59
Het. sourcing 2.45 2.17 -16.21  -0.09 -11.75
Het. emission bias 2.57 2.03 -15.54 0.00 -10.93

Panel D: Carbon price of 250CGO,

Baseline 429 16.23 -12.52 -0.18 7.94

Aggregate 5.04 -1.08 -22.32 0.00 -18.38
Het. sourcing 3.59 3.16 -23.56 -0.14 -17.09
Het. emission bias 3.73 2.95 -22.66 0.00 -15.94

Panel E: Carbon price of 200CO,

Baseline 5,60 21.18 -16.47 -0.23 10.27
Aggregate 6.53 -1.40 -28.95 0.00 -23.86
Het. sourcing 4.69 4.09 -30.47 -0.18 -22.11
Het. emission bias 4.82 3.82 -29.37 0.00 -20.68

Panel F: Carbon price of ®00CO,

Baseline 12.44 46.99 -38.07 -0.56 21.68
Aggregate 13.83 -2.95 -62.15 0.00 -51.40
Het. sourcing 1042 8.76 -64.41 -0.44 -46.87
Het. emission bias 10.17 8.11 -62.90 0.00 -44.40

NotesThe table reports the decomposition of the change in global emissions into changes in emission
intensity (Col. 1), output (Col. 2), o shoring (Col. 3), and the emission intensity of imports (Col. 4) for

a carbon tari based on the emission intensity of rm imports. The carbon tari applies the domestic
carbon price, ranging from 14 to ¥ CO ,. All values are in million t CO
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A.5 Additional Tables

Table A.15: E ect on Emissions for Di erent Carbon Prices and an Industry Carbon Tari

Change in Emissions (%)

Domestic Foreign Global Leakage Rate

(1) (2) (3) 4)
Panel A: Carbon price ofel/4 CO,
Baseline -0.69 -0.12 -0.45 -0.14
Aggregate -1.05 -0.66 -0.88 -0.48
Het. sourcing -0.99 -0.61 -0.83 -0.47
Het. emission bias -1.10 -0.66 -0.91 -0.45
Panel B: Carbon price ofee®d CO,
Baseline -10.23 2.07 -4.94 0.15
Aggregate -10.34 -0.34 -6.04 -0.02
Het. sourcing -10.32 0.59 -5.63 0.04
Het. emission bias -11.33 -0.15 -6.52 -0.01
Panel C: Carbon price of #J0CO,
Baseline -20.96 4.65 -9.94 0.17
Aggregate -20.85 -0.17 -11.96 -0.01
Het. sourcing -20.86 1.84 -11.09 0.07
Het. emission bias -22.75 0.22 -12.87 0.01
Panel D: Carbon price of E50CO,
Baseline -29.52 6.80 -13.90 0.17
Aggregate -29.30 -0.28 -16.81 -0.01
Het. sourcing -29.30 2.71 -15.53 0.07
Het. emission bias -31.81 0.29 -18.00 0.01
Panel E: Carbon price of 200C0O,
Baseline -36.48 8.61 -17.08 0.18
Aggregate -36.23 -0.59 -20.89 -0.01
Het. sourcing -36.21 3.26 -19.23 0.07
Het. emission bias -39.14 0.13 -22.25 0.00
Panel F: Carbon price of ®00CO,
Baseline -60.45 15.26  -27.88 0.19
Aggregate -60.59 -4.77  -36.57 -0.06
Het. sourcing -60.41 273 -33.24 0.03
Het. emission bias -64.16 -3.57  -38.09 -0.04

NotesThe table reports the percentage changes in domestic emissions (Col. 1), foreign emissions (Col. 2),
global emissions (Col. 3), and the leakage rate (Col. 4) for a carbon price increase from £Jt€04-100

and a carbon tari based on the aggregate emission intensity of imports. The carbon tari prices emissions at
the domestic carbon price. Column 5 shows the model bias in global emissions change relative to the baseline.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Table A.16: Welfare E ects for Di erent Carbon Prices and an Industry Carbon Tari

60

Real Income Emissions Welfare

(1) (2) 3)
Panel A: Carbon price oel/4CO,
Baseline -13.32 0.35 -12.97
Aggregate -8.99 0.69 -8.30
Het. sourcing -9.02 0.65 -8.37
Het. emission bias -8.99 0.72 -8.27
Panel B: Carbon price ofed®d CO,
Baseline -66.96 3.89 -63.07
Aggregate -57.89 4.75 -53.13
Het. sourcing -58.21 4.43 -53.78
Het. emission bias -57.84 5.13 -52.71
Panel C: Carbon price of #30CGO,
Baseline -133.83 7.83 -126.00
Aggregate -118.39 9.41 -108.97
Het. sourcing -119.11 8.73 -110.38
Het. emission bias -118.19 10.13 -108.05
Panel D: Carbon price of 250CGO,
Baseline -193.61 10.94 -182.67
Aggregate -171.93 13.24 -158.68
Het. sourcing -173.04 12.23 -160.81
Het. emission bias -171.50 14.17 -157.32
Panel E: Carbon price of 200C0O,
Baseline -247.72 13.45 -234.26
Aggregate -219.84 16.45 -203.39
Het. sourcing -221.37 15.14 -206.23
Het. emission bias -219.14 17.52 -201.62
Panel F: Carbon price of ®00CO,
Baseline -495.66 21.96 -473.70
Aggregate -431.29 28.80 -402.49
Het. sourcing -435.79 26.17 -409.61
Het. emission bias -428.75 29.99 -398.75

NotesThe table reports the change in real income (Col. 1), disutility of emissions (Col. 2), and

welfare (Col. 3) for a carbon price increase from 10 to 244100 , and a carbon tari based

on the aggregate emission intensity of imports. The carbon tari prices emissions at the domestic

carbon price. All values are in billen



A.5 Additional Tables

Table A.17: Decomposition for Di erent Carbon Prices and an Industry Carbon Tari

El Output Imports  Ell Total

(1) (2) 3) (4) (5)
Panel A: Carbon price oel4CQO,
Baseline -3.04 0.99 -0.27 -0.01 -2.35
Aggregate -3.20 0.07 -1.50 0.00 -4.63
Het. sourcing -3.29 0.34 -1.37  -0.01 -4.34
Het. emission bias -3.12 -0.18 -1.48 0.00 -4.78
Panel B: Carbon price ofed®d CO,
Baseline -30.28 -0.36 470 -0.03 -25.94
Aggregate -32.10 1.32 -0.76  0.00 -31.69
Het. sourcing -32.08 1.35 1.36 -0.02 -29.53
Het. emission bias -30.70  -3.55 -0.34 0.00 -34.23
Panel C: Carbon price of #30CQO,
Baseline -61.15 -1.90 10.56 -0.06 -52.21
Aggregate -64.63 2.88 -0.39 0.00 -62.77
Het. sourcing -64.50 2.72 421 -0.04 -58.20
Het. emission bias -61.92 -7.69 0.50 0.00 -67.55
Panel D: Carbon price of E50CO,
Baseline -86.01 -3.10 15.44 -0.09 -72.95
Aggregate -90.62 4.27 -0.63 0.00 -88.27
Het. sourcing -90.45 4.04 6.18 -0.06 -81.52
Het. emission bias -87.04 -11.32 0.66 0.00 -94.48
Panel E: Carbon price of 200CO,
Baseline -106.44  -3.99 19.57 -0.11 -89.69
Aggregate -111.82 5.52 -1.33 0.00 -109.69
Het. sourcing -111.63 5.32 745 -0.09 -100.93
Het. emission bias -107.66 -14.55 0.28 0.00 -116.79
Panel F: Carbon price of ®00CO,
Baseline -178.57 -4.84 34,78 -0.30 -146.37
Aggregate -185.44  11.13 -10.78 0.00 -191.99
Het. sourcing -185.33 12.36 6.38 -0.22 -174.49
Het. emission bias -180.30 -28.52 -8.07 0.00 -199.97

Notes The table reports the decomposition of the change in global emissions into changes in emission

intensity (Col. 1), output (Col. 2), o shoring (Col. 3), and the emission intensity of imports (Col. 4) for a
carbon price increase from 10 to 14e10C0O , and a carbon tari based on the aggregate emission intensity
of imports. The carbon tari prices emissions at the domestic carbon price. All values are in milliont CO
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1 The Role of Firm Heterogeneity in Carbon Leakage

Table A.18: E ect on Emissions for Di erent Carbon Prices and a Carbon Tari

Change in Emissions (%)

Domestic Foreign Global Leakage Rate

(1) (2) (3) 4)
Panel A: Carbon price ofel/4 CO,
Baseline -0.68 -0.12 -0.44 -0.13
Aggregate -1.05 -0.66 -0.88 -0.48
Het. sourcing -0.99 -0.61 -0.83 -0.47
Het. emission bias -1.10 -0.66 -0.91 -0.45
Panel B: Carbon price ofee®d CO,
Baseline -10.21 2.09 -4.92 0.15
Aggregate -10.34 -0.34 -6.04 -0.02
Het. sourcing -10.32 0.59 -5.62 0.04
Het. emission bias -11.33 -0.15 -6.52 -0.01
Panel C: Carbon price of #J0CO,
Baseline -20.92 4.70 -9.90 0.17
Aggregate -20.85 -0.17 -11.96 -0.01
Het. sourcing -20.85 1.84 -11.09 0.07
Het. emission bias -22.75 0.22 -12.87 0.01
Panel D: Carbon price of E50CO,
Baseline -29.46 6.87 -13.83 0.18
Aggregate -29.30 -0.28 -16.81 -0.01
Het. sourcing -29.30 2.70 -15.53 0.07
Het. emission bias -31.81 0.29 -18.00 0.01
Panel E: Carbon price of 200C0O,
Baseline -36.41 8.71 -17.00 0.18
Aggregate -36.23 -0.59 -20.89 -0.01
Het. sourcing -36.21 3.25 -19.22 0.07
Het. emission bias -39.14 0.13 -22.25 0.00
Panel F: Carbon price of ®00CO,
Baseline -60.35 1550 -27.72 0.19
Aggregate -60.59 -4.77  -36.57 -0.06
Het. sourcing -60.40 2.71 -33.24 0.03
Het. emission bias -64.16 -3.57  -38.09 -0.04

NotesThe table reports the percentage changes in domestic emissions (Col. 1), foreign emissions (Col. 2),
global emissions (Col. 3), and the leakage rate (Col. 4) for a carbon price increase from ¥0to 14-100
CO, and a carbon tari based on the emission intensity of imports. The carbon tari prices emissions at the
domestic carbon price. Column 5 shows the model bias in global emissions change relative to the baseline.
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A.5 Additional Tables

Table A.19: Welfare E ects for Carbon Prices and a Carbon Tari

Real Income Emissions Welfare

(1) (2) )
Panel A: Carbon price oel4CQO,
Baseline -13.41 0.35 -13.07
Aggregate -8.99 0.69 -8.30
Het. sourcing -9.02 0.65 -8.37
Het. emission bias -8.99 0.72 -8.27
Panel B: Carbon price ofed® CO,
Baseline -67.27 3.87 -63.40
Aggregate -57.89 4.75 -53.13
Het. sourcing -58.20 4.43 -53.77
Het. emission bias -57.84 5.13 -52.71
Panel C: Carbon price of #30CQO,
Baseline -134.44 7.79 -126.64
Aggregate -118.39 9.41 -108.97
Het. sourcing -119.09 8.73 -110.36
Het. emission bias -118.19 10.13 -108.05
Panel D: Carbon price of E50CO,
Baseline -194.49 10.89 -183.60
Aggregate -171.93 13.24 -158.68
Het. sourcing -173.02 12.23 -160.79
Het. emission bias -171.50 14.17 -157.32
Panel E: Carbon price of 200CO,
Baseline -248.84 13.39 -235.46
Aggregate -219.84 16.45 -203.39
Het. sourcing -221.34 15.14 -206.20
Het. emission bias -219.14 17.52 -201.62
Panel F: Carbon price of ®00CO,
Baseline -497.88 21.83 -476.06
Aggregate -431.29 28.80 -402.49
Het. sourcing -435.74 26.17 -409.57
Het. emission bias -428.75 29.99 -398.75

NotesThe table reports the change in real income (Col. 1), disutility of emissions (Col. 2), and
welfare (Col. 3) for a carbon price increase from 10 to 244100 , and a carbon tari based
on the emission intensity of imports. The carbon tari prices emissions at the domestic carbon

price. All values are in billien
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1 The Role of Firm Heterogeneity in Carbon Leakage

Table A.20: Decomposition for Carbon Prices and a Carbon Tari

El Output Imports  Ell Total
(1) 2) 3) 4) (5)

Panel A: Carbon price ofeldCO,

Baseline -3.04 1.01 -0.25 -0.01 -231
Aggregate -3.20 0.07 -1.50 0.00 -4.63
Het. sourcing -3.29 0.35 -1.38  -0.01 -4.34
Het. emission bias -3.12 -0.18 -1.48 0.00 -4.78

Panel B: Carbon price ofee® CO,

Baseline -30.28 -0.28 475 -0.03 -25.81
Aggregate -32.10 1.32 -0.76  0.00 -31.69
Het. sourcing -32.08 1.37 1.36 -0.02 -29.53
Het. emission bias -30.70  -3.55 -0.34 0.00 -34.23
Panel C: Carbon price of #30CO,

Baseline -61.15 -1.73 10.66 -0.05 -51.96
Aggregate -64.63 2.88 -0.39 0.00 -62.77
Het. sourcing -64.51 2.74 420 -0.04 -58.20
Het. emission bias -61.92 -7.69 0.50 0.00 -67.55

Panel D: Carbon price of 250CGO,

Baseline -86.01  -2.85 15.60 -0.07 -72.60
Aggregate -90.62 4.27 -0.63 0.00 -88.27
Het. sourcing -90.46  4.07 6.16 -0.06 -8151
Het. emission bias -87.04  -11.32 0.66 0.00 -94.48

Panel E: Carbon price of 200CO,

Baseline -106.43 -3.66 19.78 -0.10 -89.24
Aggregate -111.82 5.52 -1.33 0.00 -109.69
Het. sourcing -111.64 5.37 743 -0.08 -100.93
Het. emission bias -107.66 -14.55 0.28 0.00 -116.79

Panel F: Carbon price of ®00CO,

Baseline -178.56  -4.10 35.30 -0.26 -145.52
Aggregate -185.44  11.13 -10.78 0.00 -191.99
Het. sourcing -185.34 12.45 6.33 -0.20 -174.50

Het. emission bias -180.30 -28.52 -8.07 0.00 -199.97

Notes The table reports the decomposition of the change in global emissions into changes in emission
intensity (Col. 1), output (Col. 2), o shoring (Col. 3), and the emission intensity of imports (Col. 4) for

a carbon price increase from 10 to 1471000, and a carbon tari based on the emission intensity of
imports. The carbon tari prices emissions at the domestic carbon price. All values are in mjlliont CO
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1 The Role of Firm Heterogeneity in Carbon Leakage

A.6 Additional Figures

Figure A.3: Firm Size and the Implicit Emission Price

NotesThis gure depicts a binscatter plot of log(implicit emission price) as the dependent variable and log(value
added) as the independent variable, controlling for four-digit industry and year xed e ects. Observations are
divided into ten equal-sized bins using the independent variable. For each bin, the mean of the dependent variable
and the mean of the independent variable are computed. The data for the dependent variable is residualized.
Implicit emission price is de ned as the energy expenditure divided by the emissions resulting from fuel use and
electricity. For the plot, the years 2011-2018 are used.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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A.6 Additional Figures

Figure A.4: Correlation of Emission Intensity With Industry Outcomes

(a) Emission Intensity and Sales

(b) Emission Intensity and Implicit Emission Prices

NotesPanel (a) plots log(emission intensity) as the dependent variable and log(average rm size) as the inde-
pendent variable for two-digit industries in the German manufacturing sector. Panel (b) plots log(emission
intensity) as the dependent variable and log(average implicit emission price) as the independent variable for
two-digit industries in the German manufacturing sector. Emission intensity is de ned as emissions divided
by sales. The implicit emission price is de ned as energy expenditure divided by emissions from fuel use and
electricity. Firm size is measured by sales. For the plot, the years 2011-2018 are used.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢ prepa-
rations, own calculations.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Figure A.5: Firm Size and Imported Emissions

NotesThis gure depicts a binscatter plot of log(imported emissions) as the dependent variable and log(value
added) as the independent variable, controlling for four-digitindustry and year xed e ects. Observations are
divided into ten equal-sized bins using the independent variable. For each bin, the mean of the independent
variable and the mean of the dependent variable are computed. The data for the dependent variable is residualized.
Imported emissions are de ned as the direct and indirect emissions of imports. For the plot, the years 2011-2018
are used.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States

of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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A.6 Additional Figures

Figure A.6: Emission Intensity of Imports and Number of Importing Countries

NotesThis gure depicts a binscatter plot of log(emission intensity of imports) as the dependent variable and
the number of di erent partner countries as the independent variable, controlling for four-digit industry and
year xed e ects. Observations are divided into ten equal-sized bins using the independent variable. For each
bin, the mean of the independent variable and the mean of the dependent variable are computed. The data for
the dependent variable is residualized. The emission intensity of imports is de ned as the direct and indirect
emissions of imports divided by value added. For the plot, the years 2011-2018 are used.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Figure A.7: Emission Intensity of Domestic Production and Imports

(a) Exiobase

(b) Domestic emission intensity

NotesThis gure shows the emission intensity (in kg 3@ imported intermediates, imported nal goods,

and domestic production from 2011 to 2019. The emission intensity of domestic production is based on German
rm data. In Panel (a), emissions of imported goods are calculated as the product of import emission intensities
from Exiobase and the value of imports. In Panel (b), emissions of imported goods are calculated using domestic
emission intensities multiplied by the value of imports.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,

AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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A.6 Additional Figures

Figure A.8: Domestic and Imported Emissions

(a) Exiobase

(b) Domestic emission intensity

NotesThis gure shows emissions (in million tons,COr imported intermediates, imported nal goods,

and domestic production between 2011 and 2019. In Panel (a), emissions of imported goods are calculated as
the product of import emission intensities from Exiobase and the value of imports. In Panel (b), emissions of
imported goods are calculated using domestic emission intensities multiplied by the value of imports.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Figure A.9: Emission Intensity for Clean and Dirty Industries

(a) Clean

(b) Dirty

NotesThis gure presents binscatter plots of log(emission intensity) on the y-axis and log(value added) on
the x-axis, controlling for four-digit industry and year xed e ects. Observations are grouped into ten equally
sized bins based on value-added, with the mean calculated for each bin. Data for the dependent variable are
residualized. Panel (a) shows the binscatter for rms in clean industries, while panel (b) shows the binscatter for
rms in dirty industries. An industry is classi ed as dirty if its emission intensity is above the median emission
intensity across all industries. Emission intensity is measured as terewt€ions divided by value added.

The data cover the years 2011 2018.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.

72



A.6 Additional Figures

Figure A.10: Foreign Share for Clean and Dirty Industries

(a) Clean

(b) Dirty

NotesThis gure presents binscatter plots of the foreign share on the y-axis and log(value added) on the x-axis,
controlling for four-digit industry and year xed e ects. Observations are grouped into ten equally sized bins
based on value-added, with the mean calculated for each bin. Data for the dependent variable are residualized.
Panel (a) shows the binscatter for rms in clean industries, while panel (b) shows the binscatter for rms in
dirty industries. An industry is classi ed as dirty if its emission intensity is above the median emission intensity
across all industries. The foreign share is de ned as imports excluding raw materials divided by expenditures on
intermediate inputs. The data cover the years 2011 2018.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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1 The Role of Firm Heterogeneity in Carbon Leakage

Figure A.11: Emission Intensity of Imports for Clean and Dirty Industries

(a) Clean

(b) Dirty

NotesThis gure presents binscatter plots of log(import emission intensity) (Ell) on the y-axis and log(value
added) on the x-axis, controlling for four-digit industry and year xed e ects. Observations are grouped into ten
equally sized bins based on value-added, with the mean calculated for each bin. Data for the dependent variable
are residualized. Panel (a) shows the binscatter for rmsin clean industries, while panel (b) shows the binscatter
for rmsin dirty industries. Anindustry is classi ed as dirty if its emission intensity is above the median emission
intensity across all industries. The emission intensity of imports is de ned as the sum of direct and indirect
emissions divided by value added. The data cover the years 2011 2018.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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A.6 Additional Figures

Figure A.12: Firm Size and Renewable Energy Share

NotesThis gure depicts a binscatter plot of the share of renewable energy as the dependent variable and log(value
added) as the independent variable, controlling for four-digit industry and year xed e ects. Observations are
divided into ten equal-sized bins using the independent variable. For each bin, the mean of the independent
variable and the mean of the dependent variable are computed. The data for the dependent variable is residualized.
The share of renewable energy is de ned as the proportion of total energy and electricity use that comes from
renewable sources. For the plot, the years 2011-2018 are used.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States
of Germany, AFiD-Modul Auyenhandelsstatistik 2011 2019, AFiD-Modul Energieverwendung 1998 2019,
AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen 1998 2019, project-speci ¢
preparations, own calculations.
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2 Designing Effective Carbon
Border Adjustment with
Minimal Information
Requirements

Joint with Alessia Campolmi, Harald Fadinger, Chiara Forlati and Ulrich J.
Wagner

2.1 Introduction

Only one quarter of greenhouse gas (GHG) emissions worldwide are subject to carbon taxes
or cap-and-trade polic(®¢orld Bank, 2024)Di erences in carbon prices across countries
encourage carbon leakage by shifting comparative advantage in the production of carbon-
intensive goods to countries with lax policies. Because leakage undermines global mitigation
e orts, preventing it is a priority for countries pursuing ambitious climate policies.

The economically-preferred policy is to "level the playing eld' on domestic and export
markets by taxing imports and subsidizing exports at the prevailing carbon price, based on
the embedded emissi@sel, 1996; Markusen, 1978)ch border carbon adjustments have
long been regarded as incompatible with the rules of the World Trade Organization (WTO).
This paradigm has shifted with the recent launch of the EU's Carbon Border Adjustment
Mechanism (CBAM), which was prompted by strong and persistentincreases in carbon prices
under the EU Emissions Trading System (EU-ETS). Starting in 2026, the EU will levy tari son
imports based on embedded carbon emissions, at a rate pegged to the EU-ETS price. CBAM
tari s discourage the replacement of EU production with dirty imports (import leakage) and
partially correct for the absence of carbon taxes @Bibaidger et al., 202ZL.onceptually,

CBAM improves over current policies granting overly generous subsidies to EU producers
in trade-exposed secidfartin et al., 2014)n practice, however, CBAM is complicated by
excessive information requirements for computing embedded emissions, a discriminatory
tari structure that prominent trade partners of the EU have repeatedly denounced as punitive,
protectionist, and incompatible with WTO rutes, well as incomplete coverage that distorts
global value chai(Braghi, 2024).

Using a state-of-the-art quantitative economic model of international trade, we assess the
impacts of CBAM on bilateral trade ows, global emissions, and welfare. A key insight is
that border adjustments must be applieditmot just a subset of industries to e ectively

For example, the ten BRICS nations recently declared: We reject unilateral, punitive and discriminatory
protectionist measures, that are not in line with international law, under the pretext of environmental concerns,
such as unilateral and discriminatory carbon border adjustment mechanisms (GBARUSS, 2025,
paragraph 88)lany countries have raised concerns about CBAM with the WTO's Committee on Market
Acces§WTO, 2024)and its Council for Trade in Goo/TO, 2023)on multiple occasions.
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

prevent carbon leakage. Universally applying CBAM tari s would also substantially lower the
EU welfare costs of carbon pricing, but it would do so by signi cantly restricting access to EU
markets for the many trade partners where production is more carbon-intensive.

We propose a simple alternative to CBAM that is universally applicable due to its low
information requirements and e ectively prevents carbon leakage with minimal impacts
on international trade: The Leakage Border Adjustment Mechanism (LBAM) implements
product-speci ¢ import tari s that exactly o set the changes in EU imports resulting from an
increase in the carbon price di erential between the EU and its trade partners. Knowledge
of foreign carbon intensities is not needed to compute LBAM tari s, making them easy to
implement. Since LBAM tari s do notdiscriminate across countries and minimize interference
with international trade patterns, they are also easier to accept for Europe's trade partners
than CBAM tari s. Furthermore, our analysis shows that most carbon leakage arises from EU
producers losing market share on export markets, an issue not addressed by CBAM. Extending
the LBAM principle to export subsidies would prevent this type of leakage.

To characterize and quantify the trade, welfare and emission e ects of unilateral carbon
pricing in the EU under alternative border adjustment scenarios, we develop a tractable struc-
tural model of international trade in di erentiated products with many sectors and countries.
We regard the EU as the domestic economy that unilaterally implements a carbon price and
a border adjustment mechanism. Consumers derive utility from bundles of di erentiated
product varieties o ered by monopolistically-competitive rms. Firms have market-speci c
production functions with sector-speci c returns to scale, so that production decisions can
be separated across markets and export supply curves have sector-speci c slopes. Given the
short-run nature of our model, we assume that the number of rmsis xed. Carbon emissions
are embodied in a composite energy input to production, along with physical factors. Emis-
sions are thus a by-product of production, which can be reduced with carbon taxes. Carbon
emissions constitute a global public bad whose social marginal cost does not depend on the
place of emission.

Our model allows deriving simple closed-form expressions for LBAM tari s and export
subsidies that undo changes in imports and exports resulting from any given change in the
EU's carbon price (and the related energy price change) without interfering with uctuations
in EU trade driven by unrelated shocks. For any given sector, LBAM tari s depend only on
readily available information and structural parameters: the EU's absorption share falling on
EU-produced goods; the EU's import demand elasticity; the foreign export supply elasticity;
and the output to energy elasticity. Similarly, LBAM export subsidies depend only on the
latter two objects and undo uctuations in EU export prices driven by changes in the EU
carbon price.

For our quantitative analysis, we calibrate the model using comprehensive data on demand
and supply in 131 4-digit manufacturing sectors for the year 2018. Sector-level price elasticities
of import demand and export supply are estimated on bilateral trade ows between the EU27
and 56 other countries followiBgpda and Weinstein (2006) and Feenstra (a9@§oderbery
(2015)Sectoral output elasticities of energy and physical production factors are obtained via
the estimation of sector-speci ¢ production functions using detailed rm-level micro-data
for GermanyAckerberg et al., 2015; Wooldridge, 2008) solve for an initial equilibrium with
alow carbon price of 15 dollars per ton (the average EU ETS price in 2018) and one with a
high carbon price of 105 dollars per ton (the approximate average price in 2023. Following
Dekle et al. (2007)ve replace equilibrium objects that depend on unknown parameters with
bilateral trade ows and absorption data constructed by combining trade data with 4-digit
production data. To compare LBAM with CBAM, and to evaluate the e ect of EU policies on
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global emissions, we also require estimates of foreign emission intensities. We use our model
in combination with newly compiled, comprehensive data on energy prices and the average
fuel mix of manufacturing companies to construct emissions intensities in each country.

With this model in hand, we quantify the impacts of an increase in the EU's carbon price
from $15 to $105 on EU welfare and global emissions. In the absence of border adjustments
(no-BAM), this seven-fold increase in the carbon price reduces global emissions by just 0.85%
while leading to signi cant welfare losses of $25 bn for the EU because the economic costs of
around $ 57 bn outweigh the environmental bene ts of $ 32 bn. Carbon leakage is manifest
in sizable displacements of EU manufacturing production by dirty imports to the EU and by
dirty exports of third countries to the rest of the world. For the average sector, EU imports
increase by 11% and EU exports fall by 9.4%,

We analyze how di erent border adjustments a ect welfare and emissions, relative to this
reference case. An ‘ideal' CBAM that covers all sectors and taxes all imports based on their
(truthfully reported) carbon content would imply welfare gains for the EU and increase global
abatement by 70%, to 1.43% of global emissions. A comprehensive CBAM where carbon
tari s are based on the EU emission intensity of the sector instead of the foreign one would
fare almost as well. However, the current EU proposal limits CBAM tari s to very few sectors
which, in our simulations, improves only marginally upon the no-BAM case: global abatement
rises from 0.85% to 0.87% and EU welfare losses remain similar to the reference scenario. In
contrast, our proposed LBAM policies deliver much stronger emissions reductions because
they directly target leakage. An LBAM tari that adjusts for import leakage increases global
abatement to 0.97% and almost halves EU welfare losses compared to the no-BAM case.
Global abatement can be further raised to 1.28% and EU welfare losses reduced to $ 4 bn when
LBAM additionally grants export subsidies to prevent leakage on export markets. This closes
three quarters of the gap to the ideal CBAM while minimizing information requirements
and political backlash from the EU's trading partners; the magnitudes of non-discriminatory
LBAM tari s and export subsidies are modest, averaging at 1.3 % and 3.7 %, respectively.

The literature on border adjustment mechanisms (BAMs) predominantly employs com-
putable general equilibrium modBkshringer et al., 2022)powerful tool that has limitations
when it comes to including industry-speci ¢ détaillie and Reguant, 20220d to transpar-
ently connecting theory and d@lastinot and Rodriguez-Clare, 20Rgcent empirical studies
of environmental regulation and emissions leakage showcase the bene ts of using modern
structural trade models in this cont{@xthele and Felbermayr, 2015; Larch and Wanner, 2017,
Shapiro and Walker, 2018; Sogalla, 2023; Stillger,d@pring this approach allows us to derive
closed-form expressions of all border taxes and subsidies considered, based on highly granular
data for 131 sectors and 83 countries. Related research has evaluated the e ects of CBAM for
a smaller set of industr{@smbec et al., 2024 derived empirically-bagedductiosubsidies
to mitigate leakageowlie and Reguant, 2022)ur focus on implementation constraints sets
this analysis apart from that of unilatergbiymalBAMs(Farrokhi and Lashkaripour, 2025;

Kortum and Weisbach, 202ajd our LBAM proposal is an alternative to mitigating CBAM's
information asymmetries using mechanism desigia et al., 2023).

The main contributions of our paper can be summarized as follows. First, we quantify the
economic and environmental consequences of various carbon border adjustments, with the key
results that the limited application of CBAM tari s to a handful of sectors is environmentally
ine ective, whereas a universal application of CBAM imposes large welfare costs on non-
EU countries. Second, we propose an alternative border adjustment mechanism, LBAM,
which e ectively prevents carbon leakage and is better suited to overcome both legal and
information constraints that plague other types of border carbon adjustments. Third, by
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explicitly considering export-driven carbon leakage within an LBAM framework, our analysis
informs the political process of designing export subsidies which has just been initiated by the
European Commission (2025).

The remainder of the paper is structured as follows. The next section summarizes the EU's
CBAM policy and introduces the main idea behind LBAM, illustrated with simple graphical
arguments. Section 2.3 develops a structural economic model and derives analytical results for
how unilateral carbon pricing combined with di erent border adjustment mechanisms a ect
welfare and emissions. Section 2.4 explains the model calibration and discusses the underlying
data. In Section 2.5, we present simulation results for studying the welfare, trade, and emission
e ects of an EU carbon price increase under various border adjustment scenarios. Section
2.6 examines the robustness of these results to alternative modeling assumptions. Section 2.7
concludes.

2.2 EU Carbon Pricing and Leakage Protection

In Europe, energy-intensive industries have been paying carbon prices since the launch of the
EU-ETS in 2005. The EU-ETS permit price has been belevic2@nany year&llerman

et al., 2016; Hintermann et al., 2018)t it climbed to over 10€) between October 2020

and February 2023, and has rarely fallen belevst@e then. Against this background,

and in view of the European Green Deal's increasingly ambitious climate policies, the EU
Commission proposed the introduction of CBAM in July 2021.

2.2.1 The Carbon Border Adjustment Mechanism (CBAM)

CBAM applies to EU imports in a handful of very carbon-intensive industries considered
at high risk of carbon leakage (iron and steel, cement, fertilizers, aluminum, hydrogen, and
electricity). Starting in 2026, EU importers must buy a 'CBAM certi cate' for each top of CO
emissions embedded in those gbdts. certi cate price is pegged to the weekly EU-ETS
price, and can be deducted by pertinent carbon prices already paid in the origin country. This
design establishes a level playing eld between imports and domestic production, providing
non-EU countries with an incentive to green their production processes.

A CBAM reporting system was launched in October 2023 to close immense information
gaps before nancial adjustments can be implemented. EU importers must calculate the
actual, plant-speci ¢ C&missions in the origin country. Given the lack of suclFdatie
and Reguant, 2018nd obvious incentives for under-reporting, the regulation stipulates that
e ective monitoring and veri cation processes be established. This creates a dilemma. On
one hand, extending CBAM to all leakage-relevant sectors requires a large bureaucracy that is
expensive to maintain for the EU and acts like a trade barrier towards its tradéJuatingrs
etal., 2019; Draghi, 202@n the other hand, allowing importers to fall back on average carbon
intensities in the exporting country or in the EU fails to level the playing eld with respect
to carbon costs and leads to other evasion problems (e.g., re-routing imports via “clean’ third
countries).

There is an urgent need to x these problems because CBAM's incomplete coverage misses
embedded emissions of many unregulated products and threatens the competitiveness of

2Current draft legislation defers the start of actual payments to February 1, 2027, and introduces a new
exemption threshold which further limits CBAM obligations to those companies importing more than 50 tons
of CBAM goods per yefieuropean Commission, 2025).
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downstream industries in the Elaghi, 2024)For example, CBAM tari s are levied on
imported steel but not on imported cars. As a solution, we propose a border adjustment
mechanism focused on leakage prevention, which keeps bureaucracy, compliance costs, and
trade impacts to a minimum.

2.2.2 The Leakage Border Adjustment Mechanism (LBAM)

Figure 2.1 illustrates the workings of di erent border adjustment mechanisms in partial equi-
librium with two countries, Home and Foreign. Home is a net importer of a good that it
can produce at increasing marginal cost. The di erence between Home's Bgrhand (

supply &4 ) curves for any given prizgives Home's import demand cuMd ). Foreign

is characterized by an upward-sloping export supplyX&ivender free trade, equilib-

rium obtains at the world prigg where domestic dema@g is met by domestic supply

Q' and importsM from Foreign. A carbon tax raised unilaterally in Home increases
marginal production cost for any given quan8ty((g)). The equilibrium price riseso

and imports increaselb . as they become cheaper relative to domestic production. This
goes along with emissions “leaking' from Home to Foreign.

Figure 2.1: Trade E ects of a Carbon Tax and Border Adjustment Mechanisms

Home can exactly o set carbon leakage by imposing a tatiBAM ) that cancels out
the cost disadvantage of domestic producers generated by the domestic carbon tax. The tari
shifts out Foreign export supp§SF + ) and raises the consumer price in Home such
that domestic production increases and import demand falls until imports are back at their
initial leveM . Global emissions fall with imports because, by assumption, production in
Home is less carbon-intensive than in Foreign.

CBAM targets embedded emissions rather than leakage. A CBAM tari based on Home's
carbon intensity ( CBAM-EZ ) shifts out Foreign's export supply curveshy e), the
incrementin Home's marginal cost due to the carbon tax. When based on Foreign's actual
carbon intensity, the tari would further increase ( CBAM ). Both CBAM tari s reduce
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imports beyond what is needed to prevent carbon leakage because they tax all emissions
embedded in domestic consumption. This foreshadows our quantitative result that CBAM

tari s reduce the welfare of non-EU countries. In contrast, LBAM does not hurt foreign
exporters; it merely re-establishest#ites quibefore the unilateral carbon price increase.

2.3 Economic Model

Torigorously analyze these policies, we build a quantitative trade model that satis es structural
gravity(Costinot and Rodriguez-Clare, 20WWhile LBAM eliminates carbon leakage, imports

are also a ected by demand and supply shocks that are unrelated to carbon pricing and hence
should not be neutralized. Computing LBAM tari s thus requires us to simulate changesin
imports at di erent levels of the EU-ETS price while holding xed the e ects of other shocks.
Our model transparently solves for LBAM instruments as closed-form functions of observable
data and econometrically estimable parameters.

2.3.1 Model Setup

We solve a multi-country model with countries denotegl by 1;:::;1. The rst subindex
denotes the location of consumption and the second one the location of production. In each
country, there is a continuum of tradable sectors indeged by

Consumers We assume quasi-linear utility between a tradable outside sector and a Cobb-
Douglas aggregate of a continuum of di erentiated tradable sectors with weigatbon
emissions constitute a public bad with constant marginal social costs.(8€@®) of the
representative consumer in countsygiven by

Z Z
U=Ci+ is |OgCiSdS i eds; (21)
S S
whereCij is the numéraire and
e Z Nijs v #";sl
Cis = Gs (1) 7% d
j=1 0

is a CES aggregator for sector-speci c varietigg! ) denotes consumption of an indi-
vidual variety produced irj. Njs is the (exogenous) measure of varieties produced by
| available in. The elasticity of substitution across variéties, 1, is sector-speci €
denotes worldwide emissions of sact®tandard calculations yiegddemand for secter-
varieties sourced frgm )
.. | s
Gjs (! ) = —p”;( ) Cis ; 2.2)
ijs

demand for the aggregate consumption bundle sourcgd from

Cis (2.3)
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and demand for the aggregate ssedtondle
Cs= P.%; (2.4)

where "

1 g
Z Nijs T7s hd L7

Pijs = pis (1) ! , P = P ; (2.5)
0

ijs
j=1

Firms Ineach sector, a xed number of rms operate under monopolistic competition.
Production decisions are taken separately across friam@tstiony;s ofa rmlocated in
j for location in sectosis given by

Z..
Yiis = ijs s ;
S S

wherezs is the energy use associated with the produgtios a composite physical input
(factors other than energyj)s is a productivity shifter and, s denote the output elastici-

ties of physical inputs and energy. Sectors with decreasing returns-to-scale (QRS1)

exhibit an upward-sloping supply curve, whereas that curve is horizontal for sectors with
constant returns (CRS; + s = 1).# The associated marginal cost function is given by

MCijS = yli pZS( S+1) 1.

- J ijs
ijs

where s  —— 1( s=0implies CRSand; > Oimplies DRS)p; is the (exogenous)
price of energy in countyy’ The price of the composite physical input has been normalized
to unity due to the presence of a freely traded outside good with a linear production function
which uses the physical factor as the only input.

Energy use generates emissions in proportion to the prevailing share of fossil fuels in a

country's energy mix. Emissions embedded in goods prodjuéed lman be computed as
€js = djzjs;
whered, denotes the rate of carbon emissions per unit of energy in gougtmyission
intensity of exports froto i in sectos is given by:
&is (Pzj 1 Yis )
Yiis

s(1+ s) . 1+ 5)

= dj syijg Pz; ijs : (2.6)

3Separability of production decisions is realistic since most exporters are multi-plant rms that can operate
plant-speci ¢ technologies with a di erent energy@lten et al. (2025how that Chinese multi-plant rms
shift emissions between plants.

4Allowing for increasing returnss(+ s > 1) would be straightforward but our empirical estimates do
not support this case.

SExogenous energy prices rule out energy price leakage, i.e., additional demand for fossil fuels in non-EU
countries which results from prices falling due to carbon taxation in the EU. This assumption is made in much
of the CBAM literaturéBohringer et al., 2022hd relaxed iSogalla (2023).

6Consistent with our focus on short-run analysis, we assurdg ithated and does not respond to
carbon pricing. In the longer run, the energy sector might adjust to higher prices of ETS allowances and CBAM
certi cates by investing in renewable electricity generation and other technologies tat reduce
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which is decreasinggy and increasing ijs for s> 0. Thus, the emission intensity of
production may vary across countries due to variation in output, energy prices, or productivity.
To specify the relationship between energy prices and carbon taxes, ggribtedayergy
price inj net of carbon taxes. Assuming a per-unittax ddollars per ton of C@emissions,
we write the price of a unit of energy gross of the carborpggx=a$z; + d; g .’ Thus,
the carbon tax increases the price of energy more in countries with higher carbon emission
intensityd; .
We assume iceberg trade cgstfor shipping a variety frojrtoi. Tari s on imports by
I on originj in sectos are denoted by;s , taxes on exports levied mn exports to in
sectos are denoted agjs . We abstract from trade taxes and transport costs within the same
country (iis = iis = xis = 1 8i).
Since rms are monopolists for their variety, they set a markup over their marginal cost.
The consumer price of a sed®ariety produced inand consumed inis then

y“ ° S S 1 .

Biis = jis liis Xjis s J_',S DZi( W is 5 (2.7)
jis

where ¢

Total pro ts of sectosini are given by

is = | jis 5 (2.8)

where

. 1 Yiis o s+1)
s = Njis s 1+—S ? Pz (2.9)

are the pro ts that rms earn in each maigket
Equilibrium in Levels Imposing market clearing in each sectoy;ses s Gjs and

using (2.2), (2.3), (2.4) and (2.7), we can nd an expression for the equilibrium ygyels of
andpijs .

l"# (s)s

Yis = s jjs soosTsH( ijs pzj *) s (s liis  Xiis ) s S+l P s s+1 ; (2.10)
S T 1 s("s 11)
_ ot +1 .
Pis = is ° ( iis ijs pzj) s B (s lijs  Xijs ) s B Pis s (2.11)
(sea o) X s . 1 1 1%
= _ S st . .
P °° = Nijs i " Ciis s Pz ) =7 ( s tijs xijs ) =77 1 (212)

j=1

Equilibriumin Changes  We can then rewrite the equilibrium conditions in terms of

gross changes in varialfles XT from the initial equilibrium valu¢ to the new equilibrium
valueX ° This allows us to express changes in equilibrium outcomes as:

((s+l) "s _"s 573
%s =( Aijs pzj $) s (A lijs Xus ) s Iﬂ st (2.13)
s("s 1)
pljs = ( iis pzj) s S+l " lijs Xus ) s S+1 Iﬂ st (2.14)

7All nominal variables in the model are in US Dollars.
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whergd; = % Moreover, given that 9.3)and(2.4)Pys Cys = P, *Pg

andP;sCis = s, we rewrite condition (2.5) in changes as:

4
Pl = Pk (2.15)
j=1
where js % is the expenditure share oh goods imported fron Substituting
(2.14) into (2. 15) we obtain:

ar sa s X @ _'s) ENTS
Be = = (e T (s s ) (2.16)
=1

This expression gives an explicit solution for the change in the price index. By combining
(2.16)with (2.13)and(2.14)we can recover equilibrium changggsings , €is andéijs as
a function of changes in policy instruments, productivity shocks, paramgeterss) and
observable trade shares only. Finally, from (2.6) changes in emissions are given by
!
€ijs = XSJTSS Aijs(1+ ) = .,ls+ spzS(1+ ) 1Aijs(1+ o) (2.17)
j

1+

Welfare  Welfare is given by

Z Z
Wi = Cjo + is l0gCisds | &ds
Z S Z S Z
=1+ is 109 Cis ds PisCisds i eds;
S S S

R R
whereincomk = wiL; + s isds+ T.ngls derived from labor, pro ts and transfers.

Worldwide emissions are giveady f 1 j=1 Nis &js . Thus, welfare corresponds to

consumer surplus, producer surplus, labor income, tax income, and the disutility from global
emissions.
We compute the absolute di erence in welfare before and after the policy change,

0 i
Wiz Wi z Z Z

= (" 1) «ds+ (fs DTeds+  logCsds i (& 1)eds;

S S S

where we have used the factIhatis = 1 from (2.4) We substitut€s = P, * from the

previous section and expr’é,gs s, Tis, andT in terms of observables (see Appendix B.

1.2). With quasi-linear utility, the marginal utility of income is unity. Thus, taking the outside

good as the numéraire and de ning it as money, changes in indirect utility correspond to the

amount of money consumers need to receive/pay in order to stay indi erent to a policy change.
Changes in global emissions can be written as

X X N e:
&= & PPl : (2.18)

i=1 j=1 iz1 =1 Nijis Sjis
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Using (2.6), (2.7), and (2.17), we obtain

X X
— 1 1 1 1 .
&= s s P, dh ljis Xjis s jis s
i=1 j=1
and e o
X X G
— s(I+ s) 1 9]IS .
& = z|( : Tiis A ; (2.19)
i=1 j=1 jis
pZildi 'isl X'ii js jis .
where~jis = P = A = —  are the global sales shares in each market, mea-
i=1 Pzi Y j=1 jis  Xjis s is

sured before trade and carbon taxes are applied.

2.3.2 Border Adjustment Mechanisms

This section characterizes the workings of various BAMs using the equilibrium-in-changes
notation introduced above. All scenarios assume that coumilaterally raises its domestic
carbon tax; > 1) and that climate and trade policies remain unchanged in all other
countriesfg; = “ijis = "xis = 1 forallj & i). Since we focus on the impact of policy
changes, for simplicity, we assume that productivity shocks are'\@g)sem(or alli;j; s).

We comment on the e ect of such shocks where appropriate.

No-BAM The unilateral carbon tax increase raises energy prices in the domestic market
(Bzi > 1) while leaving foreign energy prices unchapgeer (1 for allj 6 i). Inthe

absence of a BAM\{s = "xjs = 1 for alls andj), this puts domestic producers at a
competitive disadvantage on the domestic and export markets. By cqthbBjimigh

(2.16)we obtain the equilibrium response in sales of domestic producers in their home market

1
s (stl)"s "s s I+ s)"s s+ s)1 "s) 1+ s

Pis = Py Te s l+'5 S =Py Hie s iis Pz Hie s +1 iis <1

and imports from foreign producers in that market

1
s+ s)A "s) r s

s 1 -
is = Iﬁ‘lé*' S s — iis pZ| I+"s s +1 iis > 1 (220)

Intuitively, raising the domestic carbon tax raises the price of domestic relative to foreign
varieties and leads to substitution of domestic consumption towards imported varieties. To the
extent that domestic production is cleaner than abroad, this process increases global emissions
as domestic output is replaced by more polluting foreign productpori(leakage

From (2.13) and (2.15) we obtain that the carbon-tax increase reduces exports:

1
s (st "s 's s (st "s s(I+ s)3 "s) 1+ s

Pis =Py 00 Iﬁh R R isPy T +1 jis <l

The reduction in domestic exports increases global emissions as long as domestic production
is cleaner than abroakport leakage
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2.3 Economic Model

CBAM To level the playing eld w.r.t carbon pricing, countigvies a tari\js on
imports fromj in sectos such that import-embedded emissions are taxed at the same rate
as domestic carbon emissions. CBAM thus requires knowledge of the carbon intensity of
foreign production. We assume that this can be perfectly observed (having duly noted the
importance of asymmetric information above).

CBAM raises the e ective energy price for goods produjceththexported tg pzj; ,
by an amount consistent with the domestic carbopApx 1 + dJApETE > 1, assuming
zero initial carbon prices in foreign countrigs € 0). For sectorsnot a ected by CBAM,
energy costs remain unchanged € 1).

In our model, the carbon tari can be implemented by setting bilateral discriminatory tari s

equal to the cost pass-through of a carbon tax on impor’iﬁsi.ec.,bzfj( **1 in CBAM
sectors anfljs = 1 elsewhere. Other trade instruments are notged< 1 for all8s;j).
Using these assumption$ari3) (2.14) and(2.16) we obtain the following equilibrium
responses to raising the domestic carbon tax in combination with CBAM tari s:

s( st "s "s 1
9_ — 'b ~sTsH Iﬁ s"s+l .
Ijs Zij is '
s( s+l s("s 1)
pljs

s"s+l s"stl .
/pZij If}is ’
n # s"s+l
X (s)('s 1y (% s D)
—_ S s+l .
Ps = is Pzj  °° > L
j=1

Prices of all varieties rise, indudgg> 1, and so do energy pripes , especially for varieties
produced in locations with a carbon-intensive energy mix. However, in most cases this e ect
dominates anfs < 1. Since CBAM only applies to imports, there is export leakage as in
No-BAM.

LBAM To prevent import leakage, cournitiptroduces a tari that stabilizes bilateral
imports within each sector at the level before the carbon-tax increase. Consistent with this
objective, domestic tari chandgs > 1 neutralize the e ects on demand of imported
varietiesinduced By, > 1, inthesensethét,-S = %js = ¥js = 1 forallj ands. Imposing

this condition on (2.13) and (2.16) yi&lds

"s(1+ s) s(Csth@d "s) 1

Nt = isBn T (L )Nt (2.21)

lis lis

with Ajis = "is 8], 1.e., LBAM tari s are independent of the trade partner and hence non-
discriminatory. Conditiof2.21)mplicitly de nes a tari that stabilizes bilateral imports

for a change in the carbon tax and the energy prige;. The tari depends on (i) the

e ect of the carbon tax on the price of domestically produced varieties and (ii) on the e ect of
the tari on the price of imported varieties from other countries, weighted by the respective
expenditure shares. Computing the LBAM tari only requires information on the elasticities
of import demands and export supplys, the output elasticity of emissiogsand the

share of domestic absorption that falls on domestically produced bafet#he carbon

tax increaseg . Since the tari holds the level of bilateral imports constant, the foreign

8In the appendix, we prove that any tari that (i) prevents import leakage by kegpeunienports
constant and (ii) does not discriminate between partner countries mb#ateslimports from each origin
country constant.
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

carbon intensity does not change, and hence import-embedded emissions also remain constant:
LBAM prevents import leakage.

Observe that the formula for LBAM tari s is independent of productivity shocks as long as
such shocks are sector-speci ¢, i.e., wgen s. Inthe more general case where produc-
tivity shocks are sector-country-speci ¢, LBAM tari s remain independent of these shocks
upto a rst-order approximatichlrhus, policy makers can disregard the e ect of domestic
or foreign productivity shocks when sterilizing the e ect of domestic carbon price changes
on imports. Instead, imports will uctuate in response to domestic or foreign productivity
shocks.

Combining (2.13) and (2.16) and imposing LBAM yields

s"s(1+ s) "s

97is = 'bzi e /\“1;"5 <L (2-22)

Thus, domestic sales to the home market fall, but by less than under the No-BAM scenario.
Given that;s = 1 forall8j; s, exportleakage is the same as in the No-BAM scenario.

LBAM-X To prevent export leakage, countintroduces an export subsidy that keeps

its bilateral exports within each sector constant at the level before the carbon-taX increase.
Formally, the export subsitlyis < 1is chosen such ths = %is = 4;s = 1 forallj; s,
inresponse t&; > 1. Combining the last condition with (2.13) and (2.16) yields:

"s(l+ s) s(s+l) %"s

1vs
Crs +1 e T e+l .
N = BT AT H (L )BT (2.23)

A straightforward solution to this equation is a non-discriminatory export subsidy

N, = l .
X s(s*D)
Zi

This subsidy exactly o sets the pass-through of higher energy prices (in the denominator) and
thus prevents export prices from increasing, irrespective of the destination. Since the price
index does not chang%s( = 1), domestic producers do not change their exggyts(1).
The only information required to compute the LBAM-X export subsidy is the output elasticity
of carbon ¢ and the export supply elasticify Finally, note that LBAM-X export subsidies
are independent of domestic or foreign productivity shocks and do not interfere with them:
exports will uctuate freely in the presence of such shocks.

9See Appendix B. 1.3.

1°There is no connection between export and import decisions in the model, so the export border adjustment
can be analyzed independently from import border adjustment.

1See Appendix B. 1.3.
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2.4 Calibration

2.3.3 Decomposition of Emissions Changes

To clarify how global emissions and carbon leakage are a ected by climate and trade policies,
we decompose equation (2.19) as follows:

4

_ s(I+ s) 1 al+ g s(I+ s) 1 . ondt s
éS - TDZi {Z Iis Yiis } +'bZi I's Yijis (2'24)
(i) Emission changes due to 26' }
a change in production of domesticall

(ii) Emission changes due to

consumed and produced goods changes in domestic exports

X X X
+ . p s(1+ ) 191+ s + - 91"' S
ijs Mzj ijs jks Yiks -
i6i 6i j6i
r z Y (S A
(iii) Emission changes due to (iv) Emission changes due to

changes in domestic imports ~ changes in production of goods consumed
and produced in the rest of the world

The four components disentangle equilibrium changes in domestic emissions from those in
foreign emissions.

Emissions embedded in domestic production By increasing the cost of energy inputs,

a rise in the domestic carbon tax directly reduces the emissions embedded in each unit of
domestic production. Moreover, since production for the home market falls in response to a
domestic carbon-tax incregdge € 1), so do emissions (i). The same mechanism reduces
domestic emissions from expakts < 1) unless an LBAM-X export subsidy is granted (ii).

Importleakage  Inthe absence of import-related BAMs, emissions embedded in imports
increase in response to a carbon-tax increase (iii). LBAM tari s completely sterilize such
import leakage by ensuriiyg = 1. In contrast, the e ect of CBAM on leakage depends very
much on how it is implemented, as we will show below.

Exportleakage  Since prices of domestic exports increase with the carbon tax, foreign
consumers substitute towards varieties produced in third countries. This increases outputin
those countries and thus leads to higher emissions in the rest of the world rise (iv). LBAM-X
export subsidies can prevent export leakage.

2.4 Calibration

We calibrate the model for the EU-27 and 56 other countries, using data on 131 4-digit manu-
facturing industries from the year 2018. Sector-level price elasticities of import demand and
export supply are estimated on bilateral trade ows for these countries using state-of-the-art
methodgBroda and Weinstein, 2006; Feenstra, 1994; Soderbengeotidnal output elasticities

of energy and physical production factors are obtained by estimating sector-speci ¢ produc-
tion functions on rm-level data fromthe German manufacturing cgsesberg etal., 2015;
Wooldridge, 2009)Ve analytically solve for an initial equilibrium with a low carbon price of

$15 (the average EU-ETS price in 2018) and one with a high carbon price of $105 per ton (the
approximate average price in 2023). We assume an SCC of $178 per i@yaiv@a@nt,

based on the central estimateénnert et al. (2022)liscounted back to 2018. Equilibrium
objects that depend on unknown parameters are replaced with data on bilateral trade ows and
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

absorptior{Dekle et al., 2007; Ossa, 20Td)estimate foreign emissions intensities, we use our
model in combination with newly compiled data on industrial energy prices and fuel mixes
across countries. The remainder of this section describes the data and parameter estimation in
more detail.

2.4.1 Data

A realistic calibration of the model calls for detailed data that we compile from a host of
sources. First, we need sectoral production and trade data for all countries in the sample for
the year 2018 to construct the sectoral expenditamed bilateral expenditure shages

We obtain 4-digit production (gross output) data for each country from UNIDO INDSTAT
2022 atthe ISIC Rev. 4. level. For EU-27 and other European countries, we compile these
data from Eurostat's COMEXT database and convert it from NACE Rev. 210 ISIC Rev. 4
classi cation.

Second, we source bilateral product-level import and export values at the 4-digit ISIC Rev.
3 level from the World Integrated Trade Solution (WITS) and convert them to the ISIC Rev.

4 classi cation. Sectoral expendityyés de ned as absorption (i.e., production minus total
exports plus total imports) and expenditure shares are computed as the share of bilateral
sectoral imports in total sectoral expenditure.

Third, we need bilateral sectoral tari data for 2018 to compute the initial tari. &Ve
source bilateral applied tari rates at the 4-digit ISIC Rev. 3 level from WITS and convert
them to ISIC Rev. 42We set the initial levels of gross export taxe® unity because there
is no systematic data on export taxes, and because export subsidies are forbidden under WTO
rules.

Fourth, we need data for the carbon emission intensity of dngygypuntry. We source
information on energy use in manufacturing by fuel type (coal, oil, natural gas, electricity)
for the year 2018 from the International Energy Agency (IEA World Energy Statistics-World
Energy Balances)lhe country-speci ¢ emission intensity parandetecomputed as a
weighted average of energy use by fuel type using emission factors from the Intergovernmental
Panel on Climate Change (IPCC 2006 emission factor database for manufacturing industries).
To gauge the carbon intensity of the electricity sector in each country, we use data gn total CO
emissions and total generation of the electricity sector from IEA (IEA WerkEh@§3ions
from Fuel Combustion). More details are provided in the Appendix.

Fifth, given the prominent role of energy prices in the model, we go to great lengths com-
piling data on energy priges in US$/ton or US$/MWh for 2018 from a host of sources,
including the IEA World Energy Prices, World Energy Prices Yearly, Enerdata, and Glob-
alPetrolPrices.com. Whenever information is missing in these data sources, we complement it
with information from other sources, such as national statistics. As a last resort, when no such
information is available for a given country, we impute values based on predictions from an
OLS regression of (log) energy prices on region dummies, producer dummies, GDP per capita,
population, and capital stock, which we obtain from Penn World Tables 9.0 and BP Statistical
Review of World Energy. Oil and coal prices are converted from US$/ton to US$/TJ using
conversion factors from the UN Statistics Division, 2004 Energy Balances and Electricity
Pro les.

2The original data source in WITS is TRAINS at the HS6 level.

Jnhere information is missing, we impute fuel consumption with a regression on country-level correlates of
energy use (GDP per capita, population, capital intensity, obtained from Penn World Tables 9.0) and region
dummies.
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2.4 Calibration

The result is a comprehensive dataset of the energy mix among industrial rms and the
fuel prices they pay across countries. With this in hand, we compute the country-speci c
energy price ind@; as the average energy price weighted by the fuel shares. More details are
provided in the Appendix.

2.4.2 Demand Elasticities and Returns to Scale

Demand elasticitiesand returns to scalgplay a key role in our model. To estimate these
parameters, we follow the methodology developedintra (1994), Broda and Weinstein (2006)
and, in particulasoderbery (2015ewriting the demand equati¢h3)in terms of market

Piis Cijj

sharess P—CS yields

log st = (1 "s)logPjst +("s 1)logPis:

To facilitate consistent estimation, we rst eliminate origin-sector-speci ¢ unobservables
by taking time di erences of log prices and log market shares (denote rst di ererjces by
Second, to eliminate sector-importer-time speci ¢ unobservables, such as the price index in
the importing countnP;s; , we di erence again by a reference cokrmignote reference
di erences by superscript k). Write the double-di erenced demand equation as

“In st = 10g st log st =(1 "s) “logpjs + Est; (2.25)

where f; are unobservable demand sh¥tks.
To derive the empirical analog of the supply equiidhwe write the price of a couniry-
sectors rm in marketi as a function of the market share

1+ s _

Pijst

(s+1) (1+ 5)
siis tis xis Pz © 0 st (st ist) °

Taking logs and assuming that the tax instruments are constant over time, the double-
di erenced supply equation can be written as:

“logPjst = log Pjs  log Pyt =

e “log st + ! i ; (2.26)

wherd ¥, = *log( js ) are unobservable supply shocks.
The estimator relies on a variance identi cation and, in particular, the assumption that
supply and demand shocks are orthogon&( |ﬁjgt ! i'fst ) = 0. The sample analog of this
condition leads to an estimation equation {and  (Feenstra, 199hich we estimate
using the hybrid limited information maximum likelihood estimator developeddbyery
(2015).
We estimate demand and supply elasticities at the 4-digit level from EU import data.
Table 2.1 reports summary statistics for our estimates of demand and supply elasticities, which
are similar to those reporteddaylerbery (2018pur mean demand elasticity is 4.6 and the

“Note thatthe termi=("s  1)logNjs does not vary over time and thus drops from the equation when
taking time di erences.

Y0\e use data on the EU's bilateral import values and quantities from EUROSTAT for the sample period
2005-2018 at the 8-digit NACE level (Extrastat) and 4-digit NACE production data, which we convert both to
the ISIC Rev.2 4-digit sector level. We construct import prices by dividing unit values by import quantities and
market shares by dividing bilateral import values by the EU's total imports.
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median is 2.4. Our median estimate fas 0.5, implying that the typical sector exhibits
decreasing returns to scalef{( s = 0:67). In Section 2.6, we show that our results are
gualitatively robust to setting = 0 (CRS) and¢ = 6 for all sectors, which have been
suggested as standard values in the litgf@tgti@ot and Rodriguez-Clare, 2014).

2.4.3 Output Elasticities

Production of gross output in 4-digit industries resorts to labor, capital, materials, and energy
inputs. In the absence of a European-wide dataset on rm-level en@vgyneset al., 2020),

we use restricted-access data from the annual census of German manufacturing industries
(AFiD- Amtliche Firmendaten in Deutschlar@erman AFiD data combine broad industry
coverage with high representativeness. As demonstrated by earlier work, AFiD data are highly
suitable for analyzing how energy inputs angébssions interact with other input factors

in the production procegSerster and Lamp, 2024; Petrick et al., 2011).

AFiID covers the universe of German manufacturing plants with more than 20 employees,
corresponding to approximately 50,000 plants per year. We construct a representative panel
of rms for the years from 1998 until 2018 with information on electricity consumption and
primary energy use by fuel type, gross output, employment, allowance for depreciation, and
materials (drawn from AFiD modul&sergieverbrauch, Industriebetaaddendustrieun-
ternehmen We back out rm-level capital stocks by combining rm-level depreciation of
xed assets with sector-level averages of the lifetime of xed assets,i¢lpwing010).

For each 4-digit NACE industry, we estimate a gross-output production function which is
Cobb-Douglas in the factors capital, number of workers, materials, and energy. To address
well-known endogeneity issues, we adopt the estimsttooltyidge (2009)sing either
materials or energy as proxy variables and instrumenting for endogenous inputs with their rst
and/or second lags. The estimator employs the moment conditions propisgdinyPakes
(1996)andLevinsohn and Petrin (2008)a joint GMM framework that addresses the critique
by Ackerberg et al. (2013y placing additional restrictions on the underlying data-generating
process. Thisis slightly less general than their solution but o ers computational bene ts which
are essential in the remote-server environment that governs our data access at the German
Federal Research Data Centre.

Following the estimation, we retain the output elasticity of engrgyd aggregate all
non-energy elasticities to obtain the elasticity of the composite physical.ifjug)ly, we
convert the estimates to the ISIC Rev.4 classi c&tia rescale output elasticities to make
them compatible with the returns to scale estimate obtained from the trade data above. Table
2.1 reports summary statistics of the production function coe cients. The median output to
energy elasticity is 0.06, while the median output elasticity to the composite physical input
equals 0.53. We provide robustness checks for these estimates in section 2.6.

2.5 Policy Scenarios and Results

We quantify the impact of an increase in the EU carbon price from $15 to $105 on global
emissions, bilateral trade ows between the EU and third countries, EU money-metric welfare,
the distribution of abatement across sectors, and the economic costs imposed on non-EU

1610 obtain a single output elasticity per ISIC industry, we take an unweighted average of all elasticities with
non-negative coe cients after removing obvious outliers. To implement this, we construct a crosswalk between
NACE Rev. 2 and ISIC Rev. 4. For those 4-digitindustries for which we are not able to obtain a meaningful
output elasticity estimate in this way, we use two-digit industry output elasticities.
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2.5 Policy Scenarios and Results

Table 2.1: Summary Statistics of Production Function Parameters and Demand Elasticities

No. Obs. Mean Median Min Max SD

s 131 0.541 0530 0.061 0.993 0.306
s 131 0.086 0.063 0.001 0.393 0.085
s 131 2.020 0.563 0.000 10.045 3.171
s 131 4,613 2.415 1317 18.078 5.124

NotesSummary statistics of GMM estimates for sector-level estimates of
demand and supply parameters.
SourceResearch Data Centres of the Federal Statistical O ce and the Sta-
tistical O ces of the Federal States of Germany, AFiD-Modul Energiever-
wendung 1998 2018, AFiD-Panel Industriebetriebe 1998 2018, AFiD-Panel
Industrieunternehmen1998 2018, project-speci ¢ preparations, own calcu-
lations.

countries. Non-EU countries are assumed to keep their tax instruments unchanged. We
consider the case of No-BAM, three CBAM variants, and two LBAM scenarios: CBAM-EU
denotes the currentimplementation that applies only to aluminum, iron and steel, fertilizers,
and cement. All other policies apply to all sectors. Speci cally, CBAM-|idlesdlvariant

that would tax import-embedded emissions agfeestors. CBAM-EZ is a simpler variant

where embedded emissions are computed using EU (rather than foreign) carbon intensities.
The LBAM scenario implements tari s that eliminate import-related leakage in all sectors.
LBAM-X additionally assumes that the EU grants export subsidies that sterilize export leakage.

EUtrade Table 2.2 summarizes the changes in EU trade across policy scenarios. Without
border adjustments, bilateral imports increase by 11% on average, and by up to 305% in some
sectors (Panel A). This is because unilateral carbon pricing increases energy costs for EU
producers and thereby shifts comparative advantage to dirty producers, inducing substantial
import leakage. In contrast, CBAM-i&lucesports compared to no carbon pricing by
8% on average, and virtually shuts down trade in some very carbon-intensive sector-country
pairst’ CBAM-EU gives rise to both these phenomena; average imports increase by almost
10%, whereas imports for some sector-country-pairs drop by up to one half. As explained
in Section 2, this is because the objective of CBAM tari s is to tax emissions embedded in
domestic consumption. This implies that, in most cases, tari s reduce imports beyond what is
needed to prevent carbon leakage, and provides a rationale for strong opposition by non-EU
countries against CBAM as a policy that limits access to EU ivaiket024).LBAM
avoids this by raising tari s just enough to eliminate import leakage. Given high average trade
elasticities, modest LBAM tari s of 1.3% on average would su ce (median 0.6%, maximum
8.6%; Panel B). In contrast, implementing CBAM across all sectors would raise bilateral tari s
by 8.3% on average (7.5% in the EZ variant), and double tari rates in some industries. While
CBAM-EU leaves most imports untaxed, a ected sectors will see tari increases as high as
39.2%.

Unilateral carbon pricing weakens the competitiveness of EU exporters on world markets,
reducing bilateral EU exports by 9.4% on average and almost 80% in the most impacted
sector-country pairs (Panel C). Border adjustments on imports leave this export leakage intact.

Conversely, EU imports of cleaner goods increase in a small number of country-sector pairs.
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Table 2.2: Impact of EU Carbon Price Increase on EU Trade

Leakage Policy Mean Median SD Min Max
A. Imports (% change)

No-BAM 11 0 35 0 305
CBAM-EU 10 0 3 -51 305
CBAM-ID -8 -3 21 -100 482
CBAM-EZ -8 -3 17 -100 253
LBAM, LBAM-X 0 0 0 0 0
B. Importtari s (% change)

No-BAM 0 0 0 0 0
CBAM-EU 0.3 0 17 0 39.2
CBAM-ID 8.3 57 8.8 0 105.6
CBAM-EZ 7.5 53 7.8 0.1 9438
LBAM, LBAM-X 1.3 06 1.8 0 8.6
C. Exports (% change)

No-BAM, CBAM-**, LBAM -9.4 -29 154 -795 -0.0
LBAM-X 0 0 0 0 0
D. Export subsidies (% change)

No-BAM, CBAM-**, LBAM 0 0 0 0 0
LBAM-X 3.7 30 26 0.2 105

NotesSummary statistics of changes in EU trade and trade policy relative to 2018, following
an EU carbon price increase from $15 to $105 per ton. Statistics are reported for: imports
(Panel A), import tari s (Panel B), exports (Panel C), and export subsidies (Panel D).

However, it can be neutralized with a modest export subsidy under the LBAM-X scenario,
which averages at 3.7% across sector-country pairs and never exceeds 10.5%. In Appendix
Tables B.5 and B.6, we report changes in EU imports and exports aggregated by 2-digit sector
for readabilitydmports surge in virtually all sectors due to the EU carbon price increase, while
exports fall across the board. The magnitudes of these adjustments are very heterogeneous
across sectors, as they are governed by a complex combination of factors, including trade
elasticities, energy intensity, returns to scale, and size.

EU welfare and global emissions Table 2.3 compares the policy scenarios in terms of

two outcomes: EU welfare e ects, comprised of economic costs and environmental bene ts,
and impact on global emissions. Column (iv) shows that unilaterally increasing its carbon price
has signi cant economic costs for the EU, but the incidence varies substantially across policies,
as shown in columns (i)-(iii): No-BAM and CBAM-EU are practically indistinguishable in
terms of economic costs and load the bulk of them on consumers, while pro ts fall moderately
and government revenue surges. Compared to those scenarios, CBAM-ID and CBAM-EZ
halvethe economic costs as the boost in government revenue induced by taxing all import-

BRemember that the model simulations are disaggregated into 131 4-digit sectors. Aluminum, iron and steel
fall into the sector Metals, while fertilizers are part of Chemicals and cement is part of Minerals.
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embedded carbon emissions (and, to a lesser extent, a smaller contraction in domestic pro ts)
compensates for the (even larger) drop in consumer surplus.

After netting out environmental bene ts, only the comprehensive CBAMs lead to welfare
gains for the EU in the amount of $29 bn (CBAM-ID) and $22 bn (CBAM-EZ), reported in
column (vi). In contrast, welfare losses are largest for No-BAM and for CBAM-EU ($25 bn
and $23 bn, respectively). BAM policies outperform both CBAM-EU and No-BAM in
terms of welfare because they generate signi cantly larger environmental bene ts. Compared
to the comprehensive CBAMs, they impose a smaller burden on EU consumers but also
generate much less tari revenue. LBAM gives rise to a welfare loss of $15.1 bn, a reduction by
one third compared to CBAM-EU. Additionally subsidizing EU exports to prevent export
leakage (LBAM-X) brings the welfare loss down to $4 bn as environmental bene ts rise to
a level comparable to the comprehensive CBAMs. LBAM-X also boosts pro ts by shifting
government revenue to exporting rms in the EU.

Higher carbon taxes generate global environmental bene ts in proportion to EU emissions
reductions, net of carbon leakage arising from the trade impacts documented above. Com-
paring global abatement across scenarios, reported in column (vii) of Table 2.3, reveals the
extent of carbon leakage. Since LBAM-X holds foreign production xed at the level before the
carbon price increase, global abatement in this scenario (1.28% ) is entirely determined by how
EU emitters respond to the increase in the EU-ETS price. Without any border adjustments,
global abatement drops to 0.85%, implying that one out of three tong alb&€d in the
EU ‘leaks' to the rest of the world. LBAM import tari s prevent only 30% of such carbon
leakage. The remaining 70% occur due to the substitution of EU exports with production
from the rest of the world. Such export leakage is not mitigated by any policy except LBAM-X,
as shown in Figure 2.2. Universal applications of CBAM achieve comparable reductions in
world emissions but require larger reductions in domestic production and imports. This is
because CBAM implements (CBAM-ID) or approximates (CBAM-EZ) a consumption-based
carbon tax for the EU which discourages carbon-intensive production in the foreign export
sectors. Due toits limited sector coverage, however, CBAM-EU reduces carbon leakage only
minimally.

The result that comprehensive CBAMs impose the smallest economic cost onthe EU is
due to CBAM's extraterritorial e ects and comes at the expense of the EU's trade partners
whose exports contract in response to high EU carbon prices. On environmental grounds,
shifting abatement towards non-EU countries is not strictly necessary; by shutting down
import and export leakage, LBAM-X yields almost the same emissions reductions as the
feasible consumption-based carbon tax CBAM-EZ.

Cross-sectoral abatement To shed light on the distribution of abatement across
sectors, Appendix Table B.7 reports the percentage change in global emissions attributed to
each 2-digit sector measured relative to global sectoral emission levels in 2018. Only in the
metals sector does CBAM-EU increase the environmental e ectiveness of EU carbon pricing

1%0ur calculations attribute the global environmental bene t entirely to the EU while setthdor
non-EU countries. This parameterization closely aligns with the intention behind CBAM to support globally
optimal emissions abatement by the EU when other countries do not value such abatement; it provides an
upper-bound estimate of the welfare the EU can get by taking this unilateral approach. As an alternative, we
assign a share of the global SCC to each country following the app@achkhi and Lashkaripour (2025).
This renders welfare changes more negative but leaves the ranking of policy instruments unchanged. This and
other robustness checks are discussed in Section 2.6 below.
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2.6 Robustness

compared to No-BAM. In contrast, the more comprehensive border adjustment mechanisms
lead to greater emissions reductions in virtually all sectors.

Third-country economic costs Figure 2.3 illustrates the economic costs of EU poli-

cies imposed on other countries in terms of their distribution across countries (2.3a) and their
composition for the average country (228In.non-EU countries, higher export prices from

the EU induce substitution to otherwise less competitive suppliers. Without BAM, or with
CBAM-EU, this negative e ect dominates the positive e ect of increased competitiveness in
most countries, imposing small costs. By contrast, the comprehensive CBAMs induce large
additional economic costs on many non-EU countries as they signi cantly reduce exports to
the EU (up to $20 bn. for China). Therefore, broadening CBAM's sector coverage in the
future, as envisaged by the EU, will likely amplify the already strong political opposition from
BRICS states and other countries towards this policy. This conclusion is robust to attributing

a share of global environmental bene ts to each country because the economic costs would
still outweigh the environmental bene ts in most countries (see Section 2.6 below).

Since LBAM neutralizes the (positive) e ect on EU imports, many countries are left with
economic costs that are a bit larger than under no-BAM. LBAM-X additionally restores EU
exports to their initial levels, thus eliminating all economic impacts on foreign countries.
Hence, LBAM-X avoids negative extraterritorial e ects of EU climate policies while providing
large global environmental bene ts a combination that would render it politically acceptable
for all countries. The export subsidies we propose thus provide a valuable reference as the EU
Commission is beginning the process of designing support measures that mitigate the risk of
carbon leakage for EU-exporters of CBAM g(aspean Commission, 2025).

2.6 Robustness

This section assesses the robustness of our results to using alternative values for some key
parameters. We start by showing welfare results for the EU and Non-EU countries when
assuming country-speci ¢ values for the social cost of carbon instead of attributing the global
welfare bene t of abatement to the EU. We then discuss welfare and emission results obtained
for alternative choices of the trade and output elasticities.

Country-level SCC Disaggregating global estimates of SCC down to the level of the
individual country is methodologically challenging and subject to ongoing research. Here
we adopt the approach proposeddnyokhi and Lashkaripour (2020 recover country-

speci ¢ estimates of the disutility from emissions via a revealed preference approach, based
on implemented environmental taxes scaled by population and energy use. The sum of these
country-level disutilities is assumed to equal the globdl Big@re B.2 in the Appendix

shows the SCC for selected countries.

2ONotice that, under the baseline calibration, economic costs and welfare imposed on non-EU countries
coincide.

2o apply their estimates to our data, we rst allocate the SCC to the countries in our sample, as our country
coverage di ers from theirs. Countries includégiriokhi and Lashkaripour (2085ample but notin ours,
speci cally Turkey and Japan, are excluded. We assign countries that are included in our sample but absent from
theirs to the appropriate “Rest-of-the-World' regions de ned in their study and distribute the SCC according to
population shares within each region. We also apply this approach to recover the SCC of the United Kingdom,
initially part of the EU aggregate, but treated as a separate country following Brexit. Finally, we rescale the values
so that the sum matches our preferred global SCC estimate of $178.
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Figure 2.2: Impact of EU Carbon Price Increase on Carbon Emissions

NotesThe gure shows the percentage change in emissions following a unilateral increase in the EU carbon price from $15 to $105 per ton. Emissions
changes (in % of baseline emissions) are computed for six scenarios: No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X. Following the
decomposition in eq. (2.24), total emissions change due to changes in (i) EU production for the home market (EU-Domestic), (i) EU productiorgdor the
export market (EU-Exports), (iii) foreign production for the EU market (Import leakage), and (iv) foreign production for other foreign markets (Export
leakage).
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2.6 Robustness

Figure 2.3Impact of EU Carbon Price Increase on Economic Costs for Non-EU Countries

(a) Distribution of the changes in economic costs

(b) Decomposition of the change in economic costs

NotesThe gure shows changes in economic costs following a unilateral increase in the EU carbon price from
$15 to $105 per ton. Sub gure (a) shows the distribution of the change in economic costs, sub gure (b) shows
the average contribution of its di erent components. Economic costs are de ned as the sum of consumer surplus,
pro ts, and government revenue after taxes, subsidies, and tari s, expressed in 2018 US$. Economic costs changes
are computed for six di erent scenarios: No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X.
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

Table 2.4: Impact of EU Carbon Price Increase on EU Welfare and Global Emissions for alternative choice of SCC

(i) (i) (ii) (iv) (v) (vi) (vii)
Government Consumer Prots Economic Costs Environmental  Welfare Global
Revenue Surplus = (1)+(i)+(iit) Bene t =(iv) +(v) Abatement[%)]
No-BAM 68.6 -101.7 -23.6 -56.7 12.7 -44.0 0.85
CBAM-EU 70.4 -103.6 -22.7 -55.9 13.1 -42.8 0.87
CBAM-ID 135.5 -151.8 -8.8 -25.1 21.4 -3.7 1.43
CBAM-EZ 129.2 -146.4 -10.1 -27.2 19.7 -7.5 1.31
LBAM 79.1 -112.1  -18.7 -51.6 14.6 -37.1 0.97
LBAM-X 32.6 -112.1 27.3 -52.2 19.2 -33.0 1.28

NotesChange in EU welfare (vi) and its components (i-iii, v) following an EU carbon price increase from $15 to $105, in billions of 2018 US$. The

percentage reduction in global emissions (vii) is relative to 2018 levels and valued at a SCC of $178 per ton to compute the global environmental bene t.

Column (v) reports the EU's share in global environmental bene ts (in billions of 2018 US$) computedialimiihgand Lashkaripour
(2025).
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2.6 Robustness

Table 2.4 reports the EU welfare e ects when adopting country-speci ¢ SCC estimates. The
EU's SCCisreduced from $178 to $71, which lowers the estimated environmental bene ts by
approximately 60%. As aresult, the net welfare e ect for the EU turns negative across all policy
scenarios, including those that delivered a net welfare gain with our preferred parameterization
(CBAM-ID and CBAM-EZ). The relative welfare ranking of scenarios is not a ected, however:
LBAM and LBAM-X still provide larger welfare than No-BAM or CBAM-EU.

In contrast to the EU, non-EU countries bene t from assigning country-speci ¢ SCC
estimates to them. Except under CBAM-ID and CBAM-EZ, welfare increases across these
countries (see Figure 2.4b). However, CBAM-ID and CBAM-EZ, which achieve the largest
emissions reductions relative to the benchmark still imply large welfare losses for many coun-
tries, in particular for the US and China (see Figure 2.4a). Under No-BAM, CBAM-EU or
LBAM, countries either experience small welfare losses or small gains. LBAM-X makes all
foreign countries better o as they now value global emission reductions while still facing zero
economic costs.

Alternative trade and output elasticities We now turn to the robustness checks

on the other structural model parameters. In our rstrobustness check, we exclude outliers
from the data when computing trade and output elasticities. Rather than winsorizing, we
impose a sensible upper bound on the output elasticity of energy to limit the in uence of
extreme values. Missing elasticity estimates are imputed using available 4-digit industry values
within the same 2-digit classi cation. The same procedure is applied to trade elasticities. In
the second robustness check, we compute capital stocks using the perpetual inventory method
instead of using the method proposediayner (2010)n the third robustness check, instead

of using estimated values for the returns to scale and the trade elasticity for each sector, we
set them to standard values in the literature. Speci cally, we@¢tmplying CRS) and

" = 6 (Costinotand Rodriguez-Clare, 20b4pll sectors. Appendix Table B.8 reports summary
statistics of these alternative parameters. We report the EU welfare and global emission e ects
for these robustness checks in Table 2.5. In addition, Appendix Figures B.3- B.5b show box
plots of the distribution of the foreign economic costs, as well as a decomposition of average
foreign economic costs, respectively. Compared to the baseline calibration, the numbers
change somewhat across the di erent robustness checks. However, the ranking of scenarios in
terms of welfare and emissions reductions remains unchanged. Moreover, the distribution of
economic costs also remains heterogeneous across countries, with the most impacted countries
experiencing costs of EU policies of up to $ 15-20 bn.
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

Figure 2.4tmpact of EU Carbon Price Increase on Welfare for Non-EU Countries for alter-
native choice of SCC

(a) Distribution of the changes in welfare

(b) Decomposition of the change in welfare

NotesThe gure shows changes in welfare following a unilateral increase in the EU carbon price from $15 to
$105 per ton. Sub gure (a) shows the distribution of the change in economic costs, and sub gure (b) shows the
average contribution of its di erent components. Welfare is de ned as the sum of consumer surplus, pro ts,
government revenue after taxes, subsidies, and tari s, and environmental bene ts expressed in 2018 $US. Welfare
changes are computed for six di erent scenarios: No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and
LBAM-X. Country-speci c values of SCC are computed follold@rgokhi and Lashkaripour (2025).

102



2.6 Robustness

'salISNpul |[e o} 9 AlpiSse|s puewap e pue (Q xa[edas 0] SuINaJ ULeISU0I

sawnsse J |aued ajiym ‘(Alld) poyraw Alojuanul femadiad ay) Buisn ¥201s [elided ay) salewnss g |aued ‘sarewnsa Alonse|s apeJ; pue indino ay)
W04} SIBIJIN0 JO 189S J8pe0Iq B Sapn|axa v [dued "($SN 8TOZ 40 Suol|jiq ul ‘A) 1 8uag [eluswuodiaug [eqolb ayl aindwod oy uol Jad 8/ T$ 10 DOS

e paneA pue S|aA3| 8T0Z 01 aAle|al sI (1IA) suolssiwa [eqo|b ul uononpas abejuadlad ay | "sarewnsa Jaraweled aaeula)e 10} $SN 8TOZ JO Suol||iq
Ul ‘GOT$ 01 GT$ Wody asealoul adLd uogied N3 ue Buimoj|oy (A ‘I-1) sjusuodwod sy pue (1A) alejam N3 ul abueyd ayi suodal a|gel SIY 1 S910N

80T 1)’ 0'avy 9'8¢- 91 1°.8- 699 X-NVa
¥8°0 €L 6'vE 9'/L¢- €LT- T8 8'9. NVan
XA 1'8¢ ¢'1S T°€c- 18- 8'TTT- 896 Z3-Nvad
or'T 9vE ¢'89 9'€c- €S- €8TT- 0°00T di-nvao
.90 €G- 8'.L¢ T°€e- Tee- Gvl- Sv9 N3-INv4dD
¥9°0 Q.- 9'9¢ o've- €ve- vl L'¢9 INVE-ON

S10]08s |2 1o} A1IoNSe|a puewISp pue 3[eds 0] SuiN}al JueIsuo) D

c0T N G'9¢ 0'6¢- 9'6 G'C9- o've X-NVal
980 T°9- gcce ¥'8¢- 9TT- G629 LSy NVan
¢cl 8¢t 9'Te 8'8T- 9'v- €.8- T€L Z3-Nv4ad
GET T.LT 6'vE 8'LT- L¢C- 8'¢€6- 9'8. di-INvdD
€80 L'6- v'1e ¢'1e- OvT- G9G- €6¢E N3-INvdD
G.°0 q¢T- €6l 8'Te- 0'ST-  9%S- 8'LE INVE-ON

(N1d) poyiaN A1ojuanu| reniadiad eIA %001S [endeD g

SZ'T 9'/- A 4% 8'TS- 02¢ €S0T- G'TE X-WvET
60T 8'TT- 98¢ '05- Z'8T-  €'S0T- 1€l WV
Ze'T T'ST 8'9% L'TE- 8'6-  88ET- 6°9TT Z3-WveED
6E'T 26T €6V T°0¢€- 98- TYYI- 8'2eT dl-Avad
GO'T 9'9T- 7'/ 0'¥G- GTZ- 8'86- 299 N3-WvgD
20'T G'8T- €'9¢ 8'7S- v'2Z- 696 G179 NVE-ON
sanionse|3 ul siaipno bulpnjox3 v
[96] Juawareqy () + (A1) = 1 auag (m+@m+0) = snjdins anuanay
[eqo|o aJej|l9\\  [BIUBWIUOIIAUT  SISOD JIWIOU0DT S} 0ld JBWNSUOD  JUSWUIBA0D
() (1n) (n) (A1) (1) () )

sarewsy Ja1aliered aAleula]|Y 10} SUOISSIWT [eqo|) pue alej|a\\ NJ U0 asealou| 9dlid uogied N3 Jo1oedw| g a|qel

103



2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

2.7 Conclusion

With the adoption of CBAM, the EU has overcome a long-standing hesitation to restrict
free trade in pursuit of environmental goals. As our analysis has shown, however, CBAM
covers too few sectors to prevent import leakage e ectively, and does not address substantial
export leakage. Expanding CBAM's sector coverage is subject to formidable information
requirements and would restrict market access more than needed to prevent leakage, imposing
heavy welfare losses on some non-EU countries.

The alternative developed in this paper, LBAM, mitigates carbon leakage with minimal
information requirements and trade impacts. LBAM neither discriminates between trade
partners nor does it make them worse o as the EU-ETS price increases. These features are
aligned with the WTQ's core principles of national treatment and non-discrimiBeigaT,
2022).For CBAM, however, the EU invokes environmentally-based exceptions from those
principles. As several prominent WTO member states rmly reject tHiBRi€®, 2025;

WTO, 2023; WTO, 2024)CBAM is at risk of becoming a political non-starter. In that case,
a climate club of countries with a high carbon price would lack a credible instrument to
persuade non-members to adopt carbon pricing on the{Gaw20D22; Nordhaus, 2015).

LBAM is a more consensual alternative as it only sterilizes the trade impacts of increasing
EU-ETS prices. If other countries implement carbon prices di erent from the EU's, LBAM
tari s would become partner-country speci c. They would still satisfy non-discrimination, as
they would guarantee the previous level of market access. Finally, as the EU decarbonizes its
own production over time, LBAM tari s would converge to zero, thus re-establishing free
trade.
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Appendix to Chapter 2

B.1 Theory Appendix

B.1.1 LBAM

By virtue of holding bilateral imports constant, the tari changes in con@tinhold
xed the aggregate import quantity. However, in principle, other tari changes could also
hold aggregate imports constant, while leaving bilateral imports free to adjust. To establish
uniqueness, we show that there exist no other non-discriminatory tari s that hold aggregate
imports constant.

Consider a scenario where tari s on imports are set in order to keep changes in aggregate
imports equal to zero, i€ = 1. First, we need to de ne total imports, both in levels and in
changes:

Cilss Cijss ; (C-27)
i6i
"s 1 X "s 1 X ((s+1) "s . s 1 "§Sl
Cie® = iljs Gis® = iljs Bz " (Mijs Xis ) P . (C.28)
j&i i6i
where i'js % represents the share of imports of courftom countryj . Then given

condition (C.28)

X | ATST e = % X | AeeeT
— s"s+l s"s+l "st) s — s's*l .
1= s VTP ) PR E T (C.29)
iei j6i
At the same time from condition (2.16) it follows:
is = isBy °° + ijs AliJ'SS T (C.30)

i6i

Combining the last two conditions, we have that keeping aggregate imports constant implies
the following condition:

" #"5"(1*' s)
X R s D sCsa ) X 1
N s"stl — s"s+l . N s"stl .
ijs lijs - s pZi + IS lijs ' (C31)
j8i j6i

There is no unique solution to this problem, and thus, there exist multiple tari schemes that
ensure constant aggregate imports. However, when imposing the additional condition that
tari s must be non-discriminatory between partner countries (Most-favored-nation princi-
ple), conditior{C.31)can be rewritten as conditi¢h21) Consequently, holding aggregate
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

imports constant without discriminating between origin countries is equivalent to choosing a
tari change that holds bilateral imports constant.

B. 1.2 Welfare

To write pro ts and tax income in terms of observables note tha2rdjand the de nition
of jis we havejs Gis = jis js-

From (2.9): |
s
i S S 1 .
N = D (54D (C.32)
jis
Using(2.7)and(2.9)we canwrite jis = Njis o xis [1 '@+ ) s jis - Thus,
X y X
N N N
is = jis F’“-,L = jis jis » (C.33)
j=1 j=1 is j=1
where
, 2 s s
| X .
jis P = — = P = 1JIS T (C.34)
j=1 is j=1 ljis Xjis Js is
Hence,
4 d
A s( s+1) X N 9( s+l = 1 1 X 1 T .
is = Mzj jis Yjis is ~ —(1+ ) liis  Xjis s Jis -
j=1 s /=1

To handle zero initial tax revenues, we write the expression for welfare changes as:

Z Z Z Z
0
(-ﬁs 1)Tis ds= (fEis 1)TEis ds+ (Tl(i)s Tiis )dS + (Txis Txis )dS;
S S S S
(C.35)
where
X
Teis Ei Njis s ;
j=1
X
Tlis ( lijs 1)Nijs ”jsl pijs Cijs ;
i6i
X
Txis (xiis  DNjis s xjis Bi Giis -
i6i
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B.1 Theory Appendix

By (2.4), (2.6), (2.7), (C.34), and the de nition;pf we have:
|

. 1+ )
X s
-f‘ —A_ s+ s) 1 - 9}|s .
Eis — EiMzj Jis N !
j=1 jis
X
_ 1 1 1 1 .
Teis = s s 0 EisPy ljis  Xjis s jis s
j=1
X
0 _ 0 0 1 0 B
Tlis - s ( lijs 1)( Iijs) ijs 1
i6i
X
_ 1 .
Tis = is  Ciis 1) s sy
i6i
X
0 _ 0 0 1 0 1 0 .
TXis - jS( Xjis 1)( ljis ) Xjis ) jis 1
i6i
X
_ 1 1 .
Txis = isCxiis 1) i~ xi is s
j6i

0 N
where js = s ijis = s Bis Bis -
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

B.1.3 LBAM and LBAM-X in the Presence of Productivity
Shocks

In this section, we derive LBAM and LBAM-X policies for the case"v;gh@l . Speci cally,
we show that LBAM-X export subsidies are always independent of productivity shocks. Thus,
LBAM-X export subsidies exactly sterilize the e ect of carbon price shocks in the origin
country on export prices, while productivity shocks in the origin country are completely
passed through to consumers in the destination market. For LBAM tari s, we show that they
are independent of productivity shocks as long as these are sector-sé\@gi s,ie., 8.
For the most general case in which productivity shocks vary at the importer-exporter-sector
level (\ijs ), non-discriminatory LBAM tari s still remain independent of productivity shocks
up to a rst-order approximation.

As a rst step, itis useful to substit@el6)nto (2.13)to obtainy;s as a function of
productivity shocks and policy instruments:

( S*l)i's "o
_ A s s+ s _
Yis = isBy° (Mijs “Xijs ) s
I 1
X (s*)("s 1) . s+l
N s"s+l 1" S .
ks iks Pri® (Miks “Xiks ) s"s* ; (C.36)
k=1

Next, we compute the change in country i's imports and exports induced exclusively by
productivity shocks by imposifg = 1 andjs = "“xjis = 1in(C.36):

| 1

NESEREDA NECTER y s
Pis = iis ks ks ; (C.37)
k=1
| 1
NESORE X ALStCs D ﬁ_
9]is = jis jks jks . (C.38)
k=1

LBAM

If we consider LBAM tari s in countryonly (i.e.fzi > land”js 6 1 for countryi,
Bz; =1forj 6 i,"\s = 1fork 6 i, and’xjs = 1 forallfori,]), condition(C.36)
simpli es to:

| 1

(s+D) "s "s . X (s#)('s 1) 1vg s
9‘. — /\" s'stl A s's+l B (/\" p 5)7( S+i)..(s+i o) + A s"s+1l N s's*l .
ijs iis lijs is \ iis Mzj ks iks liks
K6 i
(C.39)

In the main text, we computed LBAM tari s for the cé\tﬁe = 18i;j;s by imposing
%is = 1, and we showed that they are non-discriminatory and implicitly de ned by:

| 1
(s "s) 10 X s

"s
ToTs+l s "o+l "o+l —1-
i ° isBzi 7 Mg ” iks =1: (C.40)
k6 i
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B.1 Theory Appendix

When’\ijS 6 1, we need to verify that LBAM tari s exclusively sterilize the e ect of a change
in the domestic carbon price on imports, without interfering with the adjustment of imports
to productivity shocks, i.e., imports should change accor@@@t By combiningC.39)

with (C.37)we obtain the necessary and su cient conditions that LBAM tari s need to satisfy
to exclusively sterilize the impact of changes in the domestic carbon price:

Alscs y o X ALSHC"s D
"ol "otl
iis jis ° s + iks ks ° e (C-4l)
k6 i |
"s( stl) (s+)("s 1) )(< (sth)("s 1) 1 "s
— N s'stl . A,_ sy . N s"s+l N s'"stl .
= lis iis ( iis pZi ) s"s*l + ks iks liks : (C.42)

k6 i

If productivity shocks are sector-speci ¢ but not origin-country-s.pecf\q,-‘8 i®. "8,
then (C.41) simpli es to:

"s( s+1) JLscs y o X 1
A s s+l "5+l N s"s+l =1-
is” iis pzi s s + iks Iiksss =1: (C43)
K6

Note that(C.43)is identical for all origin countripsimplying that the tari is non-
discriminatory. Once we impdsg = "iis 8] then(C.43)coincides witl{C.40) Hence,
non-discriminatory LBAM tari s exactly sterilize the change in the carbon price while passing
through sector-speci ¢ changes in productivity. Speci cally, impgsirg s andhjs =
Nis in (C.39)and usindC.40)we obtairnys = "s Which coincides wittC.37)when
productivity shocks are sector-speci c.

If productivity shocks are, instead, sector-country-speci ¢, LBAM tari s that(€atdfy
cannot be non-discriminatory. Indeed, if we as§yme " ;s 8j , (C.41) simpli es to:

(st)("s 1) (sth@ "s) "s(l+ s)
Y sTsl s"s+l A s'stl
I iis Zi lis

s o) X NESTEE
—_ "s+ "g+ .
=M (1 i) ks ks S0 (C.44)

lis
k6i

Notice that ks and’\iki are exogenously given. HencJdaot4)to be satis ed for any
"1

possible realization Qf< , we would need bottys = D, and s =1.This is possible only
whenpzi = 1. Thus, in this case, LBAM tari s that exclusively sterilize carbon price shocks
cannot be non-discriminatory.

However, even if non-discriminatory LBAM tari s as implied by condffigt0)do not
exclusively sterilize the e ect of carbon price shocks when productivity shocks are country-
sector-speci ¢, they doitup to a rst-order approximation.

To show this, we take a log-linear approximati¢@ 4fl)and use it to derive the LBAM
tari s that solve the approximated equation. Then, we check whether these tari s coincide,
up to the rst order, with our original solution ({@.40) In what follows, we use the fact
thatg = €°9% and we indicate witlbg® the value of the variable at the approximation
point. As a rst step, we take the rst-order approximation of conq@igri)around an
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equilibrium where shocks are sector-speci ’éi,-g.e:. Ais 8j . Then, by conditioriC.43)
LBAM tari s are non-discriminatory, i, = "s. Thus, by linearizing conditi¢g.41)
w.r.t.log X we obtain:

+1)(" 1
iis( 2 S.,1(+Sl ) log "is log Ais
+1)("s DX
+ ( S ")( S ) ks |Og Aiks |Og /\is
s'st1 K6i
" +1 "s(_s+1) (s*D)("s 1)
= 0D ) ) T 00 o)
+1)(" 1 "s( s+1) (s+D)("s 1)
p LT Dn )i oy 9
h ss i
logis log”e  s(logpz logpy)
n + 1
+ M'\ns (1 is)(logNis  log%s)

S"S+1
X (s+1)("s 1)

+Mis n iks o) log “is  log "
I
||S 1 A /\ .
S S

Next, we impose that at the point of approximation there are no policies in place, i.e.,
Nis = Dy, = 1 to obtain:

X
"s( st logMNjs = s s+1)("s 1) s logPz +("s 1) iks 100 ks = (C.46)
K6

Condition(C.46)implies that, up to a rst-order approximation, LBAM tari s for the

general case Whé\rjg 6 1 do not need to be discriminatory across origin countries. We can
thus assume thiatg 1}js = log *is 8] to rewrite (C.46) as follows:

"s( s+ 1DlogMNis = s(s+1)("s 1) islogpz +("s 1)@ is)logis:
(C.47)

As a nal step, we need to take a rst-order approximati@@.d0)around the same equilib-
rium and show that it coincides w{th.47) First, note that we can rewrite this condition as
follows:

"s(l+ s) (s+1)("s 1) "s 1

NS = isPy T T ML e): (C.48)

Taking a log-linear approximation6f48)we obtain exactl{C.47) This proves our conjec-
ture.
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LBAM-X

If we consider LBAM-X export subsidies in countmly (i.e.pz; > land’;s 6 1 for
countryi, pz; = 1 forj 6 i,%;s = 1 forallfori,j, and’s = 1 fork & i)then
condition (C.36) simpli es to:

A (s+D)"s —s_
Pis = (This Bz ) 5 N

! 1
; 1 s X (s*)("s 1) I+s
N s ( S+1)"( s 1) /\"7-*-1 VA e .
is Ciis Bz *) =50 NGis™ + 0 ks ks ©°  (C.49)
k6

In the main text we showed that Wh’\ggl =1, the non-discriminatory export subsidy for
whichyjs = 18] 6 iisgiven bygs = Dy, °¢ ** . If we substitute this LBAM-X subsidy
into (C.49) we get:

A ( S:'l) " S“S(ﬂs:i)
Yiis =(jisByi ) 5T Py °°
! 1
A e 1 Cs+('s 1 X (s*)( s 1) s
i (N p.ﬂ%p? sTs gy A
jis \ jis Mz Zi jks  jks
K6 i
! 1
s+ "s Cs+n('s X (s*D("s 1) s
_ Nt N Nl .
- jisSS jis jis 0 + jks  jks ° ) (C.50)

k6i

which coincides witfC.38) This result implies that the LBAM-X export subsidy is
independent of productivity shocks: while it sterilizes the e ect of a change in the domestic
carbon price on exports, it does not interfere with uctuations in exports due to domestic or
foreign productivity shocks.
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

B. 2 Data Appendix

B. 2.1 Imputation of Fuel Consumption

Table B.1 reports the outcome and goodness of t for the imputation of fuel consumption

by energy type. With our preferred regression speci cation, we adRfeaka@re 0.7 for

all four fuel types. Table B.3 presents summary statistics of imputed and non-imputed fuel
shares. Electricity, followed by natural gas, are the most used fuel types in our sample. The
share of imputed observations ranges between 8 and 26%.

Table B.1: Imputation of Fuel Consumption

Log Fuel consumption

Electricity  Oill Natural Gas  Coal
(1) (2) 3) (4)

Log GDP per capita 0.436 1.022 1.374 1.302
(0.312) (0.394) (0.661) (0.738)

Log Population 0.593 0.708 1.007 2.229
(0.302) (0.306) (0.690) (0.625)
Log Capital stock 0.382 0.136 -0.132 -0.624
(0.275) (0.278) (0.574) (0.505)
Dummy oil 0.234
(0.271)
Dummy natural gas 1.473
(0.580)
Dummy coal 1.243
(0.664)
Region FE Yes Yes Yes Yes
Sub-region FE Yes Yes Yes Yes
N 67 67 53 57
Within R2 0.789 0.771 0.707 0.735

Notes This table presents estimates from OLS regressions used to impute missing
fuel consumption values. The dependent variable in each column is the log of fuel
consumption: electricity (Column 1), oil (Column 2), natural gas (Column 3), and coal
(Column 4). Independent variables include log GDP per capita, log population, log
capital stock, and a dummy variable indicating the production of each respective fuel
type. All regressions include region and sub-region xed e ects. Standard errors are
reported in parentheses. Signi cance levels are indicgied @05, p < 0:01,

p < 0:001
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B. 2.2 Imputation of Fuel Prices

Table B.2 reports the outcome and goodness of t for the imputation of fuel prices by energy
type. We run our preferred regression speci cation on a dataset that includes both o cial
IEA and our hand-collected prices to increase the number of observations. We BZhieve an
between 0.09 for electricity and 0.48 for coal. The low goodness of tis driven by considerable
heterogeneity across countries in fuel prices (see Table B.4). While we have industry electricity
prices for nearly all countries, with a share of imputed observations of 6%, we have to impute
prices for roughly 50% or more observations for the other fuel types. For the ten largest
countries in terms of fuel consumption, we hand-collected fuel prices and do not rely on
imputed prices.

Table B.2: Imputation of Fuel Prices

Log Fuel price

Electricity  Oill Natural Gas Coal
(1) 2) 3) (4)

Log GDP percapita  -0.660 -0.080 -0.395 -2.006
(0.380) (0.126) (0.505) (0.413)

Log Population -0.541 -0.053 -0.108 -1.512
(0.394) (0.120) (0.353) (0.333)

Log Capital stock 0.495 0.006 0.075 1.107
(0.381) (0.117) (0.343) (0.307)

Dummy oil -0.084

(0.086)
Dummy natural gas -0.045

(0.029)
Dummy coal 0.500
(0.224)

Region FE Yes Yes Yes Yes
Sub-region FE Yes Yes Yes Yes
N 105 59 38 21
Within R2 0.085 0.139 0.215 0.478

NotesThis table presents estimates from OLS regressions used to impute missing fuel
prices. The dependent variable in each column is the log of fuel consumption: electricity
(Column 1), oil (Column 2), natural gas (Column 3), and coal (Column 4). Independent
variables include log GDP per capita, log population, log capital stock, and a dummy
variable indicating the production of each respective fuel type. All regressions include re-
gion and sub-region xed e ects. Standard errors are reported in parentheses. Signi cance
levels are indicated gs< 0:05, p< 0:01, p< 0:00L
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2 Designing E ective Carbon Border Adjustment with Minimal Information Requirements

Table B.3: Summary Statistics Fuel Shares

N Mean Median Min Max SD % imputed

Fuel share coal 74 0.175 0.114 0.000 0.605 0.164 0.216
Fuel share electricity 74 0.327 0.327 0.048 0.970 0.147 0.081
Fuel share naturalgas 74 0.275 0.234 0.005 0.804 0.213 0.257
Fuel share oll 74 0.223 0.165 0.018 0.766 0.178 0.081

NotesColumn 1 reports the number of observations for each fuel share variable. Columns 2 and 3 report
the mean and standard deviation of each fuel share variable across all observations. Columns 4 to 6 present
the median, minimum, and maximum values for each fuel share. Column 7 shows the percentage of
imputed data for each fuel share variable.

Table B.4: Summary Statistics Fuel Prices

N Mean Median Min Max SD % imputed

Price coal 74 146.564 127.837 8.736 480.300 97.224 0.716
Price electricity 74 133.405 107.044 0.777 518.742 101.327 0.055
Price oil 74 569.616 549.311 134.010 1026.786 155.381  0.486

Price naturalgas 74 21.646 11556 0.210 140.970 26.774 0.473

NotesColumn 1 reports the number of observations for each fuel price variable. Columns 2 and 3 report
the mean and standard deviation of the fuel prices across all observations. Columns 4 to 6 present the
median, minimum, and maximum values for each fuel price variable. Column 7 shows the percentage of
imputed data for each fuel price variable.

B. 2.3 Comparison with IMF Energy Prices

Getting the energy prices right is crucial for the validity of our results. To assess our approach
of collecting data from di erent sources and imputing missing data using OLS regressions,
we compare our data wisthack et al. (20233 readily available dataset. Figure B.1 plots our
benchmark price data against IMF data for electricity, natural gas and coal. Overall, our
benchmark data show a wider dispersion than the IMF data and suggest higher energy prices
on average. This is most pronounced for electricity and coal. Natural gas prices are the most
similar. In general, given a su cient number of data points, our imputation method predicts
prices that are no more di erent from the IMF data than from the prices we collect. In the
case of coal, the lack of data points leads to a wider dispersion of coal prices than observed
in the IMF data. The di erences between our benchmark and the IMF prices can mainly be
explained by two factors. First, the IMF primarily uses IMF and World Bank country desk data,
while we rely on IEA data. Second, when industry prices are missing, even after using reliable
third-party sources such as the IEA and Eurostat, the IMF uses prices from the electricity
sector or import prices to impute these observations. Overall, we prefer to use our, on average,
higher benchmark energy prices as they give us more conservative results for welfare, emissions,
and trade e ects. As a result, the negative economic impact on foreign countries is smaller
than when using the IMF data.
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B. 2 Data Appendix

Figure B.1: Comparison of IMF prices and collected prices for di erent fuel types

NotesThis gure depicts scatter plots Af (collected electricity prices as the dependent variable and IMF
electricity retail prices as independent variBpbtml{ected natural gas as dependent variable and IMF natural
gas prices as independent variableCarmdl{ected coal prices as dependent variable and IMF coal prices as
independent variable. IMF prices are de ated using the FRED Global Price of Energy Index.

115
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B. 3 Additional Tables

Table B.5: Policy-Induced Changes in EU Imports by 2-digit Sector

Description ISIC No-BAM CBAM-EU CBAM-ID CBAM-EZ LBAM LBAM-X

Food 10 22.5 22.5 -9.3 -10.8 0.0 0.0
Beverages 11 52.6 52.6 -10.6 -15.7 0.0 0.0
Tobacco 12 6.7 6.7 -15.0 -14.5 0.0 0.0
Textiles 13 0.9 0.9 -7.0 -5.2 0.0 0.0
Apparel 14 2.3 2.3 -9.6 -6.6 0.0 0.0
Leather 15 2.6 2.6 -10.2 -6.7 0.0 0.0
Wood 16 0.5 0.5 -4.9 -3.9 0.0 0.0
Paper 17 0.6 0.6 -4.2 -4.3 0.0 0.0
Printing 18 2.3 2.3 -4.8 -4.2 0.0 0.0
Petroleum 19 0.0 0.0 -4.6 -4.1 0.0 0.0
Chemicals 20 2.4 2.2 -7.3 -6.6 -0.0 -0.0
Pharma 21 6.4 6.4 -9.3 -10.4 0.0 0.0
Plastics 22 0.6 0.6 -8.3 -6.4 0.0 0.0
Minerals 23 17.5 17.4 -20.7 -16.9 0.0 0.0
Metals 24 4.7 -6.2 -6.6 -6.4 0.0 0.0
Metalwork 25 3.0 3.0 -8.2 -6.1 0.0 0.0
Electronics 26 5.8 5.8 -13.0 -9.5 0.0 0.0
Electrical 27 2.3 2.3 -6.4 -4.8 0.0 0.0
Machinery 28 3.4 3.4 -3.1 -2.7 0.0 0.0
Vehicles 29 11.5 11.5 -7.9 -7.1 0.0 0.0
Transport 30 1.1 1.1 -3.6 -2.7 0.0 0.0
Furniture 31 0.0 0.0 -1.3 -1.0 0.0 0.0
Misc 32 0.2 0.2 -0.8 -1.9 0.0 0.0
Repair 33 0.1 0.1 -7.6 -6.2 0.0 0.0

NotesThe table reports the change in EU imports for 2-digit ISIC sectors following an EU carbon price increase
from $15 to $105, in billions of 2018 US$. The percentage change in EU imports is relative to 2018 levels.
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Table B.6: Policy-Induced Changes in EU Exports by 2-digit Sector

Description ISIC Code No-BAM, CBAM-EU, CBAM-ID, LBAM-X
CBAM-EZ, and LBAM

Food 10 -24.0 0.0
Beverages 11 -31.6 0.0
Tobacco 12 -11.2 0.0
Textiles 13 -3.9 0.0
Apparel 14 -5.1 0.0
Leather 15 -7.5 0.0
Wood 16 -2.4 0.0
Paper 17 -3.1 0.0
Printing 18 -3.4 0.0
Petroleum 19 -2.8 0.0
Chemicals 20 -6.4 0.0
Pharma 21 -11.1 0.0
Plastics 22 -4.0 0.0
Minerals 23 -11.3 0.0
Metals 24 -6.8 0.0
Metalwork 25 -3.8 0.0
Electronics 26 -29.2 0.0
Electrical 27 -4.0 0.0
Machinery 28 -3.4 0.0
Vehicles 29 -11.5 0.0
Transport 30 -2.2 0.0
Furniture 31 -0.5 0.0
Misc 32 -7.6 0.0
Repair 33 -5.0 0.0

NotesThe table reports the change in EU exports for 2-digit ISIC sectors following an EU
carbon price increase from $15 to $105, in billions of 2018 US$. The percentage change in EU
exports is relative to 2018 levels.
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Table B.7: Policy-Induced Changes in Emissions by 2-digit Sector

Description ISIC No-BAM CBAM-EU CBAM-ID CBAM-EZ LBAM LBAM-X

Food 10 -1.4 -1.4 -1.7 -1.6 -1.5 -1.8
Beverages 11 -1.2 -1.2 -14 -1.4 -1.3 -2.3
Tobacco 12 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3
Textiles 13 -0.3 -0.3 -0.9 -0.7 -0.4 -0.5
Apparel 14 -0.6 -0.6 -1.3 -1.1 -0.7 -0.7
Leather 15 -0.7 -0.7 -1.4 -1.2 -0.8 -1.1
Wood 16 -1.0 -1.0 -1.4 -1.3 -1.0 -1.0
Paper 17 2.1 2.1 -2.3 -2.2 2.1 -2.0
Printing 18 -2.0 -2.0 2.1 2.1 -2.0 -2.0
Petroleum 19 -0.3 -0.3 -0.4 -0.3 -0.3 -0.3
Chemicals 20 -0.8 -0.8 -1.1 -1.1 -0.8 -0.9
Pharma 21 -1.8 -1.8 -2.4 -2.4 -1.9 -2.2
Plastics 22 -1.8 -1.8 -2.2 2.1 -1.9 -1.8
Minerals 23 -04 -04 -0.6 -0.6 -0.5 -0.5
Metals 24 -0.6 -1.3 -1.3 -11 -0.7 -0.8
Metalwork 25 -1.3 -1.3 -1.6 -1.5 -1.4 -1.4
Electronics 26 0.9 0.9 -0.7 -0.3 0.6 -04
Electrical 27 -0.6 -0.6 -1.8 -1.5 -0.9 -1.0
Machinery 28 -1.3 -1.3 2.1 -2.0 -1.7 -2.3
Vehicles 29 2.1 2.1 -2.3 -2.3 -2.2 -2.6
Transport 30 -0.9 -0.9 -1.3 -1.2 -1.0 -1.0
Furniture 31 -1.9 -1.9 -1.9 -1.9 -1.9 -1.9
Misc 32 0.9 0.9 0.9 -0.4 0.8 -0.8
Repair 33 -0.9 -0.9 2.4 2.1 -0.9 -0.9

NotesThe table reports the change in global emissions for 2-digit ISIC sectors following an EU carbon price
increase from $15 to $105. The percentage change in global sectoral emissions is relative to 2018 levels.
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Table B.8Summary Statistics of Production Function Parameters and Demand Elasticities or
Alternative Parameter Estimates

Median SD

Min Max

0.282 0.0/73 0.993
0.088 0.003 0.393

1.971 0.000 11.545

N Mean
A. Excluding Outliers in Elasticities
s 131 0.614 0.664
s 131 0.097 0.075
s 131 1.117 0.290
s 131 3.296 2.368

B. Capital Stock via PIM

2.769 1.317 18.078

s 131 0.656 0.735 0.290 0.078 0.996

s 131 0.055 0.024 0.072 0.001 0.315

s 131 1.117 0.290 1.971 0.000 11.545
s 131 3.296 2.368 2.769 1.317 18.078
C. Setting = 0 and” = 6 for all Industries

s 131 0.930 0.965 0.073 0.685 0.998

s 131 0.070 0.035 0.073 0.002 0.315

s 131 0.000 0.000 0.000 0.000 0.000

s 131 6.000 6.000 0.000 6.000 6.000

NotesColumn 1 reports the number of observations for each pa-
rameter. Columns 2 and 3 show the mean and standard deviation for
each parameter across all observations. Columns 4 to 6 present the
median, minimum, and maximum values for each parameter. Panel
A excludes a broader set of outliers from the output and trade elastic-
ity estimates, Panel B estimates the capital stock using the perpetual
inventory method (PIM), while Panel C assumes constant returns to
scale (= 0) and a demand elasticity 6 for all industries.
SourceResearch Data Centres of the Federal Statistical O ce and the
Statistical O ces of the Federal States of Germany, AFiD-Modul En-
ergieverwendung (1998 2018), AFiD-Panel Industriebetriebe (1998
2018), AFiD-Panel Industrieunternehmen (1998 2018), project-
speci c preparations, own calculations.
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B. 4 Additional Figures

Figure B.2: Country-speci ¢ Social Cost of Carbon

NotesThe gure displays the 15 highest country-speci ¢ social cost of carbon (SCC) estimates
when allocating the global SCC estimate of $1R&mert et al. (202Zcross countries using
the method proposed Byrrokhi and Lashkaripour (2025).
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B. 4 Additional Figures

Figure B.3mpact of EU Carbon Price Increase on Economic Costs for Non-EU Countries
for Alternative Trade and Output Elasticity Estimates

(a) Distribution of the changes in economic costs

(b) Decomposition of the change in economic costs

NotesThe gure shows changes in economic costs following a unilateral increase in the EU carbon price from
$15to $105 per ton, under an alternative speci cation that excludes a broader set of outliers from the output and
trade elasticity estimates. Sub gure (a) shows the distribution of the change in economic costs, sub gure (b)
shows the average contribution of its di erent components. Economic costs are de ned as the sum of consumer
surplus, pro ts, and government revenue after taxes, subsidies, and tari s, expressed in 2018 US$. Economic
costs changes are computed for six di erent scenarios: No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM,

and LBAM-X.
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Figure B.4mpact of EU Carbon Price Increase on Economic Costs for Non-EU Countries
for Alternative Capital Stock

(a) Distribution of the changes in economic costs

(b) Decomposition of the change in economic costs

NotesThe gure shows changes in economic costs following a unilateral increase in the EU carbon price from
$15to $105 per ton, under an alternative speci cation that excludes a broader set of outliers from the output and
trade elasticity estimates and estimates the capital stock using the perpetual inventory method (PIM). Sub gure
(a) shows the distribution of the change in economic costs, sub gure (b) shows the average contribution of its

di erent components. Economic costs are de ned as the sum of consumer surplus, pro ts, and government
revenue after taxes, subsidies, and tari s, expressed in 2018 US$. Economic costs changes are computed for six
di erent scenarios: No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X.
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Figure B.9mpact of EU Carbon Price Increase on Economic Costs for Non-EU Countries
for CRS ( = 0) and Standard Choice of Trade Elastitity §)

(a) Distribution of the changes in economic costs

(b) Decomposition of the change in economic costs

NotesThe gure shows changes in economic costs following a unilateral increase in the EU carbon price from $15

to $105 per ton, under an alternative speci cation that excludes a broader set of outliers from the output elasticity
estimates and assumes constant returns to se@l¢#&nd a demand elasticity 6 for all industries. Sub gure

(a) shows the distribution of the change in economic costs, sub gure (b) shows the average contribution of its

di erent components. Economic costs are de ned as the sum of consumer surplus, pro ts, and government
revenue after taxes, subsidies, and tari s, expressed in 2018 US$. Economic costs changes are computed for six
di erent scenarios: No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X.
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3 The Price of Power: Energy Tax
Exemptions and Misallocation
In Germany

3.1 Introduction

Countries around the world face a fundamental policy dilemma: how to decarbonize produc-
tion while preserving the international competitiveness of their rms. The introduction of

a unilateral domestic carbon price to reduce emissions and limit global warming raises the
cost of fossil-fuel based inputs directly and indirectly. These higher input costs are partially
passed through to nal goods prigesnapati et al., 202and cause carbon leakage, de ned as

the relocation of production and emissions to countries with weaker regulation. This poses
particular challenges for economies with a large share of emissions-intensive, trade-exposed
industries as they lose competitiveness both in the domestic and foreign markets, resulting in
potentially large welfare losses. At the same time, an increase in foreign emissions might o set
domestic emission reductigfswlie et al., 2016).

To mitigate the leakage e ects of climate policies and high energy prices in general, German
policymakers have implemented targeted industrial policy. The government granted partial
or full exemptions from energy-related taxes to a limited set of lar@@eerstes and Lamp,
2024).These exemptions complement EU-level instruments aimed at limiting leakage, such
as the free allocation of EU ETS permits and the Carbon Border Adjustment Mechanism
(CBAM), which prices emissions embodied in imports at the EU carbon4dtitteee
policies aim to reduce leakage, but only free allocations and energy-related tax exemptions
lower production costs to limit export and import leakage. In contrast, CBAM targets only
import leakage by raising the price of foreign goods.

This paper studies the role of industrial policy for both rm-level and aggregate economic
and environmental outcomes, with a focus on exports. Using detailed rm-level data on energy-
related tax exemptions for Germany, | demonstrate that these exemptions are concentrated
among a few industries and rms, contributing substantially to energy price heterogeneity in
Germany. However, there seems to be no correlation between tax exemptions and the export
performance of an industry. Based on these ndings, | develop a quantitative model with
heterogeneous rms to study the general equilibrium e ects of tax exemptions on emissions,
exports, and welfare.

Energy subsidies are among the EU's largest industrial policy instruments. In 2023, spend-
ing reached 354 billion, with over one-third allocated to fossil fuels despite the EU's climate

At the same time, e ective climate policies can incentivize rms to invest in energy-e cient technologies
(Colmer et al., 202%8)nd generate tax revenue for governments to fund infrastructure critical to the energy
transition, both of which can help o set competitiveness losses over the long run.

°The scope of CBAM is limited to only a few, narrowly de ned industries deemed at high leakage risk,
limiting its e ectiveness in preventing leakage and reducing global ef@issigpasimi et al., 2024).
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objectives and with no announced phase-out(@ategean Commission, 20285 part of

theClean Industrial Deal State Aid Framewdinke European Commission further eased the
regulation for its member states to support energy-intensive rms as part of the clean energy
transition(European Commission, 2026) Germany, several industrial policies subsidizing
fossil fuels exist, with spending amounting to roughly 1% of GDP in 2023. Most policies are
tax exemptions with eligibility thresholds: only large, energy-intensive rms can apply for
reductions in the standard tax on electricity and other fuels.

These policies, designed to protect rms from competitiveness losses, come at a substantial

scal cost and introduce market distortions that undermine economic e ciency and climate
objectives. Firms receiving energy tax exemptions have incentives to produce more energy-
intensively and reduce their costs relative to competitors, thereby increasing their market share.
Hence, tax exemptions cause within- rm misallocation toward greater energy consumption
and across- rm misallocation toward more emissions-intensive producers. In a worst-case
scenario, industrial policy could lead through domestic misall¢igaiidrand Klenow, 2009)

and a shift of global production from less emission-intensive foreign rms to more emissions-
intensive German rn{&raevenitz et al., 2024)an increase in global emissions or at least
severely undermine a carbon tax. In an export-oriented economy, tax exemptions can be
welfare-reducing through a scal distortion by subsidizing foreign consumption. Moreover,
maintaining constant tax revenue requires the government to raise taxes in other areas, thereby
creating additional distortions.

To provide new empirical insights into the extent of these tax exemptions and their conse-
quences, | connect ndings from EU data on state aid with energy price data by consumer size
and German administrative data. The EU state aid dq&dase and Letta, Marco, 2021;

Mulier et al., 2024%ollects information on state aid recipients from all member states that
exceed a reporting threshold, as well as the aggregate spending on these policies.

Spending on energy tax exemptions in Germany amouat&sl ibdlion in 2019, with
the manufacturing sector being a major bene ciary. This spending is highly concentrated
within and between sectors, primarily bene ting selected rms in EU ETS industries, the
most energy-intensive sectors. Although the stated goal of these policies is to maintain interna-
tional competitiveness and secure employment, neither export share nor employment levels
determine aggregate spending patterns.

Due to tax exemptions, large energy consumers in Germany pay lower prices and are shielded
from energy price increases. Compared to other countries, Germany has set relatively high
taxes on energy, particularly electricity, resulting in the highest average price in the EU. Tax
exemptions, primarily through the Renewable Energy Sources Act (EEG) surcharge exemption
and partially reduced network charges, decrease the burden for qualifying rms and limit
energy price increases for large consumers.

Using administrative data from the German manufacturing sector, | document that rms
paying lower energy prices systematically di er from their peers along several key dimensions.
These rms are, on average, larger, more energy-intensive, and more export-oriented. Al-
though rm-level tax exemption data is not directly observable, the design of these exemptions,
which primarily bene ts large, energy-intensive consumers, likely accounts for part of this
price dispersion. The resulting pattern of energy price di erentials suggests that exemptions
may distort production by favoring more energy-intensive rms, with implications for both
allocative e ciency and the e ectiveness of climate policy.

To rationalize these ndings, | develop a model of exporting rms that use labor and energy
to produce goods. Firms face rm-speci ¢ output and energy distortions. Introducing both
output and energy distortions allows me to match the di erent correlations between emission
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intensity and rm size across industries and to understand how di erent distortions interact.
To capture heterogeneity across and within sectors,  assume rms must rst pay sector-speci ¢
xed costs to learn about exemptions and then decide on the resources they invest in securing
tax exemptions.

Literature Review This paper aims to contribute to two di erent strands of the litera-
ture. First, | contribute to the literature on industrial policy and environmental outcomes.
Governments frequently use grants, tax incentives, and other subsidies to in uence rm be-
havior, productivity, and market structiretemberg (201@ndChoi and Levchenko (2025)
highlight that while subsidies can stimulate innovation, they often introduce allocative dis-
tortions across heterogeneous rms. In response to rising energy prices and carbon taxes in
Germany, attention has focused on energy-speci ¢ tax exengatistesand Lamp (2024)
demonstrates that energy-intensive rms bene t from tax exemptions, lowering electricity
costs and increasing emissions. Similar patterns appear in otherXostext§2020nd

that allowance allocation under China's emissions trading system a ects rm competitiveness
and abatement incentiveswlie et al. (2016pmpare alternative policy designs to reduce emis-
sions in an industry with market power, advocating for an optimal policy addressing import
leakage via output-based free allocation or border tax adjustments. C&evesskkyy

etal. (20173how that fossil fuel subsidy reforms have heterogeneous e ects on rms depend-
ing on their energy intensity. Recent contribution®layd Karydas (202andCasey et al.
(2023)emphasize how subsidy schemes interact with rm heterogeneity and market structure
to shape technology adoption, environmental outcomes, and competitiveness. Large-scale
subsidy programs such as China's electric vehicle incentives and the US In ation Reduction
Act illustrate how environmental policy serves dual industrial and climate objectives, a ecting
rm investment, technology adoption, and export competitii@ees®zleprétre and Sato,

2017; Gentile et al., 202%urthermore, rm political activity shapes these outcataes.
(2016)document how lobbying in the energy sector secures preferential regulatory treatment,
whileMeng and Rode (2016§timate the social costs arising when such in uence drives subsidy
design. My contribution to this literature is twofold. First, | provide evidence on the preva-
lence and heterogeneity of tax exemptions across German manufacturing rms and industries.
Second, | build a general equilibrium model to quantify the aggregate e ects of energy tax
exemptions on energy use, emissions, and exports.

Second, | contribute to the literature on resource misallocation across rnisi&ince

and Klenow (2009demonstrated that allocative ine ciencies can reduce aggregate total factor
productivity (TFP), subsequent work has extended this framework to capture xed costs
(Bento and Restuccia, 20Ietforcement friction®oehm and Ober eld, 202@nd sectoral
productivity losses in general equilibriBayaee and Farhi, 2028xtensions to environmen-

tal contexts reveal that resource rents and carbon pricing amplify misalistatienal.
(2019)andMonge-Naranjo et al. (20K)ow how extraction constraints worsen allocation in
resource sectoksm (2023)andKlenow et al. (2024yyhose papers are closest to mine, focus

on the interaction between existing distortions and a carbon tax introduction, jointly a ecting
emissions and productivity with rm heterogeneity in emission intensity. Additicinally,
(2020)demonstrate empirically how distortions in energy and capital markets shape produc-
tivity outcomes. A growing strand also examines distortions with exportirige rhnsu

et al. (2019andBai et al. (2024)nk trade barriers and liberalization to allocative e ciency,

3Since the mechanisms behind free allowances and energy tax exemptions are similar, the analysis can be
easily extended to include free allowances as an additional source of heterogeneity in implicit energy prices.
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3 The Price of Power: Energy Tax Exemptions and Misallocation in Germany

whileChoi (2025)highlight how lobbying can create distortions by shaping policy outcomes.

| add to this literature by embedding endogenous export participation along the intensive
margin and an emissions externality into the misallocation framemaiek ahd Klenow
(2009)andChoi (2025).This allows counterfactual exercises studying the jointimpacts of selec-
tive energy-price exemptions on output, emissions, and rms' international competitiveness.
Unlike most of the literature, with the exceptioiafmak and Schott (2024an quantify

resource misallocation based on di erential tax rates on energy inputs, enabling me to quantify
both within- rm and between- rm misallocation e ects of selective tax policies.

Section 3.2 describes the data and documents several stylized facts about energy tax ex-
emptions. Section 3.3 outlines the structural model, while Section 3.4 outlines the planned
direction of the paper. Section 3.5 concludes.

3.2 Descriptive Evidence

In this section, | begin by describing the data sources used in the analysis and provide infor-
mation about the various energy-related tax exemptions in Germany. | then present several
stylized facts on the prevalence of these exemptions within Germany's manufacturing sector
and their relationship with industry- and rm-level economic outcomes.

3.2.1 Data

German Administrative Data | use administrative data (Amtliche Firmendaten fur
Deutschland ) provided by the Federal Statistical O ce of Germany from 2011 to 2019. For
my analysis, | combine several data sources. The primary dataset is the German manufacturing
census atthe rm level, with mandatory participation for all establishments with more than

20 employees. The data include information on sales, employment, investment, and sectoral
a liation. Additional information on value-added and expenditure on labor, energy, capital,
and intermediate inputs is available for a representative sample of rms.

I combine this information with plant-level data on energy consumption, which contain
information on consumption for 14 di erent fuel types and electricity in kilowatt-hours
(kwWh). Each fuel type and electricity can be matched to annual emission factors provided
by the German Environmental Agency. | calculate totale@@ssions for each rm by
multiplying energy consumption by its emission factor for each fuel type and summing across
all energy types. Unless otherwise noted, | de ne emission intensity as emissions divided by

rm sales.

Eurostat Energy Prices Based on electricity and gas price data reported by national
statistical institutes, ministries, energy agencies, or system operators, Eurostat publishes annual
price data for household and non-household consumers by consumption band starting in
2017 For each consumption band, three broad price components are reported: energy and
supply costs, network costs, and takestaxes, information on sub-components is available.

See Appendix C.1 for further information on the data and price components.

“Households are divided into ve consumption bands, and non-household consumers into seven bands.
SBi-annual data exist starting in 2007, but information on price components is absent except for taxes.
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EU State Aid Data  The Directorate-General for Competition maintains a comprehen-

sive database of public state aid cases noti ed by EU memb&Batae$993, each case has

been assigned a unique identi er and recorded with key variables, including the measure's start
and end dates, o cial title, type of aid instrument, and annual expenditure. Via unique case
identi ers, | can merge aggregate state aid data with bene ciary-level info/gtatton in

2016, EU transparency requirements for state aid mandate member states to provide infor-
mation on large individual aid awdtd@is dataset contains detailed information about the

state aid itself, as well as information about the size, region, industry, and aid amount for each
bene ciary. Additionally, each bene ciary is reported with its national identi cation number.

Based on these data, | classify exemptions into four broad cé&tegories:

1. Renewable Energy Sources Act (EEG) Surcharge Exdngpdremption applies
to energy-intensive rms with annual electricity consumption exceeding 1 GWh and
electricity costs representing at least 14% of gross value added. Its objective is to protect
internationally exposed industries from disproportionate renewable levies while pre-
serving a residual contribution to renewable energy nancing. It covers grid-supplied
electricity and reduces the EEG surcharge to a uniform rate of 0.05 ct/kwWh from up to
6.88 ct/kWhin 2017.

2. Energy Tax Exemptiorhis exemption applies to manufacturing rms that use taxed
energy products such as mineral oil, natural gas, or coal for process heat or as pro-
duction inputs. Its objective is to support rms' competitiveness. It provides partial
refunds of excise duties, subject to a minimum annual cakbof

3. Electricity Tax Exemptionhis exemption applies to electricity-intensive rms. Its
objective is to reduce electricity tax liabilities and to safeguard industrial competitiveness.
It covers electricity drawn from the public grid. Before 2023, relief was granted at a
xed rate of 5.18 /MWh, provided the annual relief amount exceed1°

4. Combined Heat and Power (CHP) Exempliois exemption applies to operators
of (small) combined-heat-and-power installations with electrical output up to 2 MW
whose self-generated electricity is consumed on-site. Its objective is to promote high-
e ciency cogeneration and decentralized energy supply. It covers CHP-generated
electricity and fully waives the electricity tax of 2.05 ct/kWh on self-consumption.
Additionally, small and large rms are partially exempted from energy taxes on CHP
fuels.

Among these four policies, only the combined heat and power generation exemption incen-
tivizes rms to improve energy e ciency and reduce energy consumption. All other policies
merely lessen the burden of high energy costs in Germany and subsidize fossil fuels, potentially
incentivizing rms to underinvest in energy-saving technologies.

5The data are publicly accessible via the EU Open DatarH@@stabmpetition-cases.ec.europa.eu/
search .

"The data are publicly accessible via the State Aid Transparencytfearktiate.ec.europa.eu/com
petition/transparency/public/search/home/

8The threshold is 500,000.

9See Appendix C.1.3 for more details on the exemptions.

°Thee 250 base amount roughly corresponds to an annual electricity consumption of 50,000 kWh.
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3.2.2 Stylized Facts
Factl Energy tax exemption spending is substantial and growing.

Government expenditure on energy costs relief for rms represents a signi cant and expanding
scal commitment. The total real value of tax exemptions rose 2@hillion toe 33 billion
between 2014 and 2021 (see Figure 3.1a). The majority of this expenditure consisted of full
or partial reductions of the EEG surcharge, while the remaining three policy instruments
collectively accounted for one- fth of total spending. Following the abolition of the EEG
surchargein July 2022, related exemptions were discontinued, resulting in a subsequent decline
in aggregate spending. Nevertheless, expenditure on other exemptions increased in 2022 and
remains substantial. To contextualize the scale of these programs, in 2024, exemptions from
the energy tax, electricity tax, and CHP levy together constituted Germany's largest category of
state aid measures, totaling approxinmedeb/billion(BMF Bundesministerium der Finanzen,
2023).Furthermore, in 2022, the energy cost containment paigyh#lion aid program,
was introduced to protect rms from energy price increases resulting from the Ukraine-Russia
conict.

Figure 3.1b demonstrates that the increase in total spending is primarily driven by a growing
number of rms applying for exemptions, particularly under the EEG surcharge and CHP
schemes. Concurrently, the average aid amount per exemption has declined, suggesting that

rms deriving smaller bene ts from these policies have increasingly begun to participate over
time. This pattern is consistent across all exemption categories. Energy-related tax exemption
spending exhibits high sectoral concentration within the manufacturing sector. Among all
rms receiving exemptions, 60% operate in manufacturing, followed by 30% in the energy
sector. The remaining 10% are distributed equally between services and other industries (see
Figure C.10 in the Appendix). This distribution re ects both these sectors' contributions to
economic output and their aggregate energy consumption patterns. Manufacturing rms,
which rely heavily on energy inputs and face international competitive pressures due to their
export dependence, constitute the primary bene ciaries of these'pGiariesquently, the

remainder of this paper focuses exclusively on the manufacturing sector.

Fact2 Tax exemptions are concentrated within energy-intensive industries.

Energy-related tax exemptions within the manufacturing sector exhibit high concentration
among a limited number of industries, predominantly those covered by the EU ETS. Figure 3.2
presents the distribution of these exemptions across two-digit manufacturing industries in
Germany for 2019, distinguishing between EU ETS and non-EU ETS industries. Panel (a)
displays each industry's share of the total number of exemptions, while Panel (b) shows the
corresponding share of the total exemption value.

In both dimensions, the distribution is heavily skewed: EU ETS industries collectively
account for more than half of the rms receiving exemptions and more than 70% of the total
value granted, despite representing only 20% of all industries. Moreover, the concentration of
energy-related tax exemptions across industries has increased over time. Notably, the distri-
bution of rms and exemption values is not perfectly aligned. Plants in the coke and re ned
petroleum products (19) and chemicals (20) industries, both covered by the EU ETS, receive
substantially higher average exemptions. Conversely, plants in the manufacturing of metal
products (25) exhibit the opposite pattern. The misalignment between the extensive and

UManufacturing rms may also bene t indirectly from exemptions granted to the energy sector if cost
reductions are transmitted through lower electricity prices.
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3.2 Descriptive Evidence

Figure 3.1: Energy Tax Exemptions in Germany

(a) Aggregate Spending

(b) Extensive and Intensive Margin

NotesThis gure presents information on energy-related tax exemptions in Germany. Panel (a) displays annual
expenditure on exemptions by category from 2014 to 2022, measured in billion EUR (2015 prices). Panel (b)
shows the number of exemptions granted (extensive margin) and the average exemption amount (intensive
margin, in million EUR, 2015 prices) between 2016 and 2021, disaggregated by exemption type. The size of each
bubble represents the average exemption amount. Exemptions are classi ed into four categories: EEG surcharge,
energy tax, CHP levy, and electricity tax. These exemptions apply to non-household consumers across various
sectors. For details on the classi cation of policies into exemption categories, see Appendix C.1.3.

SourceEU State Aid Transparency Database.
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Figure 3.2: Tax Exemptions by Industry

(a) Share of Plants

(b) Share of Expenditure

NotesThis gure shows the distribution of energy-related tax exemptions across manufacturing industries in
Germany in 2019. Panel (a) shows the share of plants receiving tax exemptions by industry. Panel (b) displays
the share of the total value of exemptions in billion EUR (2015 prices) by industry. Tax exemption values in
Panel (b) are based on plant-level data for 2019, with plants assigned the midpoint of their tax exemption bracket.
Industries are categorized as either participating in the EU ETS or not. ETS industries include NACE codes 17
(Paper and paper products), 19 (Coke and re ned petroleum products), 20 (Chemicals and chemical products),
23 (Other non-metallic mineral products), and 24 (Basic metals).

SourceEU State Aid Transparency Database.
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intensive margins re ects di erences in the composition of tax exemptions. A relatively higher
share of plants in EU ETS industries receive EEG surcharge, electricity tax, or energy tax
exemptions, which have higher average exemption values.

Examining the share of total exemptions and total value allocated to each industry does not
account for heterogeneity in industry size or other relevant factors. Therefore, to analyze the
drivers of exemption distribution across industries in greater detail, | merge the exemption data
with industry-level statistics on employment, sales, and exports from the German Statistical
O ce for 2016- 2023. While industries' energy intensity, proxied by their EU ETS status, nat-
urally serves as a strong predictor of the likelihood of receiving energy-related tax exemptions,
the underlying policy objective is to safeguard rms'international competitiveness and, by
extension, protect employment.

To analyze the determinants of the number of rms receiving exemptions, | estimate the
following regression model using a Poisson Pseudo-Maximum Likelihood (PPML) &stimator:

Yi =exp ETS+ ,Sales+ 3ExportShare
(3.1)
+ sWorkerg + sPlantg +  "ii:

whereY; is the number of rms receiving tax exemptions in induatrgt yeat, ET S; isa
dummy variable indicating whether indusisycovered by the EU ET&ales; represents
sales volumExportShare; is the ratio of exports to saM&prkers;; denotes the number
of employee® lants;; controls for the number of plants, andepresents year xed e ects.
Columns (1) - (4) of Table 3.1 demonstrate that the EU ETS dummy is positive and sig-
ni cant across di erent speci cations, including additional controls, con rming that energy-
intensive industries subjectto the EU ETS are more likely to bene tfrom exemptions. Similarly,
industry sales exhibit a large positive and signi cant e ect. Despite the stated objective of main-
taining international competitiveness through tax exemptions, the export share exhibits no
statistically signi cant correlation with, implying limited correlation between energy intensity
and export activity at the industry level. Employment exhibits a strong negative and signi cant
correlation, which is inconsistent with the policy objective of safeguarding jobs. Instead, the
policies favor industries with high value-added per worker. These results demonstrate that a
combination of energy intensity, production scale, and labor intensity, primarily drives the
extensive margin of tax exemptions at the industry level.
Next, | examine the determinants of total exemption value. | employ the following regression
model estimated via OLS:

Yy = 1ETS+ ,Salgs+ sExportShare (3.2)
+ JWorkerg + sPlantg + ¢+ "j: '
whereY; is the total tax exemption volume received by rms in industiy yeat. The
explanatory variables and xed e ects remain identical to those in the previous regression for
the number of tax exemptions.

Columns (5) - (8) of Table 3.1 show that the EU ETS dummy remains positive and sta-
tistically signi cant, indicating that energy-intensive industries receive larger aggregate tax

12The PPML estimator better accommodates the count nature of the dependent variable, including industries
without any rms receiving tax exemptions, compared to a standard OLS estimator.
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exemptions. Sales and export share coe cients are positive but not statistically signi cant
across speci cations, again suggesting limited explanatory power once energy intensity is con-
trolled for. Employment does not exhibit a statistically signi cant e ect on total exemption
volume. This pattern suggests that while industry energy intensity strongly in uences both
the extensive (number of rms) and intensive (total exemption value) margins of exemptions
at the industry level, labor intensity and sales predominantly a ect the extensive margin.

Overall, the explanatory power of industry characteristics beyond energy intensity on
the extensive and intensive margins of tax exemptions remains limited. The increase in the
regressionkR? after adding sales, export share, and workers from 0.51 to 0.58 is modest, and
a substantial portion of the variation remains unexplained. However, the heterogeneity across
industries, attributable to di erences in energy intensity, remains considerable.

Fact3 Tax exemption status and value vary across rms within the same sector.

In addition to substantial heterogeneity in tax exemptions across industries, considerable
variation exists within industries. Figure 3.3a shows that the proportion of plants exempt from
energy-related taxes varies signi cantly across sectors. On average, EU ETS industries exhibit
a higher share of exempted plants, with the coke and re ned petroleum products industry
(NACE code 19) demonstrating the highest exemption rate. Di erences in exemption shares
are in uenced primarily by two factors: the energy intensity of production and the volume

of fuel consumed. Consequently, even plants with low energy intensity may qualify for
exemptions if their scale of production is su ciently large, which accounts for the relatively
high exemption rates observed in some non-EU ETS industries. Itis important to note that the
EU's minimum reporting requirement for state aid can bias these results, particularly for less
energy-intensive industries. Therefore, the reported gures should be regarded as lower-bound
estimates for these sectors.

Figure 3.3b reveals substantial heterogeneity in exemption values among rms within
industries. On average, rms in ETS-regulated sectors receive higher exemption amounts,
with a less concentrated distribution compared to those outside the EU ETS. Nonetheless,
some non-ETS rms also obtain sizable exemptions. Due to the absence of rm-level energy
consumption and sales data, it remains unclear whether this dispersion re ects scale e ects or
di erences in treatment intensity arising from policy-speci c eligibility thresholds that permit
some rms to combine multiple exemptidhs.

Fact4 Tax exemptions substantially contribute to energy price heterogeneity.

Tax exemptions on energy prices result in lower energy prices and are a major contributor
to energy price heterogeneity in GernfaWhile energy-related tax exemptions apply to
di erent fuel types, electricity receives the highest tax reductions. Moreover, electricity ac-
counts for roughly half of all fuel consumption. Hence, | will focus mostly on the e ect of tax
exemptions on electricity prices.

Several insights emerge from Figure 3.4a. First, electricity prices vary substantially across
consumption bands: rmsinthe smallest consumption band pay approximately twice as much

13The only rm-level information available in the data is the classi cation of rmsinto large rms and small
and medium enterprises (SMESs), based on the number of workers. SMEs, de ned as rms with fewer than 250
workers, are less likely to receive exemptions and, on average, receive lower exemption amounts (see Figure C.12a
and Figure C.12b). Figure C.11 shows that SMEs are most likely to receive a CHP exemption.

1A similar pattern can be observed for other EU countries, both in terms of electricity and gas prices. See
Appendix C.3.2 for more detailed evidence.
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3 The Price of Power: Energy Tax Exemptions and Misallocation in Germany

Figure 3.3: Distribution of Tax Exemptions Across Industries

(a) Share of Exempted Plants

(b) Distribution of Expenditure

NotesThis gure presents the distribution of energy-related tax exemptions in Germany in 2019, by industry.
Panel (a) displays the share of plants receiving exemptions (extensive margin), calculated by dividing the number
of exempted plants by the total number of plants in each industry. Panel (b) depicts the distribution of exemption
expenditure in million EUR (2015 prices) within ETS and non-ETS industries. Expenditure amounts are based
on plant-level data, with plants assigned the midpoint of their tax exemption brackets. Industries are categorized
as either participating in the EU ETS or not. ETS industries include NACE codes 17 (Paper and paper products),
19 (Coke and re ned petroleum products), 20 (Chemicals and chemical products), 23 (Other non-metallic
mineral products), and 24 (Basic metals).

SourceEU State Aid Transparency Database and the German Statistical O ce.
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Figure 3.4: Electricity Price Components by Consumption Band

(a) Price Components

(b) Tax Components

NotesThis gure shows the composition of electricity prices for industrial consumers in Germany in 2019 across
various consumption bands. The electricity price is mease&din. Panel (a) disaggregates prices into

three components: energy and supply costs, network costs, and taxes. Panel (b) further breaks down the tax
component into capacity taxes, environmental taxes, renewable taxes, VAT, and other taxes. Industrial consumers
are segmented into seven consumption bands, ranging from less than 20 MWh to 150,000 MWh or more. A
total consumption category represents the average price for all industrial consumers.

SourceEurostat's electricity price components statistics.
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as those in the largéssecond, the high electricity price in Germany is driven predominantly

by taxes rather than energy or network costs. Taxes account for two-thirds of the average
consumer's electricity bill. Third, this heterogeneity is primarily attributable to di erences in

the tax component, with network costs contributing to a lesser extent. In contrast, energy and
supply costs remain relatively stable across consumption bands. Without the detailed insights
into the cost components, an alternative explanation for electricity price dispersion could have
been the input market power of large rms. Even though large rms pay only half the energy
costs, the contribution of energy and supply costs to lower energy prices is the smallest across
all three components.

What is driving the heterogeneity in taxes and network costs across consumption bands?
Evidence from the previous facts suggests that exemptions for large consumers could help
lessen their burden of high energy costs through taxes. Assuming that the exemptions are truly
the driver behind the heterogeneity in taxes, this implies that the heterogeneity in the value
of tax exemptions is not only driven by scale e ects but also by di erences in the treatment
intensity.

Figure 3.4b disaggregates taxes into ve categories: capacity taxes, environmental taxes,
renewable taxes, VAT, and other taxesoifiee taxesmtegory aggregates all remaining charges,
fees, levies, and network charges, which constitute most of this category. Most heterogeneity
stems from variation in the renewable tax and other tax components. VAT di erences across
consumption bands re ect variation in all underlying price components, as VAT is charged on
the aggregate price, thereby amplifying disparities.

The heterogeneity in the renewable tax largely stems from the EEG surcharge exemption,
which provides relief to rms that consume over 1 GWh annually. This mechanism can be
empirically identi ed by examining consumption patterns around the exemption threshold.
Conversely, the electricity tax exemption, which a ects the capacity tax, has a comparatively
minor e ect on tax heterogeneity due to its low rate (0.2 ct/kWh). Variations in other taxes
primarily re ect spatial di erenc@raevenitz and Rottner, 20a4)d exemptions from network
charges under YY 19 Abs. 2 Satz 1 and 2 StromNEV. These exemptions are not subject to EU
state aid reporting, so systematic data on their monetary value is unavailable. Only lists of
exempted plants published by the Bundesnetzagentur (Federal Network Agency) are accessible.
In 2019, 240 exemptions were granted under Y 19 Abs. 2 Satz 1 and 839 under Y 19 Abs. 2
Satz 2. For comparison, 5,775 exemptions for the four other relevant policies were recorded
above the EU reporting threshold that year.

Fact5 Tax exemptions protectlarge rms from energy price increases.

Large energy consumers not only pay lower prices but are also shielded from energy price
increases. Figure 3.5 presents data from German administrative data on manufacturing rms,
indicating that between 2005 and 2020, the mean and median energy prices increased by
approximately 50%. However, prices faced by rms in the 90th percentile increased by ap-
proximately 66%, while those in the 10th percentile experienced only a modest increase of
25%.

What drives the divergence in electricity prices across rms? To investigate this question, |
draw on electricity price data disaggregated by rm size, which includes detailed information
on the di erent price components. First, these data reveal that the aggregate price trends by

rm size closely mirror the patterns observed in rm-level energy price data when focusing
on the comparable medium and large rms (see Figure C.2ain the Appendix). This group

Davis et al. (2013)d a similar spread in electricity prices within the United States.
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3.2 Descriptive Evidence

Figure 3.5: Trends in Energy Prices for German Manufacturing Firms

NotesThis gure displays the annual mean, median, 10th percentile (P10), and 90th percentile (P90) of energy
prices € /lkWh) for German manufacturing rms between 2005 and 2020. Energy prices are computed by
dividing total energy expenditure in euros by total energy consumption in kilowatt-hours, including both fuels
and electricity. All nominal values are de ated to constant 2015 prices.

SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of
Germany, AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel
Industrieunternehmen 1998 2019, project-speci ¢ preparations, own calculations.

is roughly equivalent to the electricity consumption of rms sampled in the administrative
data. Moreover, these groups of rms are also eligible to apply for exemptions from the EEG
surcharge and the electricity tax.

To identify the sources of these di erences, Figure 3.6a decomposes the absolute aggregate
change in electricity prices between 2008 and 2020 into changes in energy costs and taxes
and levies. The decomposition shows that rising taxes primarily drove the overall increase,
while energy costs declined over the same period. However, the decrease in energy costs
was insu cient to o set the rise in taxes, resulting in a net price increase. Notably, these
dynamics varied systematically by rm size: smaller rms experienced both a larger increase in
tax components and a smaller decrease in energy costs compared to larger rms. As aresult,
the rise in electricity prices was more pronounced for smaller rms.

One of the main drivers of this heterogeneity is eligibility for EEG surcharge exemptions.
While the surcharge increased considerably over the period, larger electricity consumers were
more likely to qualify for substantial reductions, mitigating their tax burden. Figure 3.6b
corroborates this mechanism, showing that rms bene ting from large exemptions typically
remained exempt throughout the sample period. However, note that the EU Transparency
database of exempt rms overrepresents larger rms, so the observed trend primarily re ects

rms receiving substantial exemptithiEhese persistent exemptions not only reduce current
energy costs for large rms but also shape their future energy consumption patterns. By
shielding rms from rising electricity prices, exemptions can generate a lockFoue eet,

rigure C.13 provides evidence on the persistence of exemptions along the intensive margin.
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Figure 3.6: Tax Exemptions and Electricity Price Changes

(a) Electricity Price Change Decomposition

(b) Persistence Exemptions

NotesPanel (a) reports a decomposition of the change in electricity prices for industrial consumers in Germany
between 2007 and 2020, expressed in constané 204/, for di erent consumption bands. Prices are
disaggregated into two components: Energy Costs and Taxes. The sum of these components equals the total
aggregate price change, which is also reported. Consumption bands are de ned as follows: small rms (MWh
500 1,999), medium rms (MWh 20,000 69,999), and large rms (MWh 70,000 149,999). Data are obtained

from Eurostat's electricity price statistics. Panel (b) displays the unconditional correlation between the average
annual value of exemptions received (expressed &) 20ibthe number of years a rm bene ted from
exemptions between 2016 and 2021. Exemptions refer to relief from the EEG surcharge and the electricity tax.
SourceEU State Aid Transparency Database and Eurostat's electricity price statistics.
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2016; Hawkins-Pierot and Wagner, 202&sing technological change toward energy-intensive
technologies.

A similar, though less pronounced, pattern emerges for gas prices. Prices di er substantially
across consumption bands, with larger rms consistently paying less. Unlike electricity, how-
ever, gas pricing involves considerable variation across all three components of the nal price
energy costs, network charges, and taxes with the tax share much smaller than for electricity
(see Figure C.3a). As aresult, the divergence in gas prices between small and large rmsis less
driven by tax exemptions and more by di erences in energy costs (see Figure C.4a). Notably,
gas prices declined for all rm categories over the period, a trend that may help explain an
additional mechanism highlighted3gievenitz and Rottner (202¥grge rms increasingly
substituted grid-supplied electricity for on-site generation to mitigate their exposure to rising
electricity prices further.

Fact6 Low-energy-price rms are larger, more energy- and export-intensive.

Energy prices are systematically correlated with other rm-level characteristics. While | cannot
directly observe which rms receive tax exemptions in the microdata, rm-level energy prices
are systematically correlated with other characteristics. The evidence indicates that rms
paying lower energy prices di er along several important dimensions.

As shown in Figure 3.7a, these rms are, on average, larger in terms of sales, consistent
with the structure of tax exemptions primarily bene ting large consumers. Moreover, in
line with the stated policy objective of supporting international competitiveness, Figure 3.7b
demonstrates a negative correlation between energy prices and export shares: rms with lower
energy prices tend to have higher export intensities. In addition, Figure 3.7c reveals that rms
facing lower energy prices are, on average, more energy-ihtensive.

These patterns suggest that exemptions disproportionately favor rms with higher energy
consumption per unit of output, potentially contributing to a reallocation of economic activity
toward more energy- and emission-intensive production. Such reallocation can increase the
average energy and emission intensity of aggregate manufacturing output, with implications
for both e ciency and climate policy. Since these rms are also larger and more likely to engage
in international trade, the observed correlations are consistent with broader patterns of rm
heterogeneity known to a ect market power, markups, and resource misallocation.

Summary Expenditure on energy tax exemptions in Germany has grown steadily over the
pastdecade, and the bene ts remain highly concentrated among a small number of rms. These
bene ciaries are typically larger, more energy- and emission-intensive, and predominantly ac-
tive in sectors covered by the EU ETS. Exemption eligibility is determined by plant-level thresh-
olds, concentrating both tax exemptions and associated scal costs within energy-intensive
industries that contribute relatively little to aggregate sales, employment, and exports.

This allocation pattern has important implications for energy and climate policy. Tax ex-
emptions risk distorting production by reallocating output both across and within sectors,
disproportionately favoring rms with higher energy intensities. The potential for misalloca-
tion of production toward less energy-e cient rms may not only raise aggregate emissions
but also reduce allocative e ciency and increase market power. Tax exemptions can also skew
the export mix toward more emissions-intensive industries if similar policies are absent in

Ysubsection C.3.4 shows that rms with low energy prices not only have a higher export share but also higher
total exports. Additionally, it provides the regression tables corresponding to the binscatter plots, including
additional regressors.
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Figure 3.7: Energy Prices and Firm Outcomes

(a) Sales (b) Export Share

(c) Energy Intensity

NotesThis gure shows three binscatter plots examining the relationships between rm-level energy prices and
rm outcomes using German administrative data for the manufacturing sector from 2011 to 2018. Panels (a)
and (b) depict log(energy price) as the dependent variable, with log(sales) and export share as the independent
variables, respectively. Panel (c) reverses this relationship, showing log(energy intensity) as the dependent variable
and log(energy price) as the independent variable. All regressions control for four-digit industry and year xed
e ects. Observations are divided into equally sized bins based on the independent variable, with means of both
variables calculated within each bin. Dependent variables are residualized to account for xed e ects. Energy
intensity is de ned as the ratio of the rm's fuel and electricity consumption to its sales. The energy price is
calculated by dividing the total energy expenditure by the total energy consumption in kilowatt-hours, including
electricity. The export share is de ned as exports divided by total sales. All nominal values are de ated to constant
2015 prices.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of
Germany, AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel
Industrieunternehmen 1998 2019, project-speci ¢ preparations, own calculations.
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other countries a concern consistent with the ndingssoéevenitz et al. (20245rom
an environmental perspective, exemptions weaken the carbon price signal embedded in the
EU ETS by lowering marginal energy costs for rms already subject to emissions trading,
encouraging more energy-intensive production, and distorting e cient abatement incentives.
While reduced-form evidence consistently reveals correlations between energy prices and
rm characteristics, it cannot capture the general equilibrium e ects of exemptions on aggre-
gate outcomes such as sales, emissions, and exports. To address this limitation, | develop a
structural model that quanti es these e ects and accounts for adjustments along both the
intensive and extensive production margins.

3.3 Model

This section introduces a heterogeneous rms model with monopolistic competition, rm-
speci c distortions, and productivity di erences to study the e ects of misallocation on
aggregate output, emissions, and exports. The model closely$aloarsl Klenow (2009)
andChoi (2025),combining their frameworks and incorporating energy as an additional
production factor subject to distortions.

3.3.1 Environment

Firms live in alarge, open economy, produce di erentiated varieties, and compete monopolisti-
cally. There exists a second country, called Foreign, which di ers from Home in its endowments
and the primitive distribution of its rms. A representative consumer is endowediwitt

of labor and maximizes their utility subject to the budget cons&@int: wL + + T.
Furthermore, | assume that the supply of labor is inelastic. In contrast, the supply of energy is
perfectly elastic, and one unit of energy can be purchased at an exogenops.price of

Consumer preferences | model the preferences of a representative agent as a two-tier
utility function. The aggregate output good is a Cobb-Douglas composite of sectoral output
Ys:

U= Y, S, (3.3)

s=1

. P : .
where 5 2 (0;1), with §=1 s = 1, are constant expenditure shares. There exists one

non-tradable, outside sector.

Within each sectat a perfectly competitive rm assembles a CES aggregate of the domestic
varieties produced by rms within the sector:

Z s

Y, = Ys(1s) s dl s : (3.4)
152

where s > 1represents the sector-speci c elasticity of substitution. Each sector of the
economy is populated by a set of heterogeneous rms denote@bgh rm produces a

di erent variety indexed by. In the following, | replade, with the index and treat the
number of rms ¢ within each sector as xed.
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Production Firms employ two factors of production: labgt and energlii. The
production function is given by the following Cobb-Douglas funétion:
Ys = AGES cLg; (3.5)

SI

whereAg; is a Hicks-neutral productivity. Emissions are a by-product of production and can
be computed by multiplying the energy infaytof a rm by a constant emission factgr

Demand for rmi's variety is given by:

Gsi = psi sPsl SSS; (36)

R 1
wherePs = pl i r is the aggregate price index for seetndS; is the aggregate
spending on the secttomposite good.

3.3.2 Distortions

Firms face two types of distortions: an output distortjgnwhich a ects the marginal
product of all input factors equally, and an energy distogjorFor example, rms without

access to cheap energy due to the absence of tax exemptions face_ a mgresasing their
marginal cost of energy. Similarly, rms subject to higher output taxes face g higber

simplicity, | assume that the output distortignis exogenously given. In contrast, the energy
distortion g consists of both an endogenous and an exogenous component, depending on
rm resourcess; devoted to securing tax exemptions:

e, = it M2 0 (3.7)
Esi if tsi =0
esi IS the exogenous distortion drawn from a given distribution, accounting for variation

in energy prices that is not governed by taxes, i.e., the location of a rm or its fuel mix. The
parameter governs the sensitivity of the distortions with respect to the e ort of obtaining tax
exemption$? In addition to the variable costs, rms have to pay a xed gdstselect into
receiving tax exemptions. The xed costs can be interpreted as an information cost, required
for rms to inform themselves of the available tax exemptions. Both the variable and xed
costs for tax exemptions are expressed in labor. Introducing both xed and variable costs to
obtain tax exemptions rationalizes the extensive and intensive margin e ects observed in the
data. Only some rms obtain tax exemptions, and among the rms receiving tax exemptions,
their e ective tax rate on energy varies. | assume that the government collects the revenue from
the distortions. Tax revenue is rebated to the consumers via a lump-sum transfer.

18rhis can be easily extended to a CES production function to introduce an elasticity of substitution that is
di erent from one.
1%0ne can think of as re ecting the government's choice of the reduced tax rate.
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3.3.3 Firm Problem

Pricing and Exporting Since consumer preferences are CES, the price opa, rm,
equals its unit costs multiplied by a constant markup

A T S S WL
. |_S{Z_% I s 1 S {Z Asi (1 Ysi) }, (3-8)
markup unit costs

where ¢ is a carbon tax, the revenue of which is rebated as a lump-sum transfer to the
consumersy, and g, are distortions.

Firms can export after paying a xed degtin terms of labof® The demand of Foreigris
given by:
Ysij = Dsij Sh ; (3.9)

wherepsj = (1 + 4)psi is the price of variesy in marke§ andly captures the size of
markej . x > lisaniceberg trade cost.

Firms select into exporting if their variable pro ts exceed the xed costs of exporting:

Y= (1D A+ )b oul >wFRy: (3.10)

Profit Maximization The rm maximizes its pro ts by jointly deciding on its export
status and whether to obtain tax exemptions:

((
si=max  (esty) ut B+ (estg) ut (1+ )t b
)
w(tx + fs)  1fts > O;x =1]
( )
+ (esty) U B wfg 1fts > 0;x =0]
( (3.11)
+ g Ut B+ gs ut (1+ )* b

wfy 1t =0;x =1]
( ) )
+ Es ut B 1t =0;x=0] ;

whereB = P! S ( 1) !andx indicates the export status of a rm. Since tax
exemptions apply to both output sold in the domestic market and to exports, the decisions to
apply for tax exemptions and to export are interdependent. As in standard Melitz-type models,

20As inMelitz (2003),rms only di er in their export status and not their export share. To introduce
additional variation in the export share, one can assume that Home is a SOE and introduce rm-speci c xed
costs for each partner country in the ROW aggregatBlagiim (2024).
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there exist productivity cuto s for rms selecting into exporting and tax exemptions, with
more productive rms being more likely to engage in one or both activities.

3.3.4 Equilibrium

The equilibrium is given by a set of prices and an allocation such that consumers maximize
their utility, rms maximize their pro ts, output and input markets clear, and trade is balanced.

3.4 Next Steps

This paper provides preliminary evidence on the distribution of tax exemptions across rms
and industries using aggregate data. The next stage of the project has two main objectives: (i)
to conducta rm-level analysis of the e ects of tax exemptions on exports and their interaction
with carbon pricing policies, thereby complementing existing studies; and (ii) to quantify the
general equilibrium consequences of tax exemptions using the model introduced in Section
3.3.

To address the rst objective, | will merge information from the EU State Aid database
with German administrative rm-level data, which provide detailed information on rms'
energy use and trade activities. Based on exemption status and reported energy consumption,
| will recover exact exemption values atthe rm level. Because the EU State Aid database only
covers exemptions above a reporting threshold, | plan to construct a more comprehensive list
of exempted rms by collecting data from German federal agencies. In addition, | will merge
information on rms' EU ETS participation and the free allocation of permits.

With this dataset, | can analyze the determinants of exemption status and treatment intensity
across rms. A central question is whether exemptions predominantly bene t rms directly
or indirectly regulated under the EU ETS, and whether rms with greater trade exposure are
more likely to receive exemptions.

Since the primary justi cation for exemptions is to preserve international competitiveness,
| will focus on their trade e ects. This extends the workenfter and Lamp (202and
Graevenitz and Rottner (202@)o study the e ects of exemptions and energy prices on energy
use. Using newly available product-level trade data with information on partner countries, |
will examine how exemptions a ect both the extensive margin of exports (entry and exit from
foreign markets) and the intensive margin (export volumes, unit values, and export shares). |
will also explore heterogeneity across products, in particular, whether e ects are concentrated
in energy-intensive goods.

Beyond direct e ects, tax exemptions may generate general equilibrium spillovers by in-
creasing misallocation and harming non-exempt rms. To capture these indirect e ects, |
will construct a measure of untreated rms' exposure based on their product mix. Firms
with higher indirect exposure are more likely to lose market share both domestically and
internationally.

The second objective is to evaluate the distortionary and general equilibrium e ects of tax
exemptions using the heterogeneous- rms model developed in Section 3.3. This framework
allows me to quantify both rm-level responses and economy-wide reallocation in a uni ed
setting. Speci cally, | will compare outcomes under three scenarios: (a) the current policy, (b)
an economy without tax exemptions, and (c) a policy that distributes the same aggregate ex-
emption volume equally across rms. This comparison will highlight the policy's implications
for welfare, emissions, and exports. In a further step, | will assess whether tax exemptions can
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mitigate carbon leakage under high carbon prices by simulating an increase in the domestic
carbon price and comparing their e ectiveness against alternative second-best policies, such as
targeted export rebates.

3.5 Conclusion

This paper examines the e ects of energy-related tax exemptions in German manufacturing.
First, | document that exemption adoption varies substantially within and across sectors
along both extensive and intensive margins. Second, exemptions also generate substantial
heterogeneity in energy prices across rms and over time. Third, energy price heterogeneity is
closely correlated with rm size, exports, and energy intensity.

Torationalize these ndings, | develop a model of heterogeneous rms that face both energy
and output distortions, introducing heterogeneity in energy prices that is correlated with rm
size.

The next step is to calibrate the model to the German manufacturing sector and analyze two
counterfactual scenarios. First, | will quantify the impact of abolishing energy tax exemptions
on aggregate emissions, output, and exports, thereby assessing the environmental and welfare
costs associated with these exemptions. Second, | will examine the e ects of increasing the
domestic carbon tax in a distorted economy, with a focus on international competitiveness
and the potential role of export rebates in mitigating welfare losses and replacing untargeted
tax exemptions.

While the paper currently focuses on energy tax exemptions, the proposed framework
can quantify the economic costs of free allowances distributed to EU ETS rms deemed at
high leakage risk. Follow-up research can also investigate the role of energy subsidies and tax
exemptions in the adoption of clean R&D and capital investment, the entry of new rms, and
the decline of clean industries.
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Appendix to Chapter 3

C.1 Data Appendix

C.1.1 German Firm Data

To ensure data quality and consistency, rms with missing information on sales, energy use,
energy costs, or material costs are excluded from the sample. Additionally, rms are dropped if
they report annual energy consumption below 1,000 kWh or if any of the following variables
are recorded as zero: energy costs, material costs, net production value, number of employees,
or total wages. The analysis focuses on the period from 2011 to 2018, which aligns with two
waves of the Cost Structure Survey data. Although applying these selection criteria reduces the
sample to approximately 14,900 rms per year, this subsample continues to represent over 80%
of total sales, energy consumption, and imports/exports within the original dataset. Despite
the data-quality checks performed by the Statistical O ce, inconsistencies and outliers remain.
To address this, rm-year observations are agged as potential outliers if any key variable
deviates by more than 40% compared to the rm's values in adjacent years. Where data for
both the preceding (t 1) and subsequent (t+1) years are available, missing or agged values are
imputed using the average of these two periods. This approach is applied consistently across all
variables included in the analysis. To further enhance the analysis, rms are excluded if more
than 50% of their observations are agged as outliers, indicating persistently poor data quality.
Table C.1reports descriptive statistics forthe sampled rmsin2014. The average rmrecords
sales o 110 million and employs 300 workers, with both variables displaying considerable
dispersion. While energy prices are frequently highlighted as a determinant of international
competitiveness, average energy expenditure is relatively en@aesii@n, accounting
for 3% of total cost. Electricity and gas are the most used fuels, together representing 80%
of consumption. 71% of rms export, with an average export share of 27% and 18 partner
countries. Given this international orientation, policies a ecting energy costs, including tax
exemptions, may play a non-trivial role in rms' external competitiveness, particularly for
energy-intensive producers.
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Table C.1: Firm Summary Statistics

Mean Median SD N
Panel A: General variables
Capital (milliory, ) 52.38 6.29 639.34 14,900
Employees 303.25 91.00 2,248.83 14,900
Energy expenditure (milligy) 2.13 0.25 14.57 14,900
Revenue per unit capital 339.06 2.21 20,456.21 14,553

Revenue per worker
Sales (milliop)

Value added (milliop)
Wages

110.65
43.68

Panel B: Energy and emissions

CO, emissions (total, million t) 20,057.03
Emission intensity (kg G&},) 0.12
Energy cost share 0.03
Energy consumption (million kWh) 66.92
Energy intensity (kWh)) 0.41
Energy price;(/(kWh) 0.14
Share of Coal 0.00
Share of Electricity 0.51
Share of Gas 0.32
Share of Oll 0.10
Panel C: Export activity

Export share 0.27
Export status 0.71
Exports (milliorg,) 48.87
Number of export partners 18.36

36,147.35 35,027.05

230,146.78 151,848.03 509,960.88 14,900
14.69

1,364.70 14,900
7.29 429.25 14,900
14,346.09 14,900

711.28 329,710.97 14,900

0.05 0.44 14,900
0.02 0.04 14,900
1.80 1,146.56 14,900

0.13 1.89 14,900

0.13 0.10 14,900

0.00 0.05 14,900
0.49 0.25 14,900
0.29 0.29 14,900
0.00 0.20 14,900
0.19 0.27 14,871
1.00 0.45 14,900
2.30 765.82 14,895
10.00 23.22 14,900

NotesThis table reports summary statistics for German rm-level data for the year 2014. All monetary values
are in 2015 euros unless otherwise indicated. Export status is a binary indicator equal to one if the rm exports
in a given year. Export share is measured as the ratio of export sales to total sales.

SourcResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of
Germany, AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-
Panel Industrieunternehmen 1998 2019, project-speci ¢ preparations, own calculations.
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C.1.2 Eurostat Energy Price Data

For the analysis, | use the Eurostat statgdEprices components for non-household consumers -
annual data (from 2007 onwards, code nrg_pc_a@8Etactricity prices components for non-
household consumers - annual data (from 2007 onwards, code nrg. PotlPStistics

cover the years 2017-2023 and report annual prices for each consumption band-country
combination in all 27 EU member states, as well as an EU average price. The price can be
disaggregated into three broad components: energy and supply costs, network costs, and
taxes. The energy and supply costs relate to the costs of electricity generation and aggregation,
as well as customer services and management costs. The network costs are region-speci ¢
and are charged via transmission and distribution tari s based on the network operators'
cost to maintain the electricity grid. Lastly, the tax component summarizes all the di erent
taxes related to the purchase of electricity. This includes value-added taxes, capacity taxes,
renewable taxes, environmental taxes, nuclear taxes, and all other taxe$'tBatceboth

statistics start only in 2017, | complement those datasets with their more aggregate, bi-annual
variants with information on the price paid by rms with and without taxgsgc_20&8nd
nrg_pc_205With these data, | can study the long-run development of prices and taxes. When
plotting the time trend across consumption bands, | select a representative consumption band
for each of the small, medium, and large consumers. Similarly, when comparing Germany's
energy prices to those of the other EU member states, | focus on the largest countries and the
EU average.

C.1.3 EU State Aid Data

| classi ed state aid measures into ve policy groups based on keywords in the me#sure titles.
In the next step, | excluded all policies that did not target the manufacturing sector. Addition-
ally, I identi ed a misclassi cation where exemptions for cogeneration granted in 2018 had
been recorded as being granted in 2019. | corrected these cases through contextual veri cation
based on policy details and timing.

Two key plant-level descriptive variables, the industry classi cation and the tax exemption
value, were initially provided in text or categorical formats. | recoded each plant's industry
fromits verbal description into o cial NACE Rev. 2 codes at the 2-digit level, using ChatGPT,
trained on o cial industry activity descriptions. The tax exemption values were reported
in seven brackets for around two-thirds of the observations. To convert these brackets into
monetary values, | assigned the median value of each bracket to the respective plants, except
for the open-ended highest bracket, where | allocated the lower bound value.

For the rm-level aggregation of state aid, | rst standardized the unique rm identi ers
across plants with identical names, as some included additional non-numeric characters.
For each rm, | counted the number of plants and the total exemptions received. In cases
where plants associated with the same rm were assigned di erent 2-digit industry codes or

2W/AT is de ned per Council Directive 2006/112/EC. Capacity taxes cover energy security, network, and
regulatory costs. Renewable taxes support renewable energy, e ciency, and CHP. Environmental taxes include
CO, emissions, air quality, and excise duties. Nuclear taxes relate to decommissioning and inspections. Other
taxes include district heating, local charges, and infrastructure levies.

22These keywords @& Gfor the EEG Surcharge ReductiBnergiesteuergeaatiEnergy Tafor the
energy ta§tromsteuergedetzhe electricity tax, adWVK , CHP, Kraft und Warme andcogeneratidor
cogeneration. Even though rms can apply for exemptions to pay network charges, these are not o cially
recorded as state aid.
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rm names, | retained the industry code and the name of the plant receiving the highest tax
exemption. Lastly, | excluded all non-manufacturing rms from the nal dataset.

In the following, | provide a list of the laws assigned to each aid group and the magnitude
of exemptions:

EEG Surcharge Exemption (Erneuerbare-Energien-Gesetz)
" EEG 2014

" EEG 2017

The EEG surcharge for non-privileged consumers increased over the years, rising from 0.19
ct/kwWh in 2000 to a peak of around 6.88 ct/kWh in 2017; afterward, it uctuated slightly.

Energy Tax (Energiesteuergesetz)
" Tax relief for eligible installations according to Y 3 Energy Tax Act
" Tax relief for other eligible installations according to Y 3a Energy Tax Act
" Energy tax relief for own consumption according to Y 47a Energy Tax Act

~ General energy tax relief for manufacturing companies and companies in agriculture
and forestry according to Y 54 Energy Tax Act

" Energy tax relief for companies in special cases according to Y 55 Energy Tax Act

Tax reductions under the Energy Tax vary by fuel type and exemption category, typically
ranging from approximately 20% to 40% of the full tax rate, provided that the minimum tax
liability ofe 250 is exceeded. These exemptions apply to fuels such as gas oils, natural gas, and
lique ed gases. However, base tax rates for some fuels, like coal, are comparatively low.

Electricity Tax (Stromsteuergesetz)

" Tax exemption for electricity generated in installations with an electrical capacity of
more than two megawatts from renewable energy sources and used exclusively for own
consumption (Y 9 (1) no. 1 Electricity Tax Act)

" General electricity tax relief for manufacturing companies and companies in agriculture
and forestry according to Y 9b Electricity Tax Act

" Electricity tax relief for companies in special cases according to Y 10 Electricity Tax Act
(peak equalisation)

The electricity tax rate can be reduced &@®.5 per MWh tee 15.37 per MWh under Y 9b,
provided that the minimum tax liability®@®50 is exceeded. Additionally, a further reduction
depends on the number of employees who contribute to a pension scheme. This additional

reduction is granted on top of the Y 9b reduction if the minimum tax liab#ity, @0 is
exceeded.
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Cogeneration (Combined Heat and Power, Kraft-Wé&rme-Kopplungsgesetz)

A

2012 reform of support for cogeneration in Germany
2020 reform of support for cogeneration

Full tax relief for the combined generation of power and heat according to Y 53a (6)
Energy Tax Act

Partial tax relief for the combined generation of power and heat according to Y 53a (1)
or (4) Energy Tax Act

Tax exemption for electricity generated in installations from renewable energy sources
or highly e cient CHP installations, each with an electrical capacity of up to two
megawatts, and used for own consumption or supplied to end-users in the immediate
vicinity (Y 9 (1) no. 3 Electricity Tax Act)

Tax reductions for cogeneration provide full or partial exemptions depending on installation
e ciency and fuel use. Full exemptions eliminate the energy tax on qualifying CHP fuels,
while partial exemptions reduce tax liabilities proportionally. These bene ts primarily apply to
fuels such as gas oils and natural gas, with electricity from small renewable or highly e cient
CHP units (up to 2 MW) also fully exempt from the electricity tax.
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C.2 Additional Tables

Table C.2: Firm-level Determinants of the Energy Price

Energy Price
1) 2) 3 4) (5) (6)
Log Sales -0.007 -0.007 -0.008
(0.001) (0.001) (0.001)
Log Energy Use -0.018 -0.017 -0.018
(0.001) (0.001) (0.001)
Share Gas 0.011 0.002 0.014 0.003

(0.006)  (0.005) (0.007)  (0.005)

Share Oil 0.016 -0.007 0.027  -0.004
(0.006)  (0.005)  (0.008)  (0.006)

Share Electricity 0.135 0.107 0.127 0.096
(0.008) (0.006) (0.010) (0.007)

Share Coal 0.001 0.033 -0.030 0.035
(0.010)  (0.009)  (0.009)  (0.009)

Dummy Dirty -0.010  0.008
(0.007)  (0.006)

State FE X X X X X X

Year Ind FE X X X X

Year FE X X

N 247,376 247,376 247,376 247,376 247,403 247,403
R? 0.214 0.295 0.291 0.350 0.162 0.258

Notes: p< 0:10, p< 0:05 p< 0:01 Thistable reports estimates from regressions of rm-level log
energy prices on the log of sales. Additional controls include log energy use, and the shares of di erent fuel types
in total energy consumption (gas, oil, electricity, andBaatmy Dirtyindicates whether a rm operates in
an EU ETS-covered sector. Energy use is measured in kWh and includes fuel and electricity consumption. The
energy price is calculated by dividing total energy expenditure by total energy consumption in kilowatt-hours,
including electricity. All speci cations include state xed e ects and either year-by-industry xed e ects or year

xed e ects, as indicated. Robust standard errors clustered at the industry level are reported in parentheses. All
nominal variables are de ated to constant 2015 prices. The sample covers rms in the German manufacturing
sector from 2011 to 2018.

SourcdResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of
Germany, AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel
Industrieunternehmen 1998 2019, project-speci ¢ preparations, own calculations.
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Table C.3: Firm-level Energy Intensity and Energy Price

Log Energy Intensity

1) 2) 3) (4) (5) (6) (7)
Log Energy Price -4.467 -4571 -2.901 -4.021 -2.444 -5.232 -2.769
(0.220) (0.228)  (0.131) (0.201) (0.117) (0.255) (0.167)

Log Sales -0.061 -0.065 -0.074
(0.010) (0.010) (0.016)
Log Energy Use 0.254 0.251 0.324
(0.011) (0.010) (0.013)
Share Gas -0.388 -0.231 -0.403 -0.199

(0.075)  (0.057) (0.165)  (0.121)

Share Ol 0577 -0.022 -0.783  0.007
(0.081)  (0.061)  (0.165)  (0.119)

Share Electricity -1.013 -0.752 -0.813  -0.508
(0.103)  (0.066) (0.188) (0.128)

Share Coal 1.380 0724 2660  1.279
(0.259)  (0.168)  (0.370)  (0.240)

Dummy Dirty 0.716 0.335
(0.119) (0.083)

State FE X X X X X X X

Year IndFE X X X X X

Year FE X X

N 247,376 247,376 247,376 247,376 247,376 247,403 247,403
R2 0.571 0.575 0.662 0.595 0.675 0.343 0.520

Notes: p< 0:10, p< 0:05 p< 0:01 Thistable reports estimates from regressions of rm-level log energy intensity
on the log of the rm-speci c average energy price. Additional controls include log sales, log energy use, and the shares of
di erent fuel types in total energy consumption (gas, oil, electricity, anBuooat)y Dirtyindicates whether a rm operates
in an EU ETS-covered sector. Energy intensity is de ned as the ratio of the rm's fuel and electricity consumption in kWh to its
sales. Energy use is measured in kWh and includes fuel and electricity consumption. The energy price is calculated by dividing
total energy expenditure by total energy consumption in kilowatt-hours, including electricity. All speci cations include state
xed e ects and either year-by-industry xed e ects or year xed e ects, as indicated. Robust standard errors clustered at the
industry level are reported in parentheses. All nominal variables are de ated to constant 2015 prices. The sample covers rmsin
the German manufacturing sector from 2011 to 2018.
SourceResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of Germany,
AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen
1998 2019, project-speci c preparations, own calculations.
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Table C.4: Firm-level Exports and Energy Price

Log Exports

(1) () 3) (4) (5) (6) (7)

Energy Price  -3.365 -0.851 3.429 -0.943 2615 -1.415 2.633
(0.273)  (0.099) (0.199) (0.113)  (0.189) (0.228)  (0.249)

Log Sales 1.291 1.289 1.281
(0.013) (0.013) (0.019)
Log Energy Use 0.969 0.970 0.839
(0.018) (0.016) (0.021)
Share Gas 0.066  0.298 0.022 0.324

(0.050) (0.086)  (0.098)  (0.200)

Share Ol -0.019  -0.063  -0.054  -0.040
(0.062)  (0.100)  (0.105)  (0.190)

Share Electricity 0.123 1.060 0.116 0.720
(0.059) (0.112) (0.112)  (0.227)

Share Coal -0.569 -1.584 -0.909 -2.441
(0.292) (0.463) (0.304) (0.518)

Dummy Dirty 0.157  -0.312
(0.096)  (0.152)

State FE X X X X X X X

Year Ind FE X X X X X

Year FE X X

N 196,565 196,565 196,565 196,565 196,565 196,609 196,609
R? 0.239 0.739 0.597 0.739 0.606 0.672 0.450

Notes: p< 0:10, p< 0:05 p < 0:01 Thistable reports estimates from regressions of rm-level log exports on the
log of the rm-speci ¢ average energy price. Additional controls include log sales, log energy use, and the shares of di erent
fuel types in total energy consumption (gas, oil, electricity, anBooat)y Dirtyindicates whether a rm operates in an

EU ETS-covered sector. Energy use is measured in KWh and includes fuel and electricity consumption. The energy price is
calculated by dividing total energy expenditure by total energy consumption in kilowatt-hours, including electricity. All
speci cations include state xed e ects and either year-by-industry xed e ects or year xed e ects, as indicated. Robust
standard errors clustered at the industry level are reported in parentheses. All nominal variables are de ated to constant 2015
prices. The sample covers rms in the German manufacturing sector from 2011 to 2018.
SourcdResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of Germany,
AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen
1998 2019, project-speci ¢ preparations, own calculations.
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C.2 Additional Tables

Table C.5: Firm-level Export Share and Energy Price

Export Share

(1) (2) (3) (4) (5) (6) (7)

Energy Price ~ -0.217 -0.119 0.048 -0.127  0.016 -0.241 -0.125
(0.020) (0.015) (0.015) (0.017) (0.016) (0.031)  (0.033)

Log Sales 0.058 0.058 0.063
(0.003) (0.003) (0.003)
Log Energy Use 0.043 0.044 0.034
(0.002) (0.002) (0.003)
Share Gas 0.003 0.017 -0.013 -0.005

(0.008)  (0.010) (0.023)  (0.028)

Share Oil -0.007  -0.004 -0.030  -0.047
(0.010)  (0.011) (0.022)  (0.028)

Share Electricity 0.007 0.051 0.005 0.030
(0.011) (0.013) (0.021) (0.025)

Share Coal -0.129 -0.171 -0.226 -0.274
(0.052) (0.058) (0.059) (0.065)

Dummy Dirty 0.030 0.018
(0.023) (0.025)

State FE X X X X X X X

Year Ind FE X X X X X

Year FE X X

N 245,923 245,923 245,923 245,923 245,923 245,951 245,951
R? 0.320 0.402 0.378 0.402 0.380 0.194 0.129

Notes: p < 0:10, p < 0:05 p < 0:01L This table reports estimates from regressions of rm-level export share

on the log of the rm-speci ¢ average energy price. Additional controls include log sales, log energy use, and the shares
of di erent fuel types in total energy consumption (gas, oil, electricity, anBeoat)y Dirtyindicates whethera rm

operates in an EU ETS-covered sector. Energy use is measured in kwh and includes fuel and electricity consumption. The
export share is de ned as exports divided by sales. The energy price is calculated by dividing total energy expenditure by
total energy consumption in kilowatt-hours, including electricity. All speci cations include state xed e ects and either
year-by-industry xed e ects or year xed e ects, as indicated. Robust standard errors clustered at the industry level are
reported in parentheses. All nominal variables are de ated to constant 2015 prices. The sample covers rms in the German
manufacturing sector from 2011 to 2018.
SourcdResearch Data Centres of the Federal Statistical O ce and the Statistical O ces of the Federal States of Germany,
AFiD-Modul Energieverwendung 1998 2019, AFiD-Panel Industriebetriebe 1998 2019, AFiD-Panel Industrieunternehmen
1998 2019, project-speci ¢ preparations, own calculations.
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