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Abstract

Carbon leakage undermines the effectiveness of unilateral carbon pricing. Taxes on
import-embedded emissions, like the EU’s CBAM, prevent leakage but their product
coverage is limited due to strong information asymmetries. We propose an alternative
policy (LBAM) that sterilizes carbon leakage without requiring information on foreign
carbon intensities. In a quantitative trade model, LBAM tariffs significantly improve
over the EU’s CBAM in terms of global emissions and EU welfare. Importantly,
LBAM avoids large welfare losses among EU trading partners that would result if
CBAM were extended to all sectors. Combining LBAM tariffs with equivalent export
subsidies reinforces these advantages.
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I Introduction

Only one quarter of greenhouse gas (GHG) emissions worldwide are subject to carbon
taxes or cap-and-trade policies (World Bank| [2024). Differences 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 efforts, preventing it is a priority for countries pursuing
ambitious climate policies.

The economically-preferred policy is to ‘level the playing field” on domestic and
export markets by taxing imports and subsidizing exports at the prevailing carbon
price, based on the embedded emissions (Markusenl [1975; Hoel, 1996). Such 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 persistent increases in carbon prices under the EU Emissions Trading
System (EU-ETS). Starting in 2026, the EU will levy tariffs on imports based on
embedded carbon emissions, at a rate pegged to the EU-ETS price. CBAM tariffs
discourage the replacement of EU production with dirty imports (import leakage)
and partially correct for the absence of carbon taxes abroad (Bohringer et al., [2022)).
Conceptually, CBAM improves over current policies granting overly generous subsidies
to EU producers in trade-exposed sectors (Martin et al., 2014). In practice, however,
CBAM is complicated by excessive information requirements for computing embedded
emissions, a discriminatory tariff structure that prominent trade partners of the EU
have repeatedly denounced as punitive, protectionist and incompatible with WTO

rulesE] as well as incomplete coverage that distorts global value chains (Draghi, [2024)).

'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
(CBAMs)” (BRICS, [2025, paragraph 88). Many countries have raised concerns about CBAM with
the WTO’s Committee on Market Access (WTO) 2024) and its Council for Trade in Goods (WTO|
2023) on multiple occasions.



Using a state-of-the-art quantitative economic model of international trade, we
assess the impacts of CBAM on bilateral trade flows, global emissions, and welfare.
A key insight is that border adjustments must be applied to all —not just a subset— of
industries to effectively prevent carbon leakage. Universally applying CBAM tariffs
would also substantially lower the EU welfare costs of carbon pricing, but it would do
so by significantly 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 effectively prevents carbon leakage with minimal
impacts on international trade: The Leakage Border Adjustment Mechanism (LBAM)
implements product-specific import tariffs that exactly offset the changes in EU im-
ports resulting from an increase in the carbon price differential between the EU and
its trade partners. Knowledge of foreign carbon intensities is not needed to compute
LBAM tariffs, making them easy to implement. Since LBAM tariffs do not discrimi-
nate across countries and minimize interference with international trade patterns, they
are also easier to accept for Europe’s trade partners than CBAM tariffs. 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 effects of unilat-
eral carbon pricing in the EU under alternative border adjustment scenarios, we
develop a tractable structural model of international trade in differentiated prod-
ucts 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 differentiated product varieties offered by
monopolistically-competitive firms. Firms have market-specific production functions
with sector-specific returns to scale, so that production decisions can be separated

across markets and export supply curves have sector-specific slopes. Given the short-



run nature of our model, we assume that the number of firms is fixed. Carbon emis-
sions are embodied in a composite energy input to production, along with physical
factors. Emissions 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 tariffs 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 inter-
fering with fluctuations in EU trade driven by unrelated shocks. For any given sector,
LBAM tariffs 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
fluctuations 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 flows between the EU27 and 56 other countries following Feenstra (1994); Broda
and Weinstein| (2006)) and [Soderbery| (2015)). Sectoral output elasticities of energy and
physical production factors are obtained via the estimation of sector-specific produc-
tion functions using detailed firm-level micro-data for Germany (Ackerberg et al.
2015; Wooldridge, 2009). We solve for an initial equilibrium with a low 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)), we replace equilibrium objects that depend on unknown parameters with
bilateral trade flows and absorption data constructed by combining trade data with
4-digit production data. To compare LBAM with CBAM, and to evaluate the effect

of EU policies on global emissions, we also require estimates of foreign emission in-



tensities. 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 significant welfare losses of $25 bn for the EU
because the economic costs of around $ 57 bn outweigh the environmental benefits 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 different border adjustments affect 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 tariffs 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 tariffs 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 tariff 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 tariffs and export subsidies
are modest, averaging at 1.3 % and 3.7 %, respectively.

The literature on border adjustment mechanisms (BAMs) predominantly employs
computable general equilibrium models (Bohringer et al., 2022)—a powerful tool that
has limitations when it comes to including industry specific detail (Fowlie and Reguant],
2022) and to transparently connecting theory and data (Costinot and Rodriguez-
Clare, 2014). Recent empirical studies of environmental regulation and emissions
leakage showcase the benefits of using modern structural trade models in this context
(Aichele and Felbermayr, 2015; [Larch and Wanner, |2017; Shapiro and Walker| |2018;
Sogallal, 2023; |Stillger} 2025). Adopting 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 effects of
CBAM for a smaller set of industries (Ambec et al., 2024) or derived empirically-
based production subsidies to mitigate leakage (Fowlie and Reguant| [2022). Our focus
on implementation constraints sets this analysis apart from that of unilaterally op-
timal BAMs (Kortum and Weisbach) 2021 Farrokhi and Lashkaripour, 2025), and
our LBAM proposal is an alternative to mitigating CBAM’s information asymmetries
using mechanism design (Cicala 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 ad-
justments, with the key results that the limited application of CBAM tariffs to a
handful of sectors is environmentally ineffective whereas a universal application of
CBAM imposes large welfare costs on non-EU countries. Second, we propose an al-
ternative border adjustment mechanism, LBAM, which effectively prevents carbon
leakage and is better suited to overcome both legal and information constraints that
plague other types of border carbon adjustments. Third, by 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| (2025a)).

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 [[II] develops a structural economic model and
derives analytical results for how unilateral carbon pricing combined with different
border adjustment mechanisms affect welfare and emissions. Section [[V] explains the
model calibration and discusses the underlying data. In Section [V], we present simula-
tion results for studing the welfare, trade and emission effects of an EU carbon price
increase under various border adjustment scenarios. Section |VI| examines the robust-

ness of these results to alternative modeling assumptions. Section concludes.

II 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 below € 20 for many years
(Ellerman et al., [2016; Hintermann et al., 2016), but it climbed to over € 100 between
October 2020 and February 2023, and has rarely fallen below € 60 since 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.

A The Carbon Border Adjustment Mechanism (CBAM)

CBAM applies to EU imports in a handful of very carbon-intensive industries con-
sidered at high risk of carbon leakage (iron and steel, cement, fertilizers, aluminum,
hydrogen, and electricity). Starting in 2026, EU importers must buy a ‘CBAM certifi-

cate’ for each ton of CO, emissions embedded in those goods ] The certificate price is

2Current draft legislation defers the start of actual payments to Feburary 1, 2027 and introduces
a new exemption threshold which further limits CBAM obligations to those companies importing
more 50 tons of CBAM goods per year (European Commission, [2025b)).



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 field 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 infor-
mation gaps before financial adjustments can be implemented. EU importers must
calculate the actual, plant-specific CO5 emissions in the origin country. Given the lack
of such data (Fowlie and Reguant, |2018) and obvious incentives for under-reporting,
the regulation stipulates that effective monitoring and verification processes be estab-
lished. 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 trade partners (Cosbey et al., 2019; |Draghi, 2024)). On
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 field 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 fix these problems because CBAM’s incomplete cov-
erage misses embedded emissions of many unregulated products and threatens the
competitiveness of downstream industries in the EU (Draghi, [2024). For example,
CBAM tariffs 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.

B The Leakage Border Adjustment Mechanism (LBAM)

Figure 1) illustrates the workings of different border adjustment mechanisms in partial
equilibrium with two countries, Home and Foreign. Home is a net importer of a
good that it can produce at increasing marginal cost. The difference between Home’s

demand (Dg) and supply (Sg) curves for any given price p gives Home’s import



demand curve (M D). Foreign is characterized by an upward-sloping export supply
curve X .Sy. Under free trade, equilibrium obtains at the world price py where domestic
demand Qg is met by domestic supply Qf and imports M, from Foreign. A carbon
tax 7p raised unilaterally in Home increases marginal production cost for any given
quantity (Sg(7g)). The equilibrium price rises to p; and imports increase to M., as
they become cheaper relative to domestic production. This goes along with emissions

‘leaking’ from Home to Foreign.

Figure 1: Trade Effects of a Carbon Tax and Border Adjustment Mechanisms
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Home can exactly offset carbon leakage by imposing a tariff 7; (“LBAM”) that
cancels out the cost disadvantage of domestic producers generated by the domestic
carbon tax. The tariff shifts out Foreign export supply (XSg + 77) and raises the
consumer price in Home such that domestic production increases and import demand
falls until imports are back at their initial level M. 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 tariff based on

Home’s carbon intensity (“CBAM-EZ”) shifts out Foreign’s export supply curve by



ASy(Tg), the increment in Home’s marginal cost due to the carbon tax. When based
on Foreign’s actual carbon intensity, the tariff would further increase (“CBAM?”).
Both CBAM tariffs reduce 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 tariffs reduce welfare of non-EU countries. In
contrast, LBAM does not hurt foreign exporters; it merely re-establishes the status

quo before the unilateral carbon price increase.

III Economic Model

To rigorously analyze these policies, we build a quantitative trade model that satis-
fies structural gravity (Costinot and Rodriguez-Clare) [2014)). While LBAM eliminates
carbon leakage, imports are also affected by demand and supply shocks that are unre-
lated to carbon pricing and hence should not be neutralized. Computing LBAM tariffs
thus requires us to simulate changes in imports at different levels of the EU-ETS price
while holding fixed the effects of other shocks. Our model transparently solves for
LBAM instruments as closed-form functions of observable data and econometrically

estimable parameters.

A Model Setup

We solve a multi-country model with countries denoted by 4,5 = 1,...,I. The first
subindex denotes the location of consumption and the second one the location of

production. In each country there is a continuum of tradable sectors indexed by s.

Consumers We assume quasi-linear utility between a tradable outside sector and a
Cobb-Douglas aggregate of a continuum of differentiated tradable sectors with weights
n;s- Carbon emissions constitute a public bad with constant marginal social costs

(SCC) 0;. Utility of the representative consumer in country 7 is given by



Ui = Ci() + /7’]1'8 IOg Cisds — 92 /est, (1)

where Cj is the numéraire and

€s
es—1

J Nijs
es—1
Cis = E / Cijs(w) = dw
j=170

is a CES aggregator for sector-specific varieties w. ¢;;s(w) denotes consumption of
an individual variety w produced in j. N;j, is the (exogenous) measure of varieties
produced by j available in i. The elasticity of substitution across varieties, e, > 1,
is sector-specific. e, denotes worldwide emissions of sector s. Standard calculations
yield ¢’s demand for sector-s varieties sourced from j

Cijs(w) = (%E(j)) h Cijs» (2)

demand for the aggregate consumption bundle sourced from j

Pi‘s o
e = (22) ®)

and demand for the aggregate sector s bundle

Cis = nisP_l (4)

s

where

1
Nijs T—es J
Pp=| [ mteran] = | Sope| )
0 o

Firms In each sector, a fixed number of firms operate under monopolistic competi-

tion. Production decisions are taken separately across markets.ﬂ Production y;;, of a

3Separability of production decisions is realistic since most exporters are multi-plant firms that
can operate plant-specific technologies with a different energy mix. |Chen et al.| (2025)) show that
Chinese multi-plant firms shift emissions between plants.
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firm located in j for location 7 in sector s is given by

63 (e
Zijs l’L IS
Yijs = ¢ijs (—5] ) (ozi) )

where z;;, is the energy use associated with the production, /;;s is a composite physical
input (factors other than energy), ¢;;s is a productivity shifter and ay, 8, denote the
output elasticities of physical inputs and energy. Sectors with decreasing returns-to-
scale (DRS; as + s < 1) exhibit an upward-sloping supply curve whereas that curve
is horizontal for sectors with constant returns (CRS; a, + 55 = 1)E| The associated

marginal cost function is given by

MC... — ( Yis T Bartl) 1
)8 T ij

¢ijs s

1
as+Ps

where v, = — 1 (75 = 0 implies CRS and 7, > 0 implies DRS). pyz; is the
(exogenous) price of energy in country j E| 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 produced by j for ¢ can be

computed as

eijs = djZijs,

where d; denotes the rate of carbon emissions per unit of energy in country j.ﬁ Emis-

4 Allowing for increasing returns (as+3s > 1) would be straightforward but our empirical estimates
do not support this case.

5Exogenous 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 literature (Bohringer et al.| 2022) and relaxed in [Sogalla; (2023).

6Consistent with our focus on short-run analysis, we assume that d; is fixed and does not respond
to carbon pricing. In the longer run, the energy sector might adjust to higher prices of ETS allowances
and CBAM certificates by investing in renewable electricity generation and other technologies that
reduce d;.
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sion intensity of exports from j to 7 in sector s is given by:

€ijs<ij7 yijs) _ 5
Yijs !

y%§8p2;5(1+75)¢;jgl+vs)’ (6)
which is decreasing in pz; and increasing in ;s for 75 > 0. Thus, emission intensity
of production may vary across countries due to variation in output, energy prices, or
productivity.

To specity the relationship between energy prices and carbon taxes, denote by pyz;
the energy price in j net of carbon taxes. Assuming a per-unit tax of 7x; Dollars per
ton of CO, emissions[’| we write the price of a unit of energy gross of the carbon tax
as pz; = Pzj + d;jTr;. Thus, the carbon tax increases the price of energy by more in
countries with higher carbon emission intensity d;.

We assume iceberg trade costs 7;;5 for shipping a variety from j to 7. Tariffs on
imports by ¢ on origin j in sector s are denoted by 77,5, taxes on exports levied by
J on exports to 7 in sector s are denoted as 7x;j;. We abstract from trade taxes and
transport costs within the same country (7;;s = Triis = Txiis = 1 Vi).

Since firms are monopolists for their variety, they set a markup over their marginal

cost. The consumer price of a sector-s variety produced in ¢ and consumed in j is

then
Yji ” Bs(vs+1) 1
18 s\ Vs —
Djis = TjisTIjisTX jisls ( : ) pzl-7 ¢jis ) (7)
¢jz’s
where p; = =5 denotes the sectoral markup.

Total profits of sector s in ¢ are given by
J

Iy = I, (8)
j=1

where

1 y vs+1 8 ( +1)
Hjis = sz’s {Ns ] NPy } (¢J_) Dy Vs (9)
s jis

7All nominal variables in the model are in US Dollars.
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are the profits that firms earn in each market j.

Equilibrium in Levels Imposing market clearing in each sector, i.e., yijs = TijsCijs
and using , , and , we can find an expression for the equilibrium levels of

Yijs and Dijs-

1 (ys+1l)es es—1
1 — alo T /70 —_S
Yijs = (7715 st€s)—y555+1 (¢ijspzfs) vsestl (MsTh]sTXz]s)%EleP%69+1 (10)
+1 1.8 1 ’Ys(Es;})
Dijs = 77;;5? (TZ]S¢z]spZS )w555+1 (,usThjsTngs) Ysestl P o (11)

(st (1—es) yatl 1

l—es
+1 § : +1 1, Bs\ 2= —1
F)is b - NZJS <nz’<y9585 (Tij3¢1jspZ;) Tesstl (MSTIUSTXUS)%ES*—I) (12)

Equilibrium in Changes We can then rewrite the equilibrium conditions in terms
of gross changes in variables X = % from the initial equilibrium value X to the new

equilibrium value X’. This allows us to express changes in equilibrium outcomes as:

(stDes es—1

~ 1 AT s al ses+1
Gijs = (GijsDz; ") 7=+ (TrijsTxijs)” SES“PW =, (13)
P 1 L s(es—1)
A~ o —1 ~Bs - oy Yses+1
pijs - (¢Z]sz ) s S+1 (TIZJSTXZJS) sestl P’is : (14)
Ao _ Pzj+diTEiTE;
where pyz; “hrtdin
Moreover, given that b and [{@) P,;;C;;s = PL-%P™* and P,,C;, s, We Tewrite
Y g y 118138 (L] 18 - nZS?
condition in changes as:
Hl—es § : ~l—eg
Pz's 61.73 z]s ) (15)
PisCiis - . . . . .
where d;;, = 5% is the expenditure share of i on goods imported from j. Substi-
1818

tuting into we obtain:

(1+’Ys)(1 €s)

P~ Yses+1

18

(ystl)(A—es) R l—eg
’LJS z]s Zj) osst (TlijSTXijS)’YSSSJrl' (16)

HM&

This expression gives an explicit solution for the change in the price index. By com-
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bining with and we can recover equilibrium changes in s, Dijs, Cijs and
é’ijs as a function of changes in policy instruments, productivity shocks, parameters
(Bs, Vs, €5) and observable trade shares only. Finally, from (6] changes in emissions

are given by

Qg ijs ijs ijs

" 1+’Ys

A Yijs 2 —(147s A 4ys ABs (1475 )—1 7 — (1475

ez-js=< ) e = g By T T e, (17)
Zj

Welfare Welfare is given by

Wi = Cy + /ms log Cjsds — 0; /Gsds

. / nislog Clady — / PuCiuds — 0, / e ds.

where income I, = w;L;+ fs I, .ds+ fs T;sd, is derived from labor, profits and transfers.
Worldwide emissions are given by e, = ZLI Z;f:l Nijseijs. Thus, welfare corresponds
to consumer surplus, producer surplus, labor income, tax income and the disutility
from global emissions.

We compute the absolute difference in welfare before and after the policy change,

w!—Ww;

)

- /(H — D);sds + /(T — 1)T;eds + /n log Cjsds — 6; /(és — 1)eyds,

S S

where we have used the fact that P/ZSC’\ZS = 1 from . We substitute C’is = ]52-?1
from the previous section and express ﬁis, I, Tis, and T}, in terms of observables
(see Appendix . With quasi-linear utility, the marginal utility of income is unity.
Thus, taking the outside good as the numéraire and defining it as money, changes in

indirect utility correspond to the amount of money consumers need to receive/pay in

order to stay indifferent to a policy change.
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Changes in global emissions can be written as

N A Njisejz’s
€s = €jis : (18)
Z 2 St i Nyisejis

Using @, , and , we obtain

J J

-1 -1 -1 _-1
E :pZi diE :TIjisTinsnjsdji&
i=1 j=1

and
J J ?; (1+"/s)
. Aﬁs(1+vs jis
és = E E : (19)
=1 j=1 ¢yzs
~ pzz dZTI_jzs )_(]1577]56]25 .
where 7j;; = are the global sales shares in each market,

J 1 1
Zl 1pZ7,d Zj 1TI]15TX31577]95]19

measured before trade and carbon taxes are applied.

B Border Adjustment Mechanisms

This section characterizes the workings of various BAMs using the equilibrium-in-
changes notation introduced above. All scenarios assume that country ¢ unilaterally
raises its domestic carbon tax (7g; > 1) and that climate and trade policies remain
unchanged in all other countries (7g; = 77jis = Txijs = 1 for all j # i). Since we focus
on the impact of policy changes, for simplicity, we assume that productivity shocks
are absent (ggijs =1 for all 7,7,5). We comment on the effect of such shocks where

appropriate.

No-BAM The unilateral carbon tax increase raises energy prices in the domestic
market (pz; > 1) while leaving foreign energy prices unchanged (pz; = 1 for all j # 7).
In the absence of a BAM (75 = Tx4js = 1 for all s and j), this puts domestic producers
at competitive disadvantage on the domestic and export markets. By combining

with , we obtain the equilibrium response in sales of domestic producers in their

15



home market

—1
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and imports from foreign producers in that market

—1

es—1 Bs(1+vs)(1—es)
18

I 14+7s
g)ijs = P,1+63’YS — (51,1,515Zl 1+esys + 1 _ 5“8:| > 1 (20)

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
production (import leakage).

From and we obtain that the carbon-tax increase reduces exports:

-1
—Bs (ystl)es | _es—1 —Bs (ys+l)es Bs(1+vs)(1—es) 1+7s

~ N 1+esy. I+esys _ A 1+es7. N I4esny
Ujis =Dz " Py =Dy T N0jishy T 1= 0jis <1

The reduction in domestic exports increases global emissions as long as domestic

production is cleaner than abroad (ezport leakage).

CBAM To level the playing field w.r.t carbon pricing, country 7 levies a tariff 77,5
on imports from j in sector s 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 effective energy price for goods produced in j and exported to 4,
Pzij, by an amount consistent with the domestic carbon tax, pz; = 1 + %ZTE" > 1,

assuming zero initial carbon prices in foreign countries (75; = 0). For sectors s not

affected by CBAM, energy costs remain unchanged (pz;; = 1).
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In our model, the carbon tariff can be implemented by setting bilateral discrimi-

natory tariffs equal to the cost pass-through of a carbon tax on imports, i.e., 77 =

ﬁg‘}gws“) in CBAM sectors and 77;;, = 1 elsewhere. Other trade instruments are not

used (7x;s = 1 for all Vs, j). Using these assumptions in , , and , we obtain
the following equilibrium responses to raising the domestic carbon tax in combination

with CBAM tariffs:

—Bs(yst1l)es L. _Es—1
N 5 sestl Ys€s+1
Yijs = Pzij I

Bs(vs+1) N Ys(es—1)

N, — A Ysestl Ys€s+1
Dijs = Pzij I

—Bs (vs+1)(es—1)

J
. Yses+1
Zézjspzz‘j > 1.
Jj=1

_ Ys€s+1
(I+vs)(es—1)
-Pis =

Prices of all varieties rise, inducing Py > 1, and so do energy prices pz;;, especially
for varieties produced in locations with a carbon-intensive energy mix. However, in
most cases this effect dominates and ¢;;, < 1. Since CBAM only applies to imports,

there is export leakage as in No-BAM.

LBAM To prevent import leakage, country ¢ introduces a tariff that stabilizes bilat-
eral imports within each sector at the level before the carbon-tax increase. Consistent
with this objective, domestic tariff changes 77,5 > 1 neutralize the effects on demand
of imported varieties induced by 7z; > 1, in the sense that C’ijs = Cijs = Yijs = 1 for

all 7 and s. Imposing this condition on and yieldsﬁ

—es(1+s) Bs(yst+1)(1—es) l—es
~ yses+l — 5. N Ysest+1 _ 5. \+~sestl
Tris = OiisPz; + (1 = 0uis)7p3; (21)

with 7755 = Tris V7, i.e., LBAM tariffs are independent of the trade partner and hence

non-discriminatory. Condition implicitly defines a tariff that stabilizes bilateral

8In the online appendix, we prove that any tariff that (i) prevents import leakage by keeping ag-
gregate imports constant and (ii) does not discriminate between partner countries must hold bilateral
imports from each origin country constant.
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imports for a change in the carbon tax 7g; and the energy price pz;. The tariff depends
on (i) the effect of the carbon tax on the price of domestically produced varieties and
(i) on the effect of the tariff on the price of imported varieties from other countries,
weighted by the respective expenditure shares. Computing the LBAM tariff only
requires information on the elasticities of import demand e, and export supply s,
the output elasticity of emissions (,, and the share of domestic absorption that falls
on domestically produced varieties before the carbon tax increase ;. Since the tariff
holds the level of bilateral imports constant, the foreign carbon intensity does not
change, and hence import-embedded emissions also remain constant: LBAM prevents
import leakage.

Observe that the formula for LBAM tariffs is independent of productivity shocks
as long as such shocks are sector-specific, i.e. when ¢;;s = ¢;s. In the more general
case where productivity shocks are sector-country-specific, LBAM tariffs remain in-
dependent of these shocks up to a first-order approximationﬂ Thus, policy makers
can disregard the effect of domestic or foreign productivity shocks when sterilizing the
effect of domestic carbon price changes on imports. Instead, imports will fluctuate in

response to domestic or foreign productivity shocks.

Combining and and imposing LBAM yields

—Bses(1+s) €s

~ A l4esys A l4esys
Yiis = Dz; Tris - <1 (22)

Thus, domestic sales to the home market fall, but by less than under the No-BAM
scenario. Given that 7xj;; = 1 for all Vj, s export leakage is the same as in the

No-BAM scenario.

LBAM-X To prevent export leakage, country i introduces an export subsidy that

keeps its bilateral exports within each sector constant at the level before the carbon-

9See Appendix
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tax increase Formally, the export subsidy 7x;;s < 1is chosen such that C’jis = Cjis =

Ujis = 1 for all j, s, in response to 7g; > 1. Combining the last condition with
and yields:

—es(1+7s) ,B ('Y +1) l—es 55("/54’1)255
A qses+l . onPs(s A vsest+1 5., A vsestl
TXjis = 0jisDz; Txjis T (1 = 0jis)Dy, : (23)

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

1

TXi = Aﬁs—(’Yerl) .
Pz;

This subsidy exactly offsets the pass-through of higher energy prices (in the denomi-
nator) and thus prevents export prices from increasing, irrespective of the destination.
Since the price index does not change (ﬁ’js = 1), domestic producers do not change
their exports (gj;s = 1). The only information required to compute the LBAM-X ex-
port subsidy is the output elasticity of carbon 5, and the export supply elasticity ~s.
Finally, note that LBAM-X export subsidies are independent of domestic or foreign

productivity shocks and do not interfere with them: exports will fluctuate freely in

the presence of such shocks[]

0T here is no connection between export and import decisions in the model, so the export border
adjustment can be analyzed independently from import border adjustment.
See Appendix
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C Decomposition of Emissions Chajnges

To clarify how global emissions and carbon leakage are affected by climate and trade

policies, we decompose equation as follows:

J
A ABS(IJ"'YS)_I ~ ~ 145 A,Bs(l"l")’s)_l ~ ~14+s
€s = Pzi OiisYis t Dz E :Ujisyjis (24)
(i) Emission changes due to J _
~

a change in production of domestically

consumed and produced goods (ii) Emission changes due to

changes in domestic exports

J J J
~ A[‘33(1"1"73)_1 "1“1"\/5 ~ A1+'Ys
+ g OijsDz; Yijs T+ OjksYjks
J#i k#i j#i
N ~~ e N ~~ >
(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 increase (7;s < 1), so do emissions (i).
The same mechanism reduces domestic emissions from exports (9;,; < 1) unless an

LBAM-X export subsidy is granted (ii).

Import leakage In the absence of import-related BAMs, emissions embedded in
imports increase in response to a carbon-tax increase (iii). LBAM tariffs completely
sterilize such import leakage by ensuring ¢;;, = 1. In contrast, the effect of CBAM on

leakage depends very much on how it is implemented, as we will show below.

Export leakage Since prices of domestic exports increase with the carbon tax, for-
eign consumers substitute towards varieties produced in third countries. This increases
output in those countries and thus leads to higher emissions in the rest of the world

rise (iv). LBAM-X export subsidies can prevent export leakage.
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IV Calibration

We calibrate the model for the EU-27 and 56 other countries, using data on 131 4-
digit manufacturing industries from the year 2018. Sector-level price elasticities of
import demand and export supply are estimated on bilateral trade flows for these
countries using state-of-the-art methods (Feenstral 1994; [Broda and Weinstein, 2006}
Soderbery,, |2015). Sectoral output elasticities of energy and physical production fac-
tors are obtained by estimating sector-specific production functions on firm-level data
from the German manufacturing census (Ackerberg et al., 2015; Wooldridge, 2009).
We 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 ton of CO,
equivalent, based on the central estimate in |[Rennert et al.| (2022)), discounted back to
2018. Equilibrium objects that depend on unknown parameters are replaced with data
on bilateral trade flows and absorption (Dekle et al., 2007} |Ossa, [2014)). To 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.

A 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 expenditure 7, and bilateral
expenditure shares d;;,. We obtain 4-digit production (gross output) data for each
country from UNIDO INDSTAT 2022 at the 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. 2 to ISIC Rev. 4 classification.

Second, we source bilateral product-level import and export values at the 4-digit
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ISIC Rev. 3 level from the World Integrated Trade Solution (WITS) and convert them
to the ISIC Rev. 4 classification. Sectoral expenditure n;s is defined 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 tariff data for 2018 to compute the initial tariffs
Trijs- We source bilateral applied tariff rates at the 4-digit ISIC Rev. 3 level from
WITS and convert them to ISIC Rev. 4[] We set the initial levels of gross export
taxes Tx;; to 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 energy d; by country.
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)m The country-specific emission intensity
parameter d; is computed 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 on total CO, emissions and total
generation of the electricity sector from IEA (IEA World COy Emissions from Fuel
Combustion). More details are provided in the Online Appendix.

Fifth, given the prominent role of energy prices in the model, we go to great lengths
compiling data on energy prices pz; 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 GlobalPetrolPrices.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

12The original data source in WITS is TRAINS at HS6 level.

3Where 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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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 Profiles.

The result is a comprehensive dataset of the energy mix among industrial firms
and the fuel prices they pay across countries. With this in hand, we compute the
country-specific energy price index py; as the average energy price weighted by the

fuel shares. More details are provided in the Online Appendix.

B Demand Elasticities and Returns to Scale

Demand elasticities €, and returns to scale 5 play a key role in our model. To estimate
these parameters, we follow the methodology developed by [Feenstral (1994)), Broda,
and Weinstein| (2006) and, in particular, Soderbery| (2015). Rewriting the demand

. . P..Css
equation in terms of market shares J;;; = "=

s = m ylelds

log 0ijst = (1 — €5)log Pijst + (€5 — 1) log Pigt.

To facilitate consistent estimation, we first eliminate origin-sector-specific unob-
servables by taking time differences of log prices and log market shares (denote first
differences by A). Second, to eliminate sector-importer-time specific unobservables,
such as the price index in the importing country, Py, we difference again by a reference
country k (denote reference differences by superscript k). Write the double-differenced
demand equation as

AFln Oijst = A1og 055t — Alog st = (1 — £s) A log Dijst T e (25)

ijst

where efjst are unobservable demand shocks.

1 Note that the term 1/(es — 1) log N;js does not vary over time and thus drops from the equation
when taking time differences.
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To derive the empirical analog of the supply equation ([7)), we write the price of a

country-j, sector-s firm in market ¢ as a function of the market share

I+ys _ Bs(vs+1) —(1+7s) Vs
p”st - <MSTZJSTIZJSTXZJSPZ] ¢7,35t ( z]stnist)

Taking logs and assuming that the tax instruments are constant over time, the double-

differenced supply equation can be written as:

AFlog Py = Alog Pija — Alog Pe = : + AFlog 05 + w! (26)

ijst
s

ko
igst

where w AFlog(¢;js) are unobservable supply shocks.

The estimator relies on a variance identification and, in particular, the assumption
that supply and demand shocks are orthogonal, i.e. ]E(efjstwwst) 0. The sample
analog of this condition leads to an estimation equation for o and ~y, (Feenstra, 1994)
which we estimate using the hybrid limited information maximum likelihood estimator
developed by [Soderbery, (2015).

We estimate demand and supply elasticities at the 4-digit level from EU import
dataE Table |1| reports summary statistics for our estimates of demand and sup-
ply elasticities, which are similar to those reported by [Soderbery| (2015). Our mean
demand elasticity is 4.6 and the median is 2.4. Our median estimate for 7, is 0.5,
implying that the typical sector exhibits decreasing returns to scale (g + 55 = 0.67).
In Section [VI, we show that our results are qualitatively robust to setting v, = 0

(CRS) and €, = 6 for all sectors, which have been suggested as standard values in the

literature (Costinot and Rodriguez-Clare, [2014)).

15We 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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C 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 firm-level energy use
(Wagner et al.| [2020), we use restricted-access data from the annual census of German
manufacturing industries (AFiD- Amtliche Firmendaten in Deutschland). German
AFiD data combine broad industry coverage with high representativeness. As demon-
strated by earlier work, AFiD data are highly suitable for analyzing how energy inputs
and CO5 emissions interact with other input factors in the production process (Petrick
et al., 2011} Gerster and Lamp, 2024).

AFiD 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 firms for the years from 1998 until 2018 with information
on electricity consumption and primary energy use by fuel type, gross output, em-
ployment, allowance for depreciation, and materials (drawn from AFiD modules En-
ergieverbrauch, Industriebetriebe and Industrieunternehmen). We back out firm-level
capital stocks by combining firm-level depreciation of fixed assets with sector-level
averages of the lifetime of fixed assets, following Wagner| (2010)).

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 estimator by Wooldridge
(2009), using either materials or energy as proxy variables and instrumenting for
endogenous inputs with their first and/or second lags. The estimator employs the
moment conditions proposed by |Olley and Pakes (1996) and Levinsohn and Petrin
(2003) in a joint GMM framework that addresses the critique by |Ackerberg et al.
(2015) by placing additional restrictions on the underlying data generating process.
This is slightly less general than their solution but offers computational benefits which
are essential in the remote-server environment that governs our data access at the

German Federal Research Data Centre.
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Table 1: Summary Statistics of Production Function Parameters and Demand Elas-
ticities

No. Obs. Mean Median Min Max SD

Qs 131 0.541 0.530 0.061  0.993 0.306
Bs 131 0.086 0.063 0.001 0.393 0.085
Vs 131 2.020 0.563 0.000 10.045 3.171
Es 131 4.613 2415 1317 18.078 5.124

Notes: Summary statistics of GMM estimates for
sector-level estimates of demand and supply pa-
rameters. Source: Research Data Centres of the
Federal Statistical Office and the Statistical Of-
fices of the Federal States of Germany, AFiD-Modul

Energieverwendung (1998-2018|), AFiD-Panel Indus-
triebetriebe (1998-2018|), AFiD-Panel Industrieun-
ternehmen (1998-2018|), project-specific preparations,

own calculations.

Following the estimation, we retain the output elasticity of energy, S5, and ag-
gregate all non-energy elasticities to obtain the elasticity of the composite physical
input, a,. Finally, we convert the estimates to the ISIC Rev.4 classiﬁcation.m We
rescale output elasticities to make them compatible with the returns to scale estimate
obtained from the trade data above. Table [1| reports summary statistics of the pro-
duction function coefficients. 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 [VII

V 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 flows between the EU and third countries, EU money-

metric welfare, the distribution of abatement across sectors, and the economic costs

16To obtain a single output elasticity per ISIC industry, we take an unweighted average of all
elasticities with non-negative coefficients after removing obvious outliers. To implement this, we
construct a crosswalk between NACE Rev. 2 and ISIC Rev. 4. For those 4-digit industries 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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Table 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 35 -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. Import tariffs (% change)

No-BAM 0 0 0 0 0
CBAM-EU 0.3 0 1.7 0 392
CBAM-ID 8.3 5.7 8.8 0 105.6
CBAM-EZ 7.5 5.3 7.8 0.1 948
LBAM, LBAM-X 1.3 0.6 1.8 0 8.6
C. Exports (% change)

No-BAM, CBAM-** LBAM -9.4 -29 154 -79.5 -0.0
LBAM-X 0 0 0 0 0
D. Ezport subsidies (% change)

No-BAM, CBAM-** LBAM 0 0 0 0 0
LBAM-X 3.7 3.0 26 0.2 105

Notes: Summary 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

tariffs (Panel B), exports (Panel C), and export subsidies (Panel D).
imposed on non-EU countries. Non-EU countries are assumed to keep their tax instru-
ments unchanged. We consider the case of No-BAM, three CBAM variants, and two
LBAM scenarios: CBAM-EU denotes the current implementation that applies only
to aluminum, iron and steel, fertilizers, and cement. All other policies apply to all
sectors. Specifically, CBAM-ID is the ideal variant that would tax import-embedded
emissions across all sectors. CBAM-EZ is a simpler variant where embedded emissions
are computed using EU (rather than foreign) carbon intensities. The LBAM scenario

implements tariffs that eliminate import-related leakage in all sectors. LBAM-X ad-

ditionally assumes that the EU grants export subsidies that sterilize export leakage.
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EU trade Table 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 in-
creases energy costs for EU producers and thereby shifts comparative advantage to
dirty producers, inducing substantial import leakage. In contrast, CBAM-ID reduces
imports compared to no carbon pricing by 8% on average, and virtually shuts down
trade in some very carbon-intensive sector-country pairs.ﬂ 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 tariffs is to tax emissions embedded in domestic
consumption. This implies that, in most cases, tariffs 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 markets (WTO,
2024). LBAM avoids this by raising tariffs just enough to eliminate import leakage.
Given high average trade elasticities, modest LBAM tariffs of 1.3% on average would
suffice (median 0.6%, maximum 8.6%; Panel B). In contrast, implementing CBAM
across all sectors would raise bilateral tariffs by 8.3% on average (7.5% in the EZ
variant), and double tariff rates in some industries. While CBAM-EU leaves most
imports untaxed, affected sectors will see tariff 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. 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 and [C.2] we report changes in

EU imports and exports aggregated by 2-digit sector for readability.@lmports surge in

17Conversely, EU imports of cleaner goods increase in a small number of country-sector pairs.

8Remember 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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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|3|compares the policy scenarios in terms
of two outcomes: EU welfare effects, comprised of economic costs and environmental
benefits, and impact on global emissions. Column (iv) shows that unilaterally increas-
ing its carbon price has significant 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 profits fall moderately and government revenue surges. Com-
pared to those scenarios, CBAM-ID and CBAM-EZ halve the economic costs as the
boost in government revenue induced by taxing all import-embedded carbon emissions
(and, to a lesser extent, a smaller contraction in domestic profits) compensates for the
(even larger) drop in consumer surplus.

After netting out environmental benefits, 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)m LBAM policies outperform
both CBAM-EU and No-BAM in terms of welfare because they generate significantly
larger environmental benefits. Compared to the comprehensive CBAMSs, they impose
a smaller burden on EU consumers but also generate much less tariff revenue. LBAM

gives rise to a welfare loss of $15.1 bn, a reduction by one third compared to CBAM-

90ur calculations attribute the global environmental benefit entirely to the EU while setting
0; = 0 for 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 taking this unilateral
approach. As an alternative, we assign a share of the global SCC to each country following the
approach in |[Farrokhi 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 VI below.
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EU. Additionally subsidizing EU exports to prevent export leakage (LBAM-X) brings
the welfare loss down to $4 bn as environmental benefits rise to a level comparable
to the comprehensive CBAMs. LBAM-X also boosts profits by shifting government
revenue to exporting firms in the EU.

Higher carbon taxes generate global environmental benefits in proportion to EU
emissions reductions, net of carbon leakage arising from the trade impacts documented
above. Comparing global abatement across scenarios, reported in column (vii) of Table
Bl reveals the extent of carbon leakage. Since LBAM-X holds foreign production fixed
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 tons of CO, abated in the EU ‘leaks’ to the rest of the world.
LBAM import tariffs 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
2l 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 to its limited sector coverage, however, CBAM-EU reduces carbon
leakage only minimally.

The result that comprehensive CBAMs impose the smallest economic cost on the
EU is due to CBAM’s extraterritorial effects 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.
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Cross-sectoral abatement To shed light on the distribution of abatement across
sectors, Appendix Table reports the percentage change in global emissions at-
tributed to each 2-digit sector measured relative to global sectoral emission levels in
2018. Only in the metals sector does CBAM-EU increase environmental effectiveness
of EU carbon pricing 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[3|illustrates the economic costs of EU poli-
cies imposed on other countries in terms of their distribution across countries
and their composition for the average country m In non-EU countries, higher
export prices from the EU induce substitution to otherwise less competitive suppliers.
Without BAM, or with CBAM-EU, this negative effect dominates the positive effect
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 significantly 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 benefits to each country because the economic costs would still
outweigh the environmental benefits in most countries (see Section [VI below).

Since LBAM neutralizes the (positive) effect on EU imports, many countries are
left with economic costs that are a bit larger than under no-BAM. LBAM-X addition-
ally restores EU exports to their initial levels, thus eliminating all economic impacts
on foreign countries. Hence, LBAM-X avoids negative extraterritorial effects of EU
climate policies while providing large global environmental benefits—a combination

that would render it politically acceptable for all countries. The export subsidies we

2ONotice that, under the baseline calibration, economic costs and welfare imposed on non-EU
countries coincide.
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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 goods (European Commission, 2025a)).

33



28

Figure 2: Impact of EU Carbon Price Increase on Carbon Emissions
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Notes: The figure 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. (24), total emissions change due to changes in (i) EU
production for the home market (EU-Domestic), (ii) EU production for the export market (EU-Exports), (iii) foreign production
for the EU market (Import leakage), and (iv) foreign production for other foreign markets (Export leakage).



VI 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-specific values for the social cost of carbon instead of attribut-
ing the global welfare benefit 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 Dis-aggregating global estimates of SCC down to the level
of the individual country is methodologically challenging and subject to ongoing re-
search. Here we adopt the approach proposed by [Farrokhi and Lashkaripour| (2025))
who recover country-specific 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
global SCCE Figure in the Appendix shows the SCC for selected countries.

Table [4] reports the EU welfare effects when adopting country-specific SCC es-
timates. The EU’s SCC is reduced from $178 to $71, which lowers the estimated
environmental benefits by approximately 60%. As a result, the net welfare effect 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 affected, however: LBAM and LBAM-X
still provide larger welfare than No-BAM or CBAM-EU.

In contrast to the EU, non-EU countries benefit from assigning country-specific
SCC estimates to them. Except under CBAM-ID and CBAM-EZ, welfare increases
across these countries (see Figure . However, CBAM-ID and CBAM-EZ, which

21To apply their estimates to our data, we first allocate the SCC to the countries in our sample, as
our country coverage differs from theirs. Countries included in [Farrokhi and Lashkaripour| (2025))’s
sample but not in ours, specifically 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 defined
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 3: Impact of EU Carbon Price Increase on Economic Costs for Non-EU Coun-

tries
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(b) Decomposition of the change in economic costs

Notes: The figure shows changes in economic costs following a unilateral increase in the EU carbon
price from $15 to $105 per ton. Subfigure (a) shows the distribution of the change in economic costs,

subfigure (b) shows the average contribution of its different components. Economic costs are defined

as the sum of consumer surplus, profits, and government revenue after taxes, subsidies, and tariffs,
expressed in 2018 US$. Economic costs changes are computed for six different scenarios: No-BAM,
CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X.
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achieve the largest emissions reductions relative to the benchmark still imply large
welfare losses for many countries, in particular for the US and China (see Figure .
Under No-BAM, CBAM-EU or LBAM, countries either experience small welfare losses
or small gains. LBAM-X makes all foreign countries better off 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 first robustness 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 influence of extreme values. Missing elasticity estimates are imputed
using available 4-digit industry values within the same 2-digit classification. 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 proposed by |Wagner| (2010). In 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. Specifically, we set v = 0 (implying
CRS) and ¢ = 6 (Costinot and Rodriguez-Clare, [2014) for all sectors. Appendix
Table reports summary statistics of these alternative parameters. We report
the EU welfare and global emission effects for these robustness check in Table [f
In addition, Appendix Figures 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 different 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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Figure 4: Impact of EU Carbon Price Increase on Welfare for Non-EU Countries for
alternative choice of SCC
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(b) Decomposition of the change in welfare

Notes: The figure shows changes in welfare following a unilateral increase in the EU carbon price
from $15 to $105 per ton. Subfigure (a) shows the distribution of the change in economic costs, and
subfigure (b) shows the average contribution of its different components. Welfare is defined as the
sum of consumer surplus, profits, government revenue after taxes, subsidies, and tariffs, and envi-
ronmental benefits expressed in 2018 $US. Welfare changes are computed for six different scenarios:
No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X. Country-specific values of SCC

are computed following [Farrokhi and Lashkaripour| (2025).
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VII 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 effectively prevent import leakage, 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 off as the EU-ETS price in-
creases. These features are aligned with the WTQO’s core principles of national treat-
ment and non-discrimination (Staiger} [2022)). For CBAM, however, the EU invokes
environmentally-based exceptions from those principles. As several prominent WTO
member states firmly reject this view (WTO, 2023, [2024; BRICS| 2025)), CBAM is at
risk of becoming a political non-starter. In that case, a “climate club” of countries
with high carbon price would lack a credible instrument to persuade non-members to
adopt carbon pricing on their own (Nordhaus, 2015; (G7, 2022).

LBAM is a more consensual alternative as it only sterilizes the trade impacts
of increasing EU-ETS prices. If other countries implement carbon prices different
from the EU’s, LBAM tariffs would become partner-country specific. 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 tariffs

would converge to zero, thus re-establishing free trade.
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Appendix (for online publication)

A Theory Appendix

A.1 LBAM

By virtue of holding bilateral imports constant, the tariff changes in condition
hold fixed the aggregate import quantity. However, in principle, other tariff 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
tariffs that hold aggregate imports constant.

Consider a scenario where tariffs on imports are set in order to keep changes in
aggregate imports equal to zero, i.e. Ci; = 1. First, we need to define total imports,

both in levels and in changes:

es—1 —1

ilzs - Z Ozg? (Al)

J#
es—1
es—1 55% —+11 cs
A€ Ys€ i Ys€&
zls § : iJs z]ss § :5133 pZ] o (TIUSTXUS)’YSES+1P o (A2)
J# J#
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where 611]3 = % represents the share of imports of country ¢ from country 5. Then
118 118

given condition (A.2)
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At the same time from condition (|16) it follows:
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Combining the last two conditions we have that keeping aggregate imports constant

implies the following condition:
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There is no unique solution to this problem and thus there exist multiple tariff schemes
that ensure constant aggregate imports. However, when imposing the additional
condition that tariffs must be non-discriminatory between partner countries (Most-
favored-nation principle), condition can be rewritten as condition . Con-
sequently, holding aggregate imports constant without discriminating between origin

countries is equivalent to choosing a tariff change that holds bilateral imports constant.

A.2 Welfare

To write profits and tax income in terms of observables note that from and the
definition of d;;; we have pj;sCjis = 0jisNjs-

From @:
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Using and (9) we can write IL;;; = NjisTI_j%ST);;is[l — s N1+ 7s) "Hnss0is. Thus,

J J
Z Z ]ZS Z ﬂjisajis (A?)
j=1 ]ZS j=1

Jj=1
where
-1 _-1
_ ILj;s - leisTinsnjs(Sjis A8
Tjis = 7 - 11 (A-8)
ST SR
j=11ljis =1 T1jisTx jis'ljsOjis
Hence,
- /\Bs ’Ys+1 "’Y‘5+1 _
H E g]zsyﬂs His_ 1— 1"”}/ § :TIJZSTX]zanS Jjiss
S



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

/ (Tis — 1)Teds = / (Tis — 1)Tiisds + / (T:s — Tris)ds + / (T;s — Txis)ds, (A.9)
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By , @, , (A.8)), and the definition of §;;; we have:
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A.3 LBAM and LBAM-X in the Presence of Productivity

Shocks

In this section we derive LBAM and LBAM-X policies for the case when éijs =+
1. Specifically, we show that LBAM-X export subsidies are always independent of
productivity shocks. Thus, LBAM-X export subsidies exactly sterilize the effect 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 tariffs, we show that they are independent of productivity shocks
as long as these are sector-specific, i.e., @ijs = (iis V7. For the most general case
in which productivity shocks vary at the importer-exporter-sector level (ggijs), non-
discriminatory LBAM tariffs still remain independent of productivity shocks up to a
first order-approximation.

As a first step, it is useful to substitute into to obtain g;;5 as a function

of productivity shocks and policy instruments:
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(A.10)

Next, we compute the change in country i’s imports and exports induced exclusively

by productivity shocks by imposing pz; = 1 and 75 = Txjis = 1 in (A.10)):
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A.3.1 LBAM

If we consider LBAM tariffs in country i only (i.e., pz; > 1 and 75 # 1 for country

i, pz; = 1for j # i, 75 = 1 for k # 4, and 7x;;5s = 1 for all for 4, j), condition (A.10)



simplifies to:
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In the main text we computed LBAM tariffs for the case gzgijs = 1Vi, j, s by imposing

Uijs = 1, and we showed that they are non-discriminatory and implicitly defined by:
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When gzgijs # 1, we need to verify that LBAM tariffs exclusively sterilize the effect of
a change in the domestic carbon price on imports, without interfering with the ad-
justment of imports to productivity shocks, i.e., imports should change according to
(A.11)). By combining (A.13)) with (A.11)) we obtain the necessary and sufficient con-
ditions that LBAM tariffs need to satisfy to exlusively sterilize the impact of changes

in the domestic carbon price:
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If productivity shocks are sector-specific but not origin-country-specific, i.e. (ﬁ,;js =

$:sVj, then (A.15) simplifies to:
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Note that (A.16|) is identical for all origin countries j, implying that the tariff



is non-discriminatory. Once we impose 775 = 71,5 VJj then coincides with
(A.14). Hence, non-discriminatory LBAM tariffs exactly sterilize the change in the
carbon price while passing through sector-specific changes in productivity. Specifically,
imposing gzgijs = ggis and 77,5 = Tris in (A.13) and using we obtain ;s = (;ASiS
which coincides with when productivity shocks are sector-specific.

If productivity shocks are, instead, sector-country-specific, LBAM tariffs that sat-

isfy ({A.15)) cannot be non-discriminatory. Indeed, if we assume 77;;5 = 7745V7, (A.15)

simplifies to:
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Notice that ;s and (5;1;9 are exogenously given. Hence, for to be satisfied for
any possible realization of qgiks, we would need both 77, = ﬁ;?l and 77;,=1.This is
possible only when pz; = 1. Thus, in this case, LBAM tariffs that exclusively sterilize
carbon price shocks cannot be non-discriminatory.

However, even if non-discriminatory LBAM tariffs as implied by condition ({A.14))
do not exclusively sterilize the effect of carbon price shocks when productivity shocks
are country-sector-specific, they do it up to a first-order approximation.

To show this, we take a log-linear approximation of and use it to derive
the LBAM tariffs that solve the approximated equation. Then, we check whether
these tariffs coincide, up to the first order, with our original solution in . In
what follows, we use the fact that & = €!°¢% and we indicate with log2* the value

of the variable at the approximation point. As a first step, we take the first-order

approximation of condition (A.15) around an equilibrium where shocks are sector-

specific, i.e. ¢f,, = ¢&. Vj. Then, by condition (A.16), LBAM tariffs are non-

iJs PE]
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discriminatory, i.e. 77 = 7. Thus, by linearizing condition (A.15) w.r.t. logi we



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

Ak oAk in-:
T1;s = Ds; = 1 to obtain:
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Condition (|A.19) implies that, up to a first order approximation, LBAM tariffs for the
general case where qgl-js # 1 do not need to be discriminatory across origin countries.

We can thus assume that log 7;;5 = log 77;5Vj to rewrite (A.19) as follows:
65(75 + 1) 108; 7A—Iis = ﬁs(f}/s + 1)(55 - 1)6us IOgﬁZi + (65 - 1)(1 - (Szzs) log 7A—Iis (A20)

As a final step we need to take a first-order approximation of (A.14)) around the same
equilibrium and show that it coincides with (A.20]). First, note that we can rewrite

this condition as follows:
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Taking a log-linear approximation of (A.21)) we obtain exactly (A.20). This proves

our conjecture.

A.3.2 LBAM-X

If we consider LBAM-X export subsidies in country 7 only (i.e., pz; > 1 and 7xj;s # 1
for country i, pz; = 1 for j # i, 7555 = 1 for all for ¢, j, and Txjxs = 1 for k # @) then

condition (|A.10]) simplifies to:
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In the main text we showed that when éjis = 1, the non-discriminatory export subsidy
for which g, = 1¥j # i is given by #xjis = py-° "™ If we substitute this LBAM-X

subsidy into (A.22)) we get:
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which coincides with (A.12)). This result implies that the LBAM-X export subsidy
is independent of productivity shocks: while it sterilizes the effect of a change in the
domestic carbon price on exports, it does not interfere with fluctuations in exports

due to domestic or foreign productivity shocks.



B Data Appendix

B.1 Imputation of Fuel Consumption

Table reports the outcome and goodness of fit for the imputation of fuel consump-
tion by energy type. With our preferred regression specification, we achieve an R?
above 0.7 for all four fuel types. Table 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%.

B.2 TImputation of Fuel Prices

Table reports the outcome and goodness of fit for the imputation of fuel prices by
energy type. We run our preferred regression specification on a dataset that includes
both official IEA and our hand-collected prices to increase the number of observations.
We achieve an R? between 0.09 for electricity and 0.48 for coal. The low goodness
of fit is driven by considerable heterogeneity across countries in fuel prices (see Table
. 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.1: Imputation of Fuel Consumption

Log Fuel consumption

Electricity Oil 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 fixed effects. Standard errors are reported in parentheses. Significance
levels are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001.

10



Table B.2: Imputation of Fuel Prices

Log Fuel price

Electricity Oil Natural Gas Coal

(1) (2) (3) (4)
Log GDP per capita -0.660 -0.0801 -0.395 -2.006™**
(0.380) (0.126) (0.505) (0.413)
Log Population -0.541 -0.0525 -0.108 -1.512*
(0.394) (0.120) (0.353) (0.333)
Log Capital stock 0.495 0.00645 0.0750 1.107*
(0.381) (0.117) (0.343) (0.307)
Dummy oil -0.0840
(0.0863)
Dummy natural gas -0.0449
(0.0285)
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 0.0849 0.139 0.215 0.478

Notes: This table presents estimates from OLS regressions used to impute miss-
ing fuel prices. The dependent variable in each column is the log of fuel con-
sumption: electricity (Column 1), oil (Column 2), natural gas (Column 3), and
coal (Column 4). Independent variables include log GDP per capita, log popula-
tion, log capital stock, and a dummy variable indicating the production of each
respective fuel type. All regressions include region and sub-region fixed effects.
Standard errors are reported in parentheses. Significance levels are indicated as
*p < 0.05, ** p <0.01, *** p < 0.001.
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Table B.3: Summary Statistics Fuel Shares

N Mean Median Min Max SD % imputed

1) (2 (3) 4 () (6 (7)
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 natural gas 74 0.275 0.234  0.005 0.804 0.213 0.257
Fuel share oil 74 0.223 0.165 0.018 0.766 0.178 0.081

Notes: Column 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

O (3) (4) (5) (6) (7)
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 natural gas 74 21.646 11.556  0.210 140970  26.774 0.473

Notes: Column 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.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 different sources and imputing missing data using
OLS regressions, we compare our data with Black et al| (2023), a readily available
dataset. Figure 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
sufficient number of data points, our imputation method predicts prices that are no
more different 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
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Figure B.1: Comparison of IMF prices and collected prices for different fuel types
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Notes: This figure depicts scatter plots of (A) collected electricity prices as the dependent variable
and IMF electricity retail prices as independent variable, (B) collected natural gas as dependent vari-
able and IMF natural gas prices as independent variable, and (C) collected coal prices as dependent
variable and IMF coal prices as independent variable. IMF prices are deflated and converted into
Euro using the FRED Global price of Energy Index and U.S. Dollars to Euro Spot Exchange Rate.
IMF data. The differences 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 effects. As a result, the

negative economic impact on foreign countries is smaller than when using the IMF

data.
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C Additional Tables

Table C.1: 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 17.5 174 -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

Notes: The 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 C.2: 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

Notes: The table reports the change in EU exports for 2-digit ISIC sec-
tors 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 C.3: Policy-Induced Changes in Emissions by 2-digit Sector

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

Food 10 -14 -14 -1.7 -1.6 -1.5 -1.8
Beverages 11 -1.2 -1.2 -1.4 -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 -24 -2.4 -1.9 -2.2
Plastics 22 -1.8 -1.8 -2.2 -2.1 -1.9 -1.8
Minerals 23 -0.4 -0.4 -0.6 -0.6 -0.5 -0.5
Metals 24 -0.6 -1.3 -1.3 -1.1 -0.7 -0.8
Metalwork 25 -1.3 -1.3 -1.6 -1.5 -1.4 -14
Electronics 26 0.9 0.9 -0.7 -0.3 0.6 -0.4
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

Notes: The 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 C.4: Summary Statistics of Production Function Parameters and Demand Elas-
ticities or Alternative Parameter Estimates

N Mean Median SD Min Max

A. FExcluding Outliers in FElasticities

as 131 0.614 0.664 0.282 0.073 0.993
Bs 131 0.097 0.075 0.088 0.003 0.393
vs 131 1.117 0.290 1.971 0.000 11.545
€, 131 3.296 2.368 2769 1.317 18.078

B. Capital Stock via PIM

as 131 0.656 0.735 0.290 0.078 0.996
Bs 131 0.055 0.024 0.072 0.001 0.315
vs 131 1.117 0.290 1.971 0.000 11.545
€, 131 3.296 2.368 2769 1.317 18.078

C. Setting v =0 and € = 6 for all Industries

as 131 0.930 0.965 0.073 0.685 0.998
Bs 131 0.070 0.035 0.073 0.002 0.315
vs 131 0.000 0.000 0.000 0.000 0.000
es 131 6.000 6.000 0.000 6.000 6.000

Notes: Column 1 reports the number of observations
for each parameter. Columns 2 and 3 show the mean
and standard deviation for each parameter across all ob-
servations. Columns 4 to 6 present the median, mini-
mum, and maximum values for each parameter. Panel
A excludes a broader set of outliers from the out-
put and trade elasticity estimates, Panel B estimates
the capital stock using the perpetual inventory method
(PIM), while Panel C assumes constant returns to scale
(v = 0) and a demand elasticity ¢ = 6 for all indus-
tries. Source: Research Data Centres of the Federal
Statistical Office and the Statistical Offices of the Fed-
eral States of Germany, AFiD-Modul Energieverwendung
, AFiD-Panel Industriebetriebe (1998 2018)),
AFiD-Panel Industrieunternehmen (1998-2018)), project-
specific preparations, own calculations.

17



D Additional Figures

Figure D.1: Country-specific Social Cost of Carbon
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Notes: The figure displays the 15 highest country-specific social cost of carbon (SCC)
estimates when allocating the global SCC estimate of $178 by Rennert et al.| (2022)
across countries using the method proposed by [Farrokhi and Lashkaripour| (2025)).
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Figure D.2: Impact of EU Carbon Price Increase on Economic Costs for

Countries for Alternative Trade and Output Elasticity Estimates
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Notes: The figure shows changes in economic costs following a unilateral increase in the EU carbon

price from $15 to $105 per ton, under an alternative specification that excludes a broader set of
outliers from the output and trade elasticity estimates. Subfigure (a) shows the distribution of the

change in economic costs, subfigure (b) shows the average contribution of its different components.

Economic costs are defined as the sum of consumer surplus, profits, and government revenue after

taxes, subsidies, and tariffs, expressed in 2018 US$. Economic costs changes are computed for six

different scenarios: No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X.
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Figure D.3: Impact of EU Carbon Price Increase on Economic Costs for Non-EU
Countries for Alternative Capital Stock
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(b) Decomposition of the change in economic costs

Notes: The figure shows changes in economic costs following a unilateral increase in the EU carbon
price from $15 to $105 per ton, under an alternative specification that excludes a broader set of
outliers from the output and trade elasticity estimates and estimates the capital stock using the
perpetual inventory method (PIM). Subfigure (a) shows the distribution of the change in economic
costs, subfigure (b) shows the average contribution of its different components. Economic costs are
defined as the sum of consumer surplus, profits, and government revenue after taxes, subsidies, and
tariffs, expressed in 2018 US$. Economic costs changes are computed for six different scenarios:
No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X.
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Figure D.4: Impact of EU Carbon Price Increase on Economic Costs for Non-EU
Countries for CRS (7 = 0) and Standard Choice of Trade Elasticity (¢ = 6)
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Notes: The figure shows changes in economic costs following a unilateral increase in the EU carbon
price from $15 to $105 per ton, under an alternative specification that excludes a broader set of outliers
from the output elasticity estimates and assumes constant returns to scale (y = 0) and a demand
elasticity ¢ = 6 for all industries. Subfigure (a) shows the distribution of the change in economic
costs, subfigure (b) shows the average contribution of its different components. Economic costs are
defined as the sum of consumer surplus, profits, and government revenue after taxes, subsidies, and
tariffs, expressed in 2018 US$. Economic costs changes are computed for six different scenarios:
No-BAM, CBAM-EU, CBAM-ID, CBAM-EZ, LBAM, and LBAM-X.

21



	Introduction
	EU Carbon Pricing and Leakage Protection 
	The Carbon Border Adjustment Mechanism (CBAM)
	The Leakage Border Adjustment Mechanism (LBAM)

	Economic Model
	Model Setup
	Border Adjustment Mechanisms
	Decomposition of Emissions Cha†nges

	Calibration
	Data
	Demand Elasticities and Returns to Scale
	Output Elasticities

	Policy Scenarios and Results
	Robustness
	Conclusion
	Theory Appendix
	LBAM
	Welfare
	LBAM and LBAM-X in the Presence of Productivity Shocks
	LBAM
	LBAM-X


	Data Appendix
	Imputation of Fuel Consumption
	Imputation of Fuel Prices
	Comparison with IMF Energy Prices

	Additional Tables
	Additional Figures

