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Abstract

Carbon leakage is of interest in both academic and policy debates about the effective-
ness of unilateral climate policy, especially in Europe, where the EU Emissions Trading
System (EU ETS) affects many traded sectors. We review how the literature identifies
leakage and the pollution haven effect. We then evaluate whether EU ETS emission
costs caused carbon leakage in European manufacturing, using trade flows in embodied
carbon and value from the Global Trade Analysis Project (GTAP). We find no evidence

that the EU ETS caused carbon leakage.

JEL codes: Q56, F18, Q58, Q54
Keywords: Carbon leakage, pollution haven, EU ETS, cap-and-trade, CO5 emissions, pol-

icy evaluation.

1 Introduction

Climate change caused by COy emissions is a global problem, but efforts to reduce CO,
emissions are mostly regional. In Europe and in some states in the U.S., for example,
policy initiatives exist, but no binding international agreement is in force.! Unilateral,
geographically limited policies increase production costs for domestic producers who compete

internationally with producers from unregulated regions. This asymmetry raises the fear

!The 2015 Paris agreement is neither binding nor does it involve symmetric compliance costs.
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of carbon leakage — a shift of CO, emissions from a region with emission constraints to an
unregulated area, via a change in relative competitiveness in an open global economy. Carbon
leakage is a concern both in the academic debate and in policy circles (Ellerman et al. 2016).
As climate change depends on aggregate global emissions, carbon leakage threatens to undo
the effects of unilateral policy efforts.? If carbon leakage occurs, the region implementing the
policy suffers from a decrease in output and a consequent loss in employment and welfare,
additionally to an ineffective environmental policy. The issue is particularly salient when
manufacturing sectors are affected by an emissions policy, as they often produce goods that
are both carbon intensive and heavily traded.

In this paper, we ask whether the EU ETS, the most important unilateral emissions policy
to date, has caused carbon leakage in European manufacturing sectors. More specifically, we
test if (parts of) the evolution of sectoral trade intensities can be explained by the stringency
of environmental policy. Our empirical analysis in this paper does not provide any evidence
of carbon leakage during our sample period, from 2004 to 2011.

In theory, carbon leakage occurs between a domestic region featuring an emissions policy
and a foreign region with no policy or a less stringent policy. It results from the combination
of two effects: (i) relocation, when domestic firms shift their production to foreign countries
to evade the increased production cost imposed by the environmental policy; and (ii) changes
in market shares, when domestic firms lose market share to unregulated foreign competitors,

who become more competitive as they do not have to bear the additional cost burden.?

2Carbon leakage is a case of the pollution haven effect — which has hitherto mainly been considered in
the context of local pollutants (Ederington et al. 2005, Levinson and Taylor 2008) — applied to the global
pollutant carbon dioxide. The pollution haven hypothesis states that polluting industries relocate to where
pollution is cheap. With local pollutants and a pollution haven effect, the pollution is at least being displaced,
i.e. the region implementing an environmental policy benefits from less local pollution in exchange for a loss
in industrial production. With a global pollutant, carbon leakage undoes either part or all of the policy’s

mitigation effect, depending on the rate of leakage.
3 Additionally, carbon leakage can also occur through a drop in the price of emission intensive commodi-

ties, usually fossil fuels whose prices are formed globally, due to a fall in global demand for these commodities



Both effects translate directly into trade flows: for a given level of domestic consumption
of a carbon-intensive product, carbon leakage leads to a higher share of imports in total
consumption of the home region and to lower exports.

In practice, the case for carbon leakage is not clear cut. First, the difference in emission
cost between Europe and emerging economies has so far been moderate, in particular relative
to differences in labor cost. Labor unit cost in Europe is about 10 to 30 times higher than
in emerging countries (Schroder 2016). Even though the emission cost is typically zero in
other parts of the world, our data show that the emission cost imposed by the EU ETS is
below 0.65% of total material cost for 95 percent of European manufacturing. Thus, the
additional cost introduced by European emissions policy is comparatively small. Second,
firms relocating production to a foreign region must pay fixed relocation costs. Relocation
also has opportunity costs in the home market, such as a weaker market position and less
influence in bargaining with policy makers. Third, emissions policies often combine costs
and subsidies. Within the EU ETS, European manufacturing firms received large amounts of
free emissions allowances (“free allocation”), which may be sufficient to counter the leakage
risk (EU 2014, Schmidt and Heitzig 2014).* Our data reveal that most sectors received a net
subsidy from emissions trading, once free allocation is taken into account. Fourth, the busi-
ness literature predicts an inverse effect of environmental regulation (Porter hypothesis): the

negative competitiveness effects of unilateral environmental policy may be offset by success-

as a result of the domestic environmental policy. Lower global energy prices may lead to an increase in the
demand for fuels in the foreign region, leading to increased energy use there and, thus, carbon leakage
(Harstad 2012, Jensen et al. 2015). We do not address this energy price channel of carbon leakage in this
paper. However, we believe that to date it is of minor relevance in the case of the EU, the focus of our
empirical analysis, as neither its share in global energy demand nor the stringency of its emissions policy are

significant enough to materially affect prices in global energy markets.

4Free allocation of emissions allowances based on historical emission levels is an expensive measure to
counter carbon leakage: in Phase II of the EU ETS (2008-2012), each year the regulator distributed close to
2 billion tCO2e allowances for free, which at the average 2012 price of 10.42€/tCO2e amounts to a yearly

opportunity cost of €20.84 billion for free allocation compared to full auctioning.



ful incentives to innovate in lower-carbon products, spurring a broader productivity increase
for firms affected by environmental policies (Porter and Van der Linde 1995). Innovation
may be incentivized through the emission price signal (Calel and Dechezleprétre 2016) or by
providing explicit R&D subsidies in parallel (Acemoglu et al. 2012, Aghion et al. 2016).
Our empirical analysis is based on the argument that leakage can be measured through
changes in trade flows, as they include both leakage channels: production relocation away
from Europe and loss of European firms’ market shares. We create a dataset of global trade
flows, emission costs and control variables by combining data from the Global Trade Analysis
Project (GTAP) with data from the EU’s Transaction Log (EUTL), the administration’s
repository of data on emissions, allocations of allowances and transactions in the EU ETS.
While GTAP is frequently used for research on computable general equilibrium models, it
has recently also been used for empirical research on international trade (Caron et al. 2014).
Brunnermeier and Levinson (2004) stress the importance of using panel data, as we do in
this study, to account for unobserved heterogeneity of sectors and trading partners. We
estimate the effect of four potential measures of the EU ETS’s stringency on trade flows
in European manufacturing. Our measures of policy stringency account for both direct
and indirect emission costs. Indirect emission cost arises from electricity use: industrial
consumers of electricity pay at least part of the costs of embodied emissions, as power
producers pass through their emission cost to wholesale prices of electricity (Fabra and
Reguant 2014, Hintermann 2016). We use two measures of trade: first, we compute CO,
emissions embodied in the traded goods (”embodied carbon”), and second we use trade value
in U.S. dollars. Embodied carbon is computed from input-output tables and measures the
COsy emissions necessary to produce the traded goods. Trade flows in embodied carbon are
often not available, but they capture carbon leakage better than trade flows in value. In
our analysis we follow two approaches suggested by the literature: a traditional approach
focusing on net imports (Ederington et al. 2005, Levinson and Taylor 2008) and an approach

in the spirit of New trade theory where we evaluate bilateral (two-way) trade flows (Aichele



and Felbermayr 2012, 2015).

We find no evidence for carbon leakage in European manufacturing sectors during our
sample period 2004-2011. This result contrasts with predictions from ex ante modeling
exercises, but is largely in line with findings from existing empirical research on the carbon
leakage hypothesis in the context of the EU ETS.

Given the policy relevance of the leakage issue, a sizable literature, mostly based on ex
ante computable general equilibrium (CGE) models, has attempted to predict the extent of
carbon leakage from existing policy initiatives and potential modifications (as reviewed by
Branger and Quirion 2014, Carbone and Rivers 2017). These ex ante approaches predict
strong carbon leakage with leakage rates between 10% and 30% (Carbone and Rivers 2017,
IPCC 2007).> However, the predictions of ex ante approaches depend on model assumptions,
e.g. whether the model includes relocation costs, and the implementation details of the
considered emissions policy. Demailly and Quirion (2006) show that introducing output-
based allocation in the EU ETS would eliminate leakage, at the cost of decreasing the
incentive for producers to abate emissions. Gerlagh and Kuik (2014) show that allowing for
technology spill-overs may even lead to carbon leakage from foreign countries into the EU.

Empirical ex post evidence on carbon leakage is limited. Much of the existing empirical
literature considers the pollution haven effect in the U.S.; i.e. the effect of increasing the
stringency of local pollution regulation on trade flows. These contributions typically test for
a link between net trade flows and the stringency of pollution control measures, as captured
by the Pollution Abatement Cost (PAC) using survey data of U.S. manufacturers.® The
evidence in this literature is mixed. Jaffe et al. (1995) review the early contributions, and

conclude that there is little evidence that environmental policy has affected trade flows; like

5Carbon leakage is usually quantified as the ratio of foreign emission increase over domestic emission
reduction. If all domestic emission reduction from environmental policy is shifted abroad, carbon leakage is

said to be 100%.
6As the PAC survey encompasses a wide mix of environmental policies, this literature cannot attribute

effects to a specific policy measure.



other authors, they point to the relatively small magnitudes of environmental expenditures
as an explanation. Dechezleprétre and Sato (2017) review the more recent literature and
conclude that there is some evidence in favor of the pollution haven hypothesis, even if the
cost burden is small. In particular, Ederington et al. (2005) and Levinson and Taylor (2008)
regress U.S. net imports on PAC and find that environmental policy did impact U.S. trade
flows. Aichele and Felbermayr (2015) find a carbon leakage effect of the Kyoto protocol.
Based on a “gravity model for carbon” they find that the carbon content of sector-level
bilateral trade was significantly impacted by a country’s ratification of the Kyoto Protocol.
However, it remains unclear through which channel the Kyoto protocol has induced this
effect.

To our knowledge, the carbon leakage hypothesis in the EU ETS has so far not been com-
prehensively evaluated empirically. Some research addresses the relocation channel: Deche-
zleprétre et al. (2014) use a survey of multinational firms and find no evidence that the EU
ETS induced the relocation of emission-intensive processes within multinational firms. Other
research addresses the investment channel: using firm-level data on foreign direct investment
(FDI) by German multinational companies, Koch and Basse Mama (2016) find no evidence
that the EU ETS has contributed to relocation through an increase in outbound FDI. Mar-
tin et al. (2014) conduct a survey of managers; they find that relocation risk is limited and
that the current EU ETS rules largely over-compensate many sectors given the small risk of
relocation. Finally, one strand of literature examines trade flows in specific sectors: Sartor
(2013) finds that the EU ETS has not caused carbon leakage in the aluminum sector, while
Branger et al. (2016) find no leakage in the cement and steel sector.

We contribute to the literature in several ways: first, we assess both the relocation and the
competitiveness impact of the EU ETS by using global sector-level trade data. This approach
complements studies focusing on relocation using firm-level data, e.g. Martin et al. (2014) or
Dechezleprétre et al. (2014). Second, using a broader dataset and focusing on a particular

policy initiative whose cost can be captured explicitly, we complement previous work on



carbon leakage effects of unilateral climate policy. Third, the input-output information
in our data allows us to consider all embodied emissions in our outcome variable (trade
flows) and our policy variable (emission policy), i.e. both direct and indirect emissions from
electricity use.

In the following, we first review the relevant trade theory in Section 2 and then present
our empirical implementation in Section 3. This is followed by a description of the data in

Section 4 and presentation of results in Section 5. We summarize and conclude in Section 6.

2 'Trade theory and carbon leakage

2.1 (Neo-)classical approach

Classical and neo-classical models rely on Ricardo’s theory of comparative advantage, for-
malized in the Heckscher-Ohlin-Vanek/Samuelson (HOV) model of international trade. In
this view of the world, countries are characterized by their unequal endowment of relatively
immobile production factors (land, labor), while sectors differ in their factor-intensities and
exhibit constant or decreasing returns to scale. A country has a comparative advantage and
will specialize in those sectors that are intensive in its relatively abundant factor. Trade
in goods essentially amounts to trading bundles of factor inputs, such that trade equalizes
factor prices across countries.

Pethig (1976) establishes the link between a classical HOV model and the pollution haven
hypothesis: emissions can be seen as a production factor, and countries with loose emission
regulation are more abundant in this factor.” This allows us to directly apply the findings

of the general HOV model to the effect of an emissions policy: countries with high emission

"Pethig (1976) assumes emissions enter through a Cobb-Douglas production function. While a Cobb-
Douglas production function per se is a restrictive assumption, Levinson and Taylor (2008) show that this
is equivalent to a situation where (a.) firms abate optimally given stringency of environmental policy and

(b.) pollution abatement cost can be measured as a fraction of total factor use.
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Figure 1: Stylized illustration of the pollution haven hypothesis

costs specialize in low-emission sectors and trade leads to equal pollution cost across countries
in equilibrium (similar results can be found in Copeland and Taylor 2004, Motta and Thisse
1994, McGuire 1982). Antweiler et al. (2001) decompose the effect of trade liberalization
on pollution into composition, scale and technique effects. Copeland and Taylor (2005)
show in a three-region model, that the Kyoto protocol may either increase or decrease world
pollution, depending on the model setup.

In order to better understand the concept of carbon leakage, it is useful to consider a
stylized illustration of the pollution haven problem, assuming a one-sector economy. Figure 1
illustrates the case of a homogeneous good, immobile production factors and a large country
in a neo-classical model. Without an environmental policy, the country produces Y units
and consumes C'; the difference between Y and C' is imported. When emissions become
costly, e.g. through the introduction of an emissions tax ¢, the supply curve shifts upwards
by At and the new level of domestic production is Y. Consumption does not change, while
imports increase. If production is equally emission-intensive everywhere in the world, then
the total domestic emission reduction is entirely replaced by an increase in foreign emissions
and the total effect for global emission mitigation is zero, i.e. carbon leakage is 100%.

In classical models, unilateral environmental policy unambiguously decreases quantities

8In a more nuanced model, substitution between domestic and foreign products is not perfect, there exist

trading costs, and technology is not fixed.



in the regulated country. However, the marginal effect on revenues (prices times quantities)
is not always determined: McGuire (1982) shows that environmental policy drives the reg-
ulated country out of production of emission-intensive goods entirely, if factors are mobile
(unambiguously reducing exports/increasing imports; similarly to Pethig 1976); whereas it
merely breaks factor price equalization and changes world commodity prices, if factors are
immobile. In the latter case, revenues decrease if the country is small, but revenues can
increase or decrease (not determined) if the country is large. This is why we mainly rely
on regressions using trade flows in emissions (quantities) and only add trade flows in values
(revenues) for completeness. Measures of value are commonly used in the empirical trade
literature, even though it is impossible to disentangle price and quantity effects (De Loecker
et al. 2016).

(Neo-)classical models are criticized because they fail to explain that countries simul-
taneously import and export the same commodity with the same trading partner (called
intra-industry trade or two-way trade), which empirically accounts for a sizable share of
total trade flows.® As a consequence, empirical work based on (neo-)classical trade models
focuses on net trade flows, i.e. on the difference between imports and exports for each trading

partner. We follow this approach in the first part of our empirical analysis.

2.2 New trade approach

More recently, the literature on trade theory has turned to New trade theory (Dixit and
Stiglitz 1977, Krugman 1980), and “New” new trade theory focusing on heterogeneous firms
(Melitz 2003). New trade models typically assume increasing returns to scale, providing a
reason for specialization beyond initial factor endowments. Models typically assume a CES
utility function, monopolistic competition and consider trade in intermediaries. Equilibrium
flows of bilateral trade then depend on the market capacity of the importer and supply

capacity of the exporter, as well as sectoral demand elasticities and trade costs. Dixit-

9Moreover, HOV models typically predict more trade than what is found empirically.



Krugman-style models are used to derive a theoretical foundation for the gravity equation
(Head and Mayer 2014). By assuming a “love of variety”, New trade theory helps explaining
the existence of intra-industry trade. A central result is that the representative consumer
spreads consumption evenly over differentiated goods within a sector.

The (neo-)classical argument behind the pollution haven hypothesis can be seen as a
competitiveness effect, arising from the full cost pass-through of firms in perfect competition.
The impact of environmental regulation on trade flows in New trade approaches is more
complex: on the supply side, the cost of emissions enters through higher input prices and
reduces quantities and the equilibrium number of firms (and thus produced varieties) in the
regulated region, therefore increasing imports and decreasing exports. On the demand side,
the policy can impact the domestic price index, which makes the regulated region relatively
poorer and dampens the increase in imports by reducing overall consumed quantities. In an
application, Aichele and Felbermayr (2015) use a Dixit-Krugman-style model to analyze the
impact of the ratification of the Kyoto Protocol on CO, embodied!® in trade flows.!

Within a New trade model based on monopolistic competition, the effects of emissions
policy both on quantity and on revenue are negative.!? Empirical applications of New trade
models use bilateral trade data, i.e. imports and exports are separate observations. We
pursue an analogous approach in the second part of our empirical analysis. Classical models
typically feature neither horizontal nor vertical differentiation. New trade models account
for horizontal but not vertical differentiation. Throughout this study, we assume that there

is only horizontal differentiation within sectors.

"Embodied carbon is computed from input-output tables and measures the emissions necessary to pro-

duce the traded goods.
HHowever, New trade models tend to quickly get intractable. In order to apply the model empirically,

Aichele and Felbermayr (2015) simplify by accounting only for trade between two regions, regulated and

unregulated, and by dropping trade in intermediary goods.
12A simple example of a firm maximizing its profit = shows that revenue (product of price and quantity)

decreases with an increase in environmental regulation (i.e. a reduction in emissions e). With quantity ¢(p)

and cost function ¢(g(p), e) both continuous and twice differentiable, and partial derivatives ¢, < 0, ¢, > 0,

10



3 Empirical Implementation

3.1 Measures of environmental stringency

Following Jaffe et al. (1995) and Brunel and Levinson (2016), we note that there are many
possibly ways to measure environmental stringency. Depending on the policy implemented,
compliance costs are the sum of costs of abating emissions and cost of remaining emissions. In
the case of command-and-control policies, affected firms only pay abatement costs, whereas
with a carbon pricing scheme they bear the costs of both abating emissions and paying for
remaining emissions. The compliance cost of any policy can be offset through direct transfers
to the affected firms.

Much of the empirical literature on the pollution haven effect in the U.S. uses data
on the Pollution Abatement Cost (PAC) (e.g. Tobey 1990, Grossman and Krueger 1991,
Ederington et al. 2005, Levinson and Taylor 2008). PAC is a summary measure of firms’
expenditures on the abatement of local pollutants across a range of policies, based on survey
data.'® Abatement cost is a reasonable measure for total compliance cost when studying
command-and-control policies.

We argue that emission costs are a more appropriate measure of environmental policy

stringency when studying an emissions trading scheme; not only because the other element

ce < 0 and cge < 0, we have:

7= pq(p) — c(q(p),e)

0
firm’s FOC p*(e) : 677; =pgp+q—Cceqp =0

thus : sign p. = sign c4e <0

Ip*q(p*)

e =pia(p*) +p ap(p™(€))p; =0

= p; (q(p") +p*(e)gp(p*)) >0
~—~

<0 <0 from FOC p*(e)

13PAC data have only been collected for the U.S. and the data series was discontinued after 2005.
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of total compliance cost, that is abatement cost, remains unobservable to the econometrician
in the absence of a survey. The available literature finds that abatement in manufacturing
sectors due to the EU ETS during the period covered by this paper was modest (Martin et al.
2016), so that the emission cost constitutes the main share of compliance cost.!* In practice,
the emission cost imposed on sectors by the EU ETS is likely to be more precisely measured
than PAC: it is based on administrative data reflecting the entire population of production
plants regulated under the EU ETS, avoiding potential selection bias and response biases
from a voluntary firm survey. Moreover, dealing with one policy only instead of a summary
measure as in the case of PAC facilitates the attribution of causal effects.

We suggest several measures of the stringency of environmental policy: a binary treatment
indicator 6!, and continuous measures of the components of emission cost (direct #%, indirect

6", and allocation 6%).

o 0!

15t

= 1 if the sector’s activity is explicitly regulated under the EU ETS, and 0 other-
wise.!” The dummy variable 8}, = 1 indicates that producers in sector s of country i
are required to participate in the EU ETS’s compliance mechanism in year t. In
addition to greater policy stringency, the binary indicator might capture transaction
costs from being included in the scheme more broadly, such as annual verification of

emissions and surrender of allowances.

° eglst = Pfe;q, where Py is the allowance price and e,y are the sector’s direct emissions

covered by the EU ETS.16 §¢

¢, captures the direct emission cost imposed by the EU

“Moreover, the abatement cost — if there is any abatement — should be highly correlated to emission
stringency and, thus, emission costs, such that our measure is at least a good proxy for environmental

stringency.

15The targeted sectors are: cement; chemicals, rubber, plastic prods; iron and steel; metal products; paper

products; petroleum and coal products; other metals; other minerals (which includes glass and ceramics).
16Note that for all sectors only a portion of emissions is affected by the EU ETS. This is because the

EU ETS only covers certain activities, and even for covered activities small emitters are excluded from the

EU ETS to avoid an unnecessary administrative burden. We take this incomplete coverage of sector-level

12



ETS on sector s.17

o 0

. = Plelec;s, where elec;y is the amount of emissions embodied in the sector’s con-

sumption of electricity, calculated from input-output data.'® !, captures the indirect
emission cost, as allowance prices are passed through to prices of electricity, so that
manufacturers ultimately pay for CO, emitted in electricity production (Fabra and

Reguant 2014, Hintermann 2016).'

o 0!, = Pfa;y, where a;s is the amount of allowances freely allocated to the sector s.

0% . captures the lump-sum subsidy that is part of the EU ETS; it is not a cost, but a

15t

benefit.
o 0ot =0¢, + 0, — 0%, the total net cost of the EU ETS.

Following a suggestion by Ederington et al. (2005), we normalize these emission cost

emissions into account by aggregating installation-level emissions covered by the EU ETS (from the EU
Transaction Log) to the sector level. In this way, we obtain an overall measure of the effective sector-level

emission cost burden.

"In addition to the sector activities included explicitly, secondary activities are included in all sectors,
usually in-house electricity generation through combustion installations. 6¢ captures all these costs, while

6! = 0 in many sectors.

18 A broader measure of indirect cost of the EU ETS would include — in addition to the indirect emission
cost that we use — payments for capital substitution toward low-emission means of producing electricity. In
Europe, the main policy for decarbonizing the electricity sector is financial support for renewable energy,
and a large share of the cost of promoting renewable energy is borne by households who pay surcharges on
their electricity bills. Many large consumers of electricity are exempt from such surcharges. Additionally,
firms who build their own renewable energy capacity also receive subsidies. We believe that the additional
capital investment cost induced by the EU ETS is small for firms from manufacturing sectors; our measure
based on indirect emissions is thus at the same time a lower bound and a reasonable approximation of the

overall indirect cost of the EU ETS wvia electricity consumption.
9Fabra and Reguant (2014) and Hintermann (2016) find that power producers pass through their emission

costs to electricity wholesale prices fully. In case pass-through is less than complete, our measure of indirect

emission cost constitutes an upper bound.
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measures by the sector-level material cost,?® to account for environmental stringency while

eliminating absolute magnitude effects (cf. Appendix A).

3.2 Identification

When regressing trade flows on environmental stringency, it is important to consider endo-
geneity concerns and potential omitted variable bias. We also discuss in this section what
assumptions are necessary about unobserved foreign emission costs.

We control for unobserved sector heterogeneity by including industry-country and time
fixed effects. In the following, we go through the elements of our definition of environmental
stringency: the dummy, the emission levels, the allowance price, and the allocation, in order
to consider whether remaining variation causes endogeneity of 6.

First, the binary treatment indicator ' indicates that the EU explicitly targets a sector
for its primary activity. Did the regulator select sectors for inclusion under the EU ETS
based on their leakage risk or trade intensity? Our data indicate that the covered sectors
are those with the largest historical emissions, which are determined by their production
technology, not by their leakage risk.

Second, a similar argument applies to sectoral emission intensities as included in the
continuous stringency measures. Emission levels depend on produced quantities, but we
normalize by material cost to obtain emission intensities. We assume that emission intensity
results from sector-specific technology, which is fixed in the short term and independent of
import intensity. If we did not normalize by dividing through material cost, the common
correlation of imports, exports and emissions with produced quantities would lead to spurious
correlation. In Appendix A, we verify that we do not induce a bias by using normalized
variables.

Third, allowance prices cannot depend on trade flows at the sector level. This is unlikely

20 Alternatively, one could normalize by output, but the correlation between output and material cost is

close to one, so that this choice is not relevant in practice.
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to be the case, as none of the manufacturing sectors had emissions large enough to sub-
stantially influence the price of CO, allowances. In fact, the majority of demand for CO,
allowances comes from the electricity sector, with over 60% of total emissions in the EUTL
in Phase 11.%*

Fourth, the definitions of 6%, and of 0! include free allocation of emission allowances,
which the regulator has explicitly introduced to mitigate the risk of carbon leakage. However,
the EU distributed free allocations to all sectors in our sample, as they were all deemed to be
at risk of carbon leakage. The level of free allocation is proportional to historical emissions
(EU 2014), thus exogenous once we account for industry fixed effects.

Consequently, the risk of endogeneity seems limited. However, there may be omitted
variables that drive both trade flows and environmental stringency (energy prices) or that
modulate the ease of carbon leakage (transport costs).

Energy input prices are linked to both right-hand and left-hand variables of our regression.
In one direction, causality seems excluded: energy prices are determined in the global market,
and the impact of the EU ETS on global petrol, coal and gas prices is negligible. In the other
direction, increasing energy prices will decrease both trade flows in COs-intensive goods, as
the rising input costs make them more expensive, and CO, allowance prices, as with declining
production producers of COs-intensive goods demand fewer allowances. This may bias our
estimate of carbon leakage upwards. As the central result of our paper is that we do not
find any significant carbon leakage effect, this actually strengthens our conclusions.

Trade costs, in particular tariffs and transportation costs, affect how easily a product
is traded and, in equilibrium, influence the “home bias.” Consequently, sectors with high
transport costs are naturally sheltered from foreign competition, reducing the risk of carbon
leakage. An identification problem arises if, as argued by Ederington et al. (2005), there is
a positive correlation between transport costs and carbon intensity. If transport costs are

particularly high for emission-intensive sectors that also have high emission cost, this would

2IThe electricity sector is not included in our analysis directly, as electricity is not traded globally.
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bias our estimate towards zero. To control for this effect, we explicitly include transport cost
in all our regressions and perform a robustness test using the interaction of our measures of
environmental stringency and transport costs (cf. Section 5.1.2).

Finally, we do not include data on emission policies other than the EU ETS. Therefore,
our estimates relate the change in European emission policy to changes in trade flows, taking
all other emission policy as given. To our knowledge, the only major emission policy during
the period 2004-2011 is the Kyoto Protocol: Kyoto signatory countries pledged to reduce
emissions or otherwise purchase Kyoto allowances at the country level. However, producers
from Kyoto signatory countries outside the EU did not face emission costs at the sector
level?? In some regions, emissions control policies similar to the EU ETS were introduced
after 2011, the final year in our sample, e.g. in California, Quebec and at the provincial level

in China.

3.3 Net trade flows

Following the literature, we examine the data from two angles. First, we consider net trade
flows as in the classical approach, i.e. the difference of imports and exports at sector-country-
year level (this subsection). Then, we analyze bilateral trade flows, including (two-way)
intra-industry trade, at the sector-source-destination-year level in the spirit of New trade
theory (Subsection 3.4).

In the vein of Ederington et al. (2005), we estimate the following equation on net trade
flows:

y:cst - aest +ﬁTst+7Fst+5tst+Vt+sz +€xst (]-)

where y, are the net imports — in value or in embodied carbon — of the EU from sector s

and country z in year t. 0, is either the ETS dummy variable 0}, the total net ETS cost §°f

sty 18t

22Country-level emission reductions were easily achieved in most cases, either because of generous targets,
e.g. in Russia, or due to emission reductions caused by lower production during the economic crisis that

started at the end of the last decade.
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or the vector of emission cost components [0%,,60%,,0%]. 7 is the EU’s average import tariff
for goods from sector s. 1, are year fixed effects, v, are sector-source country fixed effects.
F,; is a vector of sector-level factor payments to unskilled labor, skilled labor and capital
in percentage of total value added; the factor payment to skilled labor is omitted as the
three add up to 1.23 t,, are transportation costs between source and destination countries,
normalized by the free-on-board (FOB) value of trade flows. €, is an error term. Following
another suggestion by Ederington et al. (2005), we normalize trade flows by a sector’s total
output, in order to compare outcomes of similar magnitude.

In classical theory, the effect of emission policy on net imports y,s in embodied carbon is
unambiguous, but it is not always clear for net imports in value. If the EU ETS caused carbon
leakage, the coefficient of environmental policy stringency 6y is positive: more stringent
policies, i.e. a higher emission cost, decrease carbon exports and increase carbon imports,
which both translate into higher net imports of embodied carbon.

Year fixed effects control for general business cycles that are not sector-specific and sector-
country fixed effects control for partner country size, sectoral specialization and distance to
the EU. Our parameter of interest « is identified from the correlation of environmental
stringency to within sector-country changes beyond the overall business cycle (difference-in-
differences). The underlying hypothesis is that increases in net imports correlate with the
stringency of environmental policy; in particular, for some sectors environmental stringency

is negligible, so that there is no reason for carbon leakage in these sectors.?*

23Value added is distributed to unskilled labor, skilled labor and capital. We include factor payments in
order to replicate the methodology in Ederington et al. (2005): they argue that including factor payments is
not a valid test of the HOV model, but that they are still valid industry control variables. For robustness,

we include the same regression without factor payments in the Appendix B.1.

24Indeed, no sector is completely protected from emission costs, as all sectors use at least some electricity.
However, sectors like electronic equipment or wearing apparel have measured environmental stringency close
to zero (total cost impacts of less than 0.04% of material cost). Our method only identifies sector-specific

variation, i.e. if there is a leakage component common to all sectors, it will be filtered out by our fixed effects.
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3.4 Bilateral trade flows

Relying on a New trade model, Aichele and Felbermayr (2015) use bilateral flow data in
value and in embodied carbon to test for carbon leakage. In this spirit, we estimate the

following equation:

ywmst - amemst + Oﬁewst + ﬁTmst + IYFmst + 5tmst + Vmit + Vgt + Vst + Vmas + Emast (2)

where Yy, is the trade flow — in value or in embodied carbon — from country x to coun-
try m in sector s and year t. 0, is either the ETS dummy variable 6! . the total net ETS

mst>
cost 01, or the vector of emission cost components [0¢ , ¢ . 0% ] of the importer m, and
0.5 is the analogously defined variable for the exporter x. 7,4 is the destination country’s
average import tariff for goods of sector s. v,,; and v,; are country-year fixed effects cap-
turing business cycles at the national level. vy are sector-year fixed effects capturing global
shocks at the sector level. v,,,s are sector-country pair fixed effects capturing sector-specific
differences in trade intensity between two trading partners.? ¢, are transportation costs
between source and destination countries, normalized by the FOB value of trade flows. €,,,
is an error term.

If the EU ETS caused carbon leakage, the effect of emission policy stringency 6,,s (im-
porter) on y,m,s is positive and the effect of 6, (exporter) is negative: if a sector underlies
more stringent environmental policy and suffers from leakage, then its exports decrease and
imports increase. In New trade theory, the effect is unambiguous both for trade lows v,
in value and in embodied carbon.

Note that Aichele and Felbermayr (2015) define their treatment variable as the difference
between ratification status with respect to Kyoto in the importing and in the exporting

_o

xst

country: 61 . = (6}

st = (O ). This is equivalent to constraining the parameters in equation

25We do not include factor payments in the main regression, as this does not fit with New trade models.
For robustness, we include the same regression with factor payments in the Appendix B.2; this leads us to

the same conclusions as our main specification.
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(2) such that o™ = —a®. In addition to the model of equation (2), we also include this
specification which is more restrictive, but might lead to greater statistical power.

The sectoral business cycle is captured by the sector-year fixed effects.?® As typical in
gravity-type estimations, the country-year fixed effects account for country size in the sense
of supply capacity and market size which might fluctuate beyond global business cycles.
Destination-source-sector fixed effects finally capture national specializations, institutional
trade proximity and distance between both countries, i.e. factors that are pair-specific but
do not fluctuate. Our parameters of interest o and o” are then identified from the within
sector-country-pair changes in trade flows beyond general trends and their correlation with

changes in environmental stringency.

4 Data and descriptives

4.1 Data

We use two main sources of data, the Global Trade Analysis Project (GTAP) version 9.2
and the EU Transaction Log (EUTL).?® We draw data on trade flows, CO, emissions, factor
payments, transport costs, output, and material costs for the years 2004, 2007, and 2011
from the GTAP database. The EU ETS was introduced in 2005, so that we have one period
prior to the policy introduction and two periods after. GTAP 9.2 data are divided into
57 sectors and 140 countries. We aggregate smaller economies into regions, resulting in a
dataset of 66 regions. We only keep the manufacturing sectors (25 out of 57 sectors), which
are at the heart of the carbon leakage debate. All monetary values are in current U.S. dollars

(Aguiar et al. 2016), so that changes in exchange rates are accounted for.

26Note that for each sector-year, we have over 4,000 observations of which around 1,500 are trade flows

coming from EU countries.

2TSee https://www.gtap.agecon.purdue.edu/databases/v9/ and Aguiar et al. (2016) for further de-

tails.

28http://ec.europa.eu/environment/ets
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The major benefit of GTAP is that it offers consistent data at the global level and
includes input-output (I-O) information. This allows us to fully account for emissions from
both electricity and fossil fuel inputs.?? The I-O data also allow us to compute emissions
embodied in the electricity consumed by each sector, i.e. indirect emissions and their cost.

We use data from the EU Transaction Log (EUTL) for EU-25 countries to compute our
measures of policy stringency.?® The EUTL is an administrative dataset containing official
yearly compliance data for all production plants regulated under the EU ETS, starting in
2005. We extract data on emissions and allocations from the EUTL and map them to the 4-
digit NACE 2 code using a plant-to-NACE matching provided by the European Commission

t.31 We combine

and compiled as part of the Ownership Links and Enhanced EUTL Projec
the EUTL data with GTAP data via the International Standard Industrial Classification
(ISIC, a UN nomenclature); for this, we match the GTAP classification to ISIC following
Huff et al. (2000) and the NACE level EUTL data to ISIC using correspondence tables from

Eurostat.?® Finally, we add allowance prices for EU ETS emission allowances (EUAs) from

the European Energy Exchange (EEX).

4.2 Descriptive statistics

In 2004, the year before the EU ETS was introduced, no firms based in Europe were liable
for CO, emissions, so the cost of embodied carbon was zero for all sectors. ! indicates that

32% of the EU’s manufacturing sectors (8 out of 25) were directly targeted by the EU ETS

290ur aim is to capture total emissions, both from fossil fuels and process emissions. As the GTAP data
only contain information on emissions from the use of fossil fuels, we correct for process emissions in sectors
featuring a significant share of process emissions, i.e. iron and steel, cement and chemicals, using data from

the UNFCCC (http://unfccc.int).
39Three non-EU countries joined the EU ETS in 2008, Norway, Liechtenstein and Iceland. GTAP does

not provide separate data on Liechtenstein and Iceland. Norway is indicated as not treated in 2007 and as

treated in 2011. Regressions on net flows exclude Norway, but our results are robust to including it.
3lhttp://fsr.eui.eu/climate/ownership-links-enhanced-eutl-dataset-project/

32http://ec.europa.eu/eurostat/ramon/index.cfm
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Table 1: Descriptive statistics

Mean Median SD Min Max N
Measures of environmental stringency (2007&2011, only EU countries)
ETS dummy 62, 31.9% 0 46.6% 0 1 1,297
Direct ETS cost 64, 0.17% 0.00% 0.618% 0 6.65% 1,297
Indirect ETS cost 6%, 0.15% 0.06% 0.327% 0 4.37% 1,297
Allocation benefit ¢, 0.22% 0.00% 0.830% 0 10.06% 1,297
Total net ETS cost 0.10% 0.05% 0.434% 0 6.81% 1,297
(6%, + 0} — 02,)
EU net import flows
Net imports (Mil. US$) -129.3 -35.3 3944.8 -36892 84150.2 3,000
Net COg2 imports (Mt) 0.3 0.0 1.6 -4.7 27.0 3,000
Net imp. /output 0.15% -0.02% 1.6% -8.2% 33.7% 3,000
Net CO;/total emiss. 1.13% 0.00% 6.7% -7.0% 161.9% 3,000
Transport cost/FOB 5.62% 4.47% 7.2% 0.0% 95.8% 3,000
Bilateral flows
Outcomes
Trade flow (Mil. US$) 97.56 1.09 882.00 0 132123.3 321,360
COq flow (Mt) 0.02 0.00 0.22 0 21.65 321,360
Trade flow/output 0.55% 0.03% 4.14% 0 936.33% 321,360
CO, flow/total emiss. 0.56% 0.03% 4.23% 0 959.31% 321,360
Carbon intensity 0.04% 0.01% 0.14% 0 4.46% 320,035
Covariates
Zero tariffs 46.9% 49.9% 0 1 321,360
Tariff (if not zero) 10.5% 5.4% 28.1% 0 2475.9% 170,689
Funskiliea/value added 19.5% 17.1% 11.4% 0 68.6% 321,360
Fikitiea/value added 24.4% 22.3% 14.2% 0 100.0% 321,360
Fapitar /value added 56.1% 56.9% 19.5% 0 98.97% 321,360
Transport cost/FOB 4.7% 3.2% 6.5% 0 147.2% 320,035

Note: Measures of environmental stringency are computed for 2007 and 2011, and show the emission cost as a share of
sectoral material cost. 0! is 1 for sectors explicitly targeted under the EU ETS, while #¢ also contains the direct emission
costs of secondary activities. Additionally, #% captures indirect emission costs from the use of electricity. Carbon intensity
is the ratio of a trade flow’s embodied carbon over its value. We drop the observations from the Slovenian refinery sector
which is an unrealistic outlier with over 22% of ETS cost; for net trade flows only, we drop Norway, Iceland and Liechtenstein
as they are part of the EU ETS but not part of the European Union. The number of observations is explained as follows:
1,197=2 years*25 sectors*26 countries (- Slovenia refinery); 3,000=3 years*25 sectors*40 partner regions; 321,360=3 years*25
sectors*66 source regions*(66-1) destination regions (- Slovenia refinery); some observations are dropped for carbon intensity
and trade costs because they have zero trade flows.

21



(Table 1).

Carbon leakage is a medium to long-term phenomenon, so we choose average allowance
prices over the EU ETS compliance Phase I (2005-2007) to compute 6%, §% and 6¢ in 2007,
and the average price for Phase IT up to 2011 (2008-2011) for 2011. This leads to allowance
prices of €10.45 per metric ton of CO, in 2007 and €14.53 in 2011.3% We convert euro to
U.S. dollars.

The level of direct emission cost #? has an average of 0.17% and is below 1% of material
cost for the large majority of sectors. Only the iron & steel, cement, petroleum & coal
products, non-ferrous metals (incl. aluminum) and other minerals (incl. glass and ceramics)
sectors exceed this threshold.®* Free allocation ¢ is on average 0.22%, with allocations up
to 10% of material costs; the resulting net direct ETS cost (64 — 0%) is a net subsidy for the
large majority of sectors. In general, allocations over-compensate direct emission cost, as
evidenced by the slope of more than 1 between ¢ and 6 (Figure 2, left-hand panel, solid
green line is linear fit, dashed red line has a slope equal to 1).3°

Sectors also incur indirect ETS costs 6% from their electricity use. Indirect emission costs
account on average for 0.15% of material costs. The largest indirect emission costs occur in
the non-ferrous metals and iron & steel sectors, with up to 4.4% of material costs. For most
sectors, indirect emission costs from electricity use are higher than direct costs, except for
some emission-intensive sectors like cement and iron & steel (Figure 2, right-hand panel).

Adding up direct cost, indirect cost and subtracting the value of free allocation, EU
manufacturing sectors were facing a net total emission cost of 0.10% of material cost on

average over 2007 and 2011. Such a low level of net emission cost may be expected to cause

330ur results are robust to using prices from each year only, instead of multi-year averages.

34We excluded the petroleum and coal products sector in Slovenia, which is an outlier with a value of
22.5% of material costs in 2007. Our results are robust to using the full dataset, and to excluding observations

at the largest and smallest percentile.

35Sectors above the red dashed line received a higher number of free allocated certificates than tons of

COg they emitted.
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Figure 2: Correlation of the measures of environmental stringency (scatter and fitted linear
trend, sector-year averages across countries, 2007 & 2011)
carbon leakage only if firms are either completely unable to pass any of the emission cost
through to consumers, or if relocation costs are very low.

Our outcome variables are net trade flows and bilateral trade flows. We measure trade
flows in value (U.S. dollars) and in embodied carbon, that is the sum of CO, emissions
from all combustibles that served as an input to the traded goods (including emissions from
electricity generation). In order to account for size effects, we scale net imports with output
value and net CO, imports with total sectoral COy emissions. The highest net imports
both in value and as a share of output are electronic equipment from China. The highest
embodied carbon net imports are in cement, also from China. Overall, Europe is a net
importer embodied emissions via manufactured goods.

Figure 3 provides some descriptive evidence on the impact of the EU ETS on bilateral
trade flows, similar to a Figure in Aichele and Felbermayr (2015), albeit applied to the EU

ETS instead of the Kyoto protocol. We define a bilateral treatment variable as 6! =

maxst
(6

L —0L,) € {—1,0,1}. 0} ., is equal to 1 if the trade flow goes from an untreated source

country z to a treated destination country m (within a treated sector); -1 for trade flows
from a treated source to an untreated destination (within a treated sector); 0 for trade flows

between countries with same treatment status or for trade flows of untreated sectors.
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Figure 3: Imports in value and imports in embodied carbon by bilateral EU ETS
treatment status

Average difference between pre- and post-treatment country pair-sector averages of the logarithm. 1 are trade flows from an
untreated source country to a treated destination country; -1 are trade flows from a treated source to an untreated

destination; 0 are trade flows between countries with same treatment status and within untreated sectors.

Figure 3 shows that bilateral trade in value has increased for all values of 6! .= and
the magnitudes broadly match those in Aichele and Felbermayr (2015). Trade in embodied
carbon decreased both for trade to and from treated countries, while it increased in non-
treated countries and sectors. Carbon leakage would translate into larger imports to and
smaller imports from treated sectors, i.e. an increasing slope in both panels of Figure 3,
which does not appear in our data. The shift in trade in embodied carbon found by Aichele
and Felbermayr (2015) must have occurred either prior to the introduction of the EU ETS

or among non-EU countries who ratified Kyoto. Overall, the descriptive evidence does not

suggest that imports in embodied carbon were affected by the introduction of the EU ETS.
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5 Results

5.1 Net trade flows
5.1.1 Main results

As a first step, we implement the method suggested by Ederington et al. (2005)3¢: using net
trade data, we regress net imports in value and in embodied carbon on the dummy variable
', as well as on the vector of continuous variables [09, 0%, §¢]. In all regressions, we control
for European import tariffs (using import-weighted sector-level tariffs)37, transport costs (as
a percentage of import value), and factor payment shares (as a percentage of value added),
as well as for year and sector fixed effects.

The results in Table 2 show no evidence of carbon leakage. None of the coefficients from
regressions of net imports in embodied carbon on emission costs are significant. The (not
significant) coefficient on the ETS dummy in Table 2 column (1), and its 95% confidence
interval of [-.64,.34] are consistent with a maximum increase of 0.34 percentage points in net
carbon imports in the treated sectors relative to untreated sectors. The confidence intervals
in columns (2) to (4) are wider, but the magnitudes of the estimates are still small relative
to the standard deviation of net imports in embodied carbon which is 6.7 percentage points.

The only coefficients that are (weakly) significant appear in the regression of net imports
in value on the individual components of emission cost from the ETS: column (7) of Table 2

shows that net imports increased with direct ETS cost and decreased with allocation. The

36Ederington et al. (2005) aggregate over all partner countries of the U.S., while we use one observation
per year-sector-partner country. Results on aggregate data yield the same result and are available on request,

but the sample size shrinks to N=T75.
3"Tariffs in the GTAP dataset are an import-weighted aggregation of MAcMap-HS6 data

on tariffs (cf. http://www.cepii.fr/cepii/en/bdd_modele/presentation.asp?id=12  for further in-
formation on MAcMap-HS6). More information on the aggregation of tariffs in GTAP
can be found in  https://www.gtap.agecon.purdue.edu/resources/download/2938.pdf, and in

https://www.gtap.agecon.purdue.edu/resources/download /5668.pdf.
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net effect in column (8) is about zero and not significant. This effect would be compatible
with the hypothesis that the carbon leakage effect has been alleviated by free allocation.
However, as we cannot find the same effect in trade flows in embodied carbon, we conclude
that it must be an artifact of price fluctuations. Indeed, we will see that the significance of
this result survives in none of our robustness checks. This result underlines, in our view, the
importance of using embodied carbon flows, or at least trade flows in quantities rather than
in value when doing an analysis of carbon leakage.

As a robustness test, we replicate the methodology of Levinson and Taylor (2008) by
doing the same regression individually for each important trading partner country of the
EU3® and for the group of OECD countries (Appendix C.1). As a further robustness test,
we do the same regressions without controlling for factor payment shares (see Table 6 in the
Appendix B.1), which exposes the fragility of the previously discussed significance result of
column (7) in Table 2. We also use alternative outcome measures, particularly measures that
are not normalized. We provide a compact overview of all regressions, including robustness
checks, in Table 6 in the Appendix B.1, where we only display coefficients of emission cost
and their standard errors. Additionally, we confirm that that our results are not affected
by our normalization of the outcome variables (Appendix A). Our results suggest Branger

et al. (2016) were right to call the debate about carbon leakage “much ado about nothing.”

5.1.2 Sector heterogeneity

Ederington et al. (2005) hypothesize that transport costs play an important role for carbon
leakage, as some sectors are more footloose than others: if transport costs are high, industries
are relatively more protected from foreign competition, such that environmental stringency
has different effects for different industries. Our estimate may be biased if transport costs

are correlated with environmental stringency: a typical example is the cement industry. In

38Results are available on request.
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Table 2: Regression results for EU net imports (by partner country and sector)

Net embodied COq/total CO4

Net imports/output

Emission cost (1) (2) (3) (4) (5) (6) (7) ()
ETS dummy 6., 20.151 0.000
(0.248) (0.044)
Direct ETS cost 6%, 0.090  0.798 0.033  0.313*
(0.280)  (0.673) (0.132)  (0.132)
Indirect ETS cost 6%, -2.027 0.041
(2.034) (0.302)
Allocation benefit 0%, -0.500 -0.261*
(0.593) (0.120)
Total net ETS cost -0.824 0.008
(0.919) (0.170)
R? 0.89 0.89 0.89 0.89 0.92 0.92 0.92 0.92
Obs 3,000 (all columns)

Notes: OLS regression of outcome on different definitions of ETS cost. Data is a sector-country-level panel for 2004, 2007,
and 2011; all regressions include year and sector-country fixed effects and control for factor payment shares, tariffs, and
transport costs. Robust standard errors clustered at the sector-partner country level in parentheses. *** ** and * denote
statistical significance at the 1%, 5%, and 10% level, respectively.

this case, both the measure of environmental stringency and its interaction with transport
costs should have a significant negative coefficient.

In our data, we observe a low, but significant, positive correlation (of 0.06) between our
measure of direct emission cost 8¢ and transport costs, as well as a low, but significant, neg-
ative correlation (of -0.05) between our total net cost measure (6% + 6" — 0) and transport
costs. As suggested by Ederington et al. (2005), we correct for this correlation by interacting
our measures of policy stringency with transport costs. The results in Table 3 show no signif-
icant effect (and are mostly of a sign not compatible with the carbon leakage hypothesis).3?
Thus, we conclude that we do not find evidence that sectors transport costs played a role in
mitigating carbon leakage.

Our main regression is a linear approximation of the effect of environmental policy on
trade. For robustness, we also fit a cubic polynomial (including two higher order terms of 6)

to control for heterogeneous effects of the emission cost depending on its level. Table 3 shows

that the higher order terms are never significant, so that we find no evidence of nonlinear

39Results on the vector of components of emission costs yield the same result, but are not represented

here for compactness; results available on request.
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Table 3: Regressions of net import flows on environmental cost and its interaction with

transport costs and higher order terms of emission cost

Net embodied COq/total CO4

Net imports/output

Emission cost (1) (2) (3) 4) (5) (6)
ETS dummy 6}, -0.263 -0.027

(0.515) (0.066)
ETS dummy x -0.002 0.004
Transport cost (0.025) (0.005)
Total net ETS cost -0.655 -0.426 0.042 0.220

(1.440) (1.299) (0.181) (0.193)

Total net ETS cost x -0.022 0.015
Transport cost (0.078) (0.019)
Total net ETS cost -13.018 1.578
squared (16.462) (2.551)
Total net ETS cost 31.508 -5.264
cubed (44.385) (6.330)
R? 0.89 0.89 0.89 0.92 0.92 0.92
Obs 3,000 (all columns)

Notes: OLS regression of outcome on different definitions of ETS cost. Data is a sector-level for aggregated
and sector-country-level panel for ”by country”, each for 2004, 2007, and 2011; all regressions include year
and sector-country fixed effects and control for factor payment shares, tariffs, and transport costs. Robust
standard errors clustered at the sector-partner country level in parentheses. *** ** and * denote statistical

significance at the 1%, 5%, and 10% level, respectively.

effects.

5.2 Bilateral trade flows

Bilateral trade flow data provide a richer picture of international trade, accounting for (two-
way) intra-industry trade. Our sample size increases dramatically to over 300,000 obser-
vations, between 66 source and destination countries for three years and 25 sectors. With
these data, we implement the identification strategy of Aichele and Felbermayr (2015): they
define a bilateral treatment variable that is the difference of sectoral treatment status in des-
tination and source country €,,.st = (st — O2st) € {—1,0,1}. This restricts the coefficients
on treatment to be of opposite sign and identical magnitude: o™ = —a®. In a second step,

we relax this restriction and use separate emission cost variables for source and destination

country.
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Our regression results are shown in Table 4. Odd-numbered columns contain specifica-
tions using bilateral definitions of our emission cost variables, while even-numbered columns
present the results with separate emission cost measures for source and destination country.
Carbon leakage is consistent with significant positive coefficients of destination emission cost,
and significant negative coefficients of source emission cost, and, thus, a positive effect of the
bilateral variables.

Columns (1) and (7) show the specifications corresponding to Aichele and Felbermayr
(2015), and both are not significant. Our confidence interval in column (1) is compatible with
a maximum increase in carbon imports of 0.031%; and column (7) allows for a maximum
increase in imports in value of 0.052%. In contrast, Aichele and Felbermayr (2015) find
that Kyoto ratification increases imports (in value) by 5% and raises the carbon content
of trade (what we call “trade in embodied carbon”) by almost 8%. We conclude that the
carbon leakage found by Aichele and Felbermayr (2015) has occurred outside the EU or
before the introduction of the EU ETS. Unfortunately, our data do not allow us to test for
announcement effects of the EU ETS, i.e. whether carbon leakage through the relocation
of production capacity has occurred prior to the introduction of the EU ETS. Again, the
regressions of embodied carbon are not significant.*’

For trade flows in value, we have some coefficients that are significantly different from
zero, but it is again not consistent with a carbon leakage explanation. The coefficient on the
ETS dummy in column (8) has the “wrong” sign for the carbon leakage hypothesis. The
signs of the coefficients in columns (9) and (10) have the “right” sign, but are not significant.

Table 7 in the Appendix B.2 provides additional results using bilateral variable definitions
and alternative outcome variables, analogously to Table 6 for net flows. Table 8 in the

Appendix B.2 provides additional results on alternative outcomes and specifications. In

40The signs of each individual cost component in column (4) are not significant but identical for source
and destination variables. This pattern is surprisingly robust to changes in specification, see Table 8. This
cannot be interpreted as carbon leakage; it thus must capture some other mechanism making emission-

intensive sectors in the EU more trade-intensive in both directions.
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the majority of cases, the coefficients are estimated with a negative sign and are mostly
statistically not significant. Appendix C provides additional robustness tests, using only
OECD country data (Table 10), deleting statistical outliers (Table 12), keeping high-risk
sectors only (Table 13) and considering the interaction of ET'S cost and transportation costs
(Table 14). These robustness tests leave our main conclusions unchanged.

We also explore the influence of fixed effects: our estimation relies on the difference-in-
differences between sectors, countries and time. If we do not control for sectoral business
cycles (vg), our results still hold. If we do not control for country-specific business cycles (v,
and v,), the conclusions change and even more so, if we do not control for country-pair effects
(Vmas capturing among other factors distance, essential for gravity estimations).*! However,
we believe that controlling for v,,;, v, and v, is essential to identification. Controlling for
Vg may be optional, and either doing so or not does not change the main results.

Overall, based on our analysis of bilateral trade and emission data, we conclude that the
EU ETS did not have a systematic impact on flows of trade or embodied carbon. Moreover,

there is weak evidence against the hypothesis that o™ = —a”.

6 Summary and conclusions

This paper considers whether the compliance cost imposed by the EU ETS on producers
in European manufacturing sectors has caused carbon leakage. Carbon leakage, a special
case of the pollution haven phenomenon, is an important topic in the context of unilateral
environmental policy. A unilateral policy intervention changes the relative competitiveness
of domestic producers vis-a-vis their global competitors. In the extreme case, carbon leakage
undoes the contribution of the unilateral policy to mitigate aggregate global emissions, while
the region implementing the policy suffers losses in output, employment, and welfare. This

loss in competitiveness due to the EU ETS can occur directly, as producers must abate or

41Results available on request.

30



"AJoa1100dsal ‘[9A3] %0T PUR ‘%G ‘94T 9Y7} 8 20URDYIUSIS [BOIISIIR)S 2J0UBD 4 PUR ‘. ‘4 "sosoyjuared ur [oas] ired A1JUnod-10109s oY) Je
POI9ISN[O SIOLI® PIRPUR)S 1SNCOY '$1800 p10dsuer) pue ‘sgLIe) ‘soreys juowded 100€] 10] [0I1IU0D pue s100[0 poxy Ired AI1jUN00-10909s pue AIJUNO0d UOIIRUIISOP-IRIA ‘A1UNod
90IN0S-TRdA 9PN[OUT SUOISSAISDI [[R {TT0Z PUR ‘2007 ‘F00g 10] [oued [9A9[-10300s-1Ted AIJUNO0D © ST ®IR(] ")S0D G J,H JO SUOHIUYOP JUSISHIP UO SUWI0IINO JO UOISSaIZ0I §T() :S9I0N

(suwmyoo 1re) 6£0'0ze sq0
96°0 96°0 96°0 96°0 96°0 96°0 96°0 96°0 96°0 96°0 96°0 96°0 A
(810°0) (610°0)
L00°0 L00°0 90,0 224008 -
(£20°0) (€20°0)
+L¥0°0" 120°0 U900 s9p -
(€10°0) (¢10°0)
L20°0 L00°0~ w10, — ¥190,0 11q -
00 — 10 + pf 1500 STLH U (80T,
(610°0) (020°0)
€10°0 €600~ 1750 224mos -
(810°0) (610°0)
€20°0- €20°0- ¥ 159p -
(¥10°0) (¥10°0)
8T0°0~ ¢00°0 50 — %0 1 -
p@@gwﬁ QOE@OOE<
(€50°0) (¢50°0)
+x1GT°0 020°0~ 1550 29an0s -
(070°0) (070°0)
L10°0" 610°0- g gsop -
(7€0°0) (7£0°0)
L£0°0 100°0 0 — """ 1q -
71509 m,H_m uomﬁﬁgw
(0£0°0) (0£0°0)
«120°0- 800°0 1500 92.4mos -
(820°0) (820°0)
€e0°0 €€0°0 0 1sap -
(0£0°0) (120°0)
2S00 €10°0 00 —"00 g -
91809 m,Hm @U@.ﬁg
(720°0) (¥20°0)
+8€0°0- €000 19 29anos -
(€20°0) (720°0)
920°0~ L300~ e asap -
(L10°0) (810°0)
910°0 $00°0- 1o — "0 1 -
Awmp §TH
(c1) (r1) (o1) (6) (8) (2) (9) () (%) (¢) (c) (1) 1509 u0ISSIUL]
(moy opexy)uy (uoqres parpoquuo)uf

UO(Ied PIAIPOUId PUR SIR[[OP "S'[) UOI[[IW Jo SSO[ Ul SMOJj opelI) [eIoje[lq F 9[qe],

31



pay for the cost of their own emissions, and indirectly through the consumption of electricity,
when electricity producers pass through emission costs to power prices.

In the EU ETS, the direct emission cost was largely defrayed by free allocation during the
period under study, such that the majority of sectors enjoy a net subsidy when all EU ETS
cost components are considered. Moreover, emission costs have so far been small compared
to other material costs. In addition to low carbon prices and free allocation, there are
further obstacles to leakage: relocation is costly and risky, as the new host region may also
introduce corresponding policies in the future. Finally, the EU ETS may also have beneficial
effects, such as incentivizing green innovation by producers, which help them become more
competitive internationally.

Our empirical analysis is based on the hypothesis that leakage can be measured through
changes in trade flows, particularly flows in embodied carbon. This hypothesis can be de-
rived from classical trade theory or from New trade theory. Combining data from GTAP, a
global trade dataset with input-output information, and administrative data from the EU
ETS, we estimate the effect of various potential measures of the stringency of the EU ETS
on trade flows in manufactured goods. Our measures of policy stringency account both for
the direct emission cost and the indirect emission cost from electricity use. Our empirical
analysis follows two traditions in the trade literature: first, we consider the effect of EU ETS
stringency on net trade flows, as suggested by the neoclassical trade literature (Ederington
et al. 2005), where we also consider sector heterogeneity. In particular, we test for a poten-
tially stronger effect of EU ETS stringency on footloose industries and for nonlinearity of
the effects of EU ETS stringency. Second, we follow the New trade literature by analyzing
the effect of policy stringency on bilateral trade flows (Aichele and Felbermayr 2015).

We find no evidence that the EU ETS has induced carbon leakage in European manu-
facturing sectors: the effect of the EU ETS emission cost on manufacturing sectors trade
flows is statistically indistinguishable from zero and this finding is robust to a large number

of specifications. We extensively discuss the precision of our estimates using 95% confidence
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intervals. This result is in line with existing empirical ex post research on carbon leakage
due to the EU ETS, but contrasts with predictions from ex ante modeling exercises.

Our results relate to existing work on other environmental policies, like Aichele and Fel-
bermayr (2015) who show that ratification of the Kyoto Protocol has caused carbon leakage.
Our results suggest that the leakage found by Aichele and Felbermayr (2015) must have
occurred in Kyoto signatory countries who were not part of the EU ETS. Alternatively, the
effect of the EU ETS might have been preemptive to the introduction of the policy. Unfor-
tunately, our data do not allow us to test for this hypothesis. In spite of some similarities,
our results are not perfectly comparable to Aichele and Felbermayr (2015) due to differences
in datasets and especially due to differences in terms of policies considered. While Aichele
and Felbermayr (2015) consider the carbon leakage effect of signing the Kyoto Protocol, our
question is more specific: we evaluate the effect of the cost imposed by a clearly defined
cap-and-trade policy in a specific region using the sector-level emission costs.

The absence of trade effects suggests that the barriers preventing leakage are greater
than emission costs inducing leakage. Current allowance prices in the EU ETS are low and
firms may have some market power. Tariffs and transportation costs are typically higher
than COs-related costs and contribute to firms’ ability to pass-through at least some of their
emission cost to the final consumer without losing significant market share. Additionally,
more diffuse factors, such as political risk, exchange rate concerns, and considerations about
the availability of qualified labor may limit leakage. Further research will help identify factors
mainly responsible for the absence of leakage or find a level of the emission cost for which
carbon leakage is a real concern.

The absence of carbon leakage is good news for the political feasibility of unilateral CO,
policies such as the EU ETS even in a context of globally asymmetric climate policy, at least
at current allowance prices. If they do not hamper domestic competitiveness and economic

growth, environmental policies are more likely to be implemented.
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Appendix

A Potential bias from using normalized variables

The specification of equations (1) and (2) use trade intensity (normalized trade flows) as a
dependent variable and environmental policy intensity (normalized emission cost) as main
covariate variable. The additional variables transport cost and tariffs are also measured per
value unit. We believe this specification represents the relevant magnitudes. Indeed both
total emission cost and exports depend on an underlying “sectoral market size” parameter,
which would create spurious correlation if not accounted for. Moreover, we compare countries
of very different magnitude, where we would face an outlier problem and heteroskedasticity
concerns if we were not normalizing. Our normalizations are based on a suggestion of
Ederington et al. (2005).

However, the use of ratios is discussed extensively in the statistical literature: when two
variables have zero correlation, positive (spurious) correlation might appear in a regression if
both left-hand and right-hand side variables are normalized by a common denominator. The
bias is even stronger if the variables are correlated with each other and with the common
denominator (Kronmal 1993). Note that ratios are generally found to bias the absolute
magnitude of estimates upwards (e.g. Kuh and Meyer 1955); as we find no significant impact
of policy stringency on trade flows, an upward bias would not change our conclusion and
in fact strengthens our results. In this section, we follow the recommendations of Kronmal
(1993) to check that results are not an artifact of normalization.

Let Y be an n x 1 vector, Z a diagonal n X n matrix and X an n X p matrix, centered

such that the mean of each column is zero (e.g. demeaned). Assume that the true model is:
Y::ﬂ_nﬁo—FXﬂx—l—Z]]_nUBZ—{—E (3)

where 5y and (85 are scalars and Sx a p X 1 vector. 1,, is a n x 1 vector of ones. Our main
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specification can then be written:

Z7Y =1,00 + Z ' Xax +e (4)

Kronmal (1993) shows that estimate ax from least squares of equation (4) is in general

a biased estimator of Sx. Indeed, dividing both sides of equation (3) by Z yields

Z7Y =Z71,80+ 7' XBx + 1,87 + Z e (5)

The least squares estimates of equation (5) are unbiased estimates of the parameters of
equation (3). Empirically, this corresponds to estimating equation (4) and adding the scaling
variable as an additional right-hand side variable. Dividing the error term by Z results in
heteroskedasticity such that OLS is no longer the efficient estimator.

Table 5: Regression of net trade flows on emission cost with additional control for scaling
variables (comp. Table 2)

Net embodied COq/total COq Net imports/output
Emission cost (1) (2) (3) (4) (5) (6) (7) (8)
ETS dummy 01, 20.270 0.005
(0.360) (0.054)
Direct ETS cost 6, -0.258 0.747 -0.009  0.314*
(0.294)  (0.670) (0.072)  (0.132)
Indirect ETS cost 6%, -1.872 0.035
(1.986) (0.301)
Allocation benefit 82, -0.474 -0.257*
(0.590) (0.121)
Total net ETS cost -0.724 0.136
(1.185) (0.167)
Scaling variable 0.973 0.983 0.898 0.965 -727.9 -715.3 -700.2 -697.1
0.75)  (0.75)  (0.71)  (0.75) (597.1)  (579.0) (575.7) (568.9)
R? 0.89 0.89 0.89 0.89 0.92 0.92 0.92 0.92
Obs 3,000 (all columns)

Notes: OLS regression of outcome on different definitions of ETS cost, controlling for scaling variables. Data is a sector-
country-level panel for 2004, 2007, and 2011; all regressions include year and sector-country fixed effects and control for
factor payment shares, tariffs, and transport costs. Robust standard errors clustered at the sector-partner country level in
parentheses. *** ** and * denote statistical significance at the 1%, 5% and 10% level, respectively.

The result in Table 5 control for the scaling variable, which is total domestic sectoral

product for imports in value and total domestic sectoral emissions for imports in embodied

40



carbon. Including this value is necessary if the true model is given by equation (3) rather than
our model as in equation (4). Table 5 shows that our results are robust to this modification,
as magnitudes and significance remain virtually unchanged

For bilateral data, our main specifications in Table 4 use logarithms rather than normal-
izing the variables, following Aichele and Felbermayr (2015). The regressions using raw (not
normalized or in logs) variables suggest a significant correlation of surprising sign; however,
this effect vanishes when using normalized variables or logs. We again test if the normal-
ization for bilateral data is problematic and find that the coefficients change little when

including the scaling variable.?

42Results available on request.
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B Regression results for alternative outcome measures

Within the literature, various measures of trade flows are used. Trade flows measured in
embodied carbon capture most closely the problem of carbon leakage, and in our main
specifications we choose to normalize them by national emission levels in order to abstract
from size effects. However one could also consider outcomes in terms of traded value and
outcomes that are not normalized (i.e. measured in U.S. dollars or in tons of COs). Overall,
the following summary tables confirm that our results are robust to a wide array of such

specification choices.

B.1 Net trade flows

Table 6: Summary overview stating only the coefficient of the ETS stringency variables
(for different specifications of net flows)

ETS Total ETS  Direct ETS Indirect Allocation
dummy cost cost ETS cost
Outcomes (1) (2) (3a) (3b) (3¢)
Net carbon imports (MtCO2) 0.014 0.030 1.141 -0.144 -0.819
(0.085) (0.149) (1.071) (0.451) (0.760)
Net imports (Mil. US $) 164.5 253.8 686.2 662.9 -446.3
(179.5) (201.2) (602.8) (778.1) (384.9)
Net carbon/total carbon (%) -0.278 0.692 0.798 -2.027 -0.500
(0.362) (0.567) (0.673) (2.034) (0.593)
-w/o factor payment -0.151 -0.258 0.969 -1.952 -0.487
(0.248) (0.281) (0.787) (1.682) (0.494)
Net imports/output value (%) 0.001 0.181 0.313* 0.041 -0.261*
(0.053) (0.146) (0.132) (0.302) (0.120)
-w/o factor payment 0.000 0.016 0.214 -0.081 -0.128
(0.044) (0.062) (0.121) (0.299) (0.103)

Notes: Summary table of regressions of different outcome variables (rows) on different ETS stringency
variables (columns). In column 1 and 2, each coefficient comes from a separate regression. In columns 3a
to 3c, each row is a regression of the outcome on direct cost, indirect cost and allocation. All regressions
include fixed effects and controls mentioned in our main results. Robust standard errors clustered at the
sector level in parentheses. *** ** and * denote statistical significance at the 1%, 5% and 10% level,
respectively.
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B.2 Bilateral trade flows

Table 7: Summary overview stating only the coefficient of the bilateral ETS stringency
variables (for different specifications of bilateral flows)

ETS dummy Total ETS Direct ETS Indirect Allocation
cost cost ETS cost

Outcomes (1) (2) (3a) (3b) (3c)
Carbon imports (MtCO2) 0.000 0.000 0.001 0.000 -0.001
(0.00) (0.00) (0.00) (0.00) (0.00)

Imports (Mil. US $) 2.729 0.514 0.577 2.064 0.059
(2.58) (0.72) (1.19) (1.40) (0.92)

Carbon/total carbon (%) -0.007 -0.004 0.000 0.004 0.006
(0.04) (0.01) (0.02) (0.03) (0.02)

Imports/output value (%) -0.006 -0.003 0.002 0.004 0.004
(0.04) (0.01) (0.02) (0.02) (0.02)

log(carbon) -0.004 -0.007 0.013 0.001 0.005
(0.02) (0.01) (0.02) (0.03) (0.01)

-w/ factor payment -0.005 0.009 0.013 0.001 0.005
(0.02) (0.02) (0.02) (0.03) (0.01)
log(imports) 0.016 0.027 0.052 0.037 -0.018
(0.02) (0.01) (0.03) (0.03) (0.01)
-w/ factor payment 0.017 0.054** 0.052* 0.068* -0.018
(0.02) (0.02) (0.02) (0.03) (0.01)

Note: Summary table of regressions of different outcome variables (rows) on different ETS stringency variables (columns);
bilateral treatment indicator is defined as treatment for the destination country minus treatment for the source country. In
column 1 and 2, each coefficient comes from a separate regression. In columns 3a to 3c, each row is a regression of the
outcome on direct cost, indirect cost and allocation. All regressions include year-sector and sector-country-pair fixed effects,
as mentioned in our main results. Robust standard errors clustered at the sector level in parentheses. *** ** and * denote
statistical significance at the 1%, 5%, and 10% level, respectively.
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C Further robustness tests

We perform additional robustness tests, both for net imports and for bilateral trade flows.
We first evaluate the effects of emission cost on trade flows in an important sub-sample,
the trade between the EU and other OECD countries (Table 9 and Table 10). Aichele and
Felbermayr (2015) find that Kyoto accession led to a carbon leakage effect for the group of
advanced economies, while we fail to find such an effect.

We further consider a series of data-driven approaches to outlier detection (Table 11 and
Table 12), which also leave our main findings unchanged.

Finally, we test whether an effect on bilateral trade flows can be detected for the sub-
sample of sectors that can be qualified as particularly at risk of carbon leakage. For this we
suggest first the sub-sample of sectors directly targeted by the EU ETS (Table 13).%3 We
then consider high-risk sectors only, taking advantage of the richness of our bilateral data.

Specifically, we consider the following sub-samples:

e Sector group 1: Energy intensive industries, as mentioned on the FEuropean Commis-
sion’s website. These are the sectors Iron & Steel; Non-ferrous metals; Refineries;

Cement; Paper products.**

e Sector group 2: Following Martin et al. (2014),* we consider the sub-sample of sectors

deemed at risk of carbon leakage according to the EU Commission’s definition: carbon

43For these regressions, we keep only the eight sectors (Cement; Chemical, rubber, plastic prods; Iron &
Steel; Metal products; Metals nec; Minerals nec; Paper products; Petroleum, coal products) that are directly

targeted, i.e. sectors with ! = 1.
44Cf. https://ec.europa.eu/clima/sites/clima/files/ets/allowances/leakage/docs/cl_evidence_factsheets_en.pdf
45Note that they use a constant allowance price of 30€/tCO2 (throughout this study, we use varying

annual averages) for computing carbon intensity and normalize by value added (while we normalize by
total material cost); the trade intensity is calculated as “the ratio between the total value of exports to third
countries plus the value of imports from third countries and the total market size for the Community (annual

turnover plus total imports from third countries)” (Martin et al. 2014).
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intensity above 30%, or trade intensity above 30%, or a combination of carbon intensity

between 5 and 30% and trade intensity between 10 and 30%.

The left-hand panel of Fig. 4 illustrates the leakage risk along the two dimensions of trade
intensity and carbon intensity, reproduced from Martin et al. (2014). The right-hand panel of
Fig. 4 depicts the analogous classification for our dataset. Sectors in the blue-shaded area are
considered to be “at risk of carbon leakage”. Note that our data are more highly aggregated
than the data in Martin et al. (2014); this explains the difference in Fig. 4. Similarly to
the Commission’s calculations, applying their classification rule to our data identifies the

majority of manufacturing sectors as “at risk of carbon leakage”.46
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C are “at risk”

Figure 4: EU Commission’s approach to defining high risk sectors

Table 14 contains the results for the additional regressions. We regress the logarithm of
embodied carbon trade flows on ETS cost (both using the treatment dummy and total net

ETS cost) using the full set of controls from the main regressions in the paper, similarly to

46More precisely, the rules identify 17 out of 25 sectors as “at risk of carbon leakage”: Beverages and
tobacco products; Cement; Chemical, rubber, plastic prods; Dairy products; Food products nec; Iron &
Steel; Machinery and equipment nec; Manufactures nec; Meat products nec; Metal products; Non-ferrous
metals; Motor vehicles and parts; Paper products; Refineries; Textiles; Transport equipment nec; Wood

products.
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Table 4. Columns (1) and (2) show the results for the five energy-intensive sectors, considered
to be those most exposed to carbon leakage. Columns (3) and (4) repeat the same regressions
for the 17 sectors satisfying the “high risk” classification criteria of the EU. We observe that
considering only these high-risk sectors does not alter our main results: none of the estimated
coefficients are significant. We are confident that our finding of no significant impact is not
due to a lack of statistical power, as most of our estimated coefficients on the interaction

terms are very close to zero and reasonably precisely estimated.*”

C.1 Industrialized nations only

Table 9: EU net imports in embodied carbon from OECD countries only

Net embodied COg/total CO4 Net imports/output
Emission cost (1) (2) (3) (4) (5) (6) (7) (8)
ETS dummy 6}, 0.125 0.109
(0.158) (0.078)
Direct ETS cost 64, -0.191  1.027 0.061  0.133
(0.276)  (1.491) (0.200)  (0.246)
Indirect ETS cost 6%, 1.905 0.777
(1.551) (0.523)
Allocation benefit 6, -1.240 -0.182
(1.398) (0.240)
Total net ETS cost 1.064 0.335
(0.898) (0.288)
R? 0.92 0.92 0.92 0.92 0.92 0.92 0.91 0.92
Obs 825 (all columns)

Notes: OLS regression of outcome on different definitions of ETS cost. Data is a sector-country-level panel for 2004, 2007,
and 2011; all regressions include year and sector-country fixed effects and control for factor payment shares, tariffs, and
transport costs. Robust standard errors clustered at the sector-partner country level in parentheses. *** ** and * denote
statistical significance at the 1%, 5%, and 10% level, respectively.

4TWe also performed the full set of regressions of Table 4 on both sub-samples, without finding significant

evidence of leakage. These additional results are available upon request.
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Table 10: Bilateral trade flows in embodied carbon between OECD countries only

Emission cost (1) (2) (3) (4) (5) (6)
ETS dummy
- bil. 0L, — 0L, 0.002
(0.034)
- dest. 6}, -0.075
(0.046)
- source 6, -0.071
(0.045)
Direct ETS cost
- bil. 04, — 02, 0.011
(0.030)
- dest. 04, 0.092
(0.042)
- source 02, 0.060
(0.042)
Indirect ETS cost
- bil. 0, — 0L, -0.016
(0.047)
- dest. 0%, -0.102
(0.069)
- source 0%, -0.069
(0.066)
Allocation benefit
- bil. 0%, — 0%, 0.016
(0.018)
- dest. 0% -0.035
(0.024)
- source 02, -0.068**
(0.025)
Total net ETS cost
- bil. 0ot yysr — Ototysy -0.021
(0.016)
- dest. 0%ot st 0.005
(0.022)
- source 0'ot 5 -0.000
(0.001)
R? 0.98 0.98 0.98 0.98 0.98 0.98
Obs 78,976 (all columns)

Notes: OLS regression of outcome on different definitions of ETS cost. Data is a country pair-sector-level panel for 2004,
2007, and 2011; all regressions include year-source country, year-destination country and sector-country pair fixed effects
and control for factor payment shares, tariffs, and transport costs. Robust standard errors clustered at the sector-country
pair level in parentheses. *** ** and * denote statistical significance at the 1%, 5%, and 10% level, respectively.

48



C.2 Statistical outlier detection

Table 11: Statistical approaches to outlier detection, applied to EU net imports (by
partner country and sector) in embodied carbon

Truncated on

Main Cook’s studentized  leverage outcome ETS cost
results distance residuals variable ot
Emission cost (1) (2) (3) (4) (5) (6)
Direct ETS cost ¢, 0.798 0.123 0.431 0.802 0.341 0.821
(0.67) (0.54) (0.60) (1.95) (0.50) (1.95)
Indirect ETS cost 6%, -2.027 0.555 0.617 -2.028 0.708* -2.325
(2.03) (0.36) (0.41) (1.32) (0.34) (1.49)
Allocation benefit 62, -0.500 -0.230 -0.428 -0.499 -0.367 -0.459
(0.59) (0.40) (0.45) (1.45) (0.37) (1.45)
R? 0.89 0.91 0.88 0.90 0.91 0.92
Obs 3,000 2,970 2,970 2,970 2,940 2,940

Notes: OLS regression of outcome on different definitions of ETS cost. Data is a sector-country-level panel for 2004, 2007, and
2011; all regressions include year and sector-country fixed effects and control for factor payment shares, tariffs, and transport
costs. Robust standard errors clustered at the sector-partner country level in parentheses. *** ** and * denote statistical
significance at the 1%, 5%, and 10% level, respectively. Column (1) repeats the main results of Table 2, column (3); column
(2) to (6) perform the same estimation, but drop the most extreme outliers in terms of Cook’s distance (column (2), highest
percentile dropped), studentized residuals (column (3), highest percentile dropped), leverage (defined for each observation 4
as the (4,4) element of the hat matrix, column (4), highest percentile dropped), net carbon imports/total emissions (column
(5), highest and lowest percentiles dropped) and 0*°¢ (column (6), highest and lowest percentiles dropped).
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Table 12: Statistical approaches to outlier detection, applied to bilateral trade flows in
embodied carbon

Truncated on

Main Cook’s studentized leverage outcome ETS cost
results distance residuals variable gtot
Emission cost (1) (2) (3) (4) (5) (6)
Direct ETS cost
- dest. 04, 0.033 0.025 0.028 -0.038 0.031 0.011
(0.028) (0.028) (0.028) (0.062) (0.028) (0.028)
- source 02, 0.008 -0.023 0.003 0.055 0.003 0.021
(0.030) (0.030) (0.030) (0.072) (0.031) (0.028)
Indirect ETS cost
- dest. 0, -0.019 0.017 -0.035 -0.047 -0.035 -0.050
(0.040) (0.040) (0.039) (0.053) (0.040) (0.032)
- source 0, -0.020 0.077 -0.031 -0.079 -0.031 0.054
(0.055) (0.053) (0.054) (0.057) (0.055) (0.047)
Allocation benefit
- dest. 0%, -0.023 -0.022 -0.019 0.034 -0.020 -0.010
(0.019) (0.019) (0.019) (0.050) (0.019) (0.019)
- source 0%, -0.033 -0.021 -0.021 -0.090 -0.022 -0.031
(0.020) (0.020) (0.020) (0.059) (0.020) (0.019)
R? 0.96 0.96 0.96 0.96 0.96 0.95
Obs 320,035 316,835 316,834 316,835 313,635 313,681

Notes: OLS regression of net embodied carbon imports (as a percentage of national carbon emissions) on ETS cost com-
ponents. Data is a country pair-sector-level panel for 2004, 2007, and 2011; all regressions include year-source country,
year-destination country and sector-country pair fixed effects and control for factor payment shares, tariffs, and transport
costs. Robust standard errors clustered at the sector-country pair level in parentheses. *** ** and * denote statistical
significance at the 1%, 5%, and 10% level, respectively. Column (1) repeats the main results of Table 4, column (4); column
(2) to (6) perform the same estimation, but drop the most extreme outliers in terms of Cook’s distance (column (2), highest
percentile dropped), studentized residuals (column (3), highest percentile dropped), leverage (defined for each observation 4
as the (4,7) element of the hat matrix, column (4), highest percentile dropped), net carbon imports/total emissions (column
(5), highest and lowest percentiles dropped) and 0'°¢ (column (6), highest and lowest percentiles dropped).
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C.3 High-risk sectors

Table 13: Bilateral trade flows, directly targeted sectors only (6! = 1)

In(embodied carbon) In(trade flow)
Emission cost (1) (2) (3) (4) (5) (6) (7) (8)
Direct ETS cost
- bil. 02 ., — 02, 0.029 0.037
(0.023) (0.023)
- dest. 94, 0.047 0.046
(0.032) (0.031)
- source 02, -0.011 -0.058
(0.034) (0.034)
Indirect ETS cost
- bil. 0 — 0L, 0.074 0.100
(0.058) (0.058)
- dest. 0, 0.001 0.004
(0.069) (0.068)
- source 0%, -0.146 -0.095
(0.094) (0.093)
Allocation benefit
- bil. 602, — 09, -0.005 -0.022
(0.015) (0.015)
- dest. 0%, -0.021 -0.021
(0.022) (0.021)
- source 9%, -0.011 0.022
(0.022) (0.022)
Total net ETS cost
- bil. 00t yyst — 00t st 0.013 0.040%*
(0.018) (0.017)
- dest. 0%ot s -0.017 -0.050
(0.027) (0.027)
- source 0tot g 0.009 0.010
(0.023) (0.022)
R? 0.94 0.94 0.94 0.94 0.95 0.95 0.95 0.95
Obs 101,621 (all columns)

Notes: OLS regression of outcome on different definitions of ETS cost, using only targeted sectors (Cement; Chemical,
rubber, plastic prods; Iron & Steel; Metal products; Metals nec; Minerals nec; Paper products; Petroleum, coal products).
Data is a country pair-sector-level panel for 2004, 2007, and 2011; all regressions include year-source country, year-
destination country and sector-country pair fixed effects. In all regressions we control for factor payment shares, import
tariffs and transport costs. Robust standard errors clustered at the sector-country pair level in parentheses. *** ** and
* denote statistical significance at the 1%, 5%, and 10% level, respectively.
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Table 14: Interaction of emission costs with transport costs, high-risk sectors only

In(embodied carbon)

Sector group 1 Sector group 2
Emission cost (1) (2) (3) (4)
ETS dummy 0.054 0.042
- bil. 0L, — 0L, (0.053) (0.031)
-0.001 -0.003
- bil. x (0.008) (0.004)

transport cost

Total net ETS cost 6% + 67 — 9@

- bil. 0.125 -0.014
(0.071) (0.032)
- bil. x -0.028 0.000
transport cost (0.016) (0.003)
R? 0.952 0.952 0.959 0.959
Obs 63,346 63,346 217,775 217,775

Notes: OLS regression of outcome on different definitions of ETS cost. Data is a country pair-sector-level panel for 2004,
2007, and 2011; all regressions include year-source country, year-destination country and sector-country pair fixed effects
and control for factor payment shares, transport costs and import tariffs. Robust standard errors clustered at the sector-
country pair level in parentheses. *** ** and * denote statistical significance at the 1%, 5%, and 10% level, respectively.
Sector group 1 contains the sectors Iron & Steel; Non-ferrous metals; Refineries; Cement; Paper products. Sector group 2
contains the sectors falling under the EU Commission’s definition of sectors deemed at risk of carbon leakage: Beverages and
tobacco products; Cement; Chemical, rubber, plastic prods; Dairy products; Food products nec; Iron & Steel; Machinery
and equipment nec; Manufactures nec; Meat products nec; Metal products; Non-ferrous metals; Motor vehicles and parts;
Paper products; Refineries; Textiles; Transport equipment nec; Wood products.
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