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In theory, market-based regulatory instruments correct market failures at
least cost. However, evidence on their efficacy remains scarce. Using ad-
ministrative data, we estimate that the EU ETS — the world’s first and largest
market-based climate policy — induced regulated firms to reduce carbon diox-
ide emissions by 8-12% compared to unregulated firms, a necessary condition
for climate change mitigation. We find no evidence of outsourcing to unregu-
lated firms or markets; instead firms made targeted investments, reducing the
emissions intensity of production. These findings suggest that the EU ETS
induced global emissions reductions, a necessary and sufficient condition for
mitigating climate change.
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1 Introduction

The unchecked accumulation of greenhouse gas (GHG) emissions is one of the
starkest examples of market failure worldwide. GHG emissions are a by-product
of valuable economic activities. However, the costs they impose through climate
change are not fully accounted for in economic decision-making. In theory, market-
based regulations hold the promise of mitigating climate change at least cost to
society (Pigou, 1920; Baumol & Oates, 1971; Baumol, 1972; Montgomery, 1972;
Tietenberg, 1973; Nordhaus, 1977; Hahn, 1989; Nordhaus, 2001; Burke et al., 2016;
Gillingham & Stock, 2018).! These regulations discourage the production of emis-
sions-intensive goods by putting a price on emissions. The price encourages both
emissions abatement, in particular by emitters with low abatement costs, and in-
vestments in technology that lowers abatement costs.

Market-based regulations allow polluting firms more flexibility in choosing their
own path to compliance than command-and-control regulation, yet different com-
pliance strategies have very different implications for the economy and the global
environment. Flexibility in how to comply may lead to leakage effects that under-
mine climate change mitigation. If regulated firms cut emissions by outsourcing
carbon-intensive elements of the value chain to unregulated firms or markets, then
carbon emissions will simply ‘leak’ to unregulated jurisdictions. Carbon leakage
threatens the efficacy of any unilateral climate change mitigation policy by limit-
ing, or even reversing, its impact on global emissions.

This paper provides evidence on the environmental and economic consequences
of market-based regulations to mitigate climate change by evaluating the European
Union Emissions Trading Scheme (EU ETS) — the world’s first and largest market-
based climate policy. Introduced in 2005, the EU ETS establishes a price for the

"While there is plenty of disagreement among economists in discussions of policy and gov-
ernment intervention, a preference for market-based regulatory instruments is a point in which
economists largely agree. On January 17th 2019, over 3,500 economists, from a diverse set of
political, ideological, and academic backgrounds, rallied around the efficacy of market-based mech-
anisms for internalizing the social costs of climate change in a statement published in the Wall Street
Journal — the largest public statement by economists in history. The second largest public statement
by economists was the “Economists’ Statement on Climate Change” signed by 2,500 economists in
1997 at the time of the Kyoto Protocol, calling for market-based mechanisms to mitigate climate
change.



right to emit carbon dioxide (CO2) emissions. This is achieved by imposing a cap
on the aggregate emissions from more than 12,000 power and manufacturing plants
in 31 countries. The cap covers 45% of EU emissions and 5% of global emissions.
Tradeable permits are then issued for each tonne of CO5 under the cap. The permit
price is formed in a European wide market where firms with a permit surplus sell
to firms that require permits in order to comply with the regulation.

Whether such a cap-and-trade scheme reduces emissions is a question of reg-
ulatory stringency and the extent to which emissions are relocated to unregulated
jurisdictions. That is, emissions within the regulated market must be lower than
if the cap did not exist. In lieu of this unobservable condition, economists view a
high and stable permit price as a credible signal of regulatory stringency. During
Trading Phase I (from 2005 until 2007), permit prices first climbed to $37 before
collapsing to less than $1 in early 2007. However, permit prices rebounded to
around $21.35 ($2017) during Trading Phase II (between 2008 and 2012). Whether
these prices were sufficient to deliver meaningful reductions in regulated emissions,
and whether these reductions were offset by increases in unregulated emissions, are
empirical questions. We seek to answer these questions using comprehensive ad-
ministrative data from the French manufacturing sector.

Using a difference-in-differences research design, we estimate that the EU ETS
induced regulated firms to reduce CO, emissions relative to unregulated firms by
8-12%, during Trading Phase II, but not in Trading Phase I when prices were more
volatile. We estimate no significant effects prior to the announcement of the EU
ETS or during the announcement period. On aggregate, our results imply that CO,
emissions fell by 4.7 million tonnes each year, accounting for approximately 26%
of France’s aggregate industrial emissions reductions during this period.

We also provide evidence to suggest that the EU ETS induced global emissions
reductions, which is the relevant outcome from the perspective of climate change
mitigation. First, we estimate no detectable negative effects on the economic per-
formance of regulated firms. If we found such effects, this could mean that the pol-
icy shifted production and emissions to unregulated firms. Counter to this leakage
mechanism, we estimate significant reductions in CO, emitted per Euro of value

added, but no effect on value added or employment. Second, we find no evidence



that firms increased imported inputs or the carbon content of inputs through trade.
Nor do we estimate increased substitution towards purchased electricity. These
findings are inconsistent with carbon leakage being a first-order driver of the es-
timated emissions reductions in this context. Rather, we present evidence that in-
vesting in cleaner production processes was the prevailing abatement mechanism
among regulated firms.

Overall, our findings suggest that the EU ETS induced regulated firms to re-
duce CO, emissions by reducing the emissions intensity of production with no de-
tectable negative effects on economic performance or outsourcing to unregulated
markets. The maximum permit price during the time of the estimated emissions
reductions suggests that marginal abatement costs could not have exceeded $53 per
tonne of CO; ($2017). This price reflects the point where firms would have been
indifferent between buying permits and reducing emissions and so true marginal
abatement costs were likely much lower. Nevertheless, this cost compares favor-
ably to the marginal abatement costs of many non-market based regulatory instru-
ments (Gillingham & Stock, 2018). To the degree that these insights generalize to
other markets and settings, our study highlights that market-based regulations can,
in practice, be an effective and economically reasonable tool for mitigating climate
change.

Our paper contributes to several literatures. First, we contribute to a literature
exploring the effects of environmental regulation on firm behavior (Becker & Hen-
derson, 2000; Greenstone, 2002; Fowlie et al., 2012; Greenstone et al., 2012; Ryan,
2012; Walker, 2013; Martin et al., 2014a,b; Fowlie et al., 2016; He et al., 2020).
This literature typically focuses on the effects of policy on either economic or en-
vironmental outcomes. We evaluate treatment effects on both types of firm-level
outcomes. We also provide detailed evidence on the mechanisms through which
firms reduce emissions. This is essential to understand whether the policy was ef-
fective at achieving its ultimate objective, which is to reduce global emissions.

Second, we contribute to a growing empirical literature seeking to understand
the effects of the EU ET'S itself (see Martin et al., 2016, for a more detailed review).
Early studies in this area have been at the country or sector-level, which complicates

causal inference due to confounding factors (Ellerman & Feilhauer, 2008; Ellerman



et al., 2010; Egenhofer et al., 2011; Andersen & Di Maria, 2011). Most relevant to
our study is a strand of the literature that employs difference-in-differences designs
akin to Fowlie et al. (2012) in order to evaluate the impacts of the EU ETS on manu-
facturing firms.? A robust finding across studies is the absence of detrimental effects
on economic performance, broadly defined (Jaraite & Di Maria, 2016; Klemetsen
et al., 2020; Marin et al., 2018; Dechezleprétre et al., 2018; Gerster et al., 2021).
The available evidence on industrial CO5 emissions is not conclusive, however, and
results vary across countries and trading phases. Specifically, emissions reductions
were estimated for Norway (Klemetsen et al., 2020) but not for Germany (Ger-
ster et al., 2021) or Lithuania where CO, intensity fell (Jaraite & Di Maria, 2016).
The EU ETS was found to have no impact on CO, intensity in the United Kingdom
(Calel, 2020), though it may have reduced CO, emissions in that country, according
to a study of selected emitters in four EU countries (Dechezleprétre et al., 2018).

These studies are valuable because they establish under which conditions the
EU ETS induced local reductions in emissions. The principal limitation in previ-
ous research is a lack of compelling evidence on the mechanisms through which
emissions reductions were delivered. Yet understanding the mechanisms is crucial
if we are to rule out the possibility that local emissions reductions did not translate
into global reductions, which is a necessary and sufficient condition for mitigating
climate change. Our study fills this gap. Using linked administrative data from
multiple sources, not only do we estimate the effects of the EU ETS on the emis-
sions and economic performance of firms, but we also identify how firms respond
to comply with the regulation. In so doing, we provide the first evidence in support
of the proposition that the EU ETS, the most significant climate policy instrument
to date, has delivered on its stated policy objective.

Finally, we provide early empirical evidence that market-based mechanisms are
a cost-effective way of reducing emissions. In recent years there has been renewed
interest in understanding which government interventions are most effective at im-

proving social welfare (Hendren & Sprung-Keyser, 2020; Hendren & Finkelstein,

ZBeyond manufacturing, researchers have estimated the impact of the EU ETS on power plants
(Fabra & Reguant, 2014; Zaklan, 2020), on patenting (Calel & Dechezleprétre, 2016), and on foreign
direct investment (Koch & Basse Mama, 2019; Borghesi et al., 2020).
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ming). Such questions are especially important in the context of mitigating global
climate change, due to the severity of the problem and due to the limited resources
available to tackle it. The emissions reductions induced by the EU ETS likely cost
substantially less per tonne of CO, than alternative non-market-based regulatory
instruments (Gillingham & Stock, 2018).

In the next section, we describe the design of the EU ETS and our empirical
approach. Section 3 presents the data used for analysis. Section 4 presents the
main results and explores the underlying mechanisms. Section 5 present back-of-
the-envelope calculations that consider the contribution of the EU ETS to aggregate
emissions reductions and compares the cost-effectiveness of the EU ETS to other

existing and proposed climate change mitigation policies. Section 6 concludes.

2 Evaluating the European Union Emissions Trading

Scheme

Identifying the causal effects of a real-world policy intervention is never a trivial
exercise. In the context of the EU ETS, two major challenges arise. First, accu-
rate data on carbon emissions prior to the implementation of the ETS is scarce, as
most countries did not explicitly collect this information before it was required for
monitoring purposes.> However, pre-implementation data is required to establish
that any measured change in the performance of regulated firms can plausibly be
ascribed to the policy itself, and not to other factors. With access to rich adminis-
trative data on the fuel use of French manufacturing plants, we are able to construct
a consistent, bottom-up measure of direct emissions for all firms, including unreg-
ulated ones, both before and after the implementation of the EU ETS. Each dataset
as well as the linkages are explained in detail in Section 3 below.

Second, to evaluate the effects of any policy, it is important to have a credible
counterfactual. This is particularly challenging in the absence of experimental con-

ditions in which subjects can be randomly assigned to treatment and control groups.

3Previous work on this policy has been largely unable to compare emissions before and after its
introduction Ellerman & Buchner (2008); Ellerman et al. (2010); Egenhofer et al. (2011); Andersen
& Di Maria (2011).



Correlation does not imply causation. There are many reasons why emissions could
have fallen since the implementation of the EU ETS. Emissions in Europe have been
declining for some time, as a result of structural economic change and due to en-
ergy efficiency improvements. Furthermore, the Great Recession caused economic
activity to drop significantly, which in turn led to a further drop in greenhouse gas
(GHG) emissions in the EU and around the world. These trends make the evalua-
tion of emissions trading schemes at the aggregate level (i.e., country or sector) a
futile exercise, because it is not possible to disentangle the effects of policy changes
from other changes over time.

Therefore, it is only through the combination of temporal and cross-sectional
variation in treatment assignment among otherwise similar firms that one can hope
to identify the causal effect of the EU ETS on emissions and economic outcomes.
We caveat that our estimates capture the direct effect of the EU ETS on firm be-
haviour. Our estimates are net of any indirect effect that the ETS has on firms. For
example, we are not able to identify any effect of the ETS that affects both the treat-
ment and the control group, e.g., cost-pass through effects due to market-wide price
increases in electricity or other carbon-intensive inputs (Fabra & Reguant, 2014;
Hintermann, 2016). The remainder of this section explains why the design of the
EU ETS gives rise to both types of variations and how the specific institutional de-
tails allow us to identify and estimate the direct effects of the policy using variants

of the difference-in-differences estimator.

2.1 Treatment Assignment in the EU ETS

The EU ETS is a European wide cap-and-trade program for CO, emissions.* Pol-
luters regulated under the policy are required to surrender, at the end of each year,
one European Union Allowance (EUA) for each tonne of gas they have emitted over
the year. They may buy additional EUAs or sell excess EUAs on an international
market at a uniform price. Within limits, EUAs can be banked or borrowed to bal-
ance needs across years. The total amount of EUAs in the system is limited and

linearly declines over time. Scarce EUAs command a positive price in the permit

“Ellerman et al. (2016) provide a concise yet comprehensive review of the history and structure
of the EU ETS.



market. The treatment effect we seek to identify is the average effect of having to
pay for CO, emissions on various outcome variables of treated polluters.’

Our identification strategy exploits both temporal and cross-sectional variation
in treatment assignment. The EU ETS was launched in 2005, when France and
most other European countries did not have CO, prices in place. We thus consider
the year 2005 as the beginning of the treatment period. In addition, we allow for
the possibility that polluters responded to the announcement of the policy before
the actual launch.®

The EU ETS was officially announced with the publication of the Emissions
Trading Directive in 2003 (Directive 2003/87/EC). However, the publication of the
directive marked the culmination of a multi-year consultation process between the
EU Commission and stakeholders about key design features of the policy. The pro-
cess was initiated with the publication of a green paper by the EU Commission in
2000 (European Commission, 2000). Comments on the green paper submitted by
businesses, NGOs and governments were published in May 2001 (European Com-
mission, 2001). At that point, actors likely had some clarity regarding the shape
that the ETS would be taking. We thus consider the year 2001 as the beginning of
the announcement period.

Cross-sectional variation in treatment assignment arises because not all CO,
emitters in Europe are regulated under the EU ETS. Participation criteria were first
spelled out in the Emissions Trading Directive and then transposed into national
laws.” These criteria are targeted at industrial facilities at the sub-firm level, referred

to in the directive as installations. Different criteria are defined for combustion

3 Allocation of EUAs to polluters is via free allocation or permit auctions, with a trend from
the former to the latter. During the study period of this paper, however, free permit allocation
to manufacturing firms was the rule. Our main analysis abstracts from permit allocation for two
reasons. First, by a Coasian argument, permit allocation should not affect firm behavior at the
margin. Second, we lack a credible strategy to test for a causal effect. We do provide evidence,
however, that differences in the initial allocation of permits give rise to heterogeneous treatment
effects (see Section 4.4).

6Since CO; intensities are often embodied in long-lived capital goods, such anticipated adjust-
ments make economic sense if they prevent a polluter from being locked into high CO- intensities —
and hence, high compliance costs — for decades to come.

7To harmonize criteria across countries, as well as to include additional sectors, the directive
was later amended (Directive 2009/29/EC)



activities on one hand and other carbon intensive processes on the other hand.

Participation in the EU ETS is mandatory for combustion installations with
a rated thermal input of 20 megawatts (MW) or more. This concerns fossil-fuel
fired power plants, which we do not analyze in this paper, but also industrial plants
across a wide range of industries which generate heat, steam or power on site. Fur-
ther industrial installations are included because they specialize in carbon intensive
processes and exceed specific capacity thresholds. Process-based definitions tar-
get, inter alia, pulp and paper mills, coke ovens, petroleum refineries, non-metallic
mineral products (including the manufacture of glass, ceramics, and cement), and
the manufacture of basic metals.® Indirect emissions, i.e. from sources that are not
owned and not directly controlled by the firm, are not taken into account, nor are
electricity imports.As we explain in further detail in Section 3.7 below, we match
French ETS installations listed in the official trading registry to the manufacturing
establishments operating them. Any establishment identified in this way is consid-
ered as treated and referred to as an ETS plant. Likewise, a firm is considered as
treated and referred to as an ETS firm if it owns at least one ETS plant.

The installation-centered, capacity-based participation rules used in the Emis-
sions Trading Directive induce variation in treatment status even among firms of
similar size (Calel & Dechezleprétre, 2016). To see this, consider as an example
the case of two firms that operate combustion installations. Both firms have a total
combustion capacity of 30 MW, but the distribution of that capacity across plants
gives rise to different treatment assignments. Plant 2 is treated because it has a
rated thermal input of 30 MW, which is above the participation threshold. Plant 1 is
not regulated because it achieves the same total capacity by operating two smaller
plants with rated capacity of 15 MW, which is below the threshold. Similar cases
arise for process-regulated activities due to the capacity-based approach with sharp
thresholds. If the capacity ratings of plants were known to us, we could identify
the treatment effect in a regression-discontinuity design. However, no such data are
publicly available for France (and, to the best of our knowledge, in any other Euro-

pean country). Nonetheless, we can take advantage of the fact that the participation

8Beginning in 2012, emissions from other industries, such as aviation, have been included in
the ETS as well.



rules induce variation in treatment status across firms with similar levels of CO9
emissions by using difference-in-differences approaches that have been success-
fully used in the evaluation of other cap-and-trade schemes (Fowlie et al., 2012).
To internalize spillovers that may arise between regulated and unregulated plants
that belong to the same firm, and to take advantage of a much larger set of firm-
level outcome variables, we estimate average treatment effects on the treated at the

firm level.

2.2 Difference-in-Differences Approach

Having longitudinal firm data allows us to estimate counterfactual emissions in the
absence of the EU ETS and thereby tease apart the effect of the regulation. The
firms in our sample can be in one of two states. Either they take part in carbon
trading under the EU ETS or they prevail in a state of business as usual. Let E'T'S; =
1 if firm 7 belongs to the treatment group as defined in the previous section and
ETS; = 0 otherwise. The potential outcomes Y;;(1) and Yj;(0), conditional on
membership and non-membership respectively, denote the outcome variables of
interest for installation ¢ at time ¢.

We are interested in estimating the average treatment effect on the treated,
aarr = E[Yiy (1) — Yip (0)|ETS; = 1] (1)

where ¢’ denotes the period following the introduction of the EU ETS. We observe
information on environmental and economic performance for both regulated and
unregulated firms both prior to and following the introduction of the EU ETS. Data
on regulated firms can be used to identify E[Y; (1)|ET'S; = 1] but E[Y;(0)|ET'S; =
1] is not observed. We need to construct a counterfactual outcome for regulated
firms, had they not been regulated. We use a difference-in-differences approach,
calculating the difference in average emissions for unregulated firms, before and
after the introduction of the EU ETS and subtracting this change from the differ-
ence in average emissions from regulated firms before and after the introduction of
the EU ETS.

This approach assumes that the trajectory of regulated firms would have contin-



ued to follow the trajectory of unregulated firms in the absence of the policy. We
argue that this parallel trends assumption is plausible when evaluating the effects of
the EU ETS at the firm-level within narrowly defined sectors. While not testable,
we provide support for this assumption in the results below, showing that there are
no significant differences in trends between regulated and unregulated firms, for
observable outcomes, prior to the introduction of the EU ETS.

The combination of these two differences allows us to control for other changes
over time — which would not be possible if we simply compared the difference in
emissions for regulated firms before and after the introduction of the EU ETS —,
as well as systematic differences between regulated and unregulated firms — which
would not be possible if we simply compared the difference in emissions between
regulated and unregulated firms after the EU ETS was introduced.

The parallel trend assumption also requires that there were no other changes at
the time the policy was introduced that differentially affected regulated firms. While
we cannot rule out any other changes that differentially affected ETS firms, we are
not aware of any other policies or events that coincided with the announcement and
implementation of the EU ETS that would plausibly confound the interpretation
of our results. The French government did introduce, and make changes to the
generosity of, renewable energy subsidies in 2001, 2006, and 2008. However, given
our focus on firms in the manufacturing sector, rather than electricity generation,
we do not have any reason to believe that these policy changes would bias the
relative treatment effect on firm behavior we intend to measure. Following the
implementation of the EU ETS, other policies and economic activity may have
influenced the price of permits, but there is no reason to believe that any factors that
affect the ETS price have independent influence on the responses of regulated firms
compared to unregulated firms.

A second assumption is that there are no spillovers between regulated and un-
regulated firms. A priori, we cannot rule out spillovers between firms in the form
of emissions leaking from regulated to unregulated firms. However, such leakage
would be associated with effects on other (economic) performance variables like
employment or value added, which we do not see in the estimation results. Our

results are thus unlikely to be confounded due to spillovers.
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Our baseline specification estimates the following regression equation,

4

Ayjap=> [1{t €O, } B ETS; + Air] + &jia (2)

T=1

where

©; = {1996,...,1999}  (Pre-Announcement Period),
©, = {2001,...,2004}  (Announcement Period),

©; = {2005,...,2007} (Trading Phase I), and

©, = {2008,...,2012} (Trading Phase II).

The dependent variable Ay, ,, denotes the difference in outcome y for firm j in
sector s and year ¢ relative to the year 2000, which preceded the announcement of
the EU ETS. The treatment variable F'T'S; takes a value of one for regulated firms
and zero otherwise. The coefficient of interest 3, captures the average effect of the
EU ETS on regulated firms, relative to unregulated firms, across all years within
the periods 7 defined above. Sector-by-period fixed effects A, - control for sector-
specific time-varying unobservables, such as sector-wide changes in technology,
policy or demand. Time-invariant firm-specific characteristics are controlled for by
differencing the outcome variables relative to the year 2000. Standard errors are

clustered at the firm-level.

2.3 Difference-in-Differences with Semi-Parametric Matching

We gauge the robustness of the difference-in-differences estimator by using a semi-
parametric difference-in-differences approach, following Heckman et al. (1997,
1998):

o7 = E[Yi(1) = Yie(0)| Xy, ETS; = 1] 3)
= Nil Z {(th'(l) = Y(0)) = Y win( X, Xi) - (Yawr (0) — th(o))}

11



where I; denotes the set of ETS firms, I, the set of non-ETS firms, and NV; the
number of participating firms in the treatment group. The treated firms are indexed
by j, the control firms are indexed by k. The weight placed on a non-ETS firm
when constructing the counterfactual estimate for ETS firm j is w;. These weights
can be calculated using any matching approach. The rationale behind matching is
to improve covariate balance and to increase common support between regulated
and unregulated firms.

In our application, we implement this approach as a difference-in-differences
regression on a matched sample obtained in a one-to-one nearest-neighbor match-

ing. The regression equation is given by
4
(Y — Yj2000) = (Yt — Yi2000) = ZBT X 1{t € O:} + ¢ 4)
T=1

where phases {€), }2_, are defined as in equation (2) above. The left-hand side of
equation (4) denotes the difference in outcome between treated firm j and matched
control firm k in year ¢, relative to that difference in the base year 2000, i.e. just be-
fore the announcement of the EU ETS. The coefficients of interest are 3, = a/j¢hed,
which provides the effect of the EU ETS on regulated firms in period 7 as compared

to the matched control firms, and relative to the year 2000.

Matching Variables Following Fowlie et al. (2012), we match treated firms to
control firms based on (i) the logarithm of their CO, emissions in the year 2000
(the year prior to the announcement of the EU ETS) and (i1) on the 2-digit NACE
sector of the firm, which we re-define to reflect the fact that multi-plant firms may
engage in multiple activities.” Matching exactly on sector means that we control

for sector specific shocks to the outcome variables that may have occurred after

We define a new sector variable SUPERNACE at the firm level which is based on the combina-
tion of all plant-level activities. For example, if a firm owns two plants and both produce in NACE
12, then the SUPERNACE is 12 and the firm would be matched to a control firm in the same sector
(with SUPERNACE 12). In contrast, for a firm with one plant producing in NACE 12 and another
one in NACE 17, we define SUPERNACE to be 1217 and match it to a control firm within SUPER-
NACE 1217 (where the ordering of sectoral codes does not matter, e.g., SUPERNACE “1217” is
equivalent to SUPERNACE “1712”).

12



the introduction of the EU ETS. This set of matching variables is chosen to pro-
duce a comparison firm that has similar characteristics to a treatment firm while
maximizing the number of successful matches. A parsimonious matching strategy
such as this allows us to verify that covariates are balanced between treatment and
control firms across both matched and unmatched variables. We do not match on
pre-treatment trends. Instead, we let the data speak to the validity of the assump-
tion that pre-treatment trends in the outcome variables are parallel. Appendix A
provides further details on the matching process and quality, as well as alternative

specifications and robustness checks.

Inference on Post-Matching Regression Coefficients It has been argued that
matching can be seen as a pre-processing step to estimation and thus be ignored in
the computation of standard errors (Ho et al., 2007). However, Abadie & Spiess
(2021) show that bias in the estimation of the variance can occur if the covariates
in the regression are correlated with the error term, conditional on the variables that
have been matched on. They demonstrate that valid inference can be conducted if
matching is done without replacement and standard errors are clustered at the level
of the match.

Matching without replacement implies that a given control firm will only be
used as a match in a given year for one particular treated firm. This has the poten-
tial downside of introducing bias in the asymptotic distribution of the post-matching
regression estimator, especially when few suitable controls are available relative to
the number of treated units. In our application, the number of control firms turns out
to be low for a number of sectors. Consequently, matching without replacement re-
duces our analysis sample by 33% compared to matching with replacement, further
reducing the comparability of the matched sample to the main analysis sample.

By contrast, matching with replacement allows for a larger sample size because
multiple treated firms can be matched to the one control firm that best fulfills the
matching criteria. Given the bias-variance trade-off we give priority to the former
and use matching with replacement in our main specification. To address the point
made by Abadie & Spiess (2021), we use a two-way cluster adjustment. The first

cluster is at the level of the match (the firm) and also addresses serial correlation.
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The second cluster is at the control-firm-year level to account for correlation across
observations that are matched to the same control observation. We propose that
this additional adjustment addresses at least part of the concern associated with the

effects of matching with replacement on inference.'”

3 Data

This section details the different datasets used in our analysis. We compile a dataset
of French manufacturing firms for each year between 1996 and 2012. This period
covers several years prior to the announcement of the EU ETS, the announcement
phase between 2001 and 2004, and Phases I and II. The data are obtained from

various sources. 1

3.1 Energy and Emissions Data

We obtain detailed fuel use data from the Annual Survey of Industrial Energy Con-
sumption (EACEI), a survey conducted annually by the French National Institute
of Statistics and Economic Studies (INSEE).!? The survey provides quantities and
values of energy consumed by fuel type - broadly speaking, electricity, steam, fossil
fuels and biofuels.'® Other variables available in the survey include the geographi-
cal location and sectoral classification of each establishment.

Having reliable data on CO4 emissions is of central importance to our study.

We calculate those emissions for both treated and untreated firms using the detailed

19Notice that our adjustment collapses to the solution presented in Abadie & Spiess (2021) when
each treatment firm is matched to a unique control firm. In this case the second cluster becomes
redundant.

"Firm- and plant-level data from the French Statistical Office used in this paper were provided
for research purposes by authorization of the Comité du Secret Statistique, reference E598.

2EACEI is the French acronym for Enquéte annuelle sur les consommations d’énergie dans
Iindustrie. INSEE stands for Institut National de la Statistique et des Etudes Economiques.

B3Information for the following fuel types is requested from the surveyed firms: electricity
(bought, auto-produced and resold), steam, natural gas, other types of gas available on the net-
work, coal, lignite, coke, butane, propane, heavy fuel oil, heating oil, other petroleum products, the
black liquor (a byproduct of the chemical decomposition of wood for making paper pulp), wood and
its by-products, special renewable fuels, special non-renewable fuels.
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energy consumption data from the EACEI in conjunction with standardized conver-
sion factors provided by the French Environment & Energy Management Agency
(ADEME).'* Consequently, a firm will only be in our core dataset if it reports de-
tailed energy consumption data under the EACEI. The sampling frame for the EA-
CEI includes all French manufacturing establishments.'> The response rate is close
to 90 percent. This speaks to the high representativeness of the dataset, but it is
important to note that not all establishments are covered, and that sampling rules
have changed over time. In 2000, the survey covers 88% of industrial emissions in
France.

Until 2007, firms included in the EACEI survey were in sectors 12 to 37 accord-
ing to the NAF rev.1 classification, equivalent at the two-digit level to the NACE
rev.1.'% In the later years, different sampling weights were applied to draw around
12,000 establishments for the sample each year. The sample includes (i) all indus-
trial establishments with 20 employees or more in the most energy consuming sec-
tors;!” (ii) all establishments with more than ten employees in sector 20.11Z (manu-
facturing of industrial gases); (iii) all establishments with more than 250 employees
on the 31st of December of that year; (iv) a random sample of establishments with
employment between 20 and 249 employees in sectors that are not energy intensive.
While the subsequent analysis is not based on the universe of French manufacturing
firms, it draws on a database designed to provide a representative picture, especially
of the most energy intensive firms in French manufacturing, while living up to the

high standards of data collection for official statistics in France.

14 ADEME is the French acronym for Agence de I’Environnement et de la Maitrise de I’Energie.
EU ETS participants in France are required to use the ADEME’s conversion factors when reporting
their emissions.

5The level of survey is the establishment rather than the enterprise given that energy consuming
materials, electricity and gas meters and fuel tanks are held at that level.

16The following sectors are excluded: 15 - Manufacture of food products and beverages, 20.1A,
22.1 and 23

1723.327 Manufacture of bricks, tiles and construction products, in baked clay; 23.51Z Manu-
facture of cement; 23.52Z Manufacture of lime and plaster
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3.2 Financial Data

The employment and financial variables are obtained from French fiscal data. Tax
returns filed by firms with the French Ministry for the Economy and Finance are col-
lected in the annual fiscal census of manufacturing, mining and utilities firms. Until
2007, this census was called the Unified Corporate Statistics System and the result-
ing dataset we exploit is the database which covers the years from 1994 to 2007.!8
For the years from 2008 until 2012, the successor system is called ESANE with
the resulting dataset FARE.! These datasets provide general information about the
firm (identifier, industry classification, head office address, total number of work-
ers employed, age, etc.), the income statement (containing variables such as total
turnover, total labor costs and value added) as well as balance sheet information
(e.g. various measures of capital, debt and assets).”’ As a measure of capital, we
use the value of gross fixed tangible assets, which includes machinery, equipment

and buildings.

3.3 Imports Data

Firm-level data on imports for the period of 1995 to 2012 are obtained from French
Customs (DGDDI).?! The raw data are based on the customs declaration forms that
firms are required to submit, and provide a comprehensive annual record of the
value and quantity of exports and imports by destination, or origin, country at the
eight-digit product (CN8) level. The customs dataset has been used previously in
the trade literature (Eaton et al., 2011; Mayer et al., 2014). It includes the universe

8SUSE is the French acronym for Systeme Unifié de Statistique d’Entreprises. FICUS stands
for Flchier Complet Unifié de SUSE.

YESANE stands for Elaboration des Statistiques Annuelles d’Entreprises and FARE stands for
Fichier Approché des Résultats d’ESANE.

20Observations displaying extreme changes in employment, value-added, emissions and emis-
sions intensity are dropped. Taking the year 2000 as the base year, extreme change is defined as an
increase or decrease of more than 300% from the years 1999 to 2000, or 2000 to 2001. For each prior
or subsequent year, the median change is added to the threshold. For example extreme employment
change from 2000 to 2003 would be defined as such if larger than 300% plus the median increase
in employment from 2001 to 2002, plus the median increase in employment from 2002 to 2003. In
addition, only observations with non-missing values for employment, value-added, emissions and
capital are retained.

2IDGDDI stands for Direction Générale des Douanes et Droits Indirects.
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of trade flows from and to French firms, although reporting thresholds exist for
compulsory declarations inside and outside the European Union. Outside the EU,
exports or imports are only reported if their annual total is above €1,000 or 1,000
kg. Within the EU, these thresholds vary over time and by trade flow (imports vs.
exports). To harmonize across different thresholds, we consider as non-traders firms
that report total exports or imports within or outside the EU of less than €150,000.
Firms that trade through intermediaries are also considered to be non-traders. Since
all treated firms were importers in the reference year 2000, we drop untreated firms
that do not import any goods in that year, to increase the comparability of regulated

and unregulated firms.

3.4 Approximating the Carbon Intensity of Imports

To measure the carbon intensity of imports, we adopt the data and approach taken
by the European Commission when establishing whether a sector is at risk of carbon
leakage.??> According to this approach, the carbon intensity of a sector is measured
as the percentage share of carbon permit costs in value added. Carbon permit costs
are calculated as the sum of indirect and direct carbon emissions multiplied by a
fixed price of €30/tCO,. This proxy for costs is then divided by the gross value
added of a sector.

For each firm and year in our dataset, we use correspondence tables between
NACE revl.1 and CN8 product codes from Eurostat’s Reference and Management
of Nomenclatures? to obtain the value of imports of goods from a given sector.
Multiplying these values with the sector’s carbon intensity and aggregating across
sectors provides a carbon-weighted measure of a firm’s imports value, reflecting the

carbon intensity of its imports.

22Cf. in the Commission Decision 2010/2/EU, pursuant to Directive 2003/87/EC of the European
Parliament and of the Council, the list of sectors and subsectors at the NACE rev1.1 four-digit level
which were deemed to be exposed to a significant risk of carbon leakage (2010) OJ L 1/10.

23This can be accessed on: https://ec.europa.eu/eurostat/ramon
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3.5 Environmental Protection Investments Data

For a subset of firms, we obtain detailed data on investments for mitigating carbon
emissions and air pollution. This dataset is also collected by INSEE as part of the
Annual Survey on Environmental Protection Studies and Investments (Antipol).?*
The sampling frame includes establishments from sections B, C and D of the NAF
rev.2 classification, extending to some divisions of section E since 2012. Different
sampling weights were applied to draw about 11,000 units. The response rate is
above 80%.

The variables used here all relate to investment aimed at reducing air pollu-
tion, broadly defined. They are split between (a) investments made to “measure”
air and GHG pollution, (b) “integrated” investments made in production processes
and machines that are less carbon- or air pollution-intensive than alternatives, and
(c) “specific” investments made solely to limit and prevent air pollution and GHG
emissions, e.g. a filter. All investments are reported in thousands of Euros. In
estimating (b), the “integrated” investment, respondents are asked to report the ad-
ditional cost of an investment that is relevant for protecting the environment. For
example, they would report the difference in the price of a new machine relative
to that of an alternative that is more emissions-intensive. In addition, they report
the share of total integrated environmental investments that are dedicated to air and
climate pollution. Data about investments defined as (a) were collected since 1996.
However, investments defined as (b) or (c) were only included in the survey from
2001. This means that for those two categories, we can only explore changes in
investment relative to 2001. Given the the frequent occurrence of zero values in
the dataset, we apply an inverse hyperbolic sine (IHS) transformation rather than
a logarithmic transformation, arcsinh y; = In (yit + \/ﬁ) This is approxi-
mately equal to log(2y;;), except for very small values, and so can be interpreted
in the same way as a logarithmic transformation. However, unlike the logarithmic

transformation, the IHS of zero is well-defined.

2In French: Enquéte sur les investissements et les dépenses courantes pour protéger
[’environnement.
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3.6 EU Transaction Log Data

The European Union Transaction Log (EUTL) is the official registry of the EU ETS.
It provides a list of all regulated installations, past and present.”> A pollution right
in the EU ETS is called a European Union Allowance (EUA). Each EU ETS instal-
lation has an “operator holding account” in its national registry, into which its own
allowances are issued. Any individual or organization wishing to participate in the
market is able to open their own “person holding account” in any of the registries.
The internet portal of the EUTL makes publicly available contact details for each
account, the number of allowances allocated under the “national allocation plan”,
and the compliance position of each installation, which is calculated as the net bal-
ance of surrendered EUAs and verified emissions. This information is provided at
the annual level. We combine it with the data described above to identify regulated

firms.

3.7 Analysis Sample and Descriptive Statistics

The quality of the link between entities across datasets is an important determinant
of the final sample in our empirical analysis. Linking the EACEI, FICUS/FARE,
trade data and Antipol is straightforward as all four datasets use the SIREN number
as their identifier.® By linking the EACEI to the cleaned FICUS/FARE, some firms
are dropped and the resulting sample emits 55 million tonnes of CO5 in 2000, which
represents 51% of aggregate industrial emissions in France. Not all firms from our
main dataset are surveyed in Antipol. While the business dataset is maintained by
INSEE, the French national registry of the CITL/EUTL is managed by Caisse des
Dépots. The latter institution provides a link between the permit identifier (GIDIC)

ZWhen the EU ETS was established in 2005, each member state created its own national reg-
istry containing allowance accounts for each plant and other market participants. These registries
interlinked with the Community Independent Transaction Log (CITL), operated by the Commission,
which records and checks every transaction. Since 2012, the EU ETS registry has been operated in
a centralized fashion as the EUTL.

26SIREN is the French acronym for Systeme d’ldentification du Répertoire des Entreprises. To
be precise, plants in the EACEI and Antipol are identified by a SIRET (Systeme d’Identification du
Répertoire des Etablissements) number. The SIREN number corresponds to the first nine digits of
the SIRET number.
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from the national registry and the SIREN identifier from INSEE, allowing for the
linking of the EUTL data to the business data. We drop ETS firms that are not
observed either before the policy was announced in 2000 or after it was introduced
in 2005 as this would prevent us from running our analysis.

The resulting sample used for the analysis is an unbalanced panel of 3,837 firms,
163 of which are part of the EU ETS. Only when analyzing investment outcomes
taken from the Antipol survey do we resort to a smaller sample of 2,936 firms
that are sampled at least in 2001 and one other year, corresponding to 41% of the
firm-year observations in the full sample. The main variables are summarized in
Appendix Table Al. Appendix Figure Al provides a visual summary of all the
steps involved in the construction of the final sample from the raw data.

A look at the main outcome variables prior to the policy below suffices to re-
mind us that regulation is not randomly assigned across firms. ETS firms are on
average larger than non-ETS firms in terms of employment, value added, capital
and imports (cf. Appendix Table B1 which reports means and standard deviations
in the base year 2000 for each group of firms, as well as tests for differences in
group means). They also emit more CO, emissions and are more carbon intensive.
Nearest-neighbor matching with replacement reduces such differences in means
and substantially improves the balance in outcome variables between regulated and
unregulated firms (cf. Appendix Figures B1 through B3 which overlay density plots
of key outcome variables with and without matching).

While matching does not completely eliminate differences between treated and
control firms in the sample, it is important to note that perfect balance is not a
necessary condition for identification in this context. The critical identification as-
sumption is that treated firms would have followed the same trajectory as control
firms in the absence of the EU ETS — the parallel trends assumption. In support
of this assumption, we do not observe differential trends between the treated and
control firms prior to the announcement of the EU ETS, as is shown in the next

section.
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4 Results

4.1 Main Outcomes

Table 1 presents the estimation results for equation (2) and establishes the following
main results. First, on average, regulated firms reduced emissions by 8.2% (p <
0.05) compared to unregulated firms during Trading Phase 1I. We fail to reject the
null hypothesis that firms did not reduce emissions during the Announcement Phase
and Trading Phase I. Second, we fail to reject the null hypothesis that the policy had
no impact on the economic performance of firms, as measured by value added or
number of employees.?’” Consistent with this, we estimate a 10.7% (p < 0.05)
reduction in the emissions intensity of value added in Trading Phase II. Third, with
somewhat lower confidence we estimate that regulated firms increased their capital
stock by 6.4% (p < 0.1) relative to unregulated firms in Trading Phase II.

A key assumption required for us to interpret these effects as causal is that reg-
ulated firms would have followed the same trajectory as unregulated firms in the
absence of the policy. Consistent with this assumption, we do not estimate any dif-
ferential trend in the pre-announcement period for any of our outcomes. Figure 1
presents graphical support for this assumption.

We test the robustness of these findings by estimating equation (4) on the matched
sample. This yields broadly similar yet more noisy estimates, consistent with the
bias-variance trade-off associated with matching (cf. Appendix Table B2). We es-
timate an 11.7% reduction in emissions during the second trading phase, no effects
on value added or employment, and an 11.8% reduction in the carbon intensity of
value added. The estimated effect on capital is no longer statistically significant in
this specification, but the point estimate is of a similar magnitude.

One qualitatively different finding compared to the baseline results is that CO-
emissions were 6% higher among treated firms during the announcement period.

This increase could be motivated by rent seeking. If regulated firms correctly antic-

2"The absence of effects on economic performance helps to mitigate the concern that the esti-
mated effects might be confounded by differential reactions to the 2008 recession between treated
and control groups. If this was the case we would expect to see reductions in economic outcomes as
well as environmental outcomes.
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Table 1: The Effect of the EU ETS on the Environmental and Economic Perfor-
mance of Firms

(1) 2 3) (€] 5)
Alog(CO2) Alog(Value Added) Alog(Emp.) Alog(Capital) Alog(CO2/VA)
Pre-Announcement -0.019 0.015 0.025 0.010 -0.034
(0.020) (0.023) (0.016) (0.017) (0.028)
Announcement Period -0.035 0.003 -0.009 -0.001 -0.038
(0.022) (0.024) (0.014) (0.014) (0.028)
Trading Phase I -0.044 -0.041 -0.015 0.024 -0.003
(0.032) (0.036) (0.025) (0.028) (0.038)
Trading Phase 1T -0.082** 0.025 0.024 0.064* -0.107**
(0.041) (0.048) (0.034) (0.037) (0.048)
Mean in 2000 135.354 91.934 1,213 197.954 0.003
Observations 42,733 42,733 42,733 42,733 42,733
Total # of Firms 3,837 3,837 3,837 3,837 3,837
# of Regulated Firms 163 163 163 163 163
Adjusted R? 0.028 0.075 0.099 0.449 0.049

Notes: These estimates are the result of OLS regressions. They provide the difference between regulated firm and unreg-
ulated firm outcomes prior to the announcement of the EU ETS, during the announcement period and during Phase I and
Phase II of the EU ETS. Each coefficient represents the difference relative to the year 2000. Standard errors are clustered at
the firm-level. Means are reported for ETS firms in 2000. Units: CO2 — thousands of tons of CO2; Value Added — millions
of Euros; Employment — full-time equivalent employees; Capital — millions of Euros; CO2/VA units — thousands of tonnes
of COz per thousand Euros of value added. Significance levels are indicated as * 0.10 ** 0.05 *** 0.01.
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Figure 1: The Effect of the EU Emissions Trading Scheme

and Economic Performance of Firms
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Notes: The figure shows the effect of the EU ETS on regulated firms, compared to unregulated firms for various outcome
variables. All variables are in logs and normalized at the year 2000. Vertical red lines relate to the different phases of the
EU ETS. The EU ETS was announced in 2000 and the first phase began in 2005. Phase Two of the EU ETS began in 2008.
Standard errors are clustered at the firm-level. In panel a) we observe reductions in emissions in the second phase of the EU
ETS. In panel b) we observe a comparable reduction in the emissions intensity of value added. This suggests that the ETS
had limited effects on production. Consistent with this we do not observe any negative effects on the economic performance

of firms (panels c,d, and e).
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ipated that they were going to receive free permits in proportion to historical emis-
sions under a grandfathering allocation scheme, they could generate permit rents
by ramping up emissions during the announcement phase.”® While economically
plausible, this result should be interpreted cautiously as it is only supported by the
matching specification.

In Appendix B we show that our main results are robust to using alternative
matching specifications (Table B6) and to imposing caliper restrictions on the match-
ing distance between treatment and control firms (Table B7). Finally, our results
are robust to restricting our sample to firms observed at least once in the pre-
announcement, announcement and in each trading phase. This means that the re-
sults are not driven by changes in sample composition, and in particular not by
exit of firms following increased regulatory stringency. In fact, our sample remains
largely unchanged when imposing this restriction. Very few regulated firms exit, in

line with the absence of an effect on employment or value-added.

4.2 Leakage

According to our results, the EU ETS induced regulated firms to reduce emissions
with no detectable effects on economic performance. This begs the question of
whether part, or all, of the estimated emissions reductions arise due to carbon leak-
age, i.e. the reallocation of emissions to unregulated firms. To assess the efficacy
of the EU ETS as a climate policy instrument, it is important to know whether the
CO, abatement we have estimated represents a global reduction in emissions.
Carbon leakage could occur through multiple channels. Three of them are par-
ticularly relevant in the context of our study. The first channel is via the supply
chain. That is, a regulated firm might reduce the emissions intensity of its operations
by out-sourcing more intermediate products from unregulated firms. Such a strategy

could save on compliance costs, particularly if applied to the most carbon-intensive

28Under the French national allocation plan for Trading Phase I, free permits were granted to in-
dustrial installations in proportion emissions during the period from 1996 until 2002. For new instal-
lations, data from 2004 and 2005 would also be taken into account (Ministére de 1’environnement,
2005). Bushnell et al. (2013) present evidence that free permit endowments were highly valued by
investors of publicly traded firms that were regulated under the ETS.

24



Table 2: The Effect of the EU ETS on Imports

1 2
Alog(Imports) A log(Imports)

Total CO2, intensive
Pre-Announcement -0.008 0.049
(0.083) (0.094)
Announcement Period -0.062 -0.090
(0.063) (0.087)
Trading Phase I -0.109 -0.102
(0.103) (0.101)
Trading Phase II -0.047 -0.151
(0.122) (0.134)
Mean in 2000 113.041 0.884
Observations 42,106 41,497
Total Firms 3,837 3,782
Treated Firms 163 163
Adjusted R? 0.095 0.153

Notes: These estimates are the result of OLS regressions. They
provide the difference between regulated firm and unregulated
firm outcomes prior to the announcement of the EU ETS, dur-
ing the announcement period and during Phase I and Phase II of
the EU ETS. Each coefficient represents the difference relative to
the year 2000. Standard errors are clustered by firm. Means are
reported for ETS firms in 2000. Units: total imports and COg2 In-
tensive Imports are measured in millions of Euros. Significance
levels are indicated as * 0.10 ** 0.05 *** 0.01.

steps of the value chain. But it would inevitably reduce the firm’s value added, de-
fined as “revenue minus material inputs”, where material inputs are sourced both
domestically and through international trade. We do not estimate any reduction in
value added. Moreover, regression results reported in Table 2 show that the EU
ETS did not affect the value, nor carbon intensity, of intermediate inputs imported
by regulated firms. These findings also hold for the matched sample (cf. Appendix
Table B3). Hence, the notion that out-sourcing helped firms to reduce their emis-
sions is not supported by the data.

The second channel of carbon leakage is via the product market. Because car-
bon pricing increases production costs at regulated firms, market forces might shift
production to unregulated firms within France or abroad. If this process was driv-

ing the negative effect we estimate for emissions, we would expect to see a negative

25



effect of the EU ETS on at least one of the economic variables such as value added,
employment or investment. However, instead we estimate insignificant effects on
employment and value added, and positive effects on capital investment. Apart
from mitigating concerns about leakage, this result is useful as a an indirect test of
whether treatment spillovers, which could pose a threat to our identification strat-
egy, are empirically relevant in this context. Product-market leakage is isomorphic
to a treatment spillover between regulated and unregulated firms which reallocates
market share from regulated to unregulated firms. This would violate SUTVA and
lead to an overstatement of the treatment effect as emissions fall at regulated firms
and increase at unregulated firms, in lock-step with production. Yet again, the same
effect should be observed for other variables relating to the scale of production. We
find no evidence that this is the case. We only estimate reductions in emissions.

A third possible channel of leakage arises if firms operating multiple facilities
reallocate production from regulated to unregulated ones. We internalize within-
firm spillovers by estimating the effects of the EU ETS at the firm-level. Conse-
quently, within-firm leakage cannot explain estimated emissions reductions at the

firm-level. Our estimates are net of any within-firm leakage.?

4.3 Abatement channels

The absence of evidence on carbon leakage, combined with the estimated reduction
in the carbon intensity of value added, supports the view that emission reductions
arose from improvements to the emissions intensity of production. Such improve-
ments can be achieved by switching to less polluting fuels or by investing in tech-
nology that is more efficient (or indeed from investments in technology that allows
fuel switching). Our data allow us to explore these different channels of abatement.

Table 3 reports results relevant for investigating whether emissions reductions

(reported in column 1 for reference) were achieved by substituting low-carbon fuels

2We investigate unregulated emissions in Appendix C. Of all regulated firms, 40% have unreg-
ulated CO5 emissions. When estimating the effect of the EU ETS on unregulated emissions within
regulated firms, we find no evidence of an increase in unregulated emissions (Table C1). We also
evaluate the effect of the EU ETS on regulated emissions at the plant level. Our estimates are similar
in magnitude to the effect of the EU ETS on total firm-level emissions (Table C2). These results do
not raise concern about intra-firm leakage.
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Table 3: Effects of the EU ETS on Firm Energy Outcomes

Y] 2 (3) 4) )
Alog(CO2  Alog(CO2  Alog(CO2 A Share A log(Electricity
Total) from Gas) Gas/V.A.) Gas in CO2 Bought)
Pre-Announcement -0.019 -0.025 -0.049 0.003 -0.017
(0.020) (0.038) (0.046) (0.013) (0.019)
Announcement Period -0.035 -0.029 -0.048 -0.009 -0.014
(0.022) (0.039) (0.044) (0.011) (0.023)
Trading Phase I -0.044 -0.065 -0.036 -0.035* -0.050
(0.032) (0.052) (0.055) (0.020) (0.036)
Trading Phase II -0.082** -0.120* -0.152** -0.039 -0.029
(0.041) (0.064) (0.066) (0.030) (0.050)
Mean in 2000 135.354 60.227 0.003 0.721 189.732
Observations 42,733 32,103 32,103 42,733 42,728
Total # of Firms 3,837 2,888 2,888 3,837 3,836
# of Regulated Firms 163 148 148 163 163
Adjusted R? 0.028 0.100 0.076 0.085 0.080

Notes: These estimates are the result of OLS regressions. They provide the difference between regulated firm
and unregulated firm outcomes prior to the announcement of the EU ETS, during the announcement period
and during Phase I and Phase II of the EU ETS. Each coefficient represents the difference relative to the year
2000. Note that one firm in the sample does not buy any electricity and is therefore not included in the last
column regression. Standard errors are clustered by firm. Means are reported for ETS firms in 2000. Units:
total emissions, and emissions from gas are measured in thousands of tonnes of CO2, Value Added in millions
of Euros, electricity bought in GWh. Significance levels are indicated as * 0.10 ** 0.05 *** 0.01.
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for high-carbon fuels.® Contrary to this mechanism, we estimate significant reduc-
tions in emissions from natural gas (column 2), a low-carbon fuel, particularly when
considering the intensity of value added with respect to this variable (column 3). To
understand why regulated firms cut emissions from a low-carbon fuel, note that
natural gas is accounting for most (79%) of CO, emissions at baseline and hence
the potential for intensive-margin switching into gas is very limited.! To check
for possible fuel switching on the extensive margin, we also report results for the
share of natural gas in total CO4 emissions (column 4). Since we do not estimate
an increase in this variable, we conclude that other fossil fuels played no major role
in explaining emissions reductions in Phase I1.%

Another possible fuel-switching channel is that regulated firms used more elec-
tric energy in the production process. The principal mechanism for this is by procur-
ing more electricity from the grid.* We look at this outcome and find no increase
in the amount of electricity bought by firms (column 7). In sum, the results indi-
cate that fuel switching to natural gas or electricity cannot explain the estimated
CO, abatement at regulated firms. An implication for climate change mitigation
is that CO, abatement by regulated manufacturing firms did not lead to increased
emissions in the electricity sector.>* This leaves technology adoption as a possible
mechanism behind the reductions in carbon emissions and emissions intensity of
regulated firms. The positive treatment effect on capital stock is suggestive, but not
conclusive, evidence that regulated firms invested in reducing the emissions inten-
sity of production.

Table 4 provides further evidence in support of this hypothesis from data on

30Table B4 is analogous to Table 3 and reports results based on the matched sample. Unless we
state otherwise in the subsequent discussion, the results are robust across specifications.

3IThis share refers to the 148 treated firms that used natural gas in 2000. The unconditional
emissions share of natural gas is 72% at baseline.

32]f they did, the gas share in total emissions should increase, but our point estimates for the post-
announcement periods are negative. The coefficient in Phase I is statistically significant at 10%, but
this is not robust when we repeat the estimation for the matched sample in Table B4.

3Firms could also generate more electricity on site, but this is quite rare among the firms in our
sample and would lead to higher direct emissions, contrary to what we find.

31t is likely that buying electricity would not lead to an increase in global emissions because
79% of the electricity generated in France in 2012 was carbon neutral, and the remaining 21% —
including the marginal generator— is likely to have been produced by power plants under the EU
ETS cap.

28



Table 4: Effects of the EU ETS on Pollution Control Investment

Y] () (3)
Pollution Control: Air Quality & Climate Change
A arcsinh A arcsinh A arcsinh
(Measurement)  (Integrated) (Specific)
Pre-Announcement 0.177 - -
(0.307) - R
Announcement Period -0.085 0.041 0.061
(0.318) (0.231) (0.233)
Trading Phase I -0.159 0.975%*** 0.006
(0.362) (0.359) (0.334)
Trading Phase 1T -0.270 1.079*** 0.072
(0.511) (0.401) (0.341)
Mean in 2001 18.828 56.726 47.008
Observations 17,073 17,507 17,507
Total # of Firms 1,732 2,936 2,936
# of Regulated Firms 128 158 158
Adjusted R? 0.061 0.037 0.07

Notes: The dependent variables are: in column 1 — investment into the measure-
ment of emissions; in column 2 — investment in integrated investments made
in production processes and machines that are less carbon- or air pollution-
intensive than alternatives; in column 3 — investments into specific, ‘end-of-pipe’
measures to reduce emissions. We take the arc sine of all three variables. These
estimates are the result of OLS regressions. They provide the difference between
regulated firm and unregulated firm outcomes prior to the announcement of the
EU ETS, during the announcement period and during Phase I and Phase II of
the EU ETS. Each coefficient represents the difference relative to the year 2001,
except in column 1, where it is relative to the year 2000. Means are reported for
ETS firms in 2001. Units: Thousands of Euros. Standard errors are clustered at
the firm-level. Significance levels are indicated as * 0.10 ** 0.05 *** 0.01.
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pollution control investment. Specifically, we estimate that regulated firms signifi-
cantly increased their investments in integrated production technologies that reduce
air and climate change related pollution emissions, such as more efficient boilers,
during Trading Phases I and II (Column 2). We do not estimate any differential im-
pacts on investments into the measurement of emissions (not needed for CO, given
the ease of input-based accounting) or investments into specific, ‘end-of-pipe’ mea-
sures to reduce emissions (not yet available for CO, at a commercial scale). We
find qualitatively consistent results in the matched sample, although the estimated
effect of the EU ETS in Phase 1II is statistically insignificant (cf. Appendix Ta-
ble B5). A caveat with this analysis is that, unfortunately, data for integrated and
specific investments were only collected from 2001 onward. Consequently, we are
unable to investigate whether trends in those outcomes are parallel during the pre-
announcement period. Data for this period is available though for the outcome
variable reported in column 1, measurement investment, where we do not find any
differential effect in the pre-announcement phase.

In sum, our findings suggest that the principal mechanism underlying the es-
timated emissions reductions is that treated firms reduced the carbon intensity of

production by upgrading their capital stock.

4.4 Permit Allocations

The way pollution rights are allocated to emitters is an important design feature
of any cap-and-trade scheme. During our study period, manufacturing firms re-
ceived permits free-of-charge in proportion to their historical emissions. In theory,
the initial allocation of permits should not distort a firm’s marginal abatement deci-
sions (Montgomery, 1972; Coase, 1960; Dales, 1968; Fowlie & Perloff, 2013). In
practice, however, permit allocations could matter because of market power, credit
constraints and other frictions, or due to behavioral factors (Hahn, 1984; Kahneman
et al., 1990).

We investigate whether treatment effects vary with respect to a firm’s initial
permit surplus, defined as the ratio of allocated permits to actual emissions at the

beginning of the policy. In Appendix D we document substantial variation in this
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variable. We divide firms into two groups — those that are above and below the
median surplus — and estimate separate treatment effects for each group. We find
robust evidence that the estimated effects on CO, emissions, carbon intensity of
production, and capital are driven by those firms that were relatively short of per-
mits (Table D1). Since permits were not allocated at random to individual firms,
we cannot interpret this treatment heterogeneity as causal.* Nevertheless, the re-
sult suggests that the initial allocation of permits mattered in the context of the
EU ETS. Firms that received fewer permits than needed likely perceived the policy
as more stringent than those with a more generous permit surplus. The treatment
heterogeneity we uncover is consistent with permit-constrained firms abating emis-
sions so as to ensure compliance with the policy. In contrast, firms with a permit

surplus did not have to reduce emissions in order to comply — and chose not to.

S Aggregate Carbon Savings

We combine our estimates with data on aggregate CO, emissions to gauge the po-
tential contribution of the EU ETS in driving aggregate emission reductions since
2005. Details on the calculations made below can be found in Appendix E.

The black line in Figure 2 depicts the observed trajectory of aggregate industrial
COs, emissions in France between 1996 and 2012. We observe that emissions have
been falling over time, and that the decline has been steeper in recent years.

Compared to emissions in 2004, there is little change in emissions during the
first trading phase of the EU ETS. This is what our difference-in-differences esti-
mator implies, failing to reject the null hypothesis that the ETS had no effect on
emissions during this period (2005-2007). However, emissions declined substan-
tially in the second phase of the EU ETS. Our difference-in-differences estimates
suggest that aggregate industrial emissions would have been, on average, 4.74 mil-
lion tonnes higher each year in the absence of the EU ETS. As such we posit that

3Free permit allocation in the EU ETS has been based, among other things, on historical pro-
duction levels and capacity. This may have given firms an incentive to increase emissions with the
objective of getting more generous permit allocations in the future. If this was a systematic pattern
of behavior, we would expect in particular the initially permit-starved firms to emit more (abate less)
CO; compared to permit-rich firms, yet our results do not bear this out.

31



Figure 2: The Effect of the EU ETS on Aggregate Emissions Reductions
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Notes: The black line presents the aggregate time series for industrial emissions in France, measured in millions of tonnes
of CO3. The dark gray line represents counterfactual emissions in the absence of the EU ETS, using our difference-in-
differences estimates and assuming that 75% of industrial emissions are regulated. The light gray line represents the level of
emissions in 2004 as a benchmark. We estimate that, on average, the EU ETS contributed approximately 26% of the observed
emission reductions during this period. Source: Authors calculations based on French microdata and Eurostat data.
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the EU ETS accounted for roughly 26% of the aggregate reductions in industrial
CO; emissions during this period.

We also reflect on what our estimates could imply for the effects of the ETS
on aggregate industrial emissions in the EU more broadly. Such an exercise as-
sumes that our estimates have external validity, i.e., they are representative of how
regulated firms in other member countries responded. This is a strong assumption.
While all firms face the same carbon price, differences in permit allocations, market
structure, and regulatory oversight may have resulted in smaller, or larger, treatment
effects outside of France.

With caveats noted, we calculate the implied effect of the EU ETS on aggregate
industrial emissions for the EU market as a whole. Our calculations suggest that
aggregate industrial emissions would have been 36 million tonnes higher each year
between 2008 and 2012, in the absence of the EU ETS.

These emissions reductions occurred in spite of carbon prices averaging at a
rather low $21.35 per tonne ($2017) during Phase II. Arguably, the average abate-
ment costs per tonne of CO, must have been lower, for otherwise it would have
been more profitable for firms to purchase permits instead of reducing emissions.

Does that make the EU ETS an expensive policy? Previous research on air pol-
lution regulation has established that the overall cost of market-based instruments
compares favorably with that of non-market based approaches (Carlson et al., 2000;
Fowlie et al., 2012; Gillingham & Stock, 2018). In Figure 3 we compare the esti-
mated cost per tonne of CO5 ($2017) for 25 climate change mitigation policies. The
estimate for the EU ETS is based on the maximum price during Phase IT — $52.68.
This is the most conservative cost as above this cost it would have been cheaper
for firms to buy emission permits instead. Estimates for other climate change mit-
igation policies come from Gillingham & Stock (2018). Even when we use the
maximum cost per tonne of CO,, the EU ETS is ranked 7th. If we use the average
Phase II price instead ($21.35), which is still likely to be very conservative the EU
ETS is ranked 5th.
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Figure 3: Comparing the EU ETS to other Climate Change Mitigation Policies
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Notes: This figure ranks different climate change policies by the estimated cost of reducing a ton of COg in $2017. The value
chosen for the EU ETS is the maximum permit price that was observed during phase II - €29.33 on Ist July 2008. We then
convert this to U.S. dollars using the exchange rate on that day and then account for inflation between 2008 and 2017. The
maximum cost of reducing a ton of COz was $52.68. The actual cost was likely far lower, as this is the maximum price at
which firms would have been indifferent between reducing emissions and buying permits. Despite this conservative choice,
the EU ETS is ranked 7th out of 25. The cost of other policies are taken from Gillingham & Stock (2018). Where multiple
estimates exist for the same policy we take the average across all estimates.
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6 Conclusion

In the context of the world’s largest carbon market, we have presented evidence
that market-based regulatory instruments have the potential to reduce carbon emis-
sions without imposing significant economic losses on regulated firms. These firms
invested in new technology and thereby lowered the carbon intensity of produc-
tion. We find no evidence of carbon leakage, suggesting that the EU ETS helped to
mitigate global climate change.

Our results contrast with the impacts of command-and-control regulations that
impose one-size-fits-all regulatory standards for industrial air pollution emissions.
While also delivering improvements in environmental quality, such non-market-
based policies have been shown to have negative effects on firm performance (Becker
& Henderson, 2000; Greenstone, 2002; Greenstone et al., 2012; Walker, 2013; He
et al., 2020).

We note caveats. Despite the significant effect that the EU ETS has had on emis-
sions, these results should not be taken as a blank endorsement of market-based
regulatory instruments. Our findings have focused on the response of manufactur-
ing firms in one market, and on one market-based regulatory instrument — emission
trading schemes. Our context is one in which compliance is high and corruption
low. Understanding the degree to which monitoring and enforcement constraints
may affect the efficacy of environmental policies in other contexts presents inter-
esting and important opportunities for future research. Further, our results do not
imply that the emission reductions have been without cost. It is also possible that the
ETS regulation made firms aware of cost-saving opportunities that they had previ-
ously not paid attention to, improving energy efficiency and reducing the emissions
intensity of output in the process. Finally, our results do not guarantee that the ETS
operates efficiently. Credit constraints, information asymmetries, market power in
product markets, transaction costs, and other sources of market failure could all

affect the efficiency of the scheme.
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A Data Appendix

Figure Al: Sample Construction

EUTL registry EACEI FICUS/FARE TRADE DATA
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Notes: This figure presents a visualization of our sample construction process. Data on participation
in the ETS for France was downloaded from the European Union Transaction Log (EUTL) registry.
1,408 installations were reported to have participated in Phase I and/or Phase II of the EU ETS.
920 of these installations are combustion installations. These combustion installations are largely
in the electricity sector, although manufacturing installations are also engaged in combustion, e.g.
steel. All installations were matched to a SIREN number, a firm level identifier. The match was
conducted using a look-up table provided by the French authorities, or through a manual name and
address-based matching process. Some firms have more than one installation regulated under the
EU ETS. The 1,408 installations in the EUTL are identified to be part of 818 firms. We link energy-
use survey data available for manufacturing installations to trade and balance-sheet data available
for manufacturing firms. We impose a number of sample restrictions. We restrict the sample to
firms that import in 2000 because all ETS firms were importers in 2000. We also drop extreme
changes in employment, value-added, emissions and emissions intensity: taking the year 2000 as
the base year, we define an extreme change as an increase, or decrease, of more than 300% from the
years 1999 to 2000, or 2000 to 2001. For each year before 1999 or after 2001 we add the median
change to the threshold and update our definition. For example, extreme employment change from
2000 to 2003 would be defined as as changes that are more than 300% between 2000 and 2001 +
the median increase in employment from 2001 to 2002 + plus the median increase in employment
from 2002 to 2003. We drop firms that are not observed before 2000, or not observed after 2005,
as well as any firms that have missing values for employment, value-added, emissions, or capital.
We match the resulting dataset to the 8§18 ETS firms from the EUTL registry to identify treatment
status. 41 of these firms are not observed after the introduction of the EU ETS. More than two thirds
of the 655 ETS firms that are not matched are combustion installations, and are most likely power
plants. The non-combustion unmatched firms are either non-manufacturing (for example aviation
that was included in 2012) or not observed in the survey/fiscal/trade data. Of the 3,837 remaining
manufacturing firms, we define 163 firms as being regulated under the EU ETS. On average, 88%
of the emissions and 76% of the installations within a firm are regulated.



Table Al: Descriptive Statistics

) 2 3 “4 (&) (6)
Observations Mean  St. Dev. 10th perc. Median 90th perc.

COq 42,733 13.861  88.822 0.165 1.192 14.285
Employment 42,733 450 968 95 241 876
Value Added 42,733 27.563  71.366 3.640 10.350 55.217
Capital Stock 42,733 46.567 13.491 3.342 15.422 96.598
CO2/VA 42,733 0.536 2.283 0.018 0.096 1.173
Total Imports 42,733 22.261 117.621 0.266 4.229 41.537
Carbon Intensive Imports 42,733 0.282 1.874 0.002 0.044 0.484
CO3 Gas 42,733 7.048  37.790 0 0.695 10.895
Gas Share 42,733 0.678 0.418 0 0.958 1
Electricity Bought 42,733 21.704 127.091 0.802 4.690 32.665
Electricity Bought/Consumed 42,732 0.991 0.053 0.995 1 1
Pollution Control Investment:

Measurement 29,748 2.849  28.478 0 0 0.338

Integrated 29,748 12.471 122.366 0 0 1.545

Specific 29,748 11.877 186.062 0 0 0

Notes: Column 1 reports the number of observations (firms x years), Columns 2 and 3 report the mean and standard
deviation of each variable. Columns 4 to 6 present the median, 10th percentile and 90th percentile. Units CO5 and
CO; from Gas — thousands of tons of COs; Value Added — millions of Euros; Employment — full-time equivalent
employees; Capital — millions of Euros; CO2/VA and CO4 from Gas/VA units — tonnes of CO4 per thousand Euros
of value added; Imports — millions of Euros; Electricity Bought — GWh; Pollution control investment — Thousands

of Euros.
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Table A2: Description Statistics by Treatment Status and Sector

Mean COy Mean Employment Number of Firms
Sample ETS Non-ETS ETS Non-ETS ETS Non-ETS
Steel (16) 95 121 1,008 405 12 17
Cement and Lime (20) 371 146 405 734 14 5
Ceramics (21) 35 17 258 299 9 96
Glass (22) 165 8 1,437 265 19 37
Organic Chemicals (26) 392 33 1,424 360 15 85
Pharmaceuticals (28) 15 4 1,221 532 8 165
Paper and Pulp (35) 53 7 419 235 42 122
Other (0) 92 4 2,309 389 44 3,147

Notes: Sector classifications are defined using the NCE nomenclature. We construct the sector
”Other” to satisfy statistical disclosure constraints. This sector includes all firms that are not in the
listed NCE sectors. Units: CO2 — thousands of tons of CO2; Employment — full-time equivalent
employees
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B Semi-Parametric Diff-in-Diff Research Design

B.1 Balance and Common Support

Table B1: Descriptive Statistics for Regulated and Unregulated Firms

1) 2 3) “)
Pre-Match Pre-Match Pre-Match Post-Match
Unregulated Regulated Difference Difference
(Full Sample) (Full Sample) (Full Sample) (Matched Sample)
log (CO3) 0.037 3.735 3.698*** 0.351**
(1.684) (1.504) (0.121) (0.174)
log (Employment) 5.466 6.112 0.646"** 0.281
(0.873) (1.312) (0.104) (0.205)
log (Value Added) 9.260 10.309 1.049*** 0.215
(1.041) (1.423) (0.112) 0.177)
log (Capital Stock) 9.477 11.212 1.735%** 0.413**
(1.285) (1.459) (0.116) (0.181)
log (CO2/VA) 2.290 4.939 2.649** 0.136
(1.554) (1.403) (0.113) (0.195)
log (Total Imports) 14.945 16.251 1.306*** 0.139
(2.064) (2.304) (0.183) (0.338)
log (Carbon Intensive Imports) 10.015 11.965 1.950*** 0.380
(2.197) (2.218) (0.178) (0.362)
log (CO2 Gas) 7.002 10.310 3.309*** 0.473**
(1.682) (1.302) (0.111) (0.204)
Gas Share 0.221 0.369 0.063*** -0.0762
(0.432) (0.364) (0.0293) (0.0542)
log (Electricity Bought) 8.310 10.804 2.494** 0.567**
(1.371) (1.581) (0.126) (0.224)
Electricity Bought/Consumed 0.992 0.941 -0.0510*** -0.0280*
(0.050) (0.154) (0.0121) (0.0155)
Observations in year 2000 3,674 163 3,837 298
# of Regulated Firms 0 163 163 149

Notes: Columns 1 and 2 report the mean and standard deviation of each variable, respectively for unreg-
ulated (control) and regulated (treatment) firms in the year 2000. Reported coefficients in Columns 3 and
4 measure the difference in outcome variables between treatment and control firms in that year. Column
3 presents the average difference between unmatched treatment and control firms. Column 4 presents the
average difference between matched treatment and control firms. Standard errors reported in column 3 are
robust, and robust and two-way clustered by firm and matching group column 4. We see that the baseline
differences are much smaller after matching regulated to unregulated firms. Units (Logarithms of): CO,
and CO5 Gas — thousands of tons of COs; Value Added — millions of Euros; Employment — full-time
equivalent employees; Capital — thousands of Euros; CO2/VA units — hundred thousands of tonnes of CO»
per Euros of value added; Imports — Euros; Electricity Bought — MWh. Significance levels are indicated
as * 0.10, ** 0.05, *** 0.01.
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Figure B1: Density plots showing differences between regulated and unregulated
firms in the pre- and post-match samples (CO, Emissions, Value Added)
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Notes: The figures report the density plots of log CO, emissions and log value added in the year
2000, our base year. In all figures the blue lines represent regulated firms. In the unmatched sample

the distribution of each variable for unregulated firms is represented in red. For the matched sample
the distribution of each variable for unregulated firms in represented in green.



Figure B2: Density plots showing differences between regulated and unregulated
firms in the pre- and post-match samples (Employment and Capital)
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Notes: The figures report the density plots of log employment and log capital in the year 2000,

our base year. In all figures the blue lines represent regulated firms. In the unmatched sample the
distribution of each variable for unregulated firms is represented in red. For the matched sample the
distribution of each variable for unregulated firms in represented in green.
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Figure B3: Density plots showing differences between regulated and unregulated
firms in the pre- and post-match samples (CO,/Value Added)
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Notes: The figures report the density plots of log emissions intensity defined as CO5 emissions/value
added in the year 2000, our base year. The blue lines represent regulated firms. In the unmatched
sample the distribution for unregulated firms is represented in red. For the matched sample the
distribution for unregulated firms in represented in green.
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B.2 Results

Table B2: The Effect of the EU ETS on Firm Outcomes (Matched Sample)

(1) 2 3) ) 5)
Alog(CO2) Alog(Value Added) Alog(Emp.) Alog(Capital) Alog(CO2/VA)
Pre-Announcement 0.016 0.037 -0.012 0.009 -0.022
(0.022) (0.026) (0.018) (0.021) (0.033)
Announcement Period 0.060*** 0.032 0.018 0.022 0.027
(0.022) (0.044) (0.019) (0.017) (0.040)
Trading Phase I -0.002 -0.028 -0.040 0.019 0.026
(0.054) (0.056) (0.041) (0.041) (0.059)
Trading Phase 1T -0.117** 0.001 -0.064 0.062 -0.118*
(0.054) (0.083) (0.049) (0.069) (0.072)
Mean in 2000 112.999 74.471 955 157.538 0.003
Observations 1,954 1,954 1,954 1,954 1,954
Total # of Firms 323 323 323 323 323
# of Regulated Firms 149 149 149 149 149
Adjusted R? 0.026 0.002 0.011 0.007 0.011

Notes: These estimates are the result of OLS regressions, estimated on a matched sample. They provide the difference
between regulated firm and unregulated firm outcomes prior to the announcement of the EU ETS, during the announcement
period and during Phase I and Phase II of the EU ETS. Each coefficient represents the difference relative to the year 2000.
Standard errors are two-way clustered by firm and matching group. Means are reported for ETS firms in 2000. Units: CO2
— thousands of tonnes of CO2; Value Added — millions of Euros; Employment — full-time equivalent employees; Capital —
millions of Euros; CO2/VA units — thousands of tonnes of CO2 per thousand Euros of value added. Significance levels are

indicated as * 0.10 ** 0.05 *** 0.01.

viii



Table B3: The Effect of the EU ETS on Imports (Matched Sample)

(1) (2)
Alog(Imports) A log(Imports)
Total CO., intensive
Pre-Announcement -0.144 -0.150
(0.116) (0.138)
Announcement Period 0.120 0.161
(0.099) (0.133)
Trading Phase I 0.167 0.128
(0.140) (0.182)
Trading Phase 11 -0.123 -0.154
(0.199) (0.175)
Mean in 2000 50.094 0.563
Observations 1,939 1,901
Total Firms 322 316
Treated Firms 149 148
Adjusted R? 0.007 0.006

Notes: These estimates are the result of OLS regressions. They
provide the difference between regulated firm and unregulated firm
outcomes prior to the announcement of the EU ETS, during the
announcement period and during Phase I and Phase II of the EU
ETS. Each coefficient represents the difference relative to the year
2000. Standard errors are clustered by firm. Means are reported for
ETS firms in 2000. Units: total imports and CO, Intensive Imports
are measured in millions of Euros. Significance levels are indicated
as * 0.10 ** 0.05 *** 0.01.
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Table B4: Effects of the EU ETS on Firm Energy Outcomes (Matched Sample)

(D (2) 3) C)) (5
Alog(CO2  Alog(CO2  Alog(CO2 A Share A log(Electricity
Total) from Gas) Gas/V.A.) Gasin CO, Bought)
Pre-Announcement 0.016 0.058 0.019 0.052* -0.072*
(0.022) (0.044) (0.055) (0.030) (0.039)
Announcement Period 0.060*** 0.061* 0.026 0.003 0.040
(0.022) (0.036) (0.059) (0.009) (0.025)
Trading Phase I -0.002 -0.108 -0.088 -0.002 0.006
(0.054) (0.081) (0.079) (0.028) (0.043)
Trading Phase 11 -0.117** -0.169** -0.162* 0.019 -0.041
(0.054) (0.080) (0.090) (0.036) (0.053)
Mean in 2000 90.440 53.662 0.002 0.721 109.513
Observations 1,954 1,570 1,570 1,954 1,954
Total # of Firms 323 277 277 323 323
# of Regulated Firms 149 133 133 149 149
Adjusted R? 0.026 0.026 0.012 0.014 0.013

Notes: These estimates are the result of OLS regressions, estimated on the matched sample. They provide the difference between
regulated firm and unregulated firm outcomes prior to the announcement of the EU ETS, during the announcement period and
during Phase I and Phase II of the EU ETS. Each coefficient represents the difference relative to the year 2000. Standard errors
are clustered by firm. Means are reported for ETS firms in 2000. Units: total emissions, and emissions from gas are measured in
thousands of tonnes of CO2, Value Added in millions of Euros, electricity bought in GWh. Significance levels are indicated as *
0.10 ** 0.05 *** 0.01.



Table B5: Effects of the EU ETS on Pollution Control Investment (Matched Sam-
ple)

(1 (2) (3)
Pollution Control: Air Quality & Climate Change
A arcsinh A arcsinh A arcsinh
(Measurement) (Integrated) (Specific)
Pre-Announcement -0.371 - -
(0.530) - -
Announcement Period 0.154 -0.100 -0.569
(0.461) (0.339) (0.500)
Trading Phase I 0.296 0.835** -0.720
(0.634) (0.398) (0.709)
Trading Phase 11 0.046 0.501 -0.216
(0.821) (0.676) (0.503)
Mean in 2001 12.105 25.536 28.924
Observations 1,088 1,000 1,000
# of Regulated Firms 113 142 142
Adjusted R? -0.001 0.007 0.010

Notes: The dependent variables are: in column 1 — investment into the measurement
of emissions; in column 2 — investment in integrated investments made in production
processes and machines that are less carbon- or air pollution-intensive than alterna-
tives; in column 3 — investments into specific, ‘end-of-pipe’ measures to reduce emis-
sions. We take the arc sine of all three variables. These estimates are the result of
OLS regressions, estimated on a matched sample. They provide the difference be-
tween regulated firm and unregulated firm outcomes prior to the announcement of the
EU ETS, during the announcement period and during Phase I and Phase II of the EU
ETS. Each coefficient represents the difference relative to the year 2001, except in
column 1, where it is relative to the year 2000. Means are reported for ETS firms in
2001 except in column 1 where it is in 2000. Units: Thousands of Euros. Standard
errors are clustered at the firm-level. Significance levels are indicated as * 0.10 **
0.05 ***0.01.
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B.3 Robustness Tests
B.3.1 Alternative Matching Specifications

Here we present the regression results exploring the robustness of our emissions
reduction results to using different matching variables. Column 1 of Table B6 is
identical to Column 1 of Table 2 in the main text. This is our preferred specification
and matches firms based on the logarithm of CO, in 2000 and the sector they are
in. In the other columns of the table we calculate the nearest neighbor match by
including additional variables instead of matching only on the logarithm of CO in
2000.

Column 2 matches on the logarithm of CO, and the logarithm of the carbon
intensity of production (CO2/VA) in 2000. Column 3 matches on the logarithm of
COs and the share of electricity that the firm purchases in 2000. Column 4 matches
on the logarithm of CO, and the share of emissions that come from non-gas fossil
fuels in 2000.

Across all specification, we observe that the estimated reduction in emissions
in Phase II is robust to the inclusion of additional matching variables. Our other

outcome variables are also robust to different matching specifications.
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Table B6: Matching specifications

(1) (2 3) )
Alog(CO3) Alog(COs) Alog(CO») Alog(CO»)
Pre-Announcement 0.016 0.031 0.011 0.022
(0.022) (0.024) (0.021) (0.022)
Announcement Period 0.060*** 0.021 0.065*** 0.061***
(0.022) (0.024) (0.023) (0.023)
Trading Phase I -0.002 0.036 -0.002 0.021
(0.054) (0.057) (0.054) (0.055)
Trading Phase II -0.117** -0.112* -0.115** -0.115**
(0.054) (0.057) (0.054) (0.051)
Observations 1,954 2,016 1,954 1,974
Matching In(COy) In(CO,) & In(COs) & In(COs) &
Variables In(CO2/VA) % Elec. Bought/ % Emissions Gas
Consumed

Notes: These estimates are the result of OLS regressions, estimated on a matched sample. They provide the difference
between regulated firm and unregulated firm outcomes prior to the announcement of the EU ETS, during the announce-
ment period and during Phase I and Phase II of the EU ETS. Each coefficient represents the difference relative to the year
2000. Standard errors are two-way clustered by firm and matching group. Different matching specifications are presented
in each column as specified by the line “Matching” where %Elec. Bought/Consumed is the share of electricity consumed
that has been bought vs. self-generated. % Emissions Gas is the percentage of GHG emissions due to the burning of gas.
Significance levels are indicated as * 0.10 ** 0.05 *** 0.01.
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B.3.2 Alternative Distance Restrictions

Table B7 presents an evaluation of how sensitive the baseline matched sample re-
sults are to the choice of distance restriction that are imposed when matching treated
to control firms. Our main specification from Table B2 is reproduced in column 1.
We find that when imposing greater restrictions on the difference between treatment
and control firms the significance and magnitude of the reduction in CO, emissions
in Phase II is reduced. Our other outcome variables are also robust to different

distance restrictions.

Table B7: Distance restrictions

)] 2) 3) (4)
Alog(CO5) Alog(CO5) Alog(CO5) Alog(CO5)
Pre-Announcement 0.016 0.018 0.013 0.010
(0.022) (0.022) (0.022) (0.022)
Announcement Period 0.060*** 0.061*** 0.059*** 0.063***
(0.022) (0.022) (0.022) (0.022)
Trading Phase I -0.002 -0.002 0.000 0.009
(0.054) (0.054) (0.054) (0.054)
Trading Phase II -0.117** -0.117** -0.108* -0.083
(0.054) (0.054) (0.056) (0.054)
Distance No Restrictions  99th percentile  95th percentile  90th Percentile
Observations 1,954 1,946 1,896 1,825
# of Regulated Firms 149 148 144 144
Adjusted R? 0.026 0.027 0.023 0.016

Notes: These estimates are the result of OLS regressions, estimated on a matched sample. They provide the difference
between regulated firm and unregulated firm outcomes prior to the announcement of the EU ETS, during the announcement
period and during Phase I and Phase II of the EU ETS. Each coefficient represents the difference relative to the year 2000.
Distance restrictions between treatment and control firms are imposed at different percentiles. Standard errors are two-way

clustered by firm and matching group. Significance levels are indicated as * 0.10 ** 0.05 *** 0.01.
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C Unregulated Emissions and Plant-level Results

Table C1: The Effect of the EU ETS on Unregulated Emissions in Regulated Firms

(1) (2)
A log(Unregulated CO2) A log(Unregulated CO-)
Full Sample Matched Sample

Pre-Announcement 0.097* 0.135

(0.056) (0.086)
Announcement Period -0.250** -0.040

(0.112) (0.116)
Trading Phase I -0.296* -0.136

(0.160) (0.228)
Trading Phase II 0.148 -0.014

(0.147) (0.142)
Mean in 2000 58.015 33.016
Observations 40,968 410
Total Firms 3,726 43
Adjusted R? 0.036 0.013

Notes: These estimates are the result of OLS regressions. The unit of analysis is a firm.
They provide the difference between regulated firms and unregulated firms outcomes
prior to the announcement of the EU ETS, during the announcement period and during
Phase I and Phase II of the EU ETS. Each coefficient represents the difference relative to
the year 2000. Standard errors are clustered by firm. Means are reported for ETS firms
in 2000. Significance levels are indicated as * 0.10 ** 0.05 *** 0.01.



Table C2: The Effect of the EU ETS on Plants Emissions

ey 2
Alog(CO2) Alog(CO2)

Full Sample Matched Sample

Pre-Announcement -0.008 -0.006
(0.024) (0.034)
Announcement Period -0.018 0.020
(0.031) (0.026)
Trading Phase I -0.025 -0.068
(0.048) (0.050)
Trading Phase I1 -0.126* -0.151*
(0.076) (0.075)
Mean in 2000 80.816 79.596
Observations 52,356 6,229
Total Plants 4,944 557
Treated Plants 233 216
Adjusted R2 0.030 0.052

Notes: These estimates are the result of OLS regressions. The
unit of analysis is a plant. They provide the difference between
regulated plant and unregulated plant outcomes prior to the an-
nouncement of the EU ETS, during the announcement period and
during Phase I and Phase II of the EU ETS. Unregulated plants in
regulated firms are excluded from the control group. Each coeffi-
cient represents the difference relative to the year 2000. Standard
errors are clustered by firm. Means are reported for ETS plants
in 2000. Significance levels are indicated as * 0.10 ** 0.05 ***
0.01.
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D Heterogeneity of Treatment Effects with Respect

to Permit Allocations

Our research design recovers the average treatment effects on treated firms. Treat-
ment effects are likely heterogeneous and systematically related to firm attributes
that change the intensity of treatment. The firm-specific cost of abating CO, emis-
sions is an important attribute, but it is unobservable to us. Differences in treatment
intensity may also arise because firms received free permits during the first two
phases of the EU ETS. Depending on how generous such permit allocations were,
some firms may have found themselves with a surplus and others with a deficit of
permits compared to their actual emissions.

In a neo-classical setting without frictions, free permits are equivalent to a lump-
sum subsidy in the amount of the value of the total permits received. They should
thus not affect marginal production or trading decisions, which are based on the
COs, price only. In reality, permit allocation could matter because of market power,
credit constraints and other frictions, or due to behavioral factors.

To empirically investigate this, one needs a firm-specific measure of permit sur-
plus. We measure permit surplus as the ratio of allocated EUAs to verified emis-
sions in 2005. Figure D1 plots the estimated density function of the permit surplus.
We divide firms into two groups — above and below the median surplus — and esti-
mate a variant of equation (2) that includes interactions of the group dummies and
the treatment phase dummies. The results are reported in Table D1, where coeffi-
cients for both groups represent the full effect for each group to ease interpretation.

The results provide robust evidence that CO, abatement among treated firms
is driven by those with a below-median surplus (i.e. a rather small surplus or a
deficit). The estimates imply an abatement effect of 12.6% in Trading Phase II,
which is stronger than the effect obtained in the main results. In contrast, the point
estimates in the other group are small and negative yet not statistically significant.

t.36

Effects on economic performance remain statistically insignificant.”®. However, the

positive impact on capital that we found in the main results is also found for the

3Differential pre-trends on employment, value-added and CO5 intensity for below-median firms
are statistically significant only at 10%.
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group of abating firms, with a larger and more significant coefficient, in line with
our interpretation that abatement occurs via capital upgrades that lower the CO,
intensity of production. Finally, regressions for the import variables, reported in the
last two columns, show no evidence of carbon leakage via imports.

An important caveat is that our measure of heterogeneity — permit surplus — may
be endogenous to a firm’s emissions in several ways. For instance, the nominator —
permit allocations — could have been altered as a result of firms that expect to grow
lobbying more strongly for a higher number of free permits. Also, the denominator
— verified emissions — is in part a result of the firm’s own abatement efforts. We limit
the impact of such confounding factors on the results by holding permit surplus
fixed at its initial level (i.e. 2005 or, for some firms, the year in which they joined
the EU ETS). However, it stands to reason that we cannot rule out selection into
groups without a suitable instrumental variable, which we do not have. Therefore,
we do not interpret these effects as the causal effect of permits on firm abatement

behavior.
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Figure D1: Density of Permit Surplus Among Regulated Firms

Notes: The figure depicts the density of the permit surplus, defined as the ratio of allocated permits
over verified emissions in the year 2005, or the earliest year available thereafter, for the 163 EU ETS

firms of the sample. Data are sourced from the EUTL. Observations of five firms with values above
6 are not depicted on the plot.
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Table D1: Permit Allocations and the Heterogenous Effects of the EU ETS (Full Sample)

(e9) 2 (3) (€] 5) (6) (7
Alog(CO2) Alog(Value Added) A log(Employment) A log(Capital) Alog(CO2/VA)  Alog(Imports) A log(Imports)
(Total) (CO2 intensive)
A. Above-median surplus
Pre-Announcement -0.031 -0.026 0.012 0.020 -0.005 -0.063 -0.016
(0.024) (0.032) (0.022) (0.021) (0.039) (0.112) (0.134)
Announcement Period -0.027 -0.026 -0.011 -0.004 -0.002 -0.081 0.017
(0.030) (0.031) (0.017) (0.019) (0.041) (0.078) (0.112)
Trading Phase I -0.042 -0.095** -0.019 0.011 0.053 -0.137 -0.039
(0.043) (0.048) (0.032) (0.036) (0.049) (0.114) (0.136)
Trading Phase II -0.013 -0.011 -0.003 0.014 -0.002 -0.099 -0.086
(0.058) (0.070) (0.050) (0.054) (0.066) (0.173) (0.192)
Mean in 2000 86.195 62.707 956 147.148 0.003 75.349 0.749
B. Below-median surplus
Pre-Announcement -0.009 0.051* 0.037* 0.002 -0.060* 0.040 0.107
(0.028) (0.030) (0.020) (0.024) (0.035) (0.106) (0.125)
Announcement Period -0.042 0.028 -0.007 0.001 -0.070** -0.045 -0.186
(0.028) (0.032) (0.019) (0.018) (0.032) (0.087) (0.116)
Trading Phase I -0.046 0.015 -0.010 0.038 -0.061 -0.079 -0.170
(0.041) (0.049) (0.034) (0.039) (0.049) (0.157) (0.136)
Trading Phase II -0.134%** 0.053 0.045 0.102** -0.187*** -0.007 -0.201
(0.048) (0.060) (0.041) (0.046) (0.060) (0.154) (0.164)
Mean in 2000 174.249 115.060 1,416 240.527 0.003 142.864 0.991
Observations 42,733 42,733 42,733 42,733 42,733 42,106 41,497
Total # of Firms 3,837 3,837 3,837 3,837 3,837 3,837 3,782
# of Regulated Firms 163 163 163 163 163 163 163
Adjusted R? 0.030 0.077 0.101 0.450 0.051 0.096 0.154

Notes: These estimates are the result of OLS regressions. They provide the difference between regulated firm and unregulated firm outcomes prior to the announcement
of the EU ETS, during the announcement period and during Phase I and Phase II of the EU ETS. Each coefficient represents the difference relative to the year 2000.
Coefficients reported in panels A and B are obtained in a single regression for each column, with treatment interactions for whether firms have above or below surplus
of permits. These coefficients are displayed as the level effect for a given period plus the interaction term, e.g. Phase II + Phase II X (Above or below median Surplus
indicator). Means are reported for ETS firms in 2000. Units: COg2 — thousands of tonnes of COz2; Value Added — millions of Euros; Capital — millions of Euros;
Employment — full-time equivalent employees; CO2/VA units — thousands of tonnes of COz2 per thousand Euros of value added; total imports and CO2 Intensive Imports
— millions of Euros. Standard errors are clustered at the firm-level. Significance levels are indicated as * 0.10 ** 0.05 *** 0.01.



E Back-of-the-Envelope Calculations

In the main paper we present several back-of-the-envelope calculations. This sec-

tion describes the steps that were taken to make these calculations.

E.1 Aggregate Effects of the EU ETS

Our objective is to understand the contribution of the EU ETS to aggregate emission
reductions during the period of analysis. Let the variable CO, denote aggregate
industrial emissions in France, taken from the Eurostat data explorer (https://
ec.europa.eu/eurostat/data/database). This variable is plotted as a
black line in Figure 1.

According to CITEPA,>” 75% of aggregate industrial emissions are regulated.
Furthermore, in 2000, 72% of industrial emissions resulted from the combustion of
fossil fuels and 28% from industrial processes such as the decarbonation of lime-
stone.®® Since our econometric analysis is based on emissions resulting from com-
bustion only, we refrain from applying the estimated treatment effects to emissions
from industrial processes. In order to avoid overestimating the aggregate effects of
the EU ETS, we assume that process emissions were not affected by the EU ETS.
For lack of more detailed information, we further assume that the 75%-share of ETS
regulated emissions applies to combustion and process emissions alike. With this in
hand, we can calculate counterfactual emissions in France based on the difference-

in-differences estimates from Table 1 as follows:

4
COL(H)NETS = COy(t) — 0.75-0.72 - CO5(2000) - | S 8, - 1{t € ©,}
T=1

37The Centre Interprofessionnel Technique d’Etude des Pollutions Atmosphériques - Interprofes-
sional Technical Centre for the Study of Atmospheric Pollutions is a State operator for the French
Environment Ministry and a non-profit organisation. Their SECTEN (SECTeurs Economiques et
ENergie - Economic and energy sectors) report presents an inventory of GHG emissions and atmo-
spheric pollutants per sector, and is available on https://www.citepa.org/fr/secten/. The “Emissions
au format Plan Climat” spreadsheet reports, by sector, total and shares of emissions covered or not
by the EU ETS.

BCITEPA reports these figures in their UNFCCC inventory available on
https://www.citepa.org/fr/ccnucc/. These shares have been relatively stable over time.
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where O, are the treatment phases defined in Appendix 2.2 above. Since only the
point estimate for Phase II is statistically significant, we let 5, = 84 and 51 = B3 =
B3 = 0. The variable CO4(t)N°ETS is plotted as a dark gray line in Figure 1.

To approximate the contribution of the EU ETS to aggregate emission reduc-
tions we use emissions in the year 2004 as a benchmark. In Figure 1, the level of
emissions in 2004 is plotted in light gray.

Next, we calculate the difference between observed emissions and emissions in
2004 to get an estimate of the overall change in emissions following the introduction
of the EU ETS. The overall reduction in emissions comprises not only the treatment
effect of the EU ETS but also the effects of concurrent shocks that may have affected
industrial emissions, such as the great recession.

To get a sense of the relative contribution of the EU ETS to total reduction
in emissions during this period, we calculate the average difference in emissions,

using the following ratio,

L7 [CO(H)NFTS — CO(1)]
7 212[C05(2004) — COL(t)]

This calculation suggests that approximately 26% of observed emission reductions
during the second trading phase can be attributed to the EU ETS, as measured by

our difference-in-differences estimates.

E.2 Extrapolating aggregate emissions impacts to the European

Union

We repeat the above back-of-envelope calculations using aggregate industrial emis-
sions for the entire EU, obtained from the Eurostat data explorer (https://ec.
europa.eu/eurostat/data/database). Using the same assumptions and
applying our difference-in-differences estimates we calculate that, on average, EU
CO; emissions would have been 36 million tonnes higher each year in the absence
of the EU ETS. Similar to the estimate for France, we calculate that approximately
30% of observed emission reductions since 2004 can be attributed to the EU ETS,

as measured by our difference-in-differences estimates.
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