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Chapter 3

Effects of the European Emissions
Trading Scheme on the Directions
of Technological Change

by Franziska Tinnefeld

3.1 Introduction

Since the start of the European Union Emission Trading Scheme (EU ETS) in 2005,
per capita CO2 emissions in the EU have decreased by more than a third (Ritchie
et al., 2023) and the annual number of patent applications within the EU related to
the mitigation of climate change has doubled (OECD, 2023). Whether and to what
extent these trends can be attributed to the world’s first carbon pricing scheme and its
subsequent stringency increase, through (1) expansion of coverage and (2) lowering of
the emission cap, is a question not only relevant for the future of the EU ETS itself,
but also for countries planning to introduce carbon pricing, and for whom the EU ETS
is a model to show what works and what does not.

However, most of the decline in green house gas (GHG) emissions in the EU over the
past centuries has occurred in the energy sector, due to a shift away from coal towards
renewable electricity generation. Although the EU energy sector has been the largest
emitter in the past, this role is now taken up by the manufacturing sector, which has
shown only modest improvements in emission reduction since 2014 of around 130 million
tons of CO2 equivalent with respect to energy, which showed a reduction of 389 million
tons (Eurostat, 2024). This is, despite the fact that the 2013 changes to the EU ETS
were aimed mainly at the expansion of the policy to cover more manufacturing firms.

In this research, our objective is to understand whether the EU ETS induced regulated
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Chapter 3 | Effects of the EU ETS on the Directions of Technological Change

firms in the manufacturing sector in particular, to adjust their technological develop-
ment, and if so where along the production process did changes take place. Second, we
ask what types of firms are driving the potential effects.

Explicitly, regarding the direction of technological change, we ask whether the policy
was able to spur green innovation, and if so, through which types of innovation did firms,
facing carbon prices, decide to reduce emissions. For example, did the policy favour
green innovations for integrated technologies, which are related to the core activity of
the firm, but might require large adjustments to the production process? Or are firms
more likely to develop technologies that are able to reduce emissions related to the
beginning and end of the production process, where, for example, fuel switching for
energy or filters for carbon capture could be easy plug-in-type improvements?

Empirical evidence on the effect of the EU ETS on technological change is scarce and
focusses mainly on the early phases of the ETS and its effect on innovation levels in
general or on green innovation1. Generally small positive effects are found for regulated
firms during Phase I and II (see, e.g., Borghesi et al. (2015), Calel and Dechezleprêtre
(2016), Bel and Joseph (2018), Calel (2020)).

However, the early trading phases were marked by very low carbon prices, partially
driven by a large amount of allowances that were allocated to firms for free and in
abundance, resulting in weak policy stringency - a factor often ignored in the literature.
We therefore try to understand which type of firms are able and willing to adapt to
the policy through innovation on two dimensions. First, in terms of policy stringency,
we investigate whether effects are driven by firms that feel the policy more stringent
than others. Second, in relation to firm characteristics, we analyse (a) whether the
activity under which a firm is regulated plays a role. For this, we separate firms that
are regulated due to their combustion activities from those that are regulated for other
industrial processes, and (b) whether firms in technology-intensive sectors are the only
respondents to the policy or whether also firms from low-technology intensive sectors
are able to react by innovating.

One of the closest contributions in the literature to our work is the analysis by Scotti
et al. (2024), which, to our knowledge, is the only firm-level study that uses trading
phase III to understand innovation outcomes of the policy. While not including earlier
phases, the authors disaggregate firms that became regulated for the first time in 2013
(phase III) into the energy and manufacturing sectors and find for firms in the light
manufacturing sector, once entering the EU ETS, positive effects on environmental
innovation, while innovation in the energy sector is only responsive when the EU ETS
policy is accompanied by R&D subsidies.

Our aim is to add to the above literature by (1) mainly using firms regulated in phases
1See Teixidó et al. (2019) and Lilliestam et al. (2020) and Lilliestam et al. (2022) for an overview of the literature.
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I and III, and including firms from all countries taking part in the EU ETS, (2) trying
to understand not only the extent of technological change but also the direction of this
change by disaggregating green innovation into different innovation types, and finally
(3) identifying firm characteristics that are driving the effects.

To identify different types of green innovation, we develop a classification scheme for
patents based on CPC and IPC codes. We classify green patents into three subgroups,
namely innovations related to emissions that take place before, during, and after the
core industrial process of a manufacturing firm. Through this, we aim to understand
whether firms tend to innovate for emission reduction at specific points in their produc-
tion process. To capture green innovations with the potential to cut emissions prior to
the core industrial process of a firm, we identify green technologies in energy generation.
Integrated technologies encompass innovation developed for emission reduction during
the industrial process, such as the use of recycled material, the improvement of pro-
cess efficiency, or the reduction of energy requirements. Lastly, similar to end-of-pipe
technologies, we identify innovations that address emissions that remain after the core
industrial process has taken place, including, for example, methods for carbon capture
and storage, filtration of waste gases, and treatment of scrap material.

Our results show positive effects of the EU ETS on green innovation of firms, which
were already actively patenting prior to being regulated. The effects are mainly due to
trading phase I, despite a less stringent regulation with respect to trading phase III. Our
results suggest that the effects occur in all phases of the production process such that
positive effects are present for energy generation technologies, integrated technologies,
and end-of-pipe technologies. However, the former effect on energy generation is driven
solely by firms becoming regulated in the first phase, during which, indeed, the most
energy-intensive firms fell under the policy, while integrated technologies and end-of-
pipe technologies seem also important for firms regulated in 2013. Overall, integrated
technologies show a larger effect size as compared with energy generation and end-of-
pipe technologies.

We find, related to policy stringency, that even firms exposed to low-policy stringency,
that is, firms that receive enough free allowances to cover all of their emissions, still react
to the policy by developing green innovation. Yet, the size of the treatment effect for
firms facing high policy stringency (i.e., those that need to purchase carbon permits)
is larger, which would indicate that exposure to higher carbon prices is effective in
spurring green innovation. However, we fail to find statistical significance for the latter
treatment effect. Furthermore, we show that the only firms that are willing and/or
able to react to the policy with green innovation are firms regulated due to combustion
activities, and firms that are active in sectors that are already marked by high R&D
intensity.

137



Chapter 3 | Effects of the EU ETS on the Directions of Technological Change

The findings suggest that carbon pricing and emission trading can be effective tools
to induce green innovation. Although technological change seems to be taking place
across the production chain within firms, this change is slightly larger for integrate
technologies, for which the specialised knowledge of the firm might be helpful in the
development of green innovation. The effect is concentrated among firms that belong
to innovative sectors. To induce green technological change in sectors often lacking
formal R&D departments and sectors where emission reductions might require larger
investments to change or modify large industrial plants, such as cement and metal
production, additional financial R&D support and potential collaborative projects with
research institutions could be helpful in finding green technological solutions.

3.2 EU ETS background, literature and research questions

3.2.1 EU ETS background

The EU emission trading scheme was born from the Kyoto Protocol (UN, 1998), which
set legally binding emission caps on 37 Annex B countries, of which the majority are
EU countries. Although each country had a national emission reduction target that
should be met individually or jointly, the Kyoto mechanisms included the possibility
to trade emission units across borders and to also involve developing countries with
the aim of first reducing emissions, where it is the cheapest. The mechanisms included
are (1) international emission trading, (2) clean development mechanism (CDM) and
(3) joint implementation (JI). The latter two mechanisms allow countries to meet their
reduction targets through emission reduction projects in developing countries in case
of CDM or in countries with a Kyoto commitment in case of JI (UNFCCC, 2007). On
the other hand, international emission trading allows countries to buy allowances from
other countries that have commitments - the mechanism under which the EU ETS was
created.

While the Kyoto Protocol was created in 1997, the first commitment period was set to
start only in 2008 lasting until 2012. The EU decided to meet the commitments jointly
with an EU-wide emission trading scheme. The EU used the time before 2008 to carry
out a pilot phase of the trading scheme. The pilot phase started in 2005 and lasted
until 2007 - from now on simply referred to as phase I.

Before the official start of phase I and II, each EU country was required to present a
national allocation plan (NAP), which outlined the total amount of allowances it plans
to allocate during the trading phase and how it plans to allocate them to operators of
installations (i.e., firm plants) (European Parliament and Council, 2003). The plans
were then assessed by the European Commission on whether they complied with the
ETS Directive or whether a revision needed to take place (e.g., lowering total national
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Figure 1: Developments of the EU ETS from 2005-2019
Sum across 14,248 installations owned by 8,682 firms regulated under the EU ETS (year of regulation taken as first
year with non-missing and non-zero entry in verified emissions): number of verified emissions, number of surrendered
allowances, number of allowances given out for free, number of regulated installations

caps). Once approved, no further changes were allowed to be made to the total amount
or the exact allocation of allowances. The sum of the allocations from all the final
NAPs, therefore, determined the overall cap of emissions within the EU ETS.

The operators of regulated installations had to determine their amount of GHG emis-
sions from those gases and activities regulated under the EU ETS (verified emissions).
For each ton of carbon dioxide equivalent (CO2-eq) of GHG emitted2, an emission per-
mit had to be surrendered to the authorities (surrendered allowances). The emission
permit was either allocated for free to installations according to the NAPs (free al-
lowances), had to be traded among installations or permit holder, or were auctioned. In
Figure 1 we show the evolution of these measures. Verified emissions, mostly analogous
to surrendered allowances3 decreased (panels 1 and 2) during the period 2005–2019, de-
spite relatively more installations becoming regulated under the EU ETS4 (last panel).
Part of this trend might be attributed to the effect of EU ETS itself, but it largely
reflects the general decreasing trend of emissions in the EU over the last two decades.

During phase I almost all emission allowances were given to regulated installations for
free (see bottom-left panel Figure 1) and the penalty of non-compliance was set to
e40 per ton of CO2-eq. The only GHG regulated under the trading scheme in phase

2GHG emissions measured in CO2 equivalent means that a GHG is assessed based on its global warming potential
(GWP) compared to CO2. For example, the GWP of the GHG nitrous oxide (N20) is 310, meaning that one ton of N20
emissions is equivalent to 310 tons of CO2 emissions (European Parliament and Council, 2009a).

3Surrendered allowances are relatively low in 2005 and relatively high in 2006 with respect to verified emissions, due
to some implementation delays of the policy causing some installations to surrender their allowances of the year 2005
only in 2006

4We see a small decline in the number of installation being regulated 2013 onwards partly due to regulatory changes,
that allows governments to exclude small emitters from the EU ETS as long as their emissions are covered by other
policies (European Parliament and Council, 2018).
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I was CO2 from energy activities, production and process of ferrous metals, mineral
industry and the production of pulp and paper. For installations to become regulated,
often thresholds on production capacities or output had to be crossed. For example,
combustion installations were regulated if their rated thermal input was greater than
20 megawatt, installations producing pig iron and steel were regulated if their capacity
was greater than 2.5 tonnes per hour, or installations producing paper and board were
regulated if their production capacity exceeded 20 tonnes per day (European Parlia-
ment and Council, 2003). Because the installations were not allowed to carry left-over
allowance into trading phase II, the carbon price dropped at the end of phase I to zero
(see Figure 2).

In 2008 the Kyoto phase started, from now on referred to as trading phase II. NAPs
still had to be submitted by each country, but the rules became stricter. Not only was
the cap of total emissions reduced by 6.5% with respect to 2005, but also the penalty
for non-compliance was raised to e100 per ton of CO2-eq. Norway and Lichtenstein
joined the trading scheme, the aviation sector entered in 2012 and so did Iceland with
stationary installations. More activities were added to be regulated, as well as not
only CO2 as a GHG, but also PFCs (perfluorocarbons) from aluminium production.
Furthermore, some countries opted for the inclusion of N2O emissions under Article
24 of the Directive (European Parliament and Council, 2009b). Installations were also
allowed to surrender instead of EU emission units, emission reduction units from JI
projects, or CDM credits. Although the emission cap tightened and the proportion
of free allowances dropped to 90% while the remaining 10% of allowances had to be
bought at auctions, carbon prices remained rather low. Largely driven also by the
financial crisis, actual emissions were again, as in phase I, below the amount of free
allowances in circulation, lowering the carbon price further during the trading phase.
An additional factor was the poor regulation on the use of international credits from
JI and CDM projects. An EU-wide limit of 278 million allowances per year was set,
which however corresponded to 13.4% of the emission cap for this phase (J. Graichen
and V. Graichen, 2007). This caused a large inflow of emission credits into the EU ETS
(i.e., increased the actual internal emission cap), resulting in even more allowances in
circulation and dampening further carbon prices (Verde and Borghesi, 2022).

With the start of trading phase III in 2013 many changes took place. First, countries
were no longer submitting national allocation plans, but the allocation of allowances
became centralised into an EU-wide emission cap. Under this cap auctioning became
the main allocation method for allowances next to the free allocation. As international
credits were not additional to domestic emission reduction, but instead substituted
them (thereby raising the emission cap), the use of international credits was largely
limited and stricter monitoring of projects was required as the environmental integrity
of JI and CDM projects exhibited significant concerns (see e.g. Tollefson, 2023). Croatia
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Figure 2: Evolution of price for carbon permits and events associated with its development;
(Source of underlying graph: https://tradingeconomics.com/commodity/carbon)

entered into the EU ETS and new installations became regulated, due to the inclusion
of additional sectors and gases. The EU-wide emission cap was again tightened and an
annual decrease in emission permits of 1.74% implemented. Free allocation of allowances
for electricity production was stopped, and manufacturing installations received only
80% of allowances for free in 2013. This percentage decreased annually with the aim
of reaching only 30% in 2020. The changes explain the drop in free allowances and the
subsequent linear reduction in the bottom left panel of Figure 1.

The free allocation of allowances continued (1) for sectors facing international compe-
tition, to reduce the risk of carbon leakage, and (2) for installations based on product
benchmarks, which are established considering the average emissions level of the 10%
most GHG-efficient installations in a sector (see Article 10a European Parliament and
Council, 2009b). With respect to phase I and phase II during which free allowances were
allocated based on historical emissions of installations - i.e., supporting large emitters
(grandfathering) - the product benchmark approach from phase III rewards efficient
installations relative to inefficient ones, as the latter need to buy more allowances to
cover their higher emissions.

Despite a more stringent policy on multiple dimensions and extension of scope, as well
as sectoral and geographical expansion of the EU ETS, Figure 2 highlights that the
carbon price continued to stagnate throughout the first half of phase III. In order to
tighten the emission cap and avoid further oversupply of allowances, the auctioning of
900 million allowances, which was supposed to take place in the early years of phase
III, was postponed to 2019, an action termed as backloading. Carbon prices remained
low and the surplus of allowances high, so that eventually the backloaded allowances
were not actually auctioned, but transferred instead into the market stability reserve.
The market stability reserve was established in 2018 to collect access allowances, which
can be released to balance demand and supply and act as a buffer for potential future
shocks (EC, 2014). At the end of trading phase III, carbon prices finally began to climb
in anticipation of stricter rules for the EU ETS. These reforms also arrived with the Fit
for 55 package from 2021. The reform includes, for example, a faster reduction of the
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emission cap, expansion of EU ETS scope to maritime transport, road transport and
buildings, and the introduction of a carbon border adjustment mechanism (CBAM)
(Erbach et al., 2024), to be implemented during trading phase IV.

3.2.2 Literature and Research questions

The main hypothesis that guides this research is simple and very well known:

“Properly constructed regulatory standards, which aim at outcomes not
methods, will encourage companies to re-engineer their technology.”

(Michael E. Porter, 1991)

Research is still empirically trying to verify this hypothesis in various contexts and
scales (firm, industry, or country level). We contribute to the strand of firm-level
research, asking whether the EU ETS has been, with all its imperfections, a sufficiently
proper and well-designed regulation to encourage innovation? And if so, what were
these innovations and who was successful in developing them?

Literature reviews in the context of carbon pricing in general (Lilliestam et al., 2020;
Lilliestam et al., 2022) and in the context of the EU ETS (Teixidó et al., 2019) have
called for more empirical research to understand whether the directly affected firms, i.e.,
regulated firms themselves, developed more green innovation once exposed to carbon
prices as existing evidence is also here not definite. With respect to the EU ETS, the
reviews also call for more research that includes more recent trading phases.

One of the first empirical studies investigating the effect of the EU emission trading
scheme has been Borghesi et al. (2015). Using the Italian part of the community
innovation survey (CIS), the authors investigate for manufacturing firms the effect of
the EU ETS on introducing environmental innovation for trading phases I. Although the
measure of environmental innovation is at the firm level, measures of being part of the
ETS and its stringency are at the sector level. Two types of environmental innovations
are investigated: (1) those that have the ability to reduce CO2 and (2) those that
increase energy efficiency. As these outcome variables are binary, the authors run a
probit model on two sub-samples: one including all firms with a dummy indicating if
a firm is part of the EU ETS or not and another one only including EU ETS firms
with a continuous variable indicating the stringency of the policy in the sector the firm
operates in. The authors find mixed results. While the ETS was associated with greater
adoption of both types of innovation, the sectoral stringency of the policy was negatively
correlated with innovation. The authors suggest that this effect could either be driven by
(1) policy makers purposefully targeting less environmental innovation intensive sectors
with higher stringency to induce them to innovate more or (2) by innovative sectors in
anticipation of the policy reducing emissions already prior to policy implementation, in
order to avoid high emissions and with that high policy stringency.
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A year later Calel and Dechezleprêtre (2016) published a more comprehensive study,
including 23 European countries and measuring innovation using patents from the Eu-
ropean Patent Office. The authors investigate the effect of the EU ETS on low-carbon
patents, identified through a selection of Y02E and Y02C subclasses. The authors em-
ploy for trading phase I a difference-in-difference methodology and match 3,428 regu-
lated with 4,373 unregulated firms using exact matching of country, sector and a dummy
of whether a firm had pre-treatment patents and variable ratio matching with replace-
ment on pre-treatment average turnover, number of low-carbon and other patents, and
firm age. Some of their main findings are: the EU ETS (1) has increased low-carbon
patents of regulated firms by 36%, (2) did not crowd out other types of patenting, but
rather increased this by 1.9%, (3) seems to have had no indirect effect on patenting
of non-regulated firms, (4) appears to have caused additional low-carbon patenting of
alternative energy and energy storage technologies applied for by chemical, energy and
automobile companies.

Four years later Calel (2020) conducts a similar study that focusses on British EU ETS
firms and their response to the policy during trading phases I and II in terms of low-
carbon patenting (analogously defined as in the previous study) and adoption. Applying
exact matching on sector and nearest-neighbour matching on pre-treatment revenues,
employees, firm age, CO2 intensity, labour intensity, (low-carbon) patents, (low-carbon)
R&D spending, and the history of environmental regulation, the author ends up with
403 ETS firms matched to 446 non-ETS firms. A diff-and-diff type setup with Hodges-
Lehman point estimates is used to compare the regulated and non-regulated firms’ CO2

emissions intensity and low-carbon patenting. Contrary to previous findings on cap and
trade systems, which found positive effects on adoption but less so on innovation, the
findings of this study point to positive effects of EU ETS on low-carbon patenting (with
similar effect sizes to Calel and Dechezleprêtre (2016)), and no significant effects on CO2

intensity, pointing towards no effect on adoption.

Bel and Joseph (2018) take quite a different approach from the standard firm-level
diff-in-diff studies that are common in this field. Using country-level data, the authors
analyse the effect of oversupply of allowances on patenting and hence concentrate ex-
plicitly on policy stringency. The authors include 27 European countries and analyse
trading phases I and II, making use of EPO patents. Their focus lies on patents from the
Y02E subclass, encompassing technologies related to the reduction of GHG emissions in
energy generation, transmission, or distribution (Y02 used as robustness). The oversup-
ply of allowances is measured as the accumulated difference between a country’s actual
emissions and its allocated allowances each year. A negative binomial random effects
model is estimated, with Y02E patenting as the dependent and the stock of oversupply
of emission allowances as the main independent variable. The regression controls for
country-level economic performance, education, share of renewable energy consumption,
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share of GDP in R&D expenditure, size of certain industries, and a dummy indicating
phase I or phase II. As expected, the oversupply of allowances has a negative effect
on Y02E (Y02) patenting. That stringency of environmental policy matters for green
patenting is also highlighted by the positive effect the shift from trading phase I to
trading phase II had on Y02E (Y02) patenting.

Not only focussing on innovation, Boungou and Dufau (2024) investigate the announce-
ment of the most recent trading phase IV on R&D as well as the performance outcome.
Utilising the OECD database and a sectoral approach the authors match 210 EU ETS
sector-country pairs with 137 sector-country pairs not in the EU ETS to conduct a
difference-in-difference analysis. To have a comparable sample of non-EU ETS sectors,
the authors only match with other OECD countries’ sectors. Although trading phase
IV officially started in 2019, the authors argue that the announcement of important
changes took place already in 2016. They therefore set up the analysis to compare
EU ETS sectors with non-EU ETS sector pre- and post- 2016. The findings show that
the EU ETS sectors have, after the announcement, invested more heavily in R&D for
environmental friendly technologies. However, care must be taken in attributing these
effects to the EU ETS, as it is not clear whether prior to the announcements EU ETS
sectors and non-EU ETS sectors have been following similar trends in investments into
low-carbon technologies. If the trend was already, prior to announcement, greater for
EU ETS sectors, which is highly likely, the effect of the policy announcement on R&D
is likely to be overestimated. In addition, the overall level of environmental policy and
green innovation of country-sector pairs seems to be ignored.

The closest study related to our work is the recent analysis by Scotti et al. (2024) who
analyse trading phase III and its effect on environmental patents and carbon intensity.
Propensity score matching on a large sample of pre-treatment covariates (total, current
and intangible assets, financial leverage, long-term debt, current liabilities, current ratio,
and return on equity) constructs the sample of regulated and non-regulated firms. The
authors however do not seem to match on pre-treatment patenting activity of firms. A
staggard difference-in-difference methodology is then employed on newly regulated firms
over 2013–2020, to estimate the effect of the EU ETS on the cumulative logarithmic
count of environmental patents (from PATSTAT) as well as on carbon intensity (log
of CO2 emissions/total assets). The effect is estimated first on all firms and then by
comparing the light manufacturing and the energy sector. Positive effects are only
found for the light manufacturing sector, while no effect on the energy sector is present.
The authors then investigate whether a policy mix of the EU ETS accompanied by
R&D subsidies induces the energy sector to innovate. Indeed, for the energy sector,
a positive effect only exists if also public R&D funds (i.e. Horizon 2020 or Structural
Cohesion Funds) are received. The findings are explained by a higher pass-through rate
of carbon prices to consumers in the energy sector as compared to manufacturing firms,
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which are less able to avoid the internalisation of carbon prices.

Similarly to the above literature, we analyse the effect of the EU ETS on regulated
firms’ innovation efforts, but focus on manufacturing firms only and explicitly look at
green innovation using different classifications for green patents. We focus on trading
phases I and III as trading phase II is a complicated phase not only in terms of only
few new installations joining the scheme but also due to timing, as the starting of the
trading phase falls together with the financial crisis, such that differences pre and post
are difficult to attribute solely to the EU ETS (despite matching with unregulated firms,
who in theory should be equally affected by the economic crisis). In line with findings
and the Porter hypothesis, we expect that the EU ETS has had a positive impact on
green patenting without crowding out non-green innovation.

We then try to better understand where in the production process firms are able to
innovate to reduce emissions. Energy generation and heat are by far the largest sources
of GHG emissions, and for large manufacturing plants energy generation - as a ma-
jor auxiliary activity for their industrial processes - might be the first stage, during
which large amounts of emission reduction can take place through e.g. fuel switching
or renewable energy generation, without the need of changing subsequent industrial
processes. Similarly, end-of-pipe technologies that "clean-up" emissions post-industrial
processes through filtering, treatment, or capturing of GHGs, might be more easily
installed without large adjustments to the core industrial processes of firms. We might
therefore think that these pre and post "plug-in"-technologies are easy, first-response
options to the policy.

On the other hand, we can, however, also find arguments that would explain firms’ re-
sponse to environmental regulation to be concentrated on developing innovations related
to their core industrial processes. Since we focus on manufacturing firms, technologies
related to energy generation, waste treatment, or carbon capture are not the core ac-
tivities these firms carry out. Instead, the specialisation of regulated firms lies rather
in e.g. chemical, pharmaceutical, automobile, glass, metal, cement, paper, or food pro-
duction. So, while it might be easier to reduce emissions initially at the beginning or
end of the production process, knowledge to innovate emission reducing technologies
might exist more readily available for the development of integrated technologies that
are related to the core activity and the specialisation of a firm.

We then look at which firms have an incentive and the ability to shift towards green
innovation. Instead of removing firms (as in Scotti et al. (2024)), which are at risk
of carbon leakage and therefore receive most allowances for free, we simply split our
sample into firms that receive enough free allowances to cover their emissions vs. EU
ETS firms that actually had to purchase allowances to cover their verified emission. We
expect that if the EU ETS had an effect on green innovation, then this effect is larger
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for those exposed to a stringent policy, based on the country-level findings of Bel and
Joseph (2018).

The sector in which a firm operates might not necessarily reflect the activity under which
it is regulated in the EU ETS. For example, let us assume that a firm in the chemical
sector owns, despite not being in the energy sector, a combustion installation that falls
under the regulation of the EU ETS. Then the firm is not regulated because of its main
sectoral activity (i.e., producing chemicals), but because the combustion installation to
produce energy for their operations is so big that it falls under policy regulation. The
firm would then try to react by lowering the emissions from the combustion installation
and hence would look for environmental innovations related to energy generation or for
integrated process innovations that can alter the industrial process in such a way that
it becomes less energy intensive. Instead, if the production of chemicals itself were the
largest source of emissions such that the firm would be regulated because of this activity,
then it would be incentivised to find innovations that result in fewer emissions during
the production of the chemicals themselves (e.g., finding different catalysts to induce a
required chemical reaction). The majority of our sample consists of manufacturing firms
that are most likely not specialised in energy production. It might be difficult for them
to lower the emission-intensity of their combustion installations, as their specialisation
lies in other activities. However, a recent report by the Intergovernmental Panel on
Climate Change mentions multiple challenges in the development of innovations for
greener industrial processes and highlights the lagging behind of these technologies in
terms of maturity and availability with respect to green energy solutions (IPCC, 2022).

Finally, we want to understand whether the policy incentivised only innovation in those
sectors that are already highly innovative, or if even the sectors, in which innovation is
not common, show positive effects on environmental innovation when facing the policy.
Firms in highly innovative sectors might have a well-established R&D department, such
that the task of finding innovations to reduce emissions can be given to a specialised unit,
which knows the process of innovating and patenting. Firms in sectors with only little
innovative activity might be lacking this formal R&D set-up. However, since also the
latter type of firms are facing a price for their emissions, an incentive to reduce them still
exists. But, not being able to easily assign resources specifically aimed at conducting
innovation would then result in a lower likelihood of environmental innovation.

3.3 Data and Methodology

In our analysis, we make use of three different data sources: We use ORBIS firm-level
data on firm characteristics matched with EU transaction log data (EUTL data), which
contains all information on installations regulated under the ETS. We proxy innovation
of these firms using patent data that we extract from ORBIS IP. We then collect
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information on firm characteristics and firm innovation of similar but unregulated firms
to build a sample of control firms. To estimate the effect of the EU ETS on regulated
firms, we employ a difference-in-difference analysis on our sample of treated and control
firms. In the following, we (1) describe the three data sources and outline our data
collection and cleaning procedures, (2) describe our selection of our control sample, and
(3) present our estimation methods.

3.3.1 Data: EU-transaction log

The EU transaction log contains all transaction data for allowance and emission trans-
fers, as well as information on the regulated installations covered by the EU ETS since
the start of the EU ETS pilot phase in 2005 up to today5. We are making use of the
dataset that is pre-cleaned and made more easily accessible by Abrell (2021)6.

The regulation is applied at installation level, which can be thought of as the plant
level of a firm. This means a firm can own multiple installations that are regulated
under the EU ETS. We conduct our analysis at the firm level, as we are interested
in changes in innovation, which is an activity more likely to take place at firm rather
than installation level (Calel and Dechezleprêtre, 2016). To pair installations with their
corresponding corporate owner, Abrell (2021) includes a matching developed by the
Joint Research Center (Letout, 2022) between ETS installations and BvD IDs as a firm
identifier, that allows the matching of the data with ORBIS7. In the first step, we select
all installations participating in the EU ETS that have a BvD ID listed, which relates
to around 84% of all installations.

In order to identify whether and when an installation is regulated, we make use of its
verified emissions. An installation must surrender each year allowances to the authori-
ties that at least cover its verified emissions. We therefore take as the year of regulation
the first year in which the installation has a non-zero and non-missing entry for its ver-
ified emissions. As a firm can own multiple installations that can become regulated at
different points in time, we define the year of regulation for a firm, as the year in which
the first installation associated to the firm’s BvD ID becomes regulated. As Figure 3
highlights, most firms became regulated in the first year of the first trading phase. The
other two large additions to the EU ETS took place in years in which phase II and
phase III started, with, respectively, 480 and 922 new BvD IDs entering the EU ETS.

To have a clean setup that avoids the possibility that underlying reasons for late entries
5The EUTL data is available under the following link: https://ec.europa.eu/clima/ets/.
6The pre-cleaned data by Abrell (2021) is available under the following link: https://www.euets.info/download.
7Due to the reform in 2012/2013, which moved the EU ETS towards a more centralised system with a single EU-wide

emission cap, also a centralised system for recording was introduces - the EUTL. Prior to the EUTL each country had
its own registry the Community Independent Transaction Log (CITL). Changes to a unified registry meant that new
accounts had to be opened, making it difficult in some cases to link installations to previous accounts and hence could
cause inconsistencies in the installation-account linkage. Big efforts by Abrell has however been made to match well
former operating accounts (Abrell, 2021, p.14).
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Figure 3: Number of newly regulated BvD IDs per year
Newly regulated means the first year in which a BvD ID has non-zero verified emissions in one of its installations;
Aviation Sector included

into the ETS after the official start of each trading phase bias our results, we only keep
those BvD IDs that became regulated in 2005, 2008 and 2013. In addition, we remove
installations from the aviation sector, which is covered in the EU ETS since 2012, and
that explain (together with Iceland’s stationary installations joining the EU ETS) the
large jump of newly regulated BvD IDs from 88 in 2011 to 401 in 2012 in Figure 3. If a
firm owns fixed regulated installations and is also regulated due to aircraft activity, we
only delete the installations associated to the aircraft activity but keep the installations
that are non-aircraft installations.

Some installations have data on verified emissions for only a few years. This can, for
example, happen when installations that were part of the EU ETS by 2013, opted out
of the policy under the "small emitter" regulation (introduced in footnote 4 of Section
3.2.1), but kept their EUTL accounts open (EEA, 2015), resulting in an installation
that seems active but has missing entries. We select only those installations for which
we have at least 70% of the years non-missing within the first phase in which the
installation becomes regulated8. This removes between 5-10% of installations and firms
regulated across the three trading phases.

Overall we are left with 6,209 firms from 29 countries that own at least one installation,
that became regulated under the EU ETS either in 2005, 2008 or 2013. Together, these
firms own 9,453 regulated installations, such that on average the number of installations
per regulated firm is 1.52. The company with the most number of installations regu-
lated in our sample is the Italian multinational energy company ENEL S.p.A with 34
installations regulated. In Figure 4 we see that most of the regulated firms are German,
which can be explained by multiple interrelated factors: (1) Germany is the largest EU
country in terms of population, (2) it has the largest amount of total GHG emissions
among EU countries (EEA, 2024a), (3) it has the largest industrial sector (27% of EU’s
total sold industrial production was from Germany in 2023), and finally (4) its emission
intensity of electricity production per kWh is far above the EU average (EEA, 2024b).

8Phase I lasted 3 years: 3*0.7 = 2.1, hence we use installations with all 3 years covered; Phase II lasted 5 years:
5*0.7 = 3.5, hence we use installations with at last 4 years of data; Phase III lasted 7 years: 7*0.7=4.9, hence we use
installations with at least 5 years with data.
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Figure 4: Number of firms per country that have an installation regulated under the EU ETS before
merging with ORBIS data
Data from EUTL; Only firms that became regulated in 2005, 2008 or 2013

After a large drop in the number of regulated firms, Germany is followed by Spain,
France, Italy, and Poland, respectively.

3.3.2 Data: Matching EUTL with ORBIS

We merged our sample of firms with firm characteristics from ORBIS. ORBIS data
on firmographics, which is static information such as industry classification, year of
incorporation, and type of entity, is close to full completeness. But the coverage of
firm financials varies from fair to poor depending on year and country, as accounting
standards differ across space and change across time.

For the data that stem from financial statements, we conduct an initial cleaning by
dropping all companies that are not corporations and focus on unconsolidated accounts
only, as the vast majority of firms publish their financial statements as such in Europe.
Indeed, we only lose 49 of our 6,209 firms. If there are duplicate entries per year for a
firm, we select entries that are from annual financial statements over other frequencies
and select entries with non-missing financial information over those entries that report
missings.

After the initial cleaning and removal of duplicate entries per year, we create an 11-year
balanced panel for each regulated firm, with 5 years prior and 5 years post treatment
year. We drop those BvD IDs that became incorporated only after the start of their
respective time series (e.g. a firm incorporated in 2003 but regulated in 2005 we would
drop from our analysis as no pre-treatment 5-year time series would be available).
Among the financial information that is useful for our analysis, we select operating
revenue turnover, total and current assets, as well as current and non-current liabilities,
as we find better coverage for these variables than for other financials, which would give
similar information. We then follow Kalemli-Ozcan et al. (2022) in further cleaning
procedures to avoid unrealistic entries to bias our results. The cleaning includes (1)
dropping companies if total assets, tangible assets, employment or operating revenue
turnover are negative in any year (this concerns 7 companies), (2) dropping companies
that have employment/assets, employment/operating revenue turnover, and operating
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Figure 5: Number of regulated firms per trading phase and country
Includes only regulated firms that are left in the sample after merging EUTL with cleaned financial data from
ORBIS and after removing incomplete observations as outlined in this section

revenue turnover/assets larger than the 99.9%-tile (this concerns 86 companies). We
set negative values in current or non-current liabilities as missing (concerning 31 entries
from 20 different BvD IDs). Lastly, we identify extreme outliers, which we define as
values in any financial time series of a firm that fall outside the interquartile range
times 7, and set these outliers as missing values (for all financial variables we use, this
concerns less than 1% of entries).

To obtain a balanced panel without including firms for which financial data is very
sparse and unreliable, we interpolate, for our five financial variables, the time series if
there are very occasional missings. Explicitly, we first interpolate gaps in a time series
with a maximum of 3 years of consecutive missing data through linear interpolation. If
corner values (first or last years of time series) are missing, we first forward fill, then
backward fill up to a maximum of 2 consecutive missings. We interpolate across our
main financial variables on average only 3.7% of entries. We then only keep firms that
have after this interpolation procedure no remaining missing values in their time series.
We are left with 3,089 firms from 28 countries, of which most are large or very large
manufacturing companies. Our data of regulated firms are skewed towards large firms
as (1) large firms are more likely to be regulated and (2) availability and completeness
of financial statements in ORBIS are biased towards large firms. In Figure 5 we see
how the heterogeneous coverage of countries in ORBIS changes the representation of
countries in our sample: Although Germany is the country with the highest number
of regulated firms (Figure 4), we end up with the majority of the firms in our sample
being from Spain, France, Poland and Italy, due to the relative poor coverage of ORBIS
in Germany.
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3.3.3 Data: Merging patent activity from ORBIS IP

We proxy firms’ innovation using patent data9. We make use of patents filed at the
European Patent Office (EPO). As all our regulated firms are in Europe, this should not
induce any home-bias. Making use of EPO applications means that almost all patents
have a family size greater than one, due to filing in the domestic country first and
then at the EPO. We therefore avoid including very low-quality patents. Instead, we
could control for patent quality by only making use of granted patents. We, however,
want to understand the innovation effort that firms undertake, regardless of whether
the patent is granted or not. We refrain from focussing on only granted patents, as this
would reduce the amount of innovation effort we would capture 10, as well as introduce
potential problems of missing out on patents at the end of our sample period due to
time lags between patent filing and granting.

For the respective time-series of each regulated BvD ID in our sample, we extract all
patents that have this BvD ID listed as an applicant. Alternatively, we could make use
of the BvD ID of the current direct owner. In 85% of the cases, the applicant’s BvD ID
is equivalent to the BvD ID of the current direct owner (CDO) and in about 12% of the
cases it is equivalent to the previous direct owner. As we are interested in the ownership
of the patent at the time the patent was filed, we choose the applicant’s BvD ID over
that of the CDO. If multiple applicants are listed and multiple of these applicants are
regulated under the ETS, we attribute the patent to each of these applicants. An
application usually has multiple dates associated to it, such as the application date,
priority date, and granting date. We make use of the priority date of an application,
as this is closest to the actual point of invention. The EU ETS firm that is most
active in patenting is Bosch GmbH, followed by BASF SE and Volkswagen AG. Among
our regulated firms over the years 2000–2018, patenting is highly right-skewed with a
median of 4 and a mean of 106 patents.

As we are interested in whether firms that become regulated change their direction of
technological development for green innovation we identify green patents using different
classifications. We use (1) the EPO’s "Y02-Y04S"-tagging scheme (Y02), and its sub-
classes, which has been incorporated in the Cooperative Patent Classification (CPC)
(Angelucci et al., 2018), (2) the Green Inventory (GI) and its subclasses, developed
by the World Intellectual Property Organisation (WIPO) and therefore utilises IPC
(International Patent Category) codes instead of CPC, (3) the classification from the
OECD for environmental technologies (EnvTech), which combines IPC and CPC codes
in the identification of environment-related technologies (Hascic and Migotto, 2015),
and finally (4) following Favot et al. (2023) we combine these three indicators, as the

9For an overview of advantages and disadvantages using patent data as a measure of innovative output see Griliches
(1990).

10Just over 50% of the patent applications are also granted.
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use of all three classification strategies to identify green patents yields a better coverage
of green innovation than only one of these classifications alone. Through this classifica-
tion, we ensure a lower probability of missing green patents classified as green by one
but not by another indicator.

We find, similar to Favot et al. (2023), that around 50% of patents classified by the
Green inventory are also classified using Y02, while 76% of EnvTech can also be found
in Y02. On the other hand, almost all (97%) of Y02 patents are also in EnvTech, while
only 34% of them are in the Green inventory. While 55% of the Green Inventory patents
can be found in EnvTech, only 30% of EnvTech can be found in the Green Inventory.
From this we see that using one classification over another can potentially lead to very
different patents classified as green or not.

Table 1: Number of EU ETS firms patenting for each trading phase

Phase Firms Patents Y02 GI EnvTech Y02-EnvTech-GI ETS-related %-with Patents
2005 2,422 301 114 110 125 149 119 12.43
2008 160 18 8 6 9 11 8 11.25
2013 507 84 31 23 36 44 36 16.57

In Table 1 we see that of the 3,089 EU ETS companies, only around 11-16% apply for
a patent during the period of 5 years pre- to 5 years post-treatment. Furthermore, only
a maximum of 200 companies file for a green patent depending on the classification
scheme. Looking at the number of companies that patent in different industries (Table
2), we find that most are manufacturing firms - the subset of firms that we focus on in
the subsequent analysis.

Table 2: Number of EU ETS firms patenting in each Industry
Number of EU ETS firms that patent within an industry; Column 2 : General patenting; Column 3 : Green
patenting (using Y02-ENVTECH-GI classification)

Main NACE section Firms with... ...Patents ...Green patents
C - Manufacturing 332 162
D - Electricity, gas, steam & air conditioning supply 19 14
B - Mining and quarrying 15 9
G - Wholesale/retail trade; repair of motor vehicles/cycles 15 5
M - Professional, scientific & technical activities 11 10
F - Construction 5 2
H - Transportation and storage 4 1
K - Financial and insurance activities 2 1

To avoid innovating firms that patent only very occasionally to bias our results with
potential random innovation events, we further restrict our sample to those firms that
showed already pretreatment the capability to innovate. Firms, which are active innova-
tors should also be those that are able to employ research efforts towards the reduction
of emissions in response to the policy - something, which should for firms, inactive in
patenting, be much more difficult. Hence, we only select firms that applied within the
5 years prior to treatment for at least one patent.
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3.3.4 Data: Identifying Types of Innovation

If regulated firms react to the policy with green patents, we would like to understand
more in detail how firms change their direction of green innovation. The way in which
the policy should in theory influence a regulated firm is through either the adoption
or the development of technologies and methods that reduce the amount of verified
emissions for which the firm needs to purchase carbon permits. We focus on the latter,
namely, the development of technologies.

We develop a classification that clusters CPC or IPC codes of patents into three groups,
namely patent classes related to (1) energy generation technologies, (2) integrated tech-
nologies, and (3) end-of-pipe technologies. As we focus on firms in the manufacturing
sector, the groups are chosen such that they resemble the location in the production
process of a manufacturing firm where emission reduction is possible. This means
that energy generation encompasses the possibilities of emission reduction before actual
industrial processes take place, integrated technologies then contain innovations that
have the potential to reduce emissions during the production process, and end-of-pipe
technologies are related to green innovations that take place after the main industrial
process, which means they are related to "cleaning up" after industrial processes have
taken place.

We do not include in this classification green patent classes that are related to trans-
portation or buildings. This is due to multiple reasons. One, we exclude the aviation
sector in our analysis, two, maritime transport started to be phased into the ETS in
2024 only, and three, emissions from road transport and buildings will be covered only
from 2027 onwards in the EU ETS2 (European Parliament and Council, 2023). This
means innovations related to, for example, EVs, fuel-efficient aircraft, or energy-efficient
insulation of buildings should not be influenced by the policy for the trading phases we
focus on and we exclude them therefore in the following sub-classification.

Figure 6 gives an overview of the three different types of green innovation that we want
to capture with examples of patent classes (in green). We highlight energy generation
in yellow, integrated processes in red, and end-of-pipe actions in blue. Technologies
for energy generation encompass patent classes related to the production, distribution,
storage, and transmission of energy; this can be technologies related to renewable energy
generation, but also fossil and non-fossil fuel technologies. The group also includes the
generation of electricity. Electricity represents only around 22% of all energy input in
the manufacturing sector. The remaining 88% is primary energy from the direct use of
coal, natural gas, and oil. When manufacturing firms use electricity, it implies that a
large part of the emissions to generate this electricity have already occurred in energy
companies. However, since 88% of the energy input in manufacturing firms is primary
energy and not electricity, there is still great potential to cut the emissions from energy
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use for manufacturing firms themselves. This can be, for example, fuel switching or
more efficient use of primary energy sources.
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Figure 6: Infographic highlighting the three types of innovation captured in our classification: (1)
Energy Generation (yellow), (2) Integrated Technologies (red), and (3) End-of-pipe technologies (blue);
Examples of patent classifications that fall into one of these three categories are given in green

Our second type of technologies are innovations integrated into the industrial process
of a firm. This means that their implementation would require an adjustment to the
core industrial processes and can be thought of to be less of a simple "plug-in" type
of technology, which can be added at the beginning or end of the process. At the
same time, as these technologies are at the core of a firm’s expertise, knowledge and
means to develop them should be more readily available than technologies concerning
pre- or post-processes. This group can contain energy-related technologies that, for
example, save or recover energy, or technologies that make use of renewables, as well
as non-energy-related technologies that are affiliated with recycling and reuse, input
switching, and other processes to increase efficiency.

Finally, technologies termed end-of-pipe can in our classification be related to the treat-
ment of GHGs or other waste products. The former type of technologies include, for
example, the filtration and purification of waste gases or carbon capture and storage
technologies, while the latter type can be related to the disposal of solid waste, treat-
ment of waste water, or materials to absorb pollutants.

As a starting point for our classification, we take the full list of environment-related
technologies (EnvTech), climate change adaptation technologies, and similar technolo-
gies relevant to the ocean economy provided by OECD (2022). We additionally include
all Y04S classes (i.e. smart grids). We then classify each patent class on this list into
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either a green patent class belonging to energy generation, integrated technologies, or
end-of-pipe. Classes that do not fit into either of these groups are excluded. The final
classification can be found in Appendix AT1. We then include a patent application
that has a patent class listed from one of these three groups in the overall class termed
ETS-related patent.

As a patent can have multiple patent classes listed, it can in theory be that the same
patent has a patent class associated not only to one of our innovation types but, for
example, is identified as an integrated technology as well as an end-of-pipe technology.
Indeed, as we see in Table 3 this is the case in a few occasions. However, the overlap
is, for all combinations of innovation types, very low and close to non-existent between
energy-generation and end-of-pipe technologies. This is expected as these two groups
are capturing technologies at opposite ends of the industrial process. In the few cases
in which multiple classes are listed on a patent, we attribute the patent to both types
of innovation.
Table 3: Correlation of patent classes on a single patent application
Left-side: Patents from EU-ETS firms, Right-side: Patents from large pool of potential controls

EU-ETS firms Potential Control firms
Integrated

technologies
End-of-pipe
technologies

Integrated
technologies

End-of-pipe
technologies

Energy generation
technologies 0.11 0 0.18 0.03

Integrated
technologies - 0.14 - 0.13

We find for our large sample of EU ETS firms in Table 1 that slightly less firms hold
an ETS-related patent (column: ETS-related) relative to EnvTech patents. This is
natural, as our classification can be seen as a subset of EnvTech technologies11.

3.3.5 Data: Selecting the control group

In order to estimate a causal effect of the EU ETS on innovation outcomes of regulated
firms, we use a difference-in-difference approach. This requires an appropriate control
group consisting of firms with characteristics comparable to those of our regulated EU
ETS firms, which, however, have not been affected by the policy. For a difference-in-
difference, at best, the assignment of treatment is random. In our case, the assignment
of treatment is based on emission intensity of installations a firm owns. This means that
a firm might not fall under treatment if all of its installations fall below the threshold
of treatment12.

To find such an appropriate sample of firms, we extract from ORBIS historical all
firms that are in the same country-industry pairs as our EU ETS firms. We clean and

11ETS-related classes are not a perfect subset of EnvTech technologies, as we include besides the EnvTech codes also
other patent classes such as Y04S. In these classes patenting is however rather low.

12Clearly, as regulations and thresholds become stricter across trading phases difficulties to find appropriate controls
increase.
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interpolate financials equivalent to our EU ETS firms as outlined in Section 3.3.2. We
then extract the patents for all control firms and treat them equivalent to our treatment
sample from Section 3.3.3. For each potential control firm, we create for each phase
an 11-year time series (phase 1: 2000–2010, phase 2: 2003–2013, phase 3: 2008–2018).
This means that the same control can be present and act as a control in multiple trading
periods.

Finally, we do not want our control firms to have ownership links to EU ETS firms,
that could induce them to react to the regulation due to ownership stakes in a regulated
firm. We therefore remove from our potential controls all firms that have first-level
shareholder relations with an EU ETS firm or direct or global ultimate owner relations.
Explicitly, as Figure 7 explains, we delete subsidiaries, shareholders, as well as sister
companies of these shareholders of EU ETS firms.

Figure 7: Ownership linkages between EU ETS firms and Control firms, which we do not allow for

From this large initial sample of potential controls, which are in the same 4-digit NACE
industries and country pairs as our EU ETS sample of firms, we find that only 1% of
the firms apply for a patent within their 11-year time series. While also the distribution
of patents for our potential controls is highly rights-skewed, the distribution is (1) more
inflated at zero and (2) further shifted to the left with respect to our EU ETS firms,
with a median of zero (instead of 4 as the median for EU ETS firms) and a mean
of 0.008 patents (instead of 106 as the mean for EU ETS firms). This highlights the
challenge of choosing a control sample with characteristics comparable to those of our
EU ETS firms. The next section outlines our method to match the regulated firms with
appropriate controls, followed by an explanation of the estimation strategies.

3.3.6 Method: Propensity Score Matching and Difference-in-Difference

We are interested in the causal effect of the EU ETS on different types of green in-
novation outcomes for regulated firms. Hence, we would like to estimate the average
treatment effect on the treated (ATT). Firms may have anticipated stricter environ-
mental regulations due to the EU ETS, which, if not taken into account, would bias
our estimated ATT (most likely downward). We decide to assume anticipation into
treatment of firms of one year, as important directives and amendments related to the
EU ETS have been known to firms at least one year prior to treatment.
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This means that we exclude the possibility of comparing our treatment effect to a
pretreatment period in which firms were anticipating stricter environmental policies,
causing them to potentially react to the upcoming amendments prior to the actual
treatment. Explicitly, for phase I, which officially started in 2005, the EU ETS es-
tablishment directive, which was passed at the end of 2003 (European Parliament and
Council, 2003), required countries to submit their national allocation plans early 2004.
For phase II, which started in 2008, countries were required to publish their national
allocation plans in mid-2006, without the possibility of amendments after the end of
2006 (European Communities, 2005). For phase III, starting in 2013, national allocation
plans were no longer submitted, but instead a single EU-wide cap on emissions replaced
the national once. We therefore consider the decision of the European Commission to
include new activities and gases to be regulated under the EU ETS as a reference point,
from which firms could understand if and to what extent amendments to the EU ETS
would affect them. The decision was published in September 2011 (Commission, 2011).

In order to restrict our control firms to a more suitable sub-sample, we employ before
estimation propensity score matching (PSM) between treatment (regulated EU ETS
firms) and control. Through restrictions of focussing on manufacturing firms that have
patents five years prior to treatment, our sample of treated firms was reduced to a
total of 237 EU ETS firms. Table 4 shows that before matching, the pool of potential
controls is instead very large.

Table 4: Number of firms per trading phase in treated and control sample
Columns 2-3 : Treatment sample pre and post PSM; Columns 4-5 : Control sample pre and post PSM

Trading Phase Treatment: pre-PSM post-PSM Control: pre-PSM post-PSM
2005 176 168 3,159 105
2008 14 13 1,425 11
2013 47 45 3,234 35

We use nearest-neighbour matching with replacement on our estimated propensity
scores, i.e., the probability of treatment. We estimate the propensity scores using logis-
tic regression including the following covariates: (1) the logarithm of operating revenue
turnover, (2) debt-to-asset ratio (calculated as the sum of current and non-current li-
abilities over total assets, (3) the logarithm of total patents, and (4) the logarithm of
green patents using the combination of Y02, EnvTech, and Green Inventory. We make
use of the 4-year pretreatment averages, excluding 1-year prior treatment for anticipa-
tion for these three variables, and additionally control for (5) year of incorporation (as
a measure for firm age) and (6) 2-digit NACE industry fixed effects. We choose these
covariates because they should be associated both with the probability of being treated
and with our outcome variable (i.e., the number of green patents).

As we do not match on countries, we have treated firms from countries from which we
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Figure 8: Treated firms (upper panel) and control firms (lower panel) by country after propensity
score matching per trading phase

do not have control firms (see Figure 8)13. Although general environmental policies
certainly differ across European countries, we refrain from including country dummies
as a covariate in our estimation of the propensity to be treated. As outlined before, we
make, however, sure to only have firms from countries in our control sample, for which
we also have treated firms. We avoid including country fixed-effects in our PSM as this
would limit our matches even more and would put less emphasis on firm characteris-
tics such as turnover or sector, which actually determine the probability of treatment.
Furthermore, Lotti and Schivardi (2006) have shown for firms in EU15 countries that
there are indeed cross-country differences in firms’ decisions to initiate patenting even
when controlling for sector and firm characteristics; however, these differences disap-
pear when looking at the intensive margin of firms’ propensity to patent. As we only
include firms that have already entered into patenting, cross-country differences follow-
ing this literature should therefore be of minor concern in view of comparing patenting
outcomes among firms from different countries.

As we want to compare our regulated firms as closely as possible to a sample of control
firms that have a similar probability of being treated, we need to ensure that there
is sufficient overlap in the distribution of the propensity scores between treated and
control. In all our matching procedures, we therefore remove both treated and control
firms that fall outside the common support of these distributions. The difference be-
tween the number of pre-PSM and post-PSM for our treatment group in Table 4 shows
how many treated firms are discarded due to the enforcement of common support in
our matching on the full sample14.

In the matched samples, there are, consistently across the three trading phases, fewer
control firms than treated firms. This means that for some treated firms we use the

13Countries in which there are treated but no control firms after applying propensity score matching are: Poland,
Slovakia, Czech Republic, Slovenia and Hungary.

14Explicitly, we discard through common support enforcement 8, 1, and 2 firms for phase 1, 2, and 3 respectively.
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same control firm (see Table 4). Prior to matching, firm characteristics of potential
control firms differed greatly from those of our treated firms, which are on average more
active in patenting, have higher operating revenue turnover and debt-to-asset ratios and,
finally, are older. Our propensity score matching greatly reduces the differences in the
distributions of these variables between treatment and control. By pooling all trading
phases together, Figure 9 shows the distribution of our matching variables for treated
and control. We can observe the distribution for operating revenue turnover to be just
slightly further to the right for our treated sample than for our control sample. For
patents, debt/asset-ratio and firm age, there are only very minor visible differences.

Figure 9: Distributions of pre-treatment firm characteristics and financials for treated and control
samples, pooling observations of all phases together

We build on this matched sample a difference-in-difference model. As treatment takes
place in different years, that is, the starting year of each trading phase, we choose a
staggered diff-in-diff estimation as proposed by Callaway and SantAnna (2021). We do
not allow not-yet treated to be part of the control15. Callaway and SantAnna (2021)
propose estimators of the ATT under a staggered setup that are doubly robust. The
estimator adds to the doubly robust ATT introduced by SantAnna and Zhao (2020) a
staggered setup. A doubly robust estimator combines the outcome regression approach,
first proposed by Heckman et al. (1997), with the inverse probability weighing approach
proposed by Abadie (2005) and leads to a robust estimation of the ATT if at least one
or both, either the outcome evolution of the control group or the propensity score con-
ditional on covariates, is correctly specified. This means that the estimator is robust to
potential model misspecifications. As the method by Callaway and SantAnna (2021)
estimates for each cohort-period a treatment effect and then combines the estimates
to desired more aggregate effects, this method could become potentially very compu-
tationally intensive. But since we have only two different treatment years, the number
of cohort-period estimates needed is limited and computational burden does not play a
significant role.

An alternative estimator could be, for example, the staggered difference-in-difference
15Using not-yet treated as potential controls, would allow for a larger potential pool of controls for trading phase I.

Due to overlapping periods between phase I and II, firms treated in phase II are, however, unsuitable to act as controls
for phase I and firms treated in phase III have largely different characteristics than firms regulated in phase I (in terms
of size and sector). We therefore refrain from including not-yet treated as potential controls.
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estimator by Borusyak et al. (2024), who use imputation methods to arrive at a treat-
ment effect. The imputation method uses the control group to estimate an outcome
model, and then uses this model to predict the potential outcome of untreated using
the treated units. It, therefore, constructs, based on the outcome path of the control
group, a counterfactual potential outcome of untreated for the treatment group. To
arrive at the treatment effect, the real treated outcome of the treated can then be com-
pared to this counterfactual. Although the estimator has been shown to be efficient
and computationally simple, we opt for Callaway and SantAnna (2021) because here
the estimation of single cohort-period effects allows a more transparent understanding
of single cohort-period effects, as well as allows flexible and easy aggregation of these
effects at any desired level.

Explicitly, applied to our analysis, let i be a firm belonging to a group of units that all
became first regulated/treated in trading phase starting in year g (hence either 2005,
2008 or 2013). Let t = g − 5, ..., g + 5 denote a particular year, such that ATT nev

dr (g, t)

is the doubly robust (dr) average treatment effect in year t for those firms that first
became regulated in trading phase g and that uses only never treated units as controls:

ATT nev
dr (g, t; δ) = E

 Gg

E [Gg]
−

pg(X)C

1−pg(X)

E
[

pg(X)C

1−pg(X)

]
(Yt − Yg−δ−1 −mnev

g,t,δ(X)
) , (3.1)

where Gg = 1 if a firm got treated in trading phase g and zero otherwise, and C = 1

if a firm is never treated and zero otherwise. Furthermore, the probability of being
treated in year g, conditional on covariates X is pg(X), such that the first terms of the
expected value on the right-hand side in Equation (3.1) represent the inverse probability
weighing.

Let Yt be the outcome of interest in year t. In our analysis, these are green innovation
outcomes, which we measure as the logarithm of the cumulative count of patents16. We
start to build this cumulative count 5-years prior to treatment. Next, let δ be the years
of anticipation of treatment, such that (Yt − Yg−δ−1) is the difference in our outcome
variable between year t and year (g − δ − 1) (i.e, δ + 1 years prior to g), such that it
reflects the difference between the logarithmic cumulative count of patents in this time
span.

Finally, mnev
g,t,δ(X), denotes the outcome regression such that:

mnev
g,t,δ(X) = E [Yt − Yg−δ−1|X,C = 1] . (3.2)

16This is similar to Scotti et al. (2024).
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As we initially have a very large sample of potential controls that are largely different
from our treated sample, instead of using the doubly robust estimator, we substitute the
inverse probability weighing part by the previously outlined propensity score matching
and estimate our average treatment effect on the treated using only outcome regression
(or) on our matched sample, such that the ATT for trading phase g in year t becomes:

ATT nev
or (g, t; δ) = E

[
Gg

E [Gg]

(
Yt − Yg−δ−1 −mnev

g,t,δ(X)
)]

. (3.3)

As mentioned earlier, we decide to focus on trading phases I and III only as trading
phase II is problematic due to the contemporaneous occurrence of the financial crisis
and due to data limitations. For the outcome regression, we make use of similar co-
variates as in our propensity score matching. We compute for the following variables
the pre-treatment 4-year average excluding the anticipation year and use them as co-
variates: the logarithm of patents, the logarithm of green patents17, the logarithm of
operating revenue turnover and the debt/asset-ratio. In addition, we include the year
of incorporation and fixed effects for industries. As some 2-digit NACE industries are
only present in one trading phase but not in the other, we make use of a very broad
classification of NACE industries from the manufacturing industry into (i) high- and
medium-high-technology, (ii) medium-low-technology, and (iii) low-technology. The
classification makes use of R&D expenditure/value added to measure technological in-
tensity and is based on the sectoral approach of EUROSTAT to build an indicator for
high-tech industries18. For phase I more than half of the EU ETS in our sample are
of high/medium-high technology type, while for phase III more than half belong to
the medium-low technology type. Only very few firms are of low technology type (38
firms for phase I and 3 firms for phase III). We aim with the covariates in our outcome
regression, to fulfil the parallel trend assumption conditional on these covariates (i.e.,
aim for ATT (g, t) = 0 ∀ t < g − δ, meaning pretreatment ATT should be zero).
This means we try to exclude trends in our outcome variable that can be explained by
(1) differences in general patenting, (2) differences in firm size, (3) differences in how
leveraged a firm is to indicate potential financial constraints to innovate, (4) differences
in firm age, and finally (5) differences in technology intensity.

This should improve the robustness of our estimation, as the covariates might still
differ after our propensity score matching. Indeed, while PSM greatly reduced the
gap between treatment and control in our covariates, we still have slightly less patent-
intensive firms, which are on average younger and smaller in our control group than
our EU ETS firms. To illustrate how this can be problematic, we outline an example
focussing on patenting intensity: Patent-intensive firms are more likely to develop green

17Again, we are using the sum of patents that fall into Y02, EnvTech or the Green Inventory classifications.
18For details on this data please consult the reference to the metadata via https://ec.europa.eu/eurostat/cache/

metadata/en/htec_esms.htm.
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patents such that not only the level of green patents but also their growth rate would
be higher. Different measures for green patenting are our outcome variables. As our
treatment sample is after PSM still more patent intensive than our control group, failing
to take out the, most presumably, stronger positive trend in our outcome variable in
our treatment group due to the general higher patent intensity would lead to failure of
pretreatment parallel trends in the outcome variable. This would most likely lead to
an overestimation of our ATT.

We present our results in the following section by aggregating the group-time ATTs
by trading phases, so that we get event-study type estimates that make it possible to
understand how the effect of the EU ETS on regulated firms evolves dynamically after
the regulation year (Callaway and SantAnna, 2021):

θdynamic(e) =
∑
g∈G

1{g + e ≤ τg}ATT (g, g + e)P (G = g|G+ e ≤ τg) , (3.4)

where e = t − g, represents the number of years after treatment. As we have for
each trading phase, a complete 11-year time series with 5 years before as well as after
treatment, we do not have to worry in this aggregation about compositional changes of
our sample for different values of e, as all observations are present for all 0 ≤ e ≤ 5. The
last year of observation τg is for each group 5 years after treatment such that τg = g+5

for each trading phase, respectively.

Besides the event-study type representation we aggregate the ATTs from Equation (3.3)
into an overall average treatment effect, which is simply the average of all group-time
ATTs weighted by group size:

θoverall =

∑
g∈G

∑τg
t=g 1{t ≥ g}ATT (g, t)P (G = g|G ≤ τg)∑

g∈G
∑τg

t=g 1{t ≥ g}P (G = g|G ≤ τg)
, (3.5)

3.4 Results

3.4.1 Results: Effect of EU ETS on green innovation

We find that the EU ETS had some positive impact on green innovation. Figure 10
displays the dynamic evolution of the ATT across trading phases I and III and Table
5 summarises these dynamic treatment effects as well as the overall ATT for different
patent classifications. In the third column of both Figure 10 and Table 5 we see the
effect on green innovation using our classification of green patents that combines Y02,
EnvTech and the Green Inventory.

During our pre-treatment period the confidence bands largely cover zero, indicating
that the parallel trend assumption holds. The ATT is steadily increasing and becomes
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Figure 10: Dynamic average treatment effect on the treated estimated using aggregated group-time
ATTs as in Equation (3.4). Outcome variables are the log(cumulative count of patents).
From left to right: (1) All patents, (2) Non-green Patents (all patents but excluding patents that fall into either the
Green Inventory, EnvTech or Y02) (3) Green Patents (patents that fall into either Y02, Green Inventory, or EnvTech
classification) (4) ETS-related Patents (according to the classification introduced in Section 3.3.4; Significance level of
0.05 used, standard errors clustered at unit level

Table 5: ATT of the effect of the EU ETS on patenting for manufacturing firms
Aggregates of trading phases I and III; Top panel: Dynamic evolution of the ATT; Bottom panel: Overall
ATT; First columns: estimate; Second columns: standard errors; *pvalue < 0.05

All s.e. Non-green s.e. Green (combi) s.e. ETS-related s.e.
Dynamic

-4 0.035 0.038 0.025 0.036 0.035 0.026 0.026 0.026
-3 0.020 0.031 0.006 0.032 0.012 0.021 0.009 0.021
-2 *0.108 0.036 0.069 0.036 0.027 0.029 0.036 0.023
-1 0.008 0.031 -0.008 0.034 0.037 0.025 0.005 0.024
0 0.036 0.042 0.029 0.042 0.047 0.027 0.019 0.029
1 0.029 0.052 0.025 0.051 0.072 0.033 0.043 0.034
2 0.038 0.060 0.028 0.062 0.093 0.041 0.066 0.037
3 *0.192 0.071 0.157 0.072 *0.185 0.042 *0.127 0.041
4 0.173 0.073 0.145 0.078 *0.211 0.051 *0.143 0.047
5 0.139 0.080 0.119 0.074 *0.229 0.054 *0.158 0.048

Overall 0.101 0.058 0.084 0.058 *0.140 0.037 *0.093 0.038
No. firms 353 353 353 353
No. obs. 3,883 3,883 3,883 3,883

positively significant from the third year after treatment onwards19.

We find an overall ATT around 15%. This result is similar those of our robustness
checks in which we use Y02, EnvTech, and the Green Inventory classification separately
(Appendix Table AT2), where we find overall effect sizes of 15.0%, 13.1% and 7.9%
respectively. When zooming in on those green patents that are ETS-related, we also
find a positive effect, which becomes significant the third year post-treatment and results
in a statistically significant overall ATT of 9.7%.

We find that this result indeed only holds for green patents, as we find for this sample
no effect of the EU ETS on general patenting (first column Figure 10 and Table 5).
Even more, we try to understand whether the increase in green patenting comes at the
expense of non-green patenting (second column Figure 10 and Table 5), i.e. whether
a substitution effect takes place. This would mean that regulated firms shift their

19We observe a jump from period 2 to period 3, which is driven by observations from trading phase I. The periods
after the jump coincide with the years of the financial crisis 2008–2010. The jump could point towards an extra push
by the financial crisis given to regulated firms in developing green innovations in order to avoid paying carbon permits.
Alternatively, unregulated companies decided to reduce their investments into R&D relative to regulated firms due to
future uncertainties, while regulated firms continued due to policy pressure from the ETS.
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innovation efforts towards green and we would observe a decrease in all other (non-
green) patents. However, we do not find any statistically significant coefficients for
evidence of such a substitution effect - quite the opposite, the coefficients point into a
positive direction.

We try to understand better how firm react to the policy in terms of green innovation.
For this we make use of the classification of patents into the three innovation types
which we introduced in Section 3.3.4, namely (1) energy generation, (2) integrated
technologies, and (3) end-of-pipe technologies.

We find in Figure 11 positive effects on all three types of innovations. However, the
effect of energy generation and end-of-pipe technologies appears to have taken effect
faster than the effects of green innovation for integrated technologies.Though, the overall
effect size of 8.5% is larger for integrated technologies than overall effects from energy
generation and end-of-pipe technologies, which are both below 6% (see Table 6).

Figure 11: Dynamic average treatment effect on the treated estimated using aggregated group-time
ATTs as in Equation (3.4). Outcome variables are the log(cumulative count of patents).
From left to right: (1) Energy-generation patents (2) Patens of Integrated Technologies (3) Patents for end-of-pipe
technologies; Significance level of 0.05 used, standard errors clustered at unit level

Table 6: ATT of the effect of the EU ETS on (1) Energy generation related patents, (2) patents for
integrated technologies, and (3) patents for end-of-pipe technologies respectively (from right to left)
for manufacturing firms
Aggregates of trading phases I and III; Top panel: Dynamic evolution of the ATT; Bottom panel: Overall
ATT; First columns: estimate; Second columns: standard errors; *pvalue < 0.05

Energy-Gen. s.e. Integrated s.e. End-of-pipe s.e.
Dynamic

-4 0.012 0.018 0.020 0.027 -0.006 0.017
-3 0.010 0.010 -0.005 0.018 0.028 0.015
-2 -0.020 0.021 0.023 0.022 0.028 0.014
-1 0.016 0.009 0.005 0.021 0.016 0.013
0 0.025 0.013 0.023 0.025 0.023 0.016
1 *0.044 0.017 0.037 0.027 0.039 0.019
2 *0.059 0.020 0.050 0.031 *0.062 0.022
3 0.050 0.026 *0.110 0.041 *0.074 0.027
4 0.069 0.030 *0.125 0.043 0.077 0.033
5 *0.085 0.034 *0.147 0.043 0.072 0.038

Overall *0.055 0.020 *0.082 0.033 *0.058 0.023
No. firms 353 353 353
No. obs. 3,883 3,883 3,883

The results so far suggest that there are only small differences in how firms respond
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Figure 12: Average treatment effect on the treated per trading phase. Outcome variables are
log(cumulative count of patents).
From left to right: (1) Energy-generation patents, (2) Patents for integrated technologies, and (3) Patents for end-of-pipe
technologies; Significance level of 0.05 used, standard errors clustered at unit level
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to the policy. As all types of innovation are showing positive effects of rather similar
magnitude in response to the policy. This could mean firms try to cut emissions in all
stages of the production process rather equally. However, there is also the possibility
that, by pooling trading phases together, we might miss something due to heterogeneity
across phases. We therefore look at the group-time average treatment effect.

Figure 12 shows the effect of the policy on the two different trading phases separately
for the three types of innovations. We can clearly observe that all of the significant
effects in our dynamic and overall ATT in energy generation are driven by the first
trading phase. The ATT for trading phase III is, on the other hand, basically zero.
This result is despite us focussing on the manufacturing sector, such that the sample
excludes firms from the energy sector, which were the main target of the ETS in trading
phase I. This means that despite having only manufacturing firms in the sample, the
regulated firms in trading phase I are large and energy intensive enough to be able
to innovate and respond to the policy with the development of technologies related to
energy generation.

This does not seem to be true for firms that became regulated in trading phase III,
which are on average also smaller firms. The estimates for integrated and end-of-pipe
technologies are at the group level insignificant for trading phase III. We see, however,
that the magnitude of the ATT estimates are similar to those of trading phase I20.

These findings could indicate that while firms try to cut emissions at any stage of their
production process, they do so first at both ends of the process, i.e., in energy generation
and end-of-pipe technologies. Developing integrated technologies that reduce emissions
might be more challenging and a longer process, which requires more time (hence the
effect on integrated technology takes place later than that of energy-generation or end-
of-pipe). Despite that, integrated technologies show slightly larger effects, possibly due
to being related to the core activities a firm conducts. The results suggest that firms
with installations that are less energy intensive, such that energy generation might play

20Due to little variation in patent data and small sample size especially for trading phase III our confidence bands are
very large and go below zero when using a 5% significance level.
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a smaller role in their production, focus on integrated and end-of-pipe technologies.

3.4.2 Results: Disentangling the effect on green innovation

In the previous section, we have established a positive effect of the EU ETS on green
innovation and tried to understand the direction of this technological change in terms
innovation type. Although we have discovered where the positive effect comes from,
namely energy generation during only the first phase and integrated and end-of-pipe
technologies also in the later phase, we lack understanding of why we see these positive
effects and what type of firms drive them.

In order to understand the mechanisms behind these findings better, we first split our
sample of EU ETS firms by (1) their intensity of treatment (2) the type of activity
under which they are regulated and finally (3) by the technology intensity of firms.

Policy stringency

According to the Porter hypothesis, stringent environmental regulation can incentivise
firms to innovate (Michael E Porter and Linde, 1995). As we have shown in Section
3.2 the stringency of the EU ETS especially during phase I but also in its subsequent
phases II and III has been rather low. The low stringency was driven by the allocation
of free allowances to many firms, which often received more free emission allowances
than needed to cover their actual verified emissions. This happened to such an extent
that the cap of emissions, i.e., the total amount of emission allowances, was at times
above the overall total level of emission, resulting in very low carbon prices. This caused
regulations to be lax especially for those firms that received more free allowances than
their emission levels, but also resulted in emission permits that were rather cheap to
purchase by those firms that did not receive enough free allowances to cover their
emissions.

We split the sample of EU ETS firms into those firms that were exposed to low-intensity
of treatment, which we define as those firms that received more free allowances than
their actual verified emissions, and firms exposed to high-intensity of treatment, which
are firms that received less free allowances than their actual verified emissions and
therefore had to purchase permits from the carbon market.

As a BvD ID can be associated with multiple installations, we (1) make use of the 5-year
post-treatment averages of verified emissions (emissionsverified) and of free allowances
(allowancesfree) per installation j, (2) sum each of these averages across all installations
owned by a single BvD ID, and then (3) subtract total average free allowances of a firm
from total average emissions of a firm. If emissions are above free allowances, we assign
the firm i to the sample of high-intensity of treatment; vice versa for low-intensity, such
that:
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Intensityi =
∑
j∈i

(∑τg
t=g emissionsverifiedj,g,t

τg − g

)
−
∑
j∈i

(∑τg
t=g allowances

free
j,g,t

τg − g

)
(3.6)

i ∈ Intensitylow if Intensityi ≤ 0

i ∈ Intensityhigh if Intensityi > 0 ,

where emissionsverifiedj,g,t (allowancesfreej,g,t ) are the verified emission (free allowances) in
year t of installation j, which got regulated in year g.

We use PSM equivalent to Section 3.3.6 on our two subsamples separately. This results
in a sample of treatment and control as summarised in Table 7. The sample of firms
receiving more free allowances than actual verified emissions is more than double that
of the sample of firms that actually had to purchase allowances in trading phase I. For
trading phase III the sample sizes are rather equal, explained by the tightening of the
policy stringency across the different phases.

Table 7: EU ETS stringency: Number of firms per trading phase in treated and control after PSM

(a) Low-intensity of treatment sample

Trading Phase Treatment Control
2005 118 83
2013 20 12

(b) High-intensity of treatment sample

Trading Phase Treatment Control
2005 48 36
2013 21 21

As our samples are smaller than those of our aggregate analysis, it becomes more
difficult to control for technology intensity of sectors. This is because we might not
have high, medium and low technology firms in every trading phase. This leads us in
the estimation on the high-intensity firm to only include a dummy for high-tech with
low- and medium being the reference group. For the low-intensity treatment sample, we
can include dummies for both high- and medium-low-tech sectors, such that low-tech
firms are the reference group.

We find that the effect size is larger for those firms that face more stringent regulation
under the EU ETS, supporting the role policy stringency plays with respect to efficiency
of regulation. However, we fail to gain statistical significance. This might be due to
the especially small sample size for the high-stringency sample.

Explicitly, Figure 13 and Table 8 summarise the dynamic results. For our sample
of firms treated with low intensity, we find ATT estimates for the combination of
Y02+GI+EnvTech, with an effect size reaching 19.5% five years after treatment. For
high-stringency firms, the coefficient shows statistically insignificant effects of as much
as 30.7% five years after treatment.

Our findings show, that despite slack policy stringency, firms react to the policy, poten-
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Figure 13: Heterogeneous effects of the EU ETS due to different intensities of policy stringency
Dynamic average treatment effect on the treated estimated using aggregated group-time ATTs as in Equation (3.4)

(a) Low-intensity of treatment

(b) High-intensity of treatment

Table 8: Heterogeneous effects of the EU ETS due to different intensities of policy stringency
ATT of the effect of the EU ETS on (1) all Patents (All) and (2) green patents (Green; using the classification combining
Y02, Green inventory and EnvTech patents); Left panel: Low stringency, Right panel: High stringency; Significance level
of 0.05 used, standard errors clustered at unit level

Event Time Low Stringency High Stringency
All s.e. Green s.e. All s.e. Green s.e.

-4 0.046 0.039 0.029 0.026 0.039 0.058 0.072 0.039
-3 0.059 0.037 0.018 0.023 0.015 0.051 -0.054 0.046
-2 0.096 0.044 0.050 0.029 *0.253 0.060 0.075 0.046
-1 0.010 0.049 0.056 0.022 -0.034 0.058 -0.001 0.056
0 0.021 0.061 0.058 0.029 -0.032 0.074 -0.014 0.063
1 0.049 0.066 0.063 0.037 -0.068 0.088 0.025 0.085
2 0.083 0.072 0.107 0.042 -0.072 0.113 0.057 0.096
3 0.162 0.086 *0.132 0.047 0.299 0.157 0.189 0.104
4 0.100 0.086 *0.152 0.059 0.213 0.136 0.222 0.117
5 0.054 0.083 *0.178 0.064 0.197 0.132 0.268 0.117

Overall 0.078 0.070 *0.115 0.041 0.090 0.106 0.124 0.088
No. firms 233 233 126 126
No. obs. 2,563 2,563 1,386 1,386

tially in anticipation of stricter future regulation by developing green innovation. The
overall effect of the ETS for regulated firms facing low policy stringency compared to
unregulated firms is 12.2%.

Type of regulated activity

In the previous section, we uncovered that despite facing low policy stringency firms
react to being regulated under the ETS by developing green innovation. Installations
are regulated if they conduct certain types of activities for example mineral oil refineries,
production of coke, manufacture of glass, paper, mineral wool, production of hydrogen,
ammonia chemicals etc.21. Abrell (2021) has aggregate the activities into 12 broader
categories, while in our sample we have firms that own installations, which conduct

21See Abrell (2021, p.15) for a full list of activities and their categories.
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activities only from 9 of these categories (see Table 9).

Table 9: Number of EU ETS firms in our sample of manufacturing firms per categories of activities
under which they are regulated
Data before propensity score matching (i.e. without enforcing common support); As we excluded the airline
sector from our analysis we do not have any airline companies in our sample; we also do not have any companies
regulated due to carbon capture and storage activities (regulated 2013 onwards (European Parliament and
Council, 2009b))

Activity Categories Trading phase: 2005 2013 Total
Combustion 123 15 138
Glass and Ceramics 24 7 31
Metal 11 14 25
Pulp and Paper 18 1 19
Chemicals 3 6 9
Cement and Lime 3 1 4
Refineries 3 0 3
Coke Ovens 1 0 1
Hydrogen Production 0 1 1
Other 0 0 0
Carbon Capture and Storage 0 0 0
Aircraft 0 0 0

It can happen that a company is regulated due to different types of activities. For
example, we have a couple of firms that are regulated under the activity of produc-
ing cement clinker, as well as under the activity of lime production and/or calcining
dolomite/magnesite. Both of these activities are in the category of Cement and Lime.
That firms are regulated due to activities that fall into two different broad categories
(those listed in Table 9) is much less common. The latter happens in our sample for
only 13 firms, in most cases because they are regulated due to the production or pro-
cessing of metal combined with combustion activity or the production of pulp and paper
combined with combustion activity.

Table 10: Type of regulated activity: Number of firms per trading phase in treated and control after
PSM

(a) Combustion activity sample

Trading Phase Treatment Control
2005 105 64
2013 14 11

(b) Non-combustion activity sample

Trading Phase Treatment Control
2005 51 35
2013 28 20

We split our sample between those firms that are regulated under combustion activities
and those that are regulated due to other activities. If a firm is regulated under com-
bustion and another activity, the firm is assigned to both samples. For both samples,
we employ PSM according to Section 3.3.6 resulting in sample sizes indicated in Table
10. In our sample, we have only very few firms regulated under combustion activity
in trading phase III, both with respect to other activities and with respect to trad-
ing phase I. This highlights the initial focus of the EU ETS on reducing CO2 emissions
from combustion activities, while in later phases the scope was expanded to also include
installations whose main activities are types of other industrial processes.
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The results are summarised in Figure 14 and Table 11. We find that the effect is driven
by the sample of firms regulated as a result of combustion activity. Here, the overall
ATT reaches 22.4%. For firms regulated under other activities, we do not find any
significant positive effect of the EU ETS on green patenting.

A possible explanation why the effect is driven by installations regulated under com-
bustion activities could be that with their focus on the production of electricity and
heat through, e.g. thermal power stations, the specialisation of the installation is per
se a highly emission-intensive (mainly CO2 but also NO2) activity. This gives room for
a large array of possibilities to reduce emissions using different types of methods, pro-
cesses, and technologies. As Larki et al. (2023) show, reductions can be achieved at all
stages of the combustion process, starting from the selection of pre-combustion inputs,
their pre-combustion treatment, continuing with processes, equipment and methods ap-
plied during the combustion process, and finally the implementation of post-combustion
actions such as filtration or carbon capture.

Figure 14: Heterogeneity of activity regulated: Dynamic average treatment effect on the treated
estimated using aggregated group-time ATTs as in Equation (3.4)

(a) Combustion activities regulated

(b) Other activities regulated

This stands in contrast to installations that are regulated under other activities, such
as the production of glass because (1) the specialisation is not in an emission-intensive
activity per se, but rather an emission-intensive process is embedded in the activity
conducted, and (2) more production processes take place. First, the latter point means
that large parts of emissions are concentrated at distinct locations (e.g. during the
heating of furnaces) such that innovations would need to be embedded into the overall
production process so that most likely also other parts of the production process would
require adjustment. Second, concerning specialisation, it means, that innovation of
a part of the production process, in which a firm might not hold enough expertise
to conduct R&D, would be necessary to reduce emissions. In this case, a company
might decide instead of undertaking risky R&D investments to purchase already existing

170



Chapter 3 | Effects of the EU ETS on the Directions of Technological Change

Table 11: Heterogeneous effects of the EU ETS due to type of activity regulated
ATT of the effect of the EU ETS on (1) all Patents (All) and (2) green patents (Green; using the classification combining
Y02, Green inventory and EnvTech patents); Left panel: Combustion activity, Right panel: Other, non-combustion
activity; Significance level of 0.05 used, standard errors clustered at unit level

Event Time Combustion Activity Other Activity
All s.e. Green s.e. All s.e. Green s.e.

-4 0.043 0.048 0.011 0.033 0.099 0.053 0.019 0.040
-3 0.094 0.043 -0.032 0.039 0.076 0.041 0.005 0.028
-2 0.111 0.054 0.064 0.034 0.101 0.080 0.042 0.048
-1 0.037 0.056 *0.090 0.032 0.035 0.046 0.0004 0.029
0 0.053 0.069 0.076 0.041 0.083 0.058 0.010 0.033
1 0.094 0.090 0.098 0.049 0.031 0.065 0.045 0.034
2 0.159 0.100 *0.166 0.057 0.039 0.076 0.018 0.047
3 *0.303 0.120 *0.255 0.090 0.174 0.100 0.136 0.056
4 0.268 0.123 *0.282 0.082 0.132 0.092 0.109 0.051
5 0.234 0.139 *0.335 0.091 0.121 0.094 0.112 0.055

Overall 0.185 0.104 *0.202 0.063 0.097 0.076 0.072 0.040
No. firms 194 194 134 134
No. obs. 2,134 2,134 1,474 1,474

emission reduction technologies.

Our findings suggest that installations regulated under other industrial processes than
combustion activities were not able to develop new technologies to reduce emissions.
Looking at existing evidence on emission reductions, it shows that they were also unable
to reduce emissions through other means, i.e., through the adoption of already existing
technology. Figure 15 shows verified emissions of EU ETS installations disaggregated
by type of activity regulated. We see from 2007 a clear decrease in emissions from
the combustion of fuels, while emissions from industrial processes have remained rather
stable. Indeed, while the share of industrial GHG emissions declined for CO2 emissions
from direct and indirect combustion activities, final product use, and waste, the share
of emissions due to industrial processes continues to increase (IPCC, 2022, p.1175).

Figure 15: Emissions of regulated installations under the EU ETS over the period 2005-2020
Red: Installations regulated due to combustion activities, Green: Installations regulated due to industrial processes;
Emissions from the aviation sector excluded; Data: EUTL - European Commission, processed and published by
EEA under: https://www.eea.europa.eu/en/analysis/maps-and-charts/eu-ets-emissions-by-activity-type-2?
activeTab=265e2bee-7de3-46e8-b6ee-76005f3f434f
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In our last heterogeneity test, we try to understand the degree to which technological
intensity matters for the development of green innovation in the EU ETS. Firms active
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in sectors, which show high expenditures on R&D with respect to value added should
find it easier to move their existing capabilities to conduct R&D towards green innova-
tions that reduce their emissions, while firms active in sectors, which rely little on own
R&D efforts, might choose strategies that are different from own innovation investments
(e.g. purchase of emission allowances or adoption of emission reduction technologies).

We make use of the EUROSTAT classification of manufacturing NACE industries into
(1) high- and medium-high technologies, (2) medium-low technologies, and (3) low
technologies, as introduced in Section 3.3.6. We split the sample into high-tech firms,
which are operating in sectors that are classified as high-tech or medium-high tech,
and low-tech firms, which are operating in sectors classified as medium-low or low-
tech. While the average amount of annual, pre-treatment patents for our high-tech
sample of EU ETS firms is 5.8 (median = 1), the average for low-tech EU ETS firms is
unsurprisingly lower with 1.4 (median = 0.38) patents per year.

After performing PSM on each of the samples we obtain a rather balanced split with
sample sizes of treated firms to be 87 and 108 for high- and low-tech respectively. As
Table 12 however shows, we have difficulties in finding control firms that match our
treated firms both, across technology intensity, and, across trading phases.

Table 12: Technology intensity: Number of firms per trading phase in treated and control after PSM

(a) High-tech sample

Trading Phase Treatment Control
2005 70 45
2013 17 11

(b) Low-tech sample

Trading Phase Treatment Control
2005 83 51
2013 25 20

The effects are driven by those firms that are active in sectors that are high-tech in-
tensive. Even more so, Figure 16 and Table 13 highlight that there is no effect for
low-tech firms, while the dynamic ATT for green patents in the sample of high-tech
firms reaches in the fifth year after treatment 45%. Even the ATT of high-tech firms
for general innovation, which besides green innovation also includes all other innovation
is significant and large in magnitude. However, here pre-treatment issues with respect
to parallel trend assumption might exist as a not all confidence bands of pre-treatment
ATT estimates cover zero.

Overall, the result shows that indeed and even stronger than expected, only high-tech
firms react to the policy through green technological change. Most of the high-tech
firms in the sample are from the chemical, pharmaceutical, and car manufacturing
industry, while many of our low-tech firms are producers of basic metal and non-mineral
product such as glass or ceramics. These two samples of firms have, in addition to large
prior differences in research activity, production processes of vastly different levels of
complexity and number of production steps involved. This could result for high-tech
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firms in more possibilities to find, for some among many production steps, ways to
cut emissions, which might also be more spread across the process. Relative to this
are the low-tech firms in our sample, with shorter production processes during which
emissions would be more concentrated and fewer possibilities exist to cut emissions,
without making large capital investments to upgrade bulky production equipment. The
question remains then, how low-tech firms instead, if at all, react to the policy: whether
through fuel-switching and adoption of existing technologies or through simple pass-
through of carbon prices to consumers.

Figure 16: Heterogeneity of technology-intensity: Dynamic average treatment effect on the treated
estimated using aggregated group-time ATTs as in Equation (3.4)

(a) High-tech firms

(b) Low-tech firms

Table 13: Heterogeneous effects of the EU ETS due to difference in firms’ technological intensity
ATT of the effect of the EU ETS on (1) all Patents (All) and (2) green patents (Green; using the classification combining
Y02, Green inventory and EnvTech patents); Left panel: High-tech firms, Right panel: Low-tech firms; Significance level
of 0.05 used, standard errors clustered at unit level

Event Time High-tech Low-tech
All s.e. Green s.e. All s.e. Green s.e.

-4 -0.011 0.069 0.034 0.052 -0.042 0.140 -0.038 0.097
-3 0.020 0.065 0.009 0.044 -0.022 0.079 -0.022 0.034
-2 *0.218 0.051 0.074 0.046 *0.210 0.079 -0.006 0.065
-1 0.061 0.061 0.087 0.053 -0.093 0.070 -0.059 0.051
0 0.132 0.078 0.087 0.059 -0.101 0.091 -0.056 0.051
1 0.161 0.090 0.092 0.073 -0.142 0.117 -0.044 0.049
2 0.198 0.107 0.160 0.095 -0.213 0.210 -0.015 0.052
3 *0.414 0.146 *0.282 0.105 0.186 0.181 0.177 0.104
4 *0.369 0.137 *0.313 0.101 0.153 0.181 0.132 0.084
5 *0.371 0.136 *0.374 0.116 0.105 0.159 0.123 0.076

Overall *0.274 0.107 *0.218 0.086 -0.002 0.154 0.053 0.053
No. firms 143 143 179 179
No. obs. 1,573 1,573 1,969 1,969
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3.5 Conclusion

In the last 15 years, the world has seen major improvements in the development, adop-
tion, and cost effectiveness of technologies to mitigate climate change. Especially many
technologies in energy and electricity generation have now reached rather mature levels,
with rapidly decreasing costs of adoption. Many renewables have seen an exponential
decline in costs. According to the report by IPCC (2022, p.168) the levelised cost of
electricity generated by solar photovoltaic, for example, is today around 15% of what
it was in 2010.

Other areas such as the basic and heavy industrial sector, such as metals and cement,
where emission reduction is vital in achieving climate targets, see, on the other hand,
only slow progress in climate change mitigation innovations, and existing technologies
are still in the early stages of research and development phases (IPCC, 2022, p.29).
The EU ETS, by putting a price on GHG-emissions, should, in theory, induce firms
in the regulated market to reduce emissions where it is the cheapest, by adopting and
developing new technologies. For what type of technologies and for what firms carbon
pricing can be a sufficient driver for technological change remains, however, debated.
It is, however, detrimental to understand which types of technologies or what types of
firms in the industrial sector find it difficult to make a change, and thus could benefit
from additional policy support. This could for example be, support in accelerating the
development of those technologies that are too risky and capital intensive to attract the
initial large upfront financing to achieve greater maturity, or support for those firms that
structurally miss formal R&D capital to push forward more rapidly the development of
green technology.

In this paper, we have therefore analysed the effect of the EU ETS on the direction
of technological change for manufacturing firms. Explicitly, we employ a staggered
difference-in-difference methodology to estimate the average treatment effect on the
treated for firms, which became newly regulated by the EU ETS either in 2005 or 2013.
In order to have a comparable control group, we employ propensity score matching on
various firm characteristics.

Unlike previous literature, we focussed on what type of green innovation firms are incen-
tivised to innovate once regulated, as well as what type of firms respond to the policy.
To identify different types of innovation, we developed a classification of technologies
that identifies innovation developed for emission reduction in three stages of the pro-
duction chain: energy generation technologies, integrated technologies, and end-of-pipe
technologies.

Our findings support the literature that finds a positive effect of carbon pricing on
regulated firms development of green technologies. We show that the EU ETS has
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indeed had a positive impact on green patenting for manufacturing firms across different
broad classifications of green patents, without crowding out other innovation activities.
Even when firms received sufficient allowances for free to cover all their emissions, they
seem to respond to the policy with green patents. This might be due to anticipation of
tighter future regulation or the possibility of selling unused allowances on the carbon
market.

Concerning the type of innovation, we find that firms respond to the policy with inno-
vations in all parts of the production process. A slightly larger overall effect of the EU
ETS on patents related to integrated technologies is found, with respect to energy gen-
eration and end-of-pipe, respectively. When looking at the trading phases separately,
we find that innovation in energy generation has only been a response to the policy for
the initial trading phase starting in 2005. In the later trading phases, the focus is on
integrated and end-of-pipe technologies, possibly explained by the increasing focus of
the policy to expand its scope to smaller and more typical manufacturing firms, where
energy generation contributes relatively less to overall emission levels.

Regarding the question of which type of firms were incentivised and able to react to
the policy by developing green innovation, we find that the effect is driven solely by
those firms that are regulated due to combustion activities. Firms regulated due to
other industrial processes appear to be unable to react. Additionally, firms belonging
to sectors with low technology-intensity show no effect, while the positive effect stems
only from firms in the high-tech sector.

It is important to understand not only whether the EU ETS has had an effect on
green innovation or not, but also what type of innovation is being developed and who
is able to adjust to the policy to identify those who might need additional support.
The effect seems to be driven exclusively by those firms that are active in already
technology-intensive sectors. Promoting green innovation and possibilities to reduce
emissions in less technology-intensive sectors is still extremely important. Surely many
low-technology intensive sectors, such as textiles, food, or pulp and paper, have a
rather low share of emissions. But medium-low technology intensive sectors such as the
iron and steel industry (which in our analysis fall into the low-tech intensive sample)
contribute to total GHG emissions with more than 5%22.

So far emissions have, however, mainly fallen for installations, regulated due to com-
bustion activities. While their share of emissions is higher than that of installations
regulated due to other industrial processes, such as metal, cement, or glass production,
the latter type of installations have not shown in our analysis actions in terms of green
technological development, nor have they shown a reduction in emissions (see Figure
15).

22See interactive graphic (last accessed: 05/09/2025 12:22) from the World Resources Institute available here:
https://www.wri.org/data/world-greenhouse-gas-emissions-sector-2021-sunburst-chart
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Finding ways to cut emissions in industrial processes other than combustion and under-
standing if and how low-tech firms can be assisted in green innovation development is
essential to further reduce emissions. Additional expansions of the EU ETS, such as the
phasing in of maritime transport and emission reporting requirements for incineration
and municipal waste in 2024, the phase out of free allowances for the heavy industries
(e.g., steel, cement, aluminium) by 2034, the introduction of CBAM, as well as the EU
ETS2, which extends the trading scheme to include emissions from buildings and road
transportation, are steps towards an extension of the scope of the ETS. Yet, supporting
policies, such as targeted green subsidies for both the development and adoption of
technology or promoting R&D synergies could increase the speed and extent of emis-
sion reduction for those sectors and firms that lack incentives, formal R&D facilities
and financial means to develop green technologies.

In addition to understanding how regulated firms have reacted to the emission trad-
ing scheme in terms of own technological development important channels to reduce
emissions can also include the adoption of already existing technologies, as well as, the
development of green innovation by third parties. In this regard, we call for more re-
search that aims to understand the indirect effects of climate policies in inducing green
innovations within the supply network of regulated firms. If firms directly regulated are
unable to innovate themselves, it is important to understand whether their need for new
green solutions can instead be met through inducing investment into green technology
development by existing or even new suppliers.
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3.6 Supplementary Material

Table AT1: Classification of patent classes into type of innovation
Energy generation classes: EG (Energy Generation w/o renewables), REG (Renewable Energy Generation); Integrated
Technology classes: ECES (Energy Conservation, Efficiency and Storage), PT (Process Technologies), RRR (Recycling,
Recovery, Reuse); End-of-pipe: EPO - GHG (end-of-pipe related to GHGs), EPO - non GHG (end-of-pipe not related
to GHGs)

Description IPC/CPC class Innovation
Type

1. ENVIRONMENTAL MANAGEMENT
1.1. AIR POLLUTION ABATEMENT All classes from

1.1.1 to 1.1.3
1.1.1. Emissions abatement from stationary sources (e.g. SOx,
NOx, PM emissions from combustion plants)
Post-combustion technologies
Chemical or biological purification of waste gases (e.g. engine exhaust
gases, smoke, fumes, flue gases or aerosols; removing sulphur oxides, nitro-
gen oxides, etc.)

B01D53/34-965 EOP - GHG

Incinerators or other apparatus specially adapted for consuming waste gases
or noxious gases

F23G7/06 EOP - GHG

Arrangements of devices for treating smoke or fumes F23J15 EOP - GHG
Shaft or like vertical or substantially vertical furnaces; Arrangements of
dust collectors

F27B1/18 EOP - GHG

Integrated technologies
Blast furnaces; Dust arresters C21B7/22 PT
Manufacture of carbon steel, e.g. plain mild steel, medium carbon steel, or
cast-steel; Removal of waste gases or dust

C21C5/38 PT

Combustion apparatus characterised by means creating a distinct flow path
for flue gases or for non-combusted gases given off by the fuel

F23B80 PT

Combustion apparatus characterised by arrangements for retuming com-
bustion products or flue gases to the combustion chamber

F23C9 PT

Fluidised bed combustion apparatus F23C10 PT
1.1.2. Emissions abatement from mobile sources (e.g. NOx, CO,
HC, PM emissions from motor vehicles)
Post-combustion technologies
Processes, apparatus or devices specially adapted for purification of engine
exhaust gases

B01D53/92 EOP - GHG

by catalytic processes B01D53/94 EOP - GHG
Regeneration, reactivation or recyding of reactants B01D53/96 EOP - GHG
Catalysts comprising metals or metal oxides or hydroxides; of noble metals;
of the platinum group metals

B01J23/38-468 EOP - GHG

Crankcase ventilating or breathing F01M13-
F01M2013

EOP - GHG

Methods of operating engines involving adding non-fuel substances or anti-
knock agents to combustion air, fuel, or fuel-air mixtures of engines; the
substances including exhaust gas; circulation of exhaust gas in closed or
semi-closed circuits.

F02B47/08-10 EOP - GHG

Controlling engines characterised by their being supplied with non-fuel gas
added to combustion-air, such as the exhaust gas of engine, or having sec-
ondary air added to fuel-air mixture

F02D21/06-10 EOP - GHG

Engine-pertinent apparatus for adding exhaust gases to combustion-air,
main fuel or fuel-air mixture, e.g. by exhaust gas recirculation [EGR] sys-
tems

F02M26-
F02M2026

EOP - GHG

Testing of internal-combustion engines by monitoring exhaust gases (or
combustion flame)

G01M15/10 EOP - GHG

Integrated technologies
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Table AT1 continued from previous page
Description IPC/CPC class Innovation

Type

Methods of operating engines involving adding non-fuel substances or anti-
knock agents to combustion air, fuel, or fuel-air mixtures of engines; the
substances including non-airborne oxygen

F02B47/06 PT

Electrical control of supply of combustible mixture or its constituents F02D41 PT
Conjoint electrical control of two or more functions, e.g. ignition, fuel-air
mixture, recirculation, supercharging, exhaust-gas treatment

F02D43 PT

Electrical control of combustion engines not provided for in F02D41-43 F02D45 PT
Idling devices for preventing flow of idling fuel F02M3/02-055 PT
Apparatus for adding secondary air to fuel-air mixture. F02M23 PT
Engine-pertinent apparatus for adding non-fuel substances or small quan-
tities of secondary fuel to combustionair, main fuel, or fuel-air mixture.

F02M25 PT

Apparatus for treating combustion-air, fuel, or fuel-air mixture, by cata-
lysts, electric means, magnetism, rays, sonic waves, etc.

F02M27 PT

Apparatus for thermally treating combustion-air, fuel, or fuel-air mixture F02M31/02-186 PT
Fuel-injection apparatus F02M39-71 PT
Advancing or retarding ignition; Control therefore F02P5 PT
1.1.3. Air pollution abatement - Not elsewhere classified ^(2)
Post-combustion technologies
Filters or filtering processes specially modified for separating dispersed par-
ticles from gases or vapours

B01D46 EOP - GHG

Separating dispersed particles from gases, air or vapours by liquid as sep-
arating agent

B01D47 EOP - GHG

Separating dispersed particles from gases, air or vapours by other methods B01D49 EOP - GHG
Combinations of devices for separating particles from gases or vapours B01D50 EOP - GHG
Auxiliary pre-treatment of gases or vapours to be cleaned B01D51 EOP - GHG
Separating dispersed particles from gases or vapour, e.g. air, by electro-
static effect

B03C3 EOP - GHG

Exhaust or silencing apparatus having means for purifying or rendering
innocuous, or otherwise treating exhaust

F01N3 EOP - GHG

Exhaust or silencing apparatus combined or associated with devices prof-
iting by exhaust energy

F01N5 EOP - GHG

Exhaust or silencing apparatus characterised by constructional features F01N13 EOP - GHG
Electrical control of exhaust gas treating apparatus F01N9 EOP - GHG
Monitoring or diagnostic devices for exhaust-gas treatment apparatus F01N11 EOP - GHG
Integrated technologies
Use of additives to fuels or fires for particular purposes for reducing smoke
development

C10L10/02 PT

Use of additives to fuels or fires for particular purposes for facilitating soot
removal

C10L10/06 PT

1.2. WATER POLLUTION ABATEMENT All classes from
1.2.1 to 1.2.3

1.2.1. Water and wastewater treatment
Arrangements of vessels’ installations for treating waste-water or sewage,
or for preventing environmental pollution not otherwise provided for

B63J4 EOP - non GHG

Treatment of water, waste water, sewage or sludge C02F EOP - non GHG
Materials for absorbing liquids to remove pollution, e.g. oil, gasoline, fat C09K3/32 EOP - non GHG
Plumbing installations for waste water E03C1/12 EOP - non GHG
Sewers - Cesspools E03F EOP - non GHG
1.2.2. Fertilizers from wastewater
Fertilisers from waste water, sewage sludge, sea slime, ooze or similar masses C05F7 RRR
1.2.3. Oil spill and pollutant clean-up
Devices for cleaning or keeping clear the surface of open water from oil or
like floating materials by separating or removing these materials

E02B15/04-10 EOP - non GHG
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Table AT1 continued from previous page
Description IPC/CPC class Innovation

Type

Tent-like structures for dealing with pollutant emissions below the water
surface

E02B2015/005 EOP - non GHG

Vessels or like floating structures adapted for special purposes - for collect-
ing pollution from open water

B63B35/32 EOP - non GHG

Materials for absorbing liquids to remove pollution, e.g. oil, gasoline, fat C09K3/32 EOP - non GHG
1.3. WASTE MANAGEMENT All classes from

1.3.1 to 1.3.6
1.3.1. Solid waste collection
Removing undesirable matter, e.g. rubbish, from the land, not otherwise
provided for

E01H15 EOP - non GHG

Transporting; Gathering or removal of domestic or like refuse B65F EOP - non GHG
1.3.2. Material recovery, recycling and re-use

Animal feeding-stuffs from waste material such as feathers, bones or skin;
waste dairy products; hydrolysates of wood or straw; molasses; distillers’
or brewers’ waste

A23K10/26-28
A23K10/32-33
A23K10/37-38

RRR

Footwear made of rubber waste A43B1/12 RRR
Separating solid materials; General arrangement of separating plant spe-
cially adapted for refuse

B03B9/06 RRR

Manufacture of articles from scrap or waste metal particles B22F8 RRR
Preparing material; Recycling the material B29B7/66 RRR
Recovery of plastics or other constituents of waste material containing plas-
tics

B29B17 RRR

Presses specially adapted for consolidating scrap metal or for compacting
used cars

B30B9/32 RRR

Systematic disassembly of vehicles for recovery of salvageable components,
e.g. for recycling

B62D67 RRR

Stripping waste material from cores or formers of thin or filamentary ma-
terial, e.g. to permit their re-use

B65H73 RRR

Applications of disintegrable, dissolvable or edible materials. Packaging
material.

B65D65/46 RRR

Compacting the glass batches, e.g. pelletizing C03B1/02 RRR
Hydraulic cements from oil shales, residues or waste other than slag C04B7/24-30 RRR
Calcium sulfate cements starting from phosphogypsum or from waste, e.g.
purification products of smoke

C04B11/26 RRR

Use of agglomerated or waste materials or refuse as fillers for mortars,
concrete or artificial stone; Waste materials or Refuse

C04B18/04-305 RRR

Clay-wares; Waste materials or Refuse C04B33/132 RRR
Recovery or working-up of waste materials (plastics) C08J11 RRR
Luminescent, e.g. electroluminescent, chemiluminescent, materials; Recov-
ery of luminescent materials

C09K11/01 RRR

Working-up used lubricants to recover useful products C10M175 RRR
Working-up raw materials other than ores, e.g. scrap, to produce non-
ferrous metals or compounds thereof

C22B7 RRR

Obtaining zinc or zinc oxide; From muffle fumace residues; From metallic
residues or scraps

C22B19/28-30 RRR

Obtaining tin; From scrap, especially tin scrap C22B25/06 RRR
Textiles; Disintegrating fibre-containing articles to obtain fibres for re-use D01G11 RRR
Paper-making; Fibrous raw materials or their mechanical treatment - using
waste paper

D21B1/08-10 RRR

Paper-making; Fibrous raw materials or their mechanical treatment; Defi-
brating by other means - of waste paper

D21B1/32 RRR

Paper-making; Other processes for obtaining cellulose; Working-up waste
paper

D21C5/02 RRR
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Table AT1 continued from previous page
Description IPC/CPC class Innovation

Type

Paper-making; Pulping; Non-fibrous material added to the pulp; Waste
products

D21H17/01 RRR

Apparatus or processes for salvaging material from electric cables H01B 15/00 RRR
Recovery of material from discharge tubes or lamps H01J 9/52 RRR
Reclaiming serviceable parts of waste cells or batteries H01M 6/52 RRR
Reclaiming serviceable parts of waste accumulators H01M 10/54 RRR
1.3.3. Fertilizers from waste
Organic fertilisers from waste or refuse, e.g. manure, from distillery wastes,
molasses, waste water, sewage sludge, household or town refuse

C05F RRR

1.3.4. Incineration and energy recovery
Solid fuels essentially based on materials of non-mineral origin; on sewage,
house, or town refuse; on industrial residues or waste materials

C10L5/46-48 EG

Cremation furnaces; Incineration of waste; Incinerator constructions; De-
tails, accessories or control therefor

F23G5 RRR

Cremation furnaces; incinerators or other apparatus for consuming indus-
trial waste, e.g. chemicals

F23G7 RRR

1.3.5. Landfilling
[Search strategy currently not available]23

1.3.6. Waste management - Not elsewhere classified
Disposal of solid waste B09B EOP - non GHG
Production of liquid hydrocarbon mixtures from rubber or rubber waste C10G1/10 RRR
Medical or veterinary science; Disinfection or sterilising methods specially
adapted for refuse

A61L11 EOP - non GHG

Disintegrating medical waste B02C19/0075 EOP - non GHG
1.4. SOIL REMEDIATION
Reclamation of contaminated soil B09C EOP - non GHG
1.5. ENVIRONMENTAL MONITORING
Monitoring or diagnostic devices for exhaust-gas treatment apparatus F01N11 EOP - GHG
Alarms responsive to a single specified undesired or abnormal condition
and not otherwise provided for, e.g. pollution alarms; toxics

G08B21/12-14 EOP - GHG

Note: This search strategy is under development, the counts generated are
most likely incomplete.
2. CLIMATE CHANGE MITIGATION technologies related to ENERGY
GENERATION, TRANSMISSION OR DISTRIBUTION

Y02E

2.1. RENEWABLE ENERGY GENERATION Y02E10
2.1.1. Wind energy Y02E10/70-76 REG
- Wind turbines with rotation axis in wind direction

- Offshore wind turbines

- Onshore wind turbines

- Wind turbines with rotation axis perpendicular to the wind direction

- Power conversion electric or electronic aspects
2.1.2. Solar thermal energy Y02E10/40-47 REG
- Heat exchange systems
- Conversion of thermal power into mechanical power, e.g. Rankine, Stiring
or solar thermal engines
- Mountings or tracking
2.1.3. Solar photovoltaic (PV) energy Y02E10/50-56 REG
2.1.4. Solar thermal-PV hybrids Y02E10/60 REG

23Note: Landfilling patents are largely covered by the CPC class B09B. However, this class also covers many aspects
of recycling and incineration. Therefore, B09B is only used to generate aggregate ’waste management’ counts.
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2.1.5. Geothermal energy Y02E10/10 REG
2.1.6. Marine energy, e.g. using wave energy or salinity gradient Y02E10/30 REG
2.1.7. Hydro energy Y02E10/20 REG
2.2. ENERGY GENERATION FROM FUELS OF NON-FOSSIL ORIGIN Y02E50
2.2.1. Biofuels, e.g. bio-diesel Y02E50/10 REG
2.2.2. Fuel from waste, e.g. synthetic alcohol or diesel Y02E50/30 EG
2.3. COMBUSTION TECHNOLOGIES WITH MITIGATION POTEN-
TIAL (e.g. using fossil fuels, biomass, waste, etc.)

Y02E20

2.3.1. Technologies for improved output efficiency (combined heat and
power, combined cycles, etc.)

Y02E20/12-18 EG

- Heat utilisation in combustion or incineration of waste
- Combined heat and power generation [CHP]
- Combined cycle power plant [CCPP] or combined cycle gas turbine
[CCGT]
- Integrated gasification combined cycle [IGCC]
- IGCC combined with carbon capture and storage [CCS]
2.3.2. Technologies for improved input efficiency (efficient combustion or
heat usage)

Y02E20/30-34 EG

- Technologies for a more efficient combustion or heat usage
- Direct CO2 mitigation
- Indirect CO2 mitigation, i.e. by acting on non CO2 directly related
matters of the process, e.g. pre-heating or heat recovery
2.4. NUCLEAR ENERGY Y02E30
2.4.1. Nuclear fusion reactors Y02E30/10 REG
2.4.2. Nuclear fission reactors Y02E30/30 REG
2.5. TECHNOLOGIES FOR AN EFFICIENT ELECTRICAL POWER
GENERATION, TRANSMISSION OR DISTRIBUTION

Y02E40

2.5.1. Superconducting electric elements or equipment Y02E40/60 EG
2.5.2. Smart grids as climate change mitigation technology in the energy
generation sector

Y02E40/70 EG

2.5.3. Not elsewhere classified Y02E40/10-50 EG
- Flexible AC transmission systems [FACTS]
- Active power filtering [APF]
- Reactive power compensation
- Arrangements for reducing harmonics
- Arrangements for eliminating or reducing asymmetry in polyphase net-
works
2.6. ENABLING TECHNOLOGIES (Technologies with potential or indi-
rect contribution to GHG emission mitigation)

Y02E60

2.6.1. Energy storage Y02E60/10-16 EG
2.6.1.1. Batteries Y02E60/10 EG
2.6.1.2. Capacitors Y02E60/13 EG
2.6.1.3. Thermal energy storage Y02E60/14 EG
2.6.1.4. Mechanical energy storage, e.g. flywheels or pressurised fluids Y02E60/16 EG
2.6.2. Hydrogen technology Y02E60/30-36 EG
- Hydrogen storage
- Hydrogen distribution
- Hydrogen production from non-carbon containing sources, e.g. by water
hydrolysis
2.6.3. Fuel cells Y02E60/50 EG
2.6.4. High-voltage direct current transmission Y02E60/60 EG
- Arrangements for transfer of electric power between AC networks via a
high-tension DC link, HVDC transmission
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2.7. OTHER ENERGY CONVERSION OR MANAGEMENT SYSTEMS
REDUCING GHG EMISSIONS
- systems combining energy storage with energy generation of non-fossil
origin

Y02E70/30 EG

2.8. NOT ELSEWHERE CLASSIFIED
3. CAPTURE, STORAGE, SEQUESTRATION OR DISPOSAL OF
GREENHOUSE GASES

Y02C

3.1. Capture or disposal of nitrous oxide (N_(2)O) Y02C20/10 EOP - GHG
3.2. Capture or disposal of methane (CH2) Y02C20/20 EOP - GHG
3.3. Capture or disposal of perfluorocarbons [PFC], hydrofluorocarbons
[HFC] or sulfur hexafluoride [SF6]

Y02C20/30 EOP - GHG

3.4. Capture or disposal of carbon dioxide (CO2) Y02C20/40 EOP - GHG
3.5 Not elsewhere classified
6. CLIMATE CHANGE MITIGATION TECHNOLOGIES related to
WASTEWATER TREATMENT OR WASTE MANAGEMENT

Y02W

6.1. WASTEWATER TREATMENT Y02W10
- Biological treatment of water, waste water, or sewage Y02W10/10 EOP - non GHG
- Sludge processing Y02W10/20 EOP - non GHG
- wastewater or sewage treatment systems using renewable energies Y02W10/30-37 REU
- Valorisation of by-products of wastewater, sewage or sludge processing Y02W10/40 EOP - non GHG
6.2. SOLID WASTE MANAGEMENT Y02W30
6.2.1. Waste collection, transportation, transfer or storage Y02W30/10 EOP - non GHG
- e.g. segregated refuse collecting, electric or hybrid propulsion
6.2.2. Waste processing or separation Y02W30/20 EOP - non GHG
6.2.3. Landfill technologies aiming to mitigate methane emissions Y02W30/30 EOP - non GHG
6.2.4. Bio-organic fraction processing; Production of fertilisers from the
organic fraction of waste or refuse

Y02W30/40 RRR

6.2.5. Reuse, recycling or recovery technologies Y02W30/50 RRR
6.2.5.1. Mechanical processing of waste for the recovery of materials, e.g.
crushing, shredding, separation or disassembly

Y02W30/52 RRR

6.2.5.2. Waste management of vehicles Y02W30/56 RRR
6.2.5.3. Construction or demolition [C&D] waste Y02W30/58 RRR
6.2.5.4. Glass recycling Y02W30/60 RRR
6.2.5.5. Plastics and rubber recycling Y02W30/62 RRR
6.2.5.6. Paper recycling Y02W30/64 RRR
6.2.5.7. Disintegrating fibre-containing textile articles to obtain fibres for
re-use

Y02W30/66 RRR

6.2.5.8. Recovery of fats, fatty oils, fatty acids or other fatty substances,
e.g. lanolin or waxes

Y02W30/74 RRR

6.2.5.9. Recycling of wood or furniture waste Y02W30/78 RRR
6.2.5.10. Packaging reuse or recycling, e.g. of multilayer packaging Y02W30/80 RRR
6.2.5.11. Recycling of waste of electrical or electronic equipment [WEEE] Y02W30/82 RRR
6.2.5.12. Recycling of batteries or fuel cells Y02W30/84 RRR
6.2.5.13. Use of waste materials as fillers for mortars or concrete Y02W30/91 RRR
6.3. ENABLING TECHNOLOGIES OR TECHNOLOGIES WITH A PO-
TENTIAL OR INDIRECT CONTRIBUTION TO GHG MITIGATION

Y02W90

- Bio-packaging (e.g. packaging containers made from renewable resources
e.g. bio-plastics)

Y02W90/10 PT

6.4. NOT ELSEWHERE CLASSIFIED
7. CLIMATE CHANGE MITIGATION TECHNOLOGIES IN THE PRO-
DUCTION OR PROCESSING OF GOODS

Y02P

7.1. TECHNOLOGIES RELATED TO METAL PROCESSING Y02P10
7.1.1. Reduction of greenhouse gas [GHG] emissions Y02P10/10
- by capturing or storing CO2 Y02P10/122 EOP - GHG

182



Chapter 3 | Effects of the EU ETS on the Directions of Technological Change

Table AT1 continued from previous page
Description IPC/CPC class Innovation

Type

- by avoiding CO2, e.g. using Hydrogen Y02P10/134 PT
- of methane CH2 Y02P10/143 EOP - GHG
- Perfluorocarbons [PFC]; Hydrofluorocarbons [HFC]; Sulfur hexafluoride
[SF6]

Y02P10/146 EOP - GHG

7.1.2. Process efficiency Y02P10/20-32
- Recycling Y02P10/20 EOP - non GHG
- Process efficiency Y02P10/25 PT
- Using renewable energy sources Y02P10/32 REU
7.2. TECHNOLOGIES RELATING TO CHEMICAL INDUSTRY Y02P20
7.2.1. Process efficiency in chemical industry Y02P20/10-133
- Energy recovery, e.g. by cogeneration, recovery or pressure recovery tur-
bines

Y02P20/129 ECES

- Renewable energy sources, e.g. sunlight Y02P20/133 REU
7.2.2. Feedstock Y02P20/141-145
- the feedstock being recycled material, e.g. plastics Y02P20/143 RRR
- the feedstock being materials of Biological origin Y02P20/145 PT
7.2.3. Reduction of greenhouse gas [GHG] emissions, e.g. [CO2] Y02P20/151-156 EOP - GHG
- Perfluorocarbons [PFC]; Hydrofluorocarbons [HFC]; Hydrochlorofluoro-
carbons [HCFC]; Chlorofluorocarbons [CFC]
- Methane CH4

7.2 .4 Improvements relating to chlorine production Y02P20/20 PT
7.2.5. Improvements relating to adipic acid or caprolactam production Y02P20/30 PT
7.2 .6 Improvements relating to fluorochloro hydrocarbon, e.g. chlorodiflu-
oromethane [HCFC-22] production

Y02P20/40 PT

7.2.7 Improvements relating to the production of bulk chemicals Y02P20/50 PT
- using catalysts, e.g. selective catalysts Y02P20/52 PT
- using solvents, e.g. supercritical solvents or ionic liquids Y02P20/54 PT
- Design of synthesis routes, e.g. reducing the use of auxiliary or protecting
groups

Y02P20/55 PT

- Recycling of unreacted starting or intermediate materials Y02P20/582 RRR
- Recycling of catalysts Y02P20/584 RRR
- Biological synthesis; Biological purification Y02P20/59 PT
7.3. TECHNOLOGIES RELATING TO OIL REFINING AND PETRO-
CHEMICAL INDUSTRY

Y02P30 PT

7.3.1. Bio-feedstock Y02P30/20 PT
7.3.2. Ethylene production Y02P30/40 PT
7.4. TECHNOLOGIES RELATING TO THE PROCESSING OF MIN-
ERALS

Y02P40

7.4.1. Production of cement Y02P40/10-18
- energy efficiency Measures, e.g. Improving or optimising the production
methods

Y02P40/121 ECES

- Fuels from renewable energy sources, e.g. waste or biomass Y02P40/125 REU
- Carbon capture and storage [CCS] Y02P40/18 EOP - GHG
7.4.2. Production or processing of lime e.g. limestone regenera-
tion of lime in pulp and sugar mills

Y02P40/40 PT

- using fuels from renewable energy sources Y02P40/45 REU
7.4.3. Glass production e.g. reusing waste heat during processing
or shaping

Y02P40/50 ECES

- Improving the yield, e.g. reduction of reject rates Y02P40/57 PT
7.4.4. Production of ceramic materials or ceramic elements Y02P40/60 PT
- e.g. substitution of clay or shale by alternative raw materials, e.g. ashes
7.5. TECHNOLOGIES RELATING TO AGRICULTURE, LIVESTOCK
OR AGROALIMENTARY INDUSTRIES

Y02P60

7.5.1. Using renewable energies, e.g. solar water pumping Y02P60/12 REU
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7.5.2. Measures for saving energy, e.g. in green houses Y02P60/14 ECES
7.5.3. Reduction of greenhouse gas [GHG] emissions in agriculture Y02P60/20-22 EOP - GHG
- e.g. CO2

- Dinitrogen oxide N2O, e.g. using aquaponics, hydroponics or efficiency
measures
- Methane CH4, e.g. from rice paddies
7.5.4. Land use policy measures Y02P60/30 PT
7.5.6. Livestock or poultry management Y02P60/50 PT
- use of renewable energies Y02P60/52 REU
7.5.7. Fishing; Aquaculture; Aquafarming Y02P60/60 PT
7.5.8. Food processing, e.g. use of renewable energies or variable speed
drives in handling, conveying or stacking

Y02P60/80 PT

- Food storage or conservation, e.g. cooling or drying Y02P60/85 PT
- Re-use of by-products of food processing for fodder production Y02P60/87 RRR
7.6. TECHNOLOGIES IN THE PRODUCTION PROCESS FOR FINAL
INDUSTRIAL OR CONSUMER PRODUCTS

Y02P70

- Greenhouse gas [GHG] capture, material saving, heat recovery or other
energy efficient measures, e.g. motor control, characterised by manufactur-
ing processes, e.g. for rolling metal or metal working

Y02P70/10 ECES

Manufacturing or production processes characterised by the final manufac-
tured product;

Y02P70/50 PT

- related technologies for production or treatment of textile or flexible ma-
terials or products thereof, including footwear

Y02P70/62 PT

7.7. CLIMATE CHANGE MITIGATION TECHNOLOGIES FOR
SECTOR-WIDE APPLICATIONS

Y02P80

- efficient use of energy, e.g. using compressed air or pressurized fluid as
energy carrier

Y02P80/10 ECES

district level solutions, i.e. local energy networks Y02P80/14 ECES
on-site combined power, heat or cool generation or distribution, e.g. com-

bined heat and power [CPC] supply
Y02P80/15 ECES

- Using renewable energy Y02P80/20 REU
- Reducing waste in manufacturing processes; Calculations of released waste
quantities

Y02P80/30 PT

- Minimising material used in manufacturing processes Y02P80/40 PT
7.8. ENABLING TECHNOLOGIES WITH A POTENTIAL CONTRIBU-
TION TO GHG EMISSIONS MITIGATION

Y02P90

- Total factory control (e.g. smart factories, Flexible manufacturing sys-
tems, integrated manufacturing systems)

Y02P90/02 PT

- Computing systems specially adapted for manufacturing Y02P90/30 PT
- Fuel cell technologies Y02P90/40 ECES
- Hydrogen technologies Y02P90/45 ECES
- Energy storage in industry with an added climate change mitigation effect Y02P90/50 ECES
- Electric or hybrid propulsion for production processes Y02P90/60 ECES
- combining sequestration of CO2 and exploitation of hydrocarbons by in-
jecting CO2 or carbonated water in oil wells

Y02P90/70 PT

- Management or planning Y02P90/80-845 PT
- Financial instruments for climate change mitigation (e.g. environmental
taxes, subsidies or financing; CO2 emissions certificates or credits trading)

Y02P90/90-95

7.9. NOT ELSEWHERE CLASSIFIED
8. CLIMATE CHANGE MITIGATION IN INFORMATION AND COM-
MUNICATION TECHNOLOGIES [ICT] ^(3)

Y02D

8.1. Energy efficient computing Y02D10 ECES
- e.g. low power processors, power management or thermal management
8.2. Energy efficiency in communication networks Y02D30 ECES
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- Reducing energy consumption in wire-line communication networks, e.g.
low power modes or reduced link rate
- Reducing energy consumption in wireless communication networks
8.3. Not elsewhere classified
9. CLIMATE CHANGE ADAPTATION TECHNOLOGIES IPC or CPC

codes
9.2. WATER RESOURCE MANAGEMENT
9.2.1. Demand-side technologies (water conservation)
9.2.1.1 Indoor water conservation
Greywater
- Greywater supply systems E03B1/041 RRR
- Using grey water; using household water from wash basins or showers Y02A20/146-148 RRR
9.2.1.2 Irrigation water conservation
Drip irrigation
- Watering arrangements located above the soil which make use of perfo-
rated pipe-lines or pipe-lines with dispensing fittings, e.g. for drip irrigation

A01G25/02 PT

- Watering arrangements making use of perforated pipe-lines located in the
soil

A01G25/06 PT

Control of watering A01G 25/16 PT
9.2.1.3 Water conservation in thermoelectric power production
- combustion Heat from one cycle heating the fluid in another cycle F01K23/06-108 ECES
- Non-positive-displacement machines or engines, e.g. steam turbines; pre-
venting or minimizing internal leakage of working fluid, e.g. between stages

F01D11 PT

- Relating to industrial water supply, e.g. used for cooling. Y02A20/30 PT
9.2.2. Supply-side technologies (water availability)
9.2.2.1 Water collection (rain, surface and ground-water)
Rainwater collection
- Methods or installations for obtaining or collecting drinking water or tap
water from rainwater

E03B3/02 PT

- Special vessels for collecting or storing rain-water for use in the household,
e.g. water-butts

E03B3/03 PT

- Rainwater harvesting Y02A20/108 PT
Surface water collection
- Methods or installations for drawing-off water E03B9 PT
- Methods or installations for obtaining or collecting drinking water or tap
water from surface water

E03B3/04; 30,36 PT

Underground water collection
- Use of pumping plants or installations for water supply E03B5 PT
- Methods or installations for obtaining or collecting drinking water or tap
water from underground sources

E03B3/06-26 PT

Not elsewhere classified
- Methods or installations for obtaining or collecting drinking water or tap
water, rainwater, surface water, or groundwater

E03B3/28, 32-34,
38-40

PT

9.2.2.2. Water desalination Y02A20/124
- Reverse osmosis Y02A20/131 PT
- Using renewable energy (wind power, solar thermal, photovoltaic, wave
energy)

Y02A20/138-144 REU

- Desalination C02F1/265 RRR
9.2.2.3 Water storage and distribution
- Leakage reduction or detection in water storage or distribution Y02A20/15 PT
- Pipe-line systems / Protection or supervision of installations / Preventing,
monitoring, or locating loss with applications to water supply [i.e. with
E03B-E03D co-classes]

F17D5/02 and
[E03B or E03C or
E03D]

PT
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- Devices for covering leaks in pipes or hoses, e.g. hose-menders ... with
applications to water supply [i.e. with E03B-E03D co-cdasses]

F16L55/16 and
[E03B or E03C or
E03D]

PT

- Investigating fluid tightness of structures, by detecting the presence of
fluid at the leakage point .with applications to water supply [i.e. with
E03B-E03D co-dasses]

G01M3/08 or
G01M3/14 or
G01M3/18 or
G01M3/22 or
G01M3/28] and
[E03B or E03C or
E03D]

PT

9.2.2.4 Water filtration; Water and wastewater treatment
- Water filtration Y02A20/152 EOP non-GHG
- Keeping clear the surface of open water from oil spills Y02A20/20-204 EOP non-GHG
- Off-grid powered water treatment; Solar-powered water purification;
Solar-powered wastewater sewage treatment, e.g. spray evaporation

Y02A20/208-212 REU

9.2.2.5. Protecting water resources
9.3. ADAPTING OR PROTECTING INFRASTRUCTURE OR THEIR
OPERATION

Y02A30

9.3.1. Extreme weather resilient electric power supply systems Y02A30/14 EG
9.3.2. Structural elements or technology for improving thermal insulation Y02A30/24 ECES
- Slab shaped vacuum insulation Y02A30/242 ECES
- Using natural or recycled building materials, e.g. straw, wool, clay or
used tires

Y02A30/244 RRR

- Glazing, e.g. vacuum glazing Y02A30/249 ECES
- Roof garden systems; Roof coverings with high solar reflectance Y02A30/254 ECES
9.3.3. Relating to heating, ventilation or air conditioning [HVAC] technolo-
gies

Y02A30/27 ECES

- solar heating or cooling Y02A30/272 REU
- Using waste energy, e.g. from internal combustion engine Y02A30/274 ECES
9.4. ADAPTATION TECHNOLOGIES IN AGRICULTURE,
FORESTRY, LIVESTOCK OR AGROALIMENTARY PRODUCTION

Y02A40

9.4.1. In agriculture Y02A40/10-58
- Fertilizer of biological origin Y02A40/20 PT
Using renewable energies Y02A40/58 REU

- using renewable energies Y02A40/76 REU
- Aquaculture, e.g. of fish; Alternative feeds for fish, e.g. in aquaculture
9.4.5. In food processing or handling, e.g. food conservation Y02A40/90-966
- Using renewable energies; Cooking stoves or furnaces using solar heat or
biomass
- Off-grid food refrigeration; Powered by renewable energy sources Y02A40/924-966 REU
ENVITONMENT-RELATED AND ADAPTATION TECHNOLOGIES
RELEVANT TO THE OCEAN ECONOMY
10.1 OCEAN RENEWABLE ENERGY GENERATION CPC or IPC

codes
10.1.1 Offshore wind energy
- Offshore Wind turbines Y02E 10/727 REG
- Assembly, mounting or commissioning of Wind motors, specially adapted
for Offshore installation

F03D 13/25 REG

- Components; Mounting on supporting structures or systems, offshore F05B 2240/95 REG
- Vessels or similar floating structures for converting Wind energy into
electric energy

B63B 2035/446 REG

10.1.2 Offshore solar energy REG
- Vessels or similar floating structures for converting solar energy into elec-
tric energy

B63B 2035/4453 REG
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10.1.3 Tide, wave, current and other marine energy REG
- Tide or wave power Plants E02B 9/08 REG
- power stations or aggregates using wave or Tide energy F03B 13/12-268 REG
- Vessels or similar floating structures for converting water energy into
electric energy, e.g. from tidal flows, waves or currents

B63B 2035/4466 REG

- Energy from the sea, e.g. using wave energy or salinity gradient
- Ocean thermal energy conversion [OTEC] Y02E 10/30, F03G

7/05
REG

10.2. OCEAN POLLUTION ABATEMENT
10.2.1 Ballast water treatment
- treatment of wastewater, sewage or sludge originating from marine Vessels,
ships and boats, e.g. bilge water or ballast water

C02F 2103/008 EOP non-GHG

- Arrangements of installations for treating ballast water, waste water,
sewage, sludge, or for Preventing environmental pollution from Vessels

B63J 4/002-006 EOP non-GHG

- Conduits for emptying or ballasting; Self-bailing equipment; Scuppers B63B13 EOP non-GHG
10.2.2 Oil spill (and other floating debris) prevention and cleanup
- Arrangements for minimizing pollution by accidents of cargo tanks (e.g.
oil Leakage)

B63B 25/082 EOP non-GHG

- Arrangements for minimizing pollution by accidents associated with tanks
for fuel or the like not forming bunkers

B63B 17/0036 EOP non-GHG

- Arrangement of ship-based loading or unloading equipment for transfer at
sea between ships or between ships and Offshore structures using Pipe-lines

B63B 27/34

- Vessels or like floating structures adapted for collecting pollution from
open water

B63B 35/32 EOP non-GHG

- materials for absorbing liquids to remove pollution, e.g. oil, gasoline, fat C09K 3/32 EOP non-GHG
- collecting oil or the like from a submerged Leakage E21B 43/0122 EOP non-GHG
- Devices for cleaning or keeping clear the surface of open water from oil or
like floating materials by separating or removing these materials

E02B 15/04-108 EOP non-GHG

- water pollution control Technologies for keeping clear the surface of open
water from oil spills

Y02A 20/204 EOP non-GHG

11. SYSTEMS INTEGRATING TECHNOLOGIES RELATED TO
POWER NETWORK OPERATION, COMMUNICATION OR INFOR-
MATION TECHNOLOGIES FOR IMPROVING THE ELECTRICAL
POWER GENERATION, TRANSMISSION, DISTRIBUTION, MANGE-
MENT OR USAGE (I.E. SMART GRIDS)

Y04S

11.1 Systems supporting electrical power generation, transmis-
sion or distribution

Y04S10/00

- Monitoring or controlling equipment for energy generation units, e.g. dis-
tributed energy generation [DER] or load-side generation

Y04S10/12 EG

the energy generation units being or involving renewable energy sources Y04S10/123 REG
- Energy storage units Y04S10/14 EG
- Electric power substations Y04S10/16 EG
- using switches, relays or circuit breakers, e.g. intelligent electronic devices
[IED]

Y04S10/18 EG

- using protection elements, arrangements or systems Y04S10/20 EG
- Flexible AC transmission systems [FACTS] or power factor or reactive
power compensating or correcting units

Y04S10/22 EG

- State monitoring, e.g. fault, temperature monitoring, insulator monitor-
ing, corona discharge

Y04S10/30 EG

- Display of information, e.g. of data or controls Y04S10/40 EG
- Systems or methods supporting the power network operation or manage-
ment, involving a certain degree of interaction with the load-side end user
applications

Y04S10/50 EG

Outage or fault management, e.g. fault detection or location Y04S10/52 EG
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11.2 Systems supporting the management or operation of end-
user stationary applications, including also the last stages of
power distribution and the control, monitoring or operating man-
agement systems at local level
Management or operation of end-user stationary applications or the last
stages of power distribution; Controlling, monitoring or operating thereof

Y04S20/00 ECES

- Energy storage units, uninterruptible power supply [UPS] systems or
standby or emergency generators, e.g. in the last power distribution stages

Y04S20/12 ECES

- Protecting elements, switches, relays or circuit breakers Y04S20/14 ECES
- End-user application control systems Y04S20/20 ECES
General power management systems Y04S20/221 ECES
Demand response systems, e.g. load shedding, peak shaving Y04S20/222 ECES
Home appliances Y04S20/242-246 ECES
the home appliances being or involving heating ventilating and air condi-

tioning [HVAC] units
the system involving the remote operation of lamps or lighting equipment
UPS systems or standby or emergency generators Y04S20/248 ECES

- Smart metering, e.g. specially adapted for remote reading Y04S20/30 ECES
11.4 Communication or information technology specific aspects
supporting electrical power generation, transmission, distribu-
tion or end-user application management
Systems for electrical power generation, transmission, distribution or end-
user application management characterised by the use of communication
or information technologies, or communication or information technology
specific aspects supporting them

Y04S40/00 EG

- characterised by data transport means between the monitoring, control-
ling or managing units and monitored, controlled or operated electrical
equipment

Y04S40/12 EG

using the power network as support for the transmission Y04S40/121 EG
using wired telecommunication networks or data transmission busses Y04S40/124 EG
using wireless data transmission Y04S40/126 EG
involving the use of Internet protocol Y04S40/128 EG

- Network protocols supporting networked applications, e.g. including con-
trol of end-device applications over a network

Y04S40/18 EG

- Information technology specific aspects, e.g. CAD, simulation, modelling,
system security

Y04S40/20 EG

11.5 Market activities related to the operation of systems in-
tegrating technologies related to power network operation and
communication or information technologies
Market activities related to the operation of systems integrating technolo-
gies related to power network operation or related to communication or
information technologies

Y04S50/00 EG

- Energy trading, including energy flowing from end-user application to grid Y04S50/10 EG
- Billing, invoicing, buying or selling transactions or other related activities,
e.g. cost or usage evaluation

Y04S50/12 EG

- Marketing, i.e. market research and analysis, surveying, promotions, ad-
vertising, buyer profiling, customer management or rewards

Y04S50/14 EG

- Energy services, e.g. dispersed generation or demand or load or energy
savings aggregation

Y04S50/16 EG
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Table AT2: ATT of the effect of the EU ETS on different classifications for green or environmental
patenting for manufacturing firms
Aggregates of trading phases I and III; Top panel: Dynamic evolution of the ATT; Bottom panel: Overall
ATT; First columns: estimate; Second columns: standard errors; ∗p-value < 0.05

Green Inventory s.e. EnvTech s.e. Y02-class s.e.
Dynamic

-4 -0.033 0.021 0.018 0.028 0.035 0.026
-3 0.006 0.024 0.004 0.020 0.012 0.022
-2 0.044 0.018 0.030 0.025 0.027 0.029
-1 0.012 0.015 0.024 0.030 0.037 0.025
0 0.025 0.018 0.035 0.031 0.047 0.028
1 0.031 0.020 0.063 0.035 0.072 0.032
2 0.059 0.030 0.088 0.040 0.093 0.038
3 *0.091 0.034 *0.169 0.045 *0.185 0.043
4 *0.111 0.040 *0.190 0.048 *0.211 0.047
5 *0.137 0.047 *0.203 0.052 *0.229 0.051

Overall *0.076 0.028 *0.125 0.040 *0.140 0.035
No. firms 353 353 353
No. obs. 3,883 3,883 3,883
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