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ABSTRACT

The European Union (EU) has played a leading role in the fight against climate change. One mechanism used to meet the tar-
gets for global greenhouse gas (GHG) emission reductions is carbon pricing. A prominent example is the EU Emissions Trading
System (EU-ETS). This study examines the effectiveness of political decisions to pursue environmental objectives from a firm-

level perspective. The aim of this research is to analyse how carbon prices affect firm-level GHG emissions and environmental

innovation. We also examine the relationship between environmental innovation and corporate GHG emissions, both inde-
pendently and after including the effects of carbon pricing. Our findings show that carbon prices have a negative relationship
with corporate CO, emissions and a positive relationship with green innovation in low-carbon technologies. Our results confirm

that green innovation exerts a limited impact on GHG emissions, with carbon prices acting as the main driver of corporate GHG

emission reductions.

1 | Introduction

Reducing greenhouse gas (GHG) emissions is one of the big-
gest challenges of our time. In response to this challenge, the
European Union (EU) Emissions Trading System (EU-ETS) was
launched to mitigate the effects of climate change and reduce
GHG emissions. As the world's first carbon market, the EU-ETS
requires companies to purchase emission allowances to cover
their carbon emissions (Colmer et al. 2023; Mafias-Alvarez
et al. 2024).

Although these allowances were initially allocated free of
charge, this free allocation is declining. The purpose of free
allocation is to facilitate corporate adaptation and prevent
carbon leakage (i.e., the relocation of production to countries
with weaker or even no environmental regulations). The grad-
ual reduction in free allocation forces companies to purchase

emission allowances in the carbon market to cover their emis-
sion deficits (Gaztafiaga et al. 2022; Mafias-Alvarez et al. 2024).
This mechanism is designed to encourage companies to mod-
ernise their facilities and reduce their GHG emissions. Carbon
pricing thus drives decarbonisation, embodying the principle
that polluters should bear the cost of their emissions (European
Commission 2024a).

Research has primarily examined the relationship between
carbon prices and emission volumes at the national level, fo-
cusing on the effect of carbon pricing policies on country-level
emissions. Most studies have centred on Europe, probably be-
cause the EU-ETS was the first emissions trading market and
is now the largest such market (Green 2021). These studies re-
veal a small impact of this type of policy on national emissions.
The global expansion of emissions trading markets has led to
similar analyses in other countries, most notably Japan, China
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and South Korea. However, the results remain inconclusive,
showing little impact (Arimura and Abe 2021) or even none
(Wakabayashi and Kimura 2018).

In contrast, company-level evidence remains limited, despite
its potential to provide important insights into how carbon al-
lowance prices affect corporate GHG emissions. Such analysis
could reveal differences across companies based on sector and
company characteristics such as environmental awareness and
innovation capacity. Most studies have focused on the influ-
ence of implementing the emissions trading market on emis-
sion volumes (Colmer et al. 2023; Dechezleprétre et al. 2023).
Few studies have explicitly examined the impact of carbon
pricing on corporate GHG emissions (Adamolekun 2024, for
the European market; Le and Azhgaliyeva 2023, for the Asian
market).

The emissions trading system aims not only to make pol-
luters pay for their GHG emissions but also to reduce their
emissions while generating revenue to finance the green tran-
sition. Therefore, at the company level, a pertinent question
is how much impact the implementation of these systems and
emission allowance prices have on companies' environmen-
tal innovation. Studies examining the relationship between
implementing emissions trading markets and innovation in-
vestment have yielded mixed results. Most have identified a
positive relationship, attributed to the carbon pricing mech-
anism, which creates direct financial incentives for regu-
lated firms to invest in low-carbon technologies (Calel and
Dechezleprétre 2016), and to the maturity of available low-
carbon technologies at the time of implementation, which
enables firms to respond with innovation rather than mere
adoption (Calel 2020). Others have reported a negative rela-
tionship, which emerges when carbon trading policies cre-
ate resource allocation distortions that redirect funds from
innovation to regulatory compliance (Zhang et al. 2022) and
when negative upstream effects reduce innovation incentives
(Chen et al. 2021). Some studies have found no significant re-
lationship, attributing this finding to low carbon prices, which
fail to generate meaningful innovation incentives (Lofgren
et al. 2014; Lunde 2022). This lack of unanimity motivated the
present study of how corporate environmental research and
development (green R&D) affects GHG emissions and what
role carbon prices play in this relationship.

There is also limited research on the specific impact of carbon
pricing on R&D investment. A notable exception is the study
by Lin and Wesseh (2020), who showed a positive effect of CO,
pricing on corporate R&D expenditure in the Chinese National
Emissions Trading System (CN-ETS). The present research ad-
dresses this gap in the literature by analysing the effectiveness
of carbon pricing in driving the business transition towards
sustainable models with lower GHG emissions and cleaner tech-
nological innovation. A study of this relationship at the level of
company facilities affected by emissions market regulations is
necessary. Such a study is especially important for the EU-ETS,
which is currently the main carbon market worldwide.

Our aim in this study is to analyse the relationships between
carbon pricing, GHG emissions and environmental innova-
tion in European companies. First, we analyse the impact of

carbon pricing on corporate GHG emissions and environmen-
tal innovation. Second, we examine the relationship between
environmental innovation and corporate GHG emissions, both
independently and after including the effects of carbon pricing.
Our study is based on an initial sample of 189,969 European
company facilities regulated by the EU-ETS during the period
2008 to 2023 across 6258 companies based in the EU-27. Given
data availability constraints, the final sample consists of 1967
companies. This sample provides a solid basis for examining the
historical trends in EU-ETS and its impact over a broad period
covering different phases.

Through this article, we contribute to the literature in several
ways. First, we present a firm-level study of EU-ETS-regulated
facilities, identifying firms that not only have GHG emissions
but that are also required to participate in the emissions market.
Second, we specifically consider carbon price as a key variable in
the EU-ETS, examining its impact on companies’ environmen-
tal policies (emission levels and investment in environmental in-
novation). In addition, we extend existing evidence by analysing
the current market phase (Phase IV) and assessing how recent
regulatory changes have affected the results observed in previ-
ous phases.

The paper is structured as follows. In Section 2, we describe the
EU-ETS and analyse its recent history to contextualise our re-
search. In Section 3, we review the literature and formulate the
hypotheses. Section 4 describes the data set and methodology. In
Section 5, we present the results. Finally, in Section 6, we outline
the conclusions of the study.

2 | The European EU-ETS Emissions Market

The origin of emission rights markets dates back to the Kyoto
Protocol, which was approved in 1997 and ratified in 2005. This
protocol established binding emission reduction targets across
different phases for 36 industrialised countries and the EU. The
EU-ETS was adopted in the EU under Directive 2003/87/EC of
the European Parliament and of the Council of 13 October 2003
and its subsequent amendments. It applies to all EU member
states, the European Free Trade Association countries (Iceland,
Liechtenstein and Norway) and Northern Ireland for electricity
generation (in accordance with the Northern Ireland Protocol).!
Since its implementation in 2005, the EU-ETS has been man-
datory for European companies that are required to participate
on account of the GHG emissions resulting from their business
activity. The scheme covers companies in the energy sector
(electricity and heat generation), manufacturing industry (i.e.,
energy-intensive industrial sectors, including oil refineries,
steelworks and the production of iron, aluminium, metals, ce-
ment, lime, glass, ceramics, pulp, paper, cardboard, acids and
bulk organic chemicals), air operators and, from 2024, maritime
transport.?

Under the European Climate Law, EU member states have com-
mitted to achieving climate neutrality by 2050. The European
Commission's current plan targets a 55% emission reduction by
2030, relative to 1990 levels. In addition, the free allocation of
emission allowances to companies has been reduced and will be
progressively phased out from 2026. Furthermore, as part of the
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commitment, a new emissions trading system, ETS2, has been
created to cover emissions from buildings, road transport and
other sectors. It will come into operation in 2027. Climate neu-
trality or net zero emissions means that total GHG emissions
must be equal to the amount removed from the atmosphere. The
aim is to ensure that any unavoidable residual emissions are off-
set through actions that capture or absorb an equivalent amount
of GHG, such as reforestation, soil restoration, carbon capture
and storage and the acquisition of carbon emission allowances
(European Commission 2024a).

The EU-ETS operates under a cap-and-trade model. Companies
receive a maximum allocation of emission allowances. When
they need to emit above this limit, they have two alternatives:
acquire additional allowances in the market to avoid financial
penalties or develop more sustainable production processes with
lower environmental impact (i.e., environmental innovation).
Each allowance (specifically, European Union Allowance or
EUA) is equivalent to one tonne of carbon dioxide (CO,) emit-
ted. Since its launch in 2005, the EU-ETS has had four phases,
during which adjustments have been introduced to improve its
effectiveness and align it with the EU climate objectives: 2005
to 2007, 2008 to 2012, 2013 to 2020 and 2021 to 2030. Figure 1
shows the annual CO, and equivalent GHG emissions by the
EU-27 countries (EU_27 emissions) over the period 2008-2023.
Figure 1 also presents the free emission allowances (total alloca-
tion) and verified emissions from regulated facilities located in
the EU-27 member states.

Although the EU-ETS was implemented in 2005, our study used
data from 2008 onwards for several reasons. First, there was a
lack of data during the early years. Second, CO, pricing was ir-
relevant and, in fact, reached zero in the early years, as demon-
strated in Figure 2. Phase I (from 2005 to December 2007) was
a period of adaptation and learning. During this phase, most
allowances were allocated free of charge. Given the lack of ver-
ified emissions data, maximum emission limits were based on
estimates, resulting in allowance oversupply and low prices.
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Phase II ran from 2008 to December 2012. It coincided with the
first commitment period of the Kyoto Protocol, during which
countries set specific emission reduction targets. This phase
saw the introduction of more stringent noncompliance penal-
ties, the improvement of allowance allocation rules and a reduc-
tion in free allocation to approximately 90% of total allowances.
Furthermore, the availability of verified annual emissions data
enabled a 6.5% reduction in the maximum emission allowance
cap. However, the 2008 economic crisis led to a greater-than-
expected reduction in emissions, causing an allowance surplus
and a collapse in prices (Gaztafiaga et al. 2022).

Phase III ran from 2013 to 2020. It saw major changes, as well
as the inclusion of the aviation sector the previous year as a reg-
ulated facility. The main modifications included the replace-
ment of national emission caps with a single European-level
cap, subject to an annual reduction of 1.74%. Furthermore,
whereas emission allowances were freely allocated in the pre-
vious phases based on historical emission volumes, from 2013
onwards, allocation methodology began to consider facility
efficiency criteria, with the most efficient facilities receiving
higher allocations. In addition, free allocation became restricted
to sectors at risk of carbon leakage spreading to the industry
sector (i.e., if a sector could pass allowance costs to consumers,
such as the energy sector, it no longer justified free allocation).
Additionally, auctioning was introduced as the main alloca-
tion mechanism. Two further mechanisms were put in place to
withdraw allowances (the back-loading system in 2014 and the
Market Stability Reserve in 2019) in order to prevent sustained
low pricing (Mafias-Alvarez et al. 2024).

The current phase is Phase IV (2021 to 2030). It has introduced
developments in free allocation mechanisms. Although the al-
location system remains similar to the one in Phase III, there
is a mandate targeting a 30% reduction in free allocation (with
respect to baseline entitlement) for all sectors not exposed to car-
bon leakage risk by 2026, with complete elimination by 2030.
The annual emission cap reduction has been increased to 2.2%
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FIGURE1 | Evolution of CO, and equivalent emissions. Authors based on data from the European Commission. Total CO, emissions

data sourced from EDGAR emissions (European Commission 2024c). Remaining variables sourced from the Union Registry (European

Commission 2024b).
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FIGURE2 | Evolution of carbon prices. Authors based on data from Datastream (LEXCSO01).

per year. It is complemented by additional measures within the
climate package known as Fit for 55, which seeks to reduce net
emissions by 55% by 2030 relative to 1990 levels.

In short, the changes introduced in each phase reflect the shift
in EU-ETS towards a more stringent and effective system in the
fight against climate change. The EU-ETS has established itself
as the world's leading carbon market. It accounts for more than
three quarters of global carbon trading and serves as a reference
for analogous systems worldwide.

Table 1 illustrates the number of facilities, emissions, allo-
cated allowances and verified emissions across Phases II, I1I
and IV until 2023, both in aggregate annual terms and by sec-
tor. Based on EU registry data, there are three primary sec-
tors: Sector 10, corresponding to aircraft operator activities;
Sector 20, covering fuel combustion activities; and all remain-
ing sectors grouped collectively. The data reveal that although
the highest percentage of free allowances were allocated to
fuel combustion facilities in Phase II, in Phase III onwards,
there has been a substantial reduction in allocation to this
sector, with other sectors proportionally receiving more free
allocations.

Regarding verified emissions, Sector 20 (fuel combustion)
accounts for the highest percentage of total emissions across
all phases, declining from 63.42% in 2008 to 55.49% in 2023.
In this sector, free allowance allocation fell from 56.73% in
2008 to 16.31% in 2023, while verified emissions decreased
proportionally less. Consequently, these facilities have been
forced to purchase emission allowances in the secondary mar-
ket because emission reductions have not matched the pace
of allowance allocation reductions. Conversely, in facilities

in other sectors, the trend has been the opposite. They have
received a higher percentage of allocations, while verified
emissions declined from 36.58% in 2008 to approximately
33% during Phase III, rising to 39% in Phase IV. Sector 10
faced an initial allocation adjustment following its inclusion.
Allowances decreased from 7.8% in 2012 to 3.06% in 2013.
This adjustment appears attributable to calibration based on
2012 verified emissions (4.55%). Subsequently, allocation has
stabilised at approximately 4%, slightly higher than verified
emission levels. However, in 2020 and 2021, emissions fell due
to the impact of the COVID-19 pandemic and the consequent
reduction in activity.

3 | Literature Review and Hypotheses

3.1 | The Relationship Between Carbon Prices
and CO, Emissions

The purpose of the EU-ETS is to incentivise emission reductions
by encouraging companies to decrease their carbon intensity.
They can do so by, for example, investing in renewable energies
or energy efficiency technologies. Alternatively, they can inter-
nalise climate change costs by purchasing allowances to offset
their emissions. Although policymakers prefer companies to
reduce emissions while maintaining economic activity, firms
interpret carbon allowance prices as market signals for opti-
mal decision making. When carbon prices are low, companies
tend to purchase emission allowances rather than make costly
investments to reduce their emissions. Conversely, high carbon
prices encourage firms to invest in emission reduction technol-
ogies rather than acquire emission allowances. As noted by Le
and Azhgaliyeva (2023), companies invest in reducing emission

4
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intensity when the marginal cost of such investment per carbon
unit falls below the carbon price, continuing until cost equalisa-
tion occurs and the policy is effective. When the marginal cost
of this investment exceeds carbon prices, companies choose to
purchase carbon emission allowances. Therefore, carbon pric-
ing can have different impacts on different companies and does
not always result in emission reductions. Indeed, emission al-
lowance systems can produce unintended consequences for
regulated firms. Such consequences include a reduction in pro-
duction or so-called carbon leakage, where firms relocate their
business to another country with less stringent or no environ-
mental regulations.

The literature explores the impact of carbon prices on emis-
sion levels, mainly at the aggregate country or regional levels
(Green 2021; Rafaty et al. 2025). Most studies have confirmed the
effectiveness of carbon pricing in reducing emissions. However,
the impact remains modest, with estimated annual emission re-
ductions ranging from 0% to 2% at the aggregate level. Despite
these findings, there is little evidence at the firm level. Although
most studies have shown positive relationships between carbon
pricing and emission reductions, the results vary.

Several studies have documented a positive relationship be-
tween carbon pricing and emission reductions (or negative with
GHG emissions). For instance, Adamolekun (2024) examined
the impact of carbon pricing on GHG emissions by European
companies, confirming the effectiveness of carbon policies after
observing a negative relationship between carbon prices and
corporate GHG emissions. Colmer et al. (2023) found that emis-
sions trading markets achieved 14%-16% CO, emission reduc-
tions among French manufacturing companies. They also found
no evidence of carbon leakage, meaning that regulated firms did
not relocate to unregulated jurisdictions or sectors. Similarly,
Dechezleprétre et al. (2023) showed that the implementation
of the EU-ETS reduced carbon emissions by regulated compa-
nies, particularly during Phase II from 2008 to 2012. Focusing
on other emissions trading markets, Le and Azhgaliyeva (2023)
analysed the effect of carbon pricing policies in Japan, Korea
and China on GHG emissions by manufacturing companies.
They found direct relationships between carbon prices and GHG
emission reductions in Japan and Korea, both in absolute terms
and relative to company revenues. Meanwhile, Martinsson
et al. (2024) focused on another carbon policy. Instead of analys-
ing emissions markets, they studied carbon taxation, finding a
negative relationship between CO, emissions and the marginal
cost of emitting CO, for Swedish manufacturing companies.

Conversely, other studies in European contexts have found that
the implementation of the EU-ETS has not reduced emissions
or their intensity. At the firm level, Calel (2020) examined regu-
lated companies in the United Kingdom and found no evidence
of an improvement in emission intensity following the launch of
the EU-ETS. Similarly, Jaraité and Di Maria (2016) conducted
a plant-level study for Lithuania, observing that emission lev-
els did not fall and that there was only a slight improvement in
emission intensity during the first year of the EU-ETS. At the
facility level, Klemetsen et al. (2020) analysed Norwegian reg-
ulated plants, finding weak evidence of emission reductions in
Phase II, with no corresponding emission intensity improve-
ments across any phase.

In view of these findings and the fact that our study is based
on firm-level analysis of the period from Phase II inception to
2023 (encompassing market changes such as free allowance re-
ductions and carbon price increases), we expect to observe an
inverse relationship between the price of emission allowances
and corporate GHG emissions. Specifically, increases in carbon
prices should lead to lower emissions, whereas carbon price de-
creases should result in greater emissions.

H1. The price of emission allowances is inversely related to
corporate GHG emissions (i.e., positively related to a reduction in
GHG emissions).

3.2 | The Relationship Between Carbon Prices
and Green R&D

As previously noted, one of the aims of the EU-ETS is to encour-
age investment in low-carbon technologies to reduce CO, emis-
sions and thus avoid high production costs. According to the
hypothesis of induced innovation formulated by Hicks (1932),
an increase in the price of a production factor stimulates innova-
tion to reduce the use of that factor. Applying this hypothesis to
the context of emissions trading markets, carbon price increases
would encourage regulated companies to invest in cleaner and
more efficient technologies to reduce their emissions and asso-
ciated costs. Similarly, Porter (1991) argued that environmental
regulations can stimulate innovation and improve production
efficiency, suggesting that climate policies would not compro-
mise the competitive advantage of companies and could even
strengthen it. One of the key ideas identified by Porter and
Linde (1995) is that such regulation should be flexible and allow
companies to adapt optimally either through output-focused
improvements in production processes or waste management
or through input-focused modifications such as alternative raw
material use.

At the empirical level, various studies have explored the effect
of the EU-ETS on innovation. Some have been conducted at the
regional or national level. For instance, Lim and Prakash (2023)
analysed 38 OECD countries, finding that the adoption of decar-
bonisation and CO, pricing policies was associated with an in-
crease in patents for climate change mitigation technologies. At
the firm level, most research has examined how the implemen-
tation of emissions trading markets stimulates technological
innovation for climate change mitigation rather than analysing
the impact of carbon prices. Calel and Dechezleprétre (2016)
observed that the EU-ETS has increased low-carbon innova-
tion among regulated European companies, whether measured
through R&D expenditure or low-carbon patent activity.

Calel (2020) noted that business investment can materialise
through the adoption of existing technologies within production
processes or through innovation in new technologies based on
renewable energy, recycling and efficient waste management.
In a study of the British market, Calel (2020) found that regu-
lated companies have increased low-carbon patents and R&D
expenditure since EU-ETS participation but have not adopted
technologies that reduce CO, intensity. Despite these findings,
Calel (2020) predicted that investment in technology will yield
greater emission reductions, mitigating the effects of climate
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change in the long term. Goerger (2021) similarly observed an
increase in technologies aimed at mitigating climate change,
which has also grown across the EU-ETS phases. Similar results
have emerged from studies of carbon markets beyond Europe.
For example, Lin and Wesseh (2020) studied the impact of car-
bon prices on companies' R&D expenditure within the CN-ETS,
observing positive effects of CO, prices on R&D expenditure.
Additional CN-ETS-oriented studies by Shao et al. (2023), Yang
et al. (2023) and Zhu et al. (2019) have demonstrated that emis-
sions trading markets stimulate technology development for cli-
mate change mitigation.

However, findings regarding emissions trading markets and
innovation investment lack consensus. For example, scholars
observed no impact of the EU-ETS on green innovation in the
cases of Sweden (Lofgren et al. 2014) and Norway (Lunde 2022).
Others, including Chen et al. (2021) and Zhang et al. (2022) for
the Chinese market, have identified a negative effect of the CN-
ETS on low-carbon technology patents.

In view of these findings and the fact that it has been some time
since the implementation of the EU-ETS and the corresponding
phase-by-phase adjustments, we expect to observe a positive re-
lationship between emission allowance prices and green R&D.
Higher allowance costs should encourage corporate innovation
investment to reduce emissions without compromising produc-
tion capacity. Specifically, carbon price increases should lead to
an increase in green R&D investment, whereas decreases should
reduce corporate investment in sustainability. Accordingly, we
formulate the following hypothesis:

H2. The price of emission allowances is inversely related to
green R&D.

3.3 | The Relationship Between CO, Emissions
and Green R&D

Technological change is necessary to address climate change
without compromising economic growth. The fossil fuel-based
economic model developed over the past two centuries has
caused environmental degradation that must be reversed. The
transition from fossil fuels (oil, coal and natural gas) to renew-
able energy sources (e.g., solar, wind and hydroelectric) requires
technological innovation to ensure the sustainable management
of energy resources without diminishing production capacity
(for a systematic literature review, see Chen et al. 2024; Teixidd
et al. 2019). Measures that can mitigate the impact of business
production on the environment include the implementation of
environmental management systems, pollution prevention, en-
ergy efficiency, carbon management and reuse and recycling
(Albitar et al. 2023; Calel 2020). Environmental innovation or
eco-innovation is a strategy that simultaneously improves cor-
porate environmental performance and economic performance
(Lee and Min 2015). However, the absence of a mechanism that
places a price on GHG emissions or the absence of a market price
(Phase I) has not encouraged companies to invest in green R&D
because there has been no incentive to reduce such emissions.
We argue that pollution pricing, as discussed previously, can
stimulate environmental innovation and consequently reduce
GHG emissions. For example, studies have demonstrated that

investment in innovation helps reduce CO, emissions, as dis-
cussed later.

Some authors have analysed the impact of R&D on emissions
without explicitly considering emission rights markets. For in-
stance, Albitar et al. (2023) found that environmental innovation
reduced CO, emissions among London Stock Exchange-listed
companies, noting that effective corporate governance enhanced
these reductions. Apergis et al. (2013) performed a country-level
study for Germany, France and the United Kingdom, observing
a positive relationship between R&D expenditure and CO, emis-
sion reductions. Similarly, Gonenc and Poleska (2023) analysed
the role of R&D expenditure in reducing corporate GHG emis-
sions across an international sample, confirming that higher
R&D expenditure leads to emission reductions, which are greater
among multinationals than domestic companies. Furthermore,
they identified indirect carbon leakage to developing countries
with presumably less stringent environmental regulations. For
the Japanese market, Lee and Min (2015) confirmed that greater
investment in green R&D by manufacturing companies (eco-
innovation in products, processes and operations) reduced GHG
emissions. Similar country-level research has been performed
by Ferndndez et al. (2018). They explored whether environmen-
tal and total innovation efforts have a positive impact on CO,
emission reductions across the EU, United States and Japan,
confirming a positive impact for the EU and United States.
Likewise, Puertas and Marti (2021) analysed the determinants
of GHG emissions in OECD countries and confirmed that eco-
innovation enables a reduction in GHG emissions.

Studies that consider the existence of the EU-ETS include that of
Colmer et al. (2023), who presented evidence that the implemen-
tation of the EU-ETS reduced emissions without restricting eco-
nomic activity because companies invested in energy-efficient
technologies. Khurshid et al. (2023) conducted a regional study
for Central and Eastern Europe, finding that innovation and en-
vironmental policies encouraged emission reductions.

Therefore, we expect that greater investment in green R&D, en-
vironmental innovation or eco-innovation reduces GHG emis-
sions. We thus formulate the following hypothesis:

H3. There is an inverse relationship between green R&D and
GHG emissions.

Finally, if these hypotheses are confirmed, it may imply that
environmental innovation mediates the effect of carbon prices
on GHG emissions. Specifically, if (i) carbon prices significantly
affect GHG emissions in the absence of the mediating variable
(H1), (ii) carbon prices significantly affect environmental inno-
vation (H2) and (iii) environmental innovation (without consid-
ering carbon prices) significantly affects GHG emissions (H3),
then we can say that environmental innovation is a mediator
if the effect of carbon prices on GHG emissions diminishes
when environmental innovation is included as an explanatory
variable.

However, existing evidence presents conflicting findings regard-
ing this mediating effect. The expected relationship between
environmental innovation and GHG emissions may prove non-
significant when carbon prices and environmental innovation
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are analysed together. For example, Rogge (2016) acknowledged
that the EU-ETS is important for decarbonisation but found it
to have a limited impact on innovation. Specifically, the market
has mainly influenced organisational innovations, with mini-
mal effects on emission reduction strategies. Similarly, from
their literature review, Teixido et al. (2019) concluded that the
EU-ETS has been more effective at stimulating low-carbon tech-
nological innovation than promoting the adoption of such tech-
nology. After reviewing numerous studies, Chen et al. (2024)
reached similar conclusions, stating that emissions trading mar-
kets provide moderate incentives for technological innovation.

In relation to technological innovation, Dill (2024) analysed
whether green bond emissions (i.e., raising funds for environ-
mentally sustainable projects) and CO, pricing are related to
GHG emissions. The results revealed that carbon prices and
green bond issuance were individually associated with emission
reductions. However, the interaction was not found to be statis-
tically significant.

Therefore, in view of the available evidence, we treat the mediat-
ing effect as an open empirical question. The following hypoth-
eses are thus proposed:

H4a. Green R&D mediates the relationship between carbon
prices and GHG emissions.

H4b. Green R&D does not mediate the relationship between
carbon prices and GHG emissions.

Figure 3 graphically represents the proposed hypotheses.

4 | Data and Methodology
4.1 | Data

Based on European Commission data on climate action
(European Commission 2024b), we gathered data on verified
emissions and allowances for facilities under the EU-ETS from
2008 to 2023 (inclusive). From the same source, we obtained the
list of EU-ETS operators (i.e., the list of facilities linked to the
account holder, which, in each case, is usually the company that
owns the facility). We thus found 10,582 account holders operat-
ing across 189,969 European facilities regulated by the EU-ETS
during the study period.

Model

Green R&D

Carbon prices GHG emissions

FIGURE3 | Model. Authors.

In parallel, we selected 6258 companies from Thomson Reuters
Eikon Refinitiv based in one of the EU-27 countries and identified
those owning EU-ETS-regulated facilities. This process required
matching the name of the account holder with their correspond-
ing entries in Thomson Reuters Eikon Refinitiv. Because of nam-
ing variations and data limitations, we successfully matched 8068
of the 10,582 account holders. For these matched companies, we
identified their immediate and ultimate parent companies, given
that many account holders were subsidiaries of listed companies.
Through this matching process, we deduced which of the 6258
companies operated EU-ETS facilities. Our final sample con-
sisted of companies for which Thomson Reuters Eikon provided
complete data on our variables of interest for the period 2008 to
2023: GHG emissions, proxied by CO, emissions; corporate en-
vironmental R&D measures; and sales volume, used as a control
variable for firm size or production volume. These data require-
ments reduced our sample to 1948 companies, yielding 17,038
company-year observations. Table 2 shows the distribution of the
companies in the sample by country and sector.

Regarding environmental innovation measurement, we ini-
tially considered the Environmental R&D Expenditures field in
Thomson Reuters Eikon Refinitiv. This field captures total R&D
costs for environmentally focused products and services aimed
at reducing environmental impact. However, this variable was
discarded due to a lack of data on companies. To overcome this
drawback, we proxied companies’ green R&D using the envi-
ronmental innovation score variable. This variable captures a

TABLE 2 | Variable name, source and definition.

Variable Source Definition
Firms GHG Thomson Annual GHG emissions
emissions Reuters Eikon of the company,
(E_CO,) proxied by its annual
CO, emissions
Environmental Thomson This variable captures
innovation Reuters Eikon a company's ability to

score reduce environmental
(R&D_green) costs and burdens for
customers and therefore
create new market
opportunities through
new environmental
technologies and
processes or eco-
designed products

Carbon price Datastream This variable shows
(P_CO,) the average daily price
of carbon for each
year in the sample
Sales Thomson Annual sales volume
Reuters Eikon of the company
Annual CO, European Annual CO, emission
emission by Commission's volumes by country
country (E_ EDGAR
CO,country)

Source: Authors.
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TABLE 3 | Sample by sector and country.

NAICS

sector® and

country 11 21 22 23 31 42 44 48 51 52 53 54 55 56 61 62 71 72 81 Total
Austria 0 0 2 3 26 1 0 3 2 6 2 1 0 0 0 0 0 1 0 47
Belgium 1 1 1 3 33 2 1 3 6 5 10 5 0 0 0 1 0 0 1 73
Bulgaria 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 3
Croatia 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2
Cyprus 2 1 0 1 3 1 1 1 1 1 0 0 0 0 0 0 0 0 0 12
Czech 0 0 1 0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 4
Denmark 0 0 2 4 37 3 1 6 4 7 2 11 0 1 0 0 0 0 0 78
Estonia 0 0 1 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 4
Finland 0 1 1 7 51 1 5 2 14 4 2 9 0 1 0 2 0 0 0 100
France 2 6 11 6 135 7 10 4 28 16 13 46 1 4 1 4 4 3 1 302
Germany 1 0 9 9 18 9 10 6 48 27 11 35 0 3 0 6 2 1 0 363
Greece 2 1 5 3 18 2 2 4 3 5 2 8 0 0 0 0 1 0 0 56
Hungary 0 0 0 2 3 1 0 0 1 2 0 0 0 0 0 0 0 0 0 9
Ireland 1 2 0 2 28 4 1 1 6 5 2 5 0 2 0 0 0 1 1 61
Italy 0 0 14 4 76 4 3 4 16 23 1 10 O 2 0 1 1 0 0 159
Latvia 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 3
Lithuania 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1
Luxembourg 1 1 1 0 10 1 3 2 5 2 5 6 0 2 0 0 0 0 0 39
Malta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
Netherlands 0 3 0 5 28 1 4 3 11 10 5 8 0 3 0 0 1 2 0 34
Poland 0 3 5 4 26 3 4 1 12 10 1 7 0 1 0 0 0 0 0 77
Portugal 0 1 2 1 4 0 2 1 2 2 0 1 0 0 0 0 0 0 0 16
Romania 0 0 1 1 11 1 0 2 1 4 0 1 0 0 0 0 0 1 0 23
Slovak 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
Slovenia 0 0 0 0 2 0 0 0 1 1 0 0 0 0 0 0 0 1 0 5
Spain 0 1 7 12 31 1 3 3 4 10 3 12 0 4 0 1 0 2 0 94
Sweden 1 3 3 9 150 10 11 0 35 24 22 45 0 6 0 5 2 2 1 329
Total 11 25 66 76 867 52 61 47 201 167 82 211 1 29 1 21 12 14 4 1948

Source: Authors.

11 agriculture, forestry, fishing, and hunting; 21 mining, quarrying, and oil and gas extraction; 22 utilities; 23 construction; 31 manufacturing; 42 wholesale trade;
44 retail trade; 48 transportation and warehousing; 51 information; 52 finance and insurance; 53 real estate and rental and leasing; 54 professional, scientific, and
technical services; 55 management of companies and enterprises; 56 administrative and support and waste management and remediation services; 61 educational
services; 62 health care and social assistance; 71 arts, entertainment, and recreation; 72 accommodation and food services; 81 other services (except public

administration).

company's ability to reduce environmental costs and burdens
for customers and therefore create new market opportunities
through new environmental technologies and processes or eco-
designed products.

Additional variables included carbon price, gathered from
Datastream and annual CO, emission volumes for each EU-
27 member state, sourced from the European Commission's

EDGAR emissions database (European Commission 2024c).
This variable proxied the level of industrialisation and devel-
opment of the country. These variables are summarised in
Table 3.

Table 4 presents the correlation matrix and descriptive sta-
tistics for the variables used in this study. The correlation co-
efficients indicated no multicollinearity concerns because all
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TABLE 4 | Descriptive statistics and correlation matrix.

@ (0] ©)] @ ©))
(1) Ln (E_CO,) 1
(2) R&D_green 0.353 1
(3)P_CO, —0.287 —0.042 1
(4) Ln (Sales) 0.764 0.405 —-0.202 1
(5) Ln (E_CO,country) 0.159 0.093 -0.1 0.188 1
Observations 9,149 10,208 17,038 17,028 17,038
Mean 11.331 40.435 29.596 20.08 18.862
SD 2.965 33.202 28.163 2.803 1.216
Minimum -1.897 0.000 4.476 5.336 14.381
Maximum 19.223 99.902 83.626 26.499 20.537

Source: Authors.

values remained within acceptable thresholds. Data availabil-
ity differed across variables. However, restricting the study to
company-year observations with complete data for all variables
would have substantially reduced the sample size, potentially
limiting the generalisability of our findings.

4.2 | Methodology

Given the structure of our data, we performed our estimates
using panel data analysis. The estimators in panel data anal-
ysis are more accurate than those in other techniques such as
generalised least squares (GLS). For example, the panel data
technique captured unobservable heterogeneity both between
individuals in the sample and over time (Arellano 1992).

In the first step, to test Hypotheses 1 and 2, Equation 1 shows
the static analysis formula used to estimate a model where the
dependent variable was either GHG emissions or R&D expen-
diture, with emphasis on environmental R&D by EU-27 com-
panies. These variables were explained by carbon prices and
relevant control variables. All estimates were conducted in Stata.

DV, =C+p,P_CO, +p,P_CO,
+pBsnst +f,(P_CO, xInst,) +ps(P_CO,  xInst;)
1
+ pePhase_III+ p,Phase_IV+ pg In(Sales;;) W

+ Py In(E_CO,country, ) +¢;

Where:

« DV, is the dependent variable—CO, emissions in logarith-
mic terms (In[E_CO,]) or environmental innovation score
(R&D_green)—of company i in year t.

« The explanatory variables are:
o Average daily carbon price (P_CO,) in year t and in the
previous year (t — 1).
o A dummy variable (Inst) equal to 1 if company i operated
EU-ETS facilities at time t and zero otherwise.

o Two dummy variables (Phase_IIT and Phase_IV) equal
to 1 during Phase IIT and Phase IV of the EU-ETS, re-
spectively, and zero otherwise.

o A variable (Sales) reflecting the size or production vol-
ume of company i in year t.

o Finally, a variable capturing the CO, emission volume in
year t of the country where the company was headquar-
tered (E_CO,country).

o Two interaction terms were created to accompany (34
and (35 to capture the varying effect of carbon prices on
the dependent variable for companies operating EU-ETS
facilities.

We subsequently contrasted the results for the static mod-
els with the results using the dynamic specification shown in
Equation 2. This specification included the lagged dependent
variable as a regressor. This dynamic specification was esti-
mated using the generalised method of moments (GMMs) put
forward by Arellano and Bond (1991).

DV, =C+pyDV;,_ +p,P_CO, +B,P_CO, +p;Inst;
+P,(P_CO, xInsty) +Ps(P_CO,  xInst;)+fsPhase Il (2)
+ p,Phase_IV+ fg In(Sales;;) + B, In(E_CO,country,) + &,

To test Hypotheses 3 and 4, we estimated the models presented
in Equations 3 and 4, respectively. In estimating these models,
we employed a dynamic panel estimated using GMM.

In(E_CO, ) =C+p,In(E_CO, )+ p,Insty+p,(R&D_green,)
+ B3 Phase_IIT+ p,Phase_IV+ B In(Sales;,) 3)
+ B¢ In(E_CO,country, ) +¢;

In(E_CO,, ) =C+pyIn(E_COy; _,) +$,P_CO, +p,P_CO,
+BsInsty + B, (P_CO, xInsty) +fs(P_CO,  xInst,)
+ B¢ (R&D_green;,) + B, Phase_IIT+ psPhase_IV
+ Py In(Sales;,) + p1o In(E_CO,country,) + &,

10
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The consistency of the GMM estimator requires certain assump-
tions to be met. Namely, it requires the use of valid instruments
and the absence of second-order autocorrelation (AR2) in resid-
uals. We employed Hansen's overidentification test to verify the
validity of the instruments and to examine autocorrelation pat-
terns. We expected first-order but no higher-order autocorrela-
tion in the error terms.

Additionally, to test for the mediation effect, we applied the Stata
command “sgmediation2” (Mize 2022). This command performs
the Sobel-Goodman test and provides evidence of the aforemen-
tioned requirements to accept the existence of such an effect.
In addition, as suggested by Mize (2022), given that the Sobel-
Goodman test has low statistical power, we used bootstrapping
to calculate the statistical significance of the parameters.

5 | Results

Before commenting on the results for Hypotheses 1 and 2 (pre-
sented in Table 5) for GHG emissions and the proxy used to
measure corporate green R&D, we addressed potential model
specification issues. The Hausman test was applied to each
model to analyse whether the individual effects followed ran-
dom effects (REs) or fixed effects (FEs) behaviour. The test
indicated that estimation with FEs was more suitable than
estimation with REs because there was a correlation between
the individual effects and the explanatory variables. In GMM
methodology, estimation consistency depends on the validity of
the instruments and the absence of second-order autocorrela-
tion. The Hansen test confirmed instrument validity, and the
autocorrelation tests led to the rejection of the hypothesis of the
absence of first-order autocorrelation and acceptance of second-
order autocorrelation (Table 5).

Focusing on companies’ GHG emissions, we observed a sig-
nificant negative relationship with carbon price in year t.
Specifically, as purchasing emission allowances became more
expensive, companies reduced their emissions, regardless of EU-
ETS participation. In addition, past changes in carbon prices sig-
nificantly affected CO, emissions only for companies operating
EU-ETS facilities. Therefore, these findings confirm Hypothesis
1 and are consistent with those of Adamolekun (2024), who
observed a negative relationship between carbon prices and
GHG emissions. They are also consistent with the findings
of Dechezleprétre et al. (2023) and Colmer et al. (2023), who
observed that the EU-ETS has successfully reduced GHG
emissions.

Regarding control variables, the results were consistent across
estimation methods. However, we chose to interpret the results
from the GMM analysis because it offered more efficient and less
biased results. There was no difference in behaviour depending
on whether the company had facilities affected by the EU-ETS.
In addition, as expected, sales volume (used to indicate larger
companies or those with higher production volumes) had a sig-
nificant positive relationship with GHG emissions. Similarly,
being headquartered in countries with high CO, emissions, a
variable that potentially reflects national development or indus-
trialisation levels, had a significant positive relationship with
GHG emissions. Finally, the Phase_III variable had a significant

negative value, indicating significant emission reductions at-
tributable to factors including reduced emission allowances, the
change in free allowance allocation mechanisms and, among
others, the effects on business activity due to COVID-19.

With regard to the influence of carbon prices on environmen-
tal innovation, it was impossible to find a variable that reflected
companies' efforts in this area. Therefore, we proxied this vari-
able using the environmental innovation score, which captured
a company's ability to reduce environmental costs and burdens
for customers and therefore create new market opportunities
through new environmental technologies and processes or
eco-designed products. As expected (Table 5), there was a di-
rect relationship between carbon price in year t and the amount
allocated to corporate green R&D. Furthermore, the GMM re-
sults showed that, for companies operating EU-ETS facilities,
there was a significant positive differential relationship between
environmental innovation and carbon price in year t. These
findings support Hypothesis 2 and are in line with research by
Calel (2020), Calel and Dechezleprétre (2016), Goerger (2021)
and Rogge (2016). These studies document the positive impact
of the EU-ETS on business innovation, although certain studies
have indicated limited effects (Rogge 2016).

As for the analysis of GHG emissions, we did not observe any
differentiating behaviour depending on whether the company
had facilities in the EU-ETS. This result is consistent with the
conclusions of Miller (2015), who reported an induced innova-
tion effect in unregulated companies. However, this result con-
trasts with the findings of Calel and Dechezleprétre (2016), who
observed small and statistically nonsignificant spillover effects.

Regarding the control variables, firm size had a positive influ-
ence on companies' environmental innovation. Conversely, the
environmental innovation score had a significant negative rela-
tionship with the Phase IV variable. This result may reflect in-
creased regulatory pressure in recent years, with sustainability
requirements affecting operations. It may reflect the association
of environmental innovation with higher costs, a lack of short-
term results and a surge in climate change denial movements
linked to misinformation, economic interests and political
polarisation.

Focusing on the relationship between environmental innova-
tion and CO, emissions (Column 2 of Table 6), we observed a
significant negative relationship between these variables, con-
firming Hypothesis 3. This result is in line with previous re-
search (Albitar et al. 2023; Gonenc and Poleska 2023; Lee and
Min 2015) that establishes a relationship between environmen-
tal innovation and CO, emission reductions.

However, when carbon price was introduced as an independent
variable (Columns 3 and 4 of Table 6), the effect of green R&D
on GHG emissions became nonsignificant (i.e., the effect was
absorbed by carbon price). This finding implies the absence of a
mediating effect. The Sobel-Goodman test (Table 7) confirmed
this absence of mediation by rejecting the mediation hypothesis.
These results validate Hypothesis 4b and corroborate the find-
ings of previous studies (Chen et al. 2024; Rogge 2016; Teixidd
et al. 2019), which document the limited effects of corporate en-
vironmental innovation on GHG emissions.
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TABLE 5 | Relationship of carbon prices with GHG emissions and green R&D.

Dependent variable: Ln (E_CO,) Dependent variable: R&D_green
Fixed Dynamic Fixed Dynamic
effects model: effects model:
Pooled model model GMM Pooled model model GMM
Dependent variable, 0.731%%* 0.772%%*
(0.051) (0.030)
P_CO2t —0.01%** —0.002* —0.002* —-0.075 0.137*** 0.039*
(0.003) (0.001) (0.001) (0.049) (0.039) (0.022)
P_COZt_1 0.001 0.001 0.001 0.089%* -0.014 —0.016
(0.002) (0.001) (0.001) (0.028) (0.026) (0.017)
Inst, 1.555%%* 0.014 0.257 2.407 —-3.209 —-0.482
(0.151) (0.067) (0.241) (2.764) (2.908) (3.85)
P_CO2t X InStt 0.012%** 0.001 0.001 0.096* —0.006 0.064*
(0.003) (0.001) (0.001) (0.058) (0.044) (0.034)
P_COZt_1 X Instt —0.008*** —0.003** —0.002%* —0.095%* —0.026 —0.048
(0.002) (0.001) (0.001) (0.050) (0.040) (0.037)
Phase_III —0.284%** —0.108** —0.039* 2.051* 5.032%*%* —-0.417
(0.053) (0.04) (0.022) (1.074) (1.115) (0.438)
Phase_IV —0.303%** —0.157%* —0.003 3.762%* 2.814%* —2.685%*
(0.086) (0.052) (0.041) (1.667) (1.434) (0.948)
Ln (Salest) 0.978%** 0.526%** 0.293%*** 6.707%%* 0.684 1.817**
(0.037) (0.079) (0.064) (0.437) (1.022) (0.657)
Ln (E_COzcountryt) —0.001 0.661%** 0.467%%* 1.009 —8.92%* —0.553
(0.041) (0.186) (0.115) (0.699) (5.105) (2.032)
Intercept —8.061%** —12.3%%* —6.083 —110.522%** 187.695% —59.154
(1.197) (3.648) (4.989) (19.017) (98.594) (78.420)
Control industry Yes Yes Yes Yes Yes Yes
Cluster (firm) Yes Yes Yes Yes Yes Yes
Observations 8,158 8,158 7,778 9,115 9,115 8,759
R? 0.729 0.276
R-within 0.096 0.069
R-between 0.360 0.023
R-overall 0.335 0.012
Hausman test 0.000 0.000
Instruments 229 246
(number)
Groups (number) 1,186 1,172 1,283 1,274
AR(1) 0.000 0.000
AR(Q2) 0.113 0.409
Hansen test 0.121 0.130

Source: Authors.

*indicate significant results at the 90 levels.
**indicate significant results at the 95% level.
***indicate significant results at the 99% level.
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TABLE 6 | Relationship of green R&D with GHG emissions.

Dependent variable: Ln (E_CO,)

Dynamic model: GMM

6 | Conclusions

The EU has led the fight against climate change in recent de-
cades. It has done so through both its commitments and the
scope of its policies. Since its creation in 2005, the EU Emissions

skekk ek ek
‘I]);I;:Eli ent O(' g%z 2 0(' g%i 2 O(g 236 2) Trading System (EU-ETS) has been the cornerstone of European
1 climate policy and decarbonisation strategy, with the primary
P_CO,, —0.002** —0.002%* objective of reducing GHG emissions.
(0.001) (0.001)
By focusing on carbon prices, this study examined whether
FCOs ?60000011) ?6000(?12) the EU-ETS has effectively incentivised the corporate transi-
tion towards sustainable production processes by encouraging
Inst,. 0.406** 0.042 —0.039 GHG emission reductions and fostering innovation in clean
(0.208) (0.048) (0.227) and efficient technologies. Our findings demonstrate that the
EU-ETS is fulfilling its objective. Specifically, the findings
P-COy X Inst, ?6000(?12) imply that carbon p%ice hasJ a negati\II)e relatior}llship with cogr-
' porate CO, emissions and a positive relationship with inno-
P_CO,,, X Inst, —0.002** vation in low-carbon technologies. These relationships hold
(0.001) across both regulated and unregulated sectors, although they
R&D_green, —0.005* —0.001 —0.001 are particularly pronounced among companies operating fa-
Phase_III 0.016 —0.022 —0.03 Our results show that carbon pricing is an effective instrument for
(0.025) (0.02) (0.022) enhancing corporate environmental performance and strengthen-
Phase IV —0.016 0.037 0.037 ing sustainability commitments. However, despite the direct rela-
- (0.037) (0.043) (0.039) tionship between carbon prices and green innovation, the analysis
of the relationship between green innovation and CO, emissions
Ln (Sales,) 0.339%* 0.344% 0.365** suggests that innovation efforts focus primarily on technology
(0.065) (0.069) (0.073) rather than practical applications. Consequently, our results con-
Ln 0.558%*%* 0.468%** 0.405%* firm that green innovation exerts a limited impact on GHG emis-
(E_CO,country,) (0.116) (0.125) (0.138) sions, with carbon pricing acting as the main driver of corporate
GHG emission reductions.
Intercept -3.077 —8.235 —4.753
(8.879) (7.791) (13.592)
Control industry Yes Yes Yes 6.1 | Implications
Cluster (firm) Yes Yes Yes The results are of interest to different stakeholders. For com-
Observations 7777 7777 7777 panies, they provide insight into key aspects of operations
Instruments 188 272 272 such as the environmental impact of their business activity,
(number) the internalisation of environmental costs and the develop-
ment of innovation in clean technologies. For policymakers
Groups (number) 1172 1172 1172 and regulators, the evidence verifies the effectiveness of ex-
AR(1) 0.000 0.000 0.000 isting mechanisms and suggests potential adjustments to
achieve their ultimate policy objectives. For nongovernmental
AR(2) 0.148 0.112 0.117 organisations (NGOs), associations and society in general, our
Hansen test 0.198 0.142 0.117 research provides evidence of the application of measures de-
signed to make companies internalise pollution costs and the
fl"n‘g;it:‘sllt;‘gffsmm resulis at the 90 levels effectiveness of these measures in driving the transition to a
**indicate significant results at the 95% level. low-carbon economy, as well as possible improvements in this
***indicate significant results at the 99% level. regard.
TABLE 7 | Sobel-Goodman test (mediating effect).
Coefficient Bootstrap SE zZ P>z Normal base [95% CI]
Indirect effect 0.000 0.000 0.890 0.374 —0.0001032 0.0002748
Direct effect —0.009 0.002 -5.180 0.000 —0.0124191 —0.0055990
Total effect —0.009 0.002 —5.130 0.000 —0.0123321 —0.0055144

Source: Authors.
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6.2 | Limitations and Future Research

Two main aspects should be highlighted in reference to the
limitations of the study. First, the difficulty in identifying the
parent companies of all facilities forced us to exclude some ob-
servations. Second, the lack of data on certain variables, such
as R&D expenditure (both overall and green R&D), for all com-
panies in the sample forced us to use alternative measures. As
noted earlier, these limitations result in a lack of homogeneity in
the sample used in each analysis. Another limitation is that the
research focused solely on publicly traded companies, given data
availability restrictions. Therefore, the results should be gener-
alised with caution.

Future research could expand the study of the impact of eco-
innovation on GHG emissions by including alternative measures
of R&D. The continued development of emissions trading markets
and the expected improvements in corporate sustainability report-
ing transparency will provide new analytical contexts for examin-
ing the effectiveness of emissions trading systems in mitigating
climate change and achieving global decarbonisation objectives.
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Endnotes

!Beyond the EU-ETS, national or subnational emissions trading sys-
tems are currently operating or are under development in Canada,
China, Japan, New Zealand, South Korea, Switzerland and the United
States (EU Climate Action-European Union, https://climate.ec.eu-
ropa.eu/eu-action/eu-emissions-trading-system-eu-ets/international-
carbon-market_en, accessed 10 February 2025).

2EU Climate Action-European Union https://climate.ec.europa.eu/eu-
action/eu-emissions-trading-system-eu-ets_en, accessed 10 February
2025.
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