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Abstract: The rapid decarbonization of the global economy represents the main challenge for the next
decades to combat climate change. The European Union (EU) is leading the negotiation process under
the Paris Agreement and recently approved an ambitious unilateral mitigation strategy known as the
European Green Deal (EGD). In this paper, we present a novel approach based on the analysis of
patent data related to climate change and mitigation technologies (CCMTs) with the aim of describing
the evolutionary pattern of the EU in green technology. Based on our analysis, two of our main
results deserve attention. First, at the global level, the pace of generation of new green technologies
as measured by patent data is slowing down in recent years. This trend, if not inverted, casts some
doubts on the economic sustainability of the ambitious environmental targets set by the EC. Second,
the current EU technological positioning with respect to green areas appears to be problematic
in terms of technological sovereignty, with serious risks of potential technological dependences
from other countries. Given the radical technological shift required for the implementation of a full
decarbonization pattern, the EU must realize a mission-oriented technology policy with additional
and directed investments to ensure technological independence, together with a low-carbon and
energy secure economy.

Keywords: clean energy technologies; European Green Deal; fit for 55; patent family; rarity index;
revealed technological advantages; technological sovereignty

1. Introduction

The European Union (EU) is a key player in international climate negotiations given
the ambitious mitigation targets declared under the Paris Agreement (PA) framework. Such
a challenging decarbonization pattern is the only road to a more sustainable development
of human activities as emphasized by the main available assessments based on future
projections of greenhouse gas (GHG) emissions related to anthropic activities [1,2].

Given the attitude of the EU to design complex strategies devoted to the mitigation
process by using different regulatory and voluntary measures, the final evolution of the
institutional setting is based on the carbon-neutral policy package formed by the blueprint
for this transformational change represented by the European Green Deal (EGD) and the
latest practical planning known as the Fit for 55 package. The EGD represents an ambitious
long-term strategy with the primary objective to ensure the complete decarbonization of
the EU by involving all policy levels as well as the civil society and the private economic
sectors [3]. With the Fit for 55 package, the EU shapes an additional set of inter-connected
proposals in order to find practical solutions to ensure a fair, competitive, and green
transition by 2030 and beyond by exploiting potential benefits arising from the specific
measures designed until now [4]. The involvement of a high number of stakeholders is a
source of positive spillovers emerging from the fruitful interaction of different agents and
the co-evolution of knowledge and skills [5]. At the same time, relevant transaction costs
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might slow down the technological shift required for the sustainable transition if adequate
complementary policies and instruments fail to provide the institutional and economic
environment required to support the weaker players such as energy-intensive industries or
sectors with a low speed in adapting to new technological solutions [6].

Given that the rationale underlying the EGD is based on long-term economic growth,
the targets highlighted in the roadmap to make Europe the first climate-neutral continent by
2050 must rely on a set of measures to assist the economic and industrial transformation [7].
If we look at the difference between the EU carbon emissions projected under a baseline
scenario [8] and the full decarbonization pattern compatible with the target declared by the
EU, the emissions gap is so steep that the cost of achieving the final 2050 CO2 level might
be prohibitive without a massive investment in the technological transition [9].

According to Tagliapietra et al. [9], among the priorities the EU strategy must address
in the near future to be on track with the transition process, a key role is played by the
resources invested in the development of new technologies and, more importantly, in the
achievement of a leading competitive position in the international market.

The design of an ambitious policy strategy is a necessary condition to push the system
toward a radical shift in the technological content of the economic system. Nonetheless,
such a process is formed by different stages in the innovation process, from the invention
of new technologies, through to the development of commercial devices and the diffusion
among final consumers. All these stages are associated with different policy instruments
that mainly impact one dimension of the transition process. For instance, instruments de-
signed to influence the final demand of those technologies aim at respecting the standards,
also known as demand-pull policies, which are typically associated with the deployment of
existing technologies or to the development of incremental innovation [10,11]. In contrast,
the direct financial support to research and development (R&D) activities carried out by
the public and private sectors is more suitable for tracing a radical shift in the technological
trajectory, allowing the system to escape from technological lock-in [12]. The recent devel-
opment of the EU energy strategy seems to go in this direction thanks to the introduction of
the Innovation Fund (IF), designed to support the development of low-carbon technologies
with a budget of around EUR 10 billion over the period 2020–2030. Nonetheless, according
to Bassi et al. [7], the resources to be directed toward the development and adoption of
clean energy technologies should amount at 10 times the value of the IF. The estimates
are based on a dynamic computable general equilibrium model that allows including the
contribution of green technologies in achieving the decarbonization target at the lowest
possible cost. In other words, they quantify the financial resources to be directed to the
technology-based radical shift of the EU economy in order to transform the cost of cutting
emissions into a development opportunity. A carbon price mechanism alone would neg-
atively impact domestic income with a drop in GDP by 2050 of around −13%, meaning
that only a de-growth process with a substantial reduction in production and consumption
patterns might ensure the fulfilment of carbon mitigation targets [13]. In contrast, the full
adoption of a sustainable transition strategy including the development and the diffusion
of clean energy technologies and related infrastructures, along the whole production value
chain and the consumption pattern, would ensure the system a positive GDP growth rate
combined with a substantial emissions reduction.

Building on these projections, there are several key issues to be further investigated.
First, there is still uncertainty on the quantification of financial resources needed to

be collected and activated by the public budget to sustain such a transition, compatible
with the constraints on public finance related to the EU fiscal sustainability rules [14].
In this respect, there are some theoretical proposals mainly based on the adoption of a
revenue recycling mechanism applied to carbon (and energy) taxation and practical advice
suggesting the use of complementary resources directed toward technological development
under investment plans to recover from the COVID-19 crisis [15,16].

The number of public resources to be invested by EU countries in this direction is
substantially different if Europe’s transition to full decarbonization should take place
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by developing green technologies in-house (the make option) instead of acquiring them
abroad (the buy option). However, the choice between the two strategies is by no means
neutral. For instance, undertaking the buy option might result in a sustainable transition
process where the EU would significantly reduce the energy dependence from external
sources thanks to the production of renewable energies at the expense of increasing the
technological dependence from abroad if the innovative process takes place outside the
EU borders. Such a possibility cannot be ruled out if one considers the marginal role
historically played by technology-push instruments in climate-related policy packages
planned by the EU and, more in general, the inability by past R&D policies (especially the
Framework Programs and the European Fund for Strategic Investments) in fostering the
innovation process at the point of bridging the scientific and technological gap of the EU
vis-à-vis the United States, Japan, and, in the immediate future, China [17,18].

This last argument inevitably recalls the heated discussion on “technological sovereignty”
that arose in Europe during the COVID-19 pandemic. The current crisis showed the deep
technological capacity gap of Europe with both the U.S. and China in a variety of key
domains, from health apparatus and vaccines to digital sectors [19,20].

According to its early notion, having “technological sovereignty” in a given area means
that a country (or a group of countries) holds and preserves the ability to autonomously
master knowledge in that field. Considering the globalized and interconnected nature of
economies, the current meaning of “technological sovereignty” has transcended national
boundaries and rather represents the appropriate level of technological capability to be
held in order to avoid structural dependence with third parties [21]. This may be reached
autonomously or, more likely, through mutual exchanges with other countries based on
reliant alliances and partnerships [22]. In turn, technological sovereignty is a pre-condition
for a plethora of other forms of sovereignty [23] such as innovation sovereignty (the ability
to locally exploit technologies for the development of present and future economic activi-
ties), economic sovereignty (the ability to generate value added and prosperity through
independent activities), and strategic autonomy (the ability to play an autonomous and
strategic role in the geopolitical context) on issues of global importance including the green
transition process.

With respect to the latter, its relevance in terms of technological sovereignty is stated
by the recently published first work program for the European Innovation Council (EIC)
that shapes innovation objectives on the EU’s priorities for transiting to a sustainable,
digital, and healthy society [24]. This calls for profound technological and innovation
breakthroughs in a number of domains including green-related areas such as, as reported
by the document, new pathways for green hydrogen production and engineered living
materials such as advanced high-performance computing, edge computing, quantum
technologies, cyber-security, artificial intelligence, block-chain, cloud infrastructure tech-
nologies and technologies for the Internet of Things, AI-driven tools for early diagnosis,
point-of-care diagnostics, new approaches in cell and gene therapy, bio-processing 4.0,
health intelligence services, and e-health solutions.

From a policy perspective, obtaining “technological sovereignty” in the green fields
would mean exploiting the current and post-COVID-19 recovery instruments including the
Next Generation EU recovery fund to devote massive resources to R&D and innovation
in areas of greater scientific and technological opportunities such as green focal domains.
This would require the adoption of specific green-related mission-oriented policies based
on a systemic public policy toolkit that draws on frontier knowledge to attain the climate
neutrality goals by contextually acquiring “technological control” over this area.

Indeed, mission-oriented innovation policies often contribute to the improvement
in national competitiveness, since they are ambitious and cross-disciplinary in tackling
societal and/or technological challenges [25]. Given that such policies focus on radical
innovations to achieve goals of national importance (e.g., defense, infrastructure, and
energy security), they create new markets and expand institutional actors of national
innovation systems [26].
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Seen through this lens, the EU climate strategy and technological sovereignty ob-
jectives are supposed to go hand in hand to maximize both sustainable and growth op-
portunities from the transformation of the economy. Therefore, the key question to be
asked is whether, given the current technological state-of-the-art of Europe in the green
domain, the 2050 carbon neutrality target is, as of today, compatible with the EU’s existing
technological capabilities (i.e., the current level of technological sovereignty in the green
area) or, on the contrary, the achievement of the EU sustainable transition could led to
beneficial environmental effects at the risk of triggering structural dependencies on external
players, unless specific mission-oriented policies are launched.

From this point of view, assessing the current level of depth of technological sovereignty
held by EU members in the green area is of paramount importance to better evaluate the
potential trade-off between the make/buy options as well as to estimate the current and
the desirable level of technological sovereignty to be held in environmental technologies
including their costs in terms of investments, time needed, and possible efficiency losses.

To this end, our contribution aims at analyzing the technological position of the EU
and other world leading countries with respect to climate change mitigation technologies
(CMMTs) over the last three decades. In particular, this study is based on the analysis of
patent trends, shares, and patent-related indicators in CMMTs for the period 1990–2016.
Indeed, being focused on the result of the innovative process [27,28], patent data provide
a wealth of information on the local presence (absence) of the scientific-technological
competences needed to produce knowledge with a certain degree of autonomy, thus
retrieving relevant insights with respect to the degree (lack) of technological sovereignty
held by countries in a given area. Nevertheless, by reflecting the implementation of radical
solutions in the field of technology, environmental-related patent data can be considered
as the best proxy of a country’s potential to achieve a low-emission economy through its
internal knowledge resources.

The reminder of the paper is structured as follows. Section 2 describes the original
database on eco-innovation built on patent data and the synthetic indexes elaborated for
the analysis; Section 3 presents the main trends and evolution of CCMTs for the EU and
other key players; Section 4 discusses the main relevant issues emerging from the statistical
investigation that might inform the policy discourse; and Section 5 summarizes the main
challenges the sustainable transition process would face in the next decades and suggests
some insights for the development of an optimal policy mix design.

2. Materials and Methods

In this section, we propose a methodology based on the use of patent data to define a
country’s positioning in terms of technological capabilities in clean energy areas.

The dataset used for the present exercise draws information from the OECD-REGPAT
database. To provide a better comparison across countries, the analysis is restricted to the
most relevant patents, in other words, triadic patent families (TPFs) registered over time
by the most important patent offices in the world: the United States Patent and Trademark
Office (USPTO), the European Patent Office (EPO), and the Japanese Patent Office (JPO).

The tagging system for green patents follows the 4-digit Y02-Y04S classification scheme
for CMMTs developed by the EPO [29]. By covering nine main categories—from energy,
buildings, greenhouse gases (GHG) capture, Information & Communication Technologies
(ICT), energy, transport and waste and wastewater management to smart grids—this
classification provides a comprehensive overview of the technologies that, due to their
technical attributes, can be referred to in the energy saving and decarbonization goals
(Table 1).

The analysis was carried out on two distinct datasets that provide complementary
information. The first was built by assigning the CMMT flag to any patent family (identified
by a univocal id_family number) labeled with at least one of the nine CMMT subclasses.
Then, in order to measure the inventive capacity of a country in decarbonization and clean
energy areas, we applied the fractional counting to assign the patent application according
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to the inventor’s place of residence. By following this criterion, if one application has more
than one inventor, the application is divided equally among all of them and subsequently
among their country (fractional counting), thus avoiding double counting. In the second
dataset, the fractional counting was maintained, but the statistical unit was replaced by the
specific CMMT subclass to which the TPF belongs. This implies that triadic patents with
more than one CCMT subclass are double counted, with the final data representing the
number of TPF applications filled by a country c in a given CMMT subclass in years. To
ensure high data quality, we focused on the timeframe 1990–2016, thus dropping the last
three-year period 2017–2019 as we detected a large decrease in patent applications due to
time lags between the patent application and granting processes. This is mainly explained
by the temporal gap in transforming the applied patent into published documents in
OECD patent databases [30]. Finally, to further increase data reliability, we used a five-year
moving average to compute yearly patent values.

Table 1. Climate change mitigation technology classes.

CMMTs Subclasses Description

Y02A—Adaptation to climate change CMMT technologies that allow adapting to the adverse effects of climate change in
human, industrial (including agriculture and livestock), and economic activities.

Y02B—Buildings CMMT technologies related to buildings, e.g., housing, house appliances or related
end-user applications.

Y02C—Capture and storage of GHG
CMMT technologies for capture, storage, sequestration or disposal of greenhouse gases
(GHG) included nitrous oxide (N2O), methane (CH4), perfluorocarbons (PFC),
hydrofluorocarbons (HFC), or sulfur hexafluoride (SF6).

Y02D—ICT CMMT technologies in information and communication technologies (ICT), i.e., information
and communication technologies aiming at the reduction in their own energy use.

Y02E—Energy CMMT technologies related to energy generation, transmission, or distribution that allow
reducing greenhouse gas (GHG) emissions.

Y02P—Industry and agriculture
CMMT technologies in the production or processing of goods in any kind of industrial
processing or production activity including the agri-food industry, agriculture, fishing,
ranching, and the like.

Y02T—Transportation
CMMT technologies related to transportation (road transport, transportation via railways,
e.g., energy recovery or reducing air resistance; aeronautics or air transport; maritime or
waterways transport).

Y02W—Waste and wastewater
CMMT technologies related to solid waste management, solid waste management,
enabling technologies or technologies with a potential or indirect contribution to
greenhouse gas (GHG) emissions mitigation.

Y04S—Smart grids
Systems integrating technologies related to power network operation, communication, or
information technologies for improving the electrical power generation, transmission,
distribution, management, or usage.

To measure the actual “success” of country c in CCMTs, we built a set of indicators
based on shares and growth rates related to patents. Therefore, we enriched the analysis
with specialization and rarity indexes in order to provide complementary information with
respect to the level of technological sovereignty possessed by countries in this domain. On
one hand, the specialization index indicates whether a country concentrates in a specific
domain with a larger share of its average innovation compared to the world average (or
any other regional aggregate). On the other hand, building on the idea that technological
sovereignty does not imply the need to achieve complete autonomy in a given domain but
rather the ability to acquire and use technological knowledge developed elsewhere through
reliable partnerships, thus avoiding unilateral dependencies [21], the rarity index provides
a useful complementary measure as it is related to the number of countries specialized in it.
It follows that the rarer a technology, the fewer the countries from which knowledge can
be acquired, and hence the greater the risk of unilateral structural dependencies [20].
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Following Hidalgo and Hausmann [31], the starting point of our analysis consists of
calculating the revealed technology advantage indicator (RTA) using patent data [32]. In
general, the RTA indicates whether country c = 1, . . . , C is specialized in a given technology
t based on the comparison between the relative frequency of patenting in a given technology
t in country c, with the relative frequency of patenting in the same technology t at the world
level (Equation (1)). More specifically, the RTA was here computed on the CCMT patents
filed in each country during 2000–2016. Therefore, RTA can be obtained as follows:

RTAct =

TPFct
∑T

t=1 TPFct(
∑T

t=1(TPFct)

∑T
t=1 ∑T

i=0 TPFct

) (1)

where TPFct is the number of triadic patent families of country c in technology t; C is the
number of countries; and T is the number of technological fields. Thus, it follows that
RTAct = 1 represents a threshold of specialization: when RTAct > 1, the country is said to
be specialized in the generation of technology t and vice versa (Equation (2)):

RTAct =

{
1 i f RTAct > 1
0 i f RTAct ≤ 1

(2)

Once RTAct is measured and transformed into a dichotomic specification (1, 0), it is
possible to calculate the rarity index Kt, which is equal to the ratio of the number of coun-
tries with RTAct > 1 in CCMT domains to the total number of countries C (Equation (3)):

Kt = 1 −
(

∑ RTAc,t

C

)
(3)

As far as the RTAct is typically conceived, it could be considered as one of the potential
observable outcomes stemming from a country’s technological specialization pattern.
Technological specialization is a process sustained, among other key enabling factors, by
specific mission-oriented policy programs explicitly aimed at mastering knowledge in a
given strategic field through the convergence of resources and capabilities in that direction.
To put it differently, the RTAct, and to a greater extent, its dynamics over time, suggests
whether or not a country is pursuing a specialization strategy in fields deemed particularly
strategic, as in the case of CCMTS technologies. However, to avoid any potential bias
related to the incomparability of the index on both sides of unity (given that more weight is
assigned to values above 1 compared to observations below 1 when the standard RTAct is
applied to quantitative analysis application), we transformed the index into a symmetrical
adjusted version. According to [33], the scale of relative specialization is normalized from
−100 to +100 based on a hyperbolic tangent function (Equation (4)):

RTA − Index = 100·tanhln

[(
Pct
/ T

∑
t=1

Pct

)/( T

∑
t=1

Pct
/ C

∑
c=1

T

∑
t=1

Pct

)]
(4)

where Pct = patent applications, c = country, t = technology field. Based on this formula, a
country c is said to be specialized in technology t when RTAct − Index > 0.

3. Results
3.1. Patent Dynamics in the CCMT: An Overview

As a starting point of the analysis, we describe the main trends of CCMT-TPFs over
the last three decades distributed by the leading top inventors on the basis of world shares
(Japan, USA, EU, South Korea, UK, and China) (Figure 1a) and by CMMT subclasses
(Figure 1b). Although the temporal setting refers to a period where the UK was a member
of the EU, we considered only the EU with 27 members, since the analysis was developed
to address the features of the EU technological trajectory in CCMTs to provide elements
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for the future design of the climate neutrality package that will involve the 27 EU states.
In line with other patent-based studies [34–36], it showed an increasing trend until 2010,
which results from stringent environmental regulations [37,38] and successful technology
policies, jointly implemented both on the supply and demand-side [39–41], along with a
growing environmental awareness in civil society. However, similar to other contributions
on this topic [42,43], we also recognize a downward trend after 2011. Following Urbaniec
et al. [36], this could be due a to a combination of factors such as the financial crisis, the
oversupply of some innovative energy equipment due to mass production in China, the
reduction in investing incentives (as happened in Germany for subsidies for renewables),
and the growing implementation of less innovative environmental practices caused by the
increasing level of environmental pressure. Hence, this first evidence suggests that the am-
bitious environmental targets set by the EU are not coupled by a contemporaneous growth
of CCMT related innovations, that, as already stated, represents a necessary condition to
reduce the economic burden of climate change related policies.
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Considering patent dynamics across countries, Japan appears by far the dominant
player in the domain under scrutiny. According to Fujii and Managi [44], the Japanese
supremacy in green technologies involves different causes including the new business
opportunities created by the Kyoto Protocol in 2005; the efficiency improvement in patent
applications due to changes in national rules governing patents (i.e., Japanese Bayh–Dole
Act and the National University Corporation Act in 2003 for strengthening business–
academic collaborations); and national eco-friendly policies (granted subsidies for hybrid
and electric cars) as part of the emergency economic measures undertaken in response to
the 2008 recession.

In the second and third positions, we observed that the EU and the U.S. had average
quotas of 25% and 14%, respectively. As sustained by Waltz et al. [35], compared to the
“South” of the world, both EU members and the U.S share better framework conditions for
innovation as well as common ground for environmental policies and related externalities.
Furthermore, Quitzow et al. [45] argue that, as environmental quality is a superior economic
good with high income elasticity of demand, in high income countries such as the EU and
the U.S., lead users for sustainability innovations would be typically found.

South Korea and China are in fourth and sixth places, respectively, with the UK in
between. More in general, the increase in patents registered by the two Asiatic powers
has been noticeable in many technological areas [46], as driven by a successful pattern of
economic development built on competitive advance, export, and innovation [36]. For these
reasons, both the CNIPA (Intellectual Property Administration of the People’s Republic
of China) and KIPO (Korean Intellectual Property Office) have been included among
the largest patent offices (together with USPO, JPO, and EPO), recording an increase in
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applications from 17% to 43.4% during 2009–2019 [46]. According to Lema et al. [40]
and Corrocher et al. [41], the process of growth in green patenting activity in the most
successful latecomer countries such as China and South Korea is the result of a catch-up
process enabled by mission-oriented policy actions targeted at stimulating technological
opportunities (policies for the development of local technological capabilities together
with the implementation of regulation and other policies) together with increasing the
domestic firms’ capability building, R&D investment, and new modes of knowledge
transfer. Furthermore, with specific regard to the Chinese case, new green technological
opportunities have been opened up by the acquisition of companies in countries that are
leaders in this field [47,48].

CMMTs are not a homogeneous technological domain but a constellation of different
technological sectors with differentiated technological pace over time and different degree
of strategic relevance. By disentangling the CMMTs across three-digit Y02–Y04 subclasses
(Figure 1b), we observed several differences among the various technology domains.
Patents for decarbonization technologies applied in the energy (Y02E), transport (Y02T),
and construction (Y02B) sectors are dominant during the whole period. Such evidence in
rather obvious as, traditionally, the key targets of environmental policies worldwide have
been represented by the most polluting industries characterized by energy and row material
intensive production processes. However, new green technological patterns are emerging.
For example, the systematic growth found for technologies related to environmentally-
friendly ICT technologies (Y02D class) in the years 1993–2016 demonstrates the increasing
pervasiveness of the digital paradigm in all areas of the technological progress. Moreover, a
similar argument may explain the sharp increase in Y04S (smart grids) patent applications,
whose importance has emerged since 2008 [49]. These frontier technologies make use of
new digital communication, for instance, artificial intelligence (AI), to create intelligent
(efficient) energy systems. Thanks to the analysis of big data trend collected for weather,
energy demand, generation assets, cheapest cost, and highest efficiency of energy sources,
Y04S-related applications have a great potential to directly contribute to the achievement
of decarbonization and sustainable targets.

3.2. Country Specialization in CCMTs

Narrowing the analysis to the period 2000–2016 and focusing on the top-10 countries
to have emerged over the last years (2010–2016), several differences appear over time
and across technologies. Considering the whole Y02–Y04S area, we recognize the good
positioning of the EU countries that ranked second as an aggregate, below Japan and
behind the U.S. However, the EU technological performance worsens over time, moving
from a share of around 25% in 2000–2009 to a share of 21.4% in 2010–2016. In the last period,
EU countries have increased their presence only in the Y02W domain, a more traditional
technology field related to water and waste management, while their shares have decreased
in the remaining sectors.

More importantly, the greatest weakness of EU countries was in those classes at the
technological frontier such as Y02D (with an average share of 9.3%) and Y04S (with an
average share of 11%), representing technologies based on the use of digital devices to
achieve better environmental performance. Technological supremacy over the highly
strategic Y02D class was held by the U.S., which filled about 40% of patents in this domain.
At some distance, the U.S. were followed by Japan (25%) and China, which showed a share
of 9.6% from an initial value of 1.5% registered in the previous period. The Y04S class was
dominated by Japan, where about 50% of the inventions made in this technology sector
were generated. Overall, we observed a polarizing trend in favor of Japan, which reinforces
its leadership in most green technologies, while the U.S. increased its relevance only in
another strategic sub-domain (Y02D). Finally, South Korea and China showed the best
performance in terms of dynamics, increasing their shares in all nine CMMT areas.

Similar conclusions could be made by observing, for the same countries and periods,
the RTAct referring to both total CCMT patents and subdomains. As shown in Table 2,
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within countries ranked according to their 2010–2016 RTAct − Index values, the strongest
specialization was found for South Korea (RTAct − Index = 23.3), which outperformed
Japan and France with RTAct − Index values of 7.5 and 7, respectively. South Korea’s
superior green specialization pattern, which is particularly notable in the Y02E sub-domain,
could be explained by the growing market demand for energy-saving innovations, driven
by the long-term policy strategy (2009–2050 Strategy for Green Growth) together with
green finance mechanisms [48]. Japan has a strong specialization in the frontier domain of
smart grids (Y04S) where it recorded a RTAct − Index by 35.2, while France showed the best
RTAct − Index in more traditional areas such as transport and water/waste management,
with RTAct − Index values slightly below 40. The remaining countries displayed negative
specializations with some exceptions among the CCMT subclasses. On average, the
RTAct − Index for total CCMT patents of EU members worsened to −7.3 from a previous
value of −0.9. Although the EU preserves a specialization advantage in many subdomains
(Y02B; Y02C; Y02P; Y02W), its specialization appeared particularly weak in the more
advanced and strategic fields such as Y04D and Y04S. In particular, with regard to the
Y04D class, we recognized a strong specialization advantage for both the U.S. and China,
suggesting that the technological positioning of the two economies in the environmental
area is concentrated in fields on the technological frontier.

Table 2. Shares in CCMT-TPFs; total and by CPC class (2000–2009, 2010–2016; 5-year MA), (2010–2016 top-10 patenting
countries plus EU27).

Country Period Y02–Y04S CCMT Subclasses

- Y02B Y02C Y02D Y02E Y02P Y02T Y02W Y04S

JP
2000–2009 38.0 33.8 23.8 29.3 39.4 32.0 47.6 32.3 31.9
2010–2016 40.4 39.4 32.3 25.1 40.1 33.2 53.6 25.1 49.7

EU27
2000–2009 24.5 27.5 26.2 14.9 21.4 27.5 26.3 26.0 19.1
2010–2016 21.4 22.6 19.4 9.3 20.6 25.1 21.0 30.2 11.1

US
2000–2009 24.3 23.7 33.6 38.1 23.4 27.3 18.8 23.1 32.1
2010–2016 19.5 18.4 29.2 39.7 17.0 22.0 14.6 24.5 23.6

DE
2000–2009 12.2 12.6 9.7 3.9 10.8 13.2 14.9 9.4 8.51
2010–2016 9.3 7.9 7.7 2.7 9.6 11.0 9.2 9.3 3.9

KR
2000–2009 3.7 4.7 1.5 6.2 5.6 2.8 1.1 2.5 2.2
2010–2016 7.5 5.2 1.9 6.7 11.6 6.2 4.3 2.4 4.4

FR
2000–2009 5.3 3.4 9.0 2.4 4.5 4.8 7.1 5.3 4.9
2010–2016 5.6 3.9 4.9 1.8 5.2 5.4 7.4 7.5 2.4

UK
2000–2009 3.0 2.5 5.6 4.3 2.9 3.4 2.3 3.4 3.1
2010–2016 2.8 2.5 3.3 3.0 2.8 2.8 2.5 3.1 2.1

CN
2000–2009 0.6 0.9 0.3 1.5 0.7 0.6 0.3 1.1 1.2
2010–2016 2.6 3.6 1.2 9.6 2.1 2.8 0.9 3.1 2.1

NL
2000–2009 1.7 6.5 2.9 2.6 1.2 2.0 0.4 1.5 1.0
2010–2016 1.4 6.0 1.3 0.9 1.0 1.7 0.3 1.4 1.5

SE
2000–2009 1.2 1.0 1.1 2.6 1.0 0.9 1.4 1.2 1.3
2010–2016 1.1 0.7 1.0 2.0 0.7 1.1 1.4 1.8 0.5

CH
2000–2009 1.0 1.0 1.6 0.5 1.1 1.4 0.7 1.7 2.6
2010–2016 1.0 0.9 1.7 0.2 1.1 1.4 0.6 1.9 0.7

The relevance of classes Y02D and Y04S from the perspective of technological sovereignty
can also be inferred by observing the dynamics over time of the rarity index (Kt) for spe-
cific CCMT technologies (Table 3). In general, environmental technologies appeared less
rare than the average (black dashed line), suggesting that the number of countries with a
specialization advantage in these knowledge areas is higher than that recorded for other
technologies.
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Table 3. RTAct − Index in CCMT-TPFs; total and by CPC class (2000–2009, 2010–2016; 5-year MA), (2010–2016 top-10
patenting countries plus EU27).

Country Period Y02–Y04S CCMTs Subclasses

- - Y02B Y02C Y02D Y02E Y02P Y02T Y02W Y04S

KR
2000–2009 3.4 46.4 −38.0 63.8 34.0 −9.4 −79.8 −3.9 20.4
2010–2016 23.3 17.9 −58.1 40.7 75.3 34.6 −4.5 −51.7 1.4

JP
2000–2009 8.3 11.0 −21.7 −3.6 26.6 5.2 40.8 6.1 2.8
2010–2016 7.5 15.1 −4.8 −28.3 17.0 −1.8 43.0 −29.0 35.2

FR
2000–2009 0.4 −39.1 52.8 −51.4 −14.9 −3.0 21.9 2.3 12.3
2010–2016 7.0 −25.4 −4.4 −75.1 6.8 10.8 39.0 38.8 −61.0

DE
2000–2009 0.5 6.1 −20.2 −76.7 −7.0 10.7 25.0 −22.4 −27.4
2010–2016 −0.4 −18.8 −21.7 −84.6 2.0 15.2 −3.1 0.4 −68.3

EU27
2000–2009 −0.9 4.7 20.6 −13.3 −9.8 23.5 −27.5 31.6 20.4
2010–2016 −7.3 8.8 16.8 −30.3 −8.1 22.1 −23.3 41.8 −28.0

UK
2000–2009 −10.0 −38.1 36.3 12.5 −24.9 −11.5 −46.0 −12.4 −24.8
2010–2016 −6.3 −27.3 −1.4 −7.2 −16.4 −13.8 −26.0 −5.2 −36.9

SE
2000–2009 −10.0 −38.1 36.3 12.5 −24.9 −11.5 −46.0 −12.4 −24.8
2010–2016 −6.33 −27.3 −1.4 −7.2 −16.4 −13.8 −26.0 −5.2 −36.9

CN
2000–2009 −9.9 −39.5 −1.2 45.8 −34.6 −47.2 −9.2 −19.5 38.3
2010–2016 −9.0 −37.2 −12.6 41.5 −58.4 −14.8 8.6 3.0 −60.1

US
2000–2009 −3.4 35.4 5.4 48.3 4.1 −14.9 −62.9 58.6 79.7
2010–2016 −9.5 16.5 −59.8 79.3 −29.4 −4.4 −84.3 5.4 −37.1

NL
2000–2009 −6.6 −21.6 11.5 22.2 −23.9 −9.1 −42.3 −25.8 4.8
2010–2016 −11.5 −31.4 14.0 41.8 −37.9 −14.3 −50.1 −3.7 −6.6

CH
2000–2009 −17.4 77.9 20.2 10.3 −51.0 −12.9 −94.5 −37.7 −21.6
2010–2016 −14.5 80.8 −20.1 −58.5 −59.3 −13.0 −93.7 −27.3 −19.1

As already pointed out to explain the increasing trend observed for CCMT patent
applications, this diffusion process in terms of specialization advantages can be seen as
the result of international policy efforts and growing ecological awareness worldwide.
However, for the majority of CCMTs, we observed a slight increase in Kt during the last
years. The significant reduction in the number of countries specialized in environmental-
related inventions could reasonably be attributed to the general decline in green patenting
trends after 2011, caused by the aftermath of the 2008 crisis and the faster diffusion of less
innovative environmentally-friendly solutions. Furthermore, the nine green technologies
can be divided into groups characterized by low-rarity and high- rarity degree (Figure 2).

Unsurprisingly, the first group embraced the more traditional technologies such as
those related to water/waste management (Y02W), buildings (Y02B), energy generation,
transmission or distribution (Y02E), and industry (Y02P). Conversely, among the rarer
environmental technologies, we found both smart grids (Y04S) and digital technologies
(Y02D) together with transport related (Y02T) green patents and those applied for capturing
and storing greenhouse gases (Y02C).

3.3. Climate Change Related Technologies in EU Countries

Focusing on the evolution of CCMT-TPFs within the EU countries over the last three
decades (Figure 3), significant differences can be detected across countries and years both
in absolute shares and RTAct − Index (here calculated with the EU used as the reference
territorial aggregate). With respect to the latter, a pattern of de-specialization emerged
in Spain, Germany, the Scandinavian area (Denmark, Sweden, Finland) and, to a greater
extent, in Eastern Europe, except for Poland, Slovakia, and Bulgaria. France was the only
country to maintain a specialization advantage over the considered time span, with a
positive value of RTAct − Index in both 2000 and 2016. In contrast, Italy and Portugal
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preserved a negative RTAct − Index, as in the case of northern countries such as Ireland,
the Netherlands, and Belgium. In terms of patent shares calculated intra-EU, Germany
showed the most significant variation, decreasing its share from 53% in 2000 to 41% in
2016. Actually, after 2011, Germany experienced a significant cut in public support directed
to the renewable energy sector, with a progressive reduction, especially in market-based
incentives such as the feed-in-tariff scheme for solar and wind energy [50]. At the same
time, for the remaining EU countries, we detected a generalized increasing trend, which is
particularly relevant for France, which during 2000–2016, increased its quota by 6p.p. from
an initial value of 18.9%. The third player in 2016 was Sweden with an average share of 5%
(4.2% in 1990, 6.3% in 2000 and 5.8% in 2016), followed by Italy with similar quotas.
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Finally, to better measure the market concentration of CCMT-TPFs at the EU level,
we relied on the Herfindahl–Hirschman Index (HHI), which is calculated by squaring the
market share of each country and then summing up the resulting numbers. As shown
in Figure 4, which reports the HHI values, the market concentration in this patenting
area decreased from around 0.33 in 2000 to 0.25 in 2016. Such a reduction in the HHI
could result from a cross-national policy convergence in environmental protection [51],
enabled by international legal agreements that shaped national environmental policy plans,
along with more diffused practices due to cross-national imitation, emulation, and learning
processes [52].
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4. Discussion

In the global effort to fight climate change, the EU is at the forefront. The aim to
become the world’s first climate-neutral continent by 2050 is at the core of a comprehensive
package of policy measures formed by the EGD and the recent Fit for 55. The climate goals
represent the potential final outcome of a successful decarbonization pattern based on the
development and deployment of energy-efficient, renewable, and low-carbon technologies.
Accordingly, technological progress is the very engine of the European green transition.
Indeed, the ability of EU countries to master technology in this direction is of paramount
importance in leading the green transformation without depending on foreign partners.
Furthermore, at a time of increasing geopolitical tensions and fierce global competition,
having a strong technological base for developing, deploying, and using climate change
mitigation technologies would represent a concrete opportunity for the EU to increase its
strategical autonomy as a global economic power. In other words, ambitious environmental
targets should be necessarily coupled by mission-oriented technology policies aiming at
EU technological leadership in key CCMTs in order to avoid the risk of being trapped into
technological structural dependences with third parties.

Based on our analysis, two main results deserve attention. First, at the global level,
the pace of the generation of new green technologies as measured by patent data has
slowed down in recent years. This could be explained by the existence of strict linkages
between diversification patterns and existing competences. Indeed, according to Perruchas
et al. [53], countries move along cumulative paths of specialization, and toward more
mature green technologies. This trend, if not inverted, casts some doubts on the economic
sustainability of the ambitious EU environmental targets. Second, the current EU techno-
logical positioning with respect to green domains appears to be problematic in terms of
technological sovereignty, with serious risks of potential technological dependences from
other countries.
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In more detail, the EU shows a good ranking, being in second place for CCMT
inventions filed during the last three decades. However, the dynamics over time suggests
a declining trend in this area, with a significant reduction in shares. This is particularly
relevant in the domains related to digital, ICT (Y02D), and smart grids (Y04S), which
are considered as highly strategic in enabling speed and scale in achieving the EU’s
decarbonization goals, thus paving the way for the EU’s “twin transition” to climate
neutrality and digital leadership.

The majority of CCMT patents were applied by Japan, which in the Y04S sub-domain
reached a 40% share combined with a high specialization advantage (35.2), as measured
by the RTA index. The exception is the Y02D class, where the U.S. is particularly strong
both in terms of quota (39.7) and specialization (79.3). In addition, we observed that
the green technology arena is being reshaped by the emergence of lagging economies
such as China and South Korea, which during 2010–2016 covered together about 10% of
CCMT patent applications. Fueled by strong innovation-oriented policy support aimed at
strengthening the whole technological environment, the increase in green patents showed
by China and South Korea demonstrates that enhancing and exploiting national knowledge
capabilities through policy leverage is essential to take an active role in the sustainable
transition process.

Returning to the old continent, the EU is also losing ground in terms of specialization,
with a share of CCMT patents on total patents that is lower than the world average,
suggesting that the mission-oriented policies planned by the EU in recent years have
missed the goal of concentrating innovation efforts in this area while, at the same time,
past climate and energy policies have been too weak under the technology-push lever.
European de-specialization was greatest in the most strategic sub-domains, namely Y02D
and Y04S, which, as expected, turned out to be the rarest technologies. This has important
implications in terms of technological sovereignty, as the rarity of a technology increases
the risk for EU states to be structurally dependent on a few countries specializing in it. Our
analysis showed that in the specific case of Y02D, with the exclusion of the U.S., the best
specialization pattern was found for China (41.5): two countries on which the EU is already
highly dependent for the supply of digital technologies in general [20].

Within European borders, we observed a generalized trend toward de-specialization
combined with a spread of related patents, as confirmed by the dynamics of the HHI during
2000–2016. These results provide evidence of a pattern of convergence at the European
level regarding the diffusion of green-related technological capabilities, a process mostly
enabled by past R&D policy interventions, which appear to be successful in this respect.
However, the increasing de-specialization found for CCMTs shows that Europe is still far
from establishing a successful technological specialization in the green area, probably due
to the lack of effective mission-oriented policy actions taken in this direction. Moreover,
despite this, the massive production of green patents at the European level is mainly based
in Germany and France and, to a lesser extent, in Sweden and Italy. This implies that the
remaining EU members still play a rather marginal role as green innovators and further
efforts in exploiting complementary skills and knowledge developed in other technological
domains are required to close the gap in regional convergence [54].

The present analytical setting, despite its strength in transforming complex informa-
tion into simple descriptive tools, presents a strong limitation in exploring linkages across
complementary technological domains given the low degree of detail in the definition of
patent families. An additional work to be developed as a future research agenda will be
an in-depth analysis of cross-fertilization of inventions working with raw information on
patent data.

5. Conclusions

We propose a simple analytical tool to describe the technological position of the EU
and other world leading countries with respect to climate change mitigation technologies
(CMMTs) over the last three decades. In particular, this study was based on the analysis of
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patent trends, shares, and patent-related indicators in CMMTs for the period 1990–2016.
Based on our analysis, two main results appear to be relevant. First, the pace of the
generation of new green technologies, as measured by patent data, has slowed down
in recent years at the global level, revealing a mismatch with the urgent requirements
of a rapid and radical shift in the socio-technical systems to enhance the sustainable
transition. Second, the current EU technological performance in CMMTs appears to not be
fully satisfactory, thus raising issues in terms of technological sovereignty, with potential
technological dependences from other countries.

While the ambitious EU climate strategy represents a great opportunity for the Euro-
pean countries to change the development pattern, this would require additional resources
to be invested for exploiting synergies and complementarities between policy actions aimed
at replacing fossil fuels with cleaner alternatives. The future strategic design on the EU
recovery actions should go hand in hand with the climate strategy in order to better sup-
port EU countries to compete at the technology frontier while enhancing the convergence
process within European borders. In this respect, appropriate mission-oriented technology
policies are required to ensure, at the same time, the meeting of ambitious environmental
targets and technological independence with respect to key technologies.
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