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Abstract
This paper assesses the convergence of the EU-28 countries toward their common goal of 20% in the renewable energy share
indicator by year 2020. The potential presence of clubs of convergence toward different steady-state equilibria is also analyzed
from both the standpoints of global convergence to the 20% goal and specific convergence to the various targets assigned to
Member States. Two clubs of convergence are detected in the former case, each corresponding to different renewable energy
source targets. A probit model is also fitted with the aim of better understanding the determinants of club membership, which
seemingly include real GDP per capita, expenditure on environmental protection, energy dependence, and nuclear capacity, with
all of them having statistically significant effects. Finally, convergence is also analyzed separately for the transport, heating and
cooling, and electricity sectors.
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Introduction

The European Union (EU) has emphasized the crucial role of
renewable energy sources (RES) in order to achieve the five
dimensions of the Energy Union, namely security of energy
supply (reducing dependence on fossil fuels and imported
energy), market integration (by participating in markets on
an equal footing with other energy sources), energy efficiency
(reducing primary energy consumption and improving the en-
ergy performance of buildings), decarbonization (by reducing
greenhouse emissions), and innovation (prioritizing research
to further drive the energy transition). The progress in RES
technologies also has a strong potential to boost Europe’s
employment and economy, improve its air quality and indus-
trial competitiveness (by reducing energy costs), and

contribute to international development (by improving access
of developing countries to affordable and clean energy
sources).

The European Union has been one of the pioneers in the
field of generation of renewable energy, with a 12% RES
target by 2010 declared as early as in year 1997. Directive
2009/28/EC on the promotion of the use of energy from re-
newable sources (Renewable Energy Directive I, RED I) has
been a central element in the EU’s energy policy, setting up an
overall binding EU target1 of 20% RES in gross final energy
consumption by 2020, in addition to binding national targets
ranging between 10% (Malta) and 49% (Sweden) that reflect
the various circumstances—e.g., differences in renewable en-
ergy potential and economic performance—and starting
points in each country. The same Directive also requires the
Member States to develop national action plans (so-called
National Renewable Energy Action Plans—NREAPs) to stab-
lish a roadmap for the development of RES and the creation of
cooperation mechanisms between states to achieve the target
in accordance with the cost-effectiveness principle.

Along the same line, the EU Directive 2018/2001 on the
promotion of the use of energy from renewable sources (RED
II) established a framework for meeting a binding EU target of
at least 32% renewable energy in gross final energy

1 A 20.6% overall target for the EU-27
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consumption by 2030. More recently, the goal of reaching
climate neutrality (through green technology, sustainable in-
dustry and transport, and cutting pollution) by the horizon of
year 2050 has been embedded at the very core of the European
Green Deal (European Commission 2019a).

The role of renewable energies is also emphasized in the
Energy System Integration Strategy (European Commission
2020a), and more recently in the context of the Recovery and
Resilience Facility (European Commission 2020b), where
clean and renewable energy sources will play an important part
in the recovery plans in the aftermath of the Covid-19 crisis.

The above Directives have been supported by significant
investments in order to ensure their objectives. Cohesion pol-
icy instruments—more specifically, the European Regional
Development and Cohesion Funds—are the most important
funding sources within the EU spending programs to promote
renewable energy, with investments in sustainable energy (in-
cluding energy efficiency, renewable energy, smart energy
infrastructures, and low-carbon research and innovation) to-
taling around €30 billion.

While sharing a common policy and targets concerning
renewables, the group of countries included in the EU is rel-
atively diverse, with different antecedents and idiosyncratic
features deriving from economic, social, cultural, and climate
differences, so our primary goal in this paper will be the anal-
ysis of convergence in the RES share indicators of the EU-28.

Convergence in environmental variables is relevant be-
cause of its policy implications, as it is expected that those
countries that converge will be able to more effectively imple-
ment common environmental policies (e.g., Aldy 2006;
Herrerias 2013; Burnett 2016; Apergis et al. 2017) such as
those devised by the EU. Furthermore, convergence would
also imply that countries are converging toward a common
understanding of global threats, as well as being potentially
helpful to determine the efficiency and speed of environmen-
tal policies (Bilgili and Ulucak 2018).

The interest in the analysis of convergence in environmental
variables primarily stems from the links between growth and
environment, which may be modeled through the environmental
Kuznet’s curve (EKC) (Grossman and Krueger 1991). As point-
ed out by Brock and Taylor (2004), a proper understanding of
that relationship may be a key driver to long-run prosperity. In
this regard, Strazicich and List (2003) was among the pioneering
works to explore the connections between the empirical research
line that correlates pollution with income and the literature on
convergence of spatial incomes over time. More recently, Stern
(2017)—by combining the EKC and some convergence
approaches—has also shown the relevance of convergence for
explaining both pollution emissions and concentrations. The in-
terest in convergence is also motivated by the global mitigation
efforts of both governments and international organizations to
stop climate change and global warming, which has become one
of the main challenges for this century.

Many previous studies have addressed convergence analysis
for various environmental magnitudes, most of them focusing
on issues like carbon dioxide and greenhouse gas emissions,
ecological footprint, or energy productivity and consumption.
This paper has as its distinctive features that convergence is
analyzed from the standpoint of renewables (which have been
less frequently studied in convergence studies and are a key
factor to reduce emissions and bring the EU closer to its neutral-
ity goal) and that the study is conducted at the EU level.

We shall rely for the analysis on the club convergence ap-
proach as proposed by Phillips and Sul (2007, 2009). In addition
to testing for convergence, this framework also enables a sys-
tematic analysis of club convergence issues, including an algo-
rithm that allows detection of groups of EU members that have
shifted from disequilibrium to specific steady-state positions.

More precisely, this paper focuses on analyzing the poten-
tial presence of clubs of convergence in the RES share indi-
cator (defined as the share of renewable energy in gross final
energy consumption). The problem may be addressed from
two alternative standpoints, either global convergence to the
common objective of 20% or specific convergence of each
Member State to its target. The analysis will be complemented
with the results of a probit model to help clarify some potential
determinants for the cluster structures detected. Finally, with
the aim of studying convergence at the sectoral level, we also
analyze potential clubs of convergence in the electricity, trans-
port, and heating and cooling sectors.

The remainder of the paper is organized as follows:
“Literature review” is followed by “Methodology and data”
which briefly describes the methodology of club convergence
analysis and the dataset employed for the analysis. Our main
results and a discussion are included in “Results and discus-
sion” followed by “Conclusions.”

Literature review

Following the seminal paper by Barro and Sala-i-Martin
(1990), convergence analysis has attracted a great deal of at-
tention in many areas of macroeconomic theory and has
extended to many other fields including the study of
environmental variables, pioneered by List (1999) and
Strazicich and List (2003). At the same time, empirical anal-
yses have been relying on various methodologies—including
time series, panel, and cross-section studies—and have stud-
ied several (including beta, sigma, club, and stochastic) con-
vergence concepts2. In this paper, we analyze a data panel,
with a focus in detecting the potential presence of

2 Other studies in the field of convergence of environmental variables (e.g.,
among others, Strazicich and List 2003; Presno et al. 2018; Churchill et al.
2020) have analyzed stochastic convergence by employing unit root testing
methods. See Ulucak and Apergis (2018) for an extensive review of the envi-
ronmental convergence literature.
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convergence clubs, defined as groups of economies with sim-
ilar conditions and structural characteristics (such as technol-
ogy, preferences, and political systems) converging to the
same steady state.

One of the earliest applications of the club convergence
approach to environmental variables is Panopoulou and
Pantelidis (2009). Thereafter, this technique has been
employed for the analysis of various environmental variables.
These include:

(i) Carbon dioxide emissions for specific geographical
areas: This research line includes, among others,
Panopoulou and Pantelidis (2009), who analyzed a large da-
tabase of 128 countries; Herrerias (2013), who conducted a
study for a large group of both developed and developing
nations; Wang et al. (2014), for Chinese provinces; and
Burnett (2016) and Apergis and Payne (2017), for US states.
More recently, Morales-Lage et al. (2019) studied per capita
CO2 emissions in EU-28 countries, by energy subsectors, and
Haider and Akram (2019a) analyzed per capita carbon dioxide
emissions and their components (coal, oil, and gas) for a group
of 53 nations.

(ii) Greenhouse gas emissions: e.g., Ivanovski and
Churchill (2020) for Australian regions and Presno et al.
(2021) for EU-28 states.

(iii) Ecological footprint: Recent works that exploit this
increasingly employed multidimensional indicator include
Ulucak and Apergis (2018), for EU members; Haider and
Akram (2019b), who analyzed convergence in both per capita
ecological and carbon footprints for a sample of 77 countries;
and Solarin et al. (2019), for a panel of 92 nations. The works
by Erdogan and Okumus (2021) and Bilgili and Ulucak
(2018) also rely on the ecological footprint paradigm, com-
bining club convergence and panel unit-root/stationarity
testing.

(iv) Carbon intensity: e.g., Emir et al. (2019), for EU-28
countries; Camarero et al. (2013), for OECD countries; and
Yu et al. (2018), for Chinese industrial sectors.

(v) Energy productivity: This indicator has been extensive-
ly analyzed. Two recent papers in this area are due to
Bhattacharya et al. (2018, 2020), who studied, respectively,
panels of Indian and Australian states and territories. A thor-
ough review of the literature on energy productivity conver-
gence appears in Bhattacharya et al. (2018).

(vi) Energy consumption: Ivanovski et al. (2018) analyzed
convergence in per capita energy consumption at the sectoral
level (with nine sectors being considered) across Australian
regions. Herrerias et al. (2017) applied the same approach to
energy consumption3 in the residential sector across Chinese
regions, and Kim (2015) studied convergence in per capita
electricity consumption for a set of 109 countries.

Some recent papers have specifically focused on conver-
gence in renewable energy consumption, among others,
Reboredo (2015), Solarin et al. (2018), and Demir and
Cergibozan (2020), who analyzed panels of 39, 27, and 28
OECD countries, respectively, and Payne et al. (2017), who
conducted the analysis for the 50 states of the US. Studies
devoted to EU countries have been less frequent. In this re-
gard, Berk et al. 2020) applies a system generalized method of
moments methodology to the EU-14 group of countries, ana-
lyzing the contribution of renewable energy sources to prima-
ry energy consumption and finding evidence of both absolute
and conditional convergence. Kasman and Kasman (2020)
also address convergence in per capita renewable energy con-
sumption across EU-15 Member States, from both the sto-
chastic convergence and the club convergence standpoints,
detecting the presence of three clubs plus a divergent country
(Denmark). Also for EU states, and using both parametric and
semi-parametric methods, Butnaru et al. (2020) conclude that
there exists a relationship between conventional and renew-
able per capita energy consumption convergence.

Methodology and data

The club convergence approach

The following single-factor model is assumed:

yit ¼ δitμt; for all i; t ð1Þ

where yit denotes the RES share indicator for country i = 1,
…, N and year t = 1, …, T; δit is the “transition parameter,”
that is, a time-varying idiosyncratic element; and μt denotes a
“common growth component” that aims at capturing some
deterministic/stochastic trending behavior in yit.

Phillips and Sul (2007) define the following relative tran-
sition parameter:

hit ¼ yit
N−1∑N

i¼1yit
¼ δit

N−1∑N
i¼1δit

ð2Þ

which traces out the individual transition path over time for
economy i in relation to the panel average. Under convergence,
hit converges in probability to 1 for all i as t→∞, whereas the
cross-sectional variance of hit, namely Ht ¼ N−1∑N

i¼1 hit−1ð Þ2,
converges to zero.

Phillips and Sul 2007) proposed the logt convergence test,
which involves estimating by OLS (with HAC standard error
estimates) the following equation:

log
H1

Ht

� �
−2log log tð Þð Þ ¼ aþ blog tð Þ þ εt ð3Þ

3 See Herrerias et al. (2017) for a review of papers analyzing convergence in
energy consumption through several methodologies.
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with t = [rT], [rT] + 1,…, T, with [rT] being the integer part
of rT, and the value r = 0.3 suggested for small/moderate sam-
ple sizes (T ≤ 50).

Under the null of convergence, the least squares estimator
of b converges in probability to the scaled speed of the con-
vergence parameter (2α), and the null hypothesis can be tested
through a one-sided t test of b ≥ 0, with rejection at 5% sig-
nificance when tbb < −1:65. Given the relationship b = 2α, the

case b ≥ 2 (or equivalently, α ≥ 1) means absolute conver-
gence (i.e., convergence in levels), whereas 0 ≤ b < 2 implies
conditional convergence (i.e., the growth rates converge over
time).

When the null hypothesis of convergence for the whole
panel is rejected, Phillips and Sul (2007) proposed a clustering
algorithm, based on the application of the logt test, which
allows the endogenous identification of specific subgroups
that converge (so-called clubs of convergence). The logt con-
vergence test can also be employed to merge the initial clubs
into larger groups, with the aim of both correcting for the
tendency of the algorithm to overestimate the number of clubs
(Phillips and Sul 2009) and investigating so-called transitions
between clubs (namely components of a club moving to a
contiguous group, or clubs slowly converging to one another).

Data

With a view to assessing the progress toward its RES objec-
tives, the EU computes4 the overall RES share indicator. The
numerator of that ratio is the renewable5 energy delivered to
final consumers (industry, transport, households, services, ag-
riculture, forestry, and fisheries); the denominator is the gross
final energy consumption of all energy sources, that is, the
energy employed by end-consumers (final energy consump-
tion) plus grid losses and self-consumption of power plants.

The source of data is the European Environment Agency (via
Eurostat).

The RES indicator assesses how extensive the use of re-
newable energy is and, indirectly, the degree to which renew-
able fuels have replaced fossil and nuclear fuels and therefore
contributed to decarbonization of the economy. The RES
share is part of several indicator sets. More specifically, it is
included among the EU 2020 strategy indicators, monitoring
the progress toward three of the EU Sustainable Development
Goals (SDG), namely SDG 7 (on affordable and clean ener-
gy), SDG 12 (on ensuring sustainable consumption and pro-
duction patterns), and SDG 13 (on climate action). It is also
integrated in the impact indicators for the Strategic Plan 2016-
2020 referring to the 10 Commission priorities, and in the set
of indicators for the EU’s framework Strategy for a Resilient
Energy Union.

In addition to the overall RES share indicator, Eurostat also
publishes the share of renewable energy disaggregated by the
following three sectors:

(1) Transport (RES-T share), computed as “energy from re-
newable sources consumed in transport divided by the
total amount of energy consumed in transport”6

(2) Heating and cooling (RES-H&C share), defined as
“gross final consumption of energy from renewable
sources for heating and cooling divided by gross final
consumption of energy for heating and cooling”

(3) Electricity (RES-E share), which is calculated as “gross
final consumption of electricity from renewable sources
divided by gross final consumption of electricity”

Our study focuses on the 2004–2018 period, with the raw
series (instead of their logarithms)7 being employed for the
convergence analysis.

Results and discussion

According to the RES share indicator, the use of renewable
energy has been increasing continuously in the EU along the
2004–2018 period, with its share more than doubling since
2004, when renewables covered only 8.5% of gross final en-
ergy consumption. In year 2018, the EU reached a share of
18% (18.9% in EU-27), which is above the 16% indicative
target for 2017/2018.

4 The indicator is computed according to the Renewable Energy Directive
(Directive 2009/28/EC) on the promotion of the use of energy from renewable
sources. It is calculated on data collected under Regulation 1099/2008 (EC) on
energy statistics, complemented by specific supplementary data transmitted by
the national administrations to Eurostat. More details on the calculation meth-
odology applied by Eurostat can be found in “SHARES Tool Manual”
(European Commission 2019b).
5 Renewable energy can be generated from a wide range of resources: sun
(concentrated/photovoltaic power), hydro (large, small, and micro hydro, in-
cluding tide, wave, and ocean energy), wind (onshore/offshore), geothermal
energy, and all forms of biomass (including solid, liquid, landfill gas and
biodegradable fraction of waste, and liquid biofuels). The contribution of
renewable energy from heat pumps is covered for those Member States for
which that information is reported. Exports/imports of electricity are not con-
sidered in this indicator, although statistical transfers and other flexibility mea-
sures reported to Eurostat and complying with the requirements of Articles 6-
11 of Directive 2009/28/EC are included. Currently, only Sweden (with
Norway) and Luxembourg (with Estonia and Lithuania) are resorting to those
flexibility measures.

6 Article 3(4) of the RES Directive (2009/28/EC) specifies that “only petrol,
diesel, biofuels consumed in road and rail transport, and electricity, including
electricity used for the production of renewable liquid and gaseous transport
fuels of non-biological origin, shall be taken into account.” Biofuels would
also include liquid or gaseous fuel for transport that is produced from biomass.
7 This prevents information loss when eliminating those countries having null
values in their RES magnitudes on the first years of the study period.
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Disaggregated by Member States, wide variations are ob-
served in 2018 in the shares of renewable energy on final
energy consumption: Sweden led with 54.7%, followed by
Finland and Latvia with shares slightly above 40%; in the
other end, we find Malta and the Netherlands, with shares
below 8%. When compared with their respective targets,
twelve countries exhibit renewable energy shares above their
2020 targets, and eleven met or exceeded their RED I average
indicative trajectory for 2017–2018, with the exceptions being
France, Ireland, the Netherlands, Poland, and Slovenia. These
shares reflect the historic heterogeneity in EU States’ energy
mix and their differences in terms of economic development,
renewable energy potentials, and financial and regulatory
support.

The share of renewables increased in the three application
areas. In year 2018, overall for the EU, the share of renewables
was highest in electricity generation (32%), followed by
heating and cooling (20%) and transport (only 8%).
However, in terms of consumption of renewable energy,
heating and cooling was the biggest contributor in that year,
followed by electricity and transport. At EU level, RES-E and
RES-H&C are above the targets defined by states in their
NREAPs, while the transport sector is slightly below, possibly
as a consequence of some uncertainty on biofuels policy and
the adjustments it entails in the legislative framework.

Overall RES share

We first carry out a convergence club analysis for the overall
RES share. Then, with a view to gaining further insight on the
determinants of the cluster classification delivered by the
Phillips and Sul (2007) algorithm, a probit model will be fitted
to data.

Club-of-convergence results

Global convergence may be studied either directly for the RES
series or by analyzing the rescaled series, after dividing the
observed RES values by the 20% target. Both approaches are
equivalent as the later involves only a change of scale in the
indicator, with the invariance properties of the logt test and
club convergence algorithms implying that the results are
identical in both cases.

The null of overall (global) convergence is rejected (see
Table 1 below). The algorithm detects two convergence clubs.
Club 1 brings together the “top-performing” countries (i.e.,
those having national 2020 RES targets over 30%), namely
Sweden, Finland, Latvia8, Denmark, Austria, and Portugal.

On the contrary, club 2 includes states with RES targets not
exceeding 25%.

The transition path of club 1 is uniformly above unity (see
Fig. 1) and doubles the average of the UE, mainly because of
the high RES values of Sweden, Finland, and Latvia.
However, a decrease in the transition path of that club is ob-
served in the most recent years, along with a slow and less
pronounced rise in the transition path of club 2. In addition,
conditional convergence is found in both clubs, with a very
low speed of convergence (see the α values in Table 1).

With a view to more closely examine both clubs, Fig. 2
displays the transition paths of each country in relation to the
mean of its club. As expected under club convergence, a grad-
ual reduction in dispersion is observed. The transition path
corresponding to Sweden is remarkable (see Fig. 2), whose
values are far away from the rest of the countries in club 1. The
positive evolution—relative to the mean of the club—of
Denmark is also noteworthy. The reverse holds true for
Latvia and, to a lesser extent, for Finland. Figure 2 shows
the performance of the members of club 2. A positive evolu-
tion (relative to the mean of the club) is observed for the UK,
Belgium, Luxembourg, and Malta. The reverse occurs for
Estonia, Croatia, Lithuania, Romania, and Slovenia.

The small number of clubs identified by the algorithm con-
trasts with the results obtained when the shorter series are
analyzed. Thus, when only the 2004–2016 period is consid-
ered, and employing the merging procedure, three clubs plus a
divergent country (Sweden) are detected. This may be taken
as an indication that the process of convergence has been
going on throughout the study period. With this in mind, we
also checked for potential transitions between clubs, but the
results of the algorithm led us to reject that possibility (see
Table 1).

As commented in previous sections, given the wide diver-
sity of national RES goals, it is also interesting to conduct the
same analysis from the standpoint of specific convergence of
each country to its own RES target. In this case, the variable of
interest is the ratio of country i ’ sRES value to country i ’
s RES target, which is readily interpreted as the “distance”
of country i (i = 1, …, 28) to its specific RES goal for year
2020. When the logt convergence test is applied (see Table 1,
panel B), the null of convergence is not rejected, suggesting
that the renewable energy efforts of the UE members are at
least converging to their respective national targets as assigned
by the UE Directive 2009/28/EC, although possibly not to a
single fixed steady state.

A probit model for club membership

With a view to gaining further insight on the above results, a
binary probit model was fitted. The variable to predict was
club membership (equal to 0 for the countries in club 1 and
to 1 for those in club 2). The small sample size (only 28 cases)

8 Latvia is ahead of its indicative RED and planned NREAP trajectory for
2015–2016, although this has been a consequence of lower energy consump-
tion, rather than of reaching the levels of gross RES consumption as planned.
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available severely limited model complexity. The explicative
variables considered appear in Table 2 and were obtained
from Eurostat. Their values are averages for each country over
the 2009–2018 period (a shorter range had to be considered in
some cases due to limitations in data availability).

Real GDP per capita (GDPCAP) is usually considered in
literature as a relevant, positive indicator of renewable energy
diffusion.Many papers (among others, Carley 2009; Sadorsky
2009a, 2009b; Burke 2010; Gan and Smith 2011; Pfeiffer and
Mulder 2013; Apergis and Payne 2014a, b; Kim and Park
2016; da Silva et al. 2018) have detected, for several geo-
graphical contexts and employing various methodologies, sta-
tistically significant evidence of a direct relationship between
income (e.g., real GDP per capita) and renewable energy use
(either per capita or in terms of its share in overall energy
consumption). A recent work by Ohler (2015) has also found
empirical evidence (for the case of the US electricity mix) of a
nonlinear, U-shaped relationship between RES and GDP per
capita that can be justified in terms of empirical Kuznets curve
theories. These considerations led us to include both
GDPCAP and its square in the probit model.

The ratio of national expenditure on environmental protec-
tion to nominal GDP (ENVEXPGDP) tries to summarize the
relative environmental effort carried out by each country
along the study period. It may be connected (in an imperfect
way) with many qualitative factors—including policies pro-
moting renewables and continuous commitment to
renewables—which have been found (e.g., Marques and
Fuinhas 2012; Aguirre and Ibikunle 2014) to a have a positive
link to renewables diffusion.

Energy import dependency (ENIMPDEP) indicates the av-
erage dependency from energy imports along the study peri-
od. Some studies (e.g., Marques and Fuinhas 2012) report a
statistically significant, inverse relationship between energy
import dependence and renewable energy consumption.

The inclusion of nuclear enrichment capaci ty
(NUCLENRCAP) obeys a somewhat different rationale, as
nuclear appears as a relevant energy source in several coun-
tries that might be employing it as a complementary tool to
reduce carbon emissions.

Results in Table 3 indicate that the model has a suitable
performance in terms of goodness-of-fit diagnostics, with

almost 93% of the cases correctly classified and all the expli-
cative variables being statistically significant.9

GDPCAP and its square are both statistically significant
(though only marginally in the latter case), with
SQ_GDPCAP having a positive coefficient that would be in
accordance with the potential presence of a nonlinear (U-
shaped) effect of GDP per capita on the probability of belong-
ing to club 2. This may be reasonable as club 2 is quite het-
erogeneous, including both most eastern and southern coun-
tries (which have relatively low GDP per capita) and some
economies (like Luxembourg, the Netherlands, and more re-
cently Ireland) with very high GDP per capita values.

As for ENVEXPGDP, the model estimates a negative
(strongly significant) marginal effect on the probability of be-
ing included in club 2. This also seems expectable as club 1
includes some countries (particularly Austria) where environ-
mental expenditure had a remarkably high share in GDP on
average in the study period, as compared with most EU
members.

ENIMDEP also has a strongly significant, positive coeffi-
cient, indicating that high dependence on foreign energy im-
ports tends to increase the probability of being in club 2, all the
other things being equal. This can also be expected as club 1
includes countries (like Denmark and Sweden) having a low
dependency on imported energy, whereas club 2 clusters
economies (remarkably, Malta, Cyprus, Luxembourg,
Ireland, Portugal, and Spain) having the highest dependency
levels.

Finally, NUCLENCAP seems the most statistically signif-
icant variable in the model, also having a positive effect on the
probability of being included in club 2. This is also far from
surprising as no member of club 1 has nuclear capacity, which
concentrates in France, Germany, and the Netherlands, all of
them in club 2.

Table 2 Explicative variables in
the probit model for club
membership

GDPCAP Real GDP per capita (in euro, average for the 2010–2018 period)

SQ_GDPCAP Square of GDPCAP

ENVEXPGDP National expenditure (total economy) on environmental protection divided by nominal GDP
(%, average ratio for the 2014–2016 period)

ENIMPDEP Energy import dependency (%, average for the 2009–2018 period)

NUCLENCAP Nuclear enrichment capacity (in tSWU, average for the 2010–2018 period)

Source: Eurostat

9 Admittedly, the above probit model may be somewhat naïve, but sample size
greatly limits the possibility of fitting more complex structures and including
additional explicative variables. Some variables that were highly correlated
with those in Table 2 also had to be discarded in advance, as well as others
that essentially were mere redefinitions of the RES indicator or were related to
it by more or less direct accounting identities.
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Clubs of convergence in specific sectors

In this subsection, we analyze convergence clubs for the three
sectors where disaggregated data are available.

RES-transport

Since 2004, the share of renewables in transport has increased
fivefold, up from only 1.4%. Renewables consumed in trans-
port in the EU mostly come from liquid biofuels10 (estimates
suggest that the share of biofuels in the RES-T indicator is
around 89%), although Member States are increasingly pro-
moting e-mobility options, through the implementation of
subsidies.

A 10% RES-T target11 has been stablished by 2020 at EU
level, which translates into the same goal for all Member
States. However, only two countries (Sweden, 29.7%;
Finland, 14.9%) exceeded that target in 2018, and four others
(the Netherlands, Austria, France, and Portugal) were in the 9–
10% range. For the remaining 22 Member States, shares were
between 2.7% (Cyprus) and 8% (Bulgaria). Additionally,
transport is the only sector whose level is below the target
defined by the Member States in their NREAPs (8.03%—for
the EU28—versus 8.5% planned).

From a temporal perspective, following rapid growth be-
tween 2005 and 2010, RES-T dropped in 2011 and has been
increasing at a slower pace since 2012, with high volatility
being observed in some countries. The most remarkable case

is Finland, whose RES-T share decreased by 16 percentage
points between 2015 and 2016, increasing again by 10 per-
centage points in 2017 as a consequence of a drop in national
use of biodiesel, in parallel with higher exports in 2016. A less
dramatic case is Spain, whose indicator grew by 4 percentage
points between 2015 and 2016 because of the implementation
of a new information system to register biofuel certifications.
2011 was another year when some countries (e.g., Bulgaria,
Portugal, France, Finland, Spain) experienced abrupt changes
in their indicators. Evidently, this has been reflected in the
overall RES-T indicator and—as shown in Fig. 3 below—
also in the shapes of the transition paths.

The null hypothesis of convergence in RES-T is rejected,
with the following two clubs being detected:

– Club 1 is integrated by the two countries (Sweden and
Finland) that widely exceed the 10% objective, plus
Bulgaria, Malta, Denmark, and Romania. The inclusion
of Malta in club 1 may be due to its great progress in
recent years, taking off from 0% in year 2010 to almost
8% in 2018. The transition path in that club is swinging,
mainly as a consequence of the above-mentioned erratic
behavior of the indicator in Finland. On the contrary,
Sweden exhibited a distinctively rising evolution
throughout the period, almost increasing its share five-
fold, mainly as a consequence of the use of biofuels.

– Club 2 is a heterogeneous group that includes the rest of
the EU28 countries.

RES-heating and cooling

Heating and cooling in buildings and industry accounts for
half of the energy consumed in the EU. Around 20% of
heating and cooling is generated from renewable energy (with

10 Most biofuels consumed in the EU are biodiesel, with around 59% of the
feedstock for biodiesel consumed in year 2018 being either imported or pro-
duced from imported feedstock. In that year, the total amount of cropland
dedicated to biofuel production in the UE was 3%. Some studies (e.g., Filip
et al. 2019) have found a very weak evidence of biofuels affecting food prices
in times of scarcity.
11 Only biofuels complying with the sustainability criteria of the EU
Renewable Energy Directive are to be counted toward this target.

Table 3 Results of the probit
model for club membership Coefficient Robust s.e. z-stat p value

Constant 1.49391 1.05893 1.411 0.1583

GDPCAP** − 0.000110787 5.26560e−05 − 2.104 0.0354

SQ_GDPCAP** 9.68343e−010 4.92566e−010 1.966 0.0493

ENVEXPGDP** − 0.0963451 0.0458660 − 2.101 0.0357

ENIMPDEP** 0.0303434 0.0120250 2.523 0.0116

NUCLENCAP*** 0.00430606 0.00156178 2.757 0.0058

Mean of dep. var. 0.785714 S.e. of dep. var. 0.417855

McFadden’s R-squared 0.476376 Schwarz’s criterion 35.22884

Log-likelihood − 7.617805 Akaike’s criterion 27.23561

No. of cases “correctly predicted” 26 (92.9%)

LR test

Chisq. Stat. 13.8609 p value 0.0021

** and *** denote, respectively, significance at 5% and 1% levels
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solid biomass being the main source, followed by heat pumps,
biogas, and solar thermal collectors), which has a crucial role
and an enormous potential in the EU’s energy and climate
policies. Indeed, it is projected that about 40% of the 32%
target share of renewable energy by 2030 will come from
the H&C sectors.

During the 2004–2018 period, the RES-H&C value almost
doubled in the EU; however, when the individual Member
States are examined, considerable differences among them
are observed, with the indicator ranging from 65.4%
(Sweden) to 6.1% (the Netherlands) in 2018.

The null of convergence is rejected for the H&C sector,
with three clubs identified: club 1 is led by a large portion of
members of the Council of the Baltic Sea States (Sweden,
Latvia, Finland, Estonia, Denmark, and Lithuania) plus two
islands (Cyprus and Malta). Both club 1 and 2 (with the latter
including Portugal, Croatia, Austria, Bulgaria, Slovenia,
Greece, Romania, France, and Czechia) display paths over 1
(see Fig. 4), that is, above the mean of the EU. The null
hypothesis of these two clubs being merged is rejected, but

not that of a transition between them (see Table 1). The rest of
the EU countries are classified in club 3, with their transition
paths far away from 1.

RES-electricity

The electricity sector has experienced a take-off in renewables
in recent years, pushed up by a sharp growth in both solar
photovoltaics and wind (fostered by the decline of electricity
costs from these two sources) and a significant contribution of
hydropower generation, with the result that RES-E more than
doubled.

The analysis of convergence allows us to conclude that
electricity is the only sector for which Members States
achieved convergence in renewables. Despite the initial diver-
sity (e.g., in year 2004, Austria and Sweden’s shares were
61.6% and 51.2%, respectively, whereas Malta and Cyprus
had 0%), dispersion has been decreasing along the study pe-
riod, as revealed by the transition paths (see Fig. 5 above),
although the speed of transition seems to be low (bα = 0.027).

Fig. 3 Transition paths in RES-T

0
0,2
0,4
0,6
0,8
1

1,2
1,4
1,6
1,8
2

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

RES-HC

Club1 Club2 Club3

Fig. 4 Transition paths in RES-
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Discussion

When comparing overall and sector results, it is remarkable
that Sweden, Finland, and Denmark are in all cases positioned
in clubs that outperform the mean of the EU. This seems far
from surprising since the policies in those three countries have
been especially proactive on the environmental front. Latvia,
also a member of the Council of the Baltic Sea States, is
included in club 1 because of its favorable evolution in the
electricity and H&C sectors, although the country has had a
more lackluster progress in transport.

Two seemingly different countries (Austria and Portugal)
are nevertheless classified in the same group (club 2, although
transitioning toward club 1) in both the transport and H&C
sectors, also sharing top places in electricity (where Austria
has been the EU leader throughout the period), all of which
positions both states in club 1 in terms of overall RES.

Germany, France, and the UK (the largest three Member
States, with a joint share in gross inland consumption that
approaches 50% of EU-28) do not play leading roles in any
of the “best positioned” clubs. Interestingly, they all are either
located into the same clubs or classified as transitioning (e.g.,
in the H&C sector). Despite having a higher RES share than
the other two countries, France is at severe risk of failing to
meet its target. The same holds true for the Netherlands, which
(excepting the transport sector) is at the bottom of the worst
positioned clubs and has agreed with Denmark (under the
cooperation mechanisms stipulated in RED I) a statistical

transfer to facilitate the achievement of its target. An analo-
gous formula has been employed by Luxembourg and Malta.

The analysis disaggregated by sector indicates that only
electricity exhibits convergence. As for heating and cooling,
it has a large potential in the EU’s energy and climate policies,
in the light of its high percentage in the energy consumed and
the relatively small share of heating and cooling generated
from renewable sources. An enormous potential can also be
found in the transport sector. This was the smallest contributor
in year 2018 (in terms of consumption of renewable energy)
and remains the only sector whose share of renewables is
below the target defined by the Member States in their
NREAPs. That lag may be partly attributed to relatively high
abatement costs related to biofuels and the uncertainty on the
policy framework, which slows down progress in the deploy-
ment of second-generation biofuels. In this regard, the EU has
decided to minimize the use of food and feed-crop-based
biofuels (a 7% cap on the portion of biofuels made from crops
has been proposed, in order to avoid deforestation and stress
on land resources) and to focus in the future on promoting
advanced biofuels and other low-carbon fuels, such as renew-
able electricity, recycled carbon fuels, and renewable liquid
and gaseous transport fuels of non-biological origin. As
commented above, the Phillips-Sul algorithm finds two clubs
in this sector. The first one is headed by Sweden and Finland,
with both countries far exceeding the 10% RES-T target.
Some Member States classified in club 2 are in severe risk
of not fulfilling that legal obligation, so they should take
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appropriate actions, either by national deployment or via co-
operationmechanics like statistical transfers12 for the transport
sector, as enabled under the Indirect Land-use Change—
ILUC—Directive.

Conclusions

In this paper, we have analyzed convergence in the RES share
for the countries in the EU-28. The study period includes the
most recent data available (up to year 2018, two years away
from the 2020 objective’s deadline). The EU-28 is a diverse
group of countries in terms of both their starting points and
historic antecedents concerning the use of renewables and
their economic, cultural, climatic, and social characteristics,
although with the common overall objective of attaining a
20% target of renewable energy in gross final energy con-
sumption by 2020, as a first step toward more ambitious goals
of at least 32% in 2030, and climate neutrality (i.e., an econ-
omy with net zero greenhouse gas emissions) by the horizon
of year 2050.

Convergence analysis is relevant to examine both the speed
and efficiency of environmental policies. Here, we have relied
on a club-of-convergence approach that makes it possible both
to obtain groups of countries that evolve from disequilibrium
to specific steady-state positions and to estimate their speed of
convergence. Subsequently, those groups of countries could
adopt common environmental policies.

The study was conducted from two complementary stand-
points: global convergence to the common 20% objective and
specific convergence of eachMember State to its objective. In
the latter case, so-called conditional convergence was detected
(meaning that only the growth rates, but not the national levels
of the RES indicators, converge over time), although the esti-
mated convergence rate is slow.

A somewhat different (but not necessarily incompatible)
picture emerges when the convergence analysis is carried
out with respect to the overall-EU 20% objective: two clubs
of convergence are detected, with the first one corresponding
to states with national 2020 RES targets over 30% and the
second club including those countries with targets below
25%. Conditional convergence, at very slow rates, is observed
in both clubs. This result has a primary implication: our find-
ing of two clubs may indicate the convenience of devising
more specific policies as well as regulations oriented to reduce
heterogeneity. Countries located in club 2 would demand
more effective public initiatives to incentivize fulfillment of
the overall goal, in addition to an accelerated implementation
of new policies. Different countries would require different,

specifically adapted measures and targets to be implemented.
Regarding this, the probit analysis that complements the study
may provide some helpful guidelines on those policies, as it
suggests that clubmembershipmight be explained by a simple
model including variables like real GDP per capita (having a
U-shaped effect), relative economic effort in environmental
protection, dependency on energy imports, and nuclear capac-
ity. All those variables would be statistically significant, with
positive coefficients obtained for the latter two (indicating
that, all other things being equal, high values of those vari-
ables tend to raise the probability of a country being in club 2,
which groups the worst performing countries). The reverse
would occur for the remaining variables in the model. In the
case of nuclear capacity, this might be in accordance with the
possibility that some countries may be taking advantage of
that energy source as a help to reduce GHG emissions. The
U-shaped effect detected for real GDP per capita may possibly
agree with the potential presence of a nonlinear, Kuznets-
curve-type marginal effect of that variable, which might affect
club membership (itself closely related to each country’s RES
goal). This evidence would agree with recent findings by
Ohler (2015). Overall, the results of probit modeling may
suggest that policies should be oriented to increasing the ef-
forts in environmental protection and reducing dependency.
Regarding this, some useful guidelines for the EU case may
also be found in Marques and Fuinhas (2012), where several
public policies that have been major drivers in the develop-
ment of renewables are enumerated, with the role of
incentives/subsidies (including feed-in tariffs) and “policy
processes” (such as strategic planning) being emphasized.
As for dependency, the same study concludes that it is mainly
concentrated in traditional energy sources, indicating the pres-
ence of productive infrastructures that heavily rely on fossil
fuels and may pose considerable barriers to a transition to
renewables. While it is true that in the past the deployment
of renewables was mostly policy driven, it seems reasonable
to enhance the role of market logic in this process. Consumers
are increasingly conscious on the need for climate action and
the environmental effects of their personal economic choices.
This gradual shift to environmental sustainability in the de-
mand of goods and services should be naturally accompanied
by adaptions on the supply side with a view to fulfilling those
needs, so it seems reasonable to expect that—although relying
on different methods and incentive schemes—public policies
and market action will naturally evolve along quite close,
environmentally conscious pathways. EU citizens, in their
double political/economic role, will be clearly pushing up that
approach.

The study was complemented with an analysis disaggre-
gated by sector, which may also suggest additional policy
implications. Results indicate that only electricity would ex-
hibit convergence, possibly as a consequence of the vigorous
growth in solar photovoltaics and wind (as a result of the drop

12 Member States are also allowed to fill their yearly quotas in advance
through statistical transfers (both between years and to other states) and vari-
ation in blends between gasoline and diesel.
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in electricity costs from these two sources), supplemented by
hydropower generation. In any event, in addition to continu-
ing to innovate in the electricity sector, there is still a long way
to go, with both further progress in deployment of renewables
for heating and cooling and extended use of renewable trans-
port options clearly on the roadmap.

In the case of the transport sector, market uncertainties
arising from policy changes in the field of biofuels have been
unfavorable, so it is important to design a policy framework
that provides a safe and stable legal framework to all stake-
holders. Also, some serious difficulties in this sector may stem
from the lack of appropriate infrastructure for electric vehicles
and alternative fuels, so investment in that area will be much
needed. It is also important to intensify efforts to promote
advanced biofuels, renewable fuels of non-biological origin,
and recycled and low-carbon fuels, by stimulating the use of
liquid biofuels both in the current stock of vehicles and in the
transport modes where electrification is currently unfeasible,
also incentivizing the use of electric and hybrid vehicles.

Certainly, several plans like the European Strategy for
Low-Emission Mobility (which strongly focuses on road
transport), the Seventh Environment Action Programme, the
EU plans on Accelerating Clean Energy Innovation (which set
up among their overarching goals positioning Europe as the
global leader in renewables), and the European Green Deal
constitute relevant milestones on the way to increasing use of
renewables in the transport subsector, although these efforts
must be sustained in the future. In this regard, the Recovery
and Resilience Facility aims at providing the investments re-
quired for the green and digital transitions, as well as encour-
aging Member States to put forward investment and reform
plans in certain areas, including clean technologies and renew-
ables, sustainable transport, and charging and refueling
stations.

Barriers also remain in the heating and cooling sector,
mainly from deficiencies in the capacities of district heating
networks, although the EU is carrying out active investment
and research in efficient systems in that area.

In the case of the electricity sector, both spatial planning
needs and environmental regulations have been limiting the
advances in some Member States. Integrating the increasing
RES capabilities into the grid remains a challenge for most
countries, due to the high costs of grid connecting and the
uncertainties on the various scenarios of grid development
and transparency in the connection procedures.

The EU has set up as one of its priorities to become a world
leader in renewable energies, which should have a presence in
all dimensions of the Energy Union. For that purpose, tech-
nology research and large investments have been done, al-
though those same efforts should also yield substantial bene-
fits in areas including employment, growth, trade balance, and
industrial competitiveness, stimulating the emergence of a
new industrial base which has a major source in the

renewables sector. Certainly, achieving technological leader-
ship is central for the clean energy sector, but a permanent
effort is also required to achieve competitive advantages in
many areas, like batteries.

Finally, the current Covid-19 pandemic is still having a
significant impact on energy demand. A favorable side effect
of this exceptional situation has been that the renewable ener-
gy shares projected for year 2020 have generally risen, al-
though some caution is required when interpreting those ad-
vances as it remains possible that some of those increases are
temporary and may eventually be reduced as economic activ-
ity reverts to previous levels. In this regard, the financial in-
jection to be provided by EU’s 2021–2027 long-term budget,
supplemented by so-called Next Generation EU recovery in-
strument (especially in its Headings 1 and 3), also represents a
serious effort to repair the damage caused by the coronavirus
pandemic, as well as an opportunity to strongly accelerate the
transition toward a more sustainable Europe.
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