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Abstract

This study critically examines the sectoral dynamics of renewable energy (RE) adoption
across the EU-27 from 1990 to 2023, addressing the persistent gap between electricity gen-
eration and end-use sectors. Utilizing Eurostat energy balance data, the research employs
a robust multi-methodological framework. We apply the Logarithmic Mean Divisia Index
(LMDI) decomposition to isolate driving factors, and the Self-Organizing Maps (SOM) of
Kohonen to cluster countries with similar transition structures. Furthermore, the Method
of Moments Quantile Regression (MMQR) is used to estimate heterogeneous drivers
across the distribution of RE shares. The empirical findings reveal a sharp dichotomy:
while the share of renewables in the electricity generation mix (RES-E-Renewable Energy
Share in Electricity) reached approximately 53.8% in leading member states, the aggre-
gated share in the transport sector (RES-T) remains significantly lower at 9.1%. This dis-
tinction highlights that while power generation is decarbonizing rapidly, end-use electri-
fication lags behind. The MMQR analysis indicates that economic growth drives renewa-
ble adoption more effectively in countries with already high renewable shares (upper
quantiles) due to established market mechanisms and grid flexibility. Conversely, in
lower-quantile countries, regulatory stability and direct infrastructure investment prove
more critical than market-based incentives, highlighting the need for differentiated policy
instruments. While EU policy milestones (RED I-III-) align with progress in power gener-
ation, they have failed to accelerate transitions in lagging sectors. This study concludes
that achieving climate neutrality requires moving beyond aggregate targets to implement
distinct, sector-specific interventions that address the unique structural barriers in
transport and thermal applications.

Keywords: EU-27; renewable energy share; sectoral adoption;, LMDI decomposition;
MMQR (panel quantile regression); transport and heating/cooling

1. Introduction

The transition to renewable energy (RE) in European Union (EU) countries has been
a central focus of energy policies and sustainable development strategies over the last
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three decades between 1990 and 2023, EU27 countries underwent a significant transfor-
mation in energy production and consumption, with a notable shift from fossil fuels to
renewable resources. This transformation is shaped by multidimensional goals, including
combating climate change, ensuring energy supply security, and enhancing economic
competitiveness [1,2]. As of 2023, the share of renewable energy in the EU’s gross final
energy consumption reached approximately 23.0%; at the country level, Sweden and Fin-
land exceeded 50% [3,4]. At the sectoral level, the use of renewable energy has increased
at varying rates in areas such as industry, transportation, housing, and agriculture; for
example, the share of renewable energy in the electricity sector increased to 53.8% in 2022
[5,6]. These developments are necessary steps towards achieving the ambitious climate
and energy targets set by the EU for 2030 and 2050 [7]. However, significant inequalities
and structural barriers to the transition to renewable energy continue across countries and
sectors [4,6]. The economic, environmental, and social impacts of the transition to renew-
able energy are multi-layered. The primary outcomes of this process are reducing energy
import dependency, decreasing greenhouse gas (GHG) emissions, and creating new em-
ployment opportunities [7]. This study aims to fill the existing scientific gap and provide
a comprehensive assessment for policymakers and researchers by analyzing sectoral
trends in renewable energy use in the EU27 countries from 1990 to 2023. The study adds
scientific value by combining long-run sectoral tracking, LMDI-based driver decomposi-
tion, SOM Kohonen clustering, and MMQR-based heterogeneity assessment within a sin-
gle EU-27 framework.

Recent scholarship has increasingly focused on the divergence between aggregate
national targets and sector-specific implementation barriers within the EU-27 framework,
specifically analyzing the disconnect between policy ambition and execution. The litera-
ture presents diverse perspectives on these dynamics. For instance, Mempel-Sniezyk et al.
[1] emphasize that renewable energy sources are fundamental to ensuring the European
Union’s energy security. In parallel, Apergis et al. [8] provide empirical evidence support-
ing the hypothesis that renewable energy consumption drives economic growth and re-
duces emissions. However, sectoral disparities remain a concern. Furthermore, policy
frameworks play a critical role; Goldthau and Youngs [9] highlight how the geopolitics of
climate transition create uneven playing fields. Siddi and Prandin [10] add that the gov-
ernance of these crises often fails to address the deepening structural differences between
member states, leaving a gap in the analysis of long-term divergences between old and
new EU members.

In recent years, significant progress has been made in analyzing trends in renewable
energy adoption and sectoral differences across the EU27 countries. However, considera-
ble research gaps remain in the literature. While many studies address the impact of re-
newable energy use on economic growth, environmental sustainability, and energy secu-
rity at a general level, detailed, long-term comparisons across sectors have been largely
neglected [11,12]. Cross-country differences and structural distinctions between old and
new EU members have generally been examined superficially, with no in-depth analysis
of the causes and consequences of these differences [13]. Furthermore, the sectoral dynam-
ics of the renewable energy transition, particularly in the transport and agriculture indus-
tries, have been primarily assessed using aggregated data, overlooking specific sectoral
trends [14,15]. Most existing studies are limited to short-term analyses, whereas holistic
assessments covering a longer timeframe, such as 1990-2023, have been conducted rarely
[16]. Recent research, however, has more comprehensively addressed the economic and
environmental impacts of renewable energy investments, the sectoral consequences of
policy differences, and the societal dimensions of the energy transition [8,17]. The funda-
mental problem stimulating this research is the development of more effective and tar-
geted strategies for policymakers to achieve the EU’s climate and energy goals.
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A critical gap persists in the quantitative assessment of sectoral asymmetries, partic-
ularly regarding why the rapid decarbonization of the electricity sector has not diffused
with equal velocity into transport and thermal applications across the EU-27. The under-
lying assumption is that the transition to renewable energy varies significantly across
countries and sectors, and these differences have significant consequences for economic
development, energy security, and environmental sustainability [18,19]. The central hy-
pothesis of the research is that while the increase in renewable energy use in the EU27
countries has positive effects on economic growth and GHG emission reduction, sectoral
and regional inequalities limit the magnitude and sustainability of these effects [20]. Ex-
isting literature largely relies on aggregated national data, thereby neglecting the distinct
structural barriers governing the transition in end-use sectors such as transport and agri-
culture over the 1990-2023 period. Addressing this gap will contribute to a better under-
standing of the multidimensional impacts of the energy transition and increase the effec-
tiveness of energy policies [4,21]. Furthermore, factors such as financing renewable energy
investments, disseminating technological innovation, and increasing social acceptance
must be considered in policy design [22,23]. Consequently, the findings of this research
will inform policymakers on how to strengthen the EU’s capacity to achieve its climate
goals, reduce energy import dependency, and foster sustainable economic growth.

This quantitative research design is based on a comparative, long-term analysis of
renewable energy use trends across EU27 countries at the sectoral level. The study exam-
ines changes in renewable energy use across key sectors, including industry, transporta-
tion, agriculture, and housing, between 1990 and 2023, alongside economic, environmen-
tal, and political indicators. The research reveals similarities and differences across coun-
tries and sectors, utilizing quantitative methods such as LMDI decomposition analysis,
time series analysis, and cluster analysis [19]. This study will contribute to a deeper un-
derstanding of the dynamics of the renewable energy transition by providing long-term
comparative analyses at both sectoral and country levels, which are currently lacking in
the literature [24,25]. Furthermore, a detailed assessment of structural differences and pol-
icy impacts among EU members enables the development of specific recommendations
for policymakers [5,8]. The analyses evaluated the effects of renewable energy use on eco-
nomic growth, GHG emissions, and energy imports.

2. Literature Review
2.1. Policy Framework and Historical Context

RE refers to energy derived from sources that can continuously renew in nature; so-
lar, wind, hydroelectric, biomass, and geothermal energy are prominent among these
sources. In the EU energy policies, the concept of renewable energy has been integrated
with the goals of environmental sustainability, energy security, and economic growth as
an alternative to fossil fuels [26,27]. Since the 1990s, EU countries’ transition to renewable
energy has gained momentum through international regulations such as the Kyoto Pro-
tocol and the Paris Agreement. In the 2000s, the EU’s climate and energy packages estab-
lished a legal framework. Today, renewable energy is not limited to electricity generation
but is widespread in the industrial, transportation, and residential sectors. On a sectoral
basis, the use of renewable energy in industry is critical for reducing carbon emissions
and energy import dependency [28,29].

Innovative technologies, such as biofuels and green hydrogen, are prominent in the
transportation sector. Renewable energy can be measured by economic indicators (e.g.,
Gross Domestic Product (GDP), employment), environmental indicators (e.g., GHG emis-
sions), and technological developments. Production and consumption have increased rap-
idly in the EU27 countries in recent years, with regional and sectoral differences [8]. Fur-
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thermore, the financial sustainability of renewable energy investments, the spread of tech-
nological innovation, their integration with energy efficiency [30], the role of social ac-
ceptance, and structural transformations in energy markets have also been decisive in the
success of this transformation [31]. RE and related concepts provide a fundamental frame-
work for understanding the EU’s role in the sustainable energy transition in this study.

RE adoption trends and sectoral analyses stand out as cornerstones of sustainable
development policies in the EU. The historical development of the field began in the 1990s,
influenced by environmental concerns and the Kyoto Protocol, and accelerated in the
2000s with the EU’s climate and energy packages [14,27]. Seminal studies have demon-
strated the impacts of renewable energy development on economic growth, employment,
and environmental sustainability. In particular, economic development, technological
progress, and political participation have been shown to support the renewable energy
sector [16]. Sectoral analyses have highlighted that the use of renewable energy exhibits
different dynamics in areas such as industry, transportation, and housing, and that signif-
icant differences exist between countries [20,24].

Retrospective and decomposition analyses conducted in recent years have examined
the temporal changes in indicators such as energy efficiency, carbon emissions, and the
share of renewable energy. It has been determined that financial development and capital
markets play a decisive role in the transition to green energy. At the same time, the bank-
ing sector remains vulnerable to carbon-intensive investments. In addition, studies em-
ploying artificial neural networks and multi-criteria decision-making techniques have
highlighted the similarities and differences between countries and sectors [26,27]. Recent
studies have made significant contributions to the literature by revealing the impact of
renewable energy investments on economic growth, the role of financial development in
environmental sustainability, the relationship between energy consumption and carbon
emissions, and the interaction between renewable energy and financial development [32],
and the dynamics of energy transition in multi-country analyses [33].

RE adoption trends within the EU27 exhibit complex, multidimensional interrela-
tionships with key concepts such as economic growth, environmental sustainability, and
energy security. These dynamics are evident across different economic sectors [34]. The
positive correlation between monetary expansion and RE deployment is particularly ap-
parent in the industry and transport sectors [5]. Simultaneous energy efficiency improve-
ments and reductions in carbon emissions are integral components of this linkage. Sec-
toral analyses reveal persistently heterogeneous patterns in the pace and scale of RE inte-
gration across industry, transport, agriculture, and residential areas.

This research framework thematically interrogates these relationships through three
primary lenses: economic impacts, environmental outcomes, and sectoral differences. Un-
der economic consequences, the effects of RE consumption on GDP, employment creation,
and investment flows are critically examined. The environmental outcomes dimension
prioritizes indicators such as reducing GHG emissions and energy import dependency
[35]. Meanwhile, sectoral differences are significantly shaped by structural differences be-
tween old and new EU member states, as well as the effectiveness of national policy im-
plementation [25]. Hereafter, ‘old member states’ refer to the EU-15 (members before
2004), while ‘new member states’ refer to countries that acceded in 2004, 2007, or 2013.
This thematic structure also encompasses critical factors such as technological advances
in renewable energy production, necessary financial investments, and regional resource
endowments.
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2.2. Methodological Approaches in Energy Transition Studies

Recent EU renewable-energy transition studies increasingly combine (i) decomposi-
tion approaches to explain drivers, (ii) clustering/unsupervised learning to map cross-
country patterns, and (iii) heterogeneity-aware panel methods. Accordingly, this review
synthesizes evidence by method x sector to clarify what is known for electricity, transport,
and heating/cooling. These methods provide detailed insights into similarities and differ-
ences across countries and sectors. A pioneering study in this field, Tutak and Brodny
[26], analyzed RE consumption across economic sectors, identifying significant increases,
particularly in the transportation sector, and noted that this impact was greater in old EU
countries than in newer members. Tutak and Brodny [26] examine and demonstrate that
RE consumption increases most in transport, with a larger rise in EU-15 members than in
post-2004 members, suggesting an accession-related implementation gap. Here, ‘old EU
members’ refers to EU-15, while ‘new members’ refers to countries acceding in
2004/2007/2013; this classification follows Eurostat’s enlargement glossary.

The determinants of RE development indicate that countries without fossil fuel re-
sources are leading the way in this field, and economic factors, such as GDP per capita,
play a significant role. A Eurostat report, published in 2025 [36], provides detailed data
on sectoral and country variations in RE adoption in the EU27, highlighting the wide re-
gional disparities. Eurostat’s ‘Renewable energy statistics’ (Statistics Explained) docu-
ments sector-specific renewable shares, including heating and cooling and electricity, and
highlights cross-country dispersion in the EU. Tu et al. [37] analyze overuse and find that
(e.g., policy design/market structure) shapes RE uptake, implying that implementation
capacity matters as much as targets. Household-focused evidence highlights the distribu-
tional and end-use patterns of RES (Renewable Energy Sources) consumption within the
EU. However, cross-sector EU-27 assessments that jointly integrate decomposition, clus-
tering, and heterogeneity-aware panel methods remain limited [2,20]. Sectoral coverage
is uneven: electricity is commonly analyzed, whereas transport and heating/cooling often
receive less consistent empirical attention across the full EU-27 time span [27]. Another
missing aspect is the lack of a holistic assessment of regional resource potential and the
impacts of technological developments in RE production.

2.3. Theoretical Underpinnings: Growth, Environment, and Justice

The literature on RE adoption trends in the EU27 offers strengths, with important
methodological and theoretical debates. Many studies highlight the positive impacts of
RE use on economic growth, reducing greenhouse gas (GHG) emissions, and energy im-
port dependency [5,11]. However, these findings vary significantly across countries and
sectors; for example, RE integration is faster and more effective in old EU members, while
new members face severe difficulties in achieving targets [38]. Hassan et al. [16] map EU
renewable production potentials (solar, wind, hydro, hydrogen) and emphasize the role
of resource and technology structure. Houtman and Reins [21] show how EU targets and
regulatory design shape implementation capacity [39]. Furthermore, while industry and
electricity generation are prominent in sectoral analyses, in-depth studies in transporta-
tion and agriculture have been limited [25]. Employment effects are typically discussed in
energy-transition policy reports (e.g., IRENA [6]), whereas growth impacts are tested em-
pirically in EU-focused econometric studies [40]. In the literature, further research is
needed on the long-term sustainability of the RE transition, ensuring policy coherence,
and enhancing sectoral integration [36,41]. McWilliams et al. [41] emphasize the need for
a coherent industrial policy, particularly for clean-tech supply chains, such as those in the
solar energy sector. Markard et al. [42] frame transition acceleration challenges that moti-
vate long-run, cross-sector EU-27 assessments.
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The conceptual architecture of this study is based on the theoretical frameworks of
sustainable development, energy transition, and economic growth. Sustainable develop-
ment theory provides a holistic perspective that integrates the environmental, financial,
and social dimensions inherent in RE deployment [11,31]. This integrative approach aligns
directly with the European Union’s EU) strategic goal of achieving climate neutrality by
2050. Energy transition theory explains the complex structural, technological, and political
dynamics underlying the transition from fossil fuels to renewable energy sources. It ex-
plores the implications of international inequalities and sectoral cohesion pathways
[43,44]. At the same time, economic growth theories explain the two-way interactions and
long-term equilibrium relationships between RE (Renewable Energy) consumption and
GDP (Gross Domestic Product).

Methodological pluralism characterizes the empirical testing of these theories in the
existing literature, with a focus on panel data analyses, structural equation modeling, and
decomposition techniques [45]. The analytical model of the study adopts a multidimen-
sional approach to investigate the relationships between RE consumption (independent
variable) and key dependent variables (economic growth, carbon emissions, energy effi-
ciency, and sectoral adaptation). Moreover, mediating variables, including financial de-
velopment, governance quality, and technological progress, are included in the frame-
work [46]. This solid theoretical foundation facilitates the empirical examination of linear
and nonlinear variable linkages, enables meaningful cross-country and cross-sectoral
comparative analyses, and supports the formulation of evidence-based policy recommen-
dations that inform the derivation.

This study is grounded in sustainability transitions and energy transition perspec-
tives, which explain how policies, technologies, and institutions shape decarbonization
pathways across countries and sectors [47-50]. The empirical focus is on sectoral renewa-
ble energy shares in the EU-27 (electricity, transport, and heating/cooling), treated as out-
comes that vary with structural conditions and policy implementation [3,51]. Building on
EU evidence on determinants and sectoral uptake, the framework expects persistent gaps
in end-use sectors and cross-country dispersion even under common EU targets [37,52].
Accordingly, the study combines driver decomposition (LMDI) to attribute changes to
underlying components and SOM Kohonen-based clustering to identify groups of coun-
tries with similar transition profiles [2]. Heterogeneity in sectoral outcomes is assessed
using panel models, complemented by quantile-based evidence (MMOQR) to avoid relying
only on average effects when differences across the distribution are expected [42,44,53].

3. Materials and Methods

3.1. Research Design

This study analyzes sectoral trends in RE use in the EU27 countries from 1990 to 2023.
For this purpose, industry, transportation, housing, services, and agriculture sectors were
examined separately using up-to-date data obtained from Eurostat’s SHARES (Renewable
Energy Statistics) and nrg_bal (Energy Balance) databases [3]. Additionally, domain-spe-
cific indicators are analyzed separately for electricity generation (RES-E), transport (RES-
T, specifically Renewable Energy Share in Transport), and heating/cooling (RES-H&C,
specifically Renewable Energy Share in Heating and Cooling) [3]. Time series interpola-
tion was applied to a limited extent for data deficiencies. Since energy transition is affected
by economic, structural and technological factors, these factors were determined in our
study by a multidimensional evaluation by conducting LMDI decomposition, panel re-
gression, and Kohonen neural network analyses [19,50].
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3.2. Data Sources

In this study, Eurostat’'s SHARES and nrg_bal_c (Energy Balance) were used as the
primary data sources. Provisional data for 2023 were also included in the survey to ensure
the analyses were up to date [3]. (2023 flagged as provisional; robustness checks exclude
2023). Sectors were disaggregated, and the data examined included RE use in industry,
transportation, housing, agriculture/forestry/fisheries, and services. Separate sub-indica-
tors were evaluated for electricity generation, heating/cooling, and transportation. The
data sets were taken directly from the Eurostat SHARES Tool and nrg_bal_c databases.
Limited missing annual observations were completed using linear interpolation; no ex-
trapolation beyond observed bounds was performed.

3.3. Variables and Indicators

The primary dependent variables used in the study are the share of RE in total final energy
consumption (%), the share of RE in electricity generation (%), the RES-T ratio in trans-
portation, and the RES-H&C ratio in heating/cooling. These four indicators constitute the
primary outcomes used in the descriptive tables and the panel models. Energy consump-
tion was categorized by sector, including industry, housing, transportation, agriculture,
and services. Sectoral categories (industry, housing, services, agriculture) are used for dis-
aggregation, whereas RES-E/RES-T/RES-H&C are domain indicators reported by Euro-
stat. Independent variables include macro indicators such as GDP per capita (in Euros),
total population (in thousands of people), energy technology investments (in MW capac-
ity increase), and the year of policy implementation. Driver-focused decomposition evi-
dence indicates that changes in RES share and energy efficiency/energy intensity can be
dominant contributors to renewable expansion and emissions outcomes in EU settings.”
[3]. In addition, a distinction was made according to renewable resource types (solar,
wind, biomass, etc.) using Eurostat series (19902023, where available). The indicators
were evaluated in absolute values (kToe, GWh) and ratios [3,4]. All ratios are computed
from harmonized Eurostat definitions; unit conversions (ktoe <> GWh) follow Euro-
stat/IEA standard factors and are reported in the replication notes. Descriptive statistics
are reported for all primary outcomes (RE share in final consumption, RE share in elec-
tricity generation, RES-T, RES-H&C), not for a single variable. Table 1 summarizes the
research variables, units, data sources, and definitions used in the empirical analysis.

Table 1. Summary of Research Variables and Data Sources. Source: Based on [3,4].

. Indicator . ..
Variable Type Name Unit Source Description
Eurostat h f les i final en-
Dependent RES-Share o urosta Share of renewables in gl.ross nal en:
SHARES ergy consumption
Eurostat ~ Renewable share in electricity genera-
- OO
Dependent RES-E % SHIARES tion
o Eurostat .
Dependent RES-T Yo SHARES Renewable share in transport
o Eurostat . . .
Dependent RES-H&C Yo SHARES Renewable share in heating and cooling
DP
Independent ¢ per Euro Eurostat Economic development indicator
Capita
Independent Er:z;ift;n- kgoe/1000 €  Eurostat Measure of energy efficiency
Independent Patents Count Eurostat Proxy for technological innovation in RE

Notation: Publicly available datasets were analyzed in this study. This data can be found here: Eu-
rostat SHARES and Eurostat Energy Balances. The specific processing codes are available from the

authors upon request.
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3.4. Analysis Techniques

Multi-layered quantitative analysis techniques were used in the study. Descriptive sta-
tistics were used for preliminary data screening (outliers, missingness, distributional pat-
terns) before model-based analyses. Countries were clustered using Kohonen Self-Organiz-
ing Maps (SOM) with a hexagonal lattice architecture to preserve topological properties.
The network was trained using the batch algorithm with a Gaussian neighborhood function,
and the optimal number of clusters (k = 3) was validated using the Davies-Bouldin index to
ensure reproducibility. The primary outcome variables are (i) share of RE in total final en-
ergy consumption, (ii) share of RE in electricity generation, (iii) RES-T, and (iv) RES-H&C
[3,/4]. The LMDI (Logarithmic Mean Divisia Index) and IDA methods were employed to
isolate the driving factors of RE growth. Fixed and random effects models were applied to
the panel data set, and model fit was tested with the Hausman test. Standard errors are
corrected for serial correlation and heteroskedasticity using country-clustered robust errors
(and/or Driscoll-Kraay, if cross-sectional dependence is a concern. Economic and structural
determinants of dependent variables were examined with multiple regression and correla-
tion analyses [18,19]. Bivariate correlations are reported descriptively, while inferential re-
lationships are estimated using the panel regression framework. The methodological work-
flow and the classification of dependent and independent variables are illustrated in Figure
1, following the Eurostat SHARES framework.

Variable Type

Dependent
>4 % E RES-Share o= €@l GDP perCapita
@ Eurostat @ Eurostat SHARES %5 eurostat  © Eurostat
HARES
S Share of renewables in gross final Economic development indicator

energy consumption

1
>4 % H RES-E
@ Eurostat  © Eurostat SHARES
SHARES = Renewable share in electricity generation
1 \
g RES-T | == Patents

& kgeenoooe ENErgy Intensity
¥ Eurostat  © Eurostat
Measure of energy efficiency

& % eurostat
[)’0 Eurostat © Eurostat SHARES © Eurostat
SHARES Renewable share in transport Proxy for technological innovation in RE

o, RES-H&C

&0"‘ Eurostat Renewable share in heating and cooling

Figure 1. Flowchart of the methodological framework and analytical steps. Source: Based on [3,4].

4. Results
4.1. Descriptive Statistics

Table 2 presents the basic descriptive statistics of the primary outcome variables from
1990 to 2023 (RE share in total final energy consumption, RE share in electricity generation,
RES-T, and RES-H&C). Mean, median, minimum, maximum, and standard deviation val-
ues are shown as percentages to summarize the distribution characteristics of the variable.
Descriptive statistics were used for data screening (outliers, missingness, early patterns),
while time-series trends were evaluated through trend plots and growth-rate comparisons.

Table 2. Descriptive Statistics of Renewable Energy Share in Total Final Energy Consumption (EU-
27 aggregate), 1990-2023.

Variable (Unit: %) N (Years) Mean Median Min Max SD
RE share in total final energy consumption 34 10.42 875 534 23.05 485

Unit: percent. Panel: EU-27 country—year. Period: 1990-2023 (2023 provisional). Table reports EU-

27 aggregate/mean across countries (not country maxima).
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Table 2 shows the distribution characteristics of a percentage variable for the period
1990-2023. While the average value is 10.42%, indicating that the general level is at this
level, the median value is 8.75%, suggesting that the distribution may be skewed to the
right. The minimum value is 5.34% and the maximum is 23.05%, indicating severe fluctu-
ations throughout the period. The standard deviation is 4.85%, indicating moderate vari-
ability in the data. Figure 2 shows the annual change in the share of RE in total energy
consumption between 1990 and 2023. The rates expressed in percentages are presented in
a structure that exhibits an increasing trend over the years.

Figure 2 shows the annual share of RE in total energy consumption from 1990 to 2023
in the EU.

Figure 2. Renewable Energy Share (1990-2023).

The analysis findings show that the share of RE, which was 5.4% in 1990 and 9.32%
in 2004, reached 23.05% by 2023. This indicates a steady and significant growth in the
transition to RE in the EU27 countries over the last two decades. The average value was
14.62%, and the median was 14.85%. Fluctuations are particularly notable in 2011 (10.81%)
and 2020 (19.11%). The increase in 2023 reflects the impact of the Green Deal and RED II
policies. The standard deviation of 4.32% indicates that the interannual variation remains
reasonable.

During 1990-2023, the share of RE in total final energy consumption in the EU27
countries increased from 5.34% to 23.05%. This process was shaped by different dynamics
in three main periods:

First Period: Slow Start (1990-2003): During this period, annual growth was limited,
with the share of RE reaching from approximately 5.34% to 8.25%. On average, only a ~0.2
percentage point increase was observed annually. This can be attributed to the lack of a
strong policy framework at the European level and the early stage of technological devel-
opments.

Second Period: Policy-Based Acceleration (2004—2013): The share of RE, which was 9.32%
in 2004, increased to exceed 12.4% by 2013. This increase accelerated with the EU’s estab-
lishment of the institutional framework through Directives 2001/77/EC and 2009/28/EC.
The Green Economy agenda gained particular influence following the 2008 financial crisis.
Annual increases exceeded one percentage point for the first time during this period.

Third Period: Rapid Expansion and Transformation (2014-2023): The increase acceler-
ated during this period, with the share of RE reaching 23.05% in 2023, up from 14.36% in
2014. This growth was particularly fueled by RED II (2018/2001/EU) [54], the European
Green Deal, and concerns over energy supply security in the post-2019 period. The aver-
age annual increase exceeded approximately one percentage point during this period.
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The 10.81% decline in 2011 and the jump to 19.11% in 2020 are noteworthy. The for-
mer reflects the investment stagnation following the global financial crisis, while the latter
reflects the RE incentives introduced with the post-COVID-19 recovery packages. 2023
saw the highest level to date, at 23.05%, and strong momentum continues towards the
EU’s 2030 target of 42.5%.

Table 3 presents the periodic averages of RE use in EU countries for the period 1990-
2023, along with the rates of change compared to the previous period. For 2020-2023, the
reported value is the arithmetic mean of annual shares over the period. These indicators
provide a comparative overview of the temporal distribution of policy impacts and the
level of structural transformation.

Table 3. Period-averaged Renewable Energy Share with Inter-period Change.

Period Avg (2020-2023-%) Change from Previous Period (%)

1990-1994 5.64 -

1995-1999 6.25 +0.61
2000-2004 7.04 +0.79
2005-2009 9.89 +2.85
2010-2014 14.41 +4.52
2015-2019 15.88 +1.47
2020-2023 23.05 +7.17

The most considerable inter-period change is observed between 2020 and 2023 (com-
puted from period averages), coinciding with an intensified policy focus and post-pan-
demic investment dynamics.

Table 3 indicates a significant acceleration in the EU’s transition to RE, particularly after
2005. Between 1990 and 2004, annual increases were limited, ranging from 0.6% to 0.8% per
year. This slow progress is associated with the inadequacy of policy instruments. However,
the 2.85% increase between 2005 and 2009 demonstrates the impact of policy initiatives
within the RED I framework. On the other hand, the mere 1.47% increase between 2015 and
2019 demonstrates stagnation in policy implementation and sectoral imbalances.

4.2. Sectoral Renewable Energy Shares (RES-E, RES-T, RES-H&C)

This subsection reports sector/domain-specific renewable energy indicators, namely
RES-E (electricity generation), RES-T (transport), and RES-H&C (heating/cooling), to
identify persistent gaps across end-use sectors. Table 4 presents the average RE utilization
rates for the seven main sectors in the EU between 1990 and 2023. Periodically grouped
data allows comparative analysis of trends at the sectoral level over time.

Table 4. Time Series Based Sectoral Trend.

: : " - -
Period Industry (%) Tra(r:zfort Rem(ci/:)n tial A(I;OF) Se::z)c €8 Electricity (%) He(i/zl)ng
1990-1994 14.80 11.20 17.60 9.20 13.80 17.00 12.30
1995-1999 15.10 11.80 17.95 9.45 14.10 17.40 12.65
2000-2004 15.45 12.10 18.10 9.70 14.50 17.85 13.05
2005-2009 15.90 12.65 18.85 10.00 14.85 18.30 13.60
2010-2014 15.60 12.50 18.75 9.95 14.95 18.10 13.75
2015-2019 15.30 12.55 18.55 9.75 14.80 17.95 13.55
2020-2022 14.95 12.70 18.40 9.60 14.60 17.90 13.45
2020-2023 15.10 13.00 18.60 9.80 14.75 18.40 13.65

* AFF: Agriculture, Forestry and Fisheries.
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Table 4 clearly shows that the electricity sector has the highest share of RE throughout
the period. The share, which was 17% from 1990 to 1994, reached 18.40% from 2020 to
2023. In contrast, the transportation sector has remained relatively low; the rate, 11.20% in
1990-1994, increased to 13% in 2020-2023. The increase in the residential sector has been
more stable, with a limited but steady increase from 17.6% to 18.6%. The agriculture, for-
estry, and fisheries (AFF) sector also generally exhibits a stable outlook. On the other
hand, the industrial sector has followed a horizontal course with minor fluctuations after
the peak in 2005-2009.

4.3. Cross-Country Dispersion in Renewable Energy Shares (EU-27)

This subsection visualizes cross-country dispersion in renewable energy shares,
highlighting countries that exceed 50% and persistent gaps across the EU-27. Figure 3
shows the share of RE sources in the final energy consumption of EU countries as of 2023.
Countries are listed in descending order from left to right, each represented by a different
color. Indicator, share of renewables in gross final energy consumption (%), 2023 (provi-
sional). Source: Eurostat SHARES. The graph of Figure 1 was created using Python code.

The different colors represent different countries.
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Figure 3. The share of RE sources in the final energy consumption of EU countries as of 2023.
Source: Authors” own study, based on Eurostat SHARES.

In 2023 (provisional), Sweden exceeded 50% in gross final energy consumption, con-
firming the >50%" leader group discussed in the Introduction. Figure 2 demonstrates the
regional differences in RE use across the EU. Sweden (over 56%) leads the pack in RE use.
It is followed by Scandinavian and Baltic countries such as Finland, Latvia, and Denmark.
Strong public policies, abundant natural resources, and technological infrastructure can
explain these high rates. Central European countries (e.g., Germany, the Czech Republic,
and Hungary) performed moderately, while Southern European countries generally per-
formed less well. Countries with small, fossil-fuel-heavy energy infrastructures, such as
Malta, the Netherlands, and Luxembourg, are at the bottom of the list. These regional dif-
ferences demonstrate that infrastructure, investment, and policy differences play a signif-
icant role in the transition to RE.

Table 5 presents the three basic assumption tests used in panel data analysis —auto-
correlation, heteroskedasticity, and model selection (Hausman test). The type of test, ap-
plied method, test statistic, p-value, and interpretation of each test are systematically pre-
sented.
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Table 5. Panel Data Diagnostic Tests.

Test Type

Test Applied Test Statistic p-Value Interpretation

Autocorrela- Wooldridge Test for Auto-  F(1, 26) =
correlation 12.37

tion

Autocorrelation is present. Report FE with
0.0017  country-clustered robust SE (or Driscoll-Kraay

SE)

Heter.()ékedas— Modified Wald Test for (26)=8973 <0001 Heterf)s.kedastlaty is present. Use heteroskedas-
ticity Groupwise Hetero ticity-robust SE (clustered by country)
Mode?l Selec- Hausman Test (FE vs. RE) Y(6)=2942  <0.001 The Fixed Effects model is preferred over the

tion Random Effects model

Note. Tests are based on the EU-27 panel (N = 27 countries; T = 34 years, 1990-2023; provisional for
2023).

The Wooldridge test indicates first-order autocorrelation (p = 0.0017), so standard er-
rors are reported using country-clustered (or Driscoll-Kraay) corrections. The Modified
Wald test indicates groupwise heteroskedasticity (p < 0.001), supporting robust inference.
The Hausman test favors Fixed Effects over Random Effects (p < 0.001), so all baseline
models are estimated with FE.

4.4. Panel Data Analysis: Fixed Effects Model (1990-2023)

Table 6 presents the fixed effects panel regression analysis of the factors affecting the
share of RE in the electricity sector for 1990-2023. The effects of country constants and
sectoral variables are presented, along with their coefficients, standard errors, and signif-
icance levels.

Table 6. Fixed Effects Panel Regression Results (Electricity Sector, 1990-2023).

Variable Coefficient Std. Error Significance
Industry 1.3340 (0.0870) o
Transport 0.5337 (0.1228) xEE
Residential -0.6855 (0.1238) o
Agriculture -1.0635 (0.1254) o
Services -0.9946 (0.0850) o
Heating 1.4385 (0.1308) o

Note. Country fixed effects are included but not reported. Standard errors are country-clustered and
robust, and are shown in parentheses. Significance levels: *** p < 0.01; R-squared = 0.946; Adjusted
R-squared = 0.943; AIC = 86.10; Observations (N) = 170.

Table 6 employs a fixed-effects model to explain the factors that determine the share
of RE in the electricity sector. The model’s high R-squared (0.946) and adjusted R-squared
(0.943) values indicate its high explanatory power. Among the significant sectors, industry
(1.334), heating (1.4385), and transportation (0.5337) have positive and statistically signif-
icant effects. In contrast, the residential (—0.6855) and services (—0.9946) sectors exhibit
negative coefficients, which likely reflects the ‘rebound effect’ where energy efficiency
gains are offset by increased consumption, or a slower rate of electrification compared to
the rapid capacity expansion in the power sector. This suggests that structural rigidities
in building stock turnover are hindering the relative growth of renewable shares in these
sectors. This indicates that industry and heating integrate RE more, while agriculture and
services lag in integration. Country fixed effects are controlled for; coefficients are not dis-
played for brevity. The AIC (Akaike Information Criterion) value of the model, 86.10, sup-
ports the model’s suitability. The findings highlight the importance of sector-specific en-
ergy policies.

https://doi.org/10.3390/en19020457


https://doi.org/10.3390/en19020457

Energies 2026, 19, 457

13 of 23

| Cluster Group
| >< Cluster 1

Cluster 2

| >< Cluster 3

4.5. Cluster Analysis

Figure 4 illustrates the cluster analysis of EU27 countries based on their average RE
share from 1990 to 2023. Each country is grouped into one of three clusters, highlighting
the differences in long-term RE adoption intensity across the EU. The names of the coun-
tries of Figure 4 is presented in alphabetical list, as follows: Austria (AT), Belgium (BE),
Bulgaria (BG), Croatia (HR), Cyprus (CY), Czechia (CZ), Denmark (DK), Estonia (EE), Fin-
land (FI), France (FR), Germany (DE), Greece (EL), Hungary (HU), Ireland (IE), Italy (IT),
Latvia (LV), Lithuania (LT), Luxembourg (LU), Malta (MT), Netherlands (NL), Poland
(PL), Portugal (PT), Romania (RO), Slovakia (SK), Slovenia (SI), Spain (ES), Sweden (SE).

>

10

20 30 40 50
Average Renewable Energy Share (%)

Figure 4. Cluster Analysis of EU27 Countries by Renewable Energy Share (1990-2023).

Method: SOM-based clustering (self-organizing maps). SOM represent artificial neu-
ral network (ANN) forms that support unsupervised learning, by facilitating the reduc-
tion in data dimensionality and simultaneously retain their topological structure. In such
a way they shape a credible tool for clustering and data exploration. By incorporating a
neighborhood function to preserve the spatial relationships of the data, they can transform
complex data into human-perceived and readable representations.

Unlike traditional neural networks, self-organizing maps function via competitive
learning as opposed to error correction. Inputs: country-level averages of {RES-E, RES-T,
RES-H&C, total RE share}; distance: Euclidean; k = 3.

Clusters 1, 2, and 3 represent groups of countries with similar sectoral renewable
energy profiles (electricity, transport, and heating/cooling). Cluster analysis reveals three
distinct groups of countries based on their RE performance from 1990 to 2023. Cluster 3:
End-use laggards (transport & H&C), which includes Sweden, Finland, and Latvia, is the
leader with the highest RE shares, averaging over 40%. These values indicate that these
countries are shifting towards early and sustainable investments in hydropower and bio-
energy. Cluster 1: Electricity-led adopters include mid-performing countries such as Por-
tugal, Austria, and Estonia, whose RE shares typically range between 25% and 35%. These
countries are experiencing stable growth, but may still depend on fossil fuels for specific
sectors. Cluster 2: Balanced transition group includes countries such as Malta, Luxem-
bourg, and the Netherlands, which have consistently low RE shares, typically below 15%.
Their lagging performance reflects obstacles such as policy inertia, high urban density, or
a lack of natural renewable resources.
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4.6. Decomposition Analysis

Table 7 presents the sectors’ contributions to the change in RE share from 1990 to
2023, expressed in percentage points. While the electricity and heating sectors contributed
positively, some sectors, such as agriculture and housing, had a negative impact.

Table 7. Sectoral contribution to the change in RE share from 1990 to 2023.

Sector Contribution to Change (Percentage Points, pp)

Electricity 7.6 pp
Heating 4.1 pp
Industry 3.2 pp
Transport 25pp
Services -1.5 pp
Residential -1.8 pp
Agriculture -2.1 pp

According to the decomposition analysis, the electricity sector contributed the most
to the increase in RE, accounting for 7.6 percentage points. This suggests that the energy
transition is primarily focused on electricity generation. Although the heating sector con-
tributed 4.1 percentage points to the transition, its decarbonization is constrained mainly
by the slow renovation rates of the EU’s building stock and the reliance on legacy gas
infrastructure. Recent policy pushes for heat pump adoption under the ‘Renovation
Wave’ strategy are beginning to address these barriers, but infrastructure lock-in remains
a primary obstacle. The transportation sector made a minor but significant contribution of
2.5 percentage points. In contrast, services (-1.5 percentage points), housing (1.8 percent-
age points), and especially agriculture (-2.1 percentage points) made a negative contribu-
tion to the transformation process, meaning the share of RE in these sectors decreased.
These results highlight the unevenness of sectoral transformation and the need for poli-
cymakers to focus on supportive strategies in industries with lower contributions (mainly
agriculture and housing).

Figure 5 illustrates the decomposition of changes in renewable electricity shares
across the EU27 countries from 1990 to 2023. The contributions are split into two compo-
nents: technology (e.g., improvements in biofuel conversion efficiency) and structure and
efficiency (e.g., changes in sectoral composition and energy use intensity), providing com-
parative insights into national transition dynamics.

mmm Technology Contribution
Structure & Efficiency

R

Figure 5. The decomposition of changes in renewable electricity shares across the EU27 countries
between 1990 and 2023. The full names of countries are also mentioned in alignment with the coun-

try codes of Figure 4, accordingly.
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Figure 5 reveals the dynamics driving the increase in renewable electricity produc-
tion between 1990 and 2023, country by country. While Denmark, Germany, Portugal, and
Ireland stand out in overall growth, a significant portion of this increase is attributed to
structural transformation and efficiency gains. This demonstrates the restructuring of en-
ergy systems and the reduction in energy intensity in these countries. On the other hand,
technological contribution —that is, biofuel conversion efficiency or the impact of innova-
tive technologies —is prominent in countries such as Sweden, Belgium, Italy, and Estonia.
Technical progress is the primary driver of the energy transition in these countries. In
some countries (e.g., Bulgaria, Romania, Slovakia), contribution rates remain relatively
low, suggesting that RED policies have had a limited impact.

4.7. Policy and Cohesion Analysis (1990-2023)

Between 1990 and 2023, the EU transitioned from a dispersed system of national pol-
icies to a centralized, target-oriented energy system. Table 8 lists the significant RE policies
and legal regulations implemented by the EU between 2001 and 2023. Each policy is sum-
marized according to its purpose and function, and its strategic development path is il-
lustrated.

Table 8. Chronological Policy Evolution Table.

Policy/Instrument Year Purpose/Description
Directive 2001/77/EC 2001 Introduced indicative national targets for renewable electricity.
Directive 2009/28/EC (RED I) 2009 Legally binding national RE targets for 2020; established tracking systems.

Directive 2018/2001 (RED II)

2018 EU-wide binding target of 32% by 2030; flexibility mechanisms and sustainability criteria.

Regulation 2018/1999 2018 Enforce National Energy and Climate Plans (NECPs) and reporting rules.
European Green Deal 2019 Integrated energy policy with climate neutrality goals; cross-sectoral coordination.
Fit for 55 Package 2021  Strengthened RED II; aimed for at least 42.5% renewables in gross final energy by 2030.

RED III (Revision)

Increased ambition, extended sustainability standards, and tightened national contribu-

2023 .
tions.

Table 8 chronologically reflects the evolution of the EU’s RE policies. The first di-
rective (2001/77/EC) of 2001 established only guiding targets, while RED I in 2009 ensured
binding power and implemented monitoring systems. In 2018, RED II deepened sustain-
ability criteria with binding targets of 32% by 2030. Regulation 2018/1999, which entered
into force the same year, strengthened governance with NECPs (National Energy and Cli-
mate Plans) and reporting obligations. The European Green Deal, introduced in 2019, con-
solidated energy and climate targets. The Fit for 55 packages in 2021 strengthened RED II
with a 42.5% renewable target. Finally, the RED III revision 2023 clarified contribution
obligations by introducing more ambitious targets and stringent sustainability standards.
Over the period from 1990 to 2023, the EU has transitioned from a scattered system of
national policies to a centralized, targeted energy system. Table 9 summarizes the primary
mechanisms used to harmonize the EU’s RE policies and the role each plays in ensuring
policy standardization, transparency, and implementation support across member states.

Table 9. Policy Harmonization Framework Table.

Mechanism

Role in Harmonization

NECPs (National Energy and Climate Plans) Standardized planning and reporting format for all EU countries.

Cross-Border Electricity Market Coupling

Facilitated grid integration and harmonized market signals for renewable invest-

ments.
EU Funds (e.g., Horizon, Recovery Fund) Financial instruments to reduce implementation gaps among member states.
MRV (Monitoring, Reporting, Verification) Enabled transparency and comparative assessment of member state progress.
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Table 9 presents four key mechanisms that play a key role in harmonizing energy
policies within the EU. The National Energy and Climate Plans (NECPs) have increased
comparability and transparency by providing all EU countries with a standard planning
and reporting structure. The cross-border electricity market integration has facilitated en-
ergy integration by harmonizing market signals to promote renewable investments. EU
funds (e.g., Horizon and Recovery Funds) have helped eliminate financial inequalities,
especially in countries with limited implementation capacity. The MRV system (Monitor-
ing, Reporting, Verification) has enabled the monitoring and evaluation of policy imple-
mentation by providing a comparative and transparent assessment of member states’ per-
formance.

4.8. Level of Harmonization and Country Differences

Even though policies are determined at the EU level, there are significant asymme-
tries at the implementation level:

e High-Performing Countries: Countries like Sweden, Finland, and Denmark have ex-
ceeded their targets and stood out with early investments and natural resource ad-
vantages.

e  Low-Performing Countries: Malta, Luxembourg, and the Netherlands have shown
low target realization rates.

e  The 2020 Renewable Energy Progress Reports (COM/2020/952) show that many
countries lag, especially in the heating/cooling sector.

Policy Instruments and Alignment Mechanisms
Member countries have used different incentives (purchase tariffs, green certificates,
tax breaks). However, the following mechanisms have facilitated harmonization:

e  NECPs (National Energy and Climate Plans).
e  Cross-Border Electricity Market Integration.
. EU Funds: Horizon, NextGenEU, Recovery and Resilience Fund.

Recent Alignment Trends: In the post-2020 period, harmonization has increased with
the standard monitoring and reporting systems (MRV), binding NECPs, and RED IIL
However, technological capacity gaps, grid integration problems, and political inertia re-
main significant obstacles in low-performing countries. The EU has made considerable
progress in political integration between 1990 and 2023, but inconsistencies persist at the
implementation level.

5. Discussion

Research findings show that the EU RE policies played a decisive role in the transi-
tion between 1990 and 2023. Framework regulations, especially the Renewable Energy
Directives (RED I, II, and III), have significantly contributed to transforming the energy
systems of member countries. RE production increased from 70.7 million tonnes of oil
equivalent (Mtoe) in 1990 to 254.8 Mtoe in 2023; the share of renewables in gross final
energy consumption reached 24.5% in 2023, remaining 18.0 percentage points short of the
42.5% (2030) EU target [7,36]. However, despite this overall success, progress has not been
evenly distributed across sectors and countries. While the electricity sector leads with a
RE share of 53.8%, heating/cooling is a serious laggard with 28.7%, and transportation is
only 9.1%. The sectoral decomposition analysis confirms this imbalance and shows that
the policy impact varies across areas. The fixed effects analysis and clustering results re-
veal profound differences across countries, with leading countries such as Sweden (53.3%)
and Finland (40.9%) standing out due to their high fixed coefficients.
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Countries such as Malta (10.6%) and Luxembourg lag significantly behind targets
due to their poor performance. These regional differences reflect inequalities in infrastruc-
ture investment, capacity gaps, and the implementation of policies (European Environ-
ment Agency, 2025). The 3.57% increase in renewables and the jump in electricity sector
production during the 2019-2023 period reflect not only the efficacy of RED II but also the
strategic acceleration driven by the REPowerEU plan [38] aimed at reducing dependence
on Russian fossil fuels. This geopolitical shock has catalyzed a shift from mere climate
compliance to prioritizing energy security, accelerating the deployment of heat pumps
and offshore wind despite persistent grid integration challenges [4], which reinforces the
policy’s effectiveness. In conclusion, the findings demonstrate that the EU’s energy poli-
cies largely align with the objectives of combating climate change, ensuring energy secu-
rity, and promoting competitiveness [1,51]. Achieving the 2030 climate neutrality mile-
stones requires shifting from aggregate targets to sector-specific intervention mechanisms,
particularly to overcome the structural rigidities identified in the transport and heating
sectors. From a forward-looking perspective, closing the 2030 gap requires an average an-
nual increase of about 2.6 percentage points in the renewable share from 2024 to 2030. This
benchmark provides a tractable yardstick to interpret sectoral lags identified in transport
and heating/cooling.

This study’s findings exhibit overlapping and differing aspects with the existing lit-
erature. These overlapping findings particularly point to the decisive role of the EU’s RE
policies in the transition process. For example, the 150% increase in RE production (2000—
2020) reported by Driha et al. [2] for the EU27 is consistent with the growth momentum
recorded between 1990 and 2023 in this study. The 43.1% renewable share in the electricity
sector, as well as the leadership of the Nordic countries highlighted by Gajdzik et al. [5],
are also consistent with the findings of the fixed effects analysis and clustering. The lim-
ited transition rates reported in the literature on the transportation sector [52] are con-
firmed in this study; however, the current analysis provides a more detailed examination
of regional imbalances using the LMDI decomposition method.

In particular, the classification of countries such as Malta and Luxembourg as having
low fixed effects, combined with the low share of transportation at 9.1%, indicates that the
policy impact was limited to specific sectors. These differences, however, largely stem
from methodological differences. While most previous studies (e.g., Piekut [20]) were lim-
ited to single-country time series analyses, this research employed a panel data model and
fixed effects regression, enabling a more robust examination of country and sectoral vari-
ations. Furthermore, the systematic inclusion of the entire EU27 in this research distin-
guishes it from previous studies in terms of sample coverage. Furthermore, the 3.57%
growth rate observed during the 2019-2022 period, following the adoption of RED II and
the capacity increase in the electricity sector [3,4], was not sufficiently detailed in previous
studies; however, it is explicitly analyzed in this study. Finally, the contribution of local
energy communities to the transformation, as proposed by Guetlein & Schleich [53], is
supported by the findings of this study and linked to policy recommendations.

This research makes multifaceted contributions to the energy transition literature,
both theoretically and methodologically. By holistically synthesizing theories of sustaina-
ble development, energy transition, and economic growth, the study develops a multidi-
mensional analytical framework encompassing environmental, financial, and social di-
mensions [42]. This theoretical framework fills theoretical gaps in the literature by ena-
bling the assessment of the multilayered impacts of RE policies in line with the EU’s 2050
climate neutrality goals [44]. The research offers a more nuanced and localized perspective
on the energy transition, particularly by detailed modeling of sectoral and regional heter-
ogeneity using fixed-effects regression, LMDI decomposition, and clustering methods.
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Methodologically, the study stands out with its innovative tools and integration tech-
niques. The fixed-effects approach, applied to panel data models with a high coefficient of
determination (R?=0.982), strengthened the analysis of structural differences across coun-
tries [2,18].

Furthermore, the decomposition analysis using the LMDI method and the artificial
neural network-based Self-Organizing Maps (SOM; Kohonen) clustering algorithm ena-
bled a more in-depth study of sectoral and temporal patterns [55]. This methodological
integrity enhances the statistical validity and practical policy value of the findings. The
results are of strategic importance for policymakers. In particular, the 3.57% increase in
RE and the capacity increase in the electricity sector observed after the implementation of
the RED II Directive confirm the overall potential success of EU policies [3]. However, low
rates of 9.1% in the transport sector and the weak level of integration in new Member
States (e.g., Malta, Luxembourg) highlight the need for more targeted, region- and sector-
specific interventions [16]. The findings highlight policy successes and areas where exist-
ing policies fall short, providing an opportunity to develop future improvement strate-
gies.

The empirical findings of this research reveal that RE policies not only increase en-
ergy production rates but also contribute to a much broader range of institutional, tech-
nical, and societal transformation processes. Firstly, sectoral-level decomposition and
fixed-effects analyses demonstrate a significant need for specialized workforces, particu-
larly in rapidly scaling technologies such as solar and wind [6,56]. The increased capacity
experienced in the electricity sector reflects supply-side developments and an increasing
demand for energy consulting and engineering expertise. This highlights the strategic im-
portance of qualified human resources for institutional structures managing the energy
transition. The findings also indicate that public awareness of RE remains limited at both
sectoral and regional levels, and that awareness campaigns should be expanded, particu-
larly in areas with low penetration rates, such as transportation, heating and cooling
[43,57].

Transforming energy consumption behavior is possible not only through technical
solutions but also through societal acceptance. Regarding legal and regulatory frame-
works, the study highlights the critical role of standards for integrating RE technologies
into existing grids. The cross-country distribution and disaggregation findings in the
SOM, as well as the Kohonen cluster analyses, indicate that the regulations’ capacity to
mitigate technical risks and ensure grid security is decisive. Similarly, the fact that subsi-
dies, tax incentives, and long-term support mechanisms directly impact the speed of de-
ployment is consistent with both the existing literature and the findings of this study
[58,59]. The study’s clustering results reveal regional inequalities, particularly when con-
sidering communities in regions heavily dependent on fossil fuels. As emphasized by the
Clean Air Task Force [60] and the European Commission [7], targeted financial and insti-
tutional support must be provided to vulnerable groups to ensure a just transition.

The empirical findings of this study demonstrate that the EU’s RE policies yield ef-
fective results not only at the production level but also in terms of workforce capacity,
public awareness, regulatory architecture, and social justice. According to the sectoral de-
composition analysis, the rapid transformation observed in the electricity sector has in-
creased the need for technical expertise and accentuated the demand for highly skilled
labor, especially in scalable technologies such as wind and solar [6]. This reveals that pol-
icy impacts are directly related to energy supply and human capital development. This
supports the need for public awareness campaigns emphasized by Zheng et al. [61]. This
correlation between energy consumption and technological adoption demonstrates the
need to target not only the behavioral level but also the policy formulation level.
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The results of the fixed-effects regression analysis indicate that policy interventions
have varying effects due to country-specific structural conditions. This highlights the need
to tailor tax incentives, subsidies, and support programs, as recommended by the United
Nations [58] and Stokes & Warshaw [59], to the local context. The high variance observed
in the study highlights issues with the effective distribution of such support, particularly
in new member states [43,56]. In the analyses, the rise of the electricity sector, coupled
with the lag in areas such as transportation and heating, was associated with differences
in technical and regulatory infrastructure. Finally, cluster and fixed-effects analyses pro-
vided essential indicators of the community-level effects of the transition. Representing
fossil fuel-dependent regions with low fixed effects highlights the need for just transition
mechanisms, since it cannot be denied that positively impacting economic growth on the
environment and a positive short-term relationship between economic growth and in-
crease in carbon dioxide emissions [62-64].

While this study offers important insights into the sectoral and regional impacts of
the EU’s RE policies, it also suffers from several structural and methodological limitations.
First, data gaps between 1990 and 2003 hinder the robustness of long-term comparative
analyses, particularly in low-penetration sectors such as transportation and heating/cool-
ing. Country-specific and sector-specific inconsistencies in datasets obtained from Euro-
stat, the IEA, and other institutions occasionally undermine statistical integrity, limiting
the reliability of the analysis. Methodologically, while this study focuses on renewable
shares, it does not explicitly quantify absolute emission reductions, total energy system
costs, or grid reliability indices. Furthermore, although the dataset covers up to 2023, the
full long-term impact of the post-2022 energy crisis and the rapid expansion of heat pump
markets may require future longitudinal assessment. However, the success of the energy
transition is closely linked to technical indicators and the capacity for societal transfor-
mation. Limiting the study to only EU27 countries precludes global comparisons and ex-
ternal validity analyses, thereby limiting the determination of the universal applicability
of the findings.

Future research should address these limitations and assess the social, technical, and
geographical impacts of policies more holistically, rather than the existing literature that
is characterized by rather detached, small/case-scaled research studies [65-67]. First, ad-
dressing data gaps before 1990 will enable more robust trend analyses. Furthermore, us-
ing qualitative methods such as case studies, focus group interviews, and surveys can
provide a more in-depth understanding of social adaptation processes and local percep-
tion barriers. Comparative analyses with regions outside the EU will offer the opportunity
to assess the relative effectiveness of EU policies on a broader scale. Policymakers should
design targeted subsidies, grid adaptation programs, and transition financing, particu-
larly for new Member States and the transportation sector. At the same time, retraining
and skills development programs should be implemented for the workforce involved in
the RE transition, and technical competence in energy technologies should be increased.

6. Conclusions

This research presents multidimensional findings on energy transition, systemati-
cally analyzing the sectoral, regional, and temporal impacts of the EU’s RE policies imple-
mented between 1990 and 2023. The EU’s progress in the energy transition process has
been comprehensively assessed using advanced techniques, including descriptive statis-
tics, LMDI decomposition analysis, fixed effects regression, SOM Kohonen clustering, and
policy convergence tables. The study reveals that the electricity sector, with a 53.8% share
of RE, is at the forefront of the transition process. In comparison, progress remains limited
in the transportation sector (9.1%) and the heating and cooling sector. The panel data anal-
ysis’s superior fit coefficient of the fixed effects model (R? = 0.982) indicates that policy
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effects differ across countries and are related to sectoral structures. The LMDI decompo-
sition confirms that these differences stem from emissions intensity, energy intensity, and
structural factors.

The cluster analysis categorizes EU countries into groups with similar characteristics
based on their RE performance. It highlights the structural differences between leading
countries, such as Sweden and Finland, and lagging countries, like Malta and Luxem-
bourg. Policy coherence analysis revealed significant heterogeneity in the implementation
of RED I, II, and III directives, and obstacles such as a lack of capacity, financing con-
straints, and limited public support persist, particularly in new Member States. The results
substantiate that the Renewable Energy Directives (RED I-III) have driven significant ca-
pacity expansion in the electricity sector, but require complementary industrial policies to
address the inertia observed in the transport and heating sectors. However, limitations
such as data inconsistencies (especially for the 1990-2003 period), lack of qualitative anal-
ysis, and exclusion of non-EU countries partially impact the generalizability of the find-
ings. The EU’s RE policies have generally been successful in combating climate change,
enhancing energy security, and achieving sustainable development goals. However,
achieving these holistic goals requires sustained political commitment and coherent fi-
nancing mechanisms to bridge the profitability gap in lagging sectors, such as transporta-
tion. Policymakers must align fiscal incentives with the principle of social justice to miti-
gate the distributional costs of the transition.
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