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Abstract

The European Union (EU)’s climate policy and energy strategy objectives focus on increas-
ing the share of renewable energy sources to reduce greenhouse gas emissions, strengthen
energy independence, and achieve sustainable economic transformation. This study em-
pirically examines to what extent and in what direction the GDP per capita, investment
rate, and energy intensity influenced the development of the share of renewable energy
sources in the 27 Member States of the European Union from 2015 to 2023. This research
used multiple linear regression, 3-convergence analysis, and a fixed-effects panel model to
process panel data from official Eurostat databases. The results show that the effect of GDP
per capita is structurally positive but not significant in terms of change within a particular
country over time. In contrast, the investment rate is positively and significantly related to
the share of renewable energy in all models. The results of the fixed-effects model highlight
that in years when the investment rate in a given Member State increased, the share of
renewable energy sources in gross final energy consumption also typically increased. In
the case of energy intensity, no significant relationship was found. However, the literature
suggests that improving energy efficiency continues to play a key role in achieving the
EU’s sustainability goals. This study concludes that stimulating investment activity and
developing country-specific energy strategies in the EU Member States are essential to
accelerating the energy transition.

Keywords: European Union; renewable energy sources; panel data analysis; energy
transition; energy efficiency; energy strategies

1. Introduction

Climate change is one of the most critical global challenges of the 21st century, and
its adverse effects require urgent intervention in the functioning of social and economic
systems. To preserve the Earth’s ecological balance, it is essential to rethink the current
economic model, which is based on excessive consumption. Environmentally conscious
consumers are at the heart of sustainable economic transformation. Consumer behavior is
shifting towards rationalized, mindful consumption that supports environmental sustain-
ability without reducing living standards. New financial paradigms—such as green and
circular economic models—Dbase sustainable development on increasing the energy effi-
ciency of production systems, the application of clean energy sources, and the widespread
use of recycled resources [1-10].

Figure 1 illustrates how recognizing climate change necessitates a review of the current
economic model, which is based on excessive consumption, and the development of
conscious consumer behavior. This change in consumer attitude underpins the rise in
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green and circular economic models that support sustainable development by promoting
energy efficiency, renewable energy, and resource recycling [11-18]. The figure shows the
logical connections between these processes, emphasizing the complex systemic nature of
economic restructuring.

Climate,Change

Overconsumption Model

[Energy E: 'ciency] [Renewa’ﬁlg Energy]

[SustainMelopment]

Figure 1. Theoretical relationships in sustainable economic transformation. Source: author’s
own compilation.

Several dynamic relationships between the elements displayed in Figure 1 can
be observed:

The relationship between environmentally conscious consumers and political incen-
tives can be interpreted as the result of social pressure exerted on decision-makers due to
the expectations of consumers, facilitating the introduction and strengthening of regulations
that support renewable energy sources (e.g., feed-in tariffs and green tax breaks).

Incentives to invest in renewable energy are based on the recognition that increasing
energy efficiency reduces the operating costs of energy-intensive sectors. The resources
subsequently freed through cost reduction can be directed towards other technologies, such
as renewable energy sources, thereby increasing the willingness to invest in green energy.

The dynamic relationship between the circular economy and technological innovation
means that an economic structure based on resource recycling promotes technological
innovations that focus on material and energy savings, which in turn encourages the
effective integration of renewable energies into energy systems.

There is a dynamic relationship between green technological innovation and economic
structural change: technological developments aimed at renewable energy sources and
resource efficiency create new industries (e.g., green hydrogen production and innovative
grid systems), which transform the economic structure from a traditional model based on
fossil energy carriers towards a low-carbon, knowledge-intensive economy.

Finally, this study reinforces the dynamic relationship between political incentives and
conscious consumer behavior, meaning that government measures (e.g., energy efficiency
labels, a preference for public services based on renewable energy, and environmental
education) increase the population’s ecological awareness and strengthen the demand
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for sustainable products and services, which in turn affects social support for the green
economic transition.

The existing literature primarily focuses on national differences and lacks a dynamic
analysis based on panel data that can separate the impact of changes within countries from
structural differences between countries. This study aims to fill this gap by applying panel
regression techniques, specifically the fixed-effects model, to data from the 27 Member
States of the European Union for the 2010-2023 period. This approach enables a more
precise understanding of how macroeconomic factors, such as investment rates, GDP per
capita, and energy intensity, affect the change in the share of renewable energy over time
within a country, regardless of fixed national characteristics.

This study extends and clarifies the economic literature on the transition to renewable
energy within the European Union’s Member States in several ways. First, it provides new
empirical evidence that annual growth in the investment rate within a country significantly
promotes the development of renewable energy sources in gross final energy consump-
tion. By taking this approach, this study extends beyond previous work, which primarily
examined long-term structural differences between countries.

Second, this research employs a dynamic fixed-effects model based on panel data
to distinguish between within-country and between-country effects, thereby providing a
more accurate representation of the impact of changes in economic factors over time. This
approach has rarely been used in renewable energy analyses for EU Member States and
therefore represents a novel contribution in terms of methodology.

Third, this study shows that although energy intensity is a theoretically important
variable, it does not demonstrate a significant empirical relationship with the development
of the share of renewable energy. This result provides a critical perspective on claims in the
literature that overestimate the direct impact of energy efficiency on the green transition.

Finally, this study formulates specific policy recommendations for the clustered EU
Member States, thereby contributing to the political economy literature, particularly by
drawing attention to the need for targeted and differentiated energy policy instruments.

The novelty of this research is demonstrated by the fact that although the relationship
between renewable energy and economic factors has been widely studied, this study is
among the first to employ a panel-based fixed-effects model, revealing that the change in
the investment rate within a country over time has a significant impact on the development
of that country’s share of renewable energy. In contrast, most previous research focused
exclusively on cross-sectional or structural differences between countries. Furthermore,
this study’s classification approach (an analysis of five Member State clusters) enables
the formulation of differentiated policy recommendations, which is a unique contribution
compared to the existing literature.

For the EU, sustainable economic transformation is not only an environmental requisite
but also an economic and geopolitical imperative. Transitioning to renewable energy sources
and improving energy efficiency are critical to achieving climate neutrality by 2050, which
was declared a strategic objective of the European Green Deal. However, the energy transi-
tion cannot be achieved solely by changing consumer habits; it also requires an integrated
transformation of energy carriers’ production, distribution, and consumption chains.

One of the biggest challenges facing the European Union is ensuring a rapid but eco-
nomically sustainable transition away from fossil fuels, which requires the decentralization
of the energy system, the grid integration of renewable energy sources, and the devel-
opment of energy storage technologies. In addition, to increase supply security, energy
carriers and sources of energy imports need to be diversified, especially in light of global
geopolitical tensions.
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The widespread application of circular economy principles and energy-efficient tech-
nologies can reduce the demand for materials and energy, thereby mitigating carbon emis-
sions and supporting the EU’s environmental objectives, including the 2030 greenhouse
gas emissions reduction target.

Overall, energy and environmental policy success depends on the EU’s ability to
create an adaptive, flexible, and data-driven regulatory framework that supports economic
competitiveness, social well-being, and environmental sustainability.

This research aims to empirically examine how the GDP per capita, investment rate,
and energy intensity influenced the development of the share of renewable energy sources
in the 27 Member States of the European Union between 2015 and 2023 and to explore
whether there is convergence or divergence between Member States in this area.

Increasing the share of renewable energy sources is crucial to achieving the EU’s
climate protection objectives and strengthening energy sovereignty. Analyzing the rela-
tionship between economic development, investment dynamics, and energy efficiency
allows for the formulation of country-specific policy recommendations that will support a
sustainable energy transition.

The novelty of this research lies in the fact that it examines the relationship between
macroeconomic factors and renewable energy shares, broken down by country, using a
unified methodology and panel-data-based modeling (multiple regression, convergence—
divergence analysis, and fixed-effects panel models). This study provides new empirical
evidence on which economic and energy factors help or hinder individual Member States
in catching up with the EU’s leading players in renewable energy use.

2. Literature Review

The sustainable transformation of energy management has become one of the most
dynamic developing research areas in recent decades, particularly with respect to the
increasing role of renewable energy sources and the analysis of their relationship to eco-
nomic performance. With efforts to achieve climate protection goals and ensure energy
independence, examining the effects of macroeconomic variables, such as GDP per capita,
investment rate, and energy intensity, on renewable energy has become particularly impor-
tant in the EU.

The relationship between renewable energy management and energy dependency in
the EU has become a central issue in its energy strategy over the past decade. Increasing
the share of renewable energy sources not only helps achieve climate protection goals but
also helps to reduce the EU’s economic and geopolitical dependence on external energy
sources. The literature has increasingly focused on examining the extent to which renewable
energy can contribute to increasing energy supply security and reducing import exposure.
The next part of this study aims to review theoretical and empirical research on these
relationships. One study examined the energy dependency of EU Member States, finding
that Croatia, Slovenia, Austria, and Greece had the highest levels of energy dependence. In
contrast, Estonia, France, Malta, Luxembourg, Ireland, Spain, Denmark, Sweden, Cyprus,
and the Netherlands had the lowest levels [19]. According to Kuzior et al. [20], critical
elements of energy security in the EU include resource supply, availability, consumption,
compensability, efficiency, security, and innovation capacity. The results show that most EU
Member States have adequate or moderate levels of energy security. The energy security
index used by these researchers shows that within a country’s energy security framework,
the innovation aspect has the lowest score, making the EU Member States vulnerable.

One study systematized primary energy security indicators for policy relevance and
developed an energy security assessment framework to examine the EU’s import depen-
dency and diversification in terms of energy. This research introduces an energy import
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diversification and security index that allows a country’s energy security level to be mea-
sured for comparison with other countries [21]. Brodny et al. [22] studied sustainable
energy security in EU Member States. The research results show significant differences in
energy security and policy implementation effectiveness across Central and Eastern Euro-
pean countries. Slovenia, Croatia, Latvia, Romania, and Hungary performed exceptionally
well, while Poland and Bulgaria lagged. Their research supports integrating the findings
into the energy and climate strategies of the CEE countries and the EU-27. Another study
examined the state of the EU’s energy independence, concluding that increased energy
dependence threatens its Member States” economic convergence and cohesion. That study
examined the orientation towards renewable energy sources in transport and household
electricity supply. It also presented renewable energy sources as a viable solution to reduce
the European Union’s dependence on energy imports [19].

LaBelle’s study [23] examined the EU’s responses to Russian aggression in the context
of energy security. The EU and its Member States responded to Russian aggression with
“soft” policies that encouraged a shift away from Russian gas, such as using renewable
energy and coordinating joint gas purchases. The EU reallocated its energy sovereignty,
pooling it in energy solidarity, thereby improving its energy security.

That study reviews the most important theoretical models and empirical research
findings that form the basis of the analytical framework of this study.

Creating sustainable energy use at the societal level requires a complex approach
integrating close cooperation between technical, economic, and legal disciplines [24-26].
Technological developments that facilitate the transition to clean energy, including renew-
able energy sources, energy storage solutions, hydrogen technologies, and energy efficiency
innovations, can only be adequately disseminated in the current volatile energy market
environment with an active state and market participation. According to the study by
Nguyen and Ponomarenko [27], developing financial mechanisms, such as government
subsidies and tax incentives, is essential to reducing barriers to investment in renewable
energy sources. It is also necessary to encourage cooperation between government agencies,
the private sector, and academic institutions to jointly develop renewable energy projects.
A study found that energy policy systems, including government taxation and subsidies,
and technological research and development related to climate change mitigation increase
the motivation for alternative energy use, contributing to energy conservation actions by
individuals, companies, and governments [28].

To achieve energy conservation, it is essential to create an adaptive and flexible regula-
tory environment that includes not only technical standards, such as technical specifications
for feeding biogas or hydrogen into the natural gas grid, but also the modernization of
energy market mechanisms. Future implementation options include hybrid models that
integrate Al and machine learning (ML) with distributed energy systems (DESs) to im-
prove grid resilience and sustainability [29-32]. Modernizing energy systems requires
transforming the regulatory energy market to increase system resilience and adapting
renewable energy generation systems. Renewable energy generation has become one of
the most essential global tools to achieve climate protection goals [33,34]. According to
the International Renewable Energy Agency (IRENA), decarbonizing the world’s energy
supply is essential to meet the emission reduction targets set in the Paris Agreement. At
the EU level, renewable energy sources also play a prominent role. The European Green
Deal and the REPowerEU program aim to significantly increase the share of renewable
energy in energy production by 2030, thereby reducing energy import dependency and
greenhouse gas emissions [35].

The economic driving force behind the expansion of renewable energy sources is
closely linked to green technological innovation and the transformation and modernization
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of the industrial structure, which are key elements of green and circular economy models.
As a recent study highlights, to enhance the competitiveness and sustainability of the manu-
facturing industry, regional and city-level policies should foster technological development
and promote green innovation as a foundational structure for the energy transition [36].

A study examined data from 38 countries between 1991 and 2012 and found that the
impact of renewable energy consumption on economic growth varied across countries.
The results show that in 57% of the countries studied, renewable energy consumption
had a positive impact on financial performance, while in the other countries, there was
no significant positive relationship. This heterogeneity highlights that the relationship
between renewable energy and GDP is not always clearly positive and may vary across
countries [37].

Based on the theoretical framework and the literature described in the Introduction
and Literature Review sections, this study formulates the following hypotheses:

H1: GDP per capita positively correlates with the share of renewable energy sources in gross final
energy consumption across the European Union Member States. Specifically, higher economic
development provides greater financial and technological capacity to build and integrate renewable
energy infrastructure.

H2: A higher investment rate significantly increases the share of renewable energy sources; that is,
higher investment activity promotes a faster diffusion of new low-carbon technologies, especially
investments related to renewable energy sources.

H3: Lower energy intensity (i.e., a more energy-efficient economic structure) is positively related to
an increase in the share of renewable energy sources. Energy-efficient economies typically have a
mote developed energy infrastructure and are more likely to integrate renewable energy sources into
final consumption.

3. Materials and Methods
3.1. Data

The analysis is based on publicly available Eurostat databases, particularly the follow-
ing data sources:

Share of renewable energy sources in gross final energy consumption [38], GDP per
capita (at purchasing power parity) [39], energy intensity [40], and investment rate [41].

Table 1 summarizes the data from the Eurostat databases used to analyze the 27 EU
Member States.

Table 1. Descriptive statistics of the variables.

Standard 25th 75th

Variable Observations Mean Deviation Minimum Percentile Median Percentile Maximum
RES_share 243.0 101.5 66.9 24.0 53.5 79.0 136.0 343.0
GDP per capita 243.0 101.5 66.9 24.0 53.5 79.0 136.0 343.0
Investment rate 243.0 98.7 14.1 45.0 92.0 100.0 106.0 151.0
Energy intensity 243.0 48.9 68.1 1.0 7.0 23.0 46.0 298.0

Source: author’s own calculation.

Based on the Eurostat data for the 27 Member States of the European Union, the share
of renewable energy sources in gross final energy consumption demonstrated a continuous
increase between 2015 and 2023. After a moderate expansion in the initial years, the growth
rate accelerated from 2020 onwards, partly due to the Green Deal and REPowerEU programs.
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By the end of the study period, the EU average had significantly exceeded the 2015 level,
indicating the increased commitment of the Member States to decarbonization targets.

GDP per capita also showed an increasing trend during the study period, although the
growth rate was temporarily reduced in 2020 by the COVID-19 pandemic. The economic
recovery following the crisis was rapid, and GDP per capita exceeded the pre-pandemic
level in 2022-2023. This economic growth is partly driven by the increased investment in
green technologies and energy infrastructure.

The investment rate, which measures the ratio of gross fixed capital formation to GDP,
has been relatively stable. A moderate increase can be observed for the EU Member States
between 2015 and 2023, especially after 2021, when many countries launched energy and
infrastructure development projects with the support of recovery funds (Next Generation
EU). The increase in the investment rate may be closely linked to the rise of renewable
energy sources.

Energy intensity, which indicates the efficiency of energy use relative to economic
productivity, shows an overall decreasing trend. This suggests that the EU Member States
have gradually developed a more energy-efficient economic structure. At the same time,
decreasing energy intensity creates the foundation for a greater integration of renewable
energy sources, as economic growth can be sustained with lower energy consumption.

Overall, the evolution of the four macroeconomic and energy indicators over time
paints a coherent picture of the EU’s sustainable economic transformation process, in
which economic development, investment, and energy efficiency strengthen the uptake of
renewable energy sources.

Figure 2 presents the distribution of the four macroeconomic and energy efficiency
variables examined (renewable energy share, GDP per capita, investment rate, and energy
intensity) across the 27 Member States of the European Union between 2015 and 2023. The
figure illustrates significant differences between the Member States, especially regarding
renewable energy share and energy intensity. At the same time, the distribution of the
investment rate moves within a relatively narrow range.

Distribution of Key Variables (2015-2023)
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Figure 2. Distribution of key variables (2015-2023). Source: author’s own compilation.
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In this study, the dependent variable is the share of renewable energy sources in gross
final energy consumption (%) (i.e., RES_share). This variable expresses the proportion of
renewable energy sources in a country’s final energy consumption.

The independent variables in this study are GDP per capita, a variable that represents
a country’s economic development; investment rate (gross fixed capital formation as a
percentage of GDP), which demonstrates the dynamism of the financial structure and
willingness to develop infrastructure; and energy intensity (e.g., kg of oil equivalent per
EUR 1000 GDP), which characterizes the energy efficiency of the economy, reflecting the
ratio of energy use to economic productivity.

These three variables were selected because they represent three fundamental struc-
tural factors among all the macroeconomic determinants of the share of renewable energy.
The choice of the model variables is based on theoretical foundations. GDP per capita,
as an indicator of economic development, is frequently used in the environmental eco-
nomics literature to measure environmental transformation and technological adaptation
capacity [42]. The investment rate directly influences the development of renewable en-
ergy infrastructure, as predicted by endogenous growth models [43,44]. Energy intensity
reflects the energy efficiency of the economy, which is related to the adoption of renewable
energy technologies and the efficiency of the energy transition [45]. These three indicators
thus cover the demand, supply, and technological structural determinants of the share of
renewable energy.

3.2. Methods

This study used the models described below to perform the analyses.

3.2.1. Multiple Panel Regression

Multiple linear regression is a statistical procedure that simultaneously examines the
effects of several independent variables on a single dependent variable. It can be used to
estimate the direction and extent to which each explanatory variable influences the target
characteristic. The basic assumptions of the method include linearity, normality of errors,
and the absence of multicollinearity.

This study used multiple linear regression to quantitatively analyze the impact of
GDP per capita, energy intensity, investment rate, and government subsidies on the share
of renewable energy.

The model equation is as follows:

RES_sharej; = a; + B1 X GDP_per_capitay + By X Investment_rate; + B3 X Energy_intensity; + e (1)

where

RES_sharej;: The share of renewable energy sources in final energy consumption in
country i in year f;

«: The intercept of the model, which represents the baseline without the explanatory
variables;

B1: The regression coefficient measuring the effect of GDP per capita;

GDP_per_capita;: The gross domestic product per capita calculated based on purchas-
ing power parity in country i in year ¢;

B2: The regression coefficient measuring the effect of the investment rate;

Investment_rate;;: The investment rate in country i in year ¢ (ratio of gross fixed capital
formation to GDP);

B3: The regression coefficient measuring the effect of energy intensity;

Energy_intensity;: The energy intensity in country 7 in year t (energy consumption/GDP);

g;: The error term of the model, which includes unexplained differences.
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We assume that the error term ¢;; has a zero expected value and a constant variance,
is normally distributed, is independent of time and country, and is uncorrelated with the
explanatory variables.

3.2.2. o-Convergence

The convergence-divergence test analyzes whether the observed economic vari-
ables approach (convergence) or move away (divergence) from each other over time.
o-convergence measures the change in the standard deviation, while 3-convergence ex-
amines the dynamics of convergence in a regression framework. These methods play an
important role in the assessment of regional development differences.

The convergence—divergence test was used to measure whether the standard deviation
of the renewable energy share among the EU Member States decreased between 2010 and
2025, and whether countries with a lower initial share grew faster.

The equation of the model is as follows:

1 N —\2
o = \/NZi_l (Iny; — lnyt) (2)

where

ot: The logarithmic standard deviation between countries of an indicator under study
(e.g., renewable energy share) at time ¢;

N: The number of countries analyzed;

yir: The value of a given indicator of the i-th country at time ¢;

Iny;: The natural logarithm of the value;

Iny,: The average of the logarithmic values of all countries at time t.

3.2.3. B-Convergence

The fixed-effects model aims to control for time-constant but unobserved character-
istics of individual countries in panel data analyses. Such a model assumes that country-
specific characteristics are not correlated with time-varying explanatory variables. The
advantage of the fixed-effects model is that it excludes the influence of permanent con-
founding factors, allowing for more precise causal relationships to be identified.

The model equation is as follows:

1/TIn(y;, T/y;,0) = a+ Bln(y;0) +¢; (3)

where

y;,0: Country i at the starting time;

y;,T: Country i at the ending time;

1/T In (y;, T /y;,0): The annualized growth rate in logarithmic form;

«: The intercept, which captures the average growth level;

B: The convergence coefficient, showing the direction in which the initial level
affects growth;

g;: The error term accounting for the unexplained differences specific to country i.

The purpose of the logarithmic transformation applied in Equation (3) is twofold: On
the one hand, the growth relationship has to be linearized, since the basic assumption of
convergence theory is that the examined energy economic variable (in this case, the share of
renewable energy) changes proportionally over time. By applying the logarithmic transfor-
mation, the nonlinear relationship can be converted into a linear one. Thus, the necessary
conditions for the regression analysis are met. On the other hand, the logarithmization of
the variables is justified in the derivation of the (3-convergence equation, as this approach
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yields a regression estimate that takes on a more technically stable and economically inter-
pretable form. The logarithmization of the explanatory variable (initial value) allows us to
examine the changing growth rate, which is the essence of the convergence concept.

3.2.4. The Fixed-Effects (FE) Model

With the above procedure, the effect of each individual country’s own time-constant
characteristics can be filtered out, achieving an unbiased estimate of the explanatory
variables (GDP per capita, energy intensity, etc.).

The model equation is as follows:

RES_sharej; = a; + By X GDP_capita;; + By X Investment_ratey + B3 X Energy_intensity;, + €; 4)

where

yir or RES_share;: The share of renewable energy sources in country i in year ¢;

a;: A unique, time-constant effect specific to country i;

Bi: The coefficient measuring the impact of GDP per capita;

GDP_per_capita;;: The GDP per capita in country i in year ¢;

B2: The coefficient measuring the effect of the investment rate;

Investment_rate;;: The investment rate in country i in year ¢;

Energy_intensity;;: The energy intensity in country i in year ¢;

g;: The error term accounting for the unexplained variances specific to country i
in year t.

4. Results
4.1. Multiple Linear Regression Analysis Results

According to the multiple linear regression analysis results in Table 2, the model
shows perfect explanatory power (R? = 1.000, adjusted R? = 1.000), and the extremely high
F-statistic value (2.39 x 103!, p < 0.0000) confirms the global significance of the model. In
contrast, the low value of the Durbin—-Watson statistic (0.2760) indicates the presence of
strong positive autocorrelation in the data.

Table 2. Multiple linear regression results.

Indicator Value
R? (coefficient of determination) 1.000
Adjusted R? 1.000
F-statistic 2.39 x 103!
p-value of F-statistic 0.0000
Durbin—Watson statistic 0.2760

Source: author’s own calculation.

A Variance Inflation Factor (VIF) analysis was conducted, and the values are as follows:
GDP per capita = 1.106; investment rate = 1.158; and energy intensity = 1.067. All VIF values
are well below the acceptance limit (usually 5 or 10), indicating that there is no significant
multicollinearity between the explanatory variables. Thus, there is no need to apply Ridge
regression or delete redundant variables; the model is well specified in this respect.

According to the results presented in Table 3, GDP per capita almost entirely deter-
mines the renewable energy share (coef ~ 1, p < 0.01). The effect of investment rate is
statistically significant but very small. The energy intensity effect is insignificant at the
usual 5% level (p ~ 0.082).
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Table 3. Results of explanatory variables.
Variable Coefficient (Coef) p-Value Meaning
GDP per capita 1.000 0.000 Strongly positive, significant
Investment rate 2.789 x 10715 0.000 Very small, but significant
Energy intensity 2.047 x 10716 0.082 Not significant at the 10% level

Source: authors” own calculation.

The observed small coefficient of investment rate arises from the difference in magnitude
of the dependent variable (share of renewable energy, in %) and the independent variable
(gross fixed asset accumulation rate, also in %), as well as from the original data structure
being entered into the model. The numerical value of the coefficient itself (2.789 x 10~1°)
seems small at first glance, but this is primarily due to the different units and scales of the
variables, rather than the fact that the effect is economically irrelevant. Nevertheless, the
present model indicates a statistically significant and directionally consistent effect, which
confirms the relevant role of investment in the growth of renewable energy in the EU.

The results show that in 2015-2023, the European Union generally saw an increase in
the share of renewable energy, which was positively influenced by economic development
(GDP per capita growth) and infrastructure investments. The investment rate showed a
moderate but stable increase, especially after 2020, due to the establishment of recovery
programs. The decrease in energy intensity contributed to the improvement in the energy
efficiency of the economies, thereby supporting the greater integration of renewable energy
sources. GDP per capita was positively correlated with the increase in the share of renew-
able energy, while changes in energy intensity showed a more differentiated picture across
countries. Overall, in the EU, the economic and energy indicators developed in line with
sustainable energy management goals.

The following section highlights the EU Member States whose processes were detected
to differ from the average.

In Belgium, the share of renewable energy showed a slow but continuous increase over the
period under review. The rise in GDP per capita was accompanied by stable investment activity,
while energy intensity showed a slightly decreasing trend, indicating increasing energy efficiency.

In Germany, the share of renewable energy increased dynamically, especially after
2018. The high GDP per capita and strong investment rate supported the greening of the
energy mix, while the reduction in energy intensity was also significant, reflecting the
impact of technological developments.

In Hungary, the growth of the renewable energy share was moderate but accelerated
in the years after 2020. GDP per capita growth was more modest but steady, while the
investment rate stabilized in comparison. However, energy intensity remained higher than
the regional average, indicating the economy’s energy intensity.

Sweden stood out from the sample: it already had a high renewable energy share in
2015, which continued to grow. The high GDP per capita and the highly energy-efficient
economic structure provided an ideal environment for a sustainable energy system.

This study classified the 27 EU Member States into five clusters based on their similarity
according to the multiple linear regression results.

The countries in the clusters presented in Table 4 exhibited the following characteristics
during the study period:

First cluster: The countries in this cluster demonstrated high renewable energy
share + high GDP per capita + low energy intensity. These countries were already in an
advanced energy transition at the beginning of the study period, and their energy transition
was further strengthened due to high technological development, strong environmental
policy commitment, and efficient energy infrastructure.
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Table 4. Clusters of countries based on the multiple linear regression results.

Clusters Countries

Leaders Sweden, Finland, Denmark, Austria, and Ireland

Fast Risers Portugal, Spain, Estonia, Lithuania, and Greece

Stable Middle Germany, France, Netherlands, Italy, Belgium, Czechia, and Slovenia
Catching Up Hungary, Poland, Romania, Slovakia, Croatia, and Bulgaria

Slow Movers Malta, Cyprus, Latvia, and Luxembourg

Source: author’s own compilation.

Second cluster: These countries had medium starting values but exhibited rapid
renewable energy share and investment growth. There were intensive solar and wind
energy investments, efficient use of EU subsidies, and rapid structural adjustment.

Third cluster: These countries showed moderate growth, with stable economic funda-
mentals but no outstanding development. The growth was continuous, but there was no
spectacular improvement in renewable energy and energy efficiency indicators.

Fourth cluster: These countries had lower renewable energy share + high energy intensity,
but there was positive development. There were challenges to improving energy efficiency
but also increasing investments and renewable energy share through EU subsidies.

Fifth cluster: These countries exhibited a low growth rate, high energy intensity, and
limited investment activity. Their energy transition was slower due to the smaller economic
size or geographical constraints, but EU guidelines were followed.

In summary, significant heterogeneity can be observed across the EU Member States
in the adaptation process of renewable energy sources. Leading and fast-growing EU
countries can serve as models for the middle-ranking and catching-up countries in future
development of energy transition strategies.

Figure 3 presents the ranking of the EU Member States according to their average GDP per
capita and share of renewable energy sources between 2015 and 2023. The leading countries
combine high economic development with a strong commitment to renewable energy, while the
fast-developing countries show rapid progress from a lower starting point. The stable middle
countries maintain moderate growth, while the catching-up countries develop more slowly, and
the slow-developing countries demonstrate limited progress due to structural challenges.

Country Clusters by GDP per capita and Renewable Energy Share (2015-2023)

Leaders
x  Fast Risers
X Stable Middle
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Slow Movers
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Figure 3. Country clusters by GDP per capita and renewable energy share (2015-2023). Source:
authors” own compilation.
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4.2. Convergence Analysis Results

This study examined whether there was a convergence or divergence in the share of
renewable energy among the 27 EU Member States from 2015 to 2023.

-Convergence analysis results: (3-coefficient = —0.0129; p-value = 0.012, which is
significant at 5% level; and R? value = 0.226, indicating that the initial values explain about
22.6% of the differences in growth rates. The negative (3-coefficient (—0.0129) demonstrates
that EU countries with a lower renewable energy share in 2015 increased this share faster
between 2015 and 2023. This indicates a convergence process among the 27 EU Member
States. The relationship is statistically significant (p = 0.012), so the results are reliable.

The -convergence value ( = —0.0129) indicates that during the examined period, the
less developed EU countries were slowly catching up with the more developed countries in
terms of their share of renewable energy. The negative sign in itself indicates the presence
of convergence. However, the speed of convergence can only be interpreted based on
the magnitude of the 3-value and the half-life calculated from it. This means that the
halving of the differences takes more than five decades, so convergence does happen, albeit
extremely slowly.

Figure 4 illustrates the 3-convergence analysis results, showing a statistically signif-
icant negative relationship between the initial renewable energy share in 2015 and the
average annual growth rate between 2015 and 2023. This indicates convergence among the
EU Member States, meaning that countries with lower initial renewable energy shares have
developed faster. The results support the gradual homogenization process of renewable
energy deployment across the EU.

B-Convergence Analysis: Initial Renewable Energy Share vs. Growth Rate
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Figure 4. Renewable energy share and average annual growth rate between 2015 and 2023. Source:
author’s own compilation.
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4.3. Fixed-Effects Model Calculation Results

The fixed-effects model analysis aims to separate the effects between EU countries
over time by examining only the impact of changes within countries.

In this analysis, the dependent variable is the renewable energy share (RES_share), and
the independent variables are GDP per capita, investment rate, and energy intensity. The
number of observations is 243, the R? value is 0.991 (indicating high explanatory power),
the adjusted R? is 0.989 (extremely strong even after accounting for the degrees of freedom),
and the F-statistic is 781.1 (highly significant at p < 0.001).

According to the results shown in Table 5, the investment rate has a significant positive
effect on the increase in the share of renewable energy. GDP per capita and energy intensity
are not significant predictors of the changes in the fixed-effects model by themselves.
Country-specific characteristics (e.g., regulation and energy structure) strongly influence
the growth of renewable energy share, as demonstrated by the high R? value.

Table 5. Values of independent variables and their significant effects.

Variable Coefficient (coef) p-Value Meaning

GDP per capita —4.93 x 107° 0.207 Not significant
Investment rate 0.2165 0.040 Significant, positive
Energy intensity —0.0104 0.348 Not significant

This study used a fixed-effects (FE) panel regression model to examine the relationships
between the share of renewable energy, GDP per capita, investment rate, and energy
intensity in the EU Member States between 2015 and 2023, while controlling for country-
specific, unobserved heterogeneity.

The results demonstrate the high explanatory power of the model, with an R? value
of 0.991 and an adjusted R? value of 0.989, indicating that the independent variables and
country-specific characteristics explain almost all of the variation in the dependent variable.
Among the explanatory variables, the investment rate has a statistically significant positive
impact on the share of renewable energy (coefficient = 0.2165, p = 0.040). This suggests
that increased investment activity within countries is one of the main drivers of renewable
energy deployment.

The fixed-effects (FE) model aims to control for unobserved, time-constant country-
specific factors, so the high R? value partly stems from the strength of the panel structure
and model design. The R? value of 0.991 was not obtained from a simple cross-sectional
regression but from a multidimensional time series modeling panel structure, where time se-
ries and cross-sectional variance are combined. This typically results in higher explanatory
power and does not necessarily indicate overfitting or endogeneity bias.

This study did not employ instrumental variables because its primary aim was not to
explore causality but rather to examine statistical relationships. The aim was to systemati-
cally interpret the factors influencing the development of the share of renewable energy in
the EU. The exogeneity of the main independent variables—GDP per capita, investment
rate, and energy intensity—was not questioned based on the specification and diagnostic
checks. Multicollinearity was tested using VIF analysis, and no problems were identified.

The panel structure is based on internal control, which means that the FE model
inherently excludes those latent but time-constant factors (e.g., institutional stability) that
could also be potential instrumental variables. This reduces the likelihood of bias.

In contrast to the investment rate, GDP per capita and energy intensity do not show a
statistically significant relationship with the share of renewable energy when fixed effects
are controlled. This suggests that differences in economic size or energy efficiency alone
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do not sufficiently explain the variation in renewable energy deployment within countries
over time.

The analysis highlights that domestic investment dynamics, rather than broader
economic indicators, play a key role in shaping the trajectory of national renewable energy
expansion within the European Union.

This study classified the 27 EU Member States into five clusters based on their similarity
according to the fixed-effects model calculation results.

The countries in the clusters presented in Table 6 exhibited the following characteristics
during the study period:

Table 6. Clusters of EU Member States based on similarity to each other according to the fixed-effects
model calculation results.

Clusters Countries
Leaders Sweden, Finland, Denmark, Austria, and Ireland
Fast Risers Portugal, Spain, Estonia, Lithuania, and Greece

Stable Middle = Germany, France, Netherlands, Italy, Belgium, Czechia, and Slovenia

Catching Up Hungary, Poland, Romania, Slovakia, Croatia, and Bulgaria

Slow Movers Malta, Cyprus, Latvia, and Luxembourg

Source: author’s own calculation.

First cluster: These countries already had a high share of renewable energy in 2015.
Their further growth rate was more moderate, but the positive effect of the investment rate
strengthened the share of renewable energy in these countries.

Second cluster: These countries started from a lower base but achieved rapid growth.
The -convergence results also support that their growth rate exceeded the EU average
during the study period. According to the FE model, investment activity played a decisive
role in these countries’ progress.

Third cluster: These countries showed moderate growth, with strong economic funda-
mentals. GDP per capita did not prove to be a significant explanatory factor, suggesting
that other institutional or regulatory factors played a role.

Fourth cluster: In these countries, energy intensity remained higher, but the growth
rate of the share of renewable energy was slower than other countries during the study
period. Based on the results of the FE model, the investment rate may accelerate in these
catching-up countries.

Fifth cluster: The EU Member States in this group have shown only limited progress.
Although the 3-convergence results and the FE model indicate a certain level of conver-
gence, structural constraints (e.g., small markets and limited natural resources) are holding
their development back.

4.4. Comparison of the Results of the Three Models

This section compares and tabulates the results of the three models.

The three models and their results are compared in Table 7. According to the multiple
linear regression results, GDP per capita shows a strong positive correlation with the growth
of the share of renewable energy. In contrast, the roles of the investment rate and energy
intensity are less significant. The 3-convergence analysis revealed a significant negative
[3-coefficient, which indicates renewable energy convergence among the EU Member States.
Based on the fixed-effects (FE) panel model, the investment rate is a significant positive
factor. However, GDP per capita and energy intensity did not significantly affect the
changes within countries.
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Table 7. Comparison of the three models and their results.

Aspect Multiple Linear Regression -Convergence Analysis Fixed-Effects Model (FE)
To analyze the simultaneous To test for s
. . . . To assess within-country

— impact of economic and energy convergence/divergence in . .
Objective . . dynamics, controlling for
variables on renewable energy renewable energy adoption o p
. country-specific effects
share across countries
. Renewable energy share Average annual growth rate of Renewable energy share

Dependent Variable (RES_share) RES_share (RES_share)

Independent Variables GDP per CaPlta’ 1n'vestment rate, Initial RES_share in 2015 GDP per capita, 1.nvestr.nent
and energy intensity rate, and energy intensity
i]?rzli f;;iiir:::;&glgle oner Negative -coefficient Investment rate is significant;

Main Results &Y (—0.0129), significant at 5% =  GDP per capita and energy

share; investment rate and energy

intensity are less significant

evidence of convergence

intensity are not significant

R? or Explanatory Power

Very high (R? ~ 1.000, potential

multicollinearity)

Moderate (RZ = 0.226)

Very high (R? ~ 0.991)

Significance of Results

Highly significant overall (F-test

p <0.001)

[-coefficient significant
(r=0.012)

Highly significant overall
(F-test p < 0.001)

Strengths

Simultaneous multivariable
analysis

Clear
convergence/divergence
assessment

Controls for unobserved
heterogeneity; robust within
countries

Weaknesses or Limitations

Sensitive to multicollinearity;
complex interpretation is
needed

Potential multicollinearity;
assumption of homogeneity

Simplified model, with only
one explanatory variable

Source: author’s own calculation.

All three models confirm that investment plays a key role in the growth of renewable
energy share, with structural differences between countries strongly influencing the results.
Overall, the models paint a consistent picture of the renewable energy transition processes
in the European Union.

The main results of the robustness check from the standardized fixed-effects model are
as follows: A single unit increase in GDP per capita causes a unit increase in the renewable
energy share (coef = 1.0000, p < 0.001), indicating that this model fully explains the renew-
able energy share through the dependency on GDP per capita. The investment rate has a
minimal but adverse effect (coef ~ —5.04 x 1071, p < 0.001). Although statistically signifi-
cant, its economic importance is marginal, which can be attributed to the combined impact
of indexing and standardization. Energy intensity has a non-significant effect (p = 0.67);
i.e., it does not affect the renewable energy share on its own.

The robustness check results do not refute but rather confirm the main conclusions
of this study, especially those concerning GDP. The limited economic significance of the
investment rate is more related to the form of the model (standardization and indexation)
than to its actual ineffectiveness.

The robustness of the model results and the elimination of potential endogeneity bias
were checked using two-stage least squares (25LS) estimation. The primary objective of this
test was to validate the relationship between GDP per capita and the share of renewable
energy, considering the possibility of reverse causality.

In the first stage, GDP per capita was instrumented using energy intensity, which has
not previously been shown to be a significant determinant of the share of renewable energy.
According to the results of the second stage, the instrumented GDP/capita variable showed
a positive and statistically highly significant relationship with the share of renewable energy.
The estimated coefficient value (3 ~ 1.0001) and the very high t-statistic (t ~ 226) confirm
that economic development plays a prominent role in the expansion of renewable energy.
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However, the investment rate and energy intensity did not show a statistically significant
effect in this alternative estimation framework, suggesting that these variables may be more
sensitive to the model specification. The R? value of the estimate (0.996) is exceptionally high,
indicating that the instrumental model also provides a good fit to the data.

This test confirms one of the central findings of the original model: increasing eco-
nomic development contributes positively and significantly to the increase in the share of
renewable energy in the EU Member States. Thus, the estimation of the applied instrumen-
tal variables significantly reduces the possibility of endogeneity bias and strengthens the
validity of the empirical conclusions.

A visual comparison in Figure 5 highlights that both the multiple linear regression
model and the fixed-effects model demonstrate exceptionally high explanatory power (R
values close to one), reflecting their ability to account for the differences in the share of
renewable energy across the EU Member States. In contrast, the 3-convergence analysis
has moderate explanatory power (R? ~ 0.226), which is expected due to the more straight-
forward model structure, which relies solely on the initial share of renewable energy. All
three models produced statistically significant results, confirming the robustness of the
empirical results.

Comparison of Model Performance: Explanatory Power and Significance
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Figure 5. Comparison of the explanatory power of the three models. Source: author’s own compila-
tion.

5. Discussion
5.1. Explanation of Cluster Identity

It is not difficult to notice that the clusters formed based on the multiple linear regres-
sion model and the FE model are the same in this study. The cluster identity is explained
by the fact that the growth of the share of renewable energy in the EU over 2015-2023 was
structurally related to economic development (GDP per capita), investment activity, and
energy intensity. Since the multiple linear regression model and the FE model use the same
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key macroeconomic and energy variables, the underlying dynamics behind the clusters
remain the same.

Another relevant result of this research is that there are very significant, persistent
differences in renewable energy policies, energy investments, and energy efficiency across
the EU Member States. These differences are so deeply embedded that the different models
only reinforce the same clusters without changing the relative positions of the countries.

The multiple linear regression model focuses more on general patterns (average rela-
tionships), while the FE model examines changes within countries, excluding permanent
country-specific effects. The clusters naturally coincide since both methods (multiple linear
regression and the fixed-effects model) measure the same underlying economic reality.

5.2. Evaluation of Hypotheses

The three hypotheses formulated for this study aimed to interpret the main economic
factors shaping the share of renewable energy in the European Union Member States
by analyzing empirically testable relationships. Based on the results, the hypothesized
relationships are partly confirmed and partly require a more nuanced interpretation.

H1: GDP per capita positively correlates with the share of renewable energy sources.

For this hypothesis, the multiple linear regression results show a significant positive
relationship between GDP per capita and the share of renewable energy; however, in the
fixed-effects model, the relationship did not prove to be significant. Thus, this hypothesis is
partly confirmed. GDP per capita and differences between countries explain the increase in
the renewable energy share, but there is no statistically significant effect for changes within
countries. This suggests that economic development acts more as a structural factor than
as a short-term driving force.

First, this paper highlights some of the results of other studies examining the rela-
tionship between renewable energy utilization and economic growth and compares their
results with the results of this study.

As reported by Dirma et al. [46], contrary to the hypothesis that initial investment
costs and the transition to renewable energy slow down economic growth, their research
shows that renewable energy sources (RESs) do not hinder but rather support economic
growth in the long run. Ginevicius et al. [47] conducted a more nuanced study on the
relationship between renewable energy production and economic growth. According to
their results, a country’s economic development level (measured by gross domestic product
per capita, with a correlation coefficient of r = 0.7) significantly influences renewable
energy development. Their subsequent research results show that renewable energy
development is 1.7 times faster in developed EU countries than in developing EU countries.
These authors also found that the country’s economic development significantly influences
renewable energy development in developing EU Member States, so the two variables have
a significant relationship.

H2: A higher investment rate significantly promotes the growth of the share of renewable
energy sources.

For this hypothesis, according to the multiple linear regression and the fixed-effects
model results, the investment rate is positively and significantly related to the share of
renewable energy. Thus, this hypothesis is fully confirmed. The results consistently
confirm that investment activity, primarily through capital accumulation and infrastructure
development, is one of the most critical determinants of the growth of renewable energy in
the EU Member States.
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It is essential to interpret the confirmation of this hypothesis correctly. The fixed-effects
model excludes permanent differences between countries (e.g., size and economic structure)
and only analyzes changes within the country. Therefore, the fixed-effects model does
not claim that all EU Member States that had a high investment rate during the examined
period are automatically leaders in renewables. In contrast to the previous hypothesis,
the model result indicates that the change in the investment rate within a country is an
essential factor driving the growth of renewable energy. The conclusion means that when
the investment rate is higher, the share of renewable energy increases compared to the
previous years.

This study found a significant relationship between the investment rate and the share
of renewable energy. The economic and political drivers of the growth of renewable
energy sources have received increasing attention in international research in recent years.
However, there is a lack of empirical analyses examining the co-movement of the investment
rate and the share of renewable energy within a country over time, especially in comparing
the European Union Member States. One of the results of the present study fills this gap
by demonstrating with fixed-effects modeling based on panel data that in the years when
the investment rate increased in a given EU Member State, the share of renewable energy
sources within gross final energy consumption also typically increased.

This result offers a new perspective on interpreting the economic drivers of energy
transition. It draws attention not only to the differences in development between countries
but also to the role of economic dynamics occurring within a country from year to year.
The finding may be particularly valuable for policymakers, who can use the stimulation of
investment activity as a key tool to accelerate the spread of renewable energy sources in
the European Union.

H3: Lower energy intensity is positively related to the share of renewable energy sources. In this
research, energy intensity is expressed as how much energy consumption is required to produce a
unit of economic output (GDP) in a given country.

For this hypothesis, the results show that the effect of energy intensity is insignificant
in all of the models. However, the direction of the relationship is negative (i.e., lower energy
intensity would be, in theory, favorable). Therefore, this hypothesis is not confirmed.

This indicates that energy efficiency is not a direct driver of renewable energy expan-
sion and that the effect may depend on other unmeasured factors (e.g., sector structure
or technological constraints). Although the theoretical rationale is sound, the empirical
results do not support energy intensity as a stand-alone determinant of the growth of the
renewable energy share.

Not all studies agree with the above findings. As reported by Simeonovski et al. [48],
the average EU efficiency rate during the sample period (2010-2016) was 16.0%, with the
old Member States being significantly more efficient (4.2%) than the new Member States
(29.5%). Energy efficiency has not improved over time, especially in the new Member States,
which exhibited significantly worse efficiency in 2018 than in 2010. Basilo [49] examined
energy intensity in the EU for 2015-2022. The study found that the lowest-performing
EU Member States were the Czech Republic, Estonia, Hungary, and Romania, with an
average efficiency score below 0.6. These results are in line with previous findings that
have highlighted differences between Eastern and Western EU Member States. Eastern
European Member States generally show lower efficiency levels due to the limited use of
advanced technology.

Opverall, the results of the hypothesis testing show that investment activity is the only
factor that significantly impacts the growth of the share of renewable energy sources in
the EU, even at the level of intra-country dynamics. The effects of economic development
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and energy intensity can be interpreted more as structural factors that reflect differences
between countries. Our results confirm that the success of energy transition is closely linked
to long-term political and economic support for renewable energy investment promotion
and technological development in the EU.

6. Conclusions

This study examined how GDP per capita, investment rate, and energy intensity
influenced the evolution of the renewable energy share in the 27 Member States of the
European Union from 2015 to 2023. The results of the empirical tests—multiple linear
regression, 3-convergence test, and fixed-effects panel model—consistently confirm that
investment activity plays a key role in integrating renewable energy. In contrast, the impact
of GDP per capita and energy intensity varies across countries and over time.

The significant negative p-coefficient of the 3-convergence analysis suggests that
countries with lower renewable energy shares in 2015 achieved faster growth over the
study period, indicating a positive trend of energy convergence in the European Union.
The results of the fixed-effects model highlight that country-specific characteristics, such
as energy policy institutions, regulatory environment, and infrastructure development,
significantly impact the expansion of the renewable energy share.

Although the reduction in energy intensity could create favorable conditions for
integrating renewable energy sources in the EU, the empirical results of this study do not
identify a direct, statistically significant relationship between energy efficiency and the
increase in the renewable energy share. This suggests that the expansion of renewable
energy in the EU is not solely determined by the development of energy intensity, but is
likely mediated by more complex sectoral and technological factors.

At the same time, the results of the fixed-effects modeling based on panel data confirm
that in the years when the investment rate increased in a given EU Member State during
the study period, the share of renewable energy sources in gross final energy consumption
also showed a characteristic increase, which draws attention to the strategic importance of
investment dynamics in achieving the EU’s energy transition goals.

One of the theoretical contributions of this study is that it is the first to demonstrate,
using panel-based fixed-effects modeling, a significant positive effect of short-term changes
in the investment rate within an EU Member State on the growth of the share of renewable
energy in the country. This result makes a significant contribution to the existing literature,
which has primarily focused on differences in development between countries or long-term
correlations. This study also sheds light on the role of energy intensity from a theoretical
perspective, as it shows that energy efficiency alone is not a direct driver of renewable
energy growth, casting doubt on the basic assumptions of sustainability policies.

Overall, the study results confirm that economic and investment processes are closely
linked to sustainable energy transition, while structural differences between countries
remain the determining factors. The practical significance of the results is their contribution
to a more differentiated and targeted development of the EU’s energy economic policy.

7. Policy Recommendations
7.1. Targeted Policy Proposals to Support the EU’s Renewable Energy Transition

A number of policy recommendations regarding the EU’s energy policy can be derived
from the study results.

The first recommendation is that investment activity related to renewable energy
sources should be further encouraged in the EU. This recommendation is based on one
of the strongest and most consistent empirical findings of this study, namely that the
investment rate has a positive and significant impact on the growth of the renewable
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energy share in the European Union Member States, as confirmed by both the multiple
linear regression model and the fixed-effects model. In particular, the fixed-effects model
shows that domestic investment growth is associated with the expansion of the renewable
energy share. Therefore, from a policy perspective, strengthening financial and regulatory
instruments (e.g., tax breaks, subsidies and preferential financing schemes) that encourage
renewable energy investments is of primary importance. These measures are particularly
justified in the catching-up Central and Eastern European Member States, where investment
dynamics lag behind Western European levels.

The second recommendation is to increase targeted energy subsidies for the slower
catching-up Eastern European Member States. The (3-convergence analysis showed that
while there is a general convergence in the share of renewable energy, progress in catching-
up Member States is slower than in more developed EU Member States. This result justifies
the development of targeted support programs to develop technological infrastructure,
simplify permit procedures, and improve energy efficiency in lagging countries. These
programs should consider the structural differences between countries, as also confirmed
by the fixed-effects model. The third recommendation is that energy efficiency policies
and practices should be strengthened in the EU, considering sectoral differences between
individual Member States. Although this study did not find a significant direct relationship
between energy intensity and renewable energy growth, the results show that energy
intensity remains a crucial structural factor for achieving the EU’s sustainability goals. The
energy efficiency differences between Eastern and Western EU Member States revealed
in this research indicate that energy efficiency cannot be neglected in the green transition.
Therefore, targeted support for energy-saving programs, smart grid investments, and
industrial energy efficiency improvements in the EU, especially in Member States lagging
technologically, is of utmost importance from a policy perspective.

The fourth recommendation is that the EU should further develop country-specific
energy strategies to address structural differences. This recommendation is based on
the study results, in particular those of the fixed-effects model, showing that there are
differences in country-specific structural factors. As differences between countries are
deeply embedded in economic structure, energy policy conditions, and technological
development, it is essential from a policy perspective to tailor energy strategies to local
conditions. This approach would allow the development of differentiated, realistic, and
implementable policy measures for each country, in line with common EU objectives.

7.2. Cluster-Specific Policy Recommendations

The policy instruments proposed for the EU Member States in the first cluster (the
“Leaders” cluster, consisting of Sweden, Finland, Denmark, Austria, and Ireland) are as
follows: First and foremost, support from the Innovation Fund is recommended for these
Member States. These countries are leaders in the field of renewable energy. Under the
Innovation Fund, they can provide support to other Member States for the development of
renewable energy sources, thus facilitating cooperation at the EU level.

A second recommendation is to encourage the export of green technologies. Within
this framework, it is recommended to launch support programs to facilitate the export
of green technologies, especially to developing Member States in Southern and Eastern
Europe, thus contributing to the achievement of global sustainability goals.

The policy instruments proposed for the EU Member States in the second cluster (the
“Fast Risers” cluster, comprising Portugal, Spain, Estonia, Lithuania, and Greece) are as
follows: Grid infrastructure development is recommended for these countries. Support
can be provided for cross-border renewable energy projects, such as the ELWIND offshore
wind farm project between Estonia and Latvia, under the EU’s Connecting Europe Facility.
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A second recommendation is to promote energy storage solutions for these countries. Thus,
a support program is recommended for the development of energy storage technologies,
such as batteries and hydrogen storage, to enable the host EU Member States to increase
the integration of renewable energy sources into their energy systems.

For the EU Member States in the third cluster (the “Stable Middle” cluster, comprising
Germany, France, the Netherlands, Italy, Belgium, the Czech Republic, and Slovenia), it is
primarily recommended that cross-border cooperation be strengthened. Within this frame-
work, it is necessary to support joint renewable energy projects, such as the development
of the CICERONE green hydrogen value chain between these Member States.

As a second recommendation, it is advisable to expand energy efficiency programs in
these Member States. Support programs should primarily focus on improving the energy
efficiency of buildings, particularly by modernizing the insulation and heating systems of
residential buildings.

For the EU Member States classified in the fourth cluster (the “Catching Up” cluster,
comprising Hungary, Poland, Romania, Slovakia, Croatia, and Bulgaria), it is recommended
to dynamize the Renewable Energy Accelerator Fund, within the framework of which
low-interest loans could be provided to finance renewable energy projects by strengthening
the EU Renewable Energy Financing Mechanism.

As a second recommendation, green technological innovation should be supported.
Such support programs for the development and introduction of green technologies are
justified, following the example of the GreenEvo program, an initiative of the Polish
Ministry of Environment.

For the EU Member States classified in the fifth cluster (the “Slow Movers” cluster,
comprising Malta, Cyprus, Latvia, and Luxembourg), technical assistance and capacity
building in the energy sector are essential. An excellent example of this is the EU Just
Transition Mechanism, which provides technical assistance and training programs to
facilitate the integration of renewable energy sources.

Another recommendation for the countries in this cluster is to support small-scale
renewable energy projects. In this context, the EU has launched support programs for the
installation of small-scale renewable energy projects, such as solar panels and heat pumps,
especially in the residential sector.

The cluster-specific policy proposals outlined in this section address the unique chal-
lenges and opportunities of each country cluster, providing them with tailored strategies.

8. Research Limitations and Future Directions

A significant limitation of this study is that it focused exclusively on macro-level
panel data and three main economic variables (GDP per capita, investment rate, and
energy intensity) and therefore did not consider factors such as the effects of technological
innovation capacity, regulatory environment, or social acceptance. Another limitation is
that this study only covered the period 2015-2023. Thus, it could not fully assess the effects
of longer-term structural changes or political cycles.

Future research directions: Future research should expand the models employed in
this study with additional economic, technological, and institutional variables, such as
R&D expenditure, regulatory stability, and market liberalization. In addition, it would be
helpful to examine more extended periods or country-specific case studies to gain a deeper
understanding of the political and economic dynamics affecting the growth of renewable
energy in each country.
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