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ABSTRACT: The ongoing transformation of the European energy landscape reflects a multidimensional shift toward sustaina-
bility, resilience, and decentralization. This study examines the relationship between changes in the energy mix, energy self-suf-
ficiency, and the development of energy communities (ECs) across five EU countries: Italy, Spain, Germany, Poland, and Greece.
A hybrid methodology is applied, combining a systematic literature review, statistical analysis of national energy mixes (2015~
2024), and an expert-based Delphi foresight study. The findings indicate that regulatory stability, civic participation, and institu-
tional learning are key enablers of EC development, while fragmented regulations, limited local competences, and infrastructure
gaps remain major barriers. Comparative analysis shows that ECs in Germany and Italy have reached higher maturity levels,
whereas Greece and Spain represent emerging community-based models, and Poland remains in an early experimental phase.
The study's originality lies in integrating technical, institutional, and social dimensions to assess EC maturity in Europe's energy
transition.
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Introduction

The global energy landscape is undergoing rapid change as countries respond to climate change,
energy security concerns, and sustainability goals. This transition is driven not only by environmen-
tal pressure but also by technological progress. As a result, the energy mix has become a central
concept in energy policy and strategic planning. While fossil fuels dominated for decades, there is
now a clear shift toward renewable energy sources to reduce emissions and environmental impacts
(Panait et al., 2024; Huh et al,, 2018; Aradjo, 2014).

The energy mix is commonly defined as the combination of energy sources used to meet electric-
ity and energy demand (Lyzwa et al,, 2015). A diversified mix supports energy security, environmen-
tal objectives, and system resilience by reducing dependence on single fuels or suppliers and limiting
exposure to price volatility and geopolitical risks (Mrki¢-Bosanci¢ et al.,, 2023; Ikevuje et al., 2024;
Osuma & Yusuf, 2025). Balancing renewables with conventional and nuclear sources also supports
innovation, job creation, and long-term economic growth, while helping to cut greenhouse gas emis-
sions (Dirma et al., 2024; Chou et al., 2023; Sobczyk & Sobczyk, 2021; To & Vo, 2020).

Within this broader transition, energy communities have emerged as key bottom-up actors.
These citizen-led initiatives enable collective investment in and management of local renewable
energy resources, closely linked to local conditions and capabilities. By decentralizing energy pro-
duction and strengthening local ownership, energy communities contribute to diversifying the
energy mix, improving energy security, and increasing public acceptance of the transition (Bellini et
al,, 2024; Ahmed et al., 2024; Broska et al., 2022; Vernay & Sebi, 2020; Moroni et al., 2019). They are
particularly important in regions where national systems remain fossil-fuel dependent or lack flexi-
bility (Mrki¢-Bosancic et al., 2023; Herenci¢ et al., 2021).

Beyond technical benefits, energy communities generate social and economic value by reducing
dependence on external suppliers and empowering citizens as active prosumers (Cappellaro et al,,
2022). In renewable-based systems they enhance local autonomy, while in fossil-intensive contexts
they can accelerate change through distributed generation (Shrestha et al.,, 2022). Despite their
potential, energy communities still face barriers such as regulatory complexity, financial limitations,
and insufficient policy support (Bellini et al., 2024; Broska et al., 2022).

Their effectiveness depends not only on technology but also on organizational, social, and insti-
tutional maturity. However, there is still no comprehensive overview of the frameworks and indica-
tors used to assess the development and readiness of energy communities.

To address this gap, this study applies a hybrid approach combining a systematic literature
review, statistical analysis of energy mix structures in selected EU countries, and an expert-based
Delphi foresight study. The Delphi research, conducted by Bialystok University of Technology for the
European Parliament’s STOA panel, involved over 150 experts from more than 30 countries and
explored expectations for renewable energy growth and energy community development up to 2030
(Ejdys et al., 2023).

In parallel, a comparative analysis of energy mixes in Italy, Spain, Germany, Poland, and Greece
between 2015 and 2024 captures trends in renewables, fossil fuels, and energy imports. Combining
qualitative and quantitative methods allows for a better understanding of how national-level energy
structures shape local energy community dynamics (Paul & Criado, 2020; Kumpikaité-Valitiniené et
al,, 2025; Bryman, 2006).

The following research questions address multiple analytical levels - from macro-level trends in
the evolution of national energy mixes, through meso-level interactions between energy systems and
community initiatives, to micro-level frameworks for assessing energy community maturity and
overarching policy implications for the European energy transition.

RQ1: How is the energy mix evolving across European countries, and does this evolution represent
a long-term structural transformation or a temporary adjustment?

RQ2: How do variations in national energy import dependency and self-sufficiency affect the pace
and direction of energy community development in the EU?

RQ3: In what ways do energy communities contribute to shaping and diversifying the national and
regional energy mix?

RQ4: Which conceptual frameworks and indicators are currently used to assess the self-sufficiency,
readiness, and maturity of energy communities?
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RQ5: What analytical and policy gaps remain, and how can future research and practice address them
to support a just and effective energy transition?

The aim of the article is to explore the relationship between the evolving European energy mix,
levels of energy self-sufficiency, and the development of energy communities. It seeks to identify how
structural differences in national energy systems influence the maturity and transformative potential
of energy communities, and how these communities contribute to accelerating the energy transition
and achieving energy independence.

An overview of the literature

Over the last decades, the global energy mix has changed significantly under the influence of
technological progress, environmental policies, and shifting economic priorities. In many regions, the
long-standing dominance of fossil fuels - oil, coal, and natural gas - has gradually given way to a
growing share of renewable sources such as solar, wind, and bioenergy. This diversification has
improved system resilience, reduced greenhouse gas emissions, and supported more decentralized
and sustainable energy models (Gatecka & Pyra, 2024). The pace of change has been driven by cli-
mate commitments, government incentives, rising environmental awareness, local resource availa-
bility, and rapidly falling costs of renewable technologies (Latif et al., 2021; Hassan et al., 2024).
In Europe and Asia, policy tools such as feed-in tariffs, carbon pricing, and renewable standards have
accelerated this shift, contributing to a more complex but also more robust energy landscape. Coun-
tries such as China and Malaysia have actively reduced coal dependence, while the EU has seen steady
growth in modern renewables alongside declining coal and traditional biomass use (Latif etal., 2021;
Li & Taeihagh, 2020; Sobczyk & Sobczyk, 2021; Shrestha et al., 2022). Recent geopolitical crises and
supply disruptions have further highlighted the importance of energy security and self-sufficiency,
pushing countries to reassess their reliance on imported fuels (Berdysheva & Ikonnikova, 2021;
Jonek-Kowalska, 2022).

The evolution of the energy mix is shaped by national resource endowments, policy frameworks,
technological capacity, and social factors. Advances in storage, smart grids, and digitalization have
made it easier to integrate variable renewables, while geopolitical uncertainty has strengthened the
case for local autonomy (Bongers, 2021; Meier, 2021; Petrovich et al., 2025). In this context, energy
communities have emerged as a visible outcome of decentralization. Supported by appropriate regu-
latory and economic frameworks, they allow citizens to collectively manage energy production and
consumption, promote renewable generation, and pursue shared social and environmental goals
(Barabino et al.,, 2023). Growing public awareness of sustainability has further encouraged commu-
nities to reduce dependence on imported fossil fuels and stabilize local energy supply through diver-
sified resources (Ruppert-Winkel & Hauber, 2014; Czerewacz-Filipowicz et al., 2025).

Energy communities have become an important element of the evolving energy mix by linking
technical decentralization with social participation and local governance. Enabled by distributed
renewables and supportive policies, they enhance local self-sufficiency and resilience while contrib-
uting to a more diversified energy system (Mrki¢-Bosancic et al., 2023; Afzalan & Jazizadeh, 2021;
lazzolino et al., 2022). In the EU, a dedicated legal framework has lowered barriers for citizens to
become prosumers and participate in energy markets, although energy communities still remain a
niche phenomenon and face administrative and financial challenges (Directorate-General for Energy,
2022). Their contribution goes beyond energy production: by generating energy close to where it is
consumed, they reduce transmission losses, strengthen energy security, and increase system resil-
ience through microgrids and cooperative management, especially during disruptions or extreme
events (Bellini et al., 2024; Ahmed et al.,, 2024; Mutani et al.,, 2021).

Energy communities also generate broader economic and social benefits. Local ownership means
that profits are often reinvested in the community, lowering energy costs, creating jobs, and support-
ing local infrastructure. At the same time, democratic governance strengthens social cohesion and
gives citizens a real voice in energy decisions (Wagemans et al,, 2019). By involving people directly in
energy production and management, energy communities increase public acceptance of renewables
and help overcome resistance to change, acting as spaces for experimentation and innovation
(Jasinski et al,, 2021; Wierling et al., 2021). Their ability to adapt technologies, business models, and
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governance structures to local conditions further supports a resilient and diversified energy mix. The
literature consistently shows that while energy communities can function under different national
energy systems, their impact is strongest when aligned with national decarbonization strategies and
local resource potential (Magni et al., 2024).

Energy self-sufficiency refers to the extent to which an entity, whether a country, region, city, or
community, can meet its energy demand using local resources, without relying on external imports
(Afzalan & Jazizadeh, 2021; Franzoi et al., 2021; Borras et al., 2023). At the national level, it is closely
linked to energy security and geopolitical stability, while at the local level it supports resilience and
sustainability through renewable-based systems (Ruppert-Winkel & Hauber, 2014). Globally, levels
of self-sufficiency vary widely: resource-rich countries such as Norway or Australia are highly
self-sufficient, while others, including many EU states, Japan, and Singapore, remain heavily import-
-dependent. Europe’s overall self-sufficiency has declined in recent years due to falling fossil fuel
production and nuclear phaseouts, whereas China treats self-sufficiency as a strategic priority by
expanding both renewable and conventional capacity (Thunder Said Energy, 2024).

The structure and diversity of the energy mix play a central role in determining self-sufficiency
and system resilience. A diversified mix that combines multiple renewable sources with storage tech-
nologies reduces vulnerability to supply disruptions and dependence on single fuels. Empirical stud-
ies show that integrating renewables such as wind and solar with storage solutions can significantly
improve efficiency, reduce losses, and lower costs (Cauz et al., 2020; Mrki¢-Bosanci¢ et al., 2023).
Tailoring the energy mix to local conditions - such as prioritizing solar in high-irradiance regions or
wind in coastal areas - further enhances feasibility and sustainability (Armea et al., 2023). Overall,
evidence confirms that locally optimized and diversified energy systems form the foundation of sus-
tainable energy self-sufficiency, strengthening resilience, economic performance, and environmental
outcomes while reducing reliance on imported fuels (Mrkic¢-Bosanci¢ et al., 2023; Rybak et al., 2023).

Energy self-sufficiency in energy communities is most often measured using quantitative indica-
tors that compare local renewable energy production with local consumption. The most widely used
metric is the Self-Sufficiency Rate (SSR), expressed as the share of demand covered by locally pro-
duced energy. While simple and intuitive, this indicator becomes more complex when energy storage
is involved, as stored and re-exported energy can distort results. To address this, revised approaches
account for storage losses and net imports, keeping self-sufficiency values within a realistic 0-100%
range (Zepter et al, 2022). The meaning of self-sufficiency also changes across territorial scales. At
the national level, it reflects the balance between domestic production and total energy consumption,
highlighting import dependency and resource availability, explaining why countries such as Norway
or Australia show high self-sufficiency, while Japan and most EU countries rely heavily on imports
(Thunder Said Energy, 2024.). In cities, self-sufficiency usually refers to the share of local renewables
in municipal demand, constrained by density and limited space (Borras et al., 2023; Todeschi et al,,
2021). At the energy community level, indicators focus on local electricity and heat autonomy, collec-
tive generation, storage, and prosumer activity, often measured through autonomy hours or seasonal
balance (Petrovich et al,, 2025; Afzalan & Jazizadeh, 2021). Across these scales, self-sufficiency shifts
from a macro-level energy security indicator to a local measure of resilience and sustainability.

At the same time, relying only on static metrics such as SSR can be misleading. These indicators
often ignore time variability, user behavior, energy sharing, demand-side management, and the inter-
action between generation, storage, and consumption. A high annual self-sufficiency rate, for exam-
ple, does not guarantee independence from the grid during critical periods [58]. To capture real-
world complexity, researchers increasingly combine core metrics, such as SSR, Autarchy Degree,
Self-Consumption Rate (SCR), and Energy Sharing Ratio (ESR) (Petrovich et al,, 2025; Afzalan &
Jazizadeh, 2021; Franzoi et al., 2021; Fournely et al., 2022; Manso-Burgos et al,, 2022; Huang et al,,
2022; Barone et al., 2024) with supplementary indicators like load matching, flexibility, cost savings,
and CO, reduction (Reis et al.,, 2021; Alonso et al.,, 2021; Nagpal et al., 2022; Reis et al.,, 2020; Lu & Liu,
2024; Buchmayr et al., 2021). These are supported by methods such as simulation, optimization,
parametric studies, real-time monitoring, and scenario analysis (Petrovich et al., 2025; Bohvalovs et
al,, 2022; Bonavolonta et al,, 2025; Singh et al., 2024; Grosspietsch et al., 2018). Evidence shows that
communities integrating storage, flexible demand, and active user participation can reach very high
self-consumption levels, up to 89%, along with significant cost reductions and improved resilience
(Barone et al,, 2024; Alonso et al., 2021; Mustika et al., 2022; Teng et al., 2025). A combined use of
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metrics and methods therefore provides a more realistic and policy-relevant understanding of energy
self-sufficiency, supporting the design of energy communities that are not only technically efficient
but also socially fair and environmentally sustainable (Barone et al., 2024; Tend et al., 2025; Casalic-
chio etal, 2022).

Research methods

The study adopts a hybrid methodological approach that combines a systematic literature review,
desk research using statistical data on the energy mix structure across selected EU countries, and an
expert-based foresight study employing the Delphi method. This combination allows for both con-
ceptual synthesis and empirical validation of trends in the European energy transition. The Delphi
component was conducted by a research team at the Bialystok University of Technology and commis-
sioned by the Panel for the Future of Science and Technology (STOA) of the European Parliament
(Ejdys et al., 2023). It gathered insights from more than 150 experts representing academia, the
energy sector, and public administration across over 30 countries, offering a robust empirical basis
for evaluating expert expectations regarding renewable growth, distributed energy systems, and
energy community development by 2030.

In parallel, the statistical analysis of the energy mix in selected European countries (Italy, Spain,
Germany, Poland, and Greece) provides a comparative perspective on structural trends, including the
share of renewables, fossil fuels, and imports in national energy balances between 2015 and 2024.
This dual methodological perspective (quantitative and qualitative) enables a more comprehensive
understanding of how macro-level changes in the energy mix influence micro-level dynamics of local
energy communities. Hybrid approaches are particularly effective in this context, as they allow
researchers to capture complex, multidimensional interdependencies between technological, eco-
nomic, and social aspects of the energy transition (Paul & Criado, 2020; Kumpikaité-Valitiniené et al.,
2025; Kozlowska, 2020; Nair & Prem, 2020; Turner et al., 2017; Bryman, 2006).

Results of the research: Energy self-sufficiency in the light of empirical data

The European Union’s energy supply structure is shaped by the balance between domestic energy
production within Member States and imports from third countries. In 2023, approximately 42% of
the EU’s total energy consumption was covered by domestic production, while the remaining 58%
relied on imports (Figure 1). This structure reflects the Union’s strong reliance on external energy
sources, which remains a key determinant of its overall energy security and resilience. However, the
degree of energy import dependency varies considerably among EU Member States, reflecting differ-
ences in domestic resource availability, energy mix composition, and national policy priorities. While
some countries maintain relatively high levels of self-sufficiency through the use of renewable or
nuclear energy, others remain heavily dependent on imported fossil fuels (Mata Pérez et al., 2019;
Konopelko et al., 2023; Kostecka-Tomaszewska, 2024). These structural differences translate into
varying levels of energy maturity and create asymmetric challenges in achieving the EU’s climate
neutrality and energy security objectives.

Highly import-dependent economies include small and densely populated states such as Malta,
Cyprus, and Luxembourg, as well as larger Southern European countries, including Greece and Italy,
where reliance on imported oil and natural gas remains particularly strong (Eurostat, 2025). Ger-
many and Spain also continue to exceed the EU average import dependency despite substantial pro-
gress in renewable energy deployment, indicating that the transition toward a low-carbon energy
system does not automatically result in reduced external dependence. In contrast, countries such as
Sweden, Finland, France, and Estonia display significantly lower import dependency, supported by
domestic renewable resources, nuclear energy, or locally available solid fuels (Figure 1). The energy
crisis of 2022 further highlighted these structural vulnerabilities and acted as a catalyst for acceler-
ated diversification strategies and increased investment in renewable energy across the Union.

The diversity of national energy mixes further reinforces these differences (Figure 2). Four main
country groups can be distinguished based on their dominant energy sources. The first group com-
prises countries such as Poland, Czechia, and Estonia, where electricity generation and energy secu-
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rity still rely heavily on domestically produced solid fossil fuels, primarily coal in the first two coun-
tries and oil shale in the case of Estonia (Eurostat, 2025; International Energy Agency, 2021a; Inter-
national Energy Agency, 2022; International Energy Agency, 2023a). The second group includes
nuclear-based countries such as France, Belgium, Slovakia, Hungary, and Slovenia, where nuclear
power provides a stable, low-carbon supply and significantly reduces dependence on fossil fuel
imports. The third group comprises renewable-based countries, including Sweden, Finland, Den-
mark, Austria, Spain, and Portugal, which rely heavily on hydropower, wind, and solar energy. Finally,
oil- and gas-based countries such as Italy, Greece, the Netherlands, and Ireland exhibit the highest
dependence on imported fossil fuels. These structural differences stem from variations in natural
resource availability, infrastructure development, and national energy policies, resulting in uneven
progress toward the EU’s energy transition and climate neutrality objectives.
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Figure 1. Energy import dependency of EU countries in 2023 (%)
Source: authors’ work based on Eurostat (2025).
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The composition of the energy mix directly affects the level of energy self-sufficiency achieved by
EU Member States. Countries with a high share of domestic renewable or nuclear energy, such as
Sweden, Finland, France, and Slovakia, tend to exhibit greater self-sufficiency and lower exposure to
external supply risks. In contrast, Member States dependent on imported fossil fuels, particularly oil
and natural gas, display lower levels of self-sufficiency and higher vulnerability to price volatility and
geopolitical disruptions. Coal-based economies, including Poland and the Czech Republic, maintain
relatively high domestic production levels but face structural challenges associated with decarboni-
zation and the gradual decline of coal as a primary energy source. Consequently, the structural differ-
ences identified in the energy mix translate into divergent pathways toward the EU’s strategic objec-
tives of energy independence, sustainability, and climate neutrality.

The comparative analysis of Italy, Spain, Germany, Poland, and Greece highlights significant dif-
ferences in energy mix structures and energy self-sufficiency levels. The selected countries represent
distinct energy profiles and transition trajectories, ranging from more diversified and increasingly
renewable-oriented systems (Germany and Spain) to those still characterized by strong fossil fuel
dependence or high import exposure (Poland and Greece). Italy occupies an intermediate position,
combining a significant share of renewables with continued reliance on imported natural gas (Kos-
tecka-Tomaszewska, 2024).

Persistent differences in energy import dependency can be observed among the analyzed coun-
tries (Eurostat, 2025). Italy and Greece remain highly dependent on imported energy carriers due to
limited domestic resources and a strong reliance on oil and natural gas (International Energy Agency,
2023a; International Energy Agency, 2023b). Spain also exhibits relatively high import dependency,
although this has been partially mitigated by the expansion of renewable energy generation (Interna-
tional Energy Agency, 2021b). Germany maintains a moderate level of dependency, shaped by the
nuclear phase-out and the gradual reduction of coal use, which has increased the role of natural gas
imports (Konopelko et al., 2023; International Energy Agency, 2025). In contrast, Poland has the low-
estlevel of import dependency, largely due to extensive domestic coal production, which continues to
underpin national energy security despite ongoing diversification efforts (International Energy
Agency, 2022; Eurostat, 2025).

Changes in the structure of the energy mix in selected EU countries, 2015-2024 (percentage points)

Country Coal / Lignite 0il Natural Gas Renewables Nuclear
Germany -9.98 +5.59 +6.42 +5.75 -7
Poland -17.48 +10.17 +4.03 +3.29 0.0
Italy -6.44 +3.52 +0.92 +2.01 0.0
Spain -9.02 +3.81 +0.30 +5.23 -0.32
Greece -19.06 +2.40 +11.85 +4.80 0.0

Source: authors’ work based on Energy Institute (2025).

Table 1 presents the structural changes in the energy mixes of selected EU Member States over
the period 2015-2024. The results indicate a systematic decline in the share of coal and lignite across
the analyzed countries, reflecting a gradual reduction in the use of the most carbon-intensive energy
sources. The most pronounced decreases were observed in Greece (-19.05 p.p.) and Poland (-17.48
p.p.). It should be noted that Germany and Spain also experienced substantial coal phase-outs. At the
same time, the share of renewable energy sources increased in all countries, although at different
rates. The largest growth of renewables occurred in Germany (+5.75 p.p.) and Spain (+5.23 p.p.),
reflecting more advanced renewable energy deployment, whereas Poland and Italy recorded more
moderate increases. However, the expansion of renewables was frequently accompanied by rising
shares of oil and natural gas, particularly in Poland, Germany, and Greece, which limited the potential
improvement in energy self-sufficiency. The results also point to differentiated national pathways of
energy transition. In Germany, dynamic growth in renewable energy coincided with a rapid phase-
out of nuclear power (-7.77 p.p.), leading to a higher dependence on imported fossil fuels (Eurostat,
2025; International Energy Agency, 2025). Greece follows a transition path characterized by a strong

DOI: 10.34659/€is.2025.95.4.1369



ECONOMICS AND ENVIRONMENT 4(95) = 2025 8

shift away from lignite, largely replaced by natural gas (+11.85 p.p.) and renewable sources (Interna-
tional Energy Agency, 2021b). By contrast, Italy and Spain exhibit more gradual and relatively bal-
anced adjustments, combining declining coal use with steady growth in renewables and limited
changes in nuclear energy.

Overall, the evidence suggests that structural changes in national energy mixes do not automati-
cally translate into improved energy security or self-sufficiency. Although decarbonization has pro-
gressed across all analyzed countries, the continued reliance on fossil fuels remains evident. This
highlights the importance of complementary economic and environmental policy instruments, such
as the development of decentralized renewable systems and energy communities, to enhance system
resilience and better integrate energy security objectives with long-term climate goals.

The cases of Greece, Spain, Poland, Germany, and Italy illustrate how differently energy commu-
nities (ECs) develop across the EU, depending not only on regulatory frameworks but also on national
energy mix structures and levels of energy self-sufficiency (Gajdzik et al., 2024; Mucha-Ka$ et al,,
2021; Koltunov et al., 2023; Biresselioglu et al., 2021; Losada-Puente et al., 2023, Khorrami et al,,
2025). EC maturity cannot be understood in isolation from these broader energy system conditions.
Countries with diversified or renewable-heavy energy mixes tend to support more mature, citi-
zen-driven EC models, while fossil-based or import-dependent systems usually adopt ECs more
slowly or treat them primarily as transitional tools. In this sense, ECs evolve as part of national energy
ecosystems rather than as stand-alone initiatives.

Germany and Italy represent the most advanced EC environments. Their diversified renewable
energy mixes, stable policy frameworks, and strong civic engagement have enabled ECs to play a
meaningful role in decentralizing governance and contributing to national renewable generation
(Wierling et al,, 2021; Biresselioglu et al., 2021; Hanke & Guyet, 2023). Spain and Greece occupy an
intermediate position: both have high renewable potential but remain partly dependent on energy
imports. In these countries, ECs mainly enhance local resilience, support distributed solar deploy-
ment, and help address energy poverty while contributing to EU energy security goals (Losada-Puente
et al, 2023; Barbaro & Napoli, 2023; Parrefno-Rodriguez et al., 2023; Lode et al., 2023). Poland pre-
sents a different pathway. Despite relatively low import dependency, its coal-dominated energy mix
limits the scale of EC development, positioning them mainly as pilot or transitional instruments for
regional decarbonization rather than system-wide transformation (Gajdzik et al., 2024; Mucha-Kas et
al., 2021).

Across all five cases, energy communities emerge as both technical and social tools that localize
renewable generation, democratize energy ownership, and strengthen self-sufficiency. Their expan-
sion is strongly linked to the share of renewables in national energy mixes and inversely related to
reliance on imported fossil fuels. Overall, ECs act as a bridge between EU-level climate ambitions and
local action, translating energy transition goals into tangible, community-based initiatives and rein-
forcing Europe’s pathway toward climate neutrality and greater energy sovereignty.

To deepen the analysis of future pathways of the European energy sector; particularly changes in
the energy mix and the shift toward distributed energy systems, a foresight study using the Delphi
technique was conducted. The research was designed and implemented by a team from the Bialystok
University of Technology and commissioned by the Panel for the Future of Science and Technology
(STOA) of the European Parliament (Ejdys et al., 2023).

The Delphi method was selected due to its suitability for analysing complex, uncertain and mul-
tidimensional phenomena that involve strong interactions between technological, social and policy
factors (Niederberger & Renn, 2023). The study followed a classical two-round Delphi design, ensur-
ing anonymity of responses, iterative feedback and controlled aggregation of expert opinions.

The survey involved 153 experts in the first round and 117 in the second round, representing
more than 30 countries and a broad range of professional backgrounds, including academia, the
energy sector and public administration (with the largest shares from Italy, Romania, Spain, Germany,
Greece and Poland, alongside respondents from other EU Member States and selected non-EU coun-
tries such as Turkey, Brazil and Nigeria). Experts assessed a set of theses related to the future of the
European energy system, evaluating their strategic significance, likelihood of realisation, expected
time horizon, key enablers and barriers. Particular attention was given to short-term developments
expected by 2025, allowing partial empirical verification of expert expectations.
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The first thesis addressed the acceleration of renewable energy growth within the EU energy mix.
Experts rated this development as highly significant and largely expected its visible acceleration in
the short term (36% assessed the thesis as very significant and 49% as significant, while approxi-
mately 80% of respondents anticipated its realisation before 2030). Key drivers identified included
geopolitical pressures to reduce fossil fuel dependence, regulatory initiatives such as the European
Green Deal and the Fit for 55 package, declining costs of renewable and storage technologies, and
increasing social acceptance of clean energy. At the same time, experts pointed to barriers related to
grid capacity, regulatory fragmentation and administrative constraints (Ejdys et al., 2023).

The second thesis focused on the transition toward distributed energy systems, including local
energy communities, energy sharing and decentralised generation. While also considered strategi-
cally important, this process was expected to unfold more gradually (31% of experts assessed the
thesis as very significant and 51% as significant, while 54% of respondents anticipated its realisation
before 2030). Experts anticipated early manifestations of decentralisation in the short term, with
more profound structural transformation occurring over a longer time horizon. Enablers included
digitalisation, storage development and community-based initiatives, whereas obstacles were asso-
ciated with regulatory heterogeneity, limited local capacities and uncertainties surrounding business
models (Ejdys et al.,, 2023).

Overall, the Delphi results confirm that the acceleration of renewable energy and the gradual
decentralisation of the energy system are key and interconnected drivers of the European energy
transition, reinforcing the importance of strengthening local governance and analytical frameworks
to support the development of mature and self-sufficient energy communities.

Discusion/Limitation and future research

The comparative analysis identifies three interrelated dimensions shaping the development and
maturity of energy communities (ECs) in Greece, Spain, Poland, Germany, and Italy: regulatory frame-
works, socio-technical configurations, and institutional learning. Although all five countries have for-
mally transposed EU energy directives (RED II and RED III), the level of regulatory coherence and
operational support varies considerably. Germany and Italy demonstrate the most advanced integra-
tion, offering stable legal conditions and financial mechanisms conducive to EC development, while
Spain, Greece, and Poland remain in transitional or experimental phases (Biresselioglu et al., 2021;
Losada-Puente et al., 2023).

The diversity of EC models reflects national governance traditions and energy system structures.
Cooperative and citizen-led initiatives dominate in Germany and Italy, municipal and regional pro-
jects prevail in Spain and Greece, and Poland is characterized by small-scale pilot initiatives, mainly
in solar and biogas sectors (Krug et al., 2022; Koltunov et al., 2023). Despite these differences, ECs
increasingly contribute to renewable energy deployment, energy poverty mitigation, and public par-
ticipation, while enhancing local energy autonomy and reducing import dependency (Barbaro &
Napoli, 2023; Parrefio-Rodriguez et al., 2023).

The comparative perspective further indicates that EC maturity is closely linked to national
energy mix structures and levels of self-sufficiency. In diversified and renewable-oriented systems,
such as Germany and Italy, ECs function as established instruments of decentralized energy govern-
ance (Wierling et al., 2021; Hanke & Guyet, 2023). In import-dependent systems, including Greece
and Spain, they operate primarily as mechanisms of local resilience, aimed at expanding domestic
renewable capacity and limiting exposure to external energy shocks (Losada-Puente et al.,, 2023;
Sofia et al.,, 2025). In Poland, EC development remains at an early stage, supporting a gradual transi-
tion away from coal through experimental cooperative initiatives (Mucha-Kus et al., 2021; Gajdzik et
al., 2024).

The Delphi foresight results reinforce these findings, highlighting the acceleration of renewable
energy deployment and the gradual shift toward distributed energy systems as dominant trends
across the EU. Experts emphasize that while early manifestations of decentralization are already vis-
ible, full institutional and technical maturity will require sustained policy support, grid moderniza-
tion, and strengthened local governance capacities (Ejdys et al., 2023; Panait et al., 2024; Ahmed et
al,, 2024; Czerewacz-Filipowicz et al., 2025 ).
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Conclusions

The findings confirm that Europe’s energy transition is not merely a technological process but a
complex socio-institutional transformation shaped by regulatory stability, civic participation, and
institutional learning (Renn, 2022; Broska et al,, 2022). The development of energy communities
depends on the level of “energy maturity” of local and national actors, understood as their capacity to
plan, implement, and sustain decentralized energy solutions.

The comparative analysis demonstrates that countries with coherent regulatory frameworks,
diversified energy mixes, and strong traditions of cooperation achieve faster progress in EC develop-
ment and higher levels of energy self-sufficiency, as observed in Germany and Italy (Wierling et al.,
2021; Cutore et al.,, 2023). Where regulatory fragmentation, limited local competences, and infra-
structure gaps persist, as in Poland, Greece, and Spain, ECs evolve more slowly and remain largely
experimental (Biresselioglu et al., 2021; Koltunov et al., 2023). Nevertheless, across all analyzed
cases, energy communities emerge as effective intermediaries between national energy policy objec-
tives and local implementation, supporting decarbonization, energy security, and social inclusion.

The study also reveals important analytical and policy gaps. The absence of integrated assess-
ment frameworks combining technical, economic, and social dimensions limits the evaluation of
energy maturity and the effectiveness of public intervention (Vernay & Sebi, 2020; Moroni et al,,
2019). Addressing these gaps requires regulatory harmonization, capacity-building at the local level,
and the development of practical maturity assessment tools to support evidence-based policymaking
and community development. Strengthening these instruments may enhance the role of energy com-
munities as pillars of a resilient, just, and participatory European energy system.
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POWIAZANIA MIEDZY DYWERSYFIKACJA MIKSU ENERGETYCZNEGO,
SAMOWYSTARCZALNOSCIA ENERGETYCZNA A DOJRZALOSCIA WSPOLNOT:
SCIEZKI KU ODPORNEJ TRANSFORMACJI ENERGETYCZNEJ EUROPY

STRESZCZENIE: Transformacja energetyczna w Unii Europejskiej zmierza w kierunku zréwnowazonego rozwoju, odpornosci
i decentralizacji. Celem niniejszego badania jest analiza zaleznosci pomiedzy dywersyfikacja miksu energetycznego, poziomem
samowystarczalnosci energetycznej a rozwojem spotecznosci energetycznych (energy communities, ECs) w pieciu paiistwach
UE: we Wioszech, Hiszpanii, Niemczech, Polsce i Grecji. Zastosowano metodologie hybrydowa, obejmujaca systematyczny prze-
glad literatury, analize statystyczng krajowych mikséw energetycznych z lat 2015-2024 oraz eksperckie badanie foresightowe
metoda delficka. Wyniki wskazuja, Ze stabilno$¢ regulacyjna, partycypacja obywatelska i uczenie sie instytucjonalne sprzyjaja
rozwojowi ECs, natomiast rozproszone regulacje, ograniczone kompetencje lokalne i luki infrastrukturalne stanowig istotne
bariery. Analiza poréwnawcza pokazuje wyzszg dojrzatosé ECs w Niemczech i we Wioszech, modele wschodzace w Grecji
i Hiszpanii oraz wczesny, eksperymentalny etap rozwoju w Polsce. Oryginalnos¢ badania polega na integracji wymiardw tech-
nicznych, instytucjonalnych i spotecznych w ocenie dojrzatosci ECs.

StOWA KLUCZOWE: wspélnoty energetyczne, spétdzielnie energetyczne, miks energetyczny, samowystarczalnos¢ energe-
tyczna, decentralizacja
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