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ARTICLE INFO ABSTRACT

Keywords: Hydropower plays essential role in Europe's energy landscape, contributing significantly to the continent's
Energy transition ) renewable power generation mix. However, in the context of global sustainability goals and the accelerating
Hydropower energy policy impacts of climate change, there is an urgent need to reassess and enhance the sustainability of hydropower

Climate actions and goals

. development. This includes not only minimizing social and environmental impacts but also addressing legislative
Sustainable hydropower development

Multi-level governance and governance challenges that hinder responsible growth.

Stakeholder engagement These dimensions are at the core of the COST Action CA21104 - Pan European Network on Sustainable Hy-

Pan-European network dropower (PEN@Hydropower), which brings together more than 375 members across five working groups
spanning technical, environmental, economic, and social perspectives.

This paper presents a synthesis of PEN@Hydropower activities, focusing on the underutilization of hydro-
power potential in four European countries—Slovenia, Lithuania, Poland, and Iceland. These countries, often
underrepresented in the literature, offer valuable insights into how multi-level governance and stakeholder
dynamics shape the implementation of EU climate and energy policies. Drawing on qualitative methodology
research methods within the COST Action CA21104 framework, the study combines in-depth analysis of revised
National Energy and Climate Plans (NECPs) with participatory stakeholder mapping based on Reed's method-
ology (Reed et al., 2009) [23]. The findings reveal a significant legislative gap between EU-level climate-
neutrality objectives (such as those set out in the European Green Deal) and environmental protection obligations
(for example, the Water Framework Directive). This gap permeates governance structures and ultimately con-
strains hydropower development. The stakeholder workshop held in Reykjavik further confirmed that this
misalignment disproportionately affects actors such as civil society, academic experts, and hydropower operators
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and suppliers, whose perspectives are essential for achieving a more coherent, climate-informed governance

strategy.

In this context, the paper underscores the relevance of PEN@Hydropower's planned output: practical guide-
lines for hydropower plant operators, but also for stakeholders wishing to construct new facilities or renovate
existing ones, aimed at bridging the gap between policy and implementation and supporting a more harmonized
and sustainable approach to hydropower development across Europe.

1. Introduction
1.1. The evolving concept of sustainable hydropower

Hydropower has long been regarded as one of the most environ-
mentally friendly forms of energy generation, owing to its reliance on a
natural and regeneratively available resource — water. Life-cycle as-
sessments consistently show that hydropower has among the lowest
greenhouse gas emissions of all electricity generation technologies, not
only compared to fossil fuels but also relative to other renewables [1].
Speaking of hydropower, it is important to consider the potential
negative impacts of new hydropower developments, such as river frag-
mentation, disruption of fish and sediment continuity, increased risk of
flooding, and greenhouse gas emissions from reservoirs. Therefore, over
time, the definition of sustainability has evolved significantly. Where
once low emissions were the primary benchmark, today's understanding
of sustainability incorporates a broader set of criteria, including envi-
ronmental, social, and governance (ESG) impacts. As national energy
strategies increasingly prioritize solar and wind due to their rapid
scalability and lower environmental controversy, hydropower project-
s—especially new developments—often face greater scrutiny and must
compete for political support, public acceptance, and financial resources
within constrained renewable energy targets. Moreover, the complex
interplay between climate variability, electricity markets, and regula-
tory frameworks must be considered when assessing the future of hy-
dropower in Europe [2].

1.2. State of the art research

Recent research has advanced the understanding of policy and
technological drivers in wind and hybrid renewable energy systems.
Solar energy has been extensively studied in the context of policy sup-
port and deployment barriers [3-5]. Chen et al. [6] present a global
patent-based analysis of wind energy technologies, highlighting how
different policy instruments influence innovation across components
and countries. Hassan et al. [7] provide a systematic review of hybrid
renewable energy systems, especially solar-wind combinations, Das
et al. [8] analyse India's wind—solar hybrid policy framework, empha-
sizing regulatory gaps and the importance of supportive policies to un-
lock hybrid deployment potential. Salim et al. [9] provided a very recent
review of situation in Europe. Bouraima et al. [10] further contribute
with a decision support model for wind energy in Africa, using fuzzy
logic to prioritize policy and investment strategies based on stakeholder
input. Collectively, these studies underscore the maturity and policy
focus of wind and hybrid systems.

Recent research by Yazici et al. [11] has emphasized the macro-level
role of hydropower in driving sustainable development and energy
transition goals. Focusing on the ten largest hydroelectric-producing
countries, the study employed econometric methods to explore the re-
lationships between hydropower development, financial progress, and
environmental sustainability. While their approach emphasizes the
global macro strategic importance of hydropower in climate action, the
present study focuses on the EU macro level by examining much smaller,
country-specific use cases. By examining underrepresented European
countries and applying stakeholder mapping and qualitative policy
analysis, our research complements Yazici et al.’s [11] work by
addressing implementation challenges, policy fragmentation, and

participatory governance in the deployment of sustainable hydropower.

In this study we address that gap by applying a comparative policy
analysis approach informed by stakeholder engagement, focusing on
underexamined European countries with significant untapped hydro-
power potential. Methodologically, it aligns with existing research on
solar energy policy such as the work by Solangi et al. [3], who conducted
a cross-country review of solar energy policy frameworks, and Kishore
et al. [4], who combined literature synthesis with case studies to assess
policy effectiveness in emerging economies. Like these studies, our work
contributes to informing more coherent policy design by highlighting
legislative misalignments and stakeholder-driven implementation
challenges.

1.3. Global reputation and the need for new standards

In the past, the reputation of the hydropower sector and its projects
worsened through a series of mega projects that faced significant chal-
lenges or ended in failures due to accidents or external factors (for
example the Aswan High Dam, China Three Gorges Dam, and more
recently Nova Kakhovka Dam. At the same time, the cumulative envi-
ronmental impacts of numerous small hydropower installations,
particularly on river fragmentation and ecosystem integrity, have
further contributed to growing public and scientific concerns. In 2000
the World Commission on Dams (WCD) report was published calling for
a total stop of all projects in doubt, without a tangible measuring tool to
prove good or best practices in place [12], although no specific cases
were identified and discussed in Europe or worldwide.

A shift in understanding of sustainability has led to the adoption of
more rigorous assessment frameworks—such as the Hydropower Sus-
tainability Standard—which demand a more comprehensive and trans-
parent approach to project planning, development, and operation. In
parallel, researchers have increasingly sought to support such frame-
works with robust decision-making tools, which can quantitatively
integrate environmental, social, and economic impacts [13].

Recent advancements in participatory decision-making also empha-
size the value of integrating narrative elements to increase transparency
and inclusivity. For example, the Multiple Narrative Decision Analysis
(MNDA) approach combines stakeholder narratives with multicriteria
tools to manage trade-offs and support shared understanding—an
approach aligned with this study's methods and goals [14]. These in-
sights directly inform the future development of decision-support and
communication tools under the COST Action.

A multi-stakeholder process, initiated through the International
Hydropower Association (IHA) and its partners, was used over years to
establish an assessment tool for proven best practice and sustainability
of hydropower projects. The developed Hydropower Sustainability
Protocol was declared Hydropower Sustainability Standard (HSS) in
2023 and made operational after testing various versions for different
stages, of projects, confirmed by a series of trial assessments in existing
or planned hydropower plants all over the world [1]. Among the hy-
dropower projects certified under the Hydropower Sustainability Stan-
dard, only a few are located in Europe; these include Fljétsdalur
(publicly assessed and awarded Gold certification) and Kérahnjikar,
both in Iceland. The governance organization of the Protocol was de-
tached from IHA's organization to become the completely independent
Hydropower Sustainability Alliance (HSA) in 2023, during IHA's World
Hydropower Congress in Bali, Indonesia. HSS included stakeholder
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consultations from banks and finance, through developed and devel-
oping countries, industry, consultants, environmental and social NGOs,
etc., whose input then was implemented into this complex assessment
tool [1].

1.4. Climate change and technological innovations as drivers for change

Hydropower is a cornerstone of renewable energy due to its low
carbon emissions and high efficiency in electricity generation. Life-cycle
assessments confirm that it produces significantly fewer greenhouse
gases compared to fossil energies and most other renewables. Moreover,
climate change is altering hydrological cycles, directly impacting hy-
dropower's reliability and sustainability. Rising global temperatures are
disrupting precipitation patterns, accelerating glacier retreat, and
increasing the frequency of extreme weather events—all of which affect
water availability, reservoir levels, and energy output [15]. For instance,
prolonged droughts reduce river flows, diminishing generation capacity,
while intense rainfall and flooding can damage infrastructure and force
operational shutdowns.

To adapt, the hydropower sector must innovate beyond its tradi-
tional reliance on mature, incremental technologies. Key challenges
include:

e Enhancing flexibility: Future energy grids will require hydropower
plants (HPPs) and pumped storage hydropower plants (PSHPPs) to
rapidly adjust output to balance variable renewables like wind and
solar. This demands advanced turbine designs and grid-responsive
operations.

Climate-resilient infrastructure: Rising temperatures and shifting
hydrological regimes necessitate redesigning dams, spillways, and
reservoirs to withstand extreme weather while maintaining
efficiency.

Digitalization and predictive maintenance: Al-driven monitoring
systems and digital twins can optimize operations, reduce downtime,
and extend the lifespan of aging infrastructure [16].

Environmental flow management: Climate-induced water scarcity
intensifies conflicts between energy production and ecosystem
health. Adaptive strategies, such as dynamic e-flow releases
informed by real-time climate data, are critical to safeguarding
aquatic biodiversity [17].

Moreover, transboundary collaboration is essential, as climate im-
pacts on shared water resources may escalate geopolitical tensions over
hydropower dependencies. In Europe transboundary issues that may
arise are well contained, the European legal order regulates the rights
and obligations of EU Member States and institutions. Innovations like
hybrid systems (e.g., floating solar panels on reservoirs) and green
hydrogen integration could further bolster resilience. By embracing
these technological and governance advancements, hydropower can
sustain its role in the clean energy transition despite a rapidly changing
climate.

1.5. The goal of the article

The goal of this article is to analyse the hydropower situation in three
EU countries (Slovenia, Lithuania, and Poland), and in Iceland. Discus-
sion will include also other countries, among which Switzerland, United
Kingdom and Bosnia and Herzegovina. Study will also identify key
challenges, and explore how legislative gaps—revealed through stake-
holder mapping methodology —affect the sector. In doing so, the article
contributes to closing a recognized research gap in renewable energy
literature, where hydropower on the European level has received less
attention than wind and solar energy. Furthermore, the study demon-
strates how the PEN@Hydropower COST Action can support addressing
these challenges and provide actionable recommendations for future
planning and policy development.
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2. Methodology
2.1. Research design and COST framework

This study employs a novel qualitative, comparative policy analysis
approach grounded to generate new, empirical insights into the gover-
nance bottlenecks that affect sustainable hydropower. It was conducted
within the framework of the COST Action CA21104 - PEN@Hydro-
power. The methodology benefitted from access to a diverse range of
perspectives across Europe thanks to the inclusive structure of the COST
Action, where less research-intensive countries classified as Inclusive-
ness Target Countries (ITCs) are involved. This broad partic-
ipation—spanning over 375 members from 35 countries—enabled the
selection and analysis of national contexts that are often underrepre-
sented in the hydropower sustainability literature. In particular, the
engagement of experts from countries such as Lithuania, Poland, and
Slovenia was facilitated through the COST networking mechanism,
ensuring that the analysis reflects a more balanced and Pan-European
understanding of stakeholder interactions, policy gaps, and local
implementation challenges. COST brings together five interdisciplinary
working groups addressing technical, environmental, economic, and
social dimensions of hydropower. This structure ensures that all three
interdependent pillars of hydropower sustainability—economic devel-
opment, environmental protection, and social justice—are adequately
addressed [18,19]. The research specifically builds on the work of
Working Groups 4 (Clean Energy Transition and Policy Measures) and 5
(Holistic Assessment and Stakeholder Interaction), focusing on stakeholder
mapping, policy coherence, and implementation challenges in sustain-
able hydropower development.

The research aims to explore how legislative gaps and multi-level
stakeholder dynamics affect hydropower potential and policy execu-
tion, using the PEN@Hydropower network as both a knowledge base
and a testing ground for collaborative tools.

2.2. Country selection and case study approach

The methodology is based on qualitative methods, including
comparative case studies of four European countries—Slovenia,
Lithuania, Poland, and Iceland—selected for their small size, EU or EEA
membership, and dimensionally different progress in hydropower
development and integration. These countries represent varied national
contexts and policy responses, making them particularly suitable for
investigating how governance structures influence the interpretation
and implementation of EU-level energy and environmental policies.

In contrast to the prevailing academic literature, which predomi-
nantly focuses on large hydropower producers [11] or countries in the
Global South—such as China [20], Brazil, Nepal, or regions like
Sub-Saharan Africa and Southeast Asia—comparative studies addressing
smaller or less-researched European nations remain scarce. A review of
recent hydropower policy publications indicates that, while many
studies focus on large-scale projects or internationally funded initiatives,
several EU countries—including those selected for this research—have
received comparatively little attention in EU and national research
projects on hydropower. As a result, the number of publications and
analyses concerning these countries is relatively limited compared with
the extensive literature available on larger, well-supported projects.

This study directly addresses this geographic and methodological
gap by applying a comparative policy analysis approach informed by
stakeholder engagement, offering new insights into national-level
implementation of EU climate and energy goals in the hydropower
sector.

The study incorporates a policy document review and descriptive
data analysis. In line with the PEN@Hydropower Memorandum of Un-
derstanding [21], which mandates mapping of EU legislative and market
frameworks and identification of policy gaps, this paper focuses specif-
ically on national energy and climate plans (NECPs),
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hydropower-related regulatory frameworks, and selected project
documentation.

National energy and environmental plans (e.g., NECPs), regulatory
frameworks, and project-specific information such as installed capacity,
technical potential, and status of hydropower plants (e.g., Kozjak PSHPP
in Slovenia, Kruonis upgrade in Lithuania) were reviewed. Data were
collected from national agencies, project reports, international organi-
zations (e.g., IEA, IRENA, World Bank, Ember, UNIDO), and peer-
reviewed literature. Review of policy and market challenges, case-
specific findings, and legislative gaps ultimately lead to actionable in-
sights for future planning and decision-making.

The analysis of the revised NECPs is carried out in this paper, as they
were the latest opportunity to envisage hydropower development in
national policy documents. NECP analysis was structured to answer the
following research questions: 1) Is hydropower considered as a renew-
able energy source in reaching the goal to further reduce greenhouse gas
emissions? 2) How, and whether, countries have tackled the contrapo-
sition issue between environmentally orientated and renewable energy
development foreseeing directives?

2.3. Stakeholder engagement and data collection

A central component of the methodology is stakeholder mapping,
conducted through a combination of focus groups and participatory
workshops. This approach is underpinned by the understanding that
stakeholders are individuals or groups who are either objectively or
subjectively affected by a proposed action, and whose perceptions and
involvement can significantly shape policy outcomes [22]. Focus groups
are recognized as effective tools for stakeholder identification, catego-
rization, and relationship analysis in complex environmental contexts
[23]. The workshops enabled interactive dialogue, iterative refinement
of ideas, and collaborative analysis, fostering consensus among diverse
stakeholder groups [24]. Following Reed et al. [23] approach,

transition from voluntary

Stakeholders in Hydropower
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stakeholder mapping was done in three steps. Step 1 of our stakeholder
analysis—identification through focus group discussion —followed by
Step 2, analytical categorization (a top-down method) to differentiate
stakeholders based on influence and relevance. In addition, we consid-
ered stakeholder salience in terms of power, legitimacy, and urgency
[25], which allowed us to distinguish between stakeholders with lower
relevance (e.g., equipment producers) and those with greater influence
and decision-making authority (e.g., operators and regulators).

Finally, Step 3 through social network analysis explored in-
terrelations and power dynamics among stakeholder groups, offering a
structured view of influence, communication channels, and potential
alignment or conflict (see Fig. 1). This sequential approach ensured a
robust, participatory, and theoretically grounded stakeholder mapping
process.

To further support our stakeholder identification process, we drew
on the concept of Radical Transactiveness developed by Hart and Sharma
[26], which encourages proactive engagement with stakeholders who
may be overlooked, marginalized, or underrepresented in traditional
decision-making processes. In the context of hydropower development,
this includes not only civil society and academic experts but also oper-
ators and suppliers. All these groups were represented during the
PEN@Hydropower stakeholder workshop in Reykjavik [27], ensuring
that the mapping process reflected a broad spectrum of experiences,
interests, and concerns across the hydropower value chain. The Rey-
kjavik stakeholder workshop gathered over 30 participants on site, with
representation from 28 Management Committee (MC) member coun-
tries out of the 34 COST Action member countries. For the stakeholder
mapping exercise, participants were divided into three groups, ensuring
that at least 10 members from 10 different countries contributed directly
on site, while additional MC members joined and contributed online.

Energy Policies

International Organisations

Frameworks and Agreements

United Nations
World Bank, Multiratelal Development Banks
Financial Institutions, IHA, IEA, UNECE

SDGs, Environmental Safeguards, HSS,
Energy Transition Guidance
Water Convention

. { T
global noms to
enforceable | supports guidance, binding in case of funding
law
European Level Directives and Regulations
European Commission Green Deal, Natura 2000 conflict
p European Environmental Agencies Water Framework Directive N
transition from T T
tional H
Supratons ra»mamng' i has binding for member states
fo sovereign national
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Fig. 1. Critical stakeholders mapping for the hydropower sector policies development with hierarchy divisions among stakeholder groups shown on the left.
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3. Status of hydropower in the Europe and the world

Europe is by far the global leader in installed hydropower capacity
with 202 GW and 58 % of available potential is utilized. In second place
are Asia and the Pacific with 37 % [1]. The value presented here ex-
cludes the pumped storage hydropower, which in Europe additionally
adds another 55 GW [28].

Since the goal of the paper is to analyse the barriers to hydropower
exploitation, four European countries with relatively small hydropower
electric energy production and large possibility for additional hydro-
power capacity were considered. The selection includes Slovenia (small
country — area of 20,271 km?, medium share of hydropower energy
production — 42% share from total production, approx. 2 MWh of hy-
dropower production per capita annually), Poland (large country —
312,696 km?, and small share of hydropower energy production — 2%
from total, approx. 0.07 MWh of hydropower production per capita
annually), Lithuania (small country — 65,300 km?, small share of hy-
dropower energy production — 12.5% from total, approx. 0.3 MWh of
hydropower production per capita annually), and Iceland (small coun-
try, 103,125 km?, and large share of electric energy production - 75%
from total, approx. 34.5 MWh of hydropower production per capita
annually). Before focusing on the untapped generation potential, a brief
review of the hydropower sector including the situation with PSHPP is
provided for each country.

3.1. Slovenia

Slovenia is a country in the south of Central Europe region. In 2023
HPPs in Slovenia had a very good production, with 4.9 TWh provided
corresponding to 41.99 % of total national electric energy production
(excluding the share of production in nuclear power plant Krsko, owned
by Croatia). The average yearly production of electric energy from hy-
dropower is lower and is estimated at 4.2 TWh [29]. The gross energy
potential of Slovenian rivers is estimated at 19.4 TWh/year [29]. Of this,
9.1 TWh/year is technically useable potential, and economically be-
tween 7 and 8.5 TWh/year. Currently installed potential represents 47 %
of the total technically available potential. Therefore, with 4.2 TWh
already developed out of a gross potential of 19.4 TWh, the expansion
potential is limited providing for safeguarding the environment. How-
ever, hydropower plants are unevenly distributed across rivers: the
Drava is fully utilized, the Sava and Soca only partially developed, and
the Mura remains entirely untapped, meaning further development
would need to consider both economic feasibility and environmental
protection.

Three HPPs on the middle Sava River are one of the most important
renewable future projects of the national power plants operator Holding
Slovenske Elektrarne group. Currently, all placement procedures are
underway, following Spatial Planning Act legislation. Investors want the
first of the three hydroelectric power plants on the middle Sava to start
supplying electricity to the grid by 2030, a very challenging desire,
considering the highly uncertain and complicated legislative procedures
for the placement of energy facilities in Slovenia. However, due to the
complexity of procedures, the duration, number, and costs of environ-
mental and social impact studies (assessment procedures) already
exceed what investors are typically willing to finance and endure, with
some studies being subject to the conditioning system and others being
evaluated multiple times.

For the additional introduction of new HPP generation capacity, the
building of HPP Mokrice (the last HPP in Slovenia on the lower Sava
River cascade of 5 HPPs) has suffered a new setback. The administrative
court annulled the government's decision on the public benefit of the
Mokrice HPP construction. The administrative court ruled in favor of the
appellants in the lawsuit of the Society for the Study of Fishes of Slovenia
due to the government's decision on the predominance of the public
benefit of electricity production over the public benefit of nature con-
servation when issuing a construction permit for HPP Mokrice. This
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means that the decision on further steps regarding HPP Mokrice is again
in the hands of the government. But before that, the court's decision will
have to be thoroughly analyzed, especially because this procedure was
used for HPPs in Slovenia for the first time.

Besides HPP's electric energy generation, the increasing share of
renewable and volatile production sources in the power system naturally
raises the need for pump storage hydro power plants PSHPPs. One of
these new projects is the Kozjak pumped hydroelectric power plant on
the Drava River. It is currently undergoing revisions to its conceptual
project and preparing the expert basis for the environmental report.
There are several other projects in preparation or under consideration
for the construction of PSHPPs on the Drava River in Slovenia.

The Slovenian National Energy and Climate NECP plan was under re-
evaluation procedure in 2023 and 2024. The re-evaluated NECP envis-
ages increased production using solar and wind power plants, but like
with the current one, no significant change in HPP electric energy pro-
duction is expected until 2030. The introduction of new PSHPPs is
envisaged under the dimension of Energy Security and is listed as one of
the key objectives.

In the light of long-lasting procedures and thus uncertain introduc-
tion of renewables, a national project Facilitating Renewable Energy
Deployment in the Electricity Sector of Slovenia (RES Slovenia), funded by
the EU, was performed. It included analyses of the potential for new
installation of renewables for electricity production. The project helped
to identify risks and potential regions where further development at the
national level is possible. For new large HPPs, the middle Sava River and
lower Sava River were identified, but in both cases, the report identified
high environmental risks. The most recent comprehensive national-scale
analysis and planning of potential small hydropower (SHP) projects was
conducted by the Energy Directorate in 2007. The study identified 33
SHP sites with capacities of 1-10 MW, along with 6 smaller sites.
However, most of these locations do not align with the objectives of the
Water Framework Directive—such as achieving good ecological status-
—and are situated within protected areas of the EU Natura 2000
network.

The main barriers to hydropower development in Slovenia are social
and environmental. Although HPP operators have tried to build new
units, they were in the last few years not successful. Technological ad-
vancements were included in the new projects and mainly focus on
providing greater flexibility to integrate renewable energy, imple-
menting passages for aquatic organisms, and increasing spillway ca-
pacity. It remains to be seen if PSHPP will fare better.

3.2. Poland

Poland is a country in the Eastern Europe region. In 2023 electricity
consumption in Poland was 167.5 TWh and generation amounted to
163.6 TWh. Net imports exceeded exports by nearly 4 TWh. Out of the
amount generated, 26.8% came from renewable energy sources. In 2023
hydropower was the fourth biggest source of electricity from renewable
sources after wind, solar, and solid biofuels. Hydropower generated
2.41 TWh of electricity or 5.25% of all renewables [30]. This excludes
the electricity generated from the pumped storage hydropower plants,
which consists of an additional 1.54 TWh.

The overall installed capacity of hydropower plants in Poland is
2421 MW. Out of this, the capacity of hydropower plants generating
electricity from the natural flow of water, excluding pumped storage
plants, is 989 MW. Poland has 782 renewable hydropower plants and six
pumped storage ones. Of these, 775 are PSHPP plants up to 10 MW with
a combined installed capacity of 296 MW [31].

The total theoretical hydropower potential of Polish rivers has been
estimated to be 23.6 TWh/year, with a technical potential of 13.7 TWh/
year. Out of this, the technical hydropower potential of PSHPP (up to 10
MW) is estimated to be approximately 5 TWh/year. This indicates that
only about 15 percent of the country's technical hydropower potential
has been developed so far [32].
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The main regulations in Poland related to PSHPPs include the Act on
Renewable Energy Sources and the Energy Law (which outline rules of
electricity production and support schemes for renewable electricity
producers), the Water Law and the Water Basin Management Plans
(which outline rules of water management, water use for hydropower
purposes, rules for water installations, requirements for residual flow,
fish migration and some restrictions in developing new hydropower
projects in line with the EU Water Framework Directive). Additional
regulations include the Act on Nature Protection and the Act on
Accessibility of Information concerning the Environment and its Pro-
tection, Participation of the Society in the Protection of the Environ-
ment, and Assessment of Impact on the Environment.

Support schemes for hydropower projects include auctions (for
plants up to 5 MW), FITs (up to 500 kW), and FIPs (up to 1 MW) as well
as discounts for prosumers in micro-installations. With the FITs and FIPs,
which are the financial support schemes most used by small hydropower
producers, the guaranteed prices amount to 90 or 95 percent of the
reference prices assigned each year for auctions. Producers are entitled
to the guaranteed price within auctions in either a FIT or a FIP for 15
years.

The development and operation of hydropower in Poland face
several persistent barriers, including complex and costly administrative
and environmental assessment procedures—particularly burdensome
for small-scale projects. Operators must also bear high investment and
operational costs due to obligations related to water regulation, infra-
structure maintenance, and compliance with increasingly strict envi-
ronmental standards. Financial challenges are compounded by short
support periods (15 years), which are misaligned with the typical 60-70
years lifespan of hydropower plants, as well as recent water pricing
policies and increased land-use fees. Additionally, regulatory
gaps—such as the absence of clear rules for utilizing existing weirs, lack
of spatial planning integration, and the unpredictability of legal
frameworks—create significant uncertainty, especially for smaller
investors.

However, enabling factors for hydropower development in Poland
include the following:

- the FIT/FIP scheme offers stable support for newly constructed
PSHPP plants;

- over 8500 of previously constructed water infrastructure enabling

electricity generation across the country that could be refurbished or

re-equipped as PSHPP plants;

possible increases in potential hydropower generation under opti-

mistic climate change scenarios.

Hence, the new hydropower projects incorporate technological ad-

vancements such as modernized turbines, digital control systems for

improved efficiency, and enhanced integration with other renewable

energy sources, while adhering to strict environmental requirements

including water management regulations and measures to protect

aquatic organisms.

3.3. Lithuania

Lithuania is a country in the Northern Europe region. In 2023, 45 %
of its energy demand (12.6 TWh) was generated locally. Out of this, 67.6
% came from renewable energy sources. Hydropower, after wind and
solar, was the third biggest source of renewable energy in the country in
2023. Hydropower generated 0.45 TWh of electricity or 11.6 % from all
renewables. This excludes the electricity generated from the Kruonis
pumped storage hydropower plant, which generated an additional 0.52
TWh [33].

The overall installed capacity of hydropower plants in Lithuania is
1029 MW of which large hydropower is 101 MW (Kaunas hydropower
plant) and pumped storage hydropower is 900 MW (the Kruonis pumped
storage hydropower plant). The rest capacity comes from 98 small hy-
dropower plants that operate in the country [33]. The last small
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hydropower plant in Lithuania was commissioned in 2017, and no
further small hydropower development is expected in the near future.
Conversely, the development of large hydropower projects is underway,
including the update of the Kruonis pumped storage hydropower plant
through the construction of a fifth penstock.

In Lithuania, there are no specific governmental plans, strategies,
and programs targeting hydropower development. Overall country tar-
gets described in the National Energy Independence Strategy are
ambitious. They include a 100 % share of consumed electricity to be
generated domestically and an 80% share of renewable energy in final
consumption. This means that the goal for 2050 is to generate all elec-
tricity demand locally from renewable energy sources and significant
development of wind power, biomass, and solar power is foreseen [34].

Accordingly, such a strategy was incorporated into the National
Energy and Climate Plan (NECP.eu). The NECP contains no targets for
hydropower development. This omission is significantly influenced by
other national legal documents, such as the Renewable Energy Re-
sources Law enacted by the Seimas of the Republic of Lithuania in 2011
[351, which prioritizes damless hydropower projects.

The latest amendment to the National Water Law, dated 2019,
removed 170 rivers and their stretches from no-go areas for hydropower
development in Lithuania. The current version of this law prohibits dam
construction in protected areas and forbids such constructions if they do
not meet the good water status requirements according to Directive
2000/60/EB. This means that new hydropower development is possible,
but new projects will have to undergo strict environmental impact
assessment procedures. Since the amendment of the National Water
Law, none of these procedures have been initiated.

Overall, the main barriers to hydropower development in Lithuania
are political and environmental. Although environmental factors theo-
retically also act as enablers, they remain underutilized.

The evaluated unused technical hydropower potential in Lithuania is
853 GWh/year, which corresponds only to small hydropower plants.
The two largest rivers in Lithuania, which could be used for large hy-
dropower, are protected from damming. Nearly 20% of this unused
potential, taking into account environmental constraints, can be utilized
by retrofitting old water mills' sites and currently unpowered dams and
weirs. Hence, technological advancements in Lithuania are ambitious
across the whole renewable energy sector, including the limited
expansion and modernization of flexible hydropower, while fully
respecting environmental constraints.

3.4. Iceland

Iceland stands as a global leader in renewable energy production,
generating approximately 55 MWh per capita annually—the highest
rate worldwide. Hydropower accounts for 75% of the country's elec-
tricity, leveraging its abundant glacial rivers, high precipitation (aver-
aging 1940 mm per year), and extensive water resources across its
103,000 km? land area. The national energy system has evolved through
three key phases of development, balancing economic growth with
environmental stewardship.

From the 1960s to the 2000s, Iceland focused on large-scale hydro-
power projects to support its energy-intensive industries. The 690 MW
Karahnjtikar plant, one of Europe's largest hydropower facilities, gen-
erates 4.6 TWh annually, primarily for aluminum smelting. Smaller in-
stallations, such as the 14.6 MW (105 GWh/year) Ljésafoss station on
the Sog River, built in 1937, demonstrate the country's longstanding
commitment to hydropower. Today, Iceland's installed capacity reaches
2096 MW, producing 13 TWh annually—though its technically feasible
potential remains much higher, at 55-64 TWh per year. Due to the small
population size, the currently installed capacity is sufficient, and the
remaining technically feasible potential does not need to be exploited.

Hydropower remains central to Iceland's economy, supporting 80%
of its electricity demand for energy intensive industries. However, the
country is now diversifying into green hydrogen and hybrid energy
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systems, combining hydropower with geothermal and floating solar.
Challenges such as glacial retreat and public opposition to new dams (e.
g., Hvammsvirkjun project, [36]) underscore the need for adaptive
strategies.

Iceland's managed growth model—utilizing only 24% of its technical
potential—offers lessons for EU nations struggling with conflicting
climate and conservation goals. Unlike Poland's reliance on coal (61% of
electricity in 2023) or Lithuania's energy import dependence, Iceland's
100% renewable grid demonstrates how strategic planning can align
energy security with environmental protection. However, Iceland's
success is partly enabled by its small population and relatively stable
electricity demand, conditions that are not easily replicated in many EU
countries.This analysis justifies Iceland's inclusion by highlighting its
unique approach to sustainable hydropower, providing a benchmark for
other countries navigating similar trade-offs.

Since the 2000s, Iceland has prioritized sustainability through pol-
icies like the Master Plan for Nature Protection and Energy Utilization
[37], which places 60% of its hydropower potential under conservation.
Environmental regulations, including a requirement to maintain 20% of
natural flow in all rivers, are designed to ensure ecosystem protection.
This integrated approach provides a clear national framework for
balancing conservation and energy development. Technological ad-
vancements are outstanding and focus on integrating hydropower with
hybrid energy systems while maintaining strict environmental pro-
tections and sustainable river management.

3.5. Summary of reasons for unused capacity

To summarise the findings and compare four countries additional
indicators were calculated (Table 1): full load hours (ratio of average
annual generation and installed capacity), hydropower development
level (ratio of average generation and potential capacity), hydropower
generation per capita, and hydropower density (installed capacity per
country land area).

The full load hours (a proxy for capacity factor) highlighted the in-
tensity of hydropower generation, with Iceland achieving over 6000 h/
year, well above countries from continental Europe under consideration,
which is related to the extensive glacier based water availability. Gen-
eration per capita and installed capacity density revealed differences
between countries with similar technical potential, underlining the role
of geography and impact of governance. Development level, as the share
of utilized technical potential, revealed that Slovenia, according to this
indicator, is the most advanced country, while Poland, Lithuania and
Iceland retain large amount of untapped potential despite different
socio-political context.

In contrast, EU member states such as Slovenia and Poland operate
within a more fragmented governance environment. Our own stake-
holder mapping and case study analysis conducted within the PEN@-
Hydropower COST Action revealed that the disconnection between EU-
level climate targets (e.g., European Green Deal, NECPs) and environ-
mental protections (e.g., Water Framework Directive) creates legislative
ambiguity and slows hydropower development. For example, in
Slovenia, the planned HPPs on the middle Sava River, despite being
identified as key national projects, face highly uncertain timelines, with
investors struggling to finance multiple rounds of impact studies.
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Similarly, the Mokrice HPP construction was halted, highlighting how
legal and environmental considerations can override energy targets. In
Poland, permitting delays and high compliance costs are also significant
barriers, particularly for small hydropower projects. Operators must
navigate strict water management rules, fish migration protections, and
environmental assessments, which increase investment risk and deter
new projects. In summary, in both countries, permitting processes are
frequently delayed due to inconsistent interpretation of overlapping
regulations at national, regional, and local levels, resulting in project
uncertainty and stalled investments.

All the countries discussed above still have a significant amount of
uninstalled capacity (Table 2), though the reasons for this vary. While
the data in Tables 1 and 2 quantify the paradox of significant untapped
hydropower potential, the subsequent analysis of stakeholder dynamics
and legislative gaps provides the explanatory depth to resolve this
paradox.

In Slovenia, Poland, and Lithuania, environmental concerns take
precedence over energy generation. However, in Slovenia and
Lithuania, the use of electric energy is much greater than domestic
production, whereas, in Poland, production and consumption are
roughly balanced.

All these factors reveal the similarity between Slovenia, Poland, and
Lithuania with relatively minor hydropower development since year
2000. The variation in electricity production from hydropower there can
largely be explained by the interchanging of dry and wet years rather
than a significant increase in installed capacity. The exception is Iceland,
where the electricity production from hydropower from 2000 to 2024
increased by 2.2 times.

The situation in Iceland is remarkably different than in the other
three countries, with electric energy production greatly exceeding do-
mestic household consumption and supporting energy-intensive in-
dustries. Being an island with no connection to the EU or the United
Kingdom grid, the excess electric production is being used in aluminum
smelters and later exported. Iceland thus is in a good position to add
hydropower capacity and reduce COy emissions in the transportation
and fishing industry sectors.

The big reason behind the unused capacity of hydropower in the EU
is the fact that this renewable energy source is perceived by the majority
of various EU Directives, related to hydropower development, as purely
electricity generators. Studies, prepared within PEN@Hydropower,
proved that hydropower can bring additional social, economic, and even
environmental values. For example, hydropower can have a role in
enhancing energy justice [38] and be a crucial asset in allowing more
non-dispatchable renewable energy sources into the electricity market.
Also, European hydropower companies contribute to the EU competi-
tiveness and economic income by leading in hydropower innovations.

Regarding the possible negative impact of hydropower on the envi-
ronment, it is worth mentioning that, during the last two decades, hy-
dropower has answered the requirements of sustainable development
with various innovative solutions:

- Hydropower entered the digitalization era with variable-speed ma-
chines to improve the flexibility of operations. This is needed not
only to ensure grid stability and energy security but also to more

Table 1 Table 2
Hydropower indicators in the analyzed countries (without pumped storage). Status of hydropower in the analyzed countries (without pumped storage).
Full load Development Generation per Density Installed Average Share among Technical
hours [h/ level [%] capita [MWh/ [MW/km?] capacity generation renewables [%] potential
year] person] [MW] [TWh/year] [TWh/year]
Slovenia 3584 46.2 2.0 0.058 Slovenia 1172 4.2 91.4 9.1
Poland 2022 14.6 0.07 0.003 Poland 989 2.0 5.2 13.7
Lithuania 3906 23.8 0.3 0.002 Lithuania 128 0.5 11.6 21
Iceland 6205 20.3 34.5 0.020 Iceland 2096 13.0 69.1 64.0
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efficiently use the available flow, mitigating the impact of
hydropeaking.

Fish-friendly turbines were invented to reduce fish mortality during
migration.

New installations of low-head turbines help to reduce construction
costs and impact on the environment.

Hydropower reservoirs have been stated to be utilized as suitable
sites for floating solar PV installations, thus entering the hydropower
hybridization era.

Hydropower plants are internally exceptionally well digitized,
featuring among others full remote control. However, the benefits of
digitalization are currently limited primarily to plant operators. Im-
provements in local perceptions of hydropower could be expected if
certain aspects of digitalization were made accessible to the public.

In addition, fish-friendly turbines can help projects comply with the
ecological requirements of the Water Framework Directive, thereby
reducing the conflict between energy development and environmental
protection. Digital technologies can further enhance public trust in
projects’ environmental compliance and contribute to greater stake-
holder consensus.

These advancements show that hydropower is ready for basin wide
development assessment where the green areas for hydropower devel-
opment would be highlighted. This might include new water reservoirs
for drinking water, irrigation, flood protection, etc, and in addition
featuring new turbines with reduced manufacture costs or floating PV
for hybridisation. Still new technical solutions will be needed for tur-
bines as requirements will be for them to work efficiently during high
flow variations, reduce fish mortality further and increase ability for
sediment transportation. If the aging Europe's hydropower fleet would
be able to carry out refurbishment with such turbines, the trade-off
between environmental and energy targets in hydropower sector
would be ensured. Still, to carry out this successfully, the multipurpose
contribution of hydropower needs to be more recognized in national and
European level legislation.

4. STAKEHOLDER'S interaction for sustainable hydropower

The synergistic action of stakeholders plays a fundamental role in
promoting the development of sustainable hydropower. Consequently,
collaboration with organizations such as the Hydropower Sustainability
Alliance (HSA), the International Hydropower Association (IHA), and
regional networks like EERA Hydropower and GREDA is essential for the
effective dissemination and implementation of project findings.

4.1. Overview of stakeholder mapping for effective policies

Energy policy is defined as a set of guidelines, regulations, and ob-
jectives governing the production, distribution, and consumption of
energy [39]. These policies are shaped at multiple governance levels,
each playing a different role in shaping hydropower development. At the
supranational level, European Union directives (e.g., the Green Deal,
Water Framework Directive, Renewable Energy Directive) are manda-
tory for member states and set legally binding goals for sustainability
and environmental protection. These are implemented through
national-level policies, such as the National Energy and Climate Plans
(NECPs), which define energy strategies and regulatory frameworks at
the state level. While these national policies are binding, their imple-
mentation often depends on regional and local authorities, which
manage spatial planning, environmental permitting, and community
engagement. Though not always mandatory in a legal sense, these
regional and local frameworks can significantly influence the feasibility
and timeline of hydropower projects. In parallel, industrial stakeholders
and financial institutions develop internal policies that—while vol-
untary—can have strong enabling or limiting effects on project
development.
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Identifying stakeholders is a foundational step in ensuring sustain-
able hydropower development. The PEN@Hydropower COST Action
effectively leveraged its broad European network to conduct a partici-
patory stakeholder mapping process. This was carried out during a
dedicated Thematic Workshop held in Reykjavik, Iceland, on September
14, 2023, where a focus group composed of Management Committee
(MC) members collaboratively identified and categorized relevant
stakeholders. The exercise was grounded in the view that a stakeholder
is any individual or group with a vested interest in a project, who can
either affect or be affected by its development—directly or indirectly.
This aligns with the classic definition by Babiuch and Farhar [22], which
emphasizes that stakeholders include not only those objectively
impacted but also those who perceive themselves to be affected,
regardless of technical assessments.

Furthermore, the workshop discussions highlighted that even within
the same stakeholder category (e.g., regulatory agencies, NGOs, opera-
tors), interests and expectations vary significantly depending on
regional and national contexts. This nuanced view supports a more
flexible, location-sensitive stakeholder analysis model, which is essen-
tial for complex, multi-level governance systems like those in European
hydropower development.

The COST Action MC members identified the critical stakeholder
groups for successful policies implementation reported in Fig. 1, ranked
by importance starting with the most important at the top. The stake-
holder map (Fig. 1) serves as a key empirical finding of this study,
providing a validated, visual representation of the complex influence
landscape that must be navigated to resolve the identified legislative
gaps.

The procedure illustrated in Fig. 1 requires a discussion of hierarchy,
namely the division among stakeholder groups. The hierarchy presented
in Fig. 1 is structured according to three factors that distinguish each
level from the one above or below it: decision-making authority, terri-
torial scope, and the degree to which policies are binding.

The division between the international and the European levels is
based on legislative authority. International bodies do not possess leg-
islative power over European states; instead, they provide voluntary
frameworks and set funding-related requirements. European in-
stitutions, by contrast, operate above the state level as supranational
legislative authorities. EU directives and regulations are legally binding
for Member States. Therefore, the hierarchical distinction between the
international and European levels is defined as the transition from
voluntary global norms to enforceable supranational law.

European institutions enact legislation that Member States are
required to implement. However, only the governments of individual EU
Member States have the authority to adopt laws that are directly
applicable within their territories, as well as to establish subsidies, en-
ergy targets, and related measures. This defines the next hierarchical
division as the transition from supranational lawmaking to sovereign
national legislative power.

Further down the hierarchy, national governments establish legal
frameworks and strategic objectives. Regional authorities cannot act in
contradiction to national law; rather, they are responsible for imple-
menting and operationalizing national legislation within their terri-
tories. Accordingly, this hierarchical division marks the shift from
lawmaking authority to delegated implementation authority.

Finally, regional bodies are typically entrusted with administrative
responsibilities and permitting procedures. Local governments, in turn,
are primarily involved in spatial planning, project siting, fostering
public acceptance, and making community-level decisions. However,
they do not hold primary regulatory or permitting authority unless such
powers are formally delegated. This final hierarchical distinction sepa-
rates administrative authority from community-based influence and
land-use decision-making.

Among these stakeholders, the PEN@Hydropower COST action has
identified the most critical ones: 1) Financial institutions, 2) NGOs, 3)
Authorities, 4) Associations, and 5) the Public. These stakeholders must
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be informed about proceedings, roadmaps, and database systems pro-
duced by PEN@Hydropower COST action to remove the legislative
discrepancy and the barriers highlighted in this study.

At the global level, the United Nations sets overarching frameworks,
such as the Sustainable Development Goals (SDGs), while Multilateral
Development Banks and financial institutions like the World Bank,
sometimes with the EU co-funding, and commercial banks provide
critical funding and technical support.

At the European level, the European Commission and environmental
agencies define the legal framework for hydropower through directives
such as the European Green Deal, the Water Framework Directive, and
Natura 2000. PEN@Hydropower Management Committee (MC) mem-
bers have identified a legislative discrepancy between EU climate goals
and environmental protection policies, which affects national
implementation.

Good example of this was published in 2017 [40]. Even multipurpose
water management projects where power generation would be second-
ary service, such as inland navigation or historic watermills renovation,
cannot be implemented in protected areas in Lithuania as any hydraulic
structure that creates head in the protected river stretch is perceived as
not sustainable solution. To this day Europe lacks such agreement that
was signed in the USA in 2020 by hydropower developers and envi-
ronmental NGOs that clearly define trade-offs of hydropower develop-
ment [41].

At the national level, ministries responsible for energy, environment,
and water management, along with hydropower operators and NGOs,
play key roles. Among others, a case from Bosnia and Herzegovina, cited
by a COST MC member, shows that public opposition, supported by
NGOs, led to a construction ban on SHPPs on the Neretvica River in 2020
[421.

Finally, regional and local levels involve environmental and energy
authorities, municipalities, indigenous communities, and local envi-
ronmental groups, who influence permitting, land use, and public
acceptance.

This outcome closely mimics the findings of Vassoney et al. [18].
Authors developed the analysis tool for sustainable hydropower plan-
ning and management and quoted Diduck et al. [43], stating that the
"local community is now being recognized as a key stakeholder".

Although the industry (producers of hydropower equipment) is not
at the top of the list of critical stakeholders—since production is based
on tenders and subject to operators’ requests—their role can be seen as
less salient in terms of power and urgency. By contrast, operators hold
higher salience, combining power, legitimacy, and urgency in decisions
on data collection, sustainability practices, and the implementation of
innovative solutions [25]. Collaboration with operators is therefore vital
for advancing sustainable hydropower.

Therefore, the outcome of stakeholder mapping will shape future
activities, in alignment with the initial intention declared in the
PEN@Hydropower COST Action Memorandum of Understanding [21],
to create proceedings and roadmaps for operators and suppliers.

4.2. Are assessment procedures biased?

To date, the Hydropower Sustainability Alliance has published 24
project assessments globally, demonstrating the growing adoption of
structured sustainability evaluations. These projects span Europe (5
projects), Central and South America (6), South and Southeast Asia (5),
Central Asia (2), Africa (3), North America (2), and Oceania (1).
Countries such as Brazil, Colombia, Nepal, Gabon, Canada, and Iceland
are among those where assessments have been carried out, reflecting a
diverse geographic spread and highlighting the international applica-
bility of the HSS framework in different regulatory and environmental
contexts [44].

While the Hydropower Sustainability Standard offers a robust
framework for evaluating sustainability in hydropower, its voluntary
nature and global scope leave room for significant variability in on-the-
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ground implementation. For instance, the Chuwa Khola project in Nepal
was assessed as meeting all minimum requirements [44], yet indepen-
dent field studies like that of Dangol and Uprety [45] on the Modi Khola
cascade projects highlight persistent gaps in mitigation compliance,
ineffective fish ladders, and community mistrust—raising questions
about the operational reality of sustainability in similar contexts.

The HSS does, however, provide a common language and structured
methodology that facilitates discussion, assessment, and accountability
in hydropower development. It enables stakeholders across sec-
tors—governments, civil society, financiers, and industry—to engage in
meaningful dialogue on sustainability outcomes.

Despite its value, the HSS should not yet be interpreted as a coherent
framework for pan-European hydropower alignment. Most assessments
conducted to date have occurred outside the EU [44], with Iceland being
a notable exception. Consequently, EU-level harmonization around HSS
remains a long-term ambition, contingent on future integration into
policy frameworks and regulatory instruments.

To evaluate the quality and fairness of stakeholder engagement and
authorization procedures, the PEN@Hydropower COST Action reviewed
barriers encountered at the fourth and fifth levels of interaction
(regional and local), where most hydropower projects are rejected. This
finding echoes the conclusions of Vogeli and Finger [36], who demon-
strated through causal diagrams (CD) how differing perceptions and
expectations among stakeholders led to tensions, community conflicts,
and planning delays in both Iceland and Switzerland. The study illus-
trates how semi-structured interviews and causal diagrams can be used
as robust qualitative tools to unpack stakeholder narratives, track
impact pathways, and detect inconsistencies between groups—even
within stakeholder categories. CD method revealed conflicting in-
terpretations of local impacts, such as taxation distribution or environ-
mental trade-offs, underlining the value of transparent participatory
assessment procedures.

These findings complement our observations that assessment pro-
cedures are frequently biased—either toward developers or
NGOs—leading to a legitimacy crisis in permitting. Improving assess-
ment quality through structured, participatory methods such as CDs or
stakeholder workshops [24] can support consensus-building and reduce
conflict at regional and local levels.

Accordingly, PEN@Hydropower aims to integrate these approaches
into its future guidelines for hydropower operators and authorities,
focusing on harmonizing top-down sustainability criteria with bottom-
up perceptions.

4.3. Legislative gaps: the example of the national energy and climate plans
(NECP)

Until the end of June 2024, all EU member states had to submit
revised NECPs to the European Commission. When updating legislative
background and energy balances, relevant overarching and sectoral
strategic and operational documents adopted by member states had to
be appropriately considered. These documents include those related to
environmental and nature protection, climate, transport, agriculture,
forestry, research, and development, among others. Additionally, each
member state revised the adopted decisions and goals, such as:

- member state's decision to phase out coal by no later than 2033,

- the EU-level decision to reduce greenhouse gas emissions by at least
—55 % by 2030,

- decisions made within the adoption of the EU energy and climate
legislative framework (the "Fit for 55" legislative package and
REPowerEU).

In the following, we will discuss measures implemented by the
selected member states already introduced above.
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4.3.1. Slovenia

The revised NECP was approved by the national government only in
December 2024 and then submitted to the EU. The revised NECP in line
with the “Fit for 55” legislative package envisages a 55 % reduction in
greenhouse gas emissions and a modest increase to 33 % (up from 27 %
in non-revised NECP) in the share of renewable energy in total energy
(EU > 42.5 %). The increase is based for the most part on improvement
in energy efficiency.

Electric energy production is split into two scenarios: one heavily
relying on the construction of new nuclear power plants, and the other
relying on renewable energy sources. For this paper, the most interesting
scenario is the one relying on renewable energy sources. It envisages the
construction of an additional 110 MW of hydropower plants generating
capacity by 2025 (while maintaining the existing capacity) and 440 MW
of new pumped hydro energy storage. However, these goals are not in
line with the current legislation. Indeed, Slovenia contributes signifi-
cantly to global and EU goals in the field of biodiversity, being one of the
most biotically diverse countries in the EU. The importance of its biotic
diversity for the EU is also evidenced by the largest number of Natura
2000 areas among all EU member states.

Due to the aforementioned factors and to facilitate the introduction
of RES in the electricity sector, after the adoption of the first NECP,
Slovenia obtained technical assistance from the European Commission,
which was implemented in the form of the “RES Slovenia” project be-
tween 2021 and 2023. It was determined that the risk elements for the
placement of renewable energy are related to the following protection
categories: nature protection, water protection, quality of life, and other
categories. Considering the current legislation, only roof-mounted solar
power plants pose no risks. Most of the other identified RES generating
potential is in areas of high and very high risk of significant impact on
these protection categories. Due to all the associated limitations, the
possibilities for the addition of new hydro and wind power plants are
limited or worse compared to some other EU countries.

Another important barrier to hydropower is represented by the
growing social opposition in local communities, the public, and NGOs.
An increase in the share of RES, especially after 2030, will therefore not
be possible in Slovenia without reaching a national consensus on the
nexus among protection categories and self-sufficiency with strategi-
cally important resources (water, food, and energy).

Based on this, the revised NECP envisages a comprehensive review of
legislation and instruments of spatial planning and other actions among
which:

- general guidelines in the field of energy, based on the Spatial Plan-
ning Act;
legal acts, guidelines, and instructions for "Comprehensive Envi-
ronmental Impact Assessments" procedures at the level of programs
or strategic documents following the best practices of EU countries.
These measures aim to prevent duplication of decisions and their
assessments, increase efficiency, integrate assessment into planning
procedures, and define themself as an optimization tool. They ensure
early participation or involvement of the public, transparency,
especially in procedures for enforcing exceptions or the dominance
of public interest, etc.;
- the governing legislation enforcing exceptions in the public interest
or procedures of the dominance of the public interest;
legitimacy of the dominance of the public interest or procedures for
the enforcement of exceptions in the public interest;
an action program for the construction of new hydroelectric power
plants with a nominal power of over 10 MW, while verifying the
hydropower potential and complying with the requirements for the
protection of aquatic and riparian habitats, waters, and ecological
connectivity;
- an action program for the construction of new pump storage hy-
dropower plants;
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- digitalization including an energy information service, enabling ac-
cess to energy content and supporting energy use and supply, plan-
ning processes, preparation of local energy concepts, and municipal
and regional spatial acts;

- improvements in the integration of RES sources into regional spatial
plans.

Based on the new envisaged measures presented above, the revised
NECP will try to address the challenges identified in the gap. However, it
remains to be seen how well it will be implemented in the short time
available.

4.3.2. Poland

Poland submitted its updated draft of the NECP on March 1, 2024.
The European Commission published the assessment and recommen-
dation for Poland on April 26, 2024. In October 2024 the new updated
draft of NECP was submitted for public consultation in Poland. Even
though Member States were due to submit their final updated NECPs,
taking account of the European Commission's assessment and recom-
mendations, by June 30, 2024, Poland has not yet submitted its final
updated NECP by the date of the drafting of this paper (January 2025).

Taking as reference the document submitted for consultation, it is
based on two transformation scenarios: a baseline, which assumes de-
velopments based on instruments already in place and planned, and an
ambitious one, which envisages accelerated decarbonization of the
economy, i.e. a faster transition away from coal.

The main assumptions of the ambitious NECP scenario for 2030
envision 56.1% (from 26% in 2023) of electricity will come from
renewable sources, while the share of the electricity generation from
coal will be decreased to 22% (from 61% in 2023).

Poland's strategy to meet its renewable energy targets focuses on
expanding wind (onshore and offshore) and solar power, supported by
grid modernization, enhanced interconnectivity, and capacity mecha-
nisms to maintain grid stability. Key measures include financial support
schemes such as auctions, feed-in tariffs, and an improved Contracts for
Difference (CfD) framework to ensure revenue certainty for investors.
Additional incentives target offshore wind development through PPAs
and infrastructure support, while prosumer incentives and net metering
aim to boost small-scale solar PV deployment. The country also pro-
motes energy storage, including large-scale batteries and pumped-
storage hydropower, with financial and regulatory support, though
there are no specific measures outlined to simplify permitting for hy-
dropower. Grid upgrades and a national green hydrogen strategy are
further expected to enhance renewable integration and sector coupling.
The above measures aim to overcome regulatory, financial, and infra-
structure barriers to the expansion of RES and ensure the feasibility of
Poland's transition to a low-carbon energy system. However, the
assessment of the sufficiency and quality of these initiatives is not clear-
cut. During the consultation, many organizations pointed out that the
draft NECP is just a set of scenarios without concrete commitments from
the government. The organizations call for an ambitious scenario to be
adopted and concretized. According to them, the draft should also
include decisions on financing, energy infrastructure development, a
just transition, electrification, and a circular economy.

From a hydropower perspective, the NECP draft assigns only mar-
ginal importance to the sector's role in Poland's energy transition. Ac-
cording to the draft's authors, "Poland does not have significant
hydrological potential, allowing for a significant role of run-of-river hydro-
power plants. Nevertheless, water energy can be used in pumped storage
power plants (which are not counted as RES), which, while supporting the
system's regulation needs during periods of favourable and unfavourable
solar and wind conditions, at the same time provide energy storage. Conse-
quently, in the ambitious scenario, peak pumped storage capacity would
increase from the current 1705 MW to 2510 MW in 2030 and 4235 MW
in 2040. As for natural-flow hydropower, in the same scenario a very
small increase in capacity is predicted, from 989 MW today to 1118 MW
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in 2030 and 1178 MW in 2040. The envisaged development of run-of-
river power plants is feasible, would require the maintenance of the
current support system for hydroelectric power plants, and would
certainly be favoured by the introduction of certain simplifications in
the investment implementation procedures for small installations. As far
as pumped-storage power plants are concerned, the planned capacity
increase is very ambitious, but not unfeasible, taking into account that in
2023 Poland adopted a law on the preparation and implementation of
pumped-storage power plant investments and related investments,
which allows for the acceleration of procedures related to the imple-
mentation of this type of investment. On the other hand, operators are
still required to comply fully with environmental protection standards
and the Water Framework Directive, meaning that the implementation
of the planned investments will demand substantial effort, financial
resources, and strong political commitment.

4.3.3. Lithuania

The final updated NECP after the public consultation was approved
by the Government of Lithuania and sent to the European Commission
on October 2, 2024. Lithuania was singled out by the European Com-
mission as one of the few EU countries whose plans in the areas of
renewable energy and energy efficiency exceeded or met the national
targets set by the EU. It was also the only country for which there were
no comments regarding the conduct of public consultation.

For the Ministry of Energy of the Republic of Lithuania, an updated
NECP is important in a way that it implements the National Energy In-
dependent Strategy and provides a realistic Lithuanian decarbonization
schedule and financial and political agenda plan. According to it,
Lithuania will implement its commitments to reduce greenhouse gas
emissions by 21% in 2030 compared to 2005 with the follow-up goal of
100% electricity supply from renewable energy sources in the country.

For the Ministry of Environment of the Republic of Lithuania, NECP
implements the National Climate Change Management Agenda. For
example, it aims to improve the conditions of water bodies and air
quality and increase efforts in recycling and waste sorting. These overall
measures are designed to have positive consequences in reducing the
impact of climate change and halting biodiversity loss.

The joint view of both Ministries on the development of hydropower
as a renewable energy source in the updated NECP is that development
is not expected from 2020 to 2030. Before the update, there was a goal
for small hydropower to reach an installed capacity of 27 MW. Realis-
tically, this value cannot be reached as the number of small hydropower
plants in the country is decreasing due to the unfavourable conditions
for such business development. Two rivers that are suitable for large
hydropower development are a no-go area for development due to the
provisions of the Water Law of the Republic of Lithuania. Consequently,
the forecast for 2030, presented in the NECP, indicates that renewable
energy will reach 100% of total final electricity consumption. However,
only 2% of this energy will come from hydropower, a minuscule amount
compared to wind (75%) and solar (19%) energy. So, the NECP in
Lithuania from a hydropower perspective is another environmentally
orientated strategy with its constraints, limiting the exploitation of the
untapped potential.

According to the NECP, the construction of the fifth unit at the
Kruonis pumped storage hydropower plant in Lithuania will be finished
in 2026 with the plant reaching the capacity of 1010 MW. Kruonis
pumped storage plant is not a source of renewable electricity in the
country, but is vital for ensuring energy security, energy independence,
and the smooth operation of the electricity grid with the rapid increase
of variable renewable energy sources in the energy system. It is worth
mentioning that for this plant the environmental impact was minimized
by the exploitation of already existing infrastructure built at the end of
last century.

4.3.4. Iceland
Iceland's Climate Action Plan for 2018-2030 [46] aligns with its
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commitment to carbon neutrality by 2040. While not an EU member,
Iceland's NECP-equivalent plan emphasizes:

1) Hydropower Expansion: Prioritizing upgrades to existing plants (e.g.,
efficiency improvements at Karahnjikar) over new large dams due to
environmental sensitivities. The plan notes that further exploitation
of hydropower must balance energy needs with ecosystem preser-
vation, particularly in protected areas.

Diversification: The plan targets 30% renewable energy use in
transport and fisheries by 2030, leveraging hydropower for green
hydrogen production. This aligns with Iceland's goal to reduce reli-
ance on fossil fuels in sectors beyond electricity.

Legislative Balance: Iceland's Master Plan for Nature Protection and
Energy Utilization (Iceland's Climate Action Plan for 2018-2030,
2018) designates rivers for either conservation or energy use, miti-
gating conflicts between the European Green Deal's climate goals and
environmental protections. For example, the pjorsa River's protected
status halted further hydropower development, reflecting the Water
Framework Directive's influence despite Iceland's non-EU status.

2)

3

-

Iceland faces significant barriers to expanding its hydropower ca-
pacity, primarily due to environmental opposition and stringent regu-
latory requirements. For example, local environmental concerns about
projects like the Hvammsvirkjun Dam and rigorous environmental
impact assessments (EIAs) have delayed new developments (Vogeli and
Finger, 2020). The National Energy and Climate Plan (NECP) notes that
approximately 60% of Iceland's technically feasible hydropower po-
tential is restricted by conservation laws, reflecting a strong prioritiza-
tion of ecosystem protection over energy expansion. These constraints
highlight the tension between climate goals and environmental preser-
vation, even in a country with abundant renewable resources.

Despite these challenges, Iceland leverages key enablers to sustain
hydropower growth. Strong public-private partnerships, such as Land-
svirkjun's collaboration with Alcoa, and existing infrastructure, like the
pumped-storage potential at Blonduvirkjun, support incremental ad-
vancements. The NECP also encourages innovative solutions, such as
hybrid systems combining floating solar panels with hydropower res-
ervoirs, to optimize land use and enhance efficiency. These strategies
demonstrate Iceland's ability to adapt to limitations while maintaining
its leadership in renewable energy.

Unlike EU member states such as Slovenia or Poland, Iceland's NECP
avoids explicit hydropower targets, instead integrating it into broader
sectoral decarbonization efforts, such as electrifying fisheries—an
approach aligned with the EU's REPowerEU objectives [47]. By
pre-emptively zoning rivers for conservation or energy use, Iceland
mitigates legislative conflicts. Looking ahead, the NECP emphasizes
advanced EIAs to streamline projects, transboundary collaboration with
Nordic countries on glacier-fed hydropower resilience, and community
benefit schemes, such as revenue-sharing, to foster social acceptance.
Iceland's model offers valuable lessons for balancing climate action with
environmental and social safeguards, though its untapped potential re-
mains constrained by natural and regulatory boundaries.

4.3.5. Comparative summary of revised national energy and climate plans
(NECPs)

The revised NECPs of Slovenia, Poland, Lithuania, and Iceland reveal
a shared recognition of hydropower's strategic role—particularly in
pumped storage—while also highlighting common barriers to expand-
ing run-of-river capacity. These barriers include strict environmental
protections, regulatory complexity, and public opposition. Both
Slovenia and Poland propose measures to improve permitting and
authorization procedures for new hydropower and pumped-storage
projects. In contrast, Lithuania maintains a restrictive stance on intro-
ducing additional generating capacity, and Iceland integrates hydro-
power cautiously within broader decarbonization efforts through pre-
emptive river zoning.
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These diverse national approaches underscore the need for harmo-
nized planning that balances climate goals with ecological safeguards. A
comparative matrix (Table 3) has been added to illustrate the different
policy orientations and the influence of the legislative gap in each
country.

A closer examination of the revised NECPs confirms patterns iden-
tified through the stakeholder mapping methodology. This method un-
covered a legislative gap caused by the misalignment between EU
climate objectives—especially the push for renewable energy—and
environmental protection policies such as the Water Framework Direc-
tive (WFD). This tension between promoting renewable energy and
conserving nature significantly impacts the implementation of hydro-
power projects.

For each of the four countries studied, we can identify in which di-
rection the balance has shifted. In Lithuania, the revised NECP does not
introduce any specific measures—such as streamlined permitting or
authorization reforms—for expanding hydropower generation. This
suggests that Lithuanian energy planning is shaped primarily by the
Green Deal, but in practice constrained by the WFD and similar legis-
lation. As the WFD is legally binding and enforces ecological standards
for all water bodies, it places strict limits on where and how new hy-
dropower facilities can be developed.

Poland and Slovenia, by contrast, offer partial improvements. Their
NECPs provide some new guidelines on permitting and authorization,
aligning with the European Green Deal's renewable energy targets.
However, both countries remain constrained by environmental legisla-
tion, particularly the WFD. Slovenia's NECP explicitly recognizes
renewable energy projects as serving an overriding public interest,
facilitating their prioritization under Council Regulation (EU) 2022/
2577—unless there is clear evidence of unmitigable environmental
harm. In practice, however, Slovenian legislation must still be stream-
lined, as discussed in Section 3.1. Poland's modest targets for hydro-
power growth—from 989 MW to 1178 MW by 2040—illustrate the
impact of environmental and legal limitations rather than a lack of
ambition.

In all three EU countries—Lithuania, Poland, and Slovenia—the
prevailing emphasis remains on protecting aquatic ecosystems, with
climate action and energy security being secondary considerations. In
contrast, Iceland has taken a different approach. There, the Green Deal
logic is dominant, and new hydropower plants are framed not only as
energy projects but also as climate mitigation and economic develop-
ment tools. This narrative has given hydropower strong political and
regulatory support, even when ecological trade-offs are involved.

As demonstrated, the legislative gap significantly shapes national
approaches to new hydropower development. The examples above
illustrate that this gap is real, varies across countries, and carries
important consequences for both water ecosystems and climate goals. It
also underscores the need to recognize and involve local communities as
key stakeholders.

The stakeholder mapping for effective policies methodology was
instrumental in identifying this legislative gap. Importantly, this meth-
odology is not only valuable for diagnostics but also offers potential to
guide future policymaking and the design of stakeholder-inclusive
roadmaps for hydropower and other renewables across all levels of
governance.

Table 3
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5. Conclusions

This study examined the hydropower policy landscape in four un-
derrepresented European countries—Slovenia, Poland, Lithuania, and
Iceland—through a comparative case study approach and stakeholder
mapping. While the national contexts of Slovenia, Poland, Lithuania,
and Iceland do differ, the comparative analysis reveals a universal
finding: the critical implementation barrier is not a lack of technical
potential, but a systemic legislative gap between climate ambition
including environmental protection and Green Deal policy framework
that creates uncertainty and conflict across all levels of governance. The
findings confirm a legislative gap between the European Green Deal and
REPowerEU, and environmental protection regulations such as the
Water Framework Directive (WFD). This misalignment affects national
hydropower development across all case countries, particularly in
expanding run-of-river capacities.

Europe remains a global leader in hydropower, with 202 GW of
installed capacity and 55 GW in pumped storage. Approximately 58% of
the continent's technically feasible hydropower potential has been uti-
lized. However, this potential is unevenly tapped: Iceland has developed
almost all of its accessible resources, while Poland, Lithuania, and
Slovenia collectively exploit less than half of theirs due to restrictive
permitting, environmental constraints, and public opposition.

Our analysis revealed that while Slovenia and Poland have proposed
reforms—such as streamlined permitting and public-interest prior-
itization—Lithuania's revised NECP lacks concrete actions to facilitate
new hydropower generation. Iceland, although not an EU member,
provides an easier environment for hydropower projects. It has fewer
people, more abundant resources, and manages the balance between
climate goals and permitting more effectively. The country has also pre-
zoned nearly 60% of its hydropower potential for conservation. These
findings are visualized in Table 3, which compares the four countries'
NECP orientations and their balance between climate and environ-
mental priorities.

Technological and infrastructural innovation offers potential path-
ways for overcoming these barriers. Pumped-storage hydropower is
gaining attention, with Poland targeting 4235 MW by 2040, up from
1705 MW today. Hybrid systems that combine solar, wind, and hydro-
power—such as those proposed for Solina HPP in Poland—represent a
missed opportunity across all four countries, where large-scale hybrid
installations are not yet foreseen.

This study highlights the important role of private-sector operators
and suppliers. They face significant difficulties in managing planning
and permitting procedures, and other modernization requirements. This
directly influences whether sustainability targets can be achieved. Un-
fortunately, this article cannot address all challenges faced by operators,
many of which extend beyond the scope of this analysis." Yet, these
stakeholders frequently face regulatory uncertainty due to conflicting
policy signals. The stakeholder mapping, supported by the Radical
Transactiveness framework, identified not only conventional actors like
regulators and NGOs but also previously under-engaged groups such as
hydropower suppliers, local civil society, and academics.

A key structural challenge lies in policy fragmentation: for example,
River Basin Management Plans—produced under the WFD—often list
hydropower as an obstacle to water quality without integrating energy
planning needs. Integrating these plans could aid in identifying low-
impact sites for new projects.

Comparative summary of NECPs and hydropower policy context in four European countries.

Country NECP orientation Hydropower priority Permitting improvement measures Legislative gap impact Stakeholder conflict noted
Slovenia Balanced but constrained Medium Yes High High

Poland Climate-focused Low Yes High High

Lithuania Environmentally constrained Low No Medium Moderate

Iceland Balanced Medium No Low Low
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Despite the challenges, hydropower systems including reservoirs
offer multiple unrecognized co-benefits: flood and drought protection,
irrigation potential, grid flexibility, and emission-free baseload genera-
tion. However, these are often missing or undervalued in current NECPs.
Part of the reason may lie in institutional and cultural barriers: in some
cases, dam operators are reluctant to share operational data or engage in
scientific assessments, which limits the visibility of co-benefits."

Looking forward, the PEN@Hydropower COST Action aims to pro-
duce guidelines for sustainable hydropower development by 2026,
leveraging insights from over 375 experts across 35 countries, including
21 Inclusiveness Target Countries. These guidelines will address current
legislative incoherence and promote a Pan-European approach to sus-
tainability, based on multi-level governance, participatory assessment,
and technology-environment-society integration.

In conclusion, hydropower can continue to play a vital role in
Europe's energy transition—but only if planning frameworks are real-
igned, stakeholder engagement is deepened, and multipurpose services
are fully recognized in policy design.
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