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Foreword

Sustainability has become the defining condition for hydropower’s future—not just
today, not just in Europe, but everywhere.

As Europe advances its energy transition, expanding renewable capacity alone is
no longer sufficient; solutions must also be environmentally sound, socially accepted,
and resilient. Hydropower plays a central role in this context—yet it is also subject
to increasing scrutiny.

What distinguishes hydropower from other renewable technologies is its systemic
nature. Its multifunctionality and flexibility makes hydropower indispensable
for integrating variable renewable energy sources such as wind and solar. But
hydropower plants are not isolated assets, they are deeply embedded in river
basins, ecosystems, and communities—more than any other renewable technology.
Their value goes beyond electricity generation to include water management, flood
protection, irrigation, and more. Therefore, it requires carefully balancing technical
performance and economic viability with ecological and social considerations.

Over the past decades, the sector has undergone a profound transformation. Histor-
ically driven by engineering, technological and economic optimization, hydropower
now faces broader societal expectations. Environmental protection, stakeholder
engagement, and social acceptance have therefore become central. At the same time,
new challenges are emerging. Climate change is reshaping hydrological conditions
and increasing uncertainty. The energy transition demands flexibility and storage,
while digitalization is transforming plant design and operation. Addressing these
interconnected challenges requires a holistic and interdisciplinary approach, as
reflected throughout this book.

Europe plays a unique role in this evolution. With a strong industrial base, leading
universities and research institutions and comprehensive regulatory frameworks, it
has been at the forefront of developing both technology and sustainability concepts
and practices. It has helped shape global standards while acting as a laboratory for
integrating policy, innovation, and implementation in complex environments. The
lessons learned are therefore highly relevant for the industry beyond Europe itself.

A key consequence of this transformation, in conjunction with the mass retirement
of the baby boomer generation (and its know-how?), is the growing importance of
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capacity building. The future of sustainable hydropower depends on a new generation
of professionals who can work across disciplines—combining engineering, envi-
ronmental, social, and digital expertise. This requires new educational approaches,
stronger collaboration between academia and industry, and intensified knowledge
exchange.

Looking ahead, the European hydropower sector benefits from clear strengths:
proven and world-leading technologies, “made-in Europe” independence with a
strong industrial basis across the entire value chain, including universities, consul-
tants, civil constructors, and utilities’ Operation and Maintenance know-how.
However, challenges remain. Regulatory uncertainty, environmental constraints, and
public acceptance issues must be addressed to unlock investment. Without decisive
action, deployment, especially of pumped storage, could be slowed down, as could
the modernization of existing assets.

In this context, the COST Action CA21104, PEN@Hydropower has proven both
timely and impactful. By bringing together experts from academia, industry, and
policy, it has established a unique platform for collaboration, knowledge exchange,
and innovation, particularly in capacity building. The contributions presented in this
book are the result of this collective effort. The Training School on Sustainable
Hydropower, which deserves special mention, certainly seems to be a model that
should be adopted and continued.

This book offers a comprehensive and forward-looking perspective on sustainable
hydropower. It is both a reflection of current knowledge and a call to action. The
future of hydropower will depend on our ability to embrace sustainability in all its
dimensions, and to work together across disciplines and borders.

Vienna, Austria Peter Stettner
June 2026 Andritz Hydro

The author of this foreword is:

a member of the Management
Committee of the referenced COST
Action, a co-chair of the ETIP
Hydropower Governance Board,
and a member of the Hydropower
Sustainability Council. He works

in Market Strategy at ANDRITZ Hydro
and has over 30 years of experience.
While not an author of this book, he
contributes as a long-standing
practitioner and stakeholder.



Preface

Hydropower plays an important role in the clean energy transition and is today’s
backbone of energy storage. However, the field went through major transformations
in the last 30 years. Being one of the oldest and most established sources of energy, it
helped develop European industrial and societal wealth. However, the challenges of
climate change, environmental protection, digital transformation, and societal expec-
tations have fundamentally changed the way hydropower is perceived, designed, and
operated today. An even bigger challenge is the transfer of knowledge gained over
decades to enable this transformation.

This book provides a comprehensive overview. It explains how hydropower should
evolve in the future, specifically addresses the subject of multi-stakeholder prin-
ciples, and supports knowledge exchange between stakeholders. Starting with an
overview of hydropower in the past, it then moves on to the implementation of
sustainable hydropower and the role of capacity building in the future. Although
knowledge transfer, research funding, multi-stakeholder thinking, and public aware-
ness should be an integral part of any field, they were identified as essential gaps
in the hydropower sector. These issues were addressed by COST Action CA21104
Pan-European Network for Sustainable Hydropower (PEN@Hydropower), which
created a network with around 500 members. The network’s strength lies in the fact
that more than 50% of its members are young researchers and innovators, which
makes it unique in the sector. A key activity that contributed to the large proportion
of young people was the Training School on Sustainable Hydropower. Addressing
the capacity-building gap and fostering knowledge exchange in the field of sustain-
able hydropower was of high importance. Sharing and spreading this proven and
tested education concept was the main motivation for writing this book, and it is one
of the core outputs of PEN@Hydropower.

Multidisciplinary teaching requires basic knowledge of the main sustainable
hydropower fields. Topics include rather technical aspects that touch upon the role
of flexibility, for example, but also technological evolution through innovation and
digitalization. Environmental and climate change impacts, policy measures, holistic
aspects, and stakeholder interaction also shape the hydropower community. Bringing
all disciplines together creates a framework, where a holistic view can be developed.

vii
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Investing in training in sustainable hydropower, as verified by the European
hydropower education situation at universities, should become a common interest.
Diversified curricula with lower and lower in depth specialization become reality.
The major concern at academia should also be the technological leadership as it is
requested by the industry. Education, lifelong learning and training on the job will
become more and more important, if the entire community would like to hold the
leadership position in this field.

The journey should not stop here. The future is full of issues that require solving,
and we need young researchers who are trained in holistic thinking and dedicated to
finding solutions that cover several disciplines. The future is multidisciplinary and
complex, which is precisely why we need such tools and networks.

It begins with an overview of the history of hydropower, followed by an examina-
tion of the implementation of sustainable hydropower and capacity building. It high-
lights the lack of educational opportunities in this field across Europe and provides an
example of how sustainable, multi-stakeholder education can be promoted and real-
ized in the future. The book links relevant hydropower topics to stakeholder groups
and outlines perspectives for the future.

I would like to express my gratitude to all my colleagues who contributed to this
comprehensive reflection on our past four years. This book provides an excellent
overview of what dedicated and motivated individuals can achieve. I also wish to
acknowledge all the members of each working group for their participation in the
numerous meetings and events organized over the years. Their contributions were
instrumental in compiling the material that served as the foundation for this book.
Thank you all.

Vienna, Austria Eduard Doujak

June 2026 Chair of COST Action
CA21104—Pan-European Network for

Sustainable Hydropower

(PEN@Hydropower)
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Part I
Introduction

The use of hydropower for energy generation has undergone a fundamental struc-
tural transformation over the past few decades. Whereas in the past the focus was
primarily on engineering and economic optimization processes, the sector now faces
a multidimensional set of requirements. In addition to addressing ongoing tech-
nical challenges, ecological and socio-economic side effects are increasingly coming
into focus in scientific and practice-oriented debates. The societal discourse and the
accompanying pressure to justify these projects lend the demand for ecologically
sound, sustainable solutions new epistemological and pragmatic relevance. For the
future viability of hydropower projects, well-founded social acceptance has thus
become a conditio sine qua non.

To adequately address these complex transformation processes, both new regu-
latory instruments and transdisciplinary networks have emerged at the international
level. A key outcome of this evolutionary development over the past 25 years is
the Hydropower Sustainability Standard. This holistic framework now serves as
a global reference for the certification of hydropower plants according to defined
sustainability criteria. Beyond its function as a pure auditing tool, this framework
finds direct application in academic and professional education, particularly within
the Training School of the PEN@Hydropower network.

Ensuring sustainable development in academic teaching and training requires
innovative and attractive didactic concepts. To effectively counteract the current
trend of decreasing student numbers and the reduction of specific courses in the field
of university hydropower education, systematic capacity building has been defined
as a core strategic goal. The Training School, initiated in this context, is explicitly
dedicated to the in-depth training of young researchers and innovators, grounded in
the principles of the Hydropower Sustainability Standard.

Based on the educational survey, conducted within the COST action CA21104,
in the following chapters, the theoretical base, methodological implementation, and
practical experiences within the framework of a COST Action are comprehensively
presented and discussed.



2 Part I: Introduction

This work is divided into four complementary main chapters covering the
theoretical and regulatory foundations of sustainability certification, institutional
networking, practical implementation, and the promotion of young talent.

The first chapter is devoted to the historical and conceptual genesis of the
Hydropower Sustainability Standard. The roots of this set of rules date back to the
groundbreaking publications of the World Commission on Dams (WCD). The text
reconstructs the evolutionary path that, through multilateral consultation processes
involving various stakeholders, led to the establishment of today’s certification stan-
dard. In addition to the substantive milestones, the analysis focuses in particular on
the institutional context and the definition of stakeholder responsibilities.

The second chapter shows an in-depth exploration of COST Action CA21104,
commonly referred to as PEN@Hydropower (Pan-European Network for Sustain-
able Hydropower). Established in 2022 in response to a clear demand for inter-
national collaboration, this network acts as a crucial forum for scientific dialogue
and cross-disciplinary professional growth concerning the sustainable utilization of
hydropower. The chapter delves into the network’s governance framework and scru-
tinizes the strategic initiatives and funding mechanisms accessible to the involved
stakeholders.

Chapter three focuses on a core concern inherent in this COST Action: systematic
capacity building. The authors do not limit themselves here to a critical assessment
of current deficits in university and vocational education. Rather, the far-reaching
problem of the demographic and technical shortage of young talent within the entire
hydropower community is examined empirically and theoretically to underscore the
urgency of proactive countermeasures.

The fourth chapter incorporates the topics from earlier sections and determines
how the Hydropower Sustainability Standard is practically applied within the frame-
work of the COST Action. This analysis delves into the systemic connections and
mutual interactions among the various participants. The main aim of this chapter
is to present a sustainable and replicable model for the educational training and
qualification of upcoming professionals and researchers in this scientific field.



Hydropower’s Pathway to Sustainability )

Check for
updates

Barbara Fischer-Aupperle and Jian-hua Meng

Sustainability matters.

Abstract The history of hydropower is a long one and—as compared to other
renewables—old, ranging back to the industrial development beyond water mills
in the 19th century. The past of this technology the last decades was not always
glorious, at least from a stakeholder point of view, including environmental consid-
erations. The description of the change in doing hydropower projects therefore is
including the industry development since the WCD (World Commission and Dams)
Report over the last 25 years. It triggered a change in industry thinking, made pro-
ponents and critics to think and find the solution in a sustainability definition of
doing hydropower planning, installation and operation, and consequentially drove
the development of measuring of this sustainability—into the Hydropower Sustain-
ability Standard. Procedures and assessments to apply the Standard an prove aspects
of sustainability in a multi-stakeholder governing structure, are described in their
relating parts with a view on the currently running review of the Standard.

Keywords Hydropower - Water + Mills + Measuring sustainability + Hydropower
sustainability standard - Stakeholders + Environment - Industry development -
World commission on dams - Governing structure + Sustainability

Hydropower—power from water, which had been generated by mills over centuries,
turned into modern plant technology during industrialization. Wooden water wheels
were substituted for metal wheels, to connect shafts for the process of milling wheat to
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flour or to a jig-saw for cutting wood changed into transmission gears with generating
equipment for electricity generation.

Maybe it was due to the “oldness” of this revolution over one hundred years ago
that, hydropower was considered to be old fashioned and was not really included in the
idea of “regenerative” or renewable power generation, as solar and wind generation
developed from single small units to 2-4 MW plants with blades or panels from
materials that could be scaled up over decades to the present time. Even though
developing countries were searching for their own local sources and started planning
for hydropower as the ideal solutions for their rivers, hydropower was not counted
as part of new and modern renewable electricity generation. Engineers in operator
companies, equipment corporation suppliers and consultancy firms did their jobs,
meticulously and in an orderly way, as they had been taught. Over the last 100
years, machines became bigger, and more performant, and increased efficiencies
above 90%, a unique achievement compared to any other electricity generation unit
in fossil or renewable machinery. Technical issues involving cavitation, regulation,
controls, erosion, or lubrication were continuously developed towards improvement
and higher safety as well as better adaptability to varying water flows, discharges,
and heads.

All of this happened quite “internally” and out of the public eye, but it was the
result of silent, inside-oriented engineering work all over the globe. Most equip-
ment manufacturers and consultancy services were headquartered in Europe but did
business on all continents. Development banks such as the World Bank, the African
Development Bank, and the Inter-American Development Bank contributed financ-
ing to support the development of energy independence in countries with sufficient
water resources, thus eliminating the need to purchase costly oil and gas.

Due to growing environmental concerns (Club of Rome, 1972) and the use of
resources at the expense of the environment and society, the first regulations and
conditions for deliveries to operators, exporting companies, and many other players
were established to obtain financing for a project or, at least, export credit insurance
for their produced equipment.

The move towards considering social impacts grew alongside ever-growing
projects, machines sizes, and the number of units reaching incredible figures: 10m
runner diameters per unit. Almost 1000 MW for the same units and projects com-
bined with wide flooding areas, high dams, sluices, and ship-lifting structures col-
lided with resettlement, land loss, compensation issues and environmental impacts,
which fueled resistance. NGOs strongly supported the demand that stakeholders be
meaningfully consulted in a timely manner during the preparation stage and be suf-
ficiently informed about their stakes to be mitigated or compensated. The latter were
very creative in building their public perception and pressuring financing institutions
and companies in the “West”, even when projects were in Asia, Africa, or South
America.

This eventually led to a lengthy discussion in the world of financing, triggering
the World Bank’s call for a round table on “Dams” in 1998. The round-table brought
together lists of projects and their implications, as well as requests to introduce a
moratorium on all future new hydroelectric projects. While the industry itself did not
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realize the impact of this process on their future business, and mostly stayed away
from the round-table, the report published without industry participation turned out
to be a shock wave for the sector. The World Commission on Dams report sounded
the death knell for hydropower worldwide.

1 Wake-Up Call for the Sector

So, when more than 25 years back the World Commission on Dams (WCD) published
its report in November 2000, it raised serious concerns about how the environmental
and social impacts of large dams should be assessed. The report proposed a framework
to guide more responsible and sustainable development. The question remained: How
can this be done in practice?

Even though, a quarter of a century later, with absolutely tangible progress made,
the debates about hydropower’s social and environmental footprint are not ended.
While the WCD report is still referenced around the world, the hydropower sector
has worked hard to put recommendations and measuring of footprints into practice.

Even though a quarter of a century has passed and tangible progress has been
made, debates about the social and environmental footprint of hydropower are still
ongoing.

The WCD report is still referenced around the world, and the hydropower sector
has worked hard to implement its recommendations and measure its footprints. In
that sense, the WCD process, which included a round-table of stakeholders hosted by
the World Bank and culminated in a published report, could be considered a wake-up
call for the sector at the time.

The dynamic dissemination came as a shock to industry stakeholders who thought
they were simply doing excellent engineering work for any hydropower station
planned and built around the world. Manufacturing companies, consultants, and oper-
ators realized that they had overlooked aspects of hydropower planning and instal-
lation that came with starting generation in a plant from social and environmental
points of view.

They suddenly had to admit that they had never looked beyond their limited
responsibility for a portion of a project portion they had contracted for. Being blamed
for doing “bad projects” and accused by NGOs was a very new experience for most
of the enterprises involved.

So, what should they do now? Going out of business was not an option. Neither
was giving up on the unique character of hydropower as a large renewable source of
energy while carbon balancing was in its beginning stages. The question was how
to join forces and act collectively with such a distributed value chain that embraces
responsibilities of countless players in a project.

The uncertainty of venturing into new territory and establishing practical cri-
teria for “good” or “bad” projects placed the greatest demand on the International
Hydropower Association (IHA). Recognized as the main representative of the global
hydropower sector, the IHA’s primary goal was to promote hydropower as the largest
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and lowest-carbon-emitting form of energy generation, as well as a truly renewable
energy source with unmatched multi-purpose capabilities.

However, the answer to the question of hydropower’s true sustainability was a
long time coming from the association’s first steps. Over the course of more than
two decades, it led the association and its members from a newly formed round-table
with key stakeholders to the development of a measuring tool that could be named a
“standard.” Transitioning from initial definitions to practical tools within a holistic
framework was akin to the work of a think tank. This could only help assess and rate
hydropower projects based on their degree of sustainability, improving their planning
and implementation for the benefit of many more stakeholders than before.

Environmental protection studies were the least of the exercises compared to the
request to consider social stakeholders and determine how they could be compensated
fairly or how impacts could be mitigated and balanced. This included the question
of who would fund all these new burdens on planners, authorities, and industry.

2 Sustainability in Hydropower

2.1 General Definition of Sustainability

Looking for a definition of sustainability will provide a number of interpretations.
The most fundamental definition was delivered by the so-called Brundtland report
in 1987 [1]. Here, sustainable development is defined as

the ability [of mankind] to make development sustainable to ensure that it meets the needs of
the present without compromising the ability of future generations to meet their own needs.

Yet in the end, sustainable development is not a fixed state of harmony, but rather a process
of change in which the exploitation of resources, the direction of investments, the orientation
of technological development, and institutional change are made consistent with the future
as well as with the present.

Later, the conference “The United Nations Conference on Environment and Devel-
opment (UNCED), also known as the ’Earth Summit’, held in Rio de Janeiro, Brazil,
from 3—14 June 1992 [2], highlighted how different social, economic and environ-
mental factors interdepend and evolve together. These three pillars should be con-
sidered equally to provide a sustainable concept that takes into account economic,
ecological, and social aspects.
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2.2 Why a Global Standard Is Needed

One of the reasons to develop ESG criteria and defined performance levels was
the growing confusion among investors, governments, and communities about what
“sustainable hydropower” actually means in practice:

e The need to address ESG risks consistently across all project types, sizes, locations
and life cycle stages;

e A clear and straightforward system to certify hydropower projects that meet
minimum Environmental, Social, and Governance (ESG) performance expecta-
tions. This system addresses any confusion about the sustainability of hydropower
projects and, crucially, helps unblock green investment and licensing decisions.
All of this is put into place by the Hydropower Sustainability Standard (HSS);

e The HSS is the only global certification scheme for hydropower—and at the same
time unique across the entire renewables sector;

e The International Hydropower Association’s (IHA) San José Declaration (24
September 2021 at the conclusion of the IHA World Hydropower Congress) states
that “the only acceptable hydropower is sustainable hydropower”. So, the Standard
defines the criteria and the practical steps for good and best international practice.

2.3 Why Certification Matters—The Hydropower
Sustainability (HS) Certification System

From the perspective of framework and governance: The certification against
the HSS demonstrates a hydropower project’s communicable compliance with
international sustainability practices.

Also, a hydropower project that achieves certification gains a credible, indepen-
dently verified, multi-stakeholder governed ESG performance report card.

Certified projects demonstrate alignment with many internationally relevant
frameworks and rule sets, including the Climate Bonds Initiative, the EU Taxon-
omy, electricity sales to RE100 companies, and World Bank and IFC performance
standards—the latter being a prerequisite for many development bank loans.

Beyond finance, the assessment process itself has a risk management value com-
parable to a health check: Project risks, strengths and weaknesses become visible
and addressable before significant or irreversible investment decisions are made. This
reduces the likelihood of costly delays, permit refusals, or loss of the social license
to operate.

From abusiness perspective: Sustainability performance is becoming an increas-
ingly importants factor in market competition. Owners and operators of hydropower
assets are recognizing the HSS Certification as a quality attribute and a source of
competitive advantage.
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Wins for all project development and operations phases: In short, certification
simultaneously reduces project risks, opens financing opportunities, and provides a
powerful capacity-building and communication tool. This tool has demonstrated its
value across continents, climatic zones, and project sizes ranging from very small
(kW scale) to very large (>3000 MW), including storage, run-of-river, pumped
storage, and single- and multi-purpose projects.

HydroSelect, the hydropower sustainability early-stage decision-making tool,
extends this ecosystem upstream. By embedding ESG considerations from the outset
of project identification, HydroSelect prevents costly delays, community conflicts,
and environmental impacts before any significant investment commitment is made.
This makes HydroSelect the natural first step before a full HSS certification process.

2.4 Governing Body: The Hydropower Sustainability Alliance

In 2023 the HS Alliance was established 2023 as an independent and multi-
stakeholder that sets standards and oversees the HS Certification System.

It is structured to fulfill its task. The HS Council has four chambers—Industry,
Governments, Civil Society and Financial Institutions—which elect representa-
tives to the HS Governance Committee. The HS Secretariat manages day-to-day
operations.

The Council ensures multi-stakeholder input and confidence in the content quality,
relevance and assurance of the Hydropower Sustainability Certification System.

3 History of Standard Development: From the HSAF
to Today

3.1 IHA and Early Sustainability Thinking (1995-2006)

The International Hydropower Association (IHA) was founded under the auspices of
UNESCO in 1995 as a professional body to represent and advance the hydropower
sector at a time of intense environmental and social scrutiny.

In 2000, the landmark report by the World Commission on Dams (WCD) chal-
lenged existing practices and initiated a shift in the planning and development
of hydropower towards sustainability and the rights of affected communities (see
introductory part).

The UN Environment Programme launched the Dams and Development Project
(DDP) as a multi-stakeholder WCD follow-up while THA began work on its Sus-
tainability Guidelines in 2004, drawing on WCD Strategic Priorities, World Bank
Safeguard Policies, IFC Performance Standards, and the Equator Principles.
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Two years later, in 2006, IHA released an early assessment protocol which was
developed to evaluate performance against the 2004 guidelines.

3.2 The Hydropower Sustainability Assessment Forum
(HSAF) and the HSAP (2007-2010)

This led to a renewed international dialogue, and the subsequent initiation of a new,
multi-stakeholder round-table: the Hydropower Sustainability Forum (HSAF); IHA
provided a secretariat, with financial support from industry, development banks and
governmental agencies.

Forum members and observers included representatives of environmental NGOs
(WWF, The Nature Conservancy), social NGOs (Oxfam, Transparency Interna-
tional), development banks, commercial banks of the equator principles banks group,
governmental agencies from China, Zambia, Iceland, Norway, Germany, and owners,
operators, suppliers and consultants from the hydropower sector.

After extensive consultation and trialing in 16 countries across six continents;
the final version was published in 2010 and formally launched at the IHA World
Congress in 2011.

3.3 The HSAP in Practice and Evolution (2010-2020)

The HSAP replaced uncertainty and confusion about “sustainability in hydropower”
with a globally applicable. Sustainability performance became objectively measur-
able and internationally comparable, and project risks, strengths and weaknesses
could be systematically identified and addressed before costly and irreversible
decisions were made.

The HSAP was applied in over 25 countries to projects at all life cycle stages;
the World Bank assessed it as a useful tool for guiding sustainable development in
developing countries; major commercial banks referenced it in their sector guidance.

The HSAP was updated in 2018 to include a topic on climate change resilience
and mitigation. Simultaneously, the HESG Gap Analysis Tool and the HGIIP
(Hydropower Sustainability Guidelines on Good International Industry Practice)
were introduced, and both re-aligned with World Bank and IFC standards.
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3.4 From Tools to a Global Standard (2020-2026
and Onward)

A 90-day global consultation commenced in November 2020, and aimed at elevating
the Hydropower Sustainability Tools to a global standard. The outcome led to the
Hydropower Sustainability Standard (HSS), formally launched by the Hydropower
Sustainability Council in September 2021. The HSS is now an independent not-for-
profit entity based in Lisbon, Portugal.

IHA simultaneously adopted a new Charter for Sustainable Hydropower on its
25th anniversary, signaling that all members were expected to certify new projects
under the forthcoming Standard, complemented by the San José Declaration stating
that “only sustainable hydropower is acceptable hydropower” in September 2021. In
May 2026 (as of the writing of this text), a formal review process has been launched
with a global consultation. The objective is to ensure that the HSS ensures it remains
relevant, clear and aligned with global good practice as expectations continue to
evolve.

4 HSS Overview, Structure, Content and Knowledge Base

4.1 The Key Documents of the HS Certification System

The HS Standard (HSS v1.2, Table 1) is the central document in a broader ecosystem:

Table 1 Documents, purpose and primary users

Document Purpose Primary users

HS standard Theory of change, scope, All stakeholders
performance requirements,
certification process

HS assurance system All procedural elements: roles, | Organizations and practitioners
certification steps, assessor
accreditation, appeals, claims,
governance, monitoring and

evaluation
Reporting templates Assessment report templates | Project proponents and
accredited assessors
Guidance documents Good practice guidelines Project proponents and
(HGIIP) and topic-specific practitioners

how-to guides

Training manuals Accredited assessor manuals | Accredited assessors
and further training materials




Hydropower’s Pathway to Sustainability 11

4.2 Roles and Responsibilities

e HS Secretariat: manages day-to-day operations of the certification system;
accredits assessors; publishes reports; manages the public comment period; pro-
poses certification status to the Governance Committee; administers fees, renewals,
conflicts of interest, and the appeals mechanism;

e HS Council/Governance Committee: the multi-stakeholder governing body;
reviews and approves changes to the Standard; undertakes a formal five-yearly
review; supervises appeals; ensures the integrity of the entire system;

e Accredited Assessors: independently trained and licensed individuals who con-
duct assessments against the Standard; can only operate with a valid accreditation;
must avoid conflicts of interest; bear responsibility for assessment findings and
results; maintain an evidence repository throughout the certification period;

e Project Proponents: developers, owners or operators who commission and fund
the assessment; bear full responsibility for costs; must submit all required evidence
and cooperate fully with the assessor.

4.3 Scope and Eligibility

e All and any hydropower types: run-of-river, storage, pumped storage, multipur-
pose, globally applicable regardless of size or location;

e Three life cycle stages: Preparation, Implementation, Operation (including major
refurbishments)

e Harmonization pathway: a recent HSAP or HESG assessment can be carried
forward into an HSS certification application.

4.4 Theory of Change

e Three intervention spheres—Policy, Promotion, Practice (the “3-Ps”);

e Desired outcomes: increased uptake of the HS Standard; greater transparency
and inclusivity in the certification system; increased knowledge of and trust in
sustainable hydropower;

e Four long-term impact areas: Healthy Ecosystems, Resilient Infrastructure,
Prosperous Communities, and Good Governance;

e Sustainability framed as a continuous journey: good practice (meeting minimum
requirements) towards best practice (meeting advanced requirements). Important
principle: ongoing improvement over the project life cycle.
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4.5 Performance Requirements—The 12 ESG Topics

Each topic is structured around a principle statement, a scope definition, and two
tiers of criteria: minimum requirements (good practice, mandatory for certification)
and advanced requirements (best practice, determining Silver or Gold status).

4.

Labor and working conditions

Water quality and sediments

Community impacts and infrastructure safety
Resettlement

Biodiversity and invasive species
Indigenous peoples

Cultural heritage

Governance and procurement
Communications and consultation
Hydrological resource

Climate change mitigation and resilience.

6 Certification Process

Four steps:

L.

Assessment—conducted by an Accredited Assessor against all relevant topics;
any assessment is a snapshot in time and is designed for repeat application across
life cycle stages; gaps against minimum requirements are flagged and advanced
requirements met are scored

Publication and Finalization—the Preliminary Assessment Report is published
on the HSA website for a public comment period; the assessor must respond to
every comment and determine whether to amend the report; the Final Assessment
Report is accepted by the HS Secretariat

. Application—the Project Proponent submits the HS Certification Application

Form; only possible after completing Steps 1 and 2

Certification— the HS Secretariat notifies the Governance Committee; certifica-
tion is issued if no objection is raised; the Final Report and certification rating are
published on the HSA website.
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4.7 The HSS Knowledge Base: How-to Guides
and Supporting Tools

The How-to Guides provide practical steps to for improving sustainability of
hydropower development and operation, in alignment with the Hydropower
Sustainability Standard

e Guides published to date cover all 12 Standard topics, including: Environmental
and Social Assessment and Management; Labor and Working Conditions; Infras-
tructure Safety; Indigenous Peoples; Biodiversity and Invasive Species; Down-
stream Flow Regimes; Resettlement; Benefit Sharing; Communications and Con-
sultation; Erosion and Sedimentation; Climate Change Resilience; and Climate
Change Mitigation (latest, November 2025)

e Complementary resources: the HGIIP (26 good-practice guidelines aligned with
World Bank, IFC and Equator Principles); the Hydropower Sustainability Training
Academy (delivered globally, including with World Bank ESMAP support); and
the full library of published HSAP and HSS assessment reports on the HSA website

e Finance and policy linkages: the Standard is recognized by the Climate Bonds Ini-

tiative’s Hydropower Criteria, supports electricity sales to RE100 companies, and

is aligned with the EU Taxonomy for Sustainable Investment and World Bank/IFC
performance standards.

4.8 HydroSelect—The Hydropower Sustainability
Early-Stage Decision-Making Tool

e HydroSelect is the Hydropower Sustainability Early-Stage Decision-making Tool

e Developed to guide developers, governments, financial institutions, and civil soci-
ety toward more sustainable hydropower project decisions by providing a clear,
objective framework for evaluating potential schemes at the very outset

e It covers the same 12 ESG risk areas as the HS Standard and it sits upstream
of the HSAP/HESG tools and the full HSS certification process—serving as the
entry-level screening instrument that embeds sustainability considerations from
the initial stages of project conception.

5 Stakeholders in Sustainable Hydropower

In examining the definition of sustainability in relation to hydropower, it becomes
evident that sustainable hydropower necessitates the involvement of a diverse array
of stakeholders. The hydropower sustainability standard underscores the need for
a multi-stakeholder body to oversee the entire process. This body, known as the
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Hydropower Sustainability Council, comprises representatives from civil society,
industry, government, and the financial sector. The inclusion of these diverse stake-
holder groups ensures that all perspectives are equitably considered, collectively
shaping the future of this standard.

The selection of the various chambers within the hydropower sustainability stan-
dard ensures the appropriate allocation of responsibilities and fulfills several key
functions. Firstly, democratic representation is essential, with chamber members
elected to represent specific stakeholder groups. Secondly, the input from different
stakeholders should be systematically integrated into the standard. Groups such as
NGOs, governments, financial institutions, and industry must be included to repre-
sent a broad spectrum of opinions and contributions. Thirdly, the chambers serve
as sources of expertise, contributing specialized knowledge and perspectives. The
involvement of specific invited groups plays a crucial role in the ongoing develop-
ment of the standard. Lastly, the chambers are responsible for the continuous review
and discussion of standard topics and further development.

Currently, the Hydropower Sustainability Council is comprised of four cham-
bers. The first chamber, representing civil society and NGOs, focuses on social
and environmental issues, including local communities and various hydropower
stakeholders. The second chamber represents the industry, aiming to enhance ESG
performance within companies. The third chamber incorporates financial institu-
tions to facilitate the implementation of the standard in funding models, thereby
safeguarding investments and promoting investment security. The fourth chamber
is dedicated to government, ensuring that the hydropower sustainability standard is
integrated into national policies and regulations. Topics addressed here include fair
livelihoods, access to clean water, and clean energy.
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The COST Action CA21104 Network )

Check for
updates

Eduard Doujak

There is no cooperation without network.

Abstract COST Actions are primarily projects aimed at knowledge exchange and
networking. They are initiated either by individuals or existing communities and pro-
posed for funding. This process took place in 2021 and led to the current COST Action
CA21104, the Pan-European Network for Sustainable Hydropower. The motivation
for establishing this network was to identify future research priorities by leveraging
existing expertise. Another key point was the training of Young Researchers and
Innovators for future tasks in this field. To organize all these tasks, a group of leaders
was established. This core group is responsible for organizing and carrying out the
activities. The following chapter outlines the structures and activities of the present
COST Action.

Keywords Hydropower - COST - PEN @Hydropower

COST stands for Cooperation in Science and Technology [1] and is one of the oldest
funding schemes within the EU. Dating back to the 1970s of the last century this
program has been running for more than 50 years now. It is open to all disciplines
and themes. The proposed topic must be new and challenging for a large community.
COST funds networking and knowledge exchange activities. No funding is given for
research projects except Short Term Scientific missions, which is a combination of
research exchange activities and capacity building. The expected outputs are a better
understanding of the proposed topic and network for future activities.

Hydropower has a long history, and it is currently experiencing a renaissance.
Several European associations support this by addressing different areas within the
hydropower community. One of these larger associations is the European Energy
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Research Alliance (EERA), which established the Joint Program Hydropower (JP
Hydropower) in 2019 [2]. In 2020, the management board discussed applying for a
COST proposal, and some colleagues began developing it.

1 Origins

The COST Action 21104 PEN @Hydropower (Pan-European Network for Sustain-
able Hydropower) originated from a group of enthusiasts who recognized an urgent
need for change. National and European funding for hydropower research had been
declining, largely due to a 2020 trend where wind and solar began to dominate the
research landscape.

There was a clear need for increased knowledge exchange, a network to address
funding issues, and a focus on capacity building, as many scientists involved in initial
applications were nearing the end of their careers. This created an ecosystem where
a larger network was necessary to exchange ideas and best practices.

A group of 52 primary and secondary proposers joined forces to submit a proposal,
which was selected for funding in 2022. The official kick-off took place on September
14, 2022, in Brussels. This group established a leadership structure for the coming
years, which included electing a Chair and Vice-chair.

The network is organized into five working groups, each led by a leader and a
mentor. Additionally, special coordinators were appointed for communication, grant
awarding, and capacity building. Each leadership position was filled according to
COST considerations, ensuring the involvement of Young Researchers and Innova-
tors (YRI), representatives from Inclusiveness Target Countries (ITC), and a balance
of gender and geographical distribution.

This core group is responsible for leading the working groups to achieve the
objectives of COST Action 21104. This includes organizing events, meetings, and
conferences, as well as facilitating short-term scientific missions and conference
grants for young researchers.

During the project period (2022-2026), three positions in the core group changed.
The leadership of working groups 2 and 5 changed, and a gender equality coordinator
was appointed. Additionally, each working group appointed task leaders according
to their needs (Fig. 1).

1.1 Main Objectives and Goals

The COST Action CA 21104 delineates two primary objectives: research coordina-
tion objectives (RCO) and capacity building objectives (CBO). Within the RCOs,
the Pan-European network for sustainable hydropower aims to contribute to the dig-
italization of hydropower in the context of the clean energy transition (CET) and to
establish a cohesive network of researchers, engineers, scholars, and other stakehold-
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ers, including representatives from companies, governments, and civil society. The
objective is to foster close collaboration among various European research groups
and to support the submission of research project proposals.

The principal research coordination objectives are associated with the work-
ing groups: RCO1 of WGI seeks to evaluate and emphasize the evolving role of
hydropower and pumped hydro storage (PSH) within the energy system sector, con-
sidering perspectives from the near to long-term future, specifically from 2030 to
2050. This involves addressing the flexibility and storage requirements in the future
renewable energy landscape and considering the water-energy-food nexus through
interdisciplinary events to achieve the objective.

The second objective (RCO2) aims to support the scientific framework for
hydropower producers and investors to enhance the efficiency and performance of
both existing and new hydropower plants. This will encompass ongoing technolog-
ical innovations from past design and operation stages, culminating in retrofitting
strategies. Concepts such as digitalization and predictive monitoring are pivotal in
achieving the research objectives of WG2.
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For WG3, RCO3 involves establishing a collaborative platform for scientists and
stakeholders from diverse disciplines to conduct a holistic assessment supporting the
sustainable development of hydropower plants. Key topics include resilient infras-
tructure needs, environmental and societal conditions, and climate change adaptation
and mitigation measures for the coming decades, which are crucial for knowledge
exchange within this group.

Regarding WG4, the research coordination objective (RCO4) involves mapping
the current European Union legislative and market frameworks. In CET scenarios, it is
essential to identify policy gaps and barriers to achieving an optimal balance between
hydropower production and environmental impact. Broad stakeholder interaction and
discussions are vital to improving the current situation.

The research coordination objectives (RCOS5) for WGS5 are based on developing
a comprehensive scientific hydropower community strategy to harmonize the RCOs
of WG1 to WG4. A deeper understanding of production, environmental impact, and
social acceptance, with all associated controversies, needs to be investigated and
integrated into a unique knowledge base.

In addressing the capacity building objectives (CBO), the framework can be cat-
egorized into four primary topics.

The first objective (CBO1) aims to expand the existing network of technical
sciences by incorporating additional disciplines. This expansion can be facilitated
through extensive stakeholder engagement and various activities, such as thematic
workshops and international conferences.

The second objective (CBO2) addresses a significant challenge within the
hydropower community, which is to promote Young Researchers and Innovators
(YRISs) to leadership positions while ensuring gender balance. This will be achieved
by appointing selected individuals to the management committee, core group, and
other activities within the COST action. A dedicated mentoring program will be
established to support female YRIs.

Closely related to CBO?2 is the third objective, which focuses on fostering the
career development of YRIs through specialized knowledge transfer, including train-
ing schools and other initiatives. Activities such as short-term scientific missions and
conference grants will be integral components of this third capacity building objective
(CBO3).

All these objectives require a shared foundation to gain recognition and create
awareness. Specific dissemination activities must be developed to ensure proper
implementation within this COST action. Social media campaigns will aid in foster-
ing a broader understanding and awareness of the challenges faced by YRIs in the
hydropower sector and their integration into the community (CBO4).

These overarching objectives of the COST action CA 2104 must be established
and integrated into the framework of such cooperative networks and the grant system.
As grants are approved annually, the main objectives must be divided into grant period
goals. Consequently, each working group must subdivide their overarching objective
into four grant period goals, which should be evenly distributed over the four granting
periods.
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2 How the Network Works

The newly created network establishes a yearly work and budget plan to guide the
network’s structure (MC, CG, and special coordinators). Each year, actions must be
defined and announced. All activities and objectives are based on the memorandum
of understanding (MoU), which every member must accept. Membership growth
during the project period is based on these rules, and new members must apply by
declaring their research background, interests, and contributions to the COST action,
as well as their objectives and actions. Each application must be approved by the
Action Chair on behalf of the MC. Membership development between 2022 and
2026 is shown in Fig. 2.

In order to fulfill the objectives and goals of CA21104, several actions are defined
within the annotated rules. Those can be:

Meetings (physical or online)

Webinars

Training schools

Short term scientific missions

Conference grants

Dissemination actions (papers, social media, books, etc.)

Those network actions have to be embedded into the WGs yearly grant period
goals (GPGs) in order to support the entire action and its paramount objectives.
Periodic reports monitor the successful implementation and output of those events
and actions. Working group members contribute to these goals with their active
participation at the events. Of course, CBOs play an integrative role, as incorporating
YRISs into the hydropower field is of general interest.
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Fig. 2 CA21104 membership development from 2022 to 2026
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Within this framework of possible actions, yearly grants, a growing network of
experts, and common goals defined by the MoU [3], installing Working Groups
(WGs) and Special Coordinators is an important task. CA21104 is organized into
five WGs. All of them are related to the aforementioned RCOs and contribute to the
CBOs.

2.1 WG I-Hydropower Role in Flexible Energy Synergies

The Working Group primarily focuses on the conditions necessary for utilizing
hydropower within flexible systems. The group prioritizes analyzing assumptions
and trends related to the collection of electricity from various water sources and
conditions, as well as investigating innovative systems and monitoring methods.

Key activities will involve: discussing the importance of hydropower use, empha-
sizing its adaptability, storage capabilities, and reliability during COST meetings;
incorporating local stakeholder groups (LSGs) that include academic, industrial,
and governmental participants in the electrical sector of hydropower use to pinpoint
potential weaknesses in hydropower expansion; and engaging in dialogue with LSGs
about the conditions required to establish hydropower as a crucial element of clean
and secure electricity for the future.

2.2 WG 2-Technological Evolution Through Innovation
and Digitalization

This working group examines the technological advancements needed to develop
innovative solutions to address ambitious scenarios. Furthermore, digitalization must
be considered, as it will enhance hydropower competitiveness and improve grid flex-
ibility, stability, safety, and resilience. These objectives should be achieved through
multidisciplinary approaches, encompassing mechanical and electrical engineering,
information and communication technology (ICT), environmental engineering, and
trading. This involves integrating extensive sensor deployment, artificial intelligence,
big data processing, the development of forecasting models, and the implementation
of digital twins.

Activities include: establishing pan-European collaboration on disruptive tech-
nologies in hydropower and strategies for further improvements; organizing multi-
disciplinary workshops with experts in mechanical engineering (turbine and equip-
ment innovations, lifetime predictions, digital twin), electrical engineering (genera-
tor, smart grid, distributed energy sources), business (trading, blockchain, workforce
management), ecology and sustainability (weather variability and climate changes),
and IT (big data, clouds, artificial intelligence, cybersecurity) to address all aspects
of digitalization and their interconnections.
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2.3 WG 3-Sustainable Hydropower and Its Adaptation
to Climate Change

Cross-disciplinary collaboration is essential to advancing sustainable development in
the hydropower sector, accounting for industrial, environmental, and societal needs
in a changing climate. To fully harness the potential of hydropower within a flexible,
modern energy system, it is imperative to integrate new technological advancements
with cutting-edge climate projections and environmental and societal considerations
to develop planning and implementation tools for effective legislation and gover-
nance.

The activities include organizing workshops, summer schools, and webinars that
focus on examining environmental impacts at the local level, taking into account
regional conditions and their susceptibility to climate change.

2.4 WG 4-Clean Energy Transition and Policy Measures

The focus of this working group is to identify and comprehend significant trends in
the restructuring of the power sector over the forthcoming decades. In this endeavor,
interconnections among sectors are identified, and the evolving role of hydropower
evaluated. EU frameworks and directives, CET, and prevailing trends inform this
evaluation.

Activities encompass discussions on energy transition and the facilitation of coop-
eration among energy sectors, including universities and companies, during confer-
ences, meetings, and summer schools, engaging all pertinent branches of science.
The focus of interaction with equipment and energy producers, the EU Commis-
sion and agencies, EERA, organizations, NGOs, regulators, and others is the energy
transition.

2.5 WG 5-Holistic Assessment and Stakeholder Interaction

The urgent need for a thorough assessment of hydropower, coupled with enhanced
stakeholder engagement, has been acknowledged. Comprehensively, the Action
refers to the consideration of all dimensions of hydropower, encompassing not only
technical aspects, such as extending its operational lifespan, but also environmen-
tal considerations, such as biodiversity and local climate change, as well as soci-
etal acceptance by local communities and financial components, such as invest-
ment returns and reasonable profitability. Policy recommendations are informed by
PEN@Hydropower’s best practices, future scenarios, and initiatives to engage and
communicate with stakeholders.
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Activities include incorporating the Working Groups’ outcomes into policy strate-
gies and roadmaps. This involves collaboration among partners and stakeholders,
including European, national, regional, and local hydropower operators.

2.6 Special Coordinators

In addition to the five working groups, some special coordinators handle specific
tasks. These are the Science Communication Coordinator, the Grant Awarding Coor-
dinator, the Capacity Building Coordinator, and the Gender Equality Coordinator.
They support the Chair, Vice-Chair, and the five working groups by handling over-
arching tasks to achieve the general objectives. In particular, the capacity-building
goals and raising awareness of sustainable hydropower are in their hands.

The Chair functions as the leader of the entire Core Group, with support from
the Vice-Chair. Together, they oversee the network and execute the decisions of
the Management Committee (MC). As specified in the overarching objectives and
goals, the inclusion of young researchers and innovators is of paramount importance.
Consequently, throughout the project, concerted efforts were made to encourage as
many young researchers and innovators as possible to participate in this field of
research.

3 Engaging Younger Generations

Hydropower is undergoing a major transformation in the areas of operation and main-
tenance, driven by the increasing need for flexibility within modern energy systems.
This shift is largely caused by the growing share of renewable energy sources such
as wind and solar power in the overall energy mix. As a result, hydropower systems
must operate more dynamically to support grid stability and ensure a reliable energy
supply while minimizing interruptions. These evolving operational and maintenance
challenges, together with the integration of additional renewable energy sources,
highlight the need for extensive future research and the development of expertise
among the next generation of researchers.

To achieve these objectives, it is essential to expand the existing technical network
by incorporating additional disciplines, such as computer science, environmental
studies and social sciences, through a broad range of stakeholder activities. Further-
more, it is crucial to involve young researchers and innovators in leadership roles,
considering gender aspects as well as national and geographical diversity. These
young researchers require support for career development through participation in
training schools, joint PhD programs, or short-term scientific missions.

Incorporating young researchers and innovators (YRIs) is not only a priority of
the COST Action but should also be supported by raising awareness among policy-
makers and industry stakeholders. Additionally, an educational survey among MC
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Fig. 3 CA21104 YRI distribution in 2026

member states revealed a varied distribution of ongoing hydropower education across
European countries, with notable differences in the quality of courses offered by dif-
ferent universities across Europe. The results of this educational survey can be found
in the chapter on the status of European hydropower education (see Part II Chapter
“Status Quo of European Hydropower Education”).

Figure 3 shows the distribution of YRIs at the five working groups. Note that in
every working group the percentage of YRI is higher than 50%, which makes this
action and network outstanding.

4 Supporting a Holistic Perspective

The COST Action for Sustainable Hydropower was deliberately designed to take a
holistic perspective. Holism has long been recognized as the philosophy of whole-
ness. The word “holos” originates from ancient Greek and conveys the idea that
systems are more than the sum of their parts. Accordingly, science should also move
away from silo thinking and take a more holistic view of the challenges of the future.
The collaboration of the five working groups, involving all relevant stakeholders,
is intended to reflect this. This fundamental concept will be practiced within the
framework of the Training School, where the Hydropower Sustainability Standard
will be applied across various stakeholder groups. Here, stereotypical perspectives
are to be broken down, and each participant’s horizons are holistically expanded.
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Young researchers, in particular, are to benefit from this perspective and adopt and
carry forward the fundamental idea in their professional environments. This would
achieve a key objective of this COST action: raising awareness that complex issues
such as hydropower cannot be holistically resolved by individual experts but only
by groups of experts.
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Educating the future generation is a valuable investment.

Abstract Hydropower is an old technical discipline, and one might expect that
capacity building measures have already been carefully developed and fully refined
over many decades. However, this assumption is not correct, as the environment
in which hydropower operates has significantly changed in the last decades. The
sector has experienced important shifts, including increased regulatory scrutiny of
projects, changes in education systems that favor a more general approach instead of
detailed technical design, and a transition from providing primarily baseload power
to offering flexibility to the energy system. To adapt to these continuous changes,
capacity building in hydropower must also become more flexible and responsive,
strengthening the technical, organizational and institutional capacities of stakehold-
ers. Examples of such initiatives include the PEN @Hydropower training schools on
sustainable hydropower, as well as targeted programs such as mentoring initiatives
for women.
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1 Why Is Capacity Building for Hydropower Needed?

Hydropower is complex, capital-intensive, and increasingly challenged by environ-
mental, social, and climate pressures [3]. Adequate human and institutional capacity
is needed to help overcome pressures such as scientific and technical complexity,
energy transition and grid integration and economic and financial intensity, to adapt
to climate and hydrology changes, to improve environmental and social aspects of
sustainability, to strengthen institutions and governance, knowledge transfer and the
hiring of a young workforce, education and gender balance, etc.

Hydropower is inherently a scientifically and technically complex sector, requir-
ing specialized knowledge across multiple engineering disciplines, including civil,
mechanical, and electrical systems [4]. The ongoing energy transition, together with
the increasing demand for flexibility and resilience, has pushed the entire sector
towards strong technological innovation. However, the scientific publications on
specific competences required to tackle this complexity are few and the authors
underscore the need for skilled technical capacity to implement and manage inno-
vations. The design of the new generation of hydropower plants (dams, spillways,
turbines, generators etc. and control systems) demands multidisciplinary scientific
knowledge, rigorous safety analysis, and thorough understanding of site-specific
hydrological and geological conditions. Operational management adds further com-
plexity.

Capacity building in this area focuses on educating and training skilled engineers
and technicians capable of designing, operating, and maintaining hydropower infras-
tructure safely and effectively. Capacity building also includes training in advanced
diagnostic tools, monitoring technologies, and maintenance strategies to reduce fail-
ures, extend asset lifetimes, and optimize energy generation and environmental inter-
ference.

Hydropower plays a pivotal role in supporting the energy transition by providing
flexible, controllable generation that complements variable renewable sources such
as wind and solar [1]. This also includes the development of operational and mainte-
nance strategies for pumped storage and hybrid systems, enabling hydropower to act
as a buffer for renewable intermittency. Effective integration into modern electric-
ity grids hence requires specialized knowledge of power system dynamics, market
operations, and ancillary services, including frequency regulation, spinning reserves,
and load balancing. Capacity building in this area focuses on training engineers,
grid operators, and system planners to manage these complex interactions, optimize
hydropower dispatch, and participate in electricity markets.

Hydropower is characterized by high economic and financial intensity due to its
substantial capital requirements, long construction periods, and extended asset life-
times. Unlike many other renewable technologies, a large share of hydropower costs
is incurred during the planning and construction phases, making projects very sen-
sitive to cost overruns, financing conditions, and financial risks. Capacity building
therefore focuses on strengthening expertise in project evaluation, financial strate-
gies, risk management, and lifecycle cost analysis. It is, however, not limited to
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education and training activities, but also includes the strengthening of organiza-
tional capabilities, institutional coordination, knowledge transfer mechanisms, and
managerial practices that improve the ability of organizations to prepare financially
viable projects, engage with investors, and manage contracts effectively.

Another factor increasingly affecting hydropower sector is the climate change.
Hydropower is highly dependent on variations in river flows, precipitation patterns,
and seasonal water availability [2]. Adapting to these changes requires specialized
knowledge in hydrology, climate modelling, and reservoir operation. Capacity build-
ing focuses on training hydropower planners and operators to anticipate and respond
to altered water regimes, optimize storage and release strategies, and maintain reli-
able generation under variable conditions. To address this factor, capacity building is
needed not only in terms of education and training but also in terms of activities for
improving institutional and governance response. On one side, scientific papers high-
lights the need of improving operational resilience, which requires advanced mod-
elling, forecasting, and hydrological expertise—indirectly supporting the need for
education and training in climate adaptation. On the other side, local case studies also
highlight empirical evidence of hydrological change impacting generation potential,
which further justifies institutional capacity to respond. Effective hydropower devel-
opment depends not only on engineering or financial capacity but also on institutional
and governance frameworks such as organizational structures, decision-making pro-
cesses, and regulatory capacities on project planning, construction, and operation.
From this perspective capacity building is needed to target policymakers, regulators,
and utility managers for efficient project management and compliance and perfor-
mance assessment. There is indeed an evident need of focusing on the development
of clear legal frameworks, standards, and procedures that coordinate multiple stake-
holders: public authorities, private developers, and local communities.

The last factor highlighting the key role of capacity building is related to the
workforce in the hydropower sector in terms of building the next generation of pro-
fessionals. Hydropower is an old technical discipline, and as experienced engineers
and operators retire, there is a growing risk of losing practical, tacit knowledge accu-
mulated over decades of plant operation, maintenance, and project management [4].
Capacity building in hydropower can support the knowledge transfer and the recruit-
ment of a younger workforce. At academic level, education plays a profound role by
providing engineers with the theoretical updated knowledge, analytical skills, and
practical competencies needed across the sector. Then, structured programs such as
mentoring, workshops, and on-the-job training help preserve and disseminate this
knowledge to new professionals. Targeted recruitment and development of young
engineers, technicians, and planners must ensure continuity and put novel ideas
into the sector. Capacity-building efforts must focus on bridging the gap between
classroom learning and real-world hydropower operations, ensuring that trainees are
prepared to contribute effectively to the sector.

But to successfully achieve the goal of preparing the next generation of profes-
sionals, capacity building is expected also to promote and implement gender bal-
ance in the hydropower sector. Historically, engineering and energy industries have
been dominated by men. This has a double negative effect on the next workforce
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generation: on one side, it limits the diversity of perspectives and problem-solving
approaches that different gender backgrounds can bring to the sector; on the other,
it significantly reduces the potential pool of future professionals by discouraging or
excluding female participation in hydropower careers. Addressing this imbalance
requires targeted education, training, and mentorship programs, like the successful
women mentoring program implemented within PEN @Hydropower to encourage
women to enter and advance within hydropower careers. Capacity-building ini-
tiatives can include scholarships, internships, networking opportunities, and lead-
ership development programs designed to remove barriers and achieve inclusive
participation.

Academic programs in engineering, renewable energy, and environmental man-
agement provide essential understanding of fluid mechanics, energy conversion, and
hydrological processes, although dedicated courses on hydropower are sadly slowly
disappearing across Europe.

2 Limitations and Vulnerabilities in Sustainable
Hydropower

Sustainable hydropower plays and will continue to play an important role in the
European energy transition, but its future development is negatively affected by
several limitations and vulnerabilities. The most important limitation is related to
education. PEN@Hydropower [5] has shown that higher education systems are not
fully aligned with the real needs of the hydropower industry. In most European
university curricula, hydropower is no longer taught as a separate and specialized
subject. Instead, it is often included within general courses on renewable energy
or turbomachinery. Because of this, students receive limited knowledge about key
hydropower topics, such as hydraulic turbine designs (Pelton, Francis, Kaplan, bulb),
hydraulic systems, and plant components. As a result, many graduates understand
neither the complexity nor the renewed importance of hydropower, and they are less
interested in choosing hydropower field for their careers. This is also the case for
international study programs. Here too educational programs often focus more on
newer and more visible technologies such as solar energy, wind power, or hydrogen.
International renewable energy programs dedicate only limited space to hydropower,
which creates an imbalance between education priorities and real energy system
needs.

Economic aspects represent the next vulnerability of hydropower. Many
hydropower manufacturing companies are small or medium sized enterprises, which
have limited capacity for research and development. This combines with the per-
ception of the limited role played in the energy transition in comparison with newer
technology under development. Because of this, talented students may choose other
fields that promise more prosperous growth, evolving working environment and bet-
ter paid jobs. Gradually and over time this leads to a shortage of qualified engineers
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in hydropower. Economic aspects relate also to research funding and visibility. In
many European countries, hydropower topics are not included in research calls. Uni-
versities therefore have fewer research projects in this field. Consequently, fewer
students write bachelor’s, master’s, or doctoral theses related to hydropower, which
reduces transfer of knowledge and expertise from universities to industry. Finally,
digitalization and artificial intelligence offer new opportunities but also new risks.
Digital tools can support learning through simulations, digital twins, and advanced
design methods. However, many educational institutions and teachers are not yet
fully prepared to use these tools effectively. Without proper training and curricu-
lum updates, digital solutions alone cannot solve existing problems in hydropower
education.

3 Capacity Building Towards Flexibility and Hybridization
with Other Sustainable Energy Sources and Untapped
Hidden Hydro

The hydropower era began with the installation of large power plants and the exploita-
tion of water resources with very high energy potential, providing for the then needed
baseload operation. Most of these plants are still in operation and continue to provide
a significant share of electricity in the global power system.

Hydropower has evolved from a traditional baseload energy source into a key
provider of grid stability, particularly through flexible operation and hybridisation
with other energy and energy storage technologies [1]. This transformation has trig-
gered a strong drive for innovation, not only at the technological level, but also
in operational strategies, market integration, system management, and institutional
frameworks. A first outcome of this innovation push was the development of tech-
nologies aimed at expanding hydropower exploitation towards previously underuti-
lized or economically unfeasible water resources. Newer technologies were designed
to exploit watercourses with lower energy potential and lower water head (paving
the way for what is known today as mini and small hydropower), and to some extend
to enable a more flexible operation. Despite the availability of different technologies
on the market, a large part of hydropower potential remains untapped. This potential
is mainly located in non-traditional hydropower systems, such as water distribution
networks, wastewater treatment plants, tailings dams, and low-head natural or arti-
ficial watercourses, including irrigation channels and marine or deep-water flows.
Hidden hydro—a recently introduced term—now unlocks this potential and tackles
currently unexploited locations.

But hydropower today faces new challenges, especially in terms of to the need
for significantly increased flexibility, sustainability, and system integration [1]. The
hydropower plant under such requirements becomes an active and flexible element of
the power system, supporting grid stability, balancing variable renewable energy, and
responding to market signals. We believe that one of the main reasons for the slowness
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of the refurbishment process (for improved flexibility and hybridization) and the
sluggish unlocking of the untapped potential is the lack of sustainability oriented
design, planning, and implementation capacity. Operators and engineers will be faced
with flexibility services, such as fast ramping, frequency control, and load following,
while electric energy production decisions will no longer be based only on water
availability, but also on grid needs, forecasts, and optimization strategies. Another
factor slowing down refurbishment processes is the uncertainty at regulatory and
institutional levels, including delays in water concession renewals, unclear long-term
policy directions regarding the future role of hydropower, and inconsistent policy
support for research activities, technological innovation, and emerging flexibility
and ancillary service markets.

The situation clearly highlights the need for improved capacity building. Achiev-
ing the transition to clean energy not only requires new technical solutions and
well trained professionals, but also on strong institutional support and clarity on
the key role of hydropower in future energy systems. Capacity building is there-
fore essential on several levels, including education, technical and sustainability
training, institutional strengthening, development of regulatory and operational pro-
cedures, knowledge-transfer mechanisms, stakeholder networking, and interdisci-
plinary cooperation, while also addressing the human and social dimensions of the
transition [3].

Flexible operation provides a clear example of the broader challenges associated
with the evolving role of hydropower. More frequent starts, stops, and load changes
increase mechanical stress on turbines, generators, and hydraulic structures, with
direct implications for maintenance requirements, equipment lifetime, and overall
economic sustainability. Addressing these impacts requires not only education and
technical training on flexible operation and condition-based maintenance, but also
a wider capacity-building effort aimed at improving awareness of the challenges
to face at research level and to the long-term economic and sustainability trade-
offs associated with operational flexibility. This includes informing policy makers,
strengthening cooperation and knowledge exchange among stakeholders and sup-
porting the development of regulatory and market frameworks that properly account
for asset degradation, maintenance costs, and long-term infrastructure sustainability.

An important starting point for this capacity building is the discussion on
how Hydropower Sustainability Standard HSS is used to evaluate sustainability
of hydropower projects on local, national and transnational levels (see Sect. 4
in Chapter “Hydropower Education and Professional Perspectives” of Part IV).
Hydropower Sustainability Standard principles transfer to other courses in energy
engineering. Since in part the negative picture of hydropower is also due to a sub-
stantially more detailed evaluation of hydropower projects, it is mandatory to include
sustainability aspects within the capacity building. Practical skills, interdisciplinary
knowledge, and understanding of sustainability principles must be strengthened
through dedicated activities, such as the Training Schools presented later in this
book. In addition, continuous training and lifelong learning will be necessary to sup-
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port innovation, digitalization, and new business models in hydropower [4]. Without
investment in skills, education, and knowledge transfer, the large, untapped poten-
tial of new hydropower applications will remain unused, limiting the hydropower
contribution to a sustainable and flexible energy system.

Future capacity building must also address organizational and human aspects.
Hybrid and flexible operation require closer cooperation between operators, main-
tenance staff, dispatchers, and external staff such as grid operators. Communication
skills, decision-making under uncertainty and time or financial pressures will increas-
ingly important. Capacity building should not be seen as a one-time training activity,
but as a continuous process that involve stakeholders in continuous engagement
activities and evolves together with technology and system requirements.

4 Competence Gaps in Sustainable Hydropower Workforce

Overview of education in Europe for sustainable hydropower shows competences
mismatch rather than a lack of knowledge [5]. Universities provide sufficient fun-
damental knowledge (maths, physics, materials, thermodynamics, etc.), but industry
needs in addition applied, operational competences and skills. Hydropower equip-
ment is mostly prototype based, which requires experiential learning that cannot
be gained only in classrooms or university laboratories and consequently impor-
tant problem of most of current educational study programs is the lack of practical
training.

In bachelor’s and master’s study programs students finish their education with
strong theoretical knowledge but very limited hands-on experience [5]. Therefore,
when graduates enter the industry, companies must invest significant time and
resources to improve their skills [4]. New engineers need to participate in a few
real projects, often overextending in time up to two years, before they become fully
effective company engineers. Companies must provide extensive introduction and
internal training due to previously insufficient practical preparation. Unfortunately,
plant owners increasingly hire staff with less-than-optimal education, which increases
the need for internal skill development.

The competences required for successful work in sustainable hydropower are non-
academic skills that are often considered essential by companies [4]. They include,
communication and foreign languages, use of software tools, sales and negotia-
tion skills, conflict resolution, independent information searching, critical thinking,
ethics, integrity, and teamwork.

5 Gender Balance

Hydropower plants are highly complex and engineered systems, requiring expertise
across multiple disciplines, including mechanical, hydraulic, electrical, control, and
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digital technologies. Historically, however, engineering and energy-related sectors
have been characterized by a significant underrepresentation of women, and the
hydropower sector is no exception [4]. Although gender balance in hydropower had
received limited specific attention in the scientific and industrial literature, the recent
ESMAP-World Bank 2023 report [6] investigated this issue systematically for the
first time. The results were largely consistent with the gender imbalance already
observed across many engineering and energy industries.

The report clearly states that “The hydropower sector, while expected to employ 3.7
million individuals by 2050, currently struggles with a significant gender disparity,
with women representing only 25% of its workforce. This discrepancy underscores
the urgent need to confront gender inequality in the industry and access the broadest
talent pool. In response, the World Bank’s Energy Sector Management Assistance
Program (ESMAP) establishes the first global baseline for gender equality within
the hydropower sector and presents a set of best practices to foster diversity and
inclusivity.”

Based on 65 corporate and 900 individual survey responses, the report discusses
the challenges women face in the field, such as:

e gender biases;
e ashortage of women with STEM qualifications;
e an unwelcoming work environment.

It emphasizes the importance of removing these obstacles to cultivate a more
equitable and diverse hydropower sector. To achieve this goal, the report offers five
key recommendations:

enhancing STEM education opportunities for women;
identifying and addressing gender disparities in the workplace;
promoting hydropower careers to women;

facilitating mentorship and role models;

encouraging men to support gender equality initiatives actively.

Building on the findings and recommendations of the ESMAP-World Bank report
[6], COST Action CA21104 actively promoted gender balance and inclusiveness
within its organizational structure, encouraging broad female participation across
leadership roles and working groups from the very beginning. At the launch of the
Action, full gender parity (50:50) was achieved within the Chair, Working Group
leadership, and mentoring structure (see also Fig. 1 in Part I, Chapter “The COST
Action CA21104 Network”, Sect. 1).

In addition, a dedicated mentoring initiative aimed at supporting and empowering
female members within the Action was launched during Grant Period 2. The initiative
was also intended to strengthen female participation and attract new women into the
network through mentor and mentee roles. The program was implemented through
a cohort of six mentor-mentee tandems, involving senior representatives from the
Action leadership as mentors and female Task Leaders from the Working Groups as
mentees. The first mentoring cohort was conducted between 2024 and 2025. As a
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further step towards strengthening gender equality within the Action, and in antic-
ipation of later COST recommendations, a dedicated Gender Equality Coordinator
was appointed as part of the Core Group. This Gender Equality Coordinator lead the
graduation of cohort 1 in 2025 and catered for a second cohort with seven tandems to
run from 2025 to 2026 until the termination of the Action. The first cohort attended
a physical meeting of mentees and mentors in workshops on speaking skills and
self-presentation capabilities, and virtual meetings with knowledge transfer.

Each cohort’s mentors were especially trained in “good mentorship” practices to
benefit for themselves and give benefit to their mentees through clear guidelines as
to what is mentoring and what not.

With respect to PR, special posts were sent out around each year’s International
Women’s days and clearly brought more visibility of women and display of role
models. So did all posts and website entries on each virtual webinar and practical
training.

The efforts of this gender work was much appreciated by COST generally, and the
Action was able to present their mentoring activities in COST’s “Gender Academy”
in 2024. The introduction of a dedicated Gender Equality Coordinator role became
a formal requirement for all new COST Actions following a decision by the COST
Academy in November 2025. Notably, this role had already been established within
our Action in September 2025.

A workshop on “gender bias” was conducted by a professional trainer at the last
“multi-meetings” in April 2026 for all men and women present.

Nevertheless, the proportion of women in the working groups did not increase sig-
nificantly compared to the growing number of Action members overall. It remained
at roughly the same level as at the start, ranging from a high of 30% to a low of 18%
(Fig.1).

Since the issue of women in STEM is a broad and long-standing societal chal-
lenge, the Action could not directly address the underlying gender imbalance already
present in the educational and professional pipeline feeding the hydropower sector.
Its contribution therefore focuses on recognizing and supporting the recommenda-
tions of the ESMAP report [6], while promoting gender equality within its own
activities and leading by example towards the broader hydropower community.

This was also evident in the training schools. The number of female applicants
remained at the level as described in the study, 20-27%. However it demonstrated
that highly capable young women could cater diversity and equity very well.

6 Approaches to Capacity Building

One important approach to future capacity building is strengthening the link between
universities and industry. Closer cooperation can be achieved through joint projects,
industry-based master theses, internships, and longer training periods. However,
capacity building should not be limited to education alone. Stronger networking
among universities, industry, research organizations, policy makers, and plant oper-
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ators is equally important to facilitate knowledge exchange, dissemination of best
practices, and coordinated responses to future hydropower challenges. In this respect,
workshops, positioning papers, and stakeholder-oriented dissemination activities
represent important tools to transfer knowledge beyond academia and support
informed decision-making processes. In the future, this cooperation will become
even more important, as hydropower systems will need to operate more flexibly to
support variable renewable energy sources such as wind and solar.

Lifelong learning and continuous improvement of skills are critical capacity build-
ing components. Hydropower is a mature sector, but is changing due to digitalization,
stricter environmental requirements, and new operating modes such as pumped stor-
age and flexible generation. Engineers already working in the sector need regular
training to update their sustainable hydropower skills [4]. Daily experience shows
that there is a growing need for continuous competence development beyond a uni-
versity education. At the same time, continuous capacity building is also required
at institutional and regulatory levels to ensure that policy makers, authorities, and
sector stakeholders remain aligned with evolving technological, environmental, and
market conditions.

International mobility and exchange programs, such as Erasmus, represent another
strong capacity building approach. The report highlights increasing numbers of
exchange students and the potential for companies and universities to benefit more
from this trend. In the future, such programs can help spread specialized hydropower
knowledge across regions, especially between countries with strong hydropower tra-
ditions and those where educational capacity is weaker. Beyond student mobility,
international cooperation networks and multidisciplinary working groups can further
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Fig. 1 Gender balance in working groups of CA21104 PEN @Hydropower
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strengthen long-term knowledge transfer and foster shared approaches to sustainable
hydropower development.

A forward-looking capacity building approach must also include digitalization
and artificial intelligence. Despite being very traditional, education for hydropower
will change through Al for example through digital twins, simulations, and personal-
ized learning. In the future, capacity building will not only mean learning engineering
theory, but also learning how to work with Al tools, how to critically evaluate Al
results, and how to combine digital methods with engineering judgement to sup-
port data-driven decision-making processes across technical, operational, and policy
levels.

7 Capacity Building Implementation in CA 21104

The COST Action Pen@Hydropower aimed to identify the future requirements of
hydropower and related capacity-building needs in Europe. One of the most signifi-
cant contributions was the Training School on Sustainable Hydropower, which will
be discussed in more detail in subsequent chapters of this book. However, Action
members also carried out several other valuable activities.

Short Term Scientific Missions (STSMs) within the PEN@Hydropower COST
Action contributed to capacity building in a targeted and well planned manner. These
missions were closely aligned with the project proposal’s objectives and the research
goals of individual working groups. These short research visits were not random
exchanges, but were carefully designed to support specific topics, methods, or gaps
identified within the Action. Trainees had the opportunity to work with host insti-
tutions on set tasks, which helped them develop relevant technical skills and practi-
cal experience directly connected to ongoing research activities. At the same time,
STSMs supported the development of soft skills, such as communication and col-
laboration in an international environment. Because the missions were aligned with
the broader research strategy of the Action, they contributed not only to individual
learning, but also to the progress of working group activities and joint outputs. In
this way, STSMs strengthened both individual competencies and the overall research
capacity of the hydropower community in a focused and efficient manner.

Since most members of PEN @Hydropower are from universities, their capacity
building possibilities are inherently related to education. The largest impact can be
achieved through courses taught at bachelor’s and master’s levels. Through interac-
tion among members, it was realized that many improvements to course and study
materials were implemented. In at least one case, the study materials for a course on
sustainable energy sources, were updated to include more detailed technical content
on machinery and its implementation.

Workshops, meetings, and other working group activities within the
PEN @Hydropower COST Action also greatly contributed to capacity building. This
was achieved by facilitating ways of continuous knowledge exchange and collabora-
tion. Activities were organised around specific research topics, allowing participants
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to discuss hydropower related themes, share results, and align their work with the
overall objectives of the Action. Through these interactions, participants improved
their technical understanding and ability to work in interdisciplinary and international
teams. Meetings generated joint ideas and common research approaches, strength-
ening cooperation between institutions and building a more connected and capable
hydropower research community.

Networking, which can be viewed as a separate activity or as part of connected
workshops and meetings, was related to applications for various EU and bilateral
calls for projects and collaboration building. These projects increase universities’
ability to attract young talent. Participation in these projects encourages students to
pursue bachelor’s, master’s, and doctoral degrees in hydropower. It also helps pre-
pare students for work in the hydropower sector and strengthens the competencies
of teaching staff. Unfortunately, there were only a few calls dedicated specifically to
hydropower. However, Action members applied to other available programs, such as
Twinning and Erasmus.
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Sustainable Hydropower Implementation | M)
in CA21104 use

Eduard Doujak

To make a hydropower plant truly sustainable, you must think
holistically.

Abstract A critical component in evaluating the sustainability objectives of the
Hydropower Sustainability Standard in relation to the overarching goals of the COST
Action is their direct comparison. This chapter aims to illustrate that the core values
of these two frameworks are not disparate but rather complementary. Initially, the
respective principles are analyzed, followed by an outline of their commonalities and
overlaps. Ultimately, the shared intersection of these two frameworks is elucidated.

Keywords Sustainability -+ Holistic - Hydropower + Stakeholders

In line with the objectives of COST Action CA21104, integrating sustainability into
the hydropower sector is crucial to its future development. The long-term acceptance
and viability of hydropower depend on adopting sustainable, holistic approaches. In
this context, the design of this training school is informed by decades of refinement
of the foundational standards. Only through the consistent application of these stan-
dards will future generations be able to reap the ecological and economic benefits of
hydropower in global energy production.

1 Sustainable Versus Holistic Approaches in Hydropower

The previous chapters have provided a detailed overview of the fundamentals and
definitions of sustainability. While sustainability follows a temporal concept, the
holistic approach focuses on the complex systemic interrelationships at a given point
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in time. The following chapters will demonstrate how these two perspectives can
be integrated in the field of hydropower, and specifically within the framework of
COST Action CA21104.

1.1 The Sustainable Approach to Hydropower

A sustainable approach looks at the longevity, endurance, and future viability of the
hydropower project. If one takes a sustainable approach to hydropower, the main
focus is on time, resource depletion, and resilience:

e Sedimentation Management: Rivers carry silt. Over decades, this silt builds up
behind a dam, reducing its water capacity until it can no longer generate power.
A sustainable design includes advanced silt-flushing systems to prevent the dam
from no longer working in 50 years.

e Climate Change Resilience: Will changing weather patterns over the next century
cause severe droughts (making the dam useless) or extreme floods (overwhelming
the dam)? A sustainable approach builds infrastructure that can handle the climate
realities of the year 2100.

e Financial and Structural Longevity: Are there funds set aside for the continuous
maintenance of the turbines? Is there a plan—and money—decommissioning the
dam safely when its lifecycle finally ends, rather than leaving a dangerous, crum-
bling concrete wall for future generations?

The Sustainable Goal: To ensure that the clean energy produced today does not
borrow from or compromise the safety, environmental health, and resource availabil-
ity of tomorrow.

Within the COST Action we incorporated this approach by developing capac-
ity building events based on the Hydropower Sustainability Standard, which was
introduced above. Hydropower is the only renewable energy sources having such a
guide line to create sustainable solutions for the related projects. As already shown,
research and capacity building objectives focus on the future solutions in this field
in order to guarantee a solid energy supply of electricity in the next decades and
centuries.

1.2 The Holistic Approach to Hydropower

A holistic approach looks at the breadth of the entire ecosystem and society impacted
by the hydropower station. It views the river not just as an energy source, but as a
complex system where every part affects another.

When taking a holistic approach to building a power station, you consider more
than just the engineering and the electricity generation. You map out and manage the
ripple effects across the entire system:
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e Ecological Connections: How will blocking the river affect fish migration
upstream? How will the change in water temperature impact downstream aquatic
life?

e Social and Human Impact: Will local communities be displaced by the new power
station? How will it affect indigenous lands, local cultural sites, or downstream
farmers who rely on natural flooding for their crops?

e Economic Variables: How does the power station affect local tourism (like white-
water rafting) or the local commercial fishing industry?

e Geological Links: Will the massive weight of a new reservoir attached to a power
station trigger micro-earthquakes, or cause bank erosion downstream?

The Holistic Goal: To understand the entire web of cause-and-effect so that max-
imizing electricity does not accidentally destroy the local economy, environment, or
community.

Within the COST Action, this approach was adopted in the structure of the action
by establishing five working groups distributed across several disciplines. Working
group 5, the holistic group, addresses not only technical issues, but also environmental
and climate change adaptation, legal topics, and policies. The purpose of this group
is mentioned in Sect. 2.5.

1.3 Common Ground

When examining these two conflicting viewpoints, it is not immediately obvious
how they can be reconciled. However, a closer look reveals that a lasting solution
requires a comprehensive approach. For long-term success, it is essential to involve
all stakeholders, ensuring that every need is integrated into the holistic solution and
sustained over time.

Within the COST Action, both principles were embraced and applied across vari-
ous initiatives. One such initiative is the training school, where sustainability guide-
lines were implemented alongside a holistic perspective, with the support of the
working groups. It was in these training schools that efforts were made to merge
these seemingly contradictory approaches into a forward-thinking program. Young
researchers should understand that both principles are compatible and should be
utilized in the future.

2 Stakeholders in Sustainable Hydropower

Taking this common ground into account, it becomes clear that a holistic perspective
must be implemented by the various roles within a holistic solution. Incorporating
the concept of diverse stakeholders into the organization of the COST Action training
school requires transforming the hydropower sustainability standard chambers into a
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group of stakeholders. These groups should represent those affected by the planning,
construction, and operation of hydropower projects and power plants. The training
school offered participants five distinct stakeholder groups to encourage a shift in
perspective and to step outside their daily work environment and comfort zone.
These stakeholder groups are: (1) owners and operators, (2) financiers, developers,
and insurers, (3) environmental experts and NGOs, (4) government and policy, and
(5) social experts and NGOs.

2.1 Owners/Operators—(Gl)

This group was established to evaluate the assessment of a hydropower plant from the
perspective of the owner or operator. Participants are encouraged to adopt the role of
this group and identify pertinent topics that are crucial for fulfilling the hydropower
sustainability assessment. It is particularly important to address a variety of topics
that enable operators to present their power plants in a more sustainable manner.

Additionally, considerations regarding societal acceptance could be a beneficial
outcome of such an assessment. Furthermore, the potential for accessing different
market remunerations may serve as a motivating factor for participating in such an
assessment. These considerations and ideas should be taken into account by partic-
ipants of the training school when selecting specific topics for the assessment of a
power plant within this group. The same considerations and expectations apply from
the owner’s perspective. This rationale underpins the decision to merge owners and
operators, who are not necessarily the same entity, into this initial stakeholder group
within the organization of the training school on sustainable hydropower as part of
this COST Action.

2.2 Financiers/Developers/Insurers—(G2)

The second group of stakeholders within the organization of the training school
comprises financiers, insurers, and developers. This group employs the Hydropower
Sustainability Standard to ensure sustainable investment and appropriate ethical
engagement with project-affected individuals. Notably, financial institutions, such
as the World Bank, had established their own regulatory frameworks to assess ethi-
cal and sustainable investments in large infrastructure projects globally, even before
the introduction of the Hydropower Sustainability Standard. As hydropower increas-
ingly assumes the role of critical infrastructure, the development of this sustainabil-
ity standard represents a significant advancement. Similarly, insurance companies
and project developers, overseeing project management require robust guidance and
examples of best practice for developing such large-scale projects. At this stage
of project development, it is logical that the Hydropower Sustainability Standard
receives a specific version with special considerations. During the organization of
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the sustainable hydropower training school, this group was formed to provide partic-
ipants engaged in technical, environmental, or social investigations with this groups
perspective. It is also prudent to include this group in such training, even if the
assessed power plant is already constructed and operational. For instance, insurance
companies could utilize this assessment to participate in the Greenfield bond market
and other markets as well.

2.3 Social Stakeholders—(G3)

The third group within the Hydropower Sustainability Training School is associated
with the social stakeholder category. This group may include social experts and non-
governmental organizations (NGOs). The focus of this group is on issues of societal
relevance and impact, addressing parameters such as cultural heritage, communities
affected by the project, livelihoods, labor and working conditions, and healthcare,
among others. Occasionally, the expectations of society at large or a broader social
group must be addressed, rather than the specific interests of an individual. Within the
training school, emphasis will be placed on the broader group of individuals impacted
by the operation of the hydropower plant. As this stakeholder group encompasses
the whole of society, all participants are inherently involved. However, there is a dis-
tinction between addressing these topics from a professional standpoint and being
personally affected by them. Participants in the training school are expected to iden-
tify key topics for assessing the use case of the power plant from a professional
perspective within this stakeholder group. They should aim to determine the most
beneficial outcomes for society as a whole, ensuring that the project advantages all
affected individuals.

2.4 Environmental Stakeholders—(G4)

The fourth group within this training school organization pertains to environmental
stakeholders, which may include experts in the field as well as non-governmental
organizations (NGOs). These stakeholders address all aspects and topics related to
both the upstream and downstream environments of a particular power plant. Their
focus is on the flora and fauna both above and within the water, with the aim of ensur-
ing minimal impact of hydropower operations on the surrounding ecosystem. Con-
sequently, there are numerous topics to explore from the hydropower sustainability
standards that assess the conditions of this critical field. In addition to experts, NGOs
can also be part of this stakeholder group. Their interests are likely more society-
driven, with a continued emphasis on the environmental impact of such infrastruc-
ture projects. Particularly prior to the commencement of construction, these NGOs
often advocate for the preservation of nature, striving to maintain an untouched
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environment. This group is crucial for ensuring the responsible management of
the power plant. Among the participants of the training school on sustainable
hydropower, some experts may already be invited.

2.5 Government/Policies—(G5)

The fifth group of participants in the Training School on Sustainable Hydropower
assumes the role of addressing governmental and policy-related issues. This group
examines the legal framework articulated through policy measures to ensure the law-
ful operation of the power plant. There is likely an intersection with other stakeholder
groups within this training school, as policies may address technical, environmental,
or social aspects to ensure proper operation. Particular attention must be given to
topics that are not intended to become stakeholder rights, as these require special
consideration within policies to be included in any assessments or regulations. Given
the strong connection between policies and governmental departments, this group
should adopt this perspective and evaluate the use cases within the training school
by exploring relevant topics of the hydropower sustainability standard.

2.6 Other Stakeholders

Within the framework of the COST Action, five stakeholder groups were delineated
for utilization in the training schools. It is acknowledged that additional stakeholder
groups exist and may be considered. Given the presence of five working groups that
also offer scientific support for the topics, efforts were undertaken to identify the most
significant stakeholder groups for subsequent assignment to the working groups.

3 Linkage Between Stakeholder Groups of the TSs
and WGs of CA21104

Finally, the interrelationship between the stakeholder groups in the sustainability
standard [1] and the COST Action [2] can be illustrated as follows (Table 1).

3.1 Gl & WGI

These actors can be linked because they share a direct cause-and-effect relationship.
What the grid requires from the working group (WG1) can only be delivered phys-
ically through the actions of the stakeholder group (G1). In the energy sector, this
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Table 1 Interrelationship between stakeholder groups in training schools and working groups at
the COST Action

HSS groups CA21104 groups

G1—Owners/Operators <~ WG 1—Hydropower Role in Flexible
Energy Synergies

G2—Financiers/Developers/Insurers | <> WG 2—Technological Evolution Through
Innovation and Digitalization

G3—Social Stakeholders <~ WG 5—Holistic assessment and

stakeholder interaction

G4—Environmental Stakeholders < WG 3—Sustainable Hydropower and its
adaptation to climate change

G5—Government/Policies <~ WG 4—Clean Energy Transition and
policy measures

interconnection exists because operational capability should match grid demands.
Looking to the logic behind this, the following can be explained:

1. The Power of Direct Control

“Flexible energy synergy” is a strategy that uses hydropower as a giant, responsive
battery to balance the grid. When variable renewables like wind and solar suddenly
drop off, hydropower must step in immediately.

e The Link: Owners and Operators (G1) are the ones who physically hold the keys
to the control room. They are the only stakeholders with the authority and ability
to open the water gates, start up turbines, or activate pumped storage. One cannot
design flexibility frameworks (WG1) without the people who execute them.

2. The Reality of Mechanical Wear-and-Tear

Running a hydropower plant to provide flexibility is vastly different from running
it at a steady, constant rate. Constantly ramping up and down electricity produc-
tion subjects multi-ton turbines to immense hydraulic stress, vibrations, and thermal
cycling.

e The Link: Operators understand the physical and mechanical limits of their equip-
ment. They link with WG to ensure that grid expectations are realistic. They
define how fast a plant can safely ramp up and how often it can do so without
causing catastrophic machinery failure or shortening the plant’s lifespan.

3. The Alignment of Market Economics
Grid flexibility is a specialized service, and operators expect to be compensated for
the additional wear and tear on their facilities.

e The Link: Operators deal daily with wholesale electricity markets and grid tar-
iffs. Linking them to WG1 ensures that when the group designs new roles for
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hydropower in the energy mix, those roles are structured alongside realistic finan-
cial incentives. If the market rules designed in WG1 are not profitable or viable
for G1, operators will not participate.

Summary: WGI defines the flexible grid needs from hydropower, while G1 dictates
the safe and profitable operation of the machinery. They are linked because theory
(WGH) cannot function without practice (G1).

3.2 G2 o WG2

These two groups can be linked because they share a critical, mutually reinforcing
relationship: Technology needs capital to be built, and capital needs technology to
reducerisk. In the infrastructure world, this is known as the Innovation-to-Bankability
pipeline. The following explains why these specific stakeholders are fundamentally
tied to this working group:

1. New Technology Requires a lot of funding (The Funding Link)

Developing and deploying advanced technologies—such as Al-driven predictive
analytics, digital twins, automated flow controllers, and next-generation turbine
materials—is incredibly expensive.

e The Link: Financiers and Developers (G2) are the gatekeepers of the capital needed
to fund these advancements. By linking them directly to WG2, the people inventing
or proposing technological evolution can pitch to those who support it. It ensures
that innovation does not stall in a lab but actually gets deployed in the field.

2. Digitalization Reduces Financial Risk (The Insurance Link)

Hydropower projects are infrastructure projects and require long-term financial
involvement. Unpredicted equipment failures should be avoided through the use of
machine diagnostics, as they can result in significant revenue losses and expensive
repairs.

e The Link: Insurers and Financiers (G2) love data because data reduces uncertainty.
WG2’s focus on digitalization (e.g., IoT sensors that monitor turbine health in real
time) enables insurers to predict when a machine might fail accurately. By adopting
these technologies, developers can demonstrate to insurers that their project is safe,
thereby lowering insurance premiums and reducing interest rates on project loans.

3. Ensuring “Bankability’’ (The Commercial Link)

Engineers love technology for its performance; investors love technology for its
return on investment (ROI). If a new technology is too experimental or complex,
financiers will refuse to fund the project because it is too risky.
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e The Link: Linking G2 to WG2 creates a vital reality check. As the working group
maps out the technological evolution of hydropower, the financers and developers
are eager to finance it. This ensures that the innovations emerging from WG2
are “bankable”—meaning they are commercially viable and ready for real-world
market adoption.

Summary: WG2 creates the technological future of hydropower, while G2 pro-
vides the financial oxygen to make that future possible. They are linked because G2
provides the money and WG2 provides the risk-reduction that protects that money.

3.3 G3 o WG5S

These two groups can be linked because they share a profound, direct connection cen-
tered on human vulnerability and resilience. In the infrastructure and climate sectors,
this is known as the Eco-Social Nexus. When climate change alters the water cycle,
local communities are the first to feel the impacts, making them essential partners in
designing adaptation strategies. These specific stakeholders are fundamentally tied
to this working group for the following reasons:

1. Local Communities Feel the Direct Impacts of Climate Vulnerability
Climate change has a strong impact on the hydropower source: water. It causes erratic
weather patterns, resulting in severe droughts (which shrink reservoirs) or intense
flash floods (which risk catastrophic dam failures).

e The Link: Social Stakeholders (G3)—such as indigenous populations, downstream
villages, and river-dependent workers—are the ones whose lives, homes, and liveli-
hoods are directly threatened by these climate extremes. They link to WGS because
they are the primary beneficiaries of effective climate adaptation; if a dam is
retrofitted to handle a 100-year flood, it directly safeguards the human lives living
below it.

2. Safeguarding the Human Right to Water (The Multi-Purpose Reservoir)
As climate change effects the water availability, a reservoir can no longer just be a
tool for making electricity. It must become a shared resource.

e The Link: When for example the combination of WG3 and WGS design adaptation
strategies, social stakeholders must be involved to ensure that water management is
equitable. For example, during a drought, how should the remaining water be split
between generating power, irrigating local farms, and providing drinking water
to nearby cities? G3 includes an essential human perspective to ensure climate
adaptation does not prioritize corporate energy profits over basic human survival.
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3. Integrating Local and Indigenous Knowledge
The usage of advanced satellite modelling to predict climate change often lacks the
historical, generational context of how a specific river basin behaves.

e The Link: Local communities have valuable knowledge about regional weather
patterns. This also includes historical flood levels, and local ecology. By integrating
G3 into WG5S (local stakeholders), scientists can correlate modern climate data
with this traditional knowledge. Results promise a more accurate, practical, and
resilient adaptation strategy.

4. Securing the “Social License to Operate”

In the past, and this was also the starting point of the HSS, many large hydropower
projects failed or faced massive protests because they displaced communities or cut
off water supplies without local consent.

e The Link: For an adaptation project to succeed—whether it is expanding a reser-
voir or building new flood walls—it requires a “Social License to Operate” (the
ongoing acceptance of a project by local stakeholders). Involving G3 directly in
the holistic planning of WGS prevents legal blockades, costly protests, and human
rights violations, ensuring that climate adaptation is done with the community, not
to them.

Summary: WGS focuses on a holistic adaptation of hydropower to survive a chang-
ing climate, while G3 represents the actual human beings living alongside that chang-
ing climate. They are linked because true sustainability cannot be achieved through
engineering alone—it requires social justice and community resilience.

34 G4 - WG3

These two groups are naturally linked because they represent the two sides of the same
coin. **The ultimate goal of the clean energy transition (reducing carbon) and the
ecological guardrails required to achieve it safely.** In international development,
this is known as ensuring **climate-nature synergy**—making sure that solving the
climate crisis doesn’t accidentally accelerate the biodiversity crisis. These specific
stakeholders are tied to this working group for the following reasons:

1. Defining “True” Clean Energy (The Scientific Link)

Hydropower occupies a unique space in the renewable energy world. While it pro-
duces virtually no carbon emissions, building a dam physically alters river ecosys-
tems, blocks fish migration, and changes water quality.

e The Link: Environmental Stakeholders (G4)—such as river ecologists, conserva-
tion NGOs, and climate scientists—possess the exact data needed to define what
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actually constitutes a “green” project. They link with WG3 to ensure that policy
measures do not just measure a project’s carbon footprint, but also account for its
impact on local biodiversity, fish populations, and river health.

2. Preventing Greenwashing in Policy Measures (The Guardrail Link)

When governments and industries rush to meet aggressive net-zero carbon targets,
they can sometimes look for fast, short-term infrastructure fixes that cause severe
long-term ecological damage.

e The Link: G4 acts as the regulatory conscience of the clean energy transition. By
embedding environmental advocates directly into the policy group, they ensure
that international standards (like green bonds, carbon credits, or renewable energy
certificates) are only awarded to hydropower projects that meet strict sustainabil-
ity criteria. They prevent governments from rubber-stamping destructive projects
under the generic banner of “clean energy.”

3. Modernizing Environmental Legislation

Traditional environmental policies often viewed dams as purely negative. However,
in a modern clean energy transition, hydropower is desperately needed to back up
wind and solar power so that fossil fuel plants can be shut down permanently.

e The Link: Linking environmentalists to policy development creates a space for
constructive compromise. Instead of just protesting projects, G4 works within
WG3 to design modern policies like “eco-centric market incentives.” For example,
they can help draft policies that financially reward operators who install fish-
friendly turbines or mandate specific “environmental flows” (releasing water to
mimic natural river cycles).

4. Accelerating the Phase-Out of Fossil Fuels
Environmental groups are among the most powerful and influential advocates for
moving away from coal, oil, and gas.

e The Link: To completely transition the energy grid, policymakers need the pub-
lic campaigning power and legal expertise of environmental organizations. G4
provides the political momentum and advocacy needed to pass the aggressive
transition policies being drafted in WG3, helping to shift subsidies away from
fossil fuels and toward well-regulated, sustainable renewables.

Summary: WG3 designs the legal and economic blueprints for a zero-carbon future,
while G4 ensures that this future does not come at the expense of our planet’s rivers
and wildlife. They are linked because **a transition is only truly “clean” when it
protects both the atmosphere and the ecosystem.**
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3.5 G5 o WG4

Governments (GS5) are the only entities with the neutral mandate, legal authority, and
systemic viewpoint required to conduct a Holistic Assessment (WGS) and manage
complex stakeholder dynamics.

In public administration, this is known as governance and consensus-building.
When a major infrastructure sector like hydropower involves competing economic,
social, and environmental demands, the government must step in as the ultimate
coordinator.

These specific stakeholders are inextricably tied to this working group for the
following reasons:

1. Only Governments Can Enforce a “Holistic”” View

Every other stakeholder group has a specific, narrow bias: operators want efficiency
(G1), financers want profit (G2), communities want safety (G3), and environmen-
talists want conservation (G4).

e The Link: A “holistic assessment” requires considering all these competing priori-
ties simultaneously and making difficult trade-offs. Because Governments (G5) do
not represent just one single interest group, they are uniquely positioned to oversee
WGA4. They use multi-criteria decision frameworks to ensure that a project benefits
the nation’s energy grid without destroying its rivers or bankrupting its citizens.

2. Resolving Multi-Stakeholder Conflicts (The Arbiter Link)

Hydropower projects frequently stall because of intense friction between groups—for
instance, when a developer’s plan (G2) directly threatens an indigenous community’s
land (G3) or a fish habitat (G4).

e The Link: Governments have the mandate to act as the institutional mediators
within society. By coupling G5 with WG4’s “Stakeholder Interaction” work-
stream, policymakers deal with formal and legal frameworks for public consulta-
tion, mediation, and dispute resolution. This integration tries to convert potentially
disorderly public protests into organized, democratic dialogues, ensuring that every
voice is legally recognized.

3. Translating Assessments into Enforceable Law

A holistic assessment tool is useless if it just sits on a shelf as a theoretical report.
To have any real-world impact, the criteria established by the working group must
be enforced.

e The Link: Governments hold the exclusive power to legislate. When WG4 deter-
mines the best practices for balancing social, environmental, and economic needs,
G5 policymakers can instantly translate those findings into binding regulations,
building codes, and permitting processes. If a developer wants a license to build a
dam, they must pass the holistic criteria codified into law by the government.
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4. Balancing National Security with Public Interest

To balance this contradiction, governments are responsible for safeguarding national
security, maintaining economic stability, and meeting international climate man-
dates, like the IPCC report. Subsequently, interactions with geopolitics, finance, and
ecology are to be managed. Ensuring that a nation’s energy infrastructure not only
drives economic growth and guarantees power grid security, but also aligns perfectly
with global carbon-reduction targets.

e The Link: WG4 serves as the laboratory where governments can test how individual
hydropower decisions impact the entire nation. For example, a government can
use WG4’s data to determine if building a new pumped-storage plant will help to
achieve the country’s net-zero goals while keeping electricity prices affordable for
low-income citizens.

Summary: WG4 provides the comprehensive data, assessment tools, and commu-
nication channels needed to look at the big picture, while G5 provides the legal
authority to turn that big picture into a national strategy. They are linked because,
without government authority, holistic assessments have no power, and without holis-
tic assessments, government policies have no direction.
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Part 11
Educational Approach and Outcomes
for Sustainable Hydropower

The clean energy transition (CET) is strongly dependent on the integration of renew-
able energy resources, among which hydropower continues to play a central role.
Although hydropower is the most firmly established renewable energy technology,
the sector is currently undergoing significant transformation in order to meet modern
sustainability, environmental, and social requirements. In this context, the devel-
opment of human capital equipped with updated knowledge and adapted skills is
essential for addressing the challenges associated with the CET.

Recent analyses of the European hydropower sector have highlighted the impor-
tant role of research and higher education in supporting this transition. Investiga-
tions of undergraduate and postgraduate curricula across European universities,
combined with the analysis of research activities and participation in European
projects, revealed both strengths and vulnerabilities in hydropower education. Based
on a weighted European Credit Transfer and Accumulation System (ECTS) method-
ology, approximately 300 courses from 34 countries within the PEN@Hydropower
network were evaluated. The results demonstrated that hydropower-related education
is predominantly offered at the master’s level, while hydropower itself represents the
primary focus in only a limited number of courses. Furthermore, strong geograph-
ical disparities were identified, with educational and research activities concentrated
mainly in Western and Northern European countries, where hydropower contributes
significantly to the energy mix.

The PEN@Hydropower Education Survey further identified a major gap in
capacity building related to sustainable hydropower. While sustainability require-
ments are increasingly shaping the future of the hydropower sector, the implemen-
tation of sustainability standards remains constrained by the limited availability of
professionals trained in this field. Today, sustainable hydropower is increasingly
associated with the practical application of the Hydropower Sustainability Standard
(HSS), which provides a structured framework for evaluating environmental, social,
technical, and governance aspects of hydropower projects and assets.

To address this educational gap, PEN@Hydropower developed, implemented,
and tested a dedicated framework for capacity building in sustainable hydropower.
The framework was integrated into a series of Training Schools designed to equip
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the next generation of professionals with both theoretical knowledge and practical
competences. The PEN@Hydropower Training School on Sustainable Hydropower
structure combined: (i) clearly defined learning objectives related to sustainable
hydropower; (ii) a curriculum integrating theoretical foundations of the Hydropower
Sustainability Standard with practical assessment activities at existing hydropower
facilities; (iii) modern teaching approaches, including teamwork and interactive
exercises; and (iv) individual and group-based assessment methods.

Each Training School was organised as a four-day course. The first day intro-
duced the PEN@Hydropower initiative, presented the activities of the Working
Groups (WGs) and organised participants into interdisciplinary teams. The second
day focused on the theoretical background of the Hydropower Sustainability Stan-
dard and included practical exercises. During the third day, participants visited
hydropower facilities and prepared assessment reports based on the HSS method-
ology, thereby strengthening their practical skills. The fourth day concluded with
group presentations of the assessment results and the awarding of participation
certificates.

In total, PEN@Hydropower organised five Training Schools across Europe,
covering a broad geographical range: TS1 in Timis, oara (Romania), TS2-1 in Thes-
saloniki (Greece), TS2-2 in Porto (Portugal), TS3 in Uppsala (Sweden) and TS4 in
Salzburg (Austria). Although all events followed the same general structure, each
Training School reflected the specific characteristics of the visited hydropower facil-
ities and the diverse backgrounds of the participants. Altogether, 111 Early Career
Investigators (ECIs) participated in the Training Schools. Notably, approximately
one quarter of the participants were employees of hydropower companies, which
strengthened the interaction between academia and industry. The Training Schools
therefore created a collaborative European network in which participants expanded
their expertise in sustainable hydropower while establishing long-term professional
connections.

The materials, methodologies, and experiences developed within
PEN @Hydropower have subsequently contributed to the establishment of sustain-
able hydropower education initiatives at several European universities. Starting
from the academic year 2025-2026, courses dedicated to sustainable hydropower
were introduced at the Ecole Polytechnique Fédérale de Lausanne (EPFL) and the
Brno University of Technology (BUT). More than forty master’s students benefited
from educational materials and knowledge developed within PEN @Hydropower.
In parallel, TU Wien (Vienna, Austria) initiated the integration of both theoretical
and practical components of sustainable hydropower education into its master’s
programs, including field-based assessment activities at hydropower facilities
similar to the PEN @Hydropower Training Schools.

These developments demonstrate the growing educational capacity in sustain-
able hydropower across Europe and highlight the importance of structured training
initiatives in supporting the clean energy transition. The participants trained through
these activities represent a new generation of professionals who will contribute to the
implementation of sustainable practices and concepts within the hydropower sector
and the broader renewable energy transition.
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Abstract This chapter examines the current state of hydropower in Europe, with
particular focus on research and the role of higher education. Based on electricity
data, as well as the results of the PEN@Hydropower education survey, it provides
a comprehensive overview of hydropower-related teaching across European univer-
sities. The analysis covers 300 courses across 34 countries, introducing a weighted
ECTS (European Credit Transfer and Accumulation System) methodology to quan-
tify the actual share of hydropower content in academic curricula. Results show a
pronounced geographical imbalance, with most courses and research activities con-
centrated in Western and Northern Europe, reflecting similar patterns in installed
hydropower capacity and its contribution to the electricity production. Although the
majority of courses are offered at Master’s level, hydropower is the primary focus
in only one third of lectures, which limits visibility and student engagement. The
study further highlights a strong link between research funding, project participation
and educational opportunities. The findings suggest that maintaining Europe’s com-
petitiveness in the hydropower sector requires increased investment in research and
innovation, along with a broader and more visible integration of hydropower topics
into university education. Strengthening interdisciplinary approaches and expanding
educational offerings will be essential to meet future workforce demands.

Keywords Hydropower - Education * Capacity building + Research - Sustainable
1 Hydropower in Europe

Hydropower is the fourth-biggest energy producer in the European Union in 2025,
trailing only nuclear, wind and natural gas [1]. Due to the expansion of renewable
energy sources such as wind and solar, it is gradually becoming a complementary
energy source, while its dispatch ability is constantly gaining importance. So far,
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Fig. 1 Share of hydropower in % out of total electricity production [1]

hydropower continues to be the backbone of European energy storage, providing
grid regulation, ancillary services, etc. Bearing in mind the importance of its role for
the European economy [2], it is surprising to see that the visibility of the industry has
been decreasing for years. This trend can also be observed in universities. Against
this background, PEN @Hydropower assessed the educational situation at European
universities and compared it with electricity statistics, offered lectures and research
projects in the field.

European Electricity Statistics

The comparison starts with an overview of the role of hydropower in the electric-
ity system, showing the relative energy production and installed capacity of the
European continent. Figure 1 shows the relative hydropower production in % across
Europe. Northern and central European countries e.g. Norway, Switzerland, Iceland
and Austria, are at the forefront of regions that rely heavily on hydropower to cover
their energy demand [1].

Since energy production by itself is only one relevant indicator, installed capacity
(Fig.2) was also assessed for completeness’ sake. A high installed capacity does not
automatically result in high energy production, but provides high power flexibility
to stabilize the grid. Analyzing both statistics together is a good method to find out
in which countries hydropower plays an important role.

Installed capacity data is not available [1] for all countries.
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Fig. 2 Share of hydropower in % of total installed capacity [1]

2 PEN@Hydropower Education Survey

2.1 Description

To evaluate the current state of hydropower education in Europe, PEN @Hydropower
conducted a survey among members and researchers that are active in the hydropower
sector. The questionnaire looked at both national-level data such as general electric-
ity production and hydropower statistics, as well as institution-specific information
including lectures and courses offered at respondents’ universities. Furthermore, the
survey differentiated between various academic levels. In total, 66 participants from
29 countries responded to the survey (see Fig.3). By extending the analysis beyond
the initial responses, it was possible in a comprehensive review to identify 118 uni-
versities that offer approximately 300 lectures in the field of hydropower. For every
lecture the following was noted: the faculty, the lecture name and, if available the
description and ECTS (European Credit Transfer and Accumulation System) value.
More details and all questions of the survey are shown in [3]. This study covers only
university courses and not additional education possibilities e.g. summer schools etc.
These additional education offers are rarely continuous and therefore less frequent
as university courses and projects parts.
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Fig. 3 Questionnaire participants (2024 and 2025)

2.2 Results

The data collected through the survey was analyzed using several processing
approaches. A first evaluation was carried out in [3]. Courses were grouped accord-
ing to education levels (Fig. 4). Most of the 295 lectures are offered at Master’s level,
namely over 65%. Bachelor and Phd courses make up the other remanding third. For
eight courses, it was not possible to determine the level exactly.

Examining the European distribution of the identified courses (Fig.5) reveals
that Western and Northern European countries offer a greater number of courses
in the field of hydropower. Comparing this figure with total hydropower capacity
(Fig.2) and production (Fig. 1) reveals a correlation between installed hydropower
usage and educational opportunities within a country. To classify all lectures even
more effectively, a weighting principle based on keywords was introduced. If any of
the keywords appeared in the course title, the lecture was considered to be entirely
hydropower-related. For other courses, e.g. Renewable Energy, a more detailed exam-
ination of the lecture description (if available) was conducted for a more accurate
assessment, and a weighting of 25%, 50%, or 75% was awarded. The highest value
was assigned to courses containing specific keywords in their titles.

This approach assumes that title generally reflects the course content, therefore, if
particular keywords appear, a significant portion of the course is likely to address this
topic in depth. The keywords used for this screening represent core technical fields in
university education: hydropower, hydraulic machines, generators or large electrical
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Fig. 5 Number of courses relevant to hydropower in the database
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Table 1 Average weighting of course levels

Course level Number of courses Average weighting in %
Bachelor 90 59
Master 178 60
Phd 19 71
Total 287 61

machines, hydraulic steel construction, dams and barriers and river hydraulics. From
the weighting and ECTS points, it is possible to infer the so-called weighted ECTS
value. This value was used to characterize the effective hydropower education offered
at a certain university, in a given city or country. Its calculation is fairly simple and
illustrated by two examples:

weighted ECTS = ECTS value of a lecture x weighting in %,
4=4x%x100% or (1)
4 =8 x 50%.

The average weighting of all courses is 61%. Table 1 presents the distribution
across education levels. It shows an almost equal weighting between Bachelor’s and
Master’s courses. Only dedicated Phd lectures are more targeted.

A comparison of Figs. 5 and 6 shows that hydropower-specific education does not
necessarily correlate with the number of lectures. Clearly, the content of a lecture
and thus its weighting play a crucial role. It was observed that more than a third
of all lectures were classified as either 25% or 100%. This suggests that either the
course topics fully cover hydropower or only touch upon it. The underrepresentation
of the subject in two-thirds of the courses gives it much less visibility to students and
decreases awareness of it. Without clear hydropower keywords in the lecture title,
students will not recognize that a lecture is connected to or targets that topic.

At university level, almost all courses are offered by engineering faculties, e.g.
mechanical, civil or electrical engineering. Only a small number of courses are offered
in subjects such as chemical engineering or forestry. This further demonstrates that
hydropower is widely regarded as an engineering task. However, when we look at
the building process, operation and recommissioning more closely, we see that many
other professions are needed. Large infrastructure projects such as hydropower plants
also include legal, economic, environmental, political and social issues. This broad-
ens the future need for a skilled and trained workforce, not only in the engineering
sector. Analyzing lecture titles confirmed PEN @Hydropower’s initial assumption
that education in sustainable hydropower is limited, which strengthened the decision
to create a framework for the Training School on Sustainable Hydropower. More
information will be provided in Part II, Chapter “Training the Next Generation on
Sustainable Hydropower in Europe”.
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Fig. 6 Sum of weighted ECTS

3 Comparison of Research and Education

Survey participants also indicated that most of them offer Master’s and PhD the-
ses. It stands to reason that it is necessary to have research projects or contractual
research with companies in order to offer these theses. For this reason, the survey
also evaluated European research projects from the European Commission’s Frame-
work Programmes 8 (FP8 — Horizon 2020) and 9 (FP9 — Horizon Europe), comparing
them with the lectures offered, weighted ECTS and electricity statistics [4]. The Hori-
zon 2020 programme funded projects between 2014 and 2020, while the Horizon
Europe FP9 programme will fund projects from 2021 to 2027. Within FP8 and FP9,
16 hydropower research projects were funded, resulting in a total of 231 partners and
funds totalling more than 94 million euros [5]. For a certain period, project partners
from Switzerland and the United Kingdom were not funded by the European Com-
mission, but rather received national funding for projects that had been awarded. Due
to their complexity, national hydropower research projects and contractual research
could not be collected, evaluated and included in the graphics.

Figure 7 illustrates the distribution of project partners across European countries
within all Horizon 2020 and Horizon Europe hydropower projects. It is clear that
most partners are located in Central, Western and Northern Europe.

Figure 8 shows the same pattern as Fig. 7. Projects with a larger number of partners
in a given country also received higher total funding. Both distributions demonstrate
similar tendencies to those in Figs. 5 and 6, and reinforce the importance of research
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Fig.7 No. of project partners of hydropower projects within the H2020 and HEU funding scheme
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Fig. 8 H2020 and HEU funding distribution of hydropower projects in € [5]
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projects for the future education and availability of workforce for the hydropower
sector. In countries with a strong hydropower sector, the number of research activities
and lectures correlates. It is hypothesized that fewer projects lead to fewer thesis
opportunities, thus fewer students and less qualified staff for the sector. Since the
EU hydropower industry still plays a leading global role, long-term competitiveness
increases [2]. Maintaining that competitiveness is only possible with well-trained
personnel, i.e. through research.

4 Conclusion

To examine the status quo of European hydropower education, PEN @Hydropower
conducted a survey of 300 courses across 34 countries. The results were compared
with electricity statistics, research projects and funding, and demonstrate the need
for greater visibility and more educational opportunities in the sector. As stated in
the European Commission’s Competitiveness Report [2] and the Draghi Report [6],
the EU needs to invest more in research and innovation to maintain its leading role
in the hydropower sector.

Increased investment in research and education would result in more hydropower-
related projects, creating more opportunities for professionals in this field. These
projects would create more opportunities for university students, thereby increasing
visibility and contributing to a better-educated workforce. Currently, project partners
in European hydropower research initiatives predominantly come from Western and
Northern countries. A similar pattern is observed in the analysis of weighted ECTS
credits and the number of university courses across Europe. Notably, in only one-
third of all lectures, hydropower is the primary focus. In another third, it plays
only a minor role. The underrepresentation of hydropower in course titles reduces
students’ awareness of and identification with the subject. Without clear keywords
in course titles, recognition of the topic becomes more difficult. This suggests that
the role of hydropower in a country’s energy system correlates with the availability
of educational opportunities and research projects in this area.
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Abstract Hydropower plays a key role in the clean energy transition. The demand
for sustainable hydropower in the energy market is growing. Today, sustainable
hydropower is an achievable goal if the Hydropower Sustainability Standard is
applied to hydropower assets. The results of the PEN @Hydropower Education Sur-
vey, which was analyzed in the previous chapter, provide a comprehensive overview
of the hydropower education system across Europe. The study identified limited
capacity building in sustainable hydropower as the main gap in educational activities.
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Consequently, the implementation of sustainable hydropower in the energy market
is limited by a lack of human resources with the requisite application of know-how
and skills. A framework for capacity-building in sustainable hydropower has been
developed, applied and tested by PEN @Hydropower in order to train the new gen-
eration inmanner that allows it to fill the identified educational gap. The framework
for capacity-building is put into practice in a face-to-face training school on sustain-
able hydropower. PEN @Hydropower organized five training schools across Europe,
spanning from east to west and from north to south. A total of 111 early career
investigators (ECIs) participated in all five training schools. It should be noted that
around a quarter of the participants were from industry. The Training Schools on
Sustainable Hydropower organized by PEN @Hydropower contribute to the transfer
of theoretical knowledge and practical skills to the new generation, preparing them
for teamwork at a European level. The capacity-building materials and experience
gained by PEN @Hydropower members in sustainable hydropower led to the initia-
tion of theoretical and practical knowledge transfer nuclei in European universities.
Investing in the training of the next generation of hydropower experts paves the way
towards a sustainable society.

Keywords Training schools - Education - Sustainable hydropower + Next
generation + Methodology development - Capacity building

1 Training School Structure and Materials

Hydropower plays a key role in the clean energy transition (CET). Hydropower
projects and other water—related infrastructure provide an interface between soci-
ety and the environment. Therefore, sustainable hydropower is the target of more
and more projects around the world. The implementation of sustainable hydropower
in projects requires the participation of a number of specialists and a framework in
which their knowledge and expertise in the field will be passed on to the next gener-
ation. However, the opportunities available for developing the skills for Early Career
Investigators (ECIs), Master’s and Ph.D. students in the Hydropower Sustainability
field, as shown in the previous chapter, are fairly limited.

PEN@Hydropower aimed to bridge this gap by developing a framework for a
multi-day interactive on-site training school. As highlighted in the introduction, sus-
tainability is inherently multidisciplinary and requires expertise from various fields.
Addressing these complex challenges, therefore, demands continuous expansion of
knowledge and competencies. Against this background, the evolving challenges in
hydropower sustainability call for strengthening the expertise of both young profes-
sionals from diverse educational backgrounds, and experienced practitioners. Knowl-
edge transfer and skills development are crucial for enhancing economic competi-
tiveness, fostering social inclusion, and enabling adaptation to technological change.
In the long term, one of the greatest challenges remains ensuring the effective transfer
of knowledge to future generations.
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The chapter highlights this challenging task, addressed by COST Action CA21104
“Pan European Network for Sustainable Hydropower” (PEN @Hydropower) from
2022 to 2026 through Training Schools on Sustainable Hydropower with participa-
tion of ECIs, master and PhD students across Europe from COST Member Countries
and COST Near Neighbour Countries (NNC). The training schools focus on devel-
oping the capacities of participants in the field of sustainable hydropower, fostering
teamwork and bringing together different disciplinary perspectives, thereby filling a
gap in the educational system. Therefore, the training schools developed and imple-
mented by PEN@Hydropower are a key component of lifelong learning, providing
an opportunity to develop and update knowledge and skills across a broad range of
areas and supporting a holistic approach in the field of hydropower.

This approach aligns with the policies and strategies of the European Union, which
aim to ensure that at least 47% of employees (aged 25-64) have participated in train-
ing within the last 12 months by 2025, with this figure set to rise to 60% by 2030 [19].
From the outset, the primary objective of the training schools has been to bolster the
development of a European community of experts with theoretical knowledge and
practical skills in sustainable hydropower, incorporating additional disciplines such
as social, environmental and computer sciences through stakeholder outreach activ-
ities. Therefore, PEN @Hydropower has developed, applied and tested a framework
for capacity building in sustainable hydropower to train the new generation and fill
the educational gaps identified in previous chapter. This approach complements the
training, assessment and certification activities carried out by the Hydropower Sus-
tainability Alliance (HSA) [29]. To assess and certify sustainability performance,
the International Hydropower Association (IHA) [34], together with multiple other
stakeholders, has developed a sustainability standard for the hydropower industry.
As outlined in detail in the introduction (see Chapter “Hydropower’s Pathway to
Sustainability” of Part I, Sect.4), the Hydropower Sustainability Standard (HSS)
covers 12 Environmental, Social and Governance (ESG) topics. It is a global cer-
tification scheme that outlines sustainability expectations for hydropower projects
worldwide. The capacity-building framework takes the form of a face-to-face train-
ing school on sustainable hydropower. The training school’s curriculum includes
(i) learning objectives on sustainable hydropower, (ii) a theoretical knowledge base
from the Hydropower Sustainability Standard [29] and practical skills developed
when assessing existing hydropower assets, (iii) modern teaching methods including
teamwork activities, and (iv) individual learning and group assessment strategies.

The Training Schools on Sustainable Hydropower were organized in all European
areas (eastern, western, southern, and northern). All Training Schools follow the same
format and include face-to-face activities over the course of four days, during which
theoretical and practical knowledge is developed. The schedule is as follows:

e Day 1: Opening session, self-presentation of each participant, introduction into
PEN @Hydropower, working group (WG) presentations, participant grouping;

e Day 2: Hydropower Sustainability Standard (HSS): Introduction and hands-on
exercises with theoretical knowledge;
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e Day 3: Hydropower plant visit and preparation of the assessment based on HSS
to enhance practical skills;

e Day 4: Presentation of the assessment by each group, other hydropower initiatives,
closing session.

As aforementioned (see listing above), the training school is a multi-day event
covering a broad range of topics related to the field of sustainable hydropower.
Each day focuses on different subjects. Creating a capacity-building framework for
sustainable hydropower and preparing all the needed materials is itself a challenge.

After the introduction to PEN @Hydropower, participants will be paired and asked
to introduce their colleague to the entire group. To encourage fresh interactions and
unbiased first impressions, the pairs should consist of participants who do not know or
have not spoken to each other before. This exercise promotes reflection, observation
and interpersonal exchange among the participants.

Since participants come from diverse academic backgrounds (e.g. mechanical
engineering, environmental engineering, law, etc.) and professional environments
(universities, research institutes, NGO’s and industry), it is first necessary to establish
acommon basis across the various disciplines. To this end, there will be presentations
concerning the stakeholders in sustainable hydropower (see Chapter “Sustainable
Hydropower Implementation in CA21104” of Part I). These presentations are
designed to be interactive and address state-of-the-art approaches while also offering
an outlook on future topics and challenges in the field.

On the second day, participants will receive an introduction to the concept of sus-
tainability and the Hydropower Sustainability Standard (HSS). Within their assigned
stakeholder groups (G1 to G5), participants develop their own understanding of sus-
tainability, then they compare it by means of demanding practical examples. Each
group receives guidance from on-site representatives of PEN @Hydropower, includ-
ing experts from the different stakeholder areas, who provide support and share their
professional perspectives throughout the discussions and exercises.

This is followed by an introduction to the HSS, including its history, imple-
mentation stages, roles, perspectives, responsibilities and assessment procedures.
The theoretical knowledge gained is then applied in the assessment of an existing
hydropower plant. Since participants are intentionally assigned to stakeholder groups
outside their own field of expertise, the assessment is intended to broaden perspec-
tives and encourage participants to step outside their comfort zones. Although the
HSS can be applied across all phases of a hydropower project—including early-stage
planning, preparation, implementation and operational phases, the assessments car-
ried out within the training school were limited to the operation phase.

To carry out an HSS assessment, specific steps and rules must be followed.
Depending on the project stage, the HSS includes 12 topics, while its predeces-
sor, the Hydropower Sustainability Assessment Protocol, covered up to 24 topics.
Each topic contains up to five criteria: assessment, management, stakeholder engage-
ment, stakeholder support and outcomes. A scoring methodology and rating system is
used to evaluate each topic. To earn the Hydropower Sustainability Certified label, a
project must meet all minimum performance requirements across all relevant topics.
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Fig. 1 Exemplary scoring of a hydropower plant assessment using the HSS [28]

The HSS distinguishes between two levels of performance requirements: minimum
requirements, which represent basic good practice and are necessary for certifica-
tion, and advanced requirements, which reflect international best practice and earn
additional recognition. Higher levels of performance are recognised through Silver
and Gold certification tiers, depending on the number of advanced requirements met.
An example of a Gold certification is shown in Fig. 1. The scoring process starts with
the highest possible grade (a score of five). Each significant gap identified during the
assessment reduces the score by one point. A minimum score of three is required to
achieve basic-good-practice certification.

Each group assesses the selected hydropower plant from its respective perspective
(owners/operators, financiers/developers/insurers, social stakeholders, environmen-
tal stakeholders and government/policies) by selecting between two and four HSS
topics. Preparation for the assessment includes collecting publicly available data of
the hydropower plant and reviewing the corresponding HSS topics prior to the visit.
The standard itself can be downloaded free of charge from the HSA website [30]. As
the training school aims to increase participants’ knowledge and does not constitute
an official assessment contracted by the plant operator, participants rely exclusively
on publicly available information, thus have no access to internal plant documenta-
tion. This limitation influences both the selection of assessment topics and the scope
of the evaluation.

Since asite visitis an essential component of every assessment to enhance practical
skills, it is also part of the training schools. Such visits provide several important
benefits for the participants:

e for some participants it is the first-time visit to a HPP;

e better understanding of the scale and complexity of a hydropower facility;

e more comprehensive insights into the HPP and its surrounding environment;
e better preparation for discussions and questions;
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e possibility of direct interaction with HPP personnel and local stakeholders;
e connection of theoretical knowledge with practical, real-world applications.

Depending on available infrastructure, time and access possibilities, more than
one hydropower plant was assessed during each training school organized by
PEN@Hydropower. Following the site visit, the groups process and analyse the
information gathered during the visit together with their prior research. To foster
collaborative project work, stakeholder groups prepare and present their work on
the last day to all training school attendees. Feedback and follow-up discussions are
provided by the trainers and other participants.

An import part of the training school is the networking aspect. In addition to
hydropower related content, the program provides numerous opportunities for par-
ticipants to interact in an informal and collaborative environment. Participants are
encouraged to get to know each other beyond their professional backgrounds through
group activities, common meals, visits and social events. These interactions help to
create a positive and open atmosphere, strengthen intercultural exchange and foster
personal and professional relationships among young researchers, industry represen-
tatives and experts in the field of sustainable hydropower.

The first PEN @Hydropower Training School on Sustainable Hydropower (TS1)
was held from 9-12 May, 2023, in Timigoara and primarily targeted participants from
Eastern European Area (EE) countries, including Armenia, Bulgaria, Cyprus, the
Czech Republic, Georgia, Hungary, Moldova, Poland, Romania, Slovakia, Tiirkiye
and Ukraine.

14 out of the 26 participants were from EE countries, while ten participants
came from across Europe (see Fig. 2 and Table 1). Two participants represented the
hydropower industry sector. The selected participants reflected a broad range of
professional and academic backgrounds, including various engineering disciplines,
forestry and business administration, environmental studies and sustainability, inter-
national law, energy management, environmental science and mining and energy.
The hydropower facilities visited and assessed during TS1 are described in Sect.2.2.
Particular attention was given to achieving gender balance during the participant
selection process. The success rate for applications submitted by young women was
100%, reflecting both their strong qualifications and high level of engagement in the
hydropower field.

The activities carried out during TS1 combined the transfer of theoretical knowl-
edge (see Fig.3) with the development of practical assessment skills. Participants
evaluated hydropower assets during field visits. Figure 4 shows the participants vis-
iting the Zervesti SHPP.

To attract a larger number of Early Career Investigators (ECIs), including mas-
ter’s and PhD students as well as young researchers within the network two Training
Schools on Sustainable Hydropower were organized for participants from the South-
ern European Area (SEA) countries: Albania, Bosnia and Herzegovina, Croatia,
Greece, Italy, Malta, Montenegro, the Republic of North Macedonia, Portugal, the
Republic of Serbia, Slovenia, Spain, Andorra, San Marino and the Vatican. This deci-
sion was also influenced by the geographical configuration of the Southern European
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Table 1 Distribution of participants by country at the TSs organized by PEN@Hydropower: y

means yes—attended; n means no—not attended

Country TS1 TS2-1 TS2-2 TS3 TS4
Albania (AL) y n n n n
Austria (AT) y y y y y
Belgium (BE) n n y n y
Bosnia and Herzegovina |n y n n n

(B&H)

Croatia (HV)

Czech Republic (CZ)

Finland (FI)

France (FR)

Georgia (GE)

Germany (DE)

Greece (GR)

Hungary (HU)

Iceland (IS)

Ttaly (IT)

Lithuania (LT)

Netherlands (NL)

North Macedonia (MK)

Norway (NO)

Poland (PL)

Portugal (PT)

Romania (RO)

Republic of Serbia (RS)

Slovakia (SK)

Slovenia (SI)

Spain (ES)

Sweden (SE)

Switzerland (CH)

Tunisia (TN)

Tiirkiye (TR)

Ukraine (UA)

United Kingdom (UK)
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Fig. 2 Participants in the first Training School on Sustainable Hydropower in Eastern Europe
(TS1), held from 9-12 May, 2023 in Timisoara, Romania

Area, which involves long distances—for example over 2500 km between Greece and
Portugal. The main objective was to maximize the resources allocated to ECI train-
ing while minimizing travel-related costs and burdens. The two Training Schools on
Sustainable Hydropower were organized as follows: TS2-1 was held in Thessaloniki,
Greece, from 7-10 May 2024, while TS2-2 took place in Porto, Portugal, from 3-6
September 2024.

The second Sustainable Hydropower Training School (TS2-1) took place in Thes-
saloniki, Greece, and targeted participants from the South East European Area
(SEEA), including Albania, Bosnia and Herzegovina, Croatia, Greece, Italy, Malta,
Montenegro, the Republic of North Macedonia, the Republic of Serbia, and Slovenia.

Ten out of 19 participants were from the targeted SEEA countries, while the
remaining nine came from COST Near Neighbour Countries (NNC) (see Fig. 5
and Table 1). Particular attention was given to achieving gender balance during the
selection process. Participants represented a broad range of engineering disciplines
and professional backgrounds. The hydropower infrastructures visited during TS2-1
are detailed in Sect.3.4.

Participants in TS2-1 received training on hydropower sustainability standard (see
Fig.6). In addition, visits to the Ilarion HPP/SHPP and Polyphyto HPP provided
practical experience in the assessment of hydropower assets (see Fig. 7).
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Fig. 3 Activities during TS1 in Timisoara, Romania

The third Training School on Sustainable Hydropower (TS2-2) took place in Porto,
Portugal, from 3-6 September 2024. TS2-2 targeted participants from the South
West European Area (SWEA), including Italy, Malta, Portugal, Spain, Andorra, San
Marino, the Vatican and the United Kingdom. Out of 20 participants, eight were both
from industry and the targeted SWEA countries, while the remaining four came from
other COST countries (see Fig. 8 and Table 1). In total six women attended TS2-2.

During TS2-2, participants enhanced their theoretical understanding of
hydropower sustainability (see Fig.9) and further developed their practical skills
through the technical visit to the Foz Tua PSHP facility (see Fig. 10) and the subse-
quent preparation of sustainability assessment plans.

The fourth Sustainable Hydropower Training School (TS3) was organized in
Uppsala, Sweden, from 24-27 June 2025. TS3 targeted participants from the North
European Area (NEA) countries, namely Denmark, Estonia, Finland, Iceland, Ire-
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7
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Fig. 4 Participants in TS1 during their visit to Zervesti SHPP

Fig. 5 Participants in the second training school on sustainable hydropower in South East Europe
(TS2-1), held from 7-10 May 2024 in Thessaloniki, Greece
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Fig. 6 Activities during TS2-1 in Thessaloniki, Greece

land, Latvia, Lithuania, Norway, Sweden, and the United Kingdom. In total, 23
participants attended TS3. Ten were from the targeted NEA countries and eight from
the hydropower industry. Nine participants were women. The professional back-
grounds of the participants covered a broad range of disciplines, including various
engineering specializations, fish and wildlife conservation and management, water
management and governance and land and water resources (see Fig. 11).

TS3 also strengthened the theoretical and practical skills related to hydropower
sustainability by means of a technical visit to the Alvkarleby HPP facility (see
Fig. 12). The case study assessed in TS3 is presented in Sect.5.2.
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Fig. 8 Participants in the third Training School on Sustainable Hydropower in South West Europe
(TS2-2), held from 3-6 September 2024 at Porto, Portugal
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Fig. 9 Activities during TS2-2 in Porto, Portugal
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Fig. 10 Participants in TS2-2 during their visit to Foz Tua PSHP

The fifth Sustainable Hydropower Training School (TS4) was organized from
19-22 May 2026 in Salzburg, Austria. TS4 targeted participants from the following
Western European Area (WEA) countries as follows: Austria, Belgium, Germany,
France, Luxembourg, Monaco, The Netherlands and Switzerland. Twelve partici-
pants were from WEA target countries, seven from the hydropower industry and
four from other European countries. Eight out of 23 attendees in TS4 are women.
Participants have a variety of professional backgrounds, specializing in engineering,
international studies, hydropower asset management, and geography.

Once again site visits and theoretical knowledge served to improve practical
hydropower sustainability skills (see Figs. 13 and 14). The hydropower infrastruc-
tures visited and selected for the HSS-based assessment during TS4 are presented in
Sect.6.2.

Ultimately, more than 110 participants attended the training schools on sustainable
hydropower organized by PEN@Hydropower in Europe. An overview of the coun-
tries that sent participants to the PEN@Hydropower Training Schools on Sustain-
able Hydropower is shown in Fig. 15 and summarized in Tab. 1. PEN@Hydropower
provides opportunities for ECIs to further develop their theoretical knowledge and
practical skills after participating in Training Schools, thereby strengthening the
hydropower community. This community is formed by ECIs from different areas of
expertise who have had the opportunity of getting to know each other, consolidating
their knowledge in sustainable hydropower, and collaborating. It is this community
that will develop and implement the future of hydropower.
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Fig. 11 Participants in the fourth Training School on Sustainable Hydropower in North Europe
(TS3), held from 24-27 June 2025 at Uppsala, Sweden

2 The First Training School on Sustainable Hydropower
(TS1)

The first Training School on Sustainable Hydropower (TS1) intended to assess the
hydropower assets specific to the Eastern European area. TS1 was organized from
9 to 12 May 2023 in Timisoara and hosted by the Romanian Academy — Timisoara
Branch and University Politehnica Timisoara. This was no random choice: Timigoara
was the first European city where large-scale electric street lighting (731 coal filament
lamps) was put into operation on 12 November 1884 [11].

2.1 Hydropower in Romania

Hydropower plays a central role in the Romanian energy system as shown in Fig. 16.
The maximum annual electricity production, around 65 TWh, was reached in Roma-
nia in the period from 2014-2016. Then followed a decrease by 15% to 55 TWh
in 2022. As can be seen in Fig. 16, the mix of electricity production in Romania
changed significantly between 2009 and 2025. The first wind turbines in Romania
started generating electricity in 2010, then photovoltaic power plants started to be
commissioned in 2013. In 2024, electricity generation in Romania reached a total
of 52.5 TWh, of which 6.4 TWh thereof (12.1%) was attributable to wind, 3.4 TWh
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Fig. 12 Activities during TS3 in Uppsala, Sweden
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Fig. 13 Activities during TS4 in Salzburg, Austria

(6.5%) to photovoltaic, 14.3 TWh (27.3%) to hydropower, 10.9 TWh (20.8%) to
nuclear, and the remaining 17.5 TWh (33.3%) to thermal. Electricity production
from renewable sources has obviously replaced fossil fuel production in accordance
with EU policies. Due to the increase in electricity production from non-dispatchable
renewable sources (wind and solar), the contribution of hydropower in Romania is
crucial to enable their integration into the power grid.

Figure 17 presents an overview of the trend in installed electricity production
capacity in Romania from 2009 to 2025. It should be noted that Romania’s total
installed electricity generation capacity is approximately 18.5 GW. A reconfiguration
of installed capacities in Romania is observed following its accession to the EU in
2007. Some coal- and gas-fired power plants have been replaced with renewable
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Fig. 14 Participants in TS4 during their visit at Hintermuhr PSHP, Austria

energy production capacities (especially wind and photovoltaic power plants, which
together reached a capacity of 6.4 GW by the beginning of 2026).

Installed hydropower capacity in Romania increased by 13% between 2009 and
2025, reaching over 6.6 GW—approximately 35% of the total installed capacity.
Hydropower plants in operation and under construction on the main rivers are marked
on the Romanian map in Fig. 18. The Hidroelectrica company manages 6.37 GW
installed in 189 hydropower plants (HPPs), comprising: 2.9 GW in run-of-river (RoR)
HPPs, 0.38 GW in storage HPPs, and 91.5 MW in storage pumping stations (SPSs).
Of these HPPs, 108 have a power output greater than 10 MW, 22 have a power output
between 4 MW and 10 MW, and 53 are small HPPs with a power output less than
4 MW. Hidroelectrica is a leader in electricity production and the main provider of
necessary technological services in the national power system. The Hidroelectrica
shareholder structure is dominated by the Romanian state. Through the Ministry of
Energy, the Romanian state holds more than 80% of the share capital. The remain-
ing shares are held by private shareholders. Hidroelectrica shares are listed on the
Bucharest Stock Exchange (BVB).

The hydropower assets (HPPs and SPSs) managed by Hidroelectrica are grouped
in hydropower systems on the main rivers of Romania, see Fig. 18. The source of the
rivers start is in the Carpathian Mountains, where the amount of precipitation is the
highest (Fig. 19), then they flow into the large rivers (Danube River, Tisa River, Siret
River, etc.) in the plains.
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Fig. 15 Countries that participated in TSs organized by PEN @Hydropower: first Training School
on Sustainable Hydropower in Eastern Europe (TS1) from 9—12 May 2023 in Timisoara, Romania
(magenta); second Training School on Sustainable Hydropower in South-Eastern Europe (TS2-
1) from 7-10 May 2024 in Thessaloniki, Greece (green); third Training School on Sustainable
Hydropower in South-Western Europe (TS2-2) from 3-6 September 2024 in Porto, Portugal
(brown); fourth Training School on Sustainable Hydropower in Northern Europe (TS3) from 24-27
June, 2025 in Uppsala, Sweden (blue) and fifth Training School on Sustainable Hydropower in
Central Europe (TS4) from 19-22 May 2026 in Salzburg, Austria (red)

®m Thermo (coal+gas) m Nuclear mHydro [IWind = Solar

~
o

(2}
=]

o
=]

w
o
.

Electricity production [TWh]
N &
o =)

=
=)

2024 2025

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
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Fig. 17 Installed power in capacities in Romania from 2009 to 2025 [31]

Fig. 18 Hydropower plants in operation (black dots) and under construction (red dots) in Romania.
The Bistra - Poiana Marului - Ruieni hydropower system is marked with a red circle [12]

2.2 TS1 Case Studies

Three hydropower plants were selected as case studies in the TS1 hydropower
assessment exercise based on the Hydropower Sustainability Standard [29]. These
are: Ruieni HPP and Zervesti SHPP from the Bistra—Poiana Marului—Ruieni
hydropower system (Fig. 18) 120km from Timisoara and Timigoara SHPP on the
Bega River installed in the urban area.

The Bistra-Poiana Marului-Ruieni hydropower system is depicted in Fig. 20. This
hydropower system was designed as a set of hydraulic assets that collect and process
the flows of both main and secondary headraces. Construction of the Bistra—Poiana
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Fig. 19 The annual quantity of precipitation in Romania in 2024 [2]

Marului—Ruieni hydropower system began in 1981. Deposits in the Maru concrete
faced rock-fill dam began in 1984 and ended in 1992, when the height reached a
hight of 125m, Fig.21.

The Bistra-Poiana Marului-Ruieni hydropower system has an annual energy pro-
duction of 264 GWh in an average hydrological year. The Poiana Marului reservoir
is fed by the Bistra Marului and Sucu rivers, which originate in the Tarcu Mountains.
The Bistra Marului River contributes an average flow of 5.8 m3/s, collected over a
catchment area of 204km?. The main headrace tunnel between Poiana Marului and
Ruieni has an inner concrete diameter of 4.9 m and a total length of 9.842m.

The Poiana Marului reservoir, which was formed by the construction of the Maru
rock-fill dam, supplies water to the Turnu-Ruieni underground hydroelectric power
plant (HPP). The reservoir has a surface area of 2.73km? and an active volume of
89.3 million m>. It is fed by the upper basin of the Bistra Mirului and a few neighbor-
ing catchment areas. The water streams in these catchment areas are managed by the
National Administration ‘Apele Romane’, Banat Subsidiary (Administratia Bazinala
de Apai—ABA Banat) [1]. These water streams are also on the agenda of the Admin-
istration of the Tarcu Mountains Natura 2000 site, as they are located in a protected
area, as shown in Fig.22 [20]. In 2007, the Tarcu Mountains area was declared a
Site of Community Importance (SCI) by Order of the Minister of Environment and
Sustainable Development, based on the establishment of the protected natural area
regime for SCI, as an integral part of the European ecological network Natura 2000
in Romania. The Site of Community Importance Tarcu Mountains largely overlaps
the Tarcu and Muntele Mic mountain areas.
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Fig. 20 Bistra—Poiana Marului—Ruieni hydropower system [12, 43]

The Tarcu Mountains Natura 2000 site covers an area of 586.4km?, comprising
21 catchments, some of which are full and some partial [20]. The largest catchment
is Bistra Marului, located in the north of the site, covering approximately 127 km?,
representing around 20% of the total area. The upper catchment of the Sebes River
is also included in the Tarcu Mountains Natura 2000 site.

The Poiana Marului area has the following climatic conditions. There is usually
abundant precipitation (more than 1000 mm per year), which is typical of a mountain
climate, with high values in spring and autumn. The average annual temperature in
the Poiana Marului area (at an altitude of around 500 m) is typically in the range of
7-9°C, which is typical of mid-mountain regions. The climate is sub-mountainous,
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Fig. 23 Turnu-Ruieni HPP: main access gallery, machine hall and turbine shaft of the HPU

with cool summers and winters, when frosts frequently occur. The area is renowned
for its clean air. The climate is influenced by the Tarcu Mountains.

The Turnu-Ruieni underground HPP is located approximately 2 km northeast of
Ruieni village, in the Turnu stream valley. The underground cavern is 64.85 m long,
38.20m high and 19.75m wide at the level of the machine hall (see Fig.23), and
consists of two Francis machines commissioned in 1993 and 1995 [39].

A cross-sectional view of the Ruieni HPP is shown in Fig.24. Both units have a
maximum power output of 76.5 MW at a maximum flow rate of 27.5m%/s and a rated
net head of 326 m. The hydropower plant is equipped with two 90 MVA synchronous
generators [37].

The amount of precipitation in the Zervesti area is influenced by the sub-
Carpathian landform, with annual averages similar to those in the county’s depres-
sional areas. Precipitation levels range from 700 mm to 900 mm. The average annual
temperature in the Zervesti area is approximately 10—11°C, despite its location in a
depressional and hilly area. The climate is continental with Mediterranean influences,
characterized by mild winters and early springs, which are typical of the region’s
lowlands.

The main objective of the Turnu-Ruieni hydropower plant (HPP) is to provide
ancillary services and regulation to the Romanian power grid. During periods of
high flow rates, such as in spring, it mainly produces base load. It is also strategically
located in an area with no major injection point in the national power grid, which
achieves significant savings and reduces electricity transmission losses. The water
processed by the HPUs installed at Turnu-Ruieni HPP is discharged into the Zervesti
buffer reservoir. The Zervesti reservoir also benefits from the natural flow of the
Sebes River. It has a surface area of 0.218 km?, an active volume of 1.031 million m3
and serves as the headwater for the Zervesti small hydropower plant (SHPP). Addi-
tionally, the reservoir serves as a drinking water supply for the city of Caransebes.
An aerial view of the Zervesti hydropower system is shown in Fig. 25.
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Fig. 24 Turnu-Ruieni HPP cross section view
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Fig. 25 Aerial view of the Zervesti hydropower system
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Fig. 26 Zervesti SHPP machine hall equipped with two HPUs

The SHPP consists of two HPUs equipped with cross-flow turbines (also known
as Banki, Mitchell or Ossberger turbines), with a total power output of 1.52 MW
(see Fig.26). In the event of a blackout, the Zervesti SHPP ensures the start-up
of the more powerful Turnu-Ruieni HPP in order to stabilize the Romanian national
grid. To meet environmental regulations and objectives, the SHPP operates to deliver
the minimum environmental flow rate to the downstream river. The power of each
HPU is automatically adjusted depending on the net head value and the minimum
flow rate delivered downstream (see Fig.27). The protection of the Zervesti daffodil
meadow was of great importance during the construction of the reservoir. It was also
designated a protected area in 2000.

Timigoara SHPP is the second test case selected in TS1. This test case is a run-
of-river (RoR) type hydropower plant installed on the Bega Canal, Fig.29. The
Timisoara SHPP was commissioned in 1910 and is still in operation today [11].

Large variations in the Bega River’s flow rate caused navigation problems and
flooding, limiting community development and causing health problems for the pop-
ulation living in the marshy area around Timigoara [4]. In 1728, the Dutch engineer
Maximilian Fremant proposed a hydraulic engineering solution involving a dou-
ble connection between the Timis and Bega rivers to balance their flow rates [26].
Hydraulic engineering works started in 1758 to supplement the Bega River’s flow
rate with water from the Timis River through the supply channel during dry peri-
ods, and to discharge some of the Bega River’s flood flow into the Timig River
through the discharge channel during flood periods (Fig.28). The flow rate of the
supply channel is controlled by the Costeiu hydraulic knot, located 50 km upstream of
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Fig. 28 Hydraulic connections between the Timis-Bega rivers [1]

Timigoara [42]. The flow rate of the discharge channel is controlled by the Topolovitu
Mare hydraulic knot, located 30 km upstream of Timisoara. The Bega Canal begins
downstream of Topolovitu Mare village, and its navigable section is 114km long,
starting just downstream of the Timisoara SHPP and ending in the city of Titel in the
Republic of Serbia. The Bega River flows into the Tisa River.

In 1902, Emil Szilard, the city’s chief engineer at the time, drew up a plan for the
systematisation of Timigoara, which involved the abolition of the old water channels
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Fig. 29 Aerial view of the Timigoara SHPP (from downstream)

in the Fabric neighbourhood [41]. The Timisoara SHPP was designed as part of the
urban planning scheme to solve flooding issues and meet a large proportion of the
city’s energy needs.

The Timigoara hydropower complex was designed by Székely Laszl6, a famous
chief architect of the early twentieth century [52], Fig. 30. The Timigoara hydropower
plant building looks very much like a small fortress from the 1900s surrounded by
water, Fig. 29. The construction of the Timigoara hydropower plant began in 1907,
it was commissioned in 1910 with an annual energy production of over 4 GWh. The
production of the hydropower plant covered 89% of the electricity consumption of
the capital of the Banat region at that time. One kWh costed the citizens Timisoara
0.725 crowns in 1910. The hydropower plant installed in Timisoara represented a
major technological advance at the beginning of the 20th century, almost completely
replacing the electricity production of coal-fired power plants [11].

The cost recorded for the construction of the Timigsoara SHPP was over two
million crowns. The expense register shows that the costs of hydro-mechanical and
electrical equipment accounted for approximately 20%, the costs of civil work (e.g.
powerhouse, dam, spillways and gatehouse) accounted for 60%, and the costs of road
infrastructure (bridges, access roads and site improvements) accounted for 20%. The
city of Timigoara took out a loan to finance the construction of the hydropower plant
[11] (Fig.31).

The Timisoara SHPP was equipped with three hydropower units, each with a
capacity of 660 CP (485 kW), manufactured by Ganz Villamossagi Rt in Budapest,
which was the capital of the Austro-Hungarian Monarchy at that time (Fig. 32).

The Timisoara SHPP has a gross head of 5.6 m and the chosen technical solution
for the hydraulic turbine includes three Francis runners on one shaft, with guide vanes
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Fig. 30 Drawing of the Timigoara SHPP (top view).

for each runner and without spiral casing (see Fig.33). This solution with Francis
runners was selected for the very low head hydropower site, as the axial turbine (e.g.
the Kaplan turbine) had not yet been invented. The minimum water level in the Bega
canal downstream of the Timisoara SHPP is 2 m, whereas the flood protection level is
4.3 m. The average annual temperature in Timisoara is approximately 10.5°C, while
the average annual precipitation generally ranges between 600 and 650 mm. Precip-
itation is moderate, with higher amounts in the summer months (June—July). This
reflects a moderate temperate-continental climate with Mediterranean influences.
This temperature makes Timisoara one of the warmest areas in Romania.

The multiannual average flow rate of the Bega canal recorded at the Remetea
Mare hydrometric station located upstream of the Timisoara SHPP is 17m’/s. A
water intake is installed on the left bank of the upstream channel of Timigsoara SHPP
for the water treatment plant that supplies Timigoara city with drinking water [16].
The Bega Canal is a complex multifunctional infrastructure for sports, fishing and
recreation, Fig. 34.

Timisoara SHPP is one of the most challenging test cases for assessing hydropower
assets according to the sustainability standard criteria, taking into account that it was
commissioned over a century ago and that the operating requirements are constrained
by the urban environment.
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Fig. 31 Timigsoara SHPP (view from upstream and downstream)

Fig. 32 Powerhouse and hydropower units installed at Timisoara SHPP



Training the Next Generation on Sustainable Hydropower in Europe 97

Fig. 33 Cross section view of the Timigsoara SHPP

Fig. 34 View of the leisure
activities on the Bega Canal
in Timisoara
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3 The Second Training School on Sustainable Hydropower
(TS2-1)

The second Training School on Sustainable Hydropower (TS2-1) intended to assess
hydropower assets specific to Southeastern European area, especially in Greece.
TS2-1 was held from 7-10 May 2024 in Thessaloniki. The local organizers were the
University of Western Macedonia (UOWM) and the National Technical University
of Athens (NTUA).

3.1 Hydropower in Greece

Greece features more than 80% mountainous or semi-mountainous regions. This
topography, combined with several major river basins (Fig.35), provides favorable
conditions for the development of hydropower infrastructure. The climate in Greece
is typical of the Mediterranean region (mild, rainy winters and hot, dry summers), but
the weather varies due to mountainous profile. The climate in eastern Greece is drier,

Fig. 35 Greece: Topography and major river systems
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Fig. 36 Annual mean precipitation values (in mm H20) for the 1950-2001 period [36]

whereas the climate in the northern and western regions is wet. For this reason, most
large and small hydropower plants are located in the western and northern regions,
where precipitation levels and river flows are relatively higher (Figs. 35 and 36).

The construction of large hydropower plants began immediately after the estab-
lishment of the Public Power Corporation (PPC) utility in 1950, when major infras-
tructure projects were implemented to support the rapid electrification and economic
development of the country. By 1975, seven large hydropower stations had been
built (Agras, Ladonas, Kremasta, Kastraki, Edassios and Polyphytos), with a total
installed capacity of about 1400 MW. Since then, another seven large HPPs have
been built (Pournari I and II, Sfikia, Asomata, Stratos I, Piges Aoou, Thesavros, Pla-
tanovrisi, Ilarion), adding almost 1800 MW of capacity. All large hydropower plants
are owned and operated by PPC. Most of them are grouped in cascade systems along
the main river basins of the country (Figs. 35 and 37), as follows:

o Acheloos River: Kremasta (437 MW), Kastraki (320 MW), and Stratos I (75 MW)
(total: 907 MW);

e Aliakmon River: Ilarion (153 MW), Polyphyto (375 MW), Sfikia (315 MW),
Assomata (108 MW), Agras (50 MW), and Edessaios (19 MW) (total: 1,020
MW);

e Arachthos River: Pighai Aoos (230 MW), Pournari I (300 MW), Pournari II (33.6
MW), and Louros (10.3 MW) (total: 574 MW);

e Nestos River (originating in Bulgaria): Thissavros (378 MW) and Platanovryssi
(116 MW) (total: 494 MW);

e Tavropos River: N. Plastiras (130 MW);

e Ladon River: Ladon (70 MW).
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Fig. 37 Locations of large hydropower plants (HPPs) and pumped storage hydropower plants
(PSHPs) in Greece

The total installed power of the large HPPs operating today is almost 3.2 GW.
Two of these plants, Sfikia and Thissavros are pumped storage hydropower plants
(PSHPs) with a total power of around 700 MW. Also, approximately 150 small
hydropower plants (SHPPs) operate in Greece (Fig.38). Their installed capacity is
roughly 300 MW, and their average annual production around 700 GWh.

Hydropower accounts for approximately 13% of the total installed generation
capacity in Greece, and its share in the electricity production is about 7-10%, depend-
ing on annual precipitation (Fig. 38). The average annual production during the last,
drier decade was approximately 4.1 TWh, whereas the average production since 2000
was about 4.4 TWh.

3.2 The Greek Electricity System

The electricity production mix in Greece has changed dramatically in the past
two decades, as part of the country’s energy transition and decarbonization pol-
icy (Fig.39). In 2019, Greece announced plans to phase out all existing lignite-fired
plants by 2023, with the exception of a newly built station which would remain
operational until 2028. This would make Greece one of the fastest countries to
transition away from coal. The natural gas-fired power sector is currently the main



Training the Next Generation on Sustainable Hydropower in Europe 101

Stage of implemetation
@ Installation license
@ Operating license
© Production license

Fig. 38 Distribution of small hydropower plants (SHPPs) in Greece

Installed capacity trend

= Fossil fuels Nuclear was Other Non-RE
mmm Hydro/marine s Wind Solar
i Bioenergy mmm Geothermal ===Renewable share
30 28 100%
26 rro
Renewable capacity in 2024
2 24 80%
22 o o .
20 20 = Hydro/marine
19 20 — P
20 . 66% =
5 60% £ Solar
: s
= 15 o
H € = Wind
g 40% 3
10 & o
= Bioenergy

20%
5% m Geothermal

0%

2017 2018 2019 2020 2021 2022 2023 2024

Fig. 39 Electricity production technologies installed in Greece since 2017 (left) and renewable
capacity (right) [35]

source of electricity production. As of 2026, the country has approximately 6 GW of
installed natural gas plants. New high-efficiency units are under construction or near
completion.

Wind and solar power installations grew rapidly, reaching almost 18 GW at the
end of 2025. Most of this capacity, approximately 12.2 GW, is Solar Photovoltaics
(PV), which is already getting close to the target of the National Energy and Climate
Plan [38], i.e. of 13.5 GW by 2030. On the other hand, wind installations are grow-
ing more slowly, primarily due to the more complicated licensing process and the
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environmental concerns and reactions from local communities. However, there are
serious plans to develop offshore wind farms in the next decade.

Hydropower has been playing an important role in the Greek electricity system
for several decades. Today, it continues to play a vital role in balancing and storing
electricity, as it is a highly flexible and controllable renewable energy source that can
support the integration of intermittent wind and photovoltaic production. In recent
years, the two large pumped storage hydropower plants in Sfikia (on the Aliakmon
River) and Thissavros (on the Nestos River) have largely been used to store electricity
during periods of surplus renewable energy production (mainly from photovoltaic
sources) and/or low demand, releasing it through the turbines during peak demand
hours. Currently, the share of hydropower in both renewable energy source (RES)
installed capacity and electricity generation is around 19% (Fig.39). This share may
decrease slightly due to the faster deployment of wind and solar RES.

3.3 Future Development in Greece

Future energy planning in Greece considers the expansion of hydropower and
pumped storage capacity as an important tool to support the integration of renewable
energy sources. Several projects are currently under development or under con-
sideration. These include the completion of the 160 MW Mesochora hydropower
plant on the Acheloos River and the 40 MW Metsovitikos hydropower plant on the
Metsovitikos River. Another important project under construction is the pumped
storage scheme near Amfilochia, with an installed capacity of about 680 MW, which
is expected to become one of the largest energy storage facilities in southeastern
Europe. Additional hydropower projects are being examined in the Acheloos River
basin, including the Sykia and Avlaki HPPs (Acheloos river, 120 MW and 84 MW),
as well as new developments in other river basins. Aditionally, PPC plans to develop
around 1 GW of new pumped storage hydropower plants (PSHPs) over various loca-
tions in the coming years.

According to the national energy strategy [38], the total installed hydroelectric
capacity in Greece is expected to increase gradually after 2030, potentially reaching
around 4.5 GW by 2050. Also, the pumped storage installed capacity is planned to
exceed 5 GW by 2050. At the same time, it is envisaged to deploy a huge number
of batteries on the main grid or combined with existing and new solar and wind
units (hybrid plants), to reach 12 GW of installed capacity by 2050 [27] (Fig. 40).
However, this ratio between the two technologies could shift in the future in favour
of pumped storage, due to the countries favourable topography [22] and the very
high national added value and parallel benefits of this technology.

However, the future development of hydroelectric power in Greece is subject
to environmental, social and climate constraints, which have delayed or suspended
several large hydroelectric projects in recent decades. In addition, climate change
is expected to affect the hydrological cycle throughout the Mediterranean region.
Climate projections indicate that average annual rainfall in Greece could decrease
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Fig. 40 Prospects of future development of electricity storage in Greece [27]

by up to 15% by the middle of the century, while droughts will be longer and more
frequent. These changes may reduce the country’s annual hydroelectric power pro-
duction accordingly [23].

Despite these challenges, however, hydroelectricity will remain an important pil-
lar of the energy transition in Greece, and the modernization of existing units, the
development of multipurpose reservoirs, and the expansion of pumped storage capac-
ity are expected to play a critical role in ensuring the reliability and stability of the
future Greek electricity system.

3.4 TS2-1 Case Studies

Two hydropower plants were selected as case studies in the TS2-1 hydropower assess-
ment exercise based on the Hydropower Sustainability Standard [29]. These are:
Ilarion HPP and Polyphyto HPP from the Aliakmon hydropower system in Western
Macedonia.

The Aliakmon Hydropower System (also known as the Aliakmon Cascade) is
the largest and most complex hydroelectric cluster in Greece. It is managed primarily
by the Public Power Corporation (PPC) and consists of a series of five main dams
and several small hydroelectric plants (SHPPs) which are arranged in a "step-down"
sequence along the Aliakmon River. The system is multipurpose, since it provides not
only a combined capacity of approximately 1000 MW but also serves as the primary
drinking water source for Thessaloniki, and is a critical irrigation supply for the
areas around lake Polyphyto and the plains of Central Macedonia. Additional water
is required for cooling the lignite steam power plants in the Kozani-Ptolemaida basin,
and to maintain the ecological balance in the river delta, a continuous environmental
flow is needed downstream of the Agia Varvara control dam (Fig.41).

The Aliakmon River originates in the mountainous regions of northwestern
Greece. Etymologically, the river’s name goes back to the Hellenic deity Aliak-
mon, the mythological son of Oceanus and Tethys. It serves as a vital hydrological



104 S. Muntean et al.

Legend

A Dams

[ Reservoirs
[ Lakes

—— Aliakmon River
[ Aliakmon Basin
~— National Borders
Land Elevation

B <= 300

[ 300 - 600

600 - 600
{1900 - 1200

[ 11200 - 1500
{71 1500 - 1800
[771 1800 - 2100
[ 2100 - 2400
{71 2400 - 2700
152700

Fig. 41 The Aliakmon river basin

artery for the regions of Western and Central Macedonia, eventually discharging into
the Thermaikos Gulf. The Aliakmon is the longest river flowing entirely through
Greek sovereign territory. It is characterized by its transition from high-altitude,
mountainous terrain to extensive lowland plains. The length of the main branch is
approximately 297 km and the mean annual runoff is 2 billion m?.

Flood protection has been an important goal of dam construction and other
hydraulic works. The flow of the Aliakmon River is managed by five hydropower

plants as it moves from the mountains towards the sea (Fig.42):

1. Ilarion (Upstream Buffer) is the "newest" major addition; its primary technical
role is to regulate the natural, unpredictable inflow of the Aliakmon. It allows
for a more "smoothed" release into the downstream Polyphyto Lake by capturing
heavy mountain runoff;

2. Polyphyto (Main Reservoir) is the largest reservoir of the system; it holds most
of the water volume (1.22 billion m?) and acts as the primary seasonal storage
facility;

3. Sfikia (Reversible Engine) is a pumped storage hydropower plant (PSHP). It has
three reversible units with a total installed capacity of 315 MW;

4. Asomata (Lower Buffer) is a smaller plant (108 MW) that acts as the lower
reservoir for the Sfikia PSHP;

5. Agia Varvara (Final Regulation): A small dam that ensures a constant flow for
the massive AQ irrigation canal.
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Fig. 42 General Layout of the Aliakmon river hydropower plants [6]

Figure 43 shows the catchment area. The surface of the sub-river basins is given
in Table2.

The technical specifications of the reservoirs and hydropower stations of the Ali-
akmon River are given in Table 3.

The Aliakmon River serves as a vital artery for biodiversity in Northern Greece
and is surrounded by several Natura 2000-protected zones. Several entertainment,
sports, tourist and environmental protection facilities have been developed around the
Polyphyto reservoir. A graphical illustration of the various resources and demands
of the Aliakmon river basin is presented in Fig.44.

The Polyphyto hydroelectric power plant is a large hydroelectric facility on the
Aliakmon river. It was commissioned in 1974 as part of the broader Polyphyto dam
and reservoir project. The reservoir formed by the dam is called the Lake Polyphyto. It
is one of Greece’s largest artificial lakes and serves multiple purposes including power
generation, flood control, water management for irrigation and urban supply, and
environmental protection around the lake. The Polyphyto HPP is owned and operated
by the Public Power Corporation (PPC), it has an installed capacity of 375 MW from
three conventional Francis turbines (125 MW each) and generates approximately
400-600 GWh of electricity annually. More details are listed in Table 3.

Lake Polyphyto (Fig.45) has a surface of roughly 74km?; its storage capacity
is 1220 million m*. The dam regulates the flow of the Aliakmon River, protecting
downstream areas from seasonal flooding. The reservoir provides essential water
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Table 2 Aliakmon River catchment areas [6]

Sub-River Basin Surface (km?)
1 Dam of Ilarion 5005
2 Dam of Polyphyto 830
3 Dam of Sfikia 175
4 Dam of Asomata 70
5 Dam of Agia Varvara 20
Total 6100

for the agricultural plains of Imathia and Thessaloniki, as well as cooling water for
nearby thermal power plants in the Ptolemaida region.

Apart from its technical function, the Polyphyto project has also shaped the geog-
raphy and economy of the region: The lake is crossed by the Servia High Bridge (one
of the longest in Greece). This bridge is a vital transport link for northern Greece.

The lake has developed into an important wetland, supporting numerous fish
species and providing a habitat for migrating birds. Polyphyto HPP is currently
undergoing a significant transition as it evolves from a traditional "workhorse" into
a high-tech, digitally-integrated component of Greece’s power grid. The most recent
environmental and operational upgrades focus on digitalization, sustainability, and
reservoir management (Figs.46 and 47).

The Ilarion hydropower plant is a major power facility, and is the first and most
upstream reservoir in a cascade of five plants on the river. Its commercial operation
started in 2014. The hydropower plant has a total installed capacity of 153 MW and is
equipped with two Francis turbines, each rated at 76.5 MW. There is a separate small
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Fig. 46 The Polyphyto dam

Fig. 47 Polyphyto hydropower plant
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Table 3 Technical characteristics of reservoirs and hydropower stations of the Aliakmon River [6]

Dam Tlarion Polyphyto | Sfikia Asomata | Agia
Varvara

Type and size of HPP SHPP | HPP PSHP HPP SHPP

hydropower facilities

Dam height (m) 130 112 82 52

Flood storage level (m) 403.5 293 147 89 42.5

Maximum operating 398.5 291 146 85.5 42

level (m)

Minimum operating 366 270 141.8 81 38.75

level (m)

Gross storage (hm?) 379.64 1939 99 53 4.5

Net storage (hm?) 270.14 1220 18 10 3

Water spread (kmz) 21.9 74 4.3 2.6 0.9

Generator capacity 155.32 4.2 375 315 110 0.92

MW) (2x77.66) (3x125) | (3x105) |[(2x55)

Water discharge (m>/s) 160 6 311 635 303 8

Net head (m) 104 145.6 62 42 15

Specific consumption for | 4.1 5 32 7.2 10 32

production (m3/kWh)

Adjustment ability Annually Annually | Daily Daily Daily

1st year of operation 2012 2015 1974 1985-86 | 1985 2008

hydropower unit (Ilarion SHPP) at the site with a capacity of 4.2 MW for utilizing
environmental flow. Depending on hydrological conditions, the annual energy pro-
duction is estimated at 320 GWh. The gross head is approximately 100 m. Regarding
the dam and reservoir specifications, the dam is an earth-fill (gravel) structure with an
impervious clay core. The dam is 130 m high from the foundation, with a crest level
of around 403 m. Active storage is approximately 270 million m?, which allows
for significant seasonal water regulation. The catchment area is around 5005 km?
(Fig.48).

The plant is a multipurpose project, which means that it serves several functions
beyond just generating electricity. It provides flexible, renewable energy and ancil-
lary services (e.g. frequency regulation) to the Greek national grid. It is a critical
source of drinking water for the city of Thessaloniki and provides water for agricul-
tural needs in the surrounding regions. The SHPP maintains a constant environmental
flow of approximately 4.5 m?/s downstream to protect the local ecosystem. An impor-
tant contribution of Ilarion is the stabilisation of the water level in Polyphyto Lake
(Fig.49).
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Fig. 48 The Ilarion dam (downstream and upstream view)

Fig. 49 The Ilarion Small HPP (SHPP)

The Ilarion project serves as a prime example of modern multipurpose dam man-
agement, which must achieve a delicate balance between hydropower demands and
the protection of a vital river ecosystem. As the Aliakmon is Greece’s longest river
and a critical water source for Thessaloniki, the project was subject to some of the
nation’s most stringent environmental regulations.

In order to mitigate the cultural impact of flooding the reservoir, a substantial
archaeological rescue mission was conducted (peaking between 2012 and 2014),
one of the largest in Greek history. This effort uncovered over 100 acres of history,
ranging from Bronze Age settlements to Hellenistic-era homes.

A notable "environmental-cultural" success was the protection of the Zavorda and
Tornikiou monasteries. By stabilizing the reservoir’s slopes, engineers prevented
the erosion that would otherwise have threatened these Byzantine-era structures,
effectively incorporating them into the ’Cultural Landscape’ protection of the site.
Most notably, the 12th-century Monastery of Panagia Tornikiou was saved from the
rising waters through an impressive engineering feat: the entire church was relocated
to higher ground (see Fig. 50).
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Fig. 50 Relocation of the church of Panagia Tornikiou to a higher ground

4 The Third Training School on Sustainable Hydropower
(TS2-2)

The third Training School on Sustainable Hydropower (TS2-2) held in Porto, Portu-
gal, aimed to strengthen interdisciplinary capacity-building on hydropower sustain-
ability by combining engineering, ecological, and socio-environmental perspectives
of hydropower assets in the Southwest European Area. TS2-2 took place between 3
and 6 September 2024 at the Faculdade de Engenharia do Porto, University of Porto,
and was organized by Instituto Superior Técnico, University of Lisbon, and NOVA
School of Science and Technology. The training, in which 20 participants from aca-
demic and private-sector institutions across Europe took part, offered a platform
to deepen the participants’ understanding of sustainable hydropower practices, and
focused particularly on southwestern Europe.

4.1 Hydropower in Portugal

Hydropower has been the main source of renewable electricity generation on the
Iberian Peninsula for several decades. However, its relative importance varies signif-
icantly between countries. In Portugal, hydropower remains a dominant renewable
energy source, typically contributing between 10% and 30% of electricity genera-
tion depending on hydrological conditions [53]. In contrast, hydropower tends to
play more of a complementary role in Spain, where wind and solar energy contribute
more strongly to the electricity mix [50]. As of 2024, the installed hydropower
capacity in Portugal was 8.352 GW. Pumped storage hydropower (PSH) accounts
for 3.867 GW of this capacity, highlighting its importance for energy storage and
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system flexibility. Overall, hydropower generation amounted to around 15 TWh in
2024 [34], corresponding to roughly 30% of Portugal’s total electricity production.
Between 1 January and 31 December 2025, a total of 48.9 TWh of electricity was
generated in mainland Portugal, of which 75.6% came from renewable sources. In
contrast, Spain’s hydropower system is larger but structurally different. As of 2024,
hydropower installed capacity in Spain reached 22.747 GW, including 5.65 GW of
pumped storage capacity. The annual hydropower generation reached approximately
35 TWh. While hydropower serves primarily as a balancing and flexibility resource
in Spain’s power system, recent policy and investment developments highlight a
growing strategic emphasis on pumped storage hydropower (PSH) to support sys-
tem flexibility. Under its National Energy and Climate Plan, Spain is considering
the introduction of a capacity market to ensure long-term grid reliability and facil-
itate the integration of variable renewables. Several large pumped-storage projects
are already making progress, including Iberdrola’s Alcédntara project (440 MW, 15
GWh) and the Valdecafias scheme (275 MW, 210 GWh), alongside new initiatives
with more than 800 MW of additional capacity [34]. (see Fig.51).

Recent developments in hydropower in Portugal reflect a strategic shift toward
system flexibility and large-scale energy storage within an increasingly renewable-
based electricity mix. While traditional large-scale reservoirs remain foundational
to the national electricity system, there has been renewed emphasis on modernizing
existing infrastructure in order to improve efficiency and environmental performance,
including upgrades to turbines and fish passage solutions. Pumped storage facilities
are playing an increasingly strategic role in integrating variable renewable generation,
particularly wind and solar, by providing energy storage and grid stability.

By the end of 2025, total renewable installed capacity reached 21.9 GW [14],
while the National Energy and Climate Plan (PNEC 2030) set a target of 42 GW to be
met by 2030, indicating that approximately 20 GW of additional renewable capacity
is yet to be deployed to meet national objectives. Within this context, hydropower
continues to play a pivotal role, particularly through pumped storage schemes. The
most significant recent addition is the commissioning of the 160 MW Alto Tamega
hydropower plant, marking the final stage of the Tamega Hydropower Complex,

Modern renewable electricity generation by source, Portugal, 2024
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one of the largest hydroelectric developments in Europe in recent decades. The
Alto TAmega plant is located at the base of a 105 m-high double-curved arch dam,
constructed with approximately 220,000m? of concrete and spanning 335m at the
crest. Upon full commissioning of the complex, total installed capacity will have
reacehd 1158 MW, comprising the 880 MW Gouvaes pumped storage facility, the
118 MW Daivdes plant, and Alto Tamega [34].

According to the Portuguese Environment Agency (APA), Portugal has approxi-
mately 260 large dams distributed across its territory [3]. The country’s total reservoir
storage capacity is estimated to be 13.29km?, with the largest reservoirs located in
the Guadiana and Tagus basins, both of which originate in Spain (Fig. 52) and play
a strategic role in cross-border water and energy management [S1]. Altogether, this
development substantially strengthens Portugal’s electricity storage capacity and
reinforces hydropower’s strategic role in enabling a power system with a high share
of renewables.

Hydropower generation is particularly vulnerable to climate change, as it signifi-
cantly impacts global water resources through shifts in precipitation timing, magni-
tude and spatial distribution, as well as changes in runoff regimes [44]. These impacts
are highly region-specific and modulated by local climatic and physiographic condi-
tions [45]. The Iberian Peninsula is not generally classified as a water-scarce region.
This is demonstrated by various comparative studies that position it favourably in
terms of average water availability in comparison to other European countries or
those in the Mediterranean basin [33]. However, the climatic, geomorphological,

Fig. 52 Transboundary river basins in Portugal [15]
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(3]

geological, and socioeconomic characteristics of the Iberian Peninsula present sev-
eral challenges. In this context, the Iberian Peninsula is projected to experience a
substantial decline in hydropower generation, potentially by up to 40% by 2070. The
strongest reductions are expected in southern regions [5, 53]. This pronounced vul-
nerability is closely linked to the characteristics of the Mediterranean climate, which
is marked by strong seasonal contrasts, high interannual variability in precipitation
and a natural predominance of winter rainfall [13], as well as significant regional vari-
ations in precipitation (Fig. 53). Climate change is expected to exacerbate these fea-
tures by increasing temperatures, reducing overall precipitation, intensifying drought
frequency and duration, and shifting rainfall toward more intense but less frequent
events. As a result, reduced runoff, altered reservoir inflow seasonality, and higher
evaporative losses are anticipated, directly constraining hydropower production and
operational reliability. The Mediterranean basin is therefore widely recognised as a
climate change “hot spot”, where warming rates exceed global averages and hydro-
logical extremes are becoming more frequent, thus further amplifying the challenges
for sustainable hydropower operation under future climate scenarios [21].

In recent years the Iberian Peninsula has been the subject of several studies that
exlored the impact of climate change on the region. According to IPCC assessments,
Southern Europe and the Mediterranean region are expected to see particularly detri-
mental effects. This is especially true for the Iberian Peninsula, in particular the region
south of River Tagus, where temperature substantially increases and diminished pre-



Training the Next Generation on Sustainable Hydropower in Europe 115

RCP4.5 RCP8.5

_ 2000 1800 . -14%
£ £ "

1800 1§
£ 4% E1600 ~gRE 15%
c 1600 = |
S ¢ i SHon || |
Rl ||| S0 J
£ 1200 | Z | |
g [ || T g 1000 r{ 14
c | o ]
; 200 ‘ }: :‘1 7% ;' 800 ,g % 21% r=
L. \ | g m% 10% HC | (A ‘2 24% 29%
§ | \ O || 5 i =

400 E f i & 400 i i
1B E = 00RO

200 L | | 1
. I I = 1R i 111l

] . - = .
PTRH1 PTRH2 PTRH3 PTRH4A PTRHSA PTRH6 PTRH7 PTRH8 PTRH1 PTRH2 PTRH3 PTRH4A PTRHSA PTRH6 PTRH7 PTRHE
m Histérico (1930-2015) W 2011-2041 = 2041-2070 2071-2100 IHiRﬁiCDug!D-ZO];l) W2011-2041 = 2041-2070 2071-2100

Fig. 54 Mean annual precipitation under climate change scenarios in Portugal [3] River Basins
identification: PTRH1—Minho, Lima; PTRH2—Cavado, Ave, Leca; PTRH3—Douro; PTRH4—
Vouga, Mondego e Lis; PTRH5—Tejo; PTRH6—Sado e Mira; PTRH7—Guadiana; PTRH8—
Ribeiras do Algarve

cipitation (Fig.54) and runoff are forecasted by 2100 [10]. Thus, the hydropower
potential in Spain and Portugal will likely decrease due to reduced runoff, while
higher temperatures will likely increase summer electricity demand [25]. This vari-
ability requires water storage solutions to handle frequent instances of water scarcity
and the promotion of water management policies to balance water demand with
availability.

In Portugal, hydropower assets are managed by a relatively small number of large
operators, resulting in a highly concentrated ownership and operational structure.
The national hydropower system is dominated by EDP, which operates most large
storage, run-of-river (RoR) and pumped storage hydropower plants (PSHPs) across
the main river basins, including the Douro, Cdvado, Lima, Mondego, Tagus, and
Guadiana. Other major international players with an important role include Iber-
drola and Movhera, the latter being a joint venture between ENGIE, Crédit Agricole
Assurances (through the Predica fund) and Natixis Investment Managers (through
the Mirova fund).

Hydropower schemes are mainly located in mountainous areas and upstream river
reaches, which are often transboundary basins shared with Spain, where the hydro-
logical potential is highest before the water flows into more regulated downstream
sections. This concentration of large operators shapes not only electricity genera-
tion but also river regulation, water management practices and the implementation
of environmental mitigation measures. Although photovoltaic production has regis-
tered a significant increase in recent years, hydropower remains the main renewable
energy resource in Portugal (Fig.55).
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4.2 TS2-2 Case Study

The hydropower plant selected for the TS2-2 was the Foz Tua pumped storage
hydropower plant (PSHP), located near the confluence of the Tua River with the
Douro River, in northern Portugal, approximately 120km from Porto (Fig.56). The
Tua River drainage basin includes 700km? in Spain and totals an area of 3809 km?.
The estimated mean annual flow is around 1.2 million m?, of which around 80% is
attributable to the period between November and April. Commissioned in 2017, the
plant is a multipurpose hydropower facility consisting of a double-curvature arch
dam and an underground powerhouse (Fig.57). The facility is equipped with two
reversible Francis turbines, providing a total installed capacity of 274 MW and an

Guadiana river
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Fig. 56 Foz Tua dam location (adapted from ArcGIS Online)
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Fig. 57 Foz Tua pumped storage hydropower plant (PSHP); a Downstream view, and b right bank
view [14]

average annual electricity generation of 305 GWh. In addition, the plant has a pump-
ing capacity of 246 MW and is operated by Movhera. The double arch dam has a
height of 108 m and a crest length of 275 m (Figs.57 and 58). The reservoir has an
effective storage capacity of 10.8 million m? of water.

The project was developed in a highly sensitive environmental and cultural con-
text, as the Tua Valley is characterised by high ecological value and landscape sig-
nificance and lies within the Alto Douro Wine Region, a UNESCO World Heritage
landscape of exceptional cultural and historical importance. Owing to this setting,
strong emphasis was placed on architectural integration and landscape compatibility.
The dam and its associated infrastructure were designed by the renowned Portuguese
architect Eduardo Souto de Moura, whose guiding principle was to suppress the
structure’s conventional architectural character and instead express it as a functional
machine embedded in the landscape. This design philosophy translated into a series
of concrete solutions aimed at minimising visual intrusion, including a compact sub-
station integrated into the powerhouse building, the elimination of spillway towers,
the use of steep excavation slopes to reduce apparent height and the strategic con-
cealment of the dam body by the powerhouse itself. Additional measures, such as
avoiding access routes along the dam crest and defining non-intervention zones to
preserve riparian vegetation, further contributed to reducing landscape fragmentation
and visual impact. Altogether, this approach reflects a deliberate effort to reconcile
large-scale energy infrastructure with cultural heritage preservation, making Foz Tua
a notable example of how architectural design can enhance the social acceptance of
hydropower developments in protected landscapes.

In addition, the Foz Tua project incorporates a comprehensive set of mitigation
and compensation measures, including an environmental flow regime and ecolog-
ical monitoring programmes. Today, the Foz Tua hydropower plant represents a
relevant case study for examining trade-offs between renewable energy production,
river ecosystem protection and socio-territorial impacts within Mediterranean river
systems.
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Fig. 58 Layout and hydraulic scheme of the Foz Tua pumped storage hydropower plant (PSHP).
Top: General plan view showing the main components of the scheme: (1) dam, (2) water tunnels,
(3) powerhouse and substation, and (4) downstream channel. Bottom: Longitudinal cross-section
illustrating the water conveyance system from the Foz Tua reservoir to the powerhouse, including
the intake, pressure tunnel, reversible Francis turbines, and tailrace discharge into the downstream
reservoir.

5 The Fourth Training School on Sustainable Hydropower
(TS3)

The fourth Training School on Sustainable Hydropower (TS3) aimed to assess
hydropower assets specific to Northern European area and especially in Sweden.
TS3 was held from 24-27 June 2025 in Uppsala. Lulea University of Technology
(LTU) and Uppsala University (UU) acted as local organizers.

5.1 Hydropower in Sweden

Electricity production in Sweden between 2012 and 2023 is shown in Fig. 59. Annual
electricity production in Sweden increased by around 12%, from 152 TWh in 2013
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Fig. 59 Electricity production in Sweden from 2012 to 2023 [18]

to around 170 TWh in 2022. Hydroelectric and nuclear power production are the
main sources of electricity in Sweden. It should be noted that there has been an
approximately 5-fold increase in wind energy production between 2012 and 2023,
while the contribution of solar energy production is very limited in the electricity
mix.

An overview of the trend of installed capacity for electricity production in Sweden
from 2012 to 2023 is presented in Fig. 60. It is noted that the total installed capacity
for electricity generation in Sweden increased from 36 GW to 50 GW, up almost 40%
from 2010 to 2023. The power production capacities of hydro and thermal power
plants were maintained, while some nuclear power plants have been put on hold. It is
important to note that the installed power of wind turbines increased approximately
10 times between 2010 and 2023, while the installed power of PVs started in 2015
and reached 4 GW (25% of the installed wind power) at the end of 2023.

More than 2100 hydropower plants with a total capacity of approximately 16 GW
are installed in Sweden, see Fig. 61. It can be seen on the map in Fig. 61 that large
hydropower plants (marked with large red circles) are installed on most rivers that
cross Sweden from west to east and flow into the Gulf of Bothnia, the northernmost
arm of the Baltic Sea. Hydroelectric power production was 66 TWh in 2023. The
distribution of hydropower assets by category and their contribution to hydropower
production in Sweden are presented in Table4.

The national plan for modern environmental measures aims to revise and update
the environmental permits for Swedish hydropower plants to meet modern environ-
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Fig. 60 Installed capacity in Sweden from 2010 to 2023 [18]

mental standards. The hydropower plants (about 200 marked with different colors
in Fig. 61) were divided in different”application groups”. Under this plan, almost all
hydropower plants and their associated regulatory dams have prepared an application
for revision of their permits to Land and Environmental Courts. The National Plan
covers an operational period of 20 years, starting in February 2022.
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Fig. 61 Hydropower plants in operation in Sweden [18]

Vattenfall’s oldest hydropower plant, Olidan on Géta River, was inaugurated in
1910. Alvkarleby hydropower plant celebrated its centenary in June 2015, while
Porjus hydropower plant on Lule River marked its centenary in early 2015.

Vattenfall’s research and development laboratory is located just a stone’s throw
from Alvkarleby hydropower station. Advanced three-dimensional computer simu-
lations of various hydroelectric facilities are conducted there, while precise physical
models are built to replicate real-life situations.

Despite sophisticated computer simulations, nothing beats physical models. A
model can verify that flows, waves, vortices and water levels behave as expected
before large-scale construction begins.

The Alvkarleby Laboratory is unique in Sweden. Only it is able to build and
conduct tests on such models. Assignments come not only from Vattenfall but also
from other power companies, universities and international clients. The 280 m? model
of Slussen in Stockholm made the national news in 2012.
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Table 4 Distribution of hydropower assets by category and their contribution to hydropower pro-

duction in Sweden [18]

Installed power

Percentage of total production

Number of hydropower plants

> 10 MW 93.5% 208
1.5 MW-10 MW 3.9% 187
125 kW-1.5 MW 2.1% 680
< 125 kW 0.5% 1030
Total 100% 2105

5.2 TS3 Case Study

Alvkarleby hydropower plant is located in Alvkarleby, approximately 8 kilometres
from the mouth of the Dalélven river. It was constructed by the Swedish State Power
Board (now Vattenfall AB) and commissioned in 1915 (Figs. 62 and 63).

The establishment of hydropower stations marked a major leap forward for
Swedish industry. Alvkarleby HPP became highly significant for industrialization

Fig. 62 Map with old and new Alvkarleby hydropower plants
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throughout central Sweden as the power grid was expanded. Many mills and iron-
works sourced their electricity here and the supply was sufficient to electrify Uppsala,
Visteras, Gévle and Enkoping.

The small community of Alvkarleby, located a few kilometres from the mouth of
the Daldlven river, embraces both yesterday’s technology and activities focused on
future solutions. The hydropower station, which dates back to 1915, came at a time
when knowledge of electricity had advanced and the discovery of alternating current
made long-distance electricity transmission via power lines possible. This was con-
sidered "high tech" for its era, and great attention was paid to the architectural design
of the facility. Both the machine hall and the switchgear building were constructed in
the National Romantic style, giving the impression of a medieval castle, with steep
roofs and facades clad in hand-made, hard-fired brick (Fig. 64).

The average water discharge in the Dalélven river at its mouth in the Baltic Sea is
approximately 353-379 m3/s. This number is based on long-term measurements and
makes the river one of Sweden’s largest waterways in terms of water flow. However,
the discharge varies significantly throughout the year, with a recorded maximum
of 2450m3/s and a minimum of 40m?3/s. Therefore, the Dalilven river is heavily
regulated and features many power stations, thus affecting the natural flow patterns
(Fig.65).

Alvkarleby was Vattenfall’s third major project after the 135 MW Olidan
hydropower station in Trollhéttan and the 417 MW Porjus hydropower station. The
aim was to supply electricity to central Sweden. The hydropower plant, designed
by Erik Josephson, initially had a total capacity of 70 MW. The facility consists of
five double horizontal camelback Francis turbines in the original turbine hall, each
with a maximum flow of 90m?/s, resulting in a total flow of 450m?/s through the

Fig. 63 Old and new Alvkarleby hydropower plants: aerial view (in flow direction)
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entire station. The hydropower plant has a head of 23 m and a water discharge of
700m3/s. Alvkarleby is a run-of-river (RoR) hydropower plant with a very limited
storage capacity in the upstream reservoir. Therefore, a new hydropower station was
built between 1988 and 1991, next to the old station. A sixth unit was added, giving
the facility a total capacity of 125 MW. This new Alvkarleby hydropower plant is
equipped with a vertical Kaplan turbine. The maximum flow is 250 m/s and the head
20m (Fig. 66).

Around 1990, all dams were replaced with new ones in roughly the same locations,
as the concrete of the original dams hasd severely degraded. The hydropower station
was also expanded with the addition of new units.

Fig. 64 0Old Alvkarleby hydropower plant: upstream view and side view
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Fig. 65 Old Alvkarleby machine hall equipped with five horizontal hydropower units commis-
sioned in 1915

Fig. 66 Alvkarleby spillway and dam

Today, the Alvkarleby hydropower plant has a different significance compared to
ahundred years ago. While the mission to produce renewable electricity still remains,
the plant now acts as a regulator within an energy system that increasingly consists
of wind power production.
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In keeping with the importance of the river as a sport fishery, Vattenfall conducts
studies on the downstream migration of fish at its research facility in Alvkarleby.

6 The Fifth Training School on Sustainable Hydropower
(TS4)

The fifth Training School on Sustainable Hydropower (TS4) aimed to assess
hydropower assets specific to the Central European area, especially in Austria. TS4
was organized from 19-22 May 2026 in Salzburg. TU Wien acted as the local orga-
nizer.

6.1 Hydropower in Austria

Hydropower is an essential part of Austria’s energy system. It provides a large portion
of base load along the big rivers (e.g. Danube, Salzach, Inn, Drava), plus flexibility
services via the big storage and pumped storage hydropower plants (PSHPs) in the
alpine regions. The average electricity generation in Austria is stable at approximately
70 TWh per year (Fig.67). More than 10years ago the system was dominated by
hydropower and fossil fuel generation, but in recent years the production of volatile
renewable energy sources, i.e. wind and solar increased significantly. While they are
increasingly replacing the share of fossil production, hydropower stays relatively
constant. The latter is heavily influenced by annual precipitation restriction [7, 17].

The same trend is also evident in the installed capacity shown in Fig. 68. Over
the last 10years, the overall capacity has increased by 50% to over 30 GW, driven
primarily by solar power. In the same period, hydropower increased by only 0.5 GW.
In view of these two statistics and bearing in mind the Austrian history, hydropower
was and continues to be the backbone of the national electricity grid [7, 17] (Fig. 69).

Due to the geographic topology differences between the flat eastern part of the
country an the one hand, and the mountainous western and southern parts on the
other, the distribution of solar, wind and hydropower plants across Austria is far from
uniform. Wind is dominant the east, whereas solar and hydropower are spread out all
over the country. 450 large HPP’s (> 10 MW) operate in the country. Run-of-river
HPPs on major rivers such as the Danube, Salzach, Inn and Drava provide the country
with essential base load, while large storage and pumped storage plants are located
in western and southern regions such as Salzburg, Tyrol, Vorarlberg and Carinthia.
They are particularly important to provide flexibility and peak-load services to the
national grid and beyond [40].
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The annual energy production of hydropower is directly linked to levels of pre-
cipitation. Figure 70 shows an typical distribution across Austria in 2025. It is clear
that deposition is higher in the mountainous areas than in the flatter eastern parts
of the country. 26% of Austria’s water reserves are stored in reservoirs, lakes and
glaciers [9].

6.2 TS4 Case Studies

Two hydropower plants were selected as case studies in TS4, namly Hintermuhr
PSHP and Sohlstufe Lehen RoR HPP.
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6.2.1 Sohlstufe Lehen HPP

The Sohlstufe Lehen hydropower plant (HPP) is a run-of-river (RoR) facility located
on the Salzach River in the city of Salzburg, close to the historic old town. It is the
final hydropower plant of the Salzach cascade before the river joins the Inn River.
The plant was designed specifically to blend harmoniously into a densely populated
urban environment, and its iconic ‘swan-neck’ hydraulic piers are widely recognized.
The powerhouse’s architecture and the four curved, arched weir fields were carefully
designed to reflect the natural flow of water. This creates dynamic, curved profiles
above the water surface that are reminiscent of swan necks (Fig.71). A distinctive
feature of the plant is the set of six-meter-high hydraulic levers for operating the
gates. These structures serve functional and aesthetic purposes, reducing the visual
impact of the mechanical equipment. Overall, the hydropower plant successfully
combines heavy industrial engineering with refined urban architectural design.

Built between 2010 and 2013 on an existing riverbed step, the plant was designed
to address riverbed erosion while generating renewable energy. With a design dis-
charge of 250m?/s, a head of 6.6m, and two Kaplan turbines, it has a capacity of
approximately 13.7 MW and produces around 81 GWh of electricity per year. In
addition to generating electricity, the project has significantly improved flood pro-
tection in the city. The weir system is designed to safely pass major flood events and
manage sediment transport, which is essential in the sediment-rich Salzach River.
Due to its sensitive urban location and complex geological conditions, careful plan-
ning, extensive communication with local residents and special architectural design
were required for the project. Ecological measures were also implemented, including
two fish passage systems (see Fig.72) and the restoration of nearby river areas to
improve ecological connectivity in line with EU water policy [46, 49].

Fig. 71 Sohlstufe Lehen RoR HPP (view from downstream) [46, 49]
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Fig. 72 View of the two type of the fish passage systems installed at the Sohlstufe Lehen RoR HPP

6.2.2 Hintermuhr HPP

The Hintermuhr hydropower plant, commisioned in 1991, is a pumped storage facility
located in the Austrian region of Salzburg. As it was the first cavern power station to
be built in Salzburg, most of its mechanical and electrical components were installed
underground in order to minimize surface impact and preserve the alpine environment
of the surrounding national park. The facility uses water from the Rotgiilden reservoir
and its catchment area. This water is conveyed through a six-kilometre-long pressure
tunnel and a penstock, utilizing a gross head of around 600 m to drive the turbines.
Between 2006 and 2008, the plant was upgraded to a pumped storage facility by
installing a new 68 MW reversible pump turbine alongside the existing 36 MW
Pelton turbine. This conversion enables the plant to function as a large-scale energy
storage system, providing peak-load generation and grid balancing services in both
turbine and pump modes. This kind of flexibility in the energy system allows for
better and more efficient integration of renewable energy sources. Additionally, the
reservoir system supports hydrological management, including partial flood control
and flow regulation. With an installed capacity of around 104 MW, the facility is the
largest operated by Salzburg AG [47, 48] (Fig.73).
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Fig. 73 The Hintermuhr hydropower plant [47, 48]

7 Training School Outputs

Each of the five PEN @Hydropower training schools produced a variety of outputs.
Firstly, different types of hydropower plants across Europe were compared with each
other, providing insights into their technological, environmental, and regional char-
acteristics. Secondly, the Hydropower Sustainability Standard (HSS) topics selected
by the various stakeholder groups were analyzed and compared with each other,
highlighting common priorities and differing sustainability perspectives. Thirdly, the
training schools documented the personal experiences of both trainers and partici-
pants by way of interdisciplinary collaboration, field visits and knowledge exchange,
demonstrating the educational and professional value of the initiative. Fourth, the
authors provide an overview of the potential future implementation and expansion
of the initiative into university curricula.
The following sections will address, each comparison in greater detail.

7.1 Comparison of Test Cases

One of the main objectives of the training schools was to compare different European
regions and identify how hydropower plants are operated, which sustainability top-
ics are prioritized and how regional conditions influence hydropower development.
In line with this approach, the following analysis directly compares the selected
hydropower plants with each other. More detailed descriptions of each power plant
have been provided in the previous sections (2, 3, 4, 5, and 6), which discussed
training schools individually.
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The hydropower plants (HPPs) are grouped by asset type, namely run-of-river
(RoR), storage and pumped storage hydropower plants (PSHPs), as listed in Table 5.
Particular attention was paid ensuring a balanced representation of the various types
of hydropower plants in the comparison.

The listed power plants are assigned to plant categories, then the plants of each
category are compared with each other.

The first category to be addressed are run-of-river (RoR) hydropower plants
(HPPs) (see Table 6). The three assessed power plants are located in different Euro-
pean regions, namely Romania, Sweden, and Austria. While the Timisoara SHPP and
the original Alvkarleby HPP were commissioned over 100 years ago, Sohlstufe Lehen
HPP and the newer Alvkarleby HPP expansion represent more modern hydropower
developments.

The comparison of the three RoR hydropower plants reveals both common char-
acteristics and regional differences in relation to the HSS criteria. From an envi-
ronmental perspective, the more recently built Sohlstufe Lehen HPP is most closely
aligned with modern biodiversity and river restoration practices, while the older
plants exhibit varying degrees of ecological adaptation and flood-control capability.
All three plants are highly relevant from the perspective of the local population, but
Timisoara SHPP and Alvkarleby HPP stand out due to their historical and cultural
significance. In terms of governance, the Austrian plant has more advanced and for-
malized management and safety standards, whereas the older facilities rely more
on established operational structures and long-term experience. In economic terms,
all three hydropower plants demonstrate medium to high long-term viability and
continue to contribute significantly to the regional energy supply and security.

The second category comprises storage power plants (see Table 7). Three power
plants in this category were also visited and assessed. These power plants are located
in Romania and Greece, and were built in different decades. Ilarion and Polyphyto
HPPs are both located on the same river cascade. Again, comparing the HPPs
reveals common sustainability characteristics and regional differences. All storage
hydropower projects demonstrate environmental flow compliance with environmen-
tal flow requirements and integrated water management measures. However, the
Polyphyto HPP distinguishes itself through its large reservoir system and its strong
focus on wetland protection and flow regulation. The Greek hydropower plant pro-
vides multiple benefits relating to the water—energy—food nexus, tourism and cultural

Table 5 Classification of TSs test cases by hydropower asset types

Type of HPP Test cases

RoR Timisoara SHPP (TS1), Alvkarleby HPP (TS3), Sohlstufe Lehen HPP
(TS4)

Storage Turnu-Ruieni HPP and Zervesti SHPP (TS1), Ilarion HPP + SHPP and
Polyphyto HPP (TS2-1)

Pumped storage Foz Tua PSHP (TS2-2), Hintermuhr PSHP (TS4)
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Table 6 Comparison of RoR HPP test cases assessed during the TSs

HPP country year of | Timisoara SHPP Alvkarleby HPP Sohlstufe Lehen HPP

commissioning Romania 1910 Sweden 1915 Austria 2013

Environmental Moderate to minimal | High reservoir impact; | Strong alignment with
reservoir impact; focus on fish bypasses | biodiversity best
likely lacks modern and ecological practices; high-quality
fish passage measures; high flood | fish bypass and river
technology; high flood | control capability restoration measures;
control capability integrated flood

control

Social and cultural Very high cultural Recognized site with | Good integration into
heritage value and strong links to local the urban environment
strong integration into | history and sports through public
the urban identity and | activities recreation areas and
recreational landscape bridge infrastructure
of the city

Governance Managed by local Regularized High governance
authorities; a clearer management with standards with modern
long-term strategy is | established operational | infrastructure safety
required procedures measures

Economic Very high long-term | Very high long-term | Economic viability
viability as one of the | viability as one of the | and contribution to
oldest operational oldest operational regional energy
plants in Europe plants in Europe security

heritage integration. In contrast, the Romanian Turnu-Ruieni HPP primarily enhances
regional energy security and decentralized electricity supply, while Zervesti SHPP
delivers environmental flow. From a governance perspective, all projects have stable
management. Restrictions on multipurpose use dominate Ilarion and Polyphyto HPP,
while Turnu-Ruieni HPP is important for grid stability and restoration. In economic
terms, storage HPPs are characterized by high operational efficiency, enhanced grid
flexibility and significant contributions to regional energy stability, flood protection,
tourism and farming activities.

The third and final category consists of pumped storage hydropower plants
(PSHPs) (see Table8). Two relatively modern hydropower plants were examined
and assessed during the training schools. Both facilities are located in hilly and
mountainous regions surrounded by national parks. The assessment of these PSHPs
revealed both shared sustainability characteristics and regional differences relating
to environmental, social, governance and economic aspects.

From an environmental perspective, both projects implement environmental flow
management and mitigation measures. However, Foz Tua PSHP needs to focus
more strongly on restoring vegetation and landscape impact compensation. The
two projects differ in terms of their social and cultural dimensions. Foz Tua PSHP
is closely connected to the UNESCO heritage debate and the architectural inte-
gration of the project into the surrounding landscape, whereas Hintermuhr PSHP
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Table 7 Comparison of storage HPP test cases assessed during TSs

S. Muntean et al.

HPP country year of | Turnu-Ruieni HPP + | Ilarion HPP + SHPP | Polyphyto HPP

commissioning Zervesti SHPP Greece 2014 Greece 1974
Romania 1983

Environmental High head reservoir Cascade integration on | Focus on flow

storage; environmental
flow compliance

the river;
environmental flow
compliance

regulation and
artificial wetland
protection; large
reservoir; complex
cascade

Social and Cultural

High contribution to
regional energy
security; decentralized
power for local grid

Multipurpose use
across the
water-energy-food
nexus (energy, water
and irrigation);
protection of cultural
heritage; integration
into landscape reflect a
careful analysis of
local heritage

Strong benefit sharing
with local
municipalities;
multipurpose: power,
water, irrigation,
tourism

Governance Managed by a national | Managed by a national | Managed by a national
company; provides company; company;
grid stability and multipurpose use of | multipurpose use of
restoration the river cascade; the river cascade;
careful monitoring. careful monitoring
Economic High operational High efficiency and Provides grid
efficiency; provides infrastructure safety; | flexibility and flood

grid flexibility and
black-start capability;
high economic
viability within a
green portfolio

advanced flow
regulation and
operation; provides
grid flexibility

protection; tourism
and farming activities

contributes mainly to regional tourism, local communities and energy security. In
terms of governance, both projects demonstrate high governance standards and strong
stakeholder involvement. Foz Tua PSHP emphasizes community-based stewardship
through regional development initiatives, while Hintermuhr PSHP focuses on trans-
parency and decarbonization strategies. In economic terms, both pumped storage
hydropower plants (PSHPs) provide substantial storage capacity and grid flexibility,
thereby supporting the integration of renewable energy sources into the electricity
system.

7.2 Comparison of HSS Topics

A key objective of the Training Schools, as noted in Sect.7.1, is to examine power
plants in different European regions from the perspectives of various stakeholders.
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Table 8 Comparison of pumped storage hydropower plant (PSHP) test cases assessed during TSs

HPP Country Year of
commissioning

Foz Tua PSHP
Portugal 2017

Hintermuhr PSHP
Austria 1991

Environmental

Mitigation of forest and land loss;
ongoing monitoring of vegetation
restoration; environmental flow
management.

Utilizing existing water resources;
environmental flow management
and mitigation measures

Social and Cultural

High-profile UNESCO heritage
debate; architectural integration to
minimize visual impact

Strong community and tourism
benefit and regional energy
security

Governance Strong community-based Strong commitment on
stewardship through Regional transparency, decarbonization,
Development Association of the | safety standards and community
Tua Valley (ADRVT); high integration; federal ownership
governance standards.

Economic Provides grid flexibility; big Provides grid flexibility; big

storage which enables the
integration of renewable energies

storage which enables the
integration of renewable energies

In this section, the selected Hydropower Sustainability Standard (HSS) topics are
compared across the different stakeholder groups. As described in Sect. 1, partic-
ipants worked solely with publicly available information and did not have access
to operators’ internal plant documentation. Although the HSS can be applied to all
phases of a hydropower project, including planning, preparation, implementation
and operation, the assessments carried out in the Training Schools covered only the
operational phase with the exception of one group in TS2-1, which applied the HSS
to the preparation stage. This can be chosen in cases where a project is close to tran-
sitioning to the next stage in its life cycle (e.g. from preparation to implementation
or from implementation to operation), and the beneficiary wishes to be certified for
the next stage of the life cycle.

For completeness’ sake, all topics of the operational phase are listed below [32]:

O-1 Communications and Consultation;

O-2 Governance;

O-3 Environmental and Social Issues Management;
0-4 Hydrological Resource;

0O-5 Asset Reliability and Efficiencys;

0O-6 Infrastructure Safety;

O-7 Financial Viability;

O-8 Project Benefits;

0-9 Project Affected Communities and Livelihoods;
0O-10 Resettlement;

O-11 Indigenous People;

0-12 Labour and Working Conditions;

O-13 Cultural Heritage;
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O-14 Public Heath;

O-15 Biodiversity and Invasive Species;

O-16 Erosion and Sedimentation;

0O-17 Water Quality;

0O-18 Reservoir Management;

0-19 Downstream Flow Regime;

0-20 Climate Change Mitigation and Resilience.

One group in TS2-1 used topics from the preparation phase. These are listed
below [32]:

e P-13 Project Affected Communities and Livelihoods;
e P-17 Cultural Heritage.

These preparation phase topics are analogous to O-9 and O-13 respectively [32].

Table 9 lists all the topics chosen by the stakeholder groups, organized by training
school. The most popular topic is O-6, followed by O-3 and O-5. An analysis of the
table shows that some topics, e.g. O-2, O-7, O-9 and O-19, are mainly treated by a
particular stakeholder group. Comparing the topics of individual TSs reveals more
variety. Apart from TS2-1, O-6 was consistently selected.

The first evaluation focuses on the topics chosen by each group. Group 1 (Owners,
operators) identified three common topics across the Training Schools. In Timisoara
(TS1), the group highlighted issues such as limited communication with stakeholders,
as well as inconsistencies in safety measures and labour management practices.
In Greece (TS2-1), the multipurpose use of hydropower projects — covering water
supply, irrigation, tourism and flood control — was recognized as a key benefit linked
to reservoir management. In Foz Tua (TS2-2), Group 1 emphasized project benefits
including a mobility plan for railways and tourism, job creation and reduction of the
fire risk. Other topics addressed stakeholder engagement, such as the establishment of
development agencies and the implementation of landscape protection initiatives. In
Sweden (TS3), the owners and operators tended to focus more on technical aspects,
including monitoring and maintenance, as well as biodiversity measures (related
to flow and fish) and water quality concerns (seasonal temperature variations and
suspended sediments). The Salzburg TS placed a strong focus on hydropeaking
mitigation, flow regimes and labour conditions for the PSHP, while highlighting
issues such as sedimentation and good asset reliability for the RoR HPP.

Meanwhile, Group 2 (Financiers, developers, insurers), selected four topics across
the Training Schools. O-6 and O-7 were each chosen four times.

TS1, TS2-2, TS3 and TS4 all highlighted monitoring of infrastructure and dam
safety, along with associated risk assessments. The financial viability topic, which
was addressed in Greece, Portugal, Sweden and Austria, focused on reporting, market
research and analysis, funding and offsets. In Thessaloniki, the second topic for
Group 2 emphasized the reliability and efficiency of assets in relation to the flexible
operation of HPPs, maintenance practices and market conditions. In Uppsala, the
same topic emphasized reliable maintenance planning, established protocols and
research support. For financiers and developers, the impacts of climate change are



137

Training the Next Generation on Sustainable Hydropower in Europe

61-0 ‘LI-O sdnois ur
9-0 ‘6-0 ‘¢-0 9-0 ‘-0 ‘91-0 ‘S1-0 ‘€-0 670 9-0 ‘-0 | 02-0 ‘L-0 9-0 ‘-0 T1-0 ‘8-0 ‘S-0 | 21do) uowriod IS0y
ddH
uQyo AJMIS[YoS
91-O0 [480) 91-O| ‘dHSd Wynuuryg
T1-0 '9-0 ‘€0 9-0 ¢-0 ‘T0 L1-0 91-0 ‘S1-O | ‘670 9-0 ‘€-O ‘I-0 L-0°9-0 T1-0 '6-0 ‘-0 (8mqzyeg) pSI,
LI-O 02-0 ‘61-0 £1-0 0¢-0 ddH £qapeyAry
‘S1-0 9-0 ‘-0 00 ‘8-0| ‘LI-O0 91-0 SI-0 T1-0 ‘9-0 ‘€-O | ‘81-0 ‘L-0 9-0 ‘-0 LT1-0 ‘S1-0 ‘S-O (eresddpy) €SI,
dHSd enl 7204
9-0 ‘€-0 9-0 ‘-0 SI-0 ‘€0 S1-0 ‘60 02-0 °L-0 9-0 8-0 ‘€-0 (0310g) T-TSL
ddH 01AydAjod
‘ddH uotre[]
(n{ruoressay 1)
8-0 L1-d ‘€1-d 61-0 ‘L1-0 8-0 ‘€-0 L-0°S-0 81-0 ‘8-O 1-CSL
ddHS eleosiul],
‘ddHS NsaAIsZ
‘ddH tuarmny-nuing,
9-0 9-0 6-0 ‘T-0 ¥-0 ‘€-0 60 ‘9-0 9-0 Z1-0 ‘1-0 (exeosiwi]) ISL
(sororjod (sIopjoyayels
SLur JUSWIUIIAOL)) [BIUSWIUOIIAUY) (s1opoyeye)s | (s1omsur ‘srodo[oaap (s103e10dO
o1do} uowrtos SO ¢ dnoin + dnoin [eos) ¢ dnoin | ‘s1vroueury) ¢ dnoin ‘szoumQ) | dnoin

sjooyos Jururer) Ay ur sordo) prepue)s Ajrjiqeurelsns 10modoIpAy poloo[es ¢ dqeL



138 S. Muntean et al.

particularly relevant. Evaluations in Porto and Alvkarleby considered greenhouse
gas (GHG) emissions and the increasing frequency of extreme events, highlighting
potential risks. Adaptation measures are incorporated into planning, making reservoir
management increasingly important. In Salzburg the wrong planning, thus lower cash
flow was pointed out for one HPP, whereas the other has good financial performance.

Social stakeholders (Group 3) also chose several some topics several times, includ-
ing Infrastructure Safety, Environmental and Social Issues Management and Project-
Affected Communities and Livelihoods. Each of these topics was chosen three times.
In TS1, the group highlighted monitoring, flood protection and safety procedures, as
well as benefits such as local job creation, tourism and healthcare. In Greece, flood
protection and the conservation of cultural heritage were emphasized for O-3, while
the main benefit for local communities was considered to be the multipurpose use of
the site, covering water supply, irrigation and tourism. In the Tua and Douro Valley,
farmers and winegrowers benefited from compensation measures and biodiversity
improvements through dedicated monitoring programmes, and the preservation of
conservation areas was also prioritized. In Sweden, the focus was on maintaining
high labour and safety standards, mitigating social and environmental impacts, and
supporting local traditions and tourism. Both hydroelectric assets of Salzburg have
high public acceptance, good integration, stakeholder engagement and labour con-
ditions.

Similar to Group 2, environmental stakeholders (Group 4), selected the most com-
mon topics across the Training Schools. In TS1, the key issues were changing flow
regimes, environmental flows, water quality monitoring and biodiversity. The HPPs
visited either met or fell short of these criteria. In Greece, downstream flow regimes
are regulated by irrigation, water supply, and environmental flow requirements, and
the river that supplies Thessaloniki with fresh water is continuously monitored. At
Foz Tua PSHP, which is located within a national park and adjacent to the Douro
UNESCO World Heritage Site, biodiversity monitoring is essential. Stakeholders
from the fields of ecology, agriculture and tourism are actively involved in discus-
sions. In Sweden, although no typical fish pass has been installed, the operator and
local fishers monitor fish and vegetation habitats, including the spawning of native
species. The impacts of climate change, erosion, sedimentation and water quality are
also treated as important considerations. The hydropower plants in Salzburg have
reduced their surface impact. The PSHP is mitigating hydro peaking while ensuring
high water quality. The RoR HPP supports fish migration with two fish ladders but
struggles with high sediment concentrations and regulation.

Government and policy stakeholders (Group 5) selected the fewest common top-
ics across the Training Schools. Governance and infrastructure safety were each
chosen three times. In TS2-1, the group focused on topics from the preparation
phase, examining the potential loss of cultural heritage during the construction of
Polyphyto HPP, while also recognizing the benefits of multipurpose use. In TS1, the
group highlighted grid services and asset efficiency at the Turnu-Ruieni HPP, but also
noted governance irregularities and shortcomings in safety measures. The TS2-2 use
case addressed social and environmental responsibilities, where multiple certifica-
tions demonstrate ethical business practices and corporate governance, although no
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public financial reporting was available. Although infrastructure safety is technically
well documented and assessed, improved communication could enhance its effec-
tiveness. In TS3, Group 5 identified project benefits including flood protection and
local job creation. The facility also contributes to reducing GHG emissions despite
limited measures to strengthen the resilience of freshwater ecosystems. In Salzburg,
both power plants demonstrate good compliance and operational management, as
well as high safety standards, and are socially and environmentally integrated.

The second evaluation focuses on the topics selected in each of the individual
Training Schools. As Table 9 shows, O-6 was the only topic chosen more than once
in TS1 (Timigoara), namely by Groups 2, 3 and 5, which can be seen as a reflec-
tion of the broad range of issues addressed. In TS2-1 (Thessaloniki), only one topic
was selected by multiple groups. While most groups emphasized the multipurpose
use of the sites, Groups 1 and 3 explored more specific and dedicated topics. In
TS2-2 (Porto) the most frequently selected topics were Environmental and Social
Issues Management and Infrastructure Safety. Owners and operators (G1) and envi-
ronmental stakeholders (G4) chose O-3, while both Group 2 and 5 addressed O-6.
The situation in TS3 (Uppsala) was notably different, with four topics being selected
by multiple stakeholder groups. Groups 1 and 2 looked at asset reliability and effi-
ciency; groups 2 and 3 focused on infrastructure safety; and Groups 1 and 4 shared
two topics related to water quality and biodiversity. A similar pattern was observed in
Salzburg, where groups also selected four common topics. As in Timisoara, Infras-
tructure Safety was chosen by groups 2, 3 and 5. Groups 1 and 3 selected Labour
and Working Conditions, Groups 1 and 4 selected Erosion and Sedimentation, and
the social and environmental stakeholder groups selected Environmental and Social
Issues Management.

It is noteworthy that Owners and Operators (G1) and Social or Environmental
Stakeholders (G3 and G4) shared topics in four out of five Training Schools. Groups
2 and 5 also selected the same topic (O-6) in three of the five editions.

Interestingly, Owners and Operators always selected topics that were different to
those seleted by Governance and Policy (G5). Only once they did choose the same
topics as Financiers, Developers and Insurers (G2). The same applies to Social and
Environmental Stakeholders (G3).

When considering the limited availability of publicly accessible data for the visited
sites, particularly in Sweden, the overlap of topics within a Training School is likely
to be influenced by data availability.

Furthermore, the frequent selection of Infrastructure Safety (O-6) appears to be
largely driven by the requirement to publicly communicate this subject to ensure
protection and raise awareness among the general public. It should be noted that
participants’ professional backgrounds did not significantly influence their choice
of topics. This is particularly evident in Sect.7.4. The explanations provided by the
guide during the visit also influenced topic selection.
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7.3 Personal Reflections and Statements

As prevoiusly mentioned in Sect. 1, the training schools were attended by 111 partici-
pants from 31 countries. To gain a deeper understanding of participants’ perspectives
and collect valuable feedback on the course, an anonymous questionnaire was handed
out to all attendees. The questionnaire covered the following topics:

Participant background and motivation;

Training school evaluation;

Professional impact and networking;

Experience and feedback;

Willingness to provide a testimonial for this book.

To make it easier to assess all the answers, the questions were assigned to the
categories of the SWOT (Strengths, Weaknesses, Opportunities and Threats) analysis
(see the categorization in Table 10). Some questions allow for interpretation and can
result in a response that is categorized as either a strength or a weakness, or an
opportunity or a threat, and vice versa.

Table 11 presents the survey results using the same structure as the questionnaire
and the assigned SWOT categories. This approach allows for a clearer interpretation
of the responses and reduces uncertainties related to the categorization of individual
questions, particularly where answers may reflect both positive and negative aspects
depending on the participants’ perspectives. Some questions are easy to assess (score
between 1 (bad) and 5 (good)), while others allow for personal more statements. The
latter are evaluated outside of Table 11.

The survey revealed that participants were primarily motivated to attend the Train-
ing School (TS) in order to broaden their perspective, deepen their knowledge of
sustainable hydropower and expand their professional network. Overall, expecta-
tions were largely met, with the general framework and quality of the TS being
rated as good. Participants highlighted the effectiveness of the trainers and speak-
ers, the usefulness of the training materials and the well-organized logistics. They
also appreciated the balance between theoretical sessions and practical activities, as
well as the appropriate duration and pacing. Depending on their professional back-
ground, many participants noted that the knowledge gained could be applied in their
future work, and that the TS had enhanced their understanding of the current chal-
lenges and innovations in sustainable hydropower. Participants especially valued the
practical applications, such as the site visits and implementation of the Hydropower
Sustainability Standard. Overall, attendees recommended the TS to their colleagues
and peers, reflecting the programme’s strong positive impact To further highlight
personal opinion, including those of trainer, editors asked participants and speakers
to provide short testimonials/statements.

Testimonial of Training School Teacher: “In times where so many -seemingly-
new teaching concepts are proliferating, it is especially satisfying to see again the
basics work best for teaching bright minds: the combination of in-the-room-teaching
and the opportunity to test the fresh insights and newly learned tools on-site. That
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Table 10 Survey questions assigned to SWOT categories

SWOT category

Survey questions

Strengths

How would you rate the overall quality of the training school?

Did the training school meet your expectations in terms of learning
about sustainable hydropower practice?

‘Which topics or sessions did you find most valuable?

Were the guest trainers and speakers effective in delivering their
content?

Did the training materials support learning effectively?

How satisfied were you with the organization and logistics?

Was the balance between theoretical sessions and practical activities
appropriate?

How would you rate the overall duration and pacing of the training
school?

What was the highlight of your experience during the training school?

How likely are you to recommend the Training School to a colleague
or within your community?

Weaknesses

How would you rate the overall quality of the training school?

Did the training school meet your expectations in terms of learning
about sustainable hydropower practice?

Was the balance between theoretical sessions and practical activities
appropriate?

Which content should be expanded and/or given more time?

How would you rate the overall duration and pacing of the training
school?

Were the guest trainers and speakers effective in delivering their
content?

Opportunities

‘What motivated you to attend this training school?

Did the training school help you expand your professional network?

Did the training school enhance your awareness of current challenges
and innovations in sustainable hydropower?

Do you have any suggestions for improving future Training Schools?

Which other content should be incorporated?

Any other comments or suggestions?

Threats

How likely are you to apply the knowledge gained in your current or
future work?

How satisfied were you with the organization and logistics?

If the training school were offered at a cost, what is the maximum
attendance fee you would consider reasonable?

Please share any challenges you experienced during the training school
(if any)




142 S. Muntean et al.

Table 11 Survey results assigned to SWOT categories

SWOT category Survey results

Strengths The framework as a whole was rated as good in terms of both quality
and overall performance

Expectations in sustainable hydropower learning were largely met

The most valuable topics were those related to sustainability and the
HSS

Guest trainers and speakers were effective in delivering their content

The training materials supported effectively the TS

Organization and logistics were good

Theoretical sessions and practical activities were balanced

The overall duration and pacing were appropriate

The attendee’s professional network was significantly expanded

Overall, the knowledge gained will be applied in future work.
However, this depends on the attendee’s background and affiliation

Current challenges and innovations in sustainable hydropower were
explained

Participants emphasized the importance of site visits and networking
opportunities

Participants recommend the TS to colleagues and peers

Overall, there were no major challenges

Weaknesses More time should be set aside for preparing the assessment

Opportunities Networking opportunities and expanding knowledge in sustainable
hydropower were the main motivations for attending the TS

Coverage of additional specific topics and details was recommended

A reasonable attendance fee was considered to be either <500 € or
500-1000 €

Threats -

combination is at the core of the COST Action Training Schools, and the learning that
results from them is deep. What I take away is equally the energy and the connections
that form among participants, trainers, experts, organisers—a community that keeps
talking long after the week ends. I am deeply grateful to have been part of it”.
Testimonial of a participant from academia: “Participating in the Training
School was an extremely valuable experience for me. The lectures on the Hydropower
Sustainability Standard, as well as the practical application at an existing hydropower
plant, significantly broadened my perspective and made me realize how many dif-
ferent aspects are involved in the hydropower sector. In addition, during this week I
had the opportunity to establish many new connections with fellow participants from
various academic and professional backgrounds. Our conversations allowed me to
gain insights into their work and expertise. Overall, the Training School was highly
enriching for me, both professionally and personally. For the practical application of
the standard, we were divided into five groups, each focusing on a specific part of
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the Standard, such as Social Aspects or Environmental Aspects. While this approach
allowed us to gain deeper insight into one particular area, it also meant that the other
aspects were only addressed to a limited extent. One possible way to further broaden
the overall perspective would be to rotate the groups, allowing participants to engage
more closely with all areas of the Standard. However, this would require significantly
more time, which may limit the practical feasibility of this suggestion”.

Testimonial of a participant from industry: “Coming from an O&M role in
hydropower plants, my day-to-day work is usually focused on operational issues,
reliability and keeping the units running properly. The Training School was particu-
larly interesting for me because it exposed me to a more academic and sustainability-
oriented perspective that I do not normally deal with in daily operations. I especially
appreciated the discussions with researchers and people from different technical
backgrounds, since they helped me look beyond the immediate plant-level problems
and understand hydropower from a more holistic perspective. It was also a very good
opportunity to better understand how sustainability in hydropower is viewed from
different stakeholder perspectives, which is something we do not usually analyze in
depth during daily O&M activities. Overall, I found the experience very valuable
and enriching”.

The testimonials from trainers, academic participants, and industry representa-
tives demonstrate that the Training Schools successfully combined theoretical learn-
ing with practical application, creating a highly enriching educational environment.
The program fostered interdisciplinary exchange, strengthened professional net-
works, and encouraged collaboration between academia and industry. Participants
particularly valued the opportunity to examine hydropower sustainability from mul-
tiple stakeholder perspectives, while the practical site assessments contributed to a
deeper understanding of real-world challenges and solutions related to sustainable
hydropower development and operation.

The feedback collected through the testimonials strongly overlaps with the results
obtained from the participant surveys, confirming the overall positive impact of
the Training Schools on knowledge transfer, practical skill development, interdisci-
plinary collaboration and the strengthening of the European sustainable hydropower
community. At the same time, the feedback provided valuable and constructive sug-
gestions for further improvement, particularly a possible expansion of topics and a
broader exposure to all aspects of the Hydropower Sustainability Standard during
the practical assessment activities.

7.4 Outlook on Implementation Possibilities

The PEN@Hydropower members’ capacity-building activities in sustainable
hydropower led to the initiation of theoretical knowledge and practical skills trans-
fer nuclei in European universities. Starting with the 2025-2026 academic year,
the Swiss Federal Institute of Technology of Lausanne (EPFL) in Switzerland and
the Brno University of Technology (BUT) in the Czech Republic will introduce
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Table 12 Selected topics for HSS assessment during the TU Wien excursion 2026

Group 1 Group 2 Group 3 (Social | Group 4 Group 5
(Owners, operators) | (Financiers, stakeholders) (Environmental | (Government,
developers, stakeholders) policies)
insurers)
0-4, 0-5, O0-17 0-7, 0-8 0-12, O-14, 0-15, 0-19 0-17, 0-19
0O-18

courses in sustainable hydropower. Over forty master’s students have enhanced
their theoretical knowledge of sustainable hydropower using materials provided by
PEN @Hydropower.

In the future, the existing framework of the Training School could be expanded
or integrated into university curricula. As discussed in the previous chapter on
the current state of European hydropower education, there are currently no lec-
tures that explicitly combine sustainability and hydropower. At a time when holistic
approaches are becoming increasingly important, introducing or continuing a ded-
icated hydropower lecture or training programme would be highly valuable for the
sector.

Feedback from colleagues indicates that many incorporate visits to hydropower
plants into their courses, and these activities are consistently highly valued by stu-
dents, as reflected in the Training School survey results (see Sect.7.3). Combin-
ing theoretical education with practical, on-site experience enhances learning, as it
allows students to observe the scale and complexity of hydropower facilities first-
hand. Experiencing these facilities in person rather than through slides, images or
diagrams provides a more comprehensive understanding of technical and sustainabil-
ity aspects, helping to bridge the gap between theory and practice. This integrated
approach could serve as a model for future hydropower education initiatives.

Similar to the site visits in the PEN@Hydropower Training School, such excur-
sions can be used to illustrate sustainability assessments. As part of their biennial
multi-day site visit, the Fluid-Flow Machinery research group at TU Wien incorpo-
rated a Hydropower Sustainability Standard (HSS) assessment into their programme.
As in the training school, a specific site was selected for the assessment, preceded
by a theoretical lecture covering sustainability in general and the HSS in particular.
The same stakeholder groups were involved to mirror practical conditions. However,
a notable difference is that all participants were mechanical engineering students,
unlike the diverse professional backgrounds of Training School attendees. The vis-
ited site was unique in that its primary purpose is water supply rather than energy
generation. This choice was deliberate, reflecting the objective of broadening the
application of the HSS to water infrastructure beyond hydropower. The selected and
assessed topics for this year’s (2026) TU Wien excursion are listed in Table 12.

A comparison of the selected topics and the results from the field trip revealed
that professional background played only a minor role in both topic selection and
assessment. It should be noted that the amount of publicly available data significantly



Training the Next Generation on Sustainable Hydropower in Europe 145

influences topic selection. The explanations provided by the guide during the visit
also influenced topic selection A comparison of the HSS topics selected in the context
of the Training Schools with those of the TU Wien field trip reveals topic overlaps
for stakeholder groups G1, G2 and G4. In the other two groups, only one topic was
selected once in previous Training Schools. While there is no definitive evidence as to
the reason, the influence of more detailed explanations and the different infrastructure
purpose is evident.

8 Conclusions

This chapter outlines the contribution of the PEN@Hydropower community to
addressing the identified capacity-building gap in sustainable hydropower. It details
the framework that was developed, implemented and tested by the community to
support education and training in this field. This framework consists of a series
of training schools on sustainable hydropower, which aim to transfer theoretical
knowledge and practical skills to early career investigators (ECIs), as well as mas-
ter’s and PhD students. The PEN @Hydropower Training School structure combines:
(i) clearly defined learning objectives related to sustainable hydropower; (if) a cur-
riculum integrating the theoretical foundations of the Hydropower Sustainability
Standard (HSS) with practical assessment activities at existing hydropower facili-
ties; (iii) modern teaching approaches, including teamwork and interactive exercises;
and (iv) individual and group-based assessment methods.

The PEN@Hydropower Training School on Sustainable Hydropower was
designed as a four-day program. The first day introduced the PEN@Hydropower
initiative, presented the activities of the Working Groups (WGs) in hydropower and
organized participants into stakeholder groups. The second day focused on the theo-
retical background of the Hydropower Sustainability Standard (HSS), complemented
by hands-on exercises. During the third day, participants visited hydropower facili-
ties and prepared assessment reports based on the HSS, strengthening their practical
skills. The fourth day concluded with group presentations of the assessment results
and the awarding of participation certificates.

Between 2023 and 2026, PEN @Hydropower organized five Training Schools
across Europe, ranging geographically from east (TS1 in Timisoara, Romania) to
west (TS4 in Salzburg, Austria), and from north (TS3 in Uppsala, Sweden) to south
(TS2-1 in Thessaloniki, Greece and TS2-2 in Porto, Portugal). Although all events
followed the same general format, each Training School had its own specific charac-
teristics. These differences were shaped both by the diverse professional backgrounds
and institutional affiliations of the participants from across Europe and by the unique
features of each hydropower asset assessed. In total, 111 Early Career Investiga-
tors (ECIs) received training in sustainable hydropower through PEN @Hydropower
activities across Europe. Particular attention was given to gender balance, resulting
in the selection of 37 young women pursuing careers in hydropower. Around 30
industry representatives participated in the events, including 25 participants directly
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selected from hydropower companies across Europe. Experience gained from orga-
nizing the Training Schools demonstrated that the most successful events were those
in which participants from academia (universities, research centres, and NGOs) rep-
resented diverse professional backgrounds, while the balance between academic and
industry participants was maintained at approximately two-thirds to one-third.

A key objective of the Training Schools was to examine hydropower plants in
different European regions from the perspectives of various stakeholder groups. The
selected HSS topics were compared across the stakeholder groups: Group 1—owners
and operators; Group 2—financiers, developers and insurers; Group 3—social stake-
holders; Group 4—environmental stakeholders; and Group 5—government and poli-
cies. The assessments conducted during the Training School were limited to the oper-
ational phase although the HSS can be applied to all phases of a project. The most
selected topics are O-6 Infrastructure Safety, followed by O-3 Environmental and
Social Issues Management and O-5 Asset Reliability and Efficiency. The prominence
of Infrastructure Safety (O-6) appears to be largely linked to the need for transparent
public communication to ensure public protection and awareness. The analysis of
topic selection also highlighted a strong alignment of interests among the different
stakeholder groups. It should be noted that the availability of publicly accessible
information strongly influenced topic selection, alongside explanations provided by
site guides during the technical visits.

The test cases selected for assessment included all major types of hydropower
infrastructure, namely run-of-river, storage and pumped storage hydropower plants
(PSHPs). The assessed facilities ranged from small to large installed capacities and
had commissioning dates spanning from 1910 to 2017. Comparative analysis based
on the HSS highlighted the challenges faced by hydropower infrastructure commis-
sioned during the last century, as well as the lessons learned from facilities commis-
sioned in the current century.

The materials and experience gained in capacity building on sustainable
hydropower by PEN @Hydropower members led to the establishment of theoretical
and practical knowledge transfer initiatives in European universities. Swiss Federal
Technology Institute of Lausanne (EPFL) from Switzerland and Brno University
of Technology (BUT) from Czech Republic have introduced courses in sustainable
hydropower starting with the 2025-2026 academic year. More than fourty master’s
students enhanced their theoretical knowledge in sustainable hydropower based on
materials provided by PEN @Hydropower. TU Wien from Vienna, Austria has started
implementing the transfer of theoretical knowledge and practical skills in sustainable
hydropower within the framework of their biennial multi-day excursion. As in the
PEN @Hydropower Training School, a specific site was selected for the assessment,
preceded by a theoretical lecture covering sustainability in general and the HSS in
particular. The same stakeholder groups were involved to mirror practical condi-
tions. In total twenty students applied the topic to a real water-related infrastructure.
All above data demonstrates the ongoing development of sustainability educational
capacities in sustainable hydropower across Europe.

The PEN@Hydropower community provided ECIs, master’s students and PhD
students with opportunities to build professional networks, strengthen their knowl-



Training the Next Generation on Sustainable Hydropower in Europe 147

edge in sustainable hydropower and collaborate in interdisciplinary groups. Partic-
ipants who have undergone training in sustainable hydropower will contribute to
the implementation of sustainable concepts in support of the clean energy transi-
tion. Participants who have completed the training programme will represent a new
generation of professionals who will contribute to the implementation of sustain-
able practices and concepts within the hydropower sector and the wider transition to
renewable energy.
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Part 111
Sustainable Hydropower Fields

The transition towards more sustainable and resilient energy systems is reshaping
the role of hydropower worldwide. While hydropower has long been recognized
for its contribution to renewable electricity generation and energy security, current
challenges related to system flexibility and resilience, digitalization, climate change,
environmental protection, new markets and policy frameworks, and societal accep-
tance are driving the sector towards new paradigms of development and operation. In
this evolving context, sustainable hydropower is increasingly understood as a multi-
dimensional concept that extends beyond energy production alone, requiring inte-
grated approaches capable of balancing technical performance, ecological integrity,
economic viability, and social expectations.

This part builds upon these emerging perspectives by bringing together a collection
of chapters developed within the framework of the COST Action PEN @Hydropower.
The part reflects the interdisciplinary nature of the network and its effort to foster
collaboration among researchers, industry stakeholders, policymakers, and early-
career scientists working on the future of hydropower systems across Europe.

A key value of this part lies in its cross-disciplinary perspective. The contribu-
tions presented here move beyond conventional hydropower analysis by combining
insights from engineering, environmental sciences, climate studies, energy systems,
governance, and digital technologies. Together, the chapters provide a broader under-
standing of how hydropower systems are evolving in response to the accelerating
clean energy transition and the growing need for sustainable water and energy
management strategies.

The part also highlights the importance of regarding hydropower as part of a
larger and interconnected system. Future hydropower development will increasingly
depend on its ability to interact effectively with variable renewable energy sources,
changing hydrological conditions, environmental restoration objectives, and societal
priorities. Addressing these interconnected challenges requires not only technolog-
ical innovation, but also new forms of collaboration and integrated decision-making.
The work developed within PEN @Hydropower demonstrates how interdisciplinary
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research networks can contribute to this transition by creating platforms for knowl-
edge exchange, harmonization of methodologies, and development of shared research
agendas.

The five chapters included in this part reflect the core themes explored within
the PEN@Hydropower Working Groups. Together, they provide both a review of
current knowledge and a discussion of emerging research directions for sustainable
hydropower systems.

The first chapter examines the evolving role of hydropower and pumped storage
hydropower in future low-carbon energy systems, with particular attention to flex-
ibility services, energy storage, and system resilience. The second chapter focuses
on technological innovation and digitalization, including advances in monitoring
systems, predictive maintenance, and digital tools that can support more efficient
and adaptive hydropower operation. The third chapter addresses environmental
sustainability and climate adaptation, discussing topics such as ecological impacts,
river restoration, environmental flows, sediment management, and the implications
of changing hydrological regimes. The fourth chapter explores governance and
policy dimensions including sustainability integration into hydropower planning
and management. Finally, the fifth chapter synthesizes interdisciplinary perspec-
tives including the integration of environmental and social considerations as well
as stakeholders engagements by outlining an holistic framework for research and
exploitation of sustainable hydropower.

By combining foundational perspectives with insights emerging directly from the
PEN @Hydropower Working Groups, this section offers a timely overview of the
challenges, opportunities, and research priorities shaping the future of sustainable
hydropower in Europe and beyond.



Hydropower Role in Flexible Energy M)
Synergies Gy

Elena Vagnoni

Where water meets adaptability, power becomes resilient.
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chronous inertia decreases; and the demand for reserves, ramping, and storage
expands across time scales from sub-seconds to seasons. In Europe, hydropower
is simultaneously a mature renewable generator, a dispatchable resource, and a
long-duration storage technology through pumped storage hydropower. This chapter
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(CA21104) to explain hydropower’s evolving role in flexible energy synergies. A
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particular, fatigue accumulation and useful remaining lifetime of mechanical com-
ponent are considered. Quantitative results from EnergyPLAN modeling for five
European countries and from fatigue mapping of five hydropower plants are used
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1 Introduction

Europe’s electricity sector is experiencing a structural transition driven by decar-
bonization objectives and the accelerating deployment of wind and solar photo-
voltaic (PV) generation. The defining technical consequence is not only the reduc-
tion of fossil energy, but also a shift in how variability and uncertainty are man-
aged [1, 2]. Wind and PV output follow meteorological conditions and can change
quickly over multiple horizons [2]. In parallel, converter-interfaced generation dis-
places synchronous machines and reduces system inertia. Power systems that histor-
ically relied on inertial response and governor behavior of thermal fleets now need
to maintain frequency stability, adequacy, and reliability with a different portfolio of
assets [3, 4]. Evidence from high-renewable regions has highlighted the operational
implications of this change. In systems with increasing shares of inverter-based gen-
eration, system operators observe reduced frequency response capability and greater
difficulty in maintaining reserves and frequency containment margins [5, 6]. These
observations are consistent with the underlying physics: when fewer synchronous
machines are online, the stored kinetic energy in rotating masses is smaller, and
the rate of change of frequency following disturbances can increase. At the same
time, net-load ramps become more frequent and larger as the penetration of variable
renewable energy sources (VRES) increases. Consequently, flexibility becomes a
primary design variable in future power systems [7]. Hydropower is uniquely posi-
tioned in this landscape. It is renewable, dispatchable within operational constraints,
and capable of shifting energy over longer durations when configured as storage or
pumped-storage. Available literature, as well as the work performed and presented
in PEN @Hydropower, depict the ability of hydropower to contribute across the full
time-horizon of grid services and emphasizes its role in stabilizing high-VRES sys-
tems [8, 9]. Hydropower can provide inertia, frequency containment and restoration,
ramping, intraday balancing, and long-duration energy shifting. Because few other
technologies can cover this spectrum, hydropower is increasingly framed as a corner-
stone flexibility technology for deeply decarbonized scenarios. However, flexibility
comes at a cost. Providing fast ramping, frequent start-stop cycles, and operation
away from best-efficiency point (BEP) increases mechanical stress and hydraulic
instabilities. Consequently, the energy transition contains an underappreciated ten-
sion: the same flexibility demanded by the system can shorten the lifetime of critical
assets unless modernization and digitalization are deployed. In parallel, flexibility
patterns may intensify ecological pressures, increasing the need for environmental
mitigation and multi-stakeholder governance [9, 10]. This chapter provides evidence
on the crucial role of hydropower flexibility in the energy system, explicitly linking
(1) power-system flexibility needs, (ii) hydropower technology capabilities and asset
integrity, and (iii) roadmap towards the future role of hydropower to enable the suc-
cess of the energy transition. It builds primarily on available literature and outputs
from the PEN@Hydropower COST Action: a European survey of hydropower flexi-
bility participation; EnergyPLAN-based analyses of storage needs for five countries;
and fatigue lifetime assessments of flexible operation for five hydropower plants.
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2 Flexibility in Decarbonized Power Systems

2.1 Flexibility and Power-System Services

Flexibility requirements are driven by both predictable variability of daily generation
and consumption and uncertainty due to forecast errors across timescales. At high
penetration, curtailment becomes frequent unless storage and transmission expand.
These results are consistent across modeling paradigms, including unit-commitment
simulations, capacity expansion models, and integrated energy system models. An
important nuance is that the marginal value of flexibility is not smooth: it tends to
increase at points where the system transitions from “rare surplus” to “frequent sur-
plus,” or where deficits become multi-day during low-wind events. This is precisely
the range where long-duration storage technologies become critical [1, 2].

A convenient quantitative lens for flexibility is residual load, defined as L,.;(¢) =
L(t) — Gyggs(t), where L(t) is demand and Gy g5 (t) is wind/solar generation. The
statistical properties of L,.(?), its variance, ramp-rate distribution, duration curve,
and autocorrelation shape the need for operational reserves and storage [1, 2]. When
VRES penetration increases, negative residual load episodes become more frequent,
representing potential curtailment if storage or exports are insufficient. Positive resid-
ual load peaks represent periods when dispatchable generation or storage discharge
must provide energy [5].

System operators translate residual-load dynamics into layered services. At the
fastest horizon, inertial response and fast frequency response aim to reduce the rate of
change of frequency following contingencies. Primary control (FCR) stabilizes fre-
quency by automatic governor response within seconds. Secondary control (aFRR)
restores frequency and reserves within minutes; tertiary reserves (mFRR) handle sus-
tained imbalances and forecast errors. At slower horizons, ramping and load follow-
ing cover continuous net-load changes while intraday balancing manages within-day
uncertainty and long-duration storage addresses multi-day deficits and curtailment.
Hydropower can contribute across these horizons thanks to its storage capacity and
by adjusting discharge rapidly. In pumped storage hydropower (PSH), the same unit
can provide upward reserve through generation and downward reserve by pumping
depending on its current mode, subject to mode change constraints [6].

2.2 Flexibility Metrics and Constraints

Operational indicators include start-up time, minimum stable generation, ramp rate,
and operating range. Several studies and real-world scenarios report hydropower
start-up times typically in the 2-20 min range and often below 3 min for certain
configurations. Minimum stable operation is often around 35-45% of rated power.
Ramp rate can be expressed as R = d P /dt. Yet ramping is constrained by waterway
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dynamics, cavitation risk, vibration, and environmental ramping, hydropeaking and
thermopeaking, limits downstream [11, 12].

Storage is characterized by power capacity and energy capacity Egorqg.. For
a storage unit, Eorage = Psrorage * Tsiorage Where Tyiorqg. 1 the duration at rated
power. Energy storage spans a portfolio: batteries (short to medium duration), PSH
(multi-hour to multi-day), storage hydropower and synthetic fuels (seasonal). PSH
and storage hydropower seasonal capacity and operations are governed by water
availability constraints with bounds on minimum and maximum water level in the
reservoirs [13—15]. PSH is consistently identified as a mature long-duration storage
technology with large global deployment and high cycle life of several decades.
Comparative assessments position PSH as cost-effective for multi-hour to multi-day
storage, particularly where suitable topography and water availability exist. PSH
has unique characteristics: large power and energy capacity at comparatively low
marginal storage cost in suitable sites, high cycle life, and the ability to provide syn-
chronous services when generating. Many studies highlight that while batteries can
dominate short-term balancing, PSH and other long-duration resources become valu-
able at high VRES shares and under electrification-driven demand growth. PSH also
interacts with geography and environmental regulation. New greenfield projects may
face permitting hurdles; therefore, modernization and repurposing of existing infras-
tructure (adding pumping capability, upgrading turbines, variable-speed retrofits) can
be a practical pathway. Variable-speed technology is often highlighted as improving
pumping-mode controllability and enabling ancillary service provision in pumping
mode. The economic viability depends on market designs that reward flexibility and
on regulatory frameworks that recognize the system value of storage [14].

2.3 The Stability Value of Synchronous Hydropower

Hydropower units are typically synchronous machines and therefore contribute iner-
tia and active and reactive power. In high inverter-based systems, these attributes
become valuable: inertia limits RoCoF and improves frequency nadir [3, 4]. Further-
more, reactive power supports voltage stability and protection performance. While
synthetic inertia can be provided by converters, synchronous machines provide inher-
ent inertial response through their operation in spinning reserve and as synchronous
condenser. Thus, hydropower value extends beyond energy and active power reserves
to stability services [14].

Flexibility products create system value by reducing curtailment, avoiding peak-
ing investments, and maintaining reliability. Yet providing these services may
increase wear and reduce lifetime. Therefore, a complete flexibility assessment must
couple system models, estimating value, with asset models, which estimates wear.
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3 European Hydropower Flexibility: Evidence
from PEN @Hydropower Working Group 1

Working Group WG conducted a survey across fifteen European countries to assess
hydropower participation in flexibility services and to identify barriers and priorities.
The survey results comprehensively presented in [9] show that hydropower partici-
pates in multiple ancillary services across all timescale, from sub-seconds regulation
to seasonal adequacy, in more than 70% of the considered European countries, and
thus plays a pivotal role in both short-term and long-term flexibility. Respondents
highlight that short-term services such as frequency regulation and rapid balancing
are technically demanding because they require frequent transients and operation
away from BEP, leading to increased wear. The survey also reveals significant dif-
ferences across countries. In regions with high VRES shares, hydropower is increas-
ingly used for short-term balancing and reserve provision. In countries with large
reservoirs, hydropower can also provide seasonal balancing and adequacy support.
Hydropower storage and PSH emerges as a key technology for long-duration stor-
age; however, investment barriers such as regulatory uncertainty and insufficient
remuneration are persistent.

4 EnergyPLAN Modeling and Sensitivity Interpretation

4.1 Introduction to the EnergyPLAN Study

Energy system modeling software plays an importantrole in the analysis and planning
of modern energy systems. These tools help researchers and decision makers to under-
stand how different energy sources interact within the electricity, heating, transport,
and industrial sectors. With the increasing integration of renewable energy, energy
systems become more complex and require detailed analysis to ensure reliability,
efficiency, and sustainability [16].

Software of this kind is especially useful for assessing the role and potential of
renewable energy resources. By using energy simulation tools, it is possible to eval-
uate how energy sources such as hydropower interact with other renewable sources,
support grid stability, and reduce greenhouse gas emissions. Among the available
tools, EnergyPLAN is widely recognized as an effective software for integrated
energy system analysis [17]. Developed by Aalborg University, EnergyPLAN allows
users to simulate the operation of entire energy systems with hourly resolution over
one year. The software can model electricity production, heating demand, transport
energy use, storage technologies, and sector coupling approaches. This makes it par-
ticularly suitable for studying renewable integration and evaluating different future
energy scenarios. EnergyPLAN is also valuable because it combines technical, eco-
nomic, and environmental analyses in a single framework. Researchers can compare
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different development pathways, assess green-house emissions, analyze energy bal-
ances, and investigate the impacts of policies or infrastructure changes. Due to its
flexibility and detailed modelling capability, EnergyPLAN has been widely used
in scientific studies related to renewable energy planning, including hydropower
assessment and sustainable energy transition strategies. In storage studies, the model
essentially decides when storage charges and discharges, based on the availability
of surplus electricity and the need to meet demand, while minimizing system cost
or respecting predefined dispatch priorities. For PSH, the model represents pump-
ing power limits, storage energy capacity, and round-trip efficiency. Key outcomes
such as CEEP and dispatchable fossil generation are emergent properties of these
constraints. A useful way to interpret EnergyPLAN outputs for PSH is through a
decomposition of curtailment drivers. Curtailment occurs when (i) VRES output
exceeds demand; (ii) storage charging power is insufficient to absorb surplus; (iii)
storage energy capacity is saturated; and (iv) exports are constrained. Increasing
pumping power addresses (ii); increasing storage duration addresses (iii). However,
if surpluses are frequent and long, both constraints bind, which can explain nonlinear
benefits of expanding storage.

In many systems, PSH also provides negative load flexibility: during pumping,
it increases demand and can stabilize the net-load profile. In operational terms, this
can reduce the required down-ramping of other generators and can mitigate negative
prices by absorbing surplus. When storage is large enough, it can also reduce the
frequency of curtailment episodes, enabling higher VRES penetration without com-
promising system balance. While EnergyPL AN is deterministic, scenario analysis
can emulate uncertainty by exploring different weather years or by varying VRES
profiles. In a planning context, storage sizing should be robust to such variability,
therefore, multi-year simulations or probabilistic approaches are desirable.

While the survey described in Sect. 3 establishes the importance of hydropower
flexibility, system-level modeling is required to quantify storage needs and to com-
pare the role of hydropower storage across countries. A dedicated analysis performed
within WG1 of PEN @Hydropower evaluated storage requirements in Greece, Hun-
gary, Italy, Poland, and Portugal [18]. The objective was to assess how storage, par-
ticularly PSH, supports high-VRES scenarios by reducing CEEP and fossil import
reliance. EnergyPLAN was used to perform an hourly simulation of energy balances
under specified technology portfolios. Selected multi-day periods are analyzed using
stacked area and cumulative line charts that illustrate charging and discharging behav-
ior. Publicly available dataset including forward-looking scenarios to 2040 were used
as input. For instance for Poland, available data indicates that demand composition
includes 196.9 TWh/year of load and BEV charging components; dispatchable capac-
ity includes biomass/biogas (6 GW), natural gas (14.9 GW), and nuclear (5.6 GW);
and VRES capacity includes PV (45 GW), onshore wind (20 GW), offshore wind
(17.9 GW), and run-of-river hydropower (0.6 GW). Baseline storage includes utility
batteries (5.0 GW, 20 GWh, 4 h), small-scale batteries (1.7 GW, 3.8 GWh, 2h), and
PSH (1.7 GW, 7.6 GWh, 4.47h). These scenarios provide a transparent foundation
for interpreting how increasing storage duration and power affects system metrics.
Across countries, the work reports that PSH contributes between approximately 2.7
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and 11.2% of annual demand coverage depending on scenario assumptions [4]. The
benefit of increasing storage duration is most visible in systems with large surplus
episodes. Italy’s PV-dominant system shows lower marginal value of storage beyond
6 h in some assumptions, whereas wind-heavy systems exhibit higher marginal value
for longer storage durations. These results emphasize that storage planning must
be context-specific and tied to the VRES portfolio and interconnection assump-
tions. While EnergyPL AN is valuable for strategic scenario comparison, it does not
explicitly model transmission constraints, reservoir optimization with water value,
cascaded hydropower systems, or ecological flow constraints. Future work should
integrate these constraints into optimization frameworks and incorporate probabilis-
tic uncertainty. Nevertheless, EnergyPLAN provides a robust baseline quantification
for policy discussion and highlights the system-level importance of hydropower.

4.2 Country Case Deep-Dive and Interpretation

This section provides a deeper narrative interpretation of the five-country Energy-
PLAN modeling, emphasizing why national context matters and how hydropower-
VRES synergies manifest differently across systems. Full results can be appreciateted
in [18]

Poland. The Poland 2040 dataset used in the work performed combines large wind
(onshore and offshore) with a substantial PV build-out, while retaining dispatchable
capacity from natural gas, biomass/biogas, and nuclear. In such systems, surplus
episodes are driven strongly by wind output, which can persist over multi-day peri-
ods. The combination of high surplus potential and electrification-driven demand
growth implies that long-duration storage is valuable not only for intraday shift-
ing but also for absorbing extended wind-driven surpluses and returning energy
during subsequent deficits. PSH complements batteries: batteries can manage diur-
nal PV-driven fluctuations and fast balancing, while PSH can provide bulk shifting
and reduce the system’s reliance on fossil dispatch. The sensitivity results can be
interpreted as follows: increasing PSH power increases the rate at which surplus
can be absorbed, thus reducing instantaneous curtailment, while increasing duration
increases the total energy that can be shifted. In practice, the optimal combination
depends on the expected surplus duration distribution, which is shaped by wind
regime statistics and interconnection constraints.

Portugal. Portugal’s system is characterized by significant wind and an increasing PV
share, combined with existing hydropower and interconnections within the Iberian
Peninsula. The key synergy mechanism is the coordination of hydropower dispatch
with PV diurnal patterns and wind variability. During many hours, PV creates a
midday net-load valley; pumping in these hours can reduce curtailment and store
energy for evening peaks. Wind-driven surpluses can occur overnight and during
stormy periods; PSH can absorb part of this surplus if sufficient pumping power is
available. Importantly, Portugal’s hydropower fleet may include both reservoir and
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run-of-river units; reservoir units can provide energy shifting directly, whereas run-
of-river units are constrained by inflows. Therefore, PSH and reservoir operations
must be coordinated to maximize flexibility without violating environmental flows.

Italy. Italy is often presented as a PV-heavy system with strong diurnal structure.
Under such conditions, storage value is driven by the day-night cycle: PV surpluses
appear around midday, and deficits occur in evening and early morning hours. Batter-
ies with 2—6 h duration are effective for this pattern; the result notes that the marginal
value of increasing storage beyond around six hours can be lower in some Italian
assumptions. However, this does not imply that long-duration storage is irrelevant:
multi-day deficits can still occur during low solar periods in winter or when elec-
trification increases demand peaks. In addition, Italy’s geography includes Alpine
hydropower systems with reservoir storage that can provide multi-day balancing.
The key message is that a single “duration threshold” should not be generalized;
rather, the value of long-duration storage depends on the residual-load distribution,
seasonal patterns, and interconnection availability.

Greece. Greece’s system features strong solar potential and increasing wind deploy-
ment, with interconnections that can mitigate some variability through imports and
exports. PSH can provide both balancing and congestion relief in isolated sub-
systems. Storage planning in such contexts must consider network constraints and
the location of VRES relative to demand centers. While EnergyPLAN does not
explicitly model transmission, the qualitative implication remains: storage located
strategically can reduce curtailment and improve reliability, especially where network
reinforcement is slow.

Hungary. Hungary’s 2030 scenarios show that storage needs depend strongly on
assumptions regarding VRES penetration and dispatchable capacity. In systems
where VRES penetration is moderate or where interconnections and dispatchable
capacity provide sufficient balancing, the marginal value of storage duration beyond
a certain point can be limited. Yet as decarbonization deepens, the same system can
transition to a regime where surplus becomes frequent and long-duration storage
becomes more valuable. Therefore, the appropriate storage strategy is dynamic: it
should evolve over time as the system moves from moderate VRES integration to
high VRES dominance. Across all cases, the same conceptual conclusion emerges:
PSH provides value through both power and energy capacity, but the relative impor-
tance of each depends on the time structure of surpluses and deficits. The results of
this work provide a foundation for more in depth national studies that incorporate
reservoir constraints, hydrology, and network constraints.

5 Mechanical Integrity Under Flexible Operation: Fatigue
and Lifetime

Mechanical integrity under flexible operation is increasingly critical for modern
hydraulic machinery, as the transition from steady baseload operation to highly
dynamic regimes fundamentally alters the stress environment experienced by compo-
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nents. In flexible operation, machines such as Francis pump-turbines, Pelton turbines,
and multistage pumps are subjected to frequent transients, off-design conditions,
and rapid load variations. These operating modes significantly modify the structural
response of mechanical components, introducing a complex combination of high-
cycle fatigue and low-cycle fatigue mechanisms. Start-up and shut-down events are
particularly severe, as they induce rapid changes in flow velocity and pressure, often
leading to hydraulic transients such as water hammer, pressure waves, and flow
oscillations. These transient phenomena generate large stress amplitudes over short
durations, contributing predominantly to low-cycle fatigue. At the same time, part-
load and off-design operation can lead to cavitation, vortex formation, and pressure
pulsations, which produce high-frequency stress fluctuations associated with high-
cycle fatigue. Additionally, increased frequency of regulation requires more frequent
actuation of servomechanisms, thereby accelerating wear and fatigue in mechanical
and control components [19, 20].

To quantify the impact of such flexible operation on lifetime consumption, a
practical and data-driven methodology based on the concept of damage accumulation
was introduced within in WG1 of PEN@Hydropower [21]. Central to this approach is
the use of Palmgren—Miner’s linear damage rule, which expresses cumulative fatigue

damage as follows:
n;
D = —,
2

where n; is the number of cycles experienced at a given stress level and N; is the
number of cycles to failure at that specific level. Although simplified, this formulation
provides a useful engineering approximation for aggregating fatigue effects across
varying operating conditions. The key outcome of this work lies in the introduction
of damage maps, which relate operating points, defined by variables such as head,
discharge, and rotational speed, to a damage rate expressed as damage per unit
time. These maps are derived from experimental strain gauge measurements and
fatigue characterization of critical components. By combining these maps with high-
resolution operational data, it becomes possible to continuously integrate damage
over time, effectively translating real operating histories into quantitative lifetime
consumption.

For improved interpretability and operational relevance, fatigue damage is often
expressed in terms of equivalent operating hours at the best efficiency point (BEP).
This normalization allows operators and engineers to compare the relative severity
of different operating regimes using a familiar reference condition. One of the most
striking findings of this analysis is the disproportionate contribution of start-up and
shut-down cycles to overall damage. For example, in a Francis pump-turbine, a
single start-up event can be the equivalent of approximately 119 equivalent hours
of operation at BEP. In the case of a Pelton turbine, a start-up event may produce
damage equivalent to about 7.2 times the damage that occurs at BEP operation over
the same time interval. These results clearly indicate that transient events dominate
fatigue accumulation when they occur frequently, as is typical in flexibility-intensive
systems such as those supporting renewable energy integration. Consequently, even
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if the machine spends a relatively small fraction of time in transient modes, the
cumulative damage associated with these events can far exceed that of steady-state
operation.

The impact of flexible operation varies across machine types, reflecting differences
in hydraulic design, operating principles, and susceptibility to transient phenomena.
The study shows that, when start-up and shut-down cycles are included, total fatigue
damage can increase by approximately two orders of magnitude (~ 10?) for Francis
pump-turbines and by more than three orders of magnitude (> 10%) for multistage
pumps. Pelton turbines exhibit smaller relative increases, but the effects remain sig-
nificant and cannot be neglected in lifetime assessments. These differences are fur-
ther elucidated through cumulative damage plots, which compare scenarios with and
without transient events. Such plots typically show a dramatic divergence over time,
with damage trajectories under flexible operation rising steeply due to the inclusion
of start-stop cycles. Complementary analyses of operating mode distributions, i.e.,
the fraction of time spent in start-up, shut-down, part-load, and full-load conditions,
provide insight into the operational drivers behind these damage patterns.

Given these findings, mitigating fatigue damage under flexible operation requires
acombination of engineering design improvements and optimized operational strate-
gies. From a design perspective, turbine runners and hydraulic passages can be refined
to reduce flow instabilities, cavitation, and pressure pulsations under off-design con-
ditions. Structural components can be reinforced or redesigned to better withstand
transient loads, and materials with improved fatigue resistance can be employed. On
the operational side, optimizing start-up and shut-down trajectories is crucial to min-
imize the severity of transient stresses; this may involve controlling ramp rates, syn-
chronizing valve and guide vane movements, and avoiding critical operating zones.
Advances in control systems and governors also play a key role, enabling smoother
regulation and reducing unnecessary actuation cycles. Furthermore, hybridization
with energy storage systems such as batteries can alleviate the burden on hydraulic
machines by absorbing high-frequency load fluctuations, thereby reducing the need
for frequent start-stop operations.

Finally, predictive maintenance strategies are essential for managing lifetime con-
sumption in this context. By leveraging continuous monitoring, sensor data, and
digital twin models, it is possible to track damage accumulation in real time and
anticipate potential failures before they occur. This enables condition-based mainte-
nance planning, reduces unplanned outages, and supports more efficient asset man-
agement. In an energy system increasingly characterized by variability and flexibility
requirements, such integrated approaches are indispensable to ensure the long-term
mechanical integrity and reliability of hydraulic machinery.
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6 Impact of Flexibility on Hydropower Sustainability

Flexible operation of hydropower plants, while essential for supporting variable
renewable energy sources, can exacerbate environmental pressures, particularly in
riverine ecosystems. One of the primary concerns is hydropeaking, which refers to
rapid fluctuations in river discharge caused by frequent changes in turbine operation.
These fluctuations can significantly alter downstream flow regimes, affecting aquatic
habitats, sediment transport, and river morphology. Hydropeaking, thermopeaking,
and downstream water supersaturation are identified in literature as key environ-
mental risks associated with flexible hydropower operation. Supersaturation, often
caused by air entrainment during spill or turbine operation, can lead to gas bubble
disease in fish and other aquatic organisms [10, 12].

To mitigate these impacts, several technical and operational measures can be
implemented. Ramping rate limitations constrain the rate of change of discharge,
thereby smoothing transitions between operating states and reducing ecological
stress. Environmental flow requirements ensure that a minimum discharge is main-
tained at all times to preserve ecosystem functions. Re-regulation basins downstream
of hydropower plants can further attenuate flow fluctuations by temporarily storing
excess water during peak releases and subsequent gradual release. These mitiga-
tion measures must be explicitly incorporated into dispatch optimization and system
planning models as operational constraints, ensuring that flexibility provision does
not compromise environmental sustainability.

Climate change introduces an additional layer of complexity by increasing hydro-
logical variability and uncertainty. Changes in precipitation patterns, snowmelt
dynamics, and extreme weather events can alter inflow regimes, affecting both energy
production and water availability [22]. In this context, adaptive reservoir manage-
ment becomes essential. This involves dynamic rule curves, probabilistic inflow fore-
casting, and real-time optimization to balance competing objectives such as energy
generation, flood control, irrigation, and ecological preservation. Integrated water-
energy governance frameworks are required to coordinate these objectives across
sectors and stakeholders.

In regard of sustainability enhancement, institutional and regulatory frameworks
also play a crucial role in the ways flexibility can be enhanced while facilitating sus-
tainability aspects. From a governance perspective, aligning hydropower flexibility
with environmental objectives requires a shift from purely energy-centric optimiza-
tion to integrated resource management. This includes the adoption of ecosystem-
based management principles, the use of environmental indicators in operational
decision-making, and the integration of hydropower into broader river basin man-
agement plans. Coupled hydro-ecological models and decision-support systems, can
enhance the ability to assess trade-offs and design adaptive strategies under uncer-
tainty. In Europe, the opportunity set to improve flexibility provision includes both
new projects and modernization of existing assets, including conversion of reser-
voirs to pumping operation, addition of pumping capability, and variable-speed
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upgrades [23, 24]. Modernization includes improved turbine designs that extend sta-
ble operating ranges, upgrades to governors and control systems to improve response
while limiting transients, and retrofits to reduce cavitation and vibration. Modern-
ization can also include digitalization: sensor deployment, advanced condition mon-
itoring, and digital twins that integrate operational data into physics-based mod-
els to support predictive maintenance and wear-conscious operation. The interplay
between modernization, digitalization, and market incentives is increasingly recog-
nized as central: without remunerated flexibility products, investment in moderniza-
tion may not occur at the necessary scale. Furthermore, integration of modernization
options into system planning models would be an asset to valorize the long-term
value of these modernizations by considering the forecasts on energy needs and
power systems scenarios. Many power-system models treat hydropower as a sim-
plified dispatchable resource with limited constraints. In reality, the flexibility enve-
lope is plant-specific, and modernization changes constraints and costs. Bridging the
gap requires multi-scale modeling that connects system-level dispatch needs with
plant-level dynamics.

Concession renewals represent key opportunities to modernize infrastructure and
incorporate advanced environmental mitigation measures, e.g. in Switzerland [25].
However, they also involve complex negotiations among operators, regulators,
local communities, and environmental organizations. These processes must balance
economic efficiency, environmental protection, and social acceptance. Strengthen-
ing stakeholder engagement, improving transparency, and adopting multi-criteria
decision-making approaches can facilitate more sustainable outcomes.

7 Market Design and Investment for a Forward-Looking
and Flexible Hydropower Technology

Hydropower provides a wide range of flexibility services to the power system, includ-
ing frequency regulation, reserve provision, and peak load balancing. However, cur-
rent electricity market designs often fail to fully capture and remunerate the value
of these services. As highlighted in Sect. 5, short-term flexibility provision imposes
significant mechanical wear and accelerates fatigue damage. These costs are typi-
cally borne by plant operators but are not adequately reflected in market revenues,
leading to a misalignment between system needs and economic incentives [8].

To address this issue, market designs can be modernized and evolve to incorporate
wear-conscious mechanisms. One approach is to introduce compensation schemes
that explicitly account for cycling costs, linking remuneration to the intensity and fre-
quency of operation. Alternatively, new market products can be defined to incentivize
smoother operation patterns that reduce mechanical stress, such as ramping services
or constrained flexibility products. In addition, system services that are inherently
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provided by hydropower—such as inertia, voltage support, and short-circuit strength—
should be explicitly valued and procured through dedicated markets or ancillary
service mechanisms [26].

Investment in hydropower infrastructure and modernization of existing assets, is
highly sensitive to revenue stability and regulatory risk. Hydropower storage, includ-
ing PSH, plays a critical role in long-duration energy storage and system balancing,
but its economic viability depends on sufficient price spreads and predictable market
conditions. Uncertainty in future market revenues, coupled with lengthy permitting
processes and environmental constraints, can hinder investment decisions [15]. Ulti-
mately, aligning market incentives with system needs is essential to unlock the full
potential of hydropower flexibility.

8 Integrated Roadmap and Conclusions

The evidence gathered within the PEN @Hydropower framework supports the devel-
opment of a comprehensive and integrated roadmap for the sustainable deployment
of hydropower flexibility. This roadmap must address multiple dimensions simul-
taneously, including system modeling, operational strategies, asset management,
environmental protection, and market design.

Comprehensive system dynamics: System-level models must be enhanced to
better represent hydropower dynamics, including hydraulic constraints, reservoir
interactions, and climate-induced uncertainties. Incorporating stochastic inflow sce-
narios and multi-scale temporal resolution allows for more accurate assessment of
flexibility potential and system resilience.

Operational optimization: Operational strategies should be optimized with
explicit consideration of wear and fatigue, leveraging methodologies such as dam-
age mapping and equivalent operating hours to minimize lifetime consumption while
meeting system requirements.

Environmental inclusion: Environmental monitoring and mitigation measures
must be systematically implemented and co-designed with stakeholders, to ensure
that flexibility provision does not compromise ecological integrity.

Enhanced monitoring: The deployment of advanced monitoring systems and
digital twins enables real-time assessments of asset condition and predictive mainte-
nance. These technologies integrate sensor data, physical models, and machine learn-
ing techniques to provide actionable insights into component health and remaining
useful life.

Modern governance: Market and regulatory frameworks should properly value
flexibility services and support investment in modernization and new capacity.
This can involve the introduction of wear-conscious compensation mechanisms, the
explicit valuation of system services, and the provision of long-term investment
signals through policy instruments.
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Hydropower occupies a unique position in the energy system, as it can provide
flexibility across all temporal scales—from fast frequency response to seasonal stor-
age. It is therefore expected to play a central role in meeting future flexibility demand
in Europe. Energy system simulations using tools such as EnergyPLAN demonstrate
that hydropower with PSH significantly reduces renewable curtailment and reliance
on fossil-based generation across diverse national contexts.

Achieving sustainable and flexible hydropower therefore requires a coordi-
nated approach that integrates technological innovation, regulatory reform, and
environmental stewardship.
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Abstract Hydropower is facing new challenges due to the increasing need for flexi-
bility, environmental compliance and integration into modern energy systems. In this
context, innovation and digitalization have become key enablers for improving the
performance and efficient role of hydropower plants. This chapter focuses on techno-
logical evolution through innovation and digitalization as supported by the literature
and activities outcome of Working Group 2 (WG2) within the
PEN @Hydropower COST Action. The chapter follows a holistic approach, consider-
ing different perspectives such as plant operation, system integration, environmental
impacts and stakeholder needs. Key topics include digital twins, data-driven mon-
itoring, predictive maintenance, new designs of components and system concepts.
In addition, the interaction between hydropower and the water-energy-environment
nexus is discussed, with examples related to sediment management, ecological flows
and hybrid systems. Finally, current limitations and future directions are outlined,
highlighting the need for practical, scalable and integrated solutions in hydropower.
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1 Introduction

Hydropower has long been a key component of electricity systems, providing reli-
able and controllable energy production. In recent years, however, its role has been
evolving due to increasing expectations related to flexibility, environmental perfor-
mance and integration with other intermittent energy and water systems [1, 2]. These
changes require not only improvements in individual components, but also a broader
reconsideration of how hydropower plants are designed, operated and interconnected
with the larger power systems.

In this context, innovation and digitalization have emerged as important drivers
of the transformation. Developments such as advanced monitoring systems, data-
driven operation and digital twins are enabling new ways to understand and operate
hydropower plants. At the same time, technological innovations in turbines, new
control techniques such as variable speed control, refurbishment approaches and
small-scale solutions are expanding the range of feasible applications.

This chapter builds on the work carried out within Working Group 2 (WG2) of
the COST Action PEN@Hydropower [3], which focuses on technological evolu-
tion through innovation and digitalization [4]. The content is based on a series of
regular meetings, multidisciplinary workshops and round-table discussions, bringing
together perspectives from academia, industry and system operators. Rather than pre-
senting a purely literature-based review, the chapter reflects the collective experience
and discussions within WG2.

A key aspect of the approach adopted in this chapter is the consideration of inter-
connections. Instead of treating different topics in isolation, the chapter highlights
how digitalization, technological innovation and environmental aspects are linked to
each other and to system-level requirements. For this reason, topics such as system
integration and flexibility are not addressed as separate sections, but are embedded
within the relevant technological and operational discussions.

This chapter is structured as follows: first, hydropower is discussed as a complex
and multidisciplinary system. This is followed by sections on digitalization and
technological innovation. Subsequently, the interaction between hydropower and the
water—energy—environment nexus is examined. Building on these elements, cross-
domain interconnections are discussed, which is followed by an overview of current
barriers and implementation challenges. Finally, insights from WG2 activities and
future perspectives are presented.

2 Hydropower as a Complex System

Hydropower plants are often described in terms of their main components, such
as turbines, generators and hydraulic structures. However, in practice, they operate
as complex systems where multiple physical, technical and operational elements
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Fig.1 Hydropower as a multi-domain system integrating hydraulic, mechanical, electrical, digital
and environmental components

interact with each other. These interactions go beyond individual components and
extend to the surrounding environment and the broader energy system.

From a technical perspective, hydropower combines hydraulic, mechanical and
electrical subsystems that must operate in a coordinated manner. The hydraulic
system governs water conveyance and flow conditions, the mechanical system is
responsible for energy conversion and the electrical system ensures grid connection
and power delivery. In addition, control and protection systems play a key role in
maintaining stable and safe operation under varying conditions.

At the same time, hydropower plants are closely linked to environmental and
social factors. Issues such as sediment transport, ecological flow requirements and
water quality directly influence plant operation and design. These aspects are not
only external constraints, but constitute integral parts of the system that must be
considered together with technical performance.

Another important dimension is the interaction with the wider energy system.
Hydropower is increasingly expected to provide flexible operation, support variable
renewable energy sources and contribute to system stability in presence of high pen-
etration of intermittent renewable energy resources. This requires plants to operate
under more dynamic conditions, including frequent start-stop cycles and operation
outside traditional design points. Recent large-scale blackouts in Europe, including
events in Spain and the Balkan region, have highlighted the importance of inertia-
providing generators such as hydropower units for maintaining system stability.

Hydropower as a multi-domain system is depicted in Fig. 1. These multiple layers
make hydropower highly multidisciplinary. As a result, improvements in one part of
the system may have consequences for others. For example, changes in operation
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aimed at increasing flexibility can affect mechanical loading or environmental con-
ditions. Similarly, digital monitoring systems can improve operational awareness but
require reliable data and integration across different subsystems.

For this reason, the technological evolution of hydropower cannot be addressed
through isolated solutions. A system-level perspective is required, where different
domains are considered together. This perspective forms the basis for the following
sections, which examine digitalization, technological innovation and their interac-
tions with environmental and system-level aspects.

3 Digitalization in Hydropower Systems

Digitalization has become one of the main drivers of change in hydropower, enabling
new ways of monitoring, analyzing and operating plants. While traditional systems
relied mainly on local measurements and operator experience, recent developments
allow the use of large volumes of data, advanced analytics and remote access to
support decision-making.

Rather than being limited to individual technologies, digitalization introduces a
systemic transformation in how hydropower plants are operated and managed. It
enables the integration of information across hydraulic, mechanical and electrical
subsystems, supporting a more comprehensive understanding of plant behavior. In
this context, digitalization is not only a tool for improving efficiency, but also a key
enabler for flexibility, reliability and system-level coordination.

At the same time, the implementation of digital solutions depends on the avail-
ability of reliable data, the integration of heterogeneous systems and the ability to
translate data into actionable insights. These aspects highlight the importance of
combining technological development with practical operational considerations.

Modern digital hydropower architecture, as shown in Fig. 2, is composed of multi-
ple layers such as a physical layer including site signals, data layer with input/output
modules with controllers, a digital layer which benefits from the data collected by
analytics, and finally the cloud/remote layer involving remote control and forecast-
ing.

3.1 Data Acquisition and Monitoring

The increasing availability of data from different parts of the plant is a key enabler of
digitalization. Sensors installed on mechanical, electrical and hydraulic components
provide continuous information on operating conditions. This data can be used not
only for basic supervision, but also for identifying patterns, detecting anomalies and
improving overall performance.
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Fig. 2 Layered digital architecture of hydropower systems, including data acquisition, analytics
and cloud-based operation

The integration of data from different subsystems is particularly important, as it
enables a more comprehensive understanding of plant behavior. Instead of analyzing
individual signals in isolation, combined datasets allow operators to identify correla-
tions between hydraulic conditions, mechanical response and electrical performance.

Field measurement remains a critical aspect of digitalization, as accurate flow,
pressure and water quality data are essential for model calibration and validation.
Various sensor technologies, including ultrasonic and electromagnetic flow meters
as well as pressure transducers, are increasingly used in combination with communi-
cation systems such as LoRa, GSM and WiFi. However, challenges related to sensor
accessibility, calibration and measurement uncertainties under dynamic and harsh
operating conditions remain significant.

3.2 Digital Twins

Digital twins represent one of the most advanced applications of digitalization in
hydropower. By combining physical models with real-time data, digital twins provide
a dynamic representation of plant behavior under different operating conditions.
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This enables operators to compare measured and simulated values, detect devia-
tions and better understand system dynamics. In addition, digital twins support com-
missioning processes, transient analysis and the assessment of operating limits. These
capabilities are particularly valuable in complex systems where direct experimenta-
tion is limited or not feasible. However, the application of digital twin approaches
in hydropower faces several interconnected challenges. Data quality and availability
remain a primary concern, as many facilities lack modern sensor infrastructure, and
retrofitting aging equipment with comprehensive monitoring systems is both costly
and technically demanding. Even where instrumentation exists, data is often noisy,
sparse, or inconsistently formatted across the civil, mechanical, electrical, and hydro-
logical subsystems that must be integrated. This integration itself poses a significant
challenge due to multi-physics complexity, i.e. coupling fluid dynamics, structural
mechanics, electromechanical behavior, and hydrology into a single coherent model,
demanding substantial computational resources and rare cross-disciplinary expertise.
Moreover, operating a digital twin of a critical infrastructure also poses a cyberse-
curity challenge.

3.3 Predictive Maintenance

Data-driven monitoring and predictive maintenance approaches are increasingly used
to assess equipment condition and prevent failures. Techniques based on machine
learning and statistical analysis can detect early signs of faults, such as changes in
vibration patterns, temperature trends, or hydraulic conditions.

Compared to traditional threshold-based methods, predictive approaches provide
a more flexible and adaptive way to evaluate system health. This enables optimized
maintenance planning, reduced unplanned outages and extended component lifetime.

However, the application of predictive maintenance in hydropower involves sev-
eral unique features:

1. operating conditions vary substantially across plants due to differences in head,
flow regime, turbine type and age, making it difficult to generalize models from
one facility to another

2. sensor instrumentation is often incomplete, providing insufficient coverage of the
parameters most relevant to emerging faults

3. degradation processes such as fatigue crack growth, winding insulation break-
down, or cavitation damage evolve over timescales of several months to years,
requiring models that can capture slow trends amid noisy operational signals.

Compared to traditional threshold-based methods, predictive approaches provide a
more flexible and adaptive way to evaluate system health. This enables optimized
maintenance planning, reduced unplanned outages and extended component service
life.
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3.4 Cloud-Based Architectures and Remote Operation

Cloud-based architectures are increasingly used to support data processing, storage
and analysis in hydropower systems. By centralizing data handling, these approaches
enable scalable analysis across multiple units and facilitate the integration of different
data sources collected from various control systems.

Such architectures also support remote monitoring and, in some cases, remote
control of hydropower plants. This reduces the need for on-site presence and enables
centralized operation of multiple facilities. However, these advantages must be bal-
anced with considerations related to communication reliability, cybersecurity and
system resilience.

In addition, cloud-based platforms facilitate the integration of short-term forecast-
ing tools, enabling operators to estimate inflow variations, electricity demand and
market prices. This supports more proactive and optimized operation, particularly
under dynamic system conditions.

4 Innovation in Hydropower Technologies

In addition to digitalization, technological innovation continues to play an impor-
tant role in the evolution of hydropower. While many existing plants are based on
well-established designs, there is an increasing need to adapt these systems to new
operational and environmental requirements. This has led to a renewed focus on both
the development of new technologies and the refurbishment of existing infrastruc-
ture [5].

Rather than being limited to individual components, innovation in hydropower
increasingly reflects a system-oriented perspective. It encompasses turbine and com-
ponent design, small-scale and distributed solutions, refurbishment strategies and
environmental technologies. These developments are driven by the need to improve
efficiency under variable operating conditions, increase flexibility and ensure com-
patibility with environmental constraints.

At the same time, innovation is closely linked to the changing role of hydropower
in modern energy systems. More dynamic operation, integration with variable renew-
able energy sources and the utilization of previously untapped hydraulic potential
are determining the direction of technological development. This requires solutions
that are not only efficient, but also adaptable to different contexts and operational
requirements.

Environmental considerations are increasingly a feature of technological innova-
tion. Developments such as fish-friendly turbine designs, improved sediment man-
agement solutions and technologies supporting ecological flow requirements are
becoming part of the design process These approaches aim to reduce environmen-
tal impacts while maintaining energy production. Rather than treating environmen-
tal constraints as external limitations, they are increasingly considered as design
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parameters that influence both system configuration and operation. Overall, inno-
vation in hydropower technologies is moving towards more adaptable, efficient and
context-aware solutions. This includes both the development of new concepts and
the improvement of existing systems, with a focus on meeting the evolving demands
of energy systems and environmental requirements.

4.1 Turbine and Component Innovations

One of the main areas of innovation is related to turbine design and operation.
Advances in hydraulic design, materials and control strategies are enabling turbines
to operate more efficiently over a wider range of conditions. In particular, there
is growing interest in improving performance under part-load operation, which is
becoming more common due to changing operational requirements.

This also impacts the design stage by increased use of simulation tools, not only
computational fluid dynamics (CFD) and structural mechanics, but more often also
coupled approaches of fluid-structure interaction (FSI), fatigue analysis and fracture
propagation analysis. Regarding manufacturing and materials, 3d rapid prototyping
and added manufacturing becomes increasingly relevant at least for some construc-
tional parts. New coatings that are resistant to cavitation and sediment erosion are
being developed and applied to turbine components (applied by HVOF, plasma,
electric arc, cold spray). Last but not least, significant effort is being invested to
design fish-friendly turbines that do not harm fish passing through the turbine blade
channels. Innovations are not limited to the turbine itself, but also include auxiliary
components such as guide vanes, bearings and sealing systems. Improvements in
these elements contribute to increased efficiency, reduced wear and enhanced relia-
bility under variable operating conditions.

Recent developments also include innovations in generator technologies and con-
trol strategies. Advances in synchronous generator design, including improved exci-
tation systems and enhanced thermal management, contribute to higher efficiency
and operational reliability under dynamic conditions. Simultaneously, variable speed
operation concepts are attracting increasing attention, as they allow hydropower
units to operate more flexibly across a wider range of hydraulic conditions. These
approaches enable better adaptation to fluctuating system requirements, particularly
in systems with high shares of variable renewable energy.

In addition, pressure recovery system (PRS) turbines, such as crossflow designs
equipped with diffusers, offer simple inline configurations with pressurized outflow.
These solutions are particularly suitable for integration into water distribution net-
works, as demonstrated in pilot applications such as the San Giovannello site in
Palermo.
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4.2 Small-Scale and Distributed Hydropower

Small-scale and low-head hydropower technologies have gained increasing attention
in recent years. Concepts such as pumps operating as turbines, in-pipe energy recov-
ery systems and modular micro-hydropower units offer opportunities to generate
energy from the existing water infrastructure.

These solutions are particularly relevant in water distribution networks, irriga-
tion systems and industrial applications, where unused hydraulic potential can be
exploited. Compared to conventional large-scale hydropower, these systems can often
be installed more easily and integrated with minimal environmental impact. Low-
head hydropower technologies, typically operating in the head range of 1.5-5m, are
particularly relevant for flat landscapes such as those found in the Netherlands, where
conventional hydropower applications are limited, but also in most river weirs all
around Europe with untapped hydro-energy potential.

4.3 Refurbishment and Modernization

Another important approach is the refurbishment and modernization of existing
hydropower plants. A significant portion of the current hydropower fleet was designed
and installed decades ago under different technical and environmental conditions. As
aresult, upgrading these plants has become a key strategy for improving performance
and extending operational lifetime.

Refurbishment may include replacing or upgrading turbines, improving control
systems and optimizing operational strategies. In addition to increasing efficiency,
these measures can support more flexible operation and reduce mechanical stress
under dynamic conditions such as part load operation, frequent starts/stops or fast
ramping up and down.

S Integration Within the Water-Energy—Environment
Nexus

Hydropower is inherently linked to water systems and its operation cannot be fully
understood without considering its interaction with other water-related uses and envi-
ronmental processes. In recent years, this interaction has been described increasingly
within the framework of the water—energy—environment nexus, which emphasizes
the need to address multiple objectives simultaneously (Fig. 3).

Rather than focusing on single objectives such as energy production, the nexus
perspective highlights the need to balance technical performance, environmental sus-
tainability and water management requirements. This introduces new challenges, as
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Fig.3 Hydropower within the water—energy—environment nexus, highlighting interactions between
technical, environmental and resource-related processes

decisions related to hydropower operation can have direct implications for hydraulic
conditions, ecosystem dynamics and water resource utilization.

At the same time, the increasing integration of hydropower into existing water
infrastructure and multi-purpose water systems expands the scope of potential appli-
cations. This includes not only large-scale power generation, but also distributed
energy recovery solutions and hybrid water-energy systems. As a result, hydropower
must be considered as part of a broader system where energy, water and environmen-
tal aspects are tightly interconnected. Climate change is expected to further influence
hydropower operation, with increasing variability in inflow patterns. While average
precipitation may increase in some regions such as Northern Europe, reductions are
projected in the Mediterranean, along with more frequent extreme and flash flow
events.
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One important aspect of this nexus is the integration of energy production into
existing water infrastructure. In addition to conventional hydropower plants, there
is growing interest in utilizing hydraulic potential in water distribution networks,
irrigation systems and industrial processes, taking advantage of the residual pressure
in the water system. Energy recovery solutions in pipelines and pressure reduction
points offer opportunities to generate electricity without the need for new large-scale
infrastructure. These approaches can contribute to improving overall system effi-
ciency while minimizing environmental impact. At the same time, their implementa-
tion requires careful consideration of hydraulic constraints and service requirements.
This leads to green cities concept with distributed generation.

6 Interconnections Across Domains

The previous sections have addressed digitalization, technological innovation and the
water—energy—environment nexus from different perspectives. However, in practice,
these aspects are not independent of each other. Hydropower systems operate at the
intersection of multiple domains, where changes in one area can directly influence
others. Understanding these interconnections is therefore essential for evaluating the
overall performance and role of hydropower. Rather than being driven by a single
objective, modern hydropower operation involves balancing multiple requirements.
These requirements are generally managed as a trade-off. These include efficiency,
flexibility, environmental constraints and system-level demands. As a result, deci-
sions in one domain can create cascading effects across others, highlighting the need
for an integrated approach. The increasing complexity of hydropower systems is fur-
ther increased by their evolving role within the energy system and their interaction
with water management processes. This requires not only technological solutions,
but also a broader understanding of cross-domain dependencies and trade-offs.

One of the most evident interactions exists between digitalization and plant oper-
ation. Advanced monitoring systems, data analytics and digital twins enable a more
detailed understanding of system behavior. This supports more flexible and adaptive
operation, including operation under varying load conditions and outside traditional
design ranges. At the same time, the effectiveness of these tools depends on data
quality, system integration and the ability to interpret results within the operational
context.

6.1 Technology—Environment Interaction

There is a strong link between technological innovation and environmental perfor-
mance. Improvements in turbine design, flow control and sediment management can
enhance efficiency while reducing environmental impacts.
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Conversely, environmental constraints such as ecological flow requirements or
sediment dynamics may limit certain operational strategies, requiring adjustments
in both design and operation.

6.2 Hydropower Within the Energy System

Hydropower is increasingly required to support variable renewable energy sources
and provide flexibility services. This leads to more dynamic operating regimes,
including frequent start-stop cycles and operation away from optimal design condi-
tions.

Such changes affect mechanical loading, maintenance requirements and overall
system reliability, demonstrating how system-level requirements directly influence
plant-level behavior.

Looking towards 2050 scenarios, it is increasingly recognized that batteries alone
will not be sufficient to address long-term flexibility needs and that hydropower-based
storage solutions will remain essential.

Small-scale pumped storage hydropower systems have also been identified as
viable solutions for islands and remote communities, where they can provide grid
stability, enhance energy autonomy and reduce reliance on fossil fuel-based gener-
ation.

6.3 Integration with Water Systems

The integration of hydropower within water systems creates additional interdepen-
dencies. Energy recovery solutions must comply with hydraulic constraints and ser-
vice requirements, while water management decisions directly affect energy produc-
tion.

These interactions highlight the need for coordinated approaches across energy
and water domains.

6.4 Need for Integrated Approaches

Hydropower cannot be optimized based on a single objective. Trade-offs between
technical performance, environmental constraints and system requirements are often
inevitable.

Addressing these challenges requires integrated and interdisciplinary approaches,
where digitalization, innovation and environmental considerations are treated as ele-
ments of a unified system.



Technological Evolution Through Innovation and Digitalization 181

7 Barriers and Implementation Challenges

Despite the significant opportunities associated with digitalization and technologi-
cal innovation, their implementation in hydropower systems remains challenging in
practice. In reality, a combination of technical, economic and organizational barriers
can limit the adoption and effectiveness of new solutions [7].

These challenges are particularly relevant in the context of existing hydropower
plants, where modernization efforts must be balanced with operational constraints,
legacy systems and economic feasibility. As a result, the transition towards more dig-
italized and flexible hydropower systems depends not only on technological devel-
opment, but also on system integration and practical implementation.

7.1 Data Availability and Quality

One of the main challenges is related to data availability and quality. Many—
particularly older—hydropower plants were not originally designed with advanced
monitoring systems. As a result, available data may be limited, incomplete, or incon-
sistent. This directly affects the reliability of data-driven approaches such as predic-
tive maintenance and digital twins, where the quality of input data plays a critical
role in model accuracy and decision-making.

7.2 Legacy Infrastructure

A large share of the hydropower fleet consists of long-standing installations. Integrat-
ing modern digital solutions into these plants can be complex, requiring additional
interfaces and system adaptations. In some cases, technical limitations of existing
equipment may restrict the level of achievable integration, making it necessary to
prioritize selective upgrades rather than full system replacement.

7.3 Interoperability and Standardization

Hydropower plants often include components from different vendors and genera-
tions. Ensuring seamless communication between these systems can be difficult,
especially in the absence of common standards. This creates challenges for data
integration, system interoperability and the implementation of centralized monitor-
ing or control solutions.
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7.4 Economic Constraints

Economic considerations play an important role, particularly for small and medium-
sized hydropower plants. While large installations may justify investments in
advanced technologies, smaller plants often face tighter budget constraints.

As aresult, the cost-benefit balance of digitalization and modernization measures
must be carefully evaluated, taking into account both short-term investments and
long-term operational benefits.

7.5 Human and Organizational Factors

The adoption of new technologies requires changes in operational practices and
depends on the acceptance of plant operators and maintenance personnel. Resistance
to change, lack of familiarity with digital tools and limited training can slow down
implementation processes.

In addition, there may be a lack of specialized expertise needed to implement and
maintain advanced digital solutions, particularly in smaller organizations.

Public perception also represents an important barrier, as hydropower is some-
times associated with negative environmental impacts due to past unsustainable prac-
tices. Improving communication and demonstrating modern, sustainable approaches
are therefore essential.

7.6 Cybersecurity and Communication

The increasing use of remote monitoring and cloud-based systems introduces addi-
tional challenges related to cybersecurity and communication reliability. Ensuring
secure and stable operation is essential for maintaining trust in digital solutions and
for preventing potential disruptions in critical infrastructure. Overall, these barriers
highlight that the implementation of innovation and digitalization is not only a tech-
nical issue, but just as much an organizational and systemic task. Addressing these
challenges requires a coordinated effort, practical solutions and consideration of the
specific conditions of each plant.

8 Insights from WG2 Activities

The content presented in this chapter is based on a structured series of activities
carried out within Working Group 2 (WG2) of the COST Action PEN@Hydropower.
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These activities bring together perspectives from academia, industry and system

operators, providing a comprehensive basis for the analysis presented in this chapter.
WG?2 activities have been organized in different formats, each addressing specific

aspects of hydropower innovation and contributing complementary insights:

e Regular Meetings: A series of technical meetings where topics such as digital-
ization, monitoring systems, turbine technologies and environmental aspects were
presented and discussed. These meetings enabled continuous knowledge exchange
and the identification of key technological trends.

e Round-Table Discussions: Interactive sessions bringing together experts from
different disciplines to exchange views on cross-cutting topics, including system
integration, environmental challenges and future directions. These discussions
contributed to a broader understanding of stakeholder perspectives and system-
level interactions.

e Workshops and Events: Multidisciplinary workshops and scientific events aimed
at fostering collaboration between academia, industry and stakeholders. These
activities supported the integration of technical knowledge with practical experi-
ence and facilitated cross-disciplinary dialogue.

e Short-Term Scientific Missions (STSMs): Targeted research activities promoting
collaboration between institutions. These missions contributed to specific topics
such as digitalization frameworks, innovation pathways and cross-domain analysis
and supported the development of joint scientific outputs.

e Training Schools: Educational activities designed to disseminate knowledge and
support capacity building in areas related to hydropower innovation, digitalization
and sustainability.

Together, these activities provide a broad and complementary set of perspectives
on the ongoing transformation of hydropower systems.

One of the main outcomes of these activities is the identification of digitalization
as a key enabler for improving hydropower performance and operation. Across mul-
tiple WG2 meetings, it has been consistently observed that data-driven approaches,
advanced monitoring systems and digital twins offer practical benefits in terms of
reliability, efficiency and operational flexibility. At the same time, discussions have
highlighted the importance of integrating these tools into existing systems and ensur-
ing their usability in real operating environments.

Another important insight is related to the role of small-scale and distributed
hydropower solutions. Presentations and discussions within WG2 have shown that
significant energy recovery potential exists in water distribution networks and other
non-traditional applications. These solutions are particularly relevant in the context
of increasing energy efficiency and decentralized energy systems.

The interaction between hydropower and environmental processes has also been
arecurring topic. Workshops and round-table discussions have emphasized the need
to better integrate sediment management, ecological flow requirements and water
quality considerations into both design and operation. These aspects are increasingly
seen as integral parts of hydropower systems rather than external constraints.
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In addition, WG2 activities have highlighted the importance of system-level think-
ing. The role of hydropower within modern energy systems is evolving, with increas-
ing expectations related to flexibility, hybrid operation and integration into other
energy sources. This has led to a broader understanding of hydropower as part of
interconnected energy and water systems.

Finally, the discussions within WG2 have identified several practical challenges
that need to be addressed. These include data-related limitations, integration of legacy
systems, economic constraints for smaller installations and the need for skilled per-
sonnel. Addressing these challenges requires not only technological solutions, but
also collaboration between different stakeholders and disciplines.

Overall, WG2 activities provide a comprehensive view of the ongoing transfor-
mation of hydropower, combining technical developments with practical experience
and stakeholder perspectives. These insights form an important basis for the analysis
and conclusions presented in this chapter.

9 Future Perspectives

Hydropower is expected to continue playing an important role in future energy sys-
tems, particularly in supporting flexibility, reliability and system stability. However,
its contribution will increasingly depend on its ability to adapt to changing technical,
environmental and operational requirements.

One of the main directions of development is the further integration of digital
technologies into hydropower systems. Advances in data analytics, machine learn-
ing and digital twins are expected to improve the understanding of plant behavior
and support more efficient and flexible operation. In the longer term, these develop-
ments may enable higher levels of automation and more autonomous plant operation,
especially in combination with centralized monitoring and control systems. Pumped
storage hydropower is expected to play a key role as a cornerstone technology for
balancing variable renewable energy generation.

At the same time, technological innovation will remain essential. Improvements
in turbine design, materials and refurbishment approaches are expected to enhance
performance under a wider range of operating conditions. In addition, small-scale
and distributed hydropower solutions may become more relevant, particularly in the
context of energy recovery within existing water infrastructure.

Environmental considerations will also play an increasingly important role. Future
hydropower systems will need to operate in closer alignment with ecological and
water management requirements. This includes more effective sediment manage-
ment, improved compatibility with ecological flows and greater attention to water
quality. These aspects will likely influence both design and operational strategies.

Another key aspect is the continued integration of hydropower into interconnected
energy and water systems. The interaction with variable renewable energy sources,
hybrid system configurations and multi-purpose water use will require more coor-
dinated and system-oriented approaches. This reinforces the importance of consid-
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ering hydropower not as an isolated technology, but as part of a broader system.
Cross-sector synergies, including integration with water supply networks, hydrogen
production and smart digital systems, are expected to open new pathways for inno-
vation. Cross-sector synergies, including integration with water supply networks,
hydrogen production and smart digital systems, are expected to open new pathways
for innovation.

Overall, the future of hydropower will depend on the ability to combine digi-
talization, technological innovation and environmental considerations in a coherent
way. This requires not only advances in individual technologies, but also a holistic
perspective that takes into account system-level interactions and practical implemen-
tation aspects.
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of Hydropower and Its Adaptation e
to Climate Change
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Maria Ubierna Aparicio®, and David Christian Finger

Sustainable hydropower in the 21st century demands a holistic,
multi-stakeholder approach that integrates climate adaptation,
sediment management, ecological integrity, and social equity.

Abstract Despite the ongoing technological innovation and the rapidly increasing
penetration of new renewable energy sources, the hydropower sector managed to
remain a central actor for power production worldwide while establishing itself as a
strong support to compensate the intermittency induced by most of these new energy
sources. However, the sustainability of hydropower is increasingly challenged by
climate-induced hydrological shifts, sediment regime changes, and complex socio-
environmental trade-offs. This chapter argues that sustainable hydropower in the
21st century demands a holistic, multi-stakeholder approach that integrates climate
adaptation, sediment management, ecological integrity, and social equity. Draw-
ing on case studies and modelling examples, the physical foundations, e.g. climate,
hydrology, sediment dynamics, and their interconnections with ecosystems and soci-
ety are highlighted. As a renewable and affordable, usually low-carbon source of
energy, hydropower can significantly contribute to the fulfilment of the UN Sustain-
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able Development Goals. However, any hydropower plant also potentially induces
important ecological, social, and economic impacts at the local scale, calling for a
sustainable strategy in building and management, but also in existing hydropower
infrastructures.

Keywords Hydropower + Climate change + Sediment dynamics + Environmental
flows - River ecology - Adaptation - Sustainability

1 Introduction

As the global energy transition accelerates toward net-zero emissions, the role of
hydropower is evolving from a traditional baseload source to a flexible, integrating
force for variable renewables such as wind and solar. Understanding this evolving role
is not merely technical, it is foundational to designing energy systems that are both
sustainable and resilient [1]. Hydropower systems must not be seen in isolation. They
must be understood as a dynamic component of an interconnected, decarbonizing
energy landscape [2].

In this context, the sustainability of hydropower can no longer be assessed through
a static lens. Climate change is altering the very resources on which hydropower
depends through shifting precipitation patterns, growing hydrological variability,
and intensifying extreme weather events [3]. These changes threaten the reliability,
safety, and ecological balance of hydropower systems. Thus, adaptation is no longer
optional; it is central to the long-term viability and sustainability of hydropower.
Future engineers must be trained to anticipate, model and respond to climate-driven
uncertainties, integrating adaptive thinking into every stage of planning, design, and
operation.

Addressing these complex, interwoven challenges demands more than just tech-
nical expertise. It requires a holistic, multi-stakeholder framework that bridges disci-
plines and perspectives [4]. Climate science, hydrology, ecology, social sciences, and
engineering must intersect in meaningful ways. Tomorrow’s engineers will need to
engage with diverse stakeholders, including local communities, indigenous groups,
policymakers, ecologists and investors, to co-create solutions that are environmen-
tally sound, socially equitable and economical. This chapter highlights the imper-
ative of educating engineers to navigate this complexity, fostering system thinking
and collaborative governance as core professional competencies.

Historically, hydropower plants were built in different river basins with diverse
hydrological regimes that worked as a “weather portfolio”, with long transmission
lines transporting electricity in space from “wet” areas to “dry” areas [12]. Reservoirs
store water (or electricity) from “wet” periods to “dry” periods, sometimes across
multiple years, with multi-year regulation capacity. In the last two decades, however,
there has been a shift away from large storage projects. The power-to-flooded area-
ratio of new plants has gone up significantly due to environmental constraints [13];
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generally these new plants were “run-of-river” plants that do not significantly modify
the natural seasonal pattern of river flows. The world now faces the dual challenge of
having to increase the availability of electricity while moving toward a zero-carbon
future—and it must do so while minimizing any negative impacts on people and the
environment.

Dams represent an extension of human influence over the environment. Currently,
there are plans to construct over 3,700 hydropower dams globally in the next 30
years [14]. The most intensive development is planned in river basins like Congo,
Amazon, and Mekong which host approximately one third of the world’s riverine
biodiversity [14-16].

Human-altered flow regimes count among the adverse effects of dams, having
serious consequences and posing persistent threats to aquatic ecosystems and natural
habitats in streams and rivers [17, 18]. Dams influence hydrological flow regimes at
varying time scales, altering low-flow regimes [19] and decreasing peak flows on a
seasonal basis [20], but also on a sub-daily time scale. This operational regime, called
hydropeaking, adversely influences riverine ecosystems and vegetation in several
ways [21, 22]. Another dam-induced flow regime change is the reduced sediment
load carrying capacity of a river, since the reservoirs of the dam create sediment
starvation in the downstream section. Various modellers have indicated both global
and local reduction in hydropower generation capacity two to five decades into the
future if no preventive measures are introduced [23-26].

In spite of these various confounding factors, hydropower is still the dominant
supply source in many countries, although its relative participation in electricity
production has decreased [27]. Significant questions arise as to whether this general
approach can be sustained in the future. The challenge going forward is to find new
approaches that allow the continued use of the existing hydropower base, together
with new innovations in order to pave the way for a massive further expansion of
VRES.

To address the changing nature of the water-energy nexus for hydropower from
the “water for energy” perspective, it is necessary to identify upcoming research
questions focusing on hydropower planning, management, and rehabilitation. A need
for trade-off studies is an important first step toward identifying more balanced
outcomes—specifically to explore ecology—energy trade-offs at the decision-relevant
scale of an individual hydropower plant. Legal regimes, governance structures, and
the challenges surrounding hydropower projects are diverse. Until this challenge of
identifying and navigating trade-offs is confronted at multiple scales, broader basin-
scale studies may struggle to credibly identify the trade-offs and ecological outcomes
of complex, multi-billion-dollar hydropower portfolios.
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2 Climate Change, Hydrology, and Hydraulics: The
Physical Foundation

For engineers coming into the hydropower sector, a robust understanding of the phys-
ical environment is no longer sufficient. They must also grasp how that environment
is changing. The foundations of sustainable hydropower—climate, hydrology, and
hydraulics—are now dynamic, driven by anthropogenic climate change. Educating
future engineers in these shifts is critical to designing infrastructure that is resilient,
efficient, and ecologically integrated over its entire lifecycle.

2.1 Climate and Water Cycle Changes: Observed
and Projected Climate Trends Relevant to Hydropower

Future hydropower engineers must be fluent in climate science as it pertains to water
resources. Observed trends—such as increasing temperatures, shifting precipitation
patterns, and the accelerated melting of glaciers and seasonal snowpacks—directly
influence river regimes. In many regions, projections indicate greater hydrological
variability: more intense rainfall events, longer droughts, and altered seasonal flows.
These changes challenge the assumptions underpinning historical hydrological data,
the very data traditionally used for design and planning. Engineers must learn to
work with climate models, uncertainty ranges, and scenario-based projections to
future-proof hydropower systems.

The type of hydropower is crucial for understanding the influence of climate
change. Storage-type hydropower has inherent operational flexibility by shifting
power production from the time of water availability to the moment of energy
demand [3, 26, 28-31]. Run-of-river type, on the other hand, is quite responsive to
the hydrological regime due to very negligible to zero water storage capacity [25, 29].
Pump-storage type produces electricity during peak demand and re-pumps during
off-peak periods [31, 32]. This type of hydropower plays a key role in the integration
of other intermittent renewable energy sources into the electricity market [11, 33].

2.1.1 Climate Changes

The translation of climate trends into river hydrology is a core competency for
hydropower engineers. Changes in precipitation type (rain vs. snow), timing of
snowmelt, glacial contribution, and evaporation rates alter the magnitude, frequency,
and seasonality of river flows. This can lead to increased flood risks, reduced
dry-season flows, or shifts in the annual hydrograph. Understanding these impacts
requires moving beyond static flow duration curves to dynamic, climate-informed
hydrological modelling.



Environmental Sustainability of Hydropower and Its Adaptation ... 191

There is general scientific consensus that the climate has warmed over the past
century [34], consisting of an increase in temperature and a variation in the spa-
tial and temporal patterns of solid and liquid precipitation [35, 36]. Variations in
climate may affect almost all processes in the biosphere to some extent, including
landscape, ecosystem, hydrological regimes, and water resource infrastructure [37].
As a result, quantifying the impacts of climate change on hydropower moved into
focus, by proposing and formulating operational adaptation strategies within different
hydroclimatic scenarios and electricity markets [23, 25, 26, 38—43]. The footprints
of recent climatic trends can thus be observed in various global and local hydrological
variables, such as an increase of the frequency and extent of extreme weather events,
as well as a modification of seasonal hydrological cycles, particularly in snow- and
glacier-fed basins [25, 44]. The latter can significantly alter regional hydroclimatol-
ogy, which in turn can have a substantial and negative economic and environmental
impact on hydropower. Generalisations are difficult given the dominance of local
conditions; assessments of the future of hydropower need to be interpreted with
care [45].

2.1.2 Meltwater

Mountain catchments are subjected to rapid and sustained environmental changes
[46], and it is necessary to focus on the mountain cryosphere as it hosts most of
the hydropower [30]. Meltwater produced from perennial and seasonal snow, ice
and glaciers provides the most significant runoff contribution to the major tributaries
of such catchments and is therefore highly vulnerable to climate change [47, 48].
During the last century, most glaciers across the globe have retreated in response to
climate variability [49, 50].

In mountain areas, precipitation and temperature may combine and result in a shift
from solid to liquid precipitation [25]; onset of snowmelt [51]; shorter snow season
[37]; decline in peak snow accumulation [52, 53]; changes in flow regimes from
glacial to nival or nival to pluvial [23]. From this follows a substantial impact on the
seasonality of water availability with direct consequences for reservoir management
and hydropower operation [43].

Many studies across Europe have observed negative trends in snow depth and
snow duration [54-58], with pronounced correlation to elevation [59, 60]. These
observed changes are mainly linked to a shift of precipitation from solid to liquid
[61] and lead to more frequent and more intense melting [62] as a result of increasing
air temperatures in spring and winter.

Numerous hydropower plants are built downstream of glaciers. Glacier shrinkage
may provide a boost to hydropower installed capacity and new installations [26, 63].
The combined synoptic weather patterns with local effects driven by topography may
increase meltwater—the so-called “peak water”—for some decades, but will eventually
disappear in the future [49]. Thus climate change may hamper subglacial hydrology
and present a key reason for the susceptibility of future hydropower [64]. In the first
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half of the century, ice ablation would provide a significant increase in water flows;
however, as glaciers largely disappear, a decrease in stream flows would be seen,
with the role of precipitation becoming paramount.

2.1.3 Extreme Events

Altered hydrology imposes new demands on hydraulic infrastructure. More extreme
flows challenge spillway capacity, dam safety, and flood risk management. Sediment
loads may increase due to glacial melt or intense erosion, which would increase
the risk of turbine abrasion and reservoir sedimentation. Conversely, reduced flows
can affect power generation efficiency, cooling capacity, and minimum ecological
releases. Future engineers must be trained in adaptive design: incorporating larger
safety margins, designing for sediment bypass, and creating flexible operating rules.
The Reykadalur case study exemplifies these challenges. It highlights how changes
in catchment hydrology and extreme weather events can impact plant operation and
infrastructure resilience, providing a practical framework for students to evaluate
design trade-offs under climate uncertainty.

Climate change under global warming increases the incidence of extreme natural
events, namely hazards. Climate-dependent hazards—including flash floods, droughts,
shallow landslides, rock avalanches, snow/ice avalanches, and glacial lake outburst
floods—have an increased chance of concurrent occurrence [65]. The issue of a poten-
tially increased impact of multiple hazards under present and prospective climate
change conditions has so far been largely neglected, and risk assessment is typically
pursued independently for different processes.

Water-based calamities such as heavy rainfall and torrential floods are repeatedly
observed around the world. Dams have deep upstream and downstream effects on
a river’s natural hydrological regime, principally through their effects on five com-
ponents: magnitude, timing, frequency, duration and rate of change [66]. In case
of streamflow drought, hydropower production immediately decreases, adversely
affecting suppliers and consumers. Drought-induced reduction in dam-based elec-
tricity supply can have negative effects on daily life and the economy, particularly
in regions that rely heavily on hydropower, for example in Africa and South Amer-
ica [67].

2.1.4 Interconnection with Ecology and Society

Hydropower engineering does not exist in a physical vacuum; it interacts directly with
ecological systems and human communities. Changes in flow regimes affect river
temperature, dissolved oxygen, habitat connectivity, and aquatic biodiversity. These
ecological shifts, in turn, impact fisheries, water quality, and ecosystem services upon
which communities depend. Furthermore, socio-hydrological feedbacks are critical:
water releases for power generation may conflict with agricultural needs, drinking
water supply, or cultural practices under changing climate conditions.
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During droughts, the water use domains of energy, water, food, health, and the
environment are often competing intensely. Water markets and reallocation sys-
tems play a significant role in balancing trade-offs between sectors and improving
resilience to the impacts of drought. Moreover, fish and riverine resources are criti-
cal factors for the livelihoods of many indigenous peoples, providing both financial
security and food. It is these communities that are often most heavily impacted by
hydropower and dam developments. Dams threaten zones of aquatic biodiversity in
all the major rivers of undeveloped, developing, and developed countries [68].

2.1.5 Energy Systems and Electricity Mix

Anomalies in total electricity production can provide crucial information about
changes in the share of different energy sources and the manner in which each
electricity mix affects the whole electricity system. It is essential to accelerate the
development of renewable energy and its share, as countries strive to reduce car-
bon emissions and air pollution [27]. The relative flexibility and storage capacity
most hydropower plants (storage and pumped hydro) offer provides the necessary
back-up to balance demand and supply [69].

Nevertheless, hydroelectricity itself is susceptible to climate because of its strong
reliance on natural water resources and climate conditions. Climate change is pro-
jected to lead to an increase in hydropower generation in some parts of the world and
to a decrease in others [70]. In the context of current changing climatic conditions,
the demand for electricity often increases due to the soaring requirements of air con-
ditioning and heating [26]. The complementarity between hydro and coal, wind, solar
or other energy sources is highly recommended [71]. Although this integration has
already been implemented, the mix of multiple sources is expected to grow further
in the context of technology development combined with the projected stronger and
more frequent hydrological extremes in the near future [72].

In current literature, hydropower models mostly simulate the physical impacts
of changes in streamflow or outflow from reservoirs, whereas socio-economic feed-
backs, changes of electricity prices, and demand load portfolios are not modelled.
The modelling of anthropogenic river flow alteration is urgently required in future
research, and a thorough investigation of human component impacts is suggested.

3 Integrating Sediment Dynamics and Climate Change
for Sustainable Hydropower

Large reservoirs may be capable of controlling a wide range of floods, and con-
sequently can reduce the magnitude and frequency of floods experienced by the
downstream channel. The reduced flow may not transport sediment delivered to
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the river below the dam by tributaries, promoting channel aggradation and poten-
tially increasing flooding risk. Thus, depending on the balance between the available
transport energy and sediment supply, some river stretches below a dam will exhibit
sediment deficit and others sediment surplus [73, 74]. Hydropower plants also act
as sediment barriers, blocking natural riverine flows of water, sediment and critical
nutrients that in turn impact fish and other aquatic organisms.

Hydropower infrastructure regulates not only water but also sediment. Because
sediment transport governs reservoir longevity, channel stability, habitat structure,
and downstream geomorphology, it is a central determinant of hydropower sustain-
ability. Under climate change, shifts in sediment supply and transport capacity chal-
lenge design assumptions that were historically based on stationary conditions. For
future engineers, understanding sediment dynamics is therefore essential to design-
ing hydropower systems that remain technically reliable, ecologically responsible,
and socially legitimate throughout their operational lifetime.

3.1 Flow Regulation and Morphodynamic Adjustment

Alterations to discharge regimes fundamentally modify sediment transport processes.
Changes in flood magnitude, seasonal timing, and hydrograph shape influence shear
stress distribution, bed mobility, and sediment continuity along the river corridor [75].
Reduced peak flows may decrease transport capacity and promote channel stabiliza-
tion, vegetation encroachment, or localized deposition. In contrast, hydropeaking
operations can induce rapid stage fluctuations that destabilize fine sediments and
alter bed structure.

Such changes often translate into long-term morphological adjustment [76].
Braided or multi-thread systems may evolve toward simplified, more stable configu-
rations, while sediment deficits downstream of reservoirs can lead to channel incision
and coarsening. Conversely, altered hydrographs may increase suspended sediment
concentrations if flow releases mobilize previously stored material. The direction and
magnitude of response depend on the interaction between sediment supply, hydraulic
forcing, and operational rules. Nevertheless, these responses are highly non-linear
and inherently unpredictable, as they depend on complex interactions among sys-
tem parameters, regulated by hydropower dams, human interventions, and episodic
disturbances such as landslides [77].

Recognising these morphodynamic consequences is critical when evaluating
hydropower sustainability. Channel adjustment affects not only infrastructure per-
formance but also ecological habitat diversity and floodplain connectivity.
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3.2 Climate Change and Sediment Regime Shifts

The sediments carried by a river are deposited in the reservoir, which in turn reduces
the river’s transport capacity. Although reservoirs are typically designed with dead
storage volume to accommodate accumulated sediment, sedimentation also occurs
in the useful volume of the reservoir [78], leading to loss in storage capacity that
hampers normal operation. The main causes of sediment deposition at reservoirs
are either of two types: physical and chemical [79]. The physical type is due to the
decrease in water speed of tributaries flowing into the reservoir; essentially there is
not enough energy for the transport of suspended sediments. The second type depends
substantially on the interaction between the various chemical characteristics in the
water.

The phenomenon is complicated by the simultaneous action of various factors
(variable flow rates released by the dam, sediment loads, reservoir level variations,
etc.) [80]. The dynamics of the sediment are affected by other actions associated
with the management of reservoirs, such as manoeuvres to reduce the reservoir level
carried out at high speed. This also adds a drag effect to the phenomena described
above [81].

Climate change modifies sediment dynamics at the catchment scale. Intensified
precipitation, glacier retreat, permafrost degradation, and increased hillslope insta-
bility can alter both the magnitude and timing of sediment delivery. In mountain
and glacier-fed basins, enhanced meltwater can temporarily increase fine sediment
transport, whereas long-term glacier retreat may eventually reduce coarse sediment
input once easily erodible sources are exhausted. Similarly, increased rainfall inten-
sity may accelerate erosion processes and slope failures. These changes interact with
existing hydraulic infrastructure. Reservoirs may trap greater volumes of sediment
than anticipated during the design stage, accelerating storage loss and reducing oper-
ational flexibility. Altered timing of sediment inputs may also complicate flushing
or bypass strategies [82]. The combined effect of climatic and operational drivers
reshapes sediment continuity at the basin scale, requiring adaptive and forward-
looking management.

3.3 Implications for Infrastructure Performance

Sediment processes directly influence the technical and economic sustainability of
hydropower systems. Reservoir sedimentation reduces active storage, limits flood
buffering capacity, and constrains energy production over time. Elevated suspended
sediment concentrations increase turbine abrasion, and as a consequence mainte-
nance demands and operational costs rise. Deposition near intakes and in tailrace
channels can impair hydraulic efficiency and lead to bigger safety risks.

The deposition of sediments in reservoirs can generate problems of stability and
infrastructure security. Accumulation of sediments increases the possibility of local-
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ized erosions at the foot of the dam. The operating rules of the dam greatly influence
the shape and location of the sediment deposits [83]. Indeed, following the flushing
operations it is necessary to carry out inspections or maintenance of the parts of dam
infrastructure since changes occur in the structure of the sedimentation profile, which
can cause a greater accumulation of sediment close to the dam outlet [84].

Under non-stationary climatic conditions, sediment-related risks may intensify.
Historical sediment records may no longer provide reliable design references, and
extreme sediment loads can exceed expected operational thresholds. Consequently,
sediment management must be integrated into climate-resilient design and opera-
tional standards. Approaches such as sediment bypass systems, controlled flush-
ing operations, sediment augmentation downstream, and adaptive reservoir manage-
ment offer potential pathways toward maintaining sediment continuity while protect-
ing infrastructure. Evaluating these strategies requires balancing energy production
objectives with long-term geomorphic stability and ecological function.

3.4 Modelling Across Scales: Capabilities and Uncertainty

Predicting sediment dynamics under changing climatic and operational conditions
remains a complex hydraulic modelling challenge. Sediment transport is highly
sensitive to hydraulic boundary conditions, grain-size distribution, bed roughness
parameterization, and transport formulations [77].

At the catchment scale, hydrologic models estimate sediment yield based on
projected precipitation patterns, land use, and erosion processes. Uncertainty arises
from climate scenarios and the representation of erosion mechanisms. At the reach
scale, hydraulic models simulate flow fields and transport capacity. Results depend on
roughness coefficients, regulated and non-regulated discharge, mesh size, turbulence
representation, and calibration procedures [85]. At the morphodynamic scale, two-
and three-dimensional models simulate bed evolution and channel adjustment [86].
Outcomes are influenced by grid resolution, sediment transport functions, hiding—
exposure corrections, and bed roughness predictors. Sensitivity analyses consistently
demonstrate that parameter selection can substantially affect predicted morphologi-
cal change.

When combined with climate projections, these uncertainties propagate across
scales. Robust assessment, therefore requires scenario-based analysis rather than
reliance on single deterministic predictions. It should be noted that, while 2D flow
and sediment modelling is well suited for long-term and climate change assessments,
itremains computationally demanding, often requiring the application of acceleration
factors. In addition, uncertainties related to calibration procedures and data scarcity
further affect model reliability and must be carefully addressed. Educating engineers
to critically interpret model outputs and recognize structural limitations is essential
for responsible hydropower planning under climate uncertainty.
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3.5 [Interconnections with Ecology and Society

Sediment dynamics form a direct link between physical processes and ecological
integrity. Channel morphology governs habitat heterogeneity, spawning substrate
availability, and riparian stability. Excessive fine sediment deposition can degrade
water quality, while sediment deficits may cause incision and bank instability. For
communities, altered sediment regimes influence flood risk, agricultural productivity,
cultural landscapes, and downstream coastal stability. Reduced sediment delivery to
deltas can exacerbate shoreline erosion and increase vulnerability to rising sea levels.

The suspended sediments have a direct effect on the respiratory and alimentary
systems of fish and invertebrates and on the aquatic plant component [87]. There are
several factors that intervene in reaching the lethality threshold (size of particles, dis-
solved oxygen, duration of exposure, background concentration). Turbidity induced
by the sediments affects the ability of sunlight to penetrate the water column, with
repercussions on autotrophic organisms, the entire food web and on the productivity
of the ecosystem [88]. The deposition of sediment on spawning areas prevents the
regular hatching of the eggs and their development as the filling of the interstitial
spaces restricts water and gas circulation; furthermore, the deposition of sediment
can prevent larvae from emerging from nests, trapping them in the sediment after
hatching [89].

Sediment supply downstream can alter mesohabitat structure through the filling
of pools and the formation of islands, ultimately reducing hydraulic-morphological
diversity [90]. On the other hand, the release of sediment can in some cases improve
the heterogeneity of downstream physical habitats [91]. Integrating sediment con-
siderations into hydropower development therefore requires collaboration among
engineers, ecologists, policymakers, and stakeholders. Basin-scale sediment budget-
ing, transparent communication of trade-offs, and adaptive governance frameworks
are key elements of long-term resilience.

4 Ecological and Natural Resource Dimensions
of Sustainable Hydropower

In addition to a climate crisis, the world is also experiencing a biodiversity crisis,
the latter often being overshadowed by the former. Freshwater ecosystems are the
most threatened ecosystems on the planet [92] with freshwater fish species (including
migratory ones) having declined by 85% since the 1970s. In addition, according to the
largest global assessment of freshwater animals on the IUCN Red List of Threatened
Species, 24% of the world’s freshwater fish, dragonfly, damselfly, crab, crayfish and
shrimp species are at high risk of extinction [93]. Hydropower remains the world’s
largest source of renewable electricity and plays a leading part in achieving the green
energy transition by providing a stable “baseload” that complements the variability
of wind and solar [94]. However, hydropower itself has a significant ecological
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footprint due to the damming of river systems and modification of natural flow
regimes. Achieving sustainable hydropower will only be possible by balancing the
demand for low-carbon energy with the preservation of complex, well-functioning
and healthy aquatic ecosystems—and the natural resources and ecosystem services
that human communities depend on.

Riverine species are adapted to the natural flow regime [95] of the river ecosystem
they inhabit and to the natural mosaic of habitats and their variability in this river
ecosystem. Modifications to the hydrology and morphology of the river will impair
river health, functioning, and ultimately resilience.

Riverine ecosystems have historically faced many different pressures, not only
from hydropower but also from other human activities (e.g. agriculture, industrialisa-
tion). They are now experiencing a twofold crisis: the simultaneous impact of global
climate change and the expansion of physical infrastructures. Already in 2015, [14]
discussed the global boom in hydropower dam construction and recorded that almost
4,000 major dams with a capacity above 1 MW were either planned or under construc-
tion globally [14]. The global dataset GOODD for georeferenced dams registered
over 38,000 dams [96]. As of 2020, 1.2 million instream barriers were identified in
36 European countries [97]. River systems are currently caught between two forces—
climate stress and energy infrastructure stress—that create a degradation feedback
loop. As an example, a recent study in Oregon, USA showed that an increase in
stream temperature by 1.8 to 3.2 °C—and this is predicted for the end of the century—
will reduce the amount of thermally suitable habitats for several salmonid species
by 50% or more [98]. Anthropogenic structures lead to a fragmentation of the river’s
longitudinal continuity, preventing species from reaching potentially suitable habi-
tats and refuges, and undermining the resilience of these ecosystems and freshwater
species to adapt to climate change.

4.1 How Hydropower Affects River Ecology

The impacts of hydropower production on riverine ecosystems and on biodiversity
are well documented [99-101]. The most visible and direct impacts of hydropower
production are linked to the disruption of river hydromorphology, where longitudinal
and lateral connectivity of the river are affected, leading to habitat fragmentation and
barriers to fish migration. River flow is regulated by smoothing out seasonal high
and low flows. While this is beneficial for flood control and irrigation, many species
rely on natural flow cues for spawning and migration. Hydropeaking leads to fish
stranding, habitat dewatering, and increased erosion [100]. Hydropeaking will be
more frequent due to an increased demand for flexibility in hydropower, and this
demands that such impacts are further researched and addressed [102].
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Rivers are “conveyor belts” for sediment, and hydropower production modifies
the natural sediment transport, leading to significant geomorphological changes (see
Sect. 3). The upstream accumulation of sediment due to impoundment leads both to
a reduction in reservoir storage capacity over time and to sediment deprivation in
down-stream reaches, depriving habitats of the material needed to maintain them.
Finally, the transition from lotic to lentic ecosystem due to impoundment changes
the chemistry, temperature, and biochemical cycles in the river ecosystem.

Independent of the capacity of a hydropower plant, energy production has an
impact on riverine ecosystems and their biodiversity, and such impacts can be signif-
icant regardless of the size of the hydropower plant. Impacts from small hydropower
plants can be considerable, especially when these hydropower plants are built along
the same river stretch.

4.2 The Compounded Effect of Climate Change
and Hydropower

The impacts of hydropower operation alone have led to profound alteration of river
ecosystems, in addition to other human pressures river ecosystems are facing. When
considering the combined effect of hydropower operation and climate change, the
synergy between these stressors may often result in a level of damage that is “greater
than the sum of its parts”, meaning existing damages will be exacerbated.

Rivers have natural season-dependent temperature cycles. Alteration in the tem-
perature regime associated with climate change (e.g. warming of rivers) and
hydropower operation (e.g. thermopeaking) can lead to thermal stress as well as
disturbance to biological cues for riverine biota (e.g. fish migration and spawn-
ing) [103—105]. Rising water temperature in combination with decreased flows exac-
erbates pollution and eutrophication, leading to water quality problems and a general
degradation in the ecological status [106].

Levees and other structures impair lateral connectivity, i.e. they prevent rivers
from connecting with their floodplains. During extreme climate change-driven floods,
which are forecasted to increase in frequency and magnitude [107], floodwater can no
longer dissipate into adjacent wetlands, leading to catastrophic downstream surges.
Climate change modifies rainfall and snowmelt patterns. This affects riverine ecosys-
tems directly by modifying the timing of flow and nutrient pulses, which are then
no longer aligned with the requirements of the life cycles of riverine biota; and
indirectly by influencing hydropower production and thus patterns of flow releases
downstream. This will push vulnerable populations of native species to a tipping
point, beyond which they are unlikely to recover.
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4.3 Successful Mitigation of Ecological Impacts Is Needed
to Achieve Sustainable Hydropower

A variety of targeted measures exist to attempt to mitigate the effect of hydropower
[101]. In the last decades, these very much focused on improving fish passage, both
upstream and downstream, and on retrofitting fish passage facilities on older dams,
with varying success [108—111]. Developments in turbine technologies have led
to the design of turbines that decrease the mortality risk for fish, featuring wider
spacing between blades and lower rotational speeds to reduce physical trauma and
barotrauma.

However, efficient mitigation measures should be proactive and included already
in the design stage of hydropower plants. The most important mitigation measure
to maintain and/or restore a healthy aquatic ecosystem will always be: sufficient
and adapted environmental flows to maintain suitable instream habitat; lateral and
longitudinal hydrological connectivity; and maintaining the processes and functions
that are necessary to meet habitat and life-cycle requirements [112, 113]. The 2007
Brisbane Declaration on Environmental Flows stated that “environmental flows are
essential to freshwater ecosystem health and human well-being” [114]. The most
inclusive definition associated with the Brisbane Declaration defines environmental
flows as the “quantity, timing and quality of freshwater flows and levels necessary to
sustain aquatic ecosystems, which, in turn, support human cultures, economies, sus-
tainable livelihoods, and well-being” [114]. More than 300 methods for the determi-
nation of environmental flows exist, from simple hydraulic rating methods to habitat
modelling and complex, transdisciplinary holistic methods [115].

Despite numerous calls to assert the implementation of environmental flows glob-
ally [113, 114], and despite the release of ecological flows being a key measure of the
EC Water Framework Directive in the European Union [112], numerous challenges
remain when it comes to implementation. One area that needs particular focus is
the adaptation of environmental flows (both design and implementation) to reflect
climate change-induced shifts.

The release of environmental flows means a loss of water for hydropower produc-
tion and often leads to conflict between stakeholders on the trade-off needed between
economic and energy gain on the one hand, and ecosystem conservation on the other.
Adaptive management strategies are relevant, even more so under climate change
scenarios. Some hydropower plants are not necessarily viable, and their removal
can help restore rivers to free-flowing conditions, offering refuges and habitats to
species. Replanting of riparian zones will contribute to the cooling of water tem-
perature, providing thermal refuge to an array of species. Case-by-case assessment,
based on sound science and on precautionary principles, will ensure a tailored miti-
gation regime with a higher probability of target achievement than a one-size-fits-all
solution [116]. In addition, hydropower must be planned and operated at the water-
shed level, taking into account other pressures and land uses along riverine corridors,
instead of being managed as isolated projects.
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5 Operational Adaptation Strategies

Electricity and power markets are intimately linked to weather variables [117]. Tem-
perature and humidity influence consumption (demand), production (supply), and
transmission [118], resulting in an impact on prices. Energy demand may be influ-
enced by climate change, and in particular the seasonality of this demand is governed
by changes in temperature and humidity patterns [28]. Typical seasonal cycles may
be altered due to a warmer future, resulting in, for example, decreasing demand in
winter and increasing demand in summer [119]. For this reason, it is very important
to understand how hydropower revenues will be impacted by shifts in electricity
price seasonality.

But modifications in temperature trends and precipitation patterns are also
expected to modify the entire hydrological cycle. Due to its high dependency on
the water regime and water availability, hydropower is extremely exposed to climate
change [119]. Climate change is expected to impact hydropower through two main
factors: runoff and its seasonality, and sedimentation [25, 30, 120, 121].In moun-
tainous areas, changes may overlap and result in an earlier beginning of snow and
ice melting [51], impacting especially summer streamflow.

Many power plants are built in catchments dominated by glaciers. As a conse-
quence of climate change, these are progressively shrinking [122, 123]. Initially,
this would have a positive impact on runoffs; however, after complete depletion, this
results in a net loss of yearly volume [49]. In these catchments, there would be a shift
from a glacio-nival to a nival-pluvial regime, impacting seasonality and volumes
available [23]. Finally, the retreat of the glaciers would support sediment formation
[124], increasing the rate of sedimentation in reservoirs and ultimately reducing their
capacities faster than the 0.8—1% we currently observe [63].

According to the Fifth Assessment Report of the IPCC, at world scale, projected
changes include an increase in water resources at high latitudes, in tropical East
Africa, and in Southeast Asia, and a decrease of water resources in many semi-
arid and arid areas (e.g., the Mediterranean Basin, Western US, Southern Africa, and
North-eastern Brazil) [36]. According to [125], Europe’s gross hydropower potential
is expected to decrease by 6% by the 2070s [125]. Areas around the Mediterranean
will experience a reduction spanning from 20% to 50%, while Northern and Eastern
European countries will see an increase between 15% and 30%, and Western and
Central Europe will likely remain stable. Golombek et al. [126] found an overall
reduction of 15% for Western European countries [126].

Moreover, hydropower can play an effective role in flood mitigation [121]. Fur-
ther safety concerns include the melting of permafrost and the possibility of more
frequent heavy rainfalls, resulting in more frequent slope instabilities and potential
flood waves that may endanger hydropower [124, 127]. Amplified sediment yields
from deglacierized catchments may put further stress on power generation by acceler-
ating the reduction in storage capacity, reducing operating efficiency, and increasing
turbine abrasion and infrastructure wear [128-131].
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Fig.1 This flowchart shows the assessment of hydropower generation under future climate scenar-
i0s, as adopted in literature. Blue arrows indicate increases, changes in seasonality and/or frequency
and/or intensity of variables and parameters under consideration. Adapted from [151]

In available literature, the vast majority of future climate impact assessments on
hydropower relies on the classical framework where climate model outputs are used
as input for hydrological/water resources system models [132], applied either at
local scale [64, 133] or at global scale. This modelling chain framework, which is
used for many case studies around the world, is summarised in Fig. 1. Implications
of changing hydrology on hydropower have been discussed both quantitatively and
qualitatively [63, 134]. In these studies, the present hydropower operating rules are
typically assumed to simulate system operations under future hydrological regimes,
thus overlooking the adaptation potential of hydropower systems. Only in rare cases
are adaptation measures including reoperation [25], structural measures [135], or
change in hydropower functioning [25, 26, 28, 29] considered. To the authors’
knowledge, there are no models so far that explore how hydropower operations
might be affected by ecosystem, economic, sediment flux and political scenarios.

6 Way Forward: Redefining Sustainable Hydropower
Under Climate Change

Sustainable hydropower under climate change depends on managing both water and
sediment as an integrated system. Flow regulation alters sediment transport, while
climate change modifies sediment supply; together, these processes drive morpho-
logical adjustments that influence infrastructure performance, ecosystem stability,
and societal well-being.

Embedding sediment dynamics into climate adaptation strategies strengthens the
physical, ecological, and social foundations of hydropower sustainability. At the
same time, although 2D flow and sediment modelling is well-suited for long-term
and climate change assessments, it remains computationally demanding and often
requires the use of acceleration factors. Furthermore, uncertainties related to cali-
bration procedures and data scarcity must be carefully addressed to ensure model
reliability.
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Reconciliation of multiple uses of water is one of the most important problems
faced globally. The aim of sustainable water resource management and allocation is
to deliver the quality and quantity of water needed for all usages by controlling it
sustainably [136]. To enable hydropower sustainability, full integration of multiple
water uses and proper water management must be established, with focus on strategy,
planning and decision-making [137, 138]. The decision-making for water resource
management in dams is primarily governed by multiple objectives in diverse strategic
sectors, such as power generation, irrigation, navigation, flood control, recreational
use, and consumptive uses [139, 140]. A decision-making process for hydropower
sustainability is composed of a wide range of variables associated with hydrolog-
ical factors, political and social interests, as well as cost/benefit relationships and
water availability [141, 142]. In this sense, water must be managed to accommo-
date multiple uses such as supply, power generation, navigation, irrigation, indus-
try and sustainability [143, 144]. These conflicting demands require the use of an
integrated hydrological, geomorphological, hydraulic and water quality modelling
system [145-147], enabling the methodology used to perform resource allocation
and satisfy multiple uses through processes that optimise objectives often subjected
to restrictions [148—150].

By adopting integrated water—sediment—ecological management approaches and
acknowledging these modelling limitations, future engineers can contribute to the
development of hydropower systems that remain resilient in an era of accelerating
environmental change.

7 Conclusion

Holistic frameworks are necessary to point the way to sustainable and reliable
hydropower in the future. Climate change and sediment dynamics challenge histor-
ical design assumptions, while ecological integrity and social equity must become
core priorities, not afterthoughts. Meeting these demands requires a holistic, multi-
stakeholder approach that unites engineering, natural sciences, and communities.
Educating future engineers to navigate trade-offs and manage water and sediment as
an integrated system will be essential in order to assure that hydropower remains a
sustainable pillar of the energy transition—a system that respects the rivers and the
people it serves.
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Clean Energy Transition and Policy )
Measures: Shaping the Future e
of Hydropower

Egidijus Kasiulis, Jézsef Kadar, Marija Lazarevikj®,
and Emanuele Quaranta

Technology enables the transition; policy shapes its direction.

Abstract This chapter examines the evolving role of hydropower within the Euro-
pean Clean Energy Transition, with a particular focus on the influence of policy
frameworks at the EU and national levels. It begins by mapping the current posi-
tion of hydropower within the European renewable energy landscape, highlight-
ing its contribution to electricity generation and system stability. The analysis then
explores the development of key policy instruments, including environmental reg-
ulation, renewable energy directives, financial mechanisms, and innovation poli-
cies, and their impact on hydropower development and modernisation. The chapter
demonstrates that while hydropower remains a cornerstone of renewable electric-
ity in Europe, its development is increasingly shaped by environmental constraints,
market structures, and system integration needs. A shift is observed from capacity
expansion towards optimisation of existing assets, increased flexibility, and integra-
tion with other renewable energy sources. The analysis further highlights the grow-
ing importance of multipurpose water infrastructure, energy storage, and the water-
energy-society-ecosystem nexus. Finally, the chapter outlines the key dimensions
shaping the future of hydropower, based on market and policy orientated prospects,
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and stakeholder engagement. It argues that the role of hydropower goes beyond elec-
tricity generation, positioning it as a critical component of resilient and integrated
energy systems.

Keywords Clean energy transition * Energy policy * European Union + Future of
hydropower

1 Introduction

Hydropower plays an important and evolving role in Europe’s renewable energy
transition. Traditionally, it has been considered a mature renewable energy source
mainly used for electricity generation. However, its role today goes beyond simply
producing power. As energy systems include more variable renewable sources, such
as wind and solar, hydropower provides essential services like flexibility, storage,
balancing, and grid stability. These functions are increasingly important for main-
taining reliable and efficient energy systems. Therefore, hydropower supports the
integration of renewable energy while also contributing to energy security, system
resilience, and a reduced reliance on imported fossil fuels.

This chapter discusses how the European Union (EU) and national policy frame-
works shape the status and future development of hydropower. It focuses on how
regulatory frameworks at both the EU and national levels influence the planning,
licensing, modernization, and operation of hydropower systems. In this context,
hydropower is shaped by different policies, including renewable energy, water man-
agement, environmental protection, climate policy, and industrial development. This
reflects the increasing complexity of the renewable energy transition, which requires
not only expanding renewable generation capacity but also maintaining system sta-
bility and balancing environmental and societal considerations.

The chapter aims to present three interconnected objectives. First, the chapter
focusing on its geography and connection to the rapid growth of variable renewables.
Second, it reviews key EU and national policies, emphasising both synergies and
tensions among energy, environmental, and industrial strategies. Third, it considers
future paths for hydropower in the Clean Energy Transition, stressing its support for
multi-use infrastructure through market and policy orientated prospects. Building
on this, the chapter argues that hydropower should be understood not only in terms
of electricity generation but also in its broader roles across policy, technological,
environmental, and societal domains.
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2 Mapping Hydropower in the Current Renewable Energy
Sector in Europe

Following the strong focus of the EU on reducing greenhouse gas emissions from all
industry sectors and achieving greater energy independence from imported energy
sources, the clean energy transition is clearly reflected in statistics of electricity gen-
eration from the renewable energy sources. Between 2010 and 2023, the electricity
generated from fossil fuels in the EU was reduced by approximately 45%, while gen-
eration from renewable energy sources increased by around 87%. Whereas in 2010
renewable electricity lagged behind nuclear and fossil fuels, by 2023 it became the
leading source of electricity in the EU, reaching 1,218,484 GWh, or approximately
44% of total generation [1].

Hydropower, including pumped storage hydropower (PSH), generated 329,854
GWh of electricity in the EU in 2023, making it the number two source of renewable
energy after wind, with a 12% share in the total EU electricity mix. As it is a resource
dependent on hydrological and topographical conditions, hydropower is unevenly
distributed across Europe. Therefore, this section considers the full European region,
including non-EU countries, based on Eurostat data for 2023 [2].

The countries with the highest share of electricity generation from hydropower and
PSH were Norway, Sweden, Tiirkiye, France and Austria (Fig. 1), while those with
the smallest share were Hungary, the Netherlands, Moldova, Estonia and Denmark.
These patterns reflect strong geographical dependence. Scandinavia, the Alpine
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Fig. 1 Electricity generation from hydropower in European countries in 2023
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Fig. 2 Normalized value of hydropower generation in European countries per capita in 2023

region, and France stand out due to favourable hydrological and topographical con-
ditions and a long-established infrastructure.

Much of Eastern Europe and the Baltic States also belong to the category of coun-
tries with a small generation share, indicating a more limited role of hydropower
within national electricity systems. In these regions, predominant lowland areas
restrict hydropower potential. Balkan countries generally occupy intermediate posi-
tions, reflecting a combination of existing infrastructure and remaining development
potential [3].

The second map (Fig.2) presents hydropower generation normalised by popu-
lation. In the per capita statistics, the geographical pattern changes. While large
countries such as France or Tiirkiye dominate in absolute terms, per capita values
better reflect the role of hydropower within national systems. The Nordic region
clearly dominates: Iceland reaches 36.7 MWh per capita, and Norway exceeds 25
MWh per capita, placing them far above the European average (2.7 MWh per capita).
Sweden follows at 6.3 MWh per capita, closing a northern hydropower belt where
water resources are deeply embedded in national energy systems.

The Alpine region also stands out in per capita terms. Austria (4.9 MWh per
capita) and Switzerland (4.6 MWh per capita) demonstrate the continued structural
importance of hydropower within mountainous countries. Several Balkan countries,
including Montenegro (3.6 MWh per capita), Albania (3.2 MWh per capita), and
Slovenia (2.5 MWh per capita) also show relatively strong performance despite
smaller system sizes, indicating a significant role of hydropower within their energy
mixes.
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Fig. 3 Spatial distribution of electricity generation from wind energy and solar PV installations
per km? in European countries in 2023

In contrast, much of Central and Eastern Europe remains in the lower per capita
classes. Countries such as Poland (0.10 MWh per capita), Hungary (0.02 MWh
per capita) and the Netherlands (0.004 MWh per capita) display structurally lim-
ited reliance on hydropower. This confirms that Europe’s hydropower landscape is
shaped not merely by scale, but fundamentally by geography, historical infrastructure
development, and availability of natural resources.

However, geographical conditions alone do not fully explain national differences.
The Baltic States provide an excellent example: despite similar physical conditions,
Latvia reaches 2.0 MWh per capita, while Lithuania (0.3) and Estonia (0.02) remain
much lower. This suggests that policy choices and historical development trajectories
also play a significant role.

While hydropower reflects long-established geographical and infrastructural pat-
terns, the rapid expansion of wind and solar power introduces a new spatial dynamic
across Europe. Unlike hydropower, which is location-constrained, solar and wind
installations are more widely distributed and often concentrated in areas with strong
policy support and high land-use intensity. Analysing electricity generation from
wind and solar per km? (Fig.3) highlights the spatial pressure associated with the
Clean Energy Transition.

When expressed per unit of land area, wind and solar generation show a markedly
different pattern. The Netherlands reaches 789 MWh/km?, followed closely by Malta
at 716 MWh/km?. Belgium exceeds 450 MWh/km?, while Germany is above 400
MWh/km?. These values indicate a high concentration of variable renewable energy
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Fig. 4 Balance indicator as the ratio between hydropower and combined wind—solar electricity
generation in European countries in 2023

in relatively small areas, particularly in Western and Central Europe. In contrast,
Nordic countries, which dominate hydropower, show much lower densities of wind
and solar deployment. Denmark also stands out with roughly 251 MWh/km?, and
Italy approaches 138 MWh/km?. Most of the Balkan countries show even lower
development patterns than the Nordic countries.

Germany has the largest installed capacity of both wind and solar in Europe,
followed by Spain, France, and others. These patterns reflect strong policy-driven
deployment of variable renewables, rather than purely geographical constraints. The
rapid expansion of the electricity generation from wind and solar energy highlights
the increasing importance of system flexibility. Variable renewable technologies
depend on complementary sources capable of balancing fluctuations in output. In
this chapter the ratio between hydropower and combined wind—solar generation is
calculated as the renewable energy balance indicator (Fig.4), to provide insight into
the structural role of hydropower within national systems.

The balance indicator reveals clear differences. Countries such as Norway, Swe-
den, and several Balkan states show high ratios, indicating hydropower-dominated
systems with strong internal balancing capacity. In contrast, countries such as Ger-
many and Belgium exhibit low ratios, reflecting systems dominated by variable
renewables. Between these extremes there are mixed systems, including France,
Italy, Czechia, and Bulgaria, where hydropower and variable renewables coexist more
evenly. These systems suggest a more balanced structure, although flexibility still
depends on storage, grid integration, and interconnections. This is reflected in coun-
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tries such as Norway, which generates over 90% of its electricity from hydropower
and acts as a key balancing provider in the European electricity system through
cross-border exchanges.

Although this indicator does not directly measure system stability, it provides
insight into structural flexibility. Systems with low hydropower shares depend more
heavily on interconnections, demand management or backup generation. At the same
time, hydropower generation is increasingly affected by climate variability, with
drought conditions in 2022 reducing output in several European countries [4]. Fur-
thermore, a significant share of Europe’s hydropower capacity was commissioned
before the 1980s, indicating substantial potential for modernisation and efficiency
improvements, which could increase generation by up to 10% without new large-
scale developments [5].

The Clean Energy Transition in the EU and the whole Europe is therefore not only a
question of capacity expansion, but also of maintaining a balance between variability
and flexibility within interconnected energy systems. In this context, hydropower
plays a key role not only as a source of renewable electricity, but as a provider of
flexibility and system stability.

3 Evolution of Policy Framework and Its Impact
on Hydropower Development

This section examines the evolution of the European policy framework and its influ-
ence on hydropower development across multiple governance levels—from the EU to
national. While the technical potential of hydropower is largely determined by geo-
graphical and hydrological conditions, its actual deployment, modernisation, and
integration into the energy system are strongly shaped by regulatory, strategic, and
financial instruments. The following discussion outlines key directives, strategies,
and funding mechanisms, and highlights how these policy instruments have pro-
gressively redefined the role of hydropower within the broader context of the Clean
Energy Transition.

3.1 The EU Level

Hydropower development in Europe is shaped by a multi-level governance frame-
work operating across the EU, national, and regional levels. While geographical con-
ditions and existing infrastructure determine the physical potential of hydropower,
policy frameworks play a decisive role in shaping how this potential is utilised, con-
strained, and integrated into evolving energy systems. In this context, hydropower
should be understood not only as a source of renewable electricity, but also as a
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policy-mediated infrastructure situated at the intersection of energy, water, environ-
mental, and societal domains.

Hydropower policies establish the strategic objectives including targets, indicators
and timeframes, and the implementation instruments that shape the environmental
performance of hydropower projects, making them central to how impact mitigation
is defined and applied in practice. Across Europe, EU and national policy frameworks
establish ecological and regulatory requirements that shape the planning, licensing,
modernisation, and operation of hydropower systems, particularly in relation to water
protection, biodiversity conservation, and renewable energy deployment [6].

The EU has introduced several directives and regulations to support RES integra-
tion in the European energy system. Adopted in 2000, the Water Framework Directive
2000/60/EC (WFD) [7] required that development projects ensure water bodies (both
surface and groundwater) achieve or maintain good ecological status and prevent any
deterioration or failure to reach planned improvements. Within this framework, Arti-
cle 4(7) allows exemptions for new development, including hydropower projects,
provided that any status deterioration resulting from river barriers, flow alterations
and water abstractions, is justified and clearly documented in the River Basin Man-
agement Plans [8].

According to the European Environmental Agency (EEA) the environmental
implications of hydropower under the WFD are substantial. Hydropower-related
pressures affected around 9,000 surface European water bodies (6%), while around
6,000 water bodies have been designated as heavily modified, largely due to
hydropower development. These impacts include river fragmentation, disruption
of fish migration, altered sediment transport, and modified flow regimes. Conse-
quently, compliance with ecological requirements, such as fish passages, environ-
mental flows, and habitat restoration, has become a prerequisite for licensing, con-
tributing to stricter permitting procedures and favouring refurbishment and mod-
ernisation over new large-scale developments. In addition, approximately 450,000
barriers have been found in European rivers, including around 225,000 weirs and
dams (data from the AMBER atlas, EU funded project) [9], highlighting the cumu-
lative impact of river regulation. The number of hydropower plants in Europe is
estimated at around 25,000 [10].

Alongside environmental regulation, the renewable energy of the EU required each
Member State, mainly through the Renewable Energy Directive (RED, 2001/77/EC),
to adopt national indicative targets for renewable electricity by 2010, aiming for
about a 21% RES share of the total electricity generation in the EU. Although it
was not legally binding, the directive encouraged Member States to introduce sup-
port schemes, recognised hydropower as an eligible renewable source, and required
progress to be monitored by the European Commission.

RED was replaced in 2009 with Renewable Energy Directive I (RED I,
(2009/28/EC)) [11] which set a legally binding target of 20% renewable energy in
gross final energy consumption by 2020. The EU countries were required to develop
National Renewable Energy Action Plans (NREAPs) outlining their strategies for
achieving the targets, for example through investment aid, tax exemptions or reduc-
tions, tax refunds, support schemes such as feed-in tariffs, premium payments, green



Clean Energy Transition and Policy Measures: Shaping ... 221

certificates. The directive also clarified that electricity from PSH cannot be counted
as renewable generation for the purpose of the targets if the water was pumped up
using grid power. By 2020, the EU exceeded the 20% renewable energy target, reach-
ing 22.1%, with hydropower continuing to provide a substantial share of renewable
electricity, although growth in wind and solar dominated new capacity [12].

The renewable energy framework was further restructured under the Renewable
Energy Directive II (RED II), adopted in 2018 as part of the Clean Energy for
All Europeans Package. It set the more ambitious target of achieving at least 32%
renewable energy in the EU’s energy mix by 2030. Unlike RED I, this target is
binding at the EU level since it is not divided into mandatory national targets but
instead requires Member States to update their National Energy and Climate Plans
(NECPs). RED 1II strengthened sustainability criteria (particularly for bioenergy),
enhanced market integration of renewables, promoted self-consumption and renew-
able energy communities, and reinforced cooperation mechanisms among Member
States. For hydropower, RED II did not introduce technology-specific provisions but
maintained its eligibility as renewable energy source, leaving it up to Member States
to continue supporting hydropower projects through refurbishment, modernisation,
or new capacity additions, subject to compliance with environmental requirements
under the WED.

Adopted in June 2021, the EU Taxonomy Regulation 2020/852 and its Climate
Delegated Act (Commission Delegated Regulation (EU) 2021/2139) [13] recognises
hydropower as an eligible economic activity contributing to climate change mitiga-
tion, but only under clearly defined and stringent technical screening criteria (TSC).
Electricity generation from hydropower must demonstrate a substantial contribu-
tion to mitigation by fulfilling at least one of the following conditions: operation
as a run-of-river system without artificial reservoir, achievement of a power density
above 5 W/m?, or limitation of lifecycle greenhouse gas emissions to less than 100
gCO2e/kWh, as calculated by recognized LCA methodologies and verified by an
independent third party. Beyond climate mitigation, the act imposes strict “Do No
Significant Harm” (DNSH) [14] requirements which constitute the most decisive
constraints for hydropower development. Central to these is full compliance with
the Water Framework Directive, particularly the obligation to prevent deterioration
and to ensure or achieve good ecological status or potential of affected water bod-
ies. For new projects, requirements are particularly stringent, whereas for existing
installations, the focus is on upgrading and improving environmental performance.
As such, the taxonomy acts as both a regulatory and financial filter, restricting new
developments while incentivising modernisation and low-impact designs.

PSH is addressed within the electricity storage activities, but it remains subject to
similar environmental rules. Where it is connected to a river system, it must comply
with the same DNSH criteria as conventional hydropower, particularly those related
to water protection and ecological status, while off-river (closed-loop) systems are
assessed under separate but still strict requirements for water protection. In addition,
storage projects are required to demonstrate alignment with circular economy prin-
ciples, including the implementation of waste management plans ensuring reuse or
recycling at end of life.
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In the context of the 2022 energy crisis, the EU launched the REPowerEU [15]
plan to rapidly reduce reliance on Russian fossil fuels, drive energy savings and
accelerate the Clean Energy Transition. The plan encourages energy storage through
investment incentives, facilitated permitting and integration into building renova-
tions, emphasizing its significance for ensuring security of supply and supporting
RES. PSH, as the most mature large-scale storage technology, was thus effectively
reinforced by accelerating PSH proposals and increasing funding for energy storage
(for example, through EU Recovery and Resilience Facility funds under REPowerEU
chapters).

Under the European Green Deal and the “Fit for 55 package, the EU renew-
able energy framework was further strengthened, with RED III (Directive (EU)
2023/2413) setting a binding EU-level target of at least 42.5% renewable energy
by 2030. Rather than reintroducing binding national targets, the revised framework
increases ambition through additional sectoral requirements, including binding tar-
gets for the transport sector and heating sectors, while maintaining flexibility for
Member States in other areas. In this context, hydropower development remains
subject to existing environmental obligations, as the requirements of the WFD con-
tinue to apply, including in areas designated for accelerated renewable deployment,
ensuring that any potential impacts on water bodies are justified and that appropriate
mitigation measures are implemented.

In parallel, several sectoral frameworks create new opportunities. Even if not
specifically developed for hydropower, they may trigger investments, especially on
“hidden hydro” or on multi-purpose schemes within the water-energy nexus.

The EU Water Resilience Strategy (WRS) [16] helps to improve water resources
management, competitiveness and innovation of the European water industry. In this
context, saving water and energy is of utmost importance. The WRS also launched
the European Water Academy to address capacity needs, in Europe’s water sector
and to bridge research and real-world application of technologies. Through advanced
training, support for innovation, and fostering collaboration between public and pri-
vate actors across Europe, the Academy strengthens the social dimension of water
governance—exemplifying the Water-Energy-Society-Ecosystem (WESE) nexus in
practice. The WRS mentions water storage for integrated water resources manage-
ment as an important option for adaptation to climate change, including artificial
water storage using dams. Within this framework, dams could be equipped for
hydropower generation even if they primarily serve other purposes.

The recast of the EU Wastewater Treatment Directive (European Commission, EC,
2025b) requires Member States (MSs) to ensure that the total annual energy used
by all urban wastewater treatment plants (WWTPs) on their territory, treating an
effluent load equivalent to 10,000 persons or more, does not exceed the production
of energy from renewable sources. This objective must be met at national level.
This also includes hydropower installations, for example on the wastewater effluent.
The recast Drinking Water Directive (DWD), the EU’s main law on drinking water,
was adopted in 2020. In order to improve the efficiency of the water infrastructure,
including the avoidance of over-exploitation of scarce water resources, water leakage
levels should be assessed by all Member States and reduced if they are above a
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certain threshold. This would reduce the energy consumption of the sector. Small
hydropower devices could be installed to exploit hidden hydro potential in the water
networks. The estimated potential in the EU is slightly below 1 TWh per year [10, 17].

The Social Climate Fund (SCF) [18] supports the EU’s population with structural
measures and investments in energy efficiency and renovation of buildings, clean
heating and cooling and integration of renewable energy, and it provides for invest-
ments in zero- and low-emission mobility solutions. The refurbishment and moderni-
sation of small hydropower plants is eligible under the SCF. Small hydropower plants
shall not be located either in areas earmarked as restoration areas in national restora-
tion plans, or in structures that need to be removed. It was estimated that efficiency
and operation improvement can increase energy generation by up to 10% [19].

Industrial and innovation policies are increasingly shaping the future of
hydropower. The Net-Zero Industry Act (NZIA) aims to strengthen European manu-
facturing capacity for clean technologies, including hydropower components such as
turbines. The Regulation is expected to increase the competitiveness of the net-zero
technology sector, attract investments and improve market access for clean tech-
nologies in the EU. This supports the clean energy transition and improves the EU’s
energy resilience. Under the Act, net-zero manufacturing capacity must meet at least
40% of the EU’s annual deployment needs by 2030, providing predictability, cer-
tainty and long-term orientation to manufacturers and investors. NZIA will facilitate
investments by shortening and streamlining permitting processes. The EU is already
the global leader in turbine production and trade, and it already comfortably exceeds
the identified targets.

At the same time, research and innovation programmes, particularly Horizon Eu-
rope, play a key role in advancing hydropower technologies. Between 2015 and 2024,
approximately 40 hydropower-related projects were funded, in particular projects
with focus on sustainable refurbishment, flexibility and digitalisation [20]. Other
funding schemes for research, such as the LIFE, Interreg and the Innovation Fund
programmes, are also relevant to hydropower. These developments indicate a shift
from capacity expansion towards system optimisation and integration.

The influence of EU policies extends well beyond its geographic boundaries.
Through initiatives such as Global Gateway, the EU supports international energy
infrastructure investments. Hydropower accounts for a notable share of these projects,
highlighting its continued global relevance as part of energy transition strategies.
More than 20% of all Global Gateway Flagship projects between 20232025, were
energy projects, and around 7% were hydropower projects. Most hydropower invest-
ments have focused on large-scale projects, for example, Nachtigal (420 MW) in
Cameroon or Bac Ai PSH (1200 MW) in Vietnam. The Global Gateway has also
financed SP Nare (20 MW) in Colombia and Achwa I (42 MW) in Uganda.

Table 1 summarises the analysed policy instruments and highlights their respective
implications for hydropower.
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Table 1 The EU policy frameworks and their impact on hydropower development in Europe

Policy framework

Type of instrument

Specific instrument

Impact on hydropower

Water Framework Regulatory Ecological status Strong constraint on
Directive (WFD) requirements; “no new hydropower
deterioration” projects; prioritises
principle; Article 4(7) | ecological protection;
exemptions requires mitigation
measures; favours
modernisation over
new development
Renewable Energy Regulatory Binding renewable Supports hydropower
Directive I (RED I) energy targets; as part of renewable
national support energy mix;
schemes (FiTs, FiPs, |incentivises
certificates) deployment,
particularly
small-scale projects
Renewable Energy Regulatory EU-level renewable Strengthens
Directive II (RED II) target (32% by 2030); | deployment and
NECPs; market integration of
integration measures | renewable energy,
including hydropower;
reinforces
environmental
compliance
requirements
Renewable Energy Regulatory Binding EU-level Supports hydropower
Directive III (RED III) renewable energy within renewable
target (minimum framework while
42.5% by 2030); maintaining
sectoral targets; environmental
accelerated permitting | requirements; may
facilitate permitting in
designated areas
REPowerEU Strategic/Financial Energy security Reinforces role of

measures; storage
investments;
accelerated
deployment of
renewables

PSH for flexibility and
system balancing;
supports investment in
storage capacity

(continued)
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Policy framework

Type of instrument

Specific instrument

Impact on hydropower

EU Taxonomy
Regulation

Regulatory/Financial

Technical Screening
Criteria; DNSH
principle; WFD
compliance

Restricts new
hydropower
developments;
prioritises low-impact
projects; incentivises
refurbishment and
environmentally
compliant investments

Water Resilience Strategic Integrated water Indirect support for
Strategy (WRS) resource management; | multipurpose water
promotion of water infrastructure and
storage; water—energy nexus
capacity-building approaches
initiatives
Wastewater Treatment | Regulatory Energy neutrality Creates direct
Directive requirement for opportunity for small
WWTPs; renewable | hydropower in
energy obligations wastewater systems
Social Climate Fund | Financial Funding for energy Supports
(SCF) efficiency and modernisation of
renewables; eligibility | existing hydropower;
for refurbishment excludes
environmentally
sensitive areas
Net-Zero Industry Act | Enabling/Innovation | Streamlined Indirect support
(NZIA) permitting; through improved
manufacturing targets; | supply chains; faster
investment facilitation | project development;
increased investment
certainty
Horizon Europe/EU Financial/Innovation | Research funding; Promotes innovation
R&I programmes innovation support; in hydropower

cross-sector
collaboration

(digitalisation,
flexibility,
refurbishment);
supports system
integration

3.2 National Implementation and Support Mechanisms

The evolution of the Renewable Energy Directives has also led to important changes
in governance. While earlier frameworks, particularly RED I, introduced binding
renewable energy targets at the Member State level for 2020, the policy approach
has shifted since RED II and is maintained under RED III. From 2030 onwards,
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renewable energy targets are binding at EU level, while national targets are no longer
legally binding.

This governance shift provides greater flexibility to the Member States in design-
ing their national energy strategies, while still operating within a common EU frame-
work. As a result, implementation varies across countries, leading to differences
in regulatory approaches, support schemes, and the role assigned to hydropower.
National policies are shaped by several factors, including the need for renewable
energy, compliance with EU directives, environmental considerations and broader
economic priorities.

Across Europe, national policies for hydropower increasingly prioritise small-
scale development and strict environmental compliance, rather than the expansion of
new large-scale capacity. Renewable energy support is implemented through a range
of mechanisms, including feed-in tariffs (FiTs), feed-in premiums (FiPs), quota sys-
tems, and competitive tendering schemes. These are often complemented by financial
instruments such as investment grants, soft loans, loan guarantees, and tax incentives.
For hydropower specifically, FiTs have been widely used to provide stable revenue
for small-scale projects, while in some countries they have been replaced or comple-
mented by FiPs and market-based mechanisms. In addition, governments frequently
support hydropower through investment grants and low-interest financing, particu-
larly for refurbishment and modernization.

Figure5 presents the share of hydropower in supported renewable electricity
across selected European countries in 2022 and 2023, based on data from Coun-
cil of European Energy Regulators (CEER) report [21]. It is important to note that
this indicates only the share of supported renewable electricity and does not reflect
the total contribution of renewables in a country, as existing installations may no
longer receive support and new capacity may be deployed without support, while
still contributing to overall generation.

Significant variation can be observed across countries, reflecting differences in
national policy frameworks and energy system characteristics. In countries such
as Slovenia and North Macedonia, hydropower accounts for a dominant share of
supported renewable electricity, exceeding 50% in 2023. Both countries show high
values in 2022 as well, with a slight decrease observed in North Macedonia between
2022 and 2023. This indicates that hydropower remains a central component of
supported renewable energy in these systems.

A second group of countries, including Austria, Czechia, Slovakia, and Italy,
exhibits moderate hydropower shares, generally ranging from 10% to 20%. Within
this group, different developments can be observed. Austria and Czechia show an
increase in hydropower share between 2022 and 2023, while Slovakia shows a notice-
able decrease. Italy remains relatively stable, with only minor variation between the
two years.

In contrast, countries such as Germany, Spain, the United Kingdom, and Sweden
display very low shares of hydropower within supported renewable electricity, gen-
erally below 3% in both years. The values remain consistently low between 2022 and
2023, with only small changes observed. Other countries such as France, Greece,
and Romania show only small changes in hydropower share.
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Fig.5 Share of hydropower in supported renewable electricity production across selected European
countries in 2022 and 2023 (adapted from CEER report [21])

Recent developments across Europe indicate that hydropower, and particularly
PSH, is supported through a combination of financial, regulatory, and market-based
instruments. Countries such as Austria, Spain, Italy, and the United Kingdom demon-
strate active policy measures alongside multiple hydropower projects under develop-
ment or construction. In these contexts, support mechanisms include capacity market
developments (Italy, 2024), revenue stabilisation models (e.g. the United Kingdom’s
Cap and Floor scheme, 2024-2025), and national energy and climate plans with
storage targets (Spain, updated in 2023-2024). These policy frameworks are closely
linked to ongoing and planned PSH investments [22].

In countries such as Switzerland and Greece, policy measures focus on exist-
ing infrastructure and planned expansion. Switzerland requires the assessment and
potential modernisation of existing hydropower plants, while Greece has set national
storage targets and is developing a pipeline of PSH projects. Planning instruments
are also used in countries such as Czechia, where potential PSH sites were identified
in 2024, supporting future project development.

Financial instruments introduced or expanded in 2024 are observed in several
countries. Loans and grants from institutions such as the European Investment Bank
and national development banks support both expansion and modernisation projects,
including in Latvia, Lithuania, Serbia, and Spain. Procurement mechanisms, such
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as tenders (Estonia, 2024-2025), and targeted investments (Norway, 2024) further
contribute to advancing hydropower projects.

In Northern and Central European countries such as Germany, Finland, and Swe-
den, recent developments focus on refurbishment, recommissioning, and upgrad-
ing of existing assets, including projects announced or progressing between 2024
and 2025. These include investment-driven projects and feasibility studies assessing
additional hydropower potential, with several initiatives announced or progressing
between 2024 and 2025.

Table 2 groups recent national policy instruments according to their type and illus-
trates their application across countries and their effects on hydropower development.

4 Shaping the Future

Building on the analysis of the current state of hydropower in the renewable energy
sector and the evolution of policy frameworks across Europe, this section takes a
look at the future. It outlines the dimensions through which hydropower is expected
to contribute to the Clean Energy Transition in the coming decades. Beyond its tra-
ditional role in electricity generation, hydropower is increasingly positioned as an
important multifaceted asset—supporting technological innovation, energy security,
grid stability, and climate adaptation. The following sections highlight these inter-
connected roles and illustrate how policy measures can shape the future development
of hydropower in the evolving energy systems and why stakeholder engagement is
important.

4.1 Market-Orientated Prospects

Manufacturing of hydropower equipment is a key pillar of the EU’s industrial and
innovation capacity. EU-based manufacturers account for more than 80% of high-
value inventions (inventions on hydropower patented in more than one patenting
office) demonstrating strong technological leadership and global relevance. Leading
companies such as Voith Hydro, GE and Andritz Hydro together share more than
50% of high-value inventions among the top 10 of leading companies worldwide. In
addition, EU manufacturers account for nearly 50% of global hydropower turbine
and related component exports, reinforcing their competitiveness in international
markets [20].

Beyond conventional turbine technologies such as Pelton, Francis and Kaplan,
European companies are at the forefront of developing advanced and specialised
solutions with strong export potential. These include innovative turbine designs such
as VLH and Ossberger turbines, as well as emerging technologies such as the DIVE,
Streamdiver and Hydromatrix systems. In parallel, advancements in variable speed
turbines, as well as variable speed generators, which have been studied extensively
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Table 2 National policy instruments for hydropower in Europe and associated project examples

Policy instrument

Countries (examples with
projects)

Effect on hydropower

Capacity remuneration
mechanisms (market-based)

United Kingdom: Coire Glas
PSH (1.3 GW), Cruachan 2
(600 MW), supported under
Cap & Floor scheme
(2024-2025)

Italy: Campolattaro PSH (600
MW), Pescopagano &
Villarosa PSH (~500 MW),
linked to MACSE capacity
market (2024)

Improves revenue certainty for
large PSH projects, enabling
investment in long-duration
storage

Public financing (loans, grants,
EU funding)

Spain: Alcantara PSH (440
MW, €44.9 million grant),
Valdecarias PSH (275 MW)
Lithuania: Kruonis PSH
expansion (+110 MW, EIB
loan)

Latvia: Daugava River HPP
modernisation (€230 million
NIB loan)

Serbia: Bistrica PSH (~2.4
GW planned), EU/EIB funding
(2024)

Supports modernisation and
expansion, reduces investment
risk, and accelerates
implementation

Tendering/procurement
mechanisms

Estonia: Paldiski PSH (500
MW, tender issued 2024)
Iceland: Hvammur HPP (95
MW), Sigalda expansion (+65
MW turbine), ongoing tenders

Facilitates project realisation
through competitive processes
and structured development
phases

Regulatory streamlining
(permitting laws)

Turkey: 2023 law simplifying
approval procedures; ongoing
projects (~600 MW under
construction) and expansion of
existing hydropower facilities

Reduces administrative delays
and enables faster deployment
of new and upgraded capacity

National energy and climate
planning (targets)

Spain: NECP target ~22.5
GW storage by 2030,
supporting PSH (Tamega
complex: Gouvaes 880 MW,
Alto Tamega 160 MW)
Greece: ~3 GW storage target,
multiple PSH projects under
development

Provides direction for
investment in hydropower,
especially storage, and its
integration into the energy
system
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in the EU-funded projects such as XFLEX Hydro, enhance operational flexibility
and support the integration of variable energy sources.

The EU also demonstrates leadership in low-head and small-scale hydropower
technologies, including water wheels and Archimedes screws, which are particu-
larly relevant for decentralised and embedded applications within existing water
infrastructure [23].

Over 2022-2024, the EU accounted for 47% of global exports (including intra-EU
trade), while extra-EU exports (excluding intra-EU trade) represented 38 % of global
transactions. The EU met 80% of its import needs of turbines and parts through
intra-EU trade. However, the real dimension of the hydropower sector would be
much larger if all the technologies associated with the hydropower value chain were
considered [20].

Hydropower does not need critical materials and therefore is avoiding dependency
on third countries, especially China. If in the EU, the growth of large hydropower
is limited to the expansion of PSH and refurbishment of existing hydropower
fleet, the market is growing elsewhere with extensive involvement of the EU-based
hydropower companies. However, this technological leadership is increasingly chal-
lenged by growing competition from non-EU manufacturers. Lower-cost technolo-
gies may undermine the global market position of European firms and are often asso-
ciated with significantly weaker environmental and social standards, raising concerns
regarding long-term sustainability [24].

The strong technological and industrial base of the EU is closely linked to its
ability to shape regulatory frameworks and sustainability standards. In this context,
technological leadership does not operate in isolation but co-evolves with policy
development, enabling the EU to influence both domestic governance and interna-
tional standards in hydropower.

4.2 Policy-Orientated Prospects

The peculiarity of hydropower, that separates it from other renewable energy sources
and especially solar PV and wind, is that the created reservoir can be used for multiple
purposes. In the EU, there are almost 4,500 large dams, of which 67% are officially
registered as single-purpose dams. These account for approximately 50% of the water
volume stored by large dams, and excluding dams that, even if not officially registered
as multipurpose, provide more than one service and are, practically, multipurpose.
In the EU, 46% of single purpose reservoirs are for hydropower (which store 83%
of the volume of single-purpose dams) and 23% of multiple purpose reservoirs have
hydropower as a first use (34% have water supply as first use). Furthermore, 6% of all
reservoirs have hydropower as second use and 3.5% as third or fourth use. Overall,
48% of EU’s reservoirs (associated to large dams) utilize hydropower. EU large-
dam’s reservoirs store 285 km? of water: 124 km? are in hydropower reservoirs as sin-
gle use, while 111 k3 are in multipurpose reservoirs equipped with hydropower [25].
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The role of multipurpose water storage is key in the EU according to the Water
Resilience Strategy, that says: “Action on water management should prioritise nature-
based solutions but also needs to rely on man-made structures or a combination
of both. The planning of new dams and reservoirs should carefully evaluate their
environmental impacts, involving all relevant actors, and ensure that such actions are
part of an integrated and sustainable water management strategy, fully reflecting long-
term climate reference scenarios and projections, to avoid stranded investments”.

This also means that during all stages of hydropower project’s lifespan a vari-
ety of different skilled professionals are involved, from engineers and geologists to
economists and ecologists. It was estimated that every 1 MW of community-owned
hydropower installed generates ten full-time equivalent jobs in every year of its oper-
ation. This is significantly more than any other renewable energy technology [20].

Finally, the importance of hydropower for reaching the Clean Energy Transition
targets, for grid stability and system resilience, for energy security and energy jus-
tice, for protection from floods and droughts, and for basically providing water for
drinking, agricultural, recreational and other purposes are well documented.

Still, today the benefits of hydropower are challenged by financial, regulatory and
environmental aspects and multiple water supply, grid stability and other services are
usually not officially recognized. Investment risks, especially, for large hydropower
schemes are higher, requiring specific policy instruments and incentives, as well as
a longer-term policy perspective and vision. Even development of small or micro
hydropower, for example, repowering of small historical watermills, are challenged
with the same intensity, although their benefits for local communities can be proven.

The holistic, all-encompassing view of hydropower needs to be recognized in
the policy instruments. If hydropower will be understood as pure electricity source,
or in some cases grid stability provider, there will be a legislative gap between
the renewable energy development orientated policy instruments such as RED III or
REPowerEU, and environmental protection regulations such as the Water Framework
Directive (WFD).

These challenges should serve as a catalyst for a more comprehensive dialogue
among stakeholders. To gain acceptance and to obtain a win-win solutions among
all stakeholders’ needs, new hydropower or even modernization projects must be
designed as multipurpose ones by multidisciplinary teams. Today exists situation
when some stakeholder groups such as hydropower suppliers, local civil society, and
academics are under-engaged in fixing regulatory uncertainty [26].

Stakeholder engagement can become a central component of hydropower gov-
ernance. Conflicts between energy production and environmental objectives require
negotiation and adaptive management approaches that balance competing interests.
At the same time, participatory processes can enhance legitimacy, transparency, and
the long-term sustainability of hydropower projects.

Addressing these challenges will require integrated planning approaches, stronger
coordination across policy domains, and continued innovation in both technology
and governance. In this context, hydropower is not only part of the energy transition,
but also a critical component of broader efforts to build resilient and sustainable
socio-technical systems.
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Integrating technical, economic, environmental, and social
dimensions for sustainable hydropower.

Abstract Hydropower systems are increasingly assessed within complex socio-
technical contexts that extend beyond technical performance alone. Their devel-
opment and operation involve interconnected technical, environmental, economic,
regulatory, and social dimensions, creating trade-offs between energy production,
ecosystem protection, market value, public acceptance, and long-term sustainability.
This chapter addresses the need for a holistic assessment framework that integrates
these dimensions while explicitly incorporating stakeholder engagement. It exam-
ines technical and environmental performance alongside economic aspects such as
cost structures, market participation, value creation, and policy influences on long-
term viability. At the same time, it highlights the social dimension of hydropower,
including public acceptance, stakeholder perceptions, fairness in decision-making,
communication practices, and the role of trust in shaping project outcomes. Partic-
ular attention is given to the interactions among operators, regulators, transmission
system operators, local communities, and other affected actors, whose perspectives
influence how impacts and benefits are interpreted and how trade-offs are negoti-
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ated. The chapter proposes a stakeholder-centred framework for holistic hydropower
assessment, supporting more transparent, inclusive, and adaptive decision-making
in the context of evolving energy systems.

Keywords Stakeholders + Social acceptance + Economic performance -
Interlinkages

1 Introduction

Hydropower occupies a distinctive and strategic position within modern energy sys-
tems, combining renewable electricity generation with storage capacity, operational
flexibility, and water resource management functions. As the penetration of variable
renewable energy sources (VRES) increases, hydropower is increasingly required to
balance fluctuations in supply and demand, thereby contributing to system reliability,
grid stability, and decarbonization pathways. Despite these advantages, hydropower
systems cannot be understood solely in terms of their technical performance. They
are embedded within complex socio-technical systems that integrate ecological pro-
cesses, river basin dynamics, electricity markets, regulatory frameworks, and societal
expectations. These interconnected dimensions create interdependencies that influ-
ence project design, operation, and policy decisions, often giving rise to trade-offs
between energy production, environmental protection, and social acceptance. In this
context, there is an urgent need for a holistic assessment of hydropower that considers
not only technical aspects such as efficiency and lifetime extension, but also environ-
mental impacts on biodiversity and ecosystems, social dimensions including public
acceptance and stakeholder perceptions, and economic factors related to investment
and long-term profitability. Traditional approaches that address these dimensions in
isolation are no longer sufficient to capture the complexity of modern hydropower
systems. Stakeholder engagement plays a central role within such a holistic per-
spective. The development and operation of hydropower projects involve multiple
stakeholder groups, including operators, policymakers, local communities, and envi-
ronmental organizations, each with different interests, knowledge, and expectations.
Their interactions shape how impacts are perceived, how trade-offs are evaluated,
and ultimately how decisions are made. As a result, effective engagement processes
are essential to ensure transparency, build trust, and support socially acceptable and
sustainable outcomes. This chapter explores approaches for integrating stakeholder
engagement into holistic hydropower assessment. Examines the interconnections
between technical, environmental, social and economic dimensions and it discusses
how stakeholder-centered frameworks can support more inclusive, adaptive, and
robust decision-making processes in the context of the energy transition.
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2 Economic Performance and Market Integration
of Hydropower

Assessing the economic performance of hydropower requires a perspective that goes
beyond conventional cost-based indicators to capture the full economic value.

2.1 Cost Competitiveness and Economic Performance
of Hydropower

The economic competitiveness and performance of hydropower is determined pri-
marily by its cost structure, which is characterized by high capital expenditures and
relatively low operational and maintenance costs throughout the long lifetime of
the asset. The main indicator for the comparison of hydropower with alternative
generation technologies is the levelized cost of electricity (LCOE). This, however,
often underestimates the full economic value of hydropower generation within the
energy system. Unlike renewable sources, hydropower offers dispatchability, storage
capability, particularly in pumped storage hydropower (PSH), and ancillary services
such as frequency regulation and reserve provision. These qualities contribute sig-
nificantly to security of energy supply, grid stability, and the overall efficiency of
the power system. According to [1] the LCOE provides a practical decision-making
framework under traditional cost-of-service regulation, even though in the context of
liberalised and integrated electricity markets its importance has weakened. In particu-
lar, LCOE fails to capture the temporal and spatial dimensions of electricity value, as
well as the system-level contributions of flexible and dispatchable resources, which
are increasingly critical in modern power systems [1-3]. It represents an average cost
metric that assumes constant output over time, therefore neglecting the variability
of electricity demand and price fluctuations across hours, seasons, and locations.
However, in modern electricity markets, the economic value of electricity is highly
time-dependent, with significant price differentials between peak and off-peak peri-
ods, as well as across geographically interconnected markets [1, 2]. While LCOE
provides a useful benchmark for comparing generation costs, it does not fully reflect
the economic performance of hydropower in modern electricity systems, where value
creation also depends on flexibility, timing of production, and contribution to system
reliability [1]. In the European context, the transition toward market-based dispatch
is embodied in the Single Day-Ahead Coupling (SDAC), where electricity prices
are determined through the EUPHEMIA algorithm. This algorithm simultaneously
clears supply and demand across multiple bidding zones by maximising social wel-
fare, subject to network constraints and cross-border transmission capacities. As a
result, electricity prices are no longer determined by local cost structures alone, but
by system-wide optimisation across interconnected markets [4]. Within this frame-
work, the economic performance of hydropower is increasingly shaped by its ability
to respond to price signals over time and across regions. Unlike inflexible generation
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technologies, hydropower can optimise its production by shifting output to peri-
ods of higher prices, engaging in temporal arbitrage, and contributing to congestion
management through cross-border flows. These characteristics are not reflected in
LCOE metrics but are central to value creation in market coupling environments.
Consequently, the economic evaluation of hydropower requires a transition from a
cost-based model to a value-based framework, where flexibility, timing, and system
integration become the primary drivers of economic performance. The ability of
Hydropower to provide reliable and dispatchable generation, combined with storage
capabilities, makes it a fundamental asset in managing supply-demand imbalances
and responding to system shocks, generating broader economic benefits that are not
reflected in traditional cost-based indicators. In this context, the competitive advan-
tage of hydropower lies not only in its cost structure, but in its strategic role within
a coupled and increasingly complex electricity market [S].

2.2 Market Integration and Value Creation

The participation of hydropower in electricity markets is shaped by its operational
flexibility and ability to respond to price signals. Hydropower operators participate
in multiple market segments, including day-ahead, intraday, and balancing markets,
by optimizing generation across electricity markets to maximize revenues. There-
fore, the economic value of hydropower is strongly influenced by price variability,
peak demand periods, and cross-border electricity flows. Moreover, value creation
is influenced by multiple stakeholders, including generators, transmission system
operators (TSOs), regulators, and water resource users. The interaction between
these stakeholders reflects the complexity of the water—energy—environment nexus,
where economic optimization must be balanced against hydrological constraints,
environmental regulations, and competing water uses such as irrigation and indus-
trial demand. In this framework, hydropower plays a strategic role due to its ability
to shift production to a high-price period, and to support congestion management
through flexible dispatch. This operational flexibility enables hydropower to cap-
ture price differentials across hours and markets, thus enhancing its overall market
value. In interconnected electricity systems, particularly within the European mar-
ket coupling framework, such flexibility contributes to the efficient allocation of
resources across bidding zones and facilitates cross-border electricity trade [2]. The
contribution of hydropower to value creation is therefore linked not only to energy
generation but also to its role in supporting system integration and reliability. By
providing balancing and reserve capacity, hydropower enables the integration of
variable renewable energy sources such as wind and solar, reducing curtailment and
mitigating price volatility [6, 7]. In this context, its value is increasingly determined
by its responsiveness to system conditions rather than by its average production cost
alone [7].
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2.3 Policy and Regulatory Influences on Economic Viability

The economic viability of hydropower projects is strongly influenced by policy and
regulatory frameworks. Market design, including pricing mechanisms and access to
ancillary service markets, plays a critical role in determining revenue streams. At
the same time, environmental legislation, permitting procedures, and water man-
agement policies impose constraints that can affect both investment decisions and
operational flexibility. Support mechanisms, such as capacity remuneration schemes
or incentives for renewable generation, may enhance the financial attractiveness of
hydropower, particularly for capital-intensive projects with long payback periods.
However, regulatory uncertainty and evolving environmental standards can intro-
duce investment risks, underscoring the importance of stable and transparent policy
frameworks. Overall, the integration of hydropower into modern electricity markets
requires a holistic approach that accounts for its multifunctional role within the energy
system and its interaction with broader environmental and economic objectives [7].

3 Social Acceptance of Hydropower

New energy projects are often met with opposition from local stakeholders, making
social acceptance a critical factor in their successful implementation. Limited accep-
tance of renewable energy projects can hinder the effectiveness of energy transition
policies and create gaps between strategic objectives and practical outcomes. Con-
sequently, understanding the different dimensions of social acceptance is essential
for ensuring the effective implementation of energy policies [8].

3.1 Conceptual Framework of Social Acceptance in the Field
of Renewable Energy

Social acceptance of renewable energy technologies is a multi-dimensional and
context-dependent concept, encompassing a range of attitudes and behaviors of indi-
viduals and social groups towards energy systems. It has been conceptualised as
a continuum of responses, ranging from active opposition to active support [9], as
well as a combination of attitudes and actions reflecting different levels of engage-
ment [10]. A widely adopted framework in the field of renewable energy is proposed
by [11], who distinguishes three interrelated dimensions of social acceptance: socio-
political, community, and market acceptance, highlighting that acceptance operates
at multiple levels within society. Factors influencing socio-political and community
acceptance help explain the gap between broad public support for renewable energy
and challenges in implementing specific projects, while market acceptance remains
less explored and offers scope for further research. Socio-political acceptance refers
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to general public support and policy endorsement of renewable energy technologies,
shaped by broader societal values, national priorities and trust in institutions, with
governance processes and perceived fairness playing an important role [12]. Commu-
nity acceptance captures local attitudes toward specific projects, influenced by place-
based perceptions, environmental and social impacts, and the quality of stakeholder
engagement, including aspects such as procedural and distributive justice, trust, and
local identity [13, 14]. Market acceptance relates to the willingness of investors,
developers, and consumers to adopt and support renewable energy technologies, and
is shaped by economic viability, regulatory stability, and market conditions, includ-
ing perceived risks, costs, and expected returns [11]. Furthermore, social acceptance
is increasingly understood as a dynamic and evolving process, influenced by psycho-
logical, contextual, and institutional factors [15], and closely linked to perceptions
of fairness and legitimacy. In this context, procedural justice refers to the fairness
and transparency of decision-making processes, while distributive justice concerns
the perceived equity in the sharing of benefits and burdens [16, 17]. Early work by
[14] demonstrated the importance of fairness in shaping community responses to
energy projects, while [13] emphasised the role of public engagement and place-
based perceptions. These perspectives are commonly brought together within the
energy justice framework [18], which also introduces recognition justice, emphasis-
ing the importance of acknowledging diverse local values and concerns.

3.2 Hydropower Flexibility and Social Acceptance

In the context of hydropower, social acceptance is shaped by a combination of envi-
ronmental, socio-economic, and institutional factors, reflecting how communities
experience and interpret project impacts [19]. Perceived environmental effects, such
as alterations in flow regimes, impacts on biodiversity and fish migration, sedi-
ment transport disruption, and landscape modification, are among the most influ-
ential drivers of acceptance and sources of concern. These impacts are often evalu-
ated through place-based and cultural values, leading to different interpretations of
sustainability and fairness among stakeholders [17, 20, 21]. Acceptance therefore
depends not only on the technical mitigation of impacts, but also on the relationships
and trust established between operators, institutions and local communities [22]. In
addition, the distribution of local benefits and burdens, as well as the quality of stake-
holder engagement, play a critical role in shaping public responses. Acceptance tends
to be higher where projects provide local benefits and address environmental con-
cerns, reflecting the importance of fairness in the distribution of impacts and benefits
[16], and where decision-making processes are perceived as fair and inclusive [14].

Flexible hydropower and controversy triggers

Particular controversy arises in the context of flexible hydropower operation, where
practices such as hydropeaking and rapid flow fluctuations introduce visible, fre-
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quent, and sometimes unpredictable changes in river conditions. These operational
changes can intensify ecological disturbances, affect biodiversity and riverbank
stability, and they can also alter the usability and safety of river areas, thereby
directly influencing how local communities experience and evaluate hydropower
projects [17, 21, 23]. Such impacts have also driven increasing efforts in river restora-
tion, aimed at mitigating hydromorphological alterations and restoring ecological
continuity, all of which highlights the extent to which regulated flow regimes can
affect river systems [24]. Importantly, social acceptance is not determined only by
the presence of these impacts, but by their frequency, intensity, and visibility, with
frequent and abrupt changes typically generating stronger negative responses than
gradual or less noticeable variations [21]. As a result, flexible operation is often
perceived as more disruptive than conventional, steady operation. This further exac-
erbates tensions between energy system needs and local environmental and social
priorities.

3.3 Stakeholder Engagement in Shaping Public Perception
and Social Response

The case of flexible hydropower highlights the importance of interaction processes
through which operational practices are translated into social responses. Flexible
operation introduces not only changes in river conditions, but also decision-making
dynamics that involve multiple stakeholders with differing roles, expectations, and
levels of influence. In this context, social acceptance is shaped less by the existence
of impacts alone, and more by how these changes are communicated, managed,
and negotiated among stakeholders, ultimately influencing both public perception
and decision-making processes [13, 15]. This is supported by empirical evidence
showing that impact management actions are significantly correlated with how envi-
ronmental and social impacts are perceived by stakeholders [25]. A central ele-
ment of this process is the operational profile of hydropower plants, which shapes
how changes are experienced over time and interpreted by stakeholders. Highly
variable and rapidly changing operational regimes can create practical challenges
and increase stakeholder concerns, particularly when changes are difficult to antic-
ipate, highlighting the need for effective communication and stakeholder engage-
ment [21, 23]. Communication acts as the primary translation mechanism between
technical operation and public understanding. In the context of flexible hydropower,
it should be understood as a two-way process that forms the basis of sustained stake-
holder relationships throughout the project lifecycle. This involves dialogue between
hydropower developers, operators, and contractors, as well as affected communities,
local and national authorities, and other relevant actors. The effectiveness of com-
munication depends on its clarity, timing, transparency and accessibility, but also
on its ability to facilitate feedback and mutual understanding. Information provided
in a timely and accessible manner enables stakeholders to better interpret opera-
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tional practices and associated trade-offs, including the relationship between local
impacts and broader system benefits such as energy reliability, whereas insufficient
communication can lead to greater uncertainty and mistrust [21, 22]. The interpreta-
tion of operational changes involves multiple stakeholder groups, each contributing
through distinct roles, forms of knowledge, and levels of influence. Perceptions of
hydropower impacts may differ significantly across stakeholder groups, with local
communities often expressing more critical views than industry or policymakers
[25] Local communities are directly exposed to operational changes and provide
experiential, place-based knowledge, which strongly influences how changes are
perceived and evaluated in everyday contexts. This reflects the broader observation
that support for renewable energy at a general level does not necessarily translate into
acceptance of specific local projects, where impacts are directly experienced [26].
Here the responses are often linked to local priorities, such as safety, livelihoods, and
the use of river spaces, which consequently become central factors in shaping accep-
tance at project level. Non-governmental organisations (NGOs) typically operate at
the interface between local concerns and broader environmental or societal objec-
tives. Through advocacy, dissemination of knowledge, and participation in formal
decision-making processes, they can amplify specific issues, influence public narra-
tives, and contribute to shaping policy debates. Their role is particularly significant
in framing how operational practices are interpreted within wider sustainability and
environmental discourses. Hydropower operators and industry actors are responsi-
ble for defining operational strategies and implementing communication approaches,
and therefore play a key role in shaping both the technical and social dimensions of
system performance. Their decisions influence not only operational outcomes, but
also the transparency of information, responsiveness to stakeholder concerns, and
overall credibility of the project. At the same time, operators are often required to bal-
ance competing objectives, including system flexibility, regulatory compliance, and
social acceptance. Regulators and public authorities establish the legal, institutional
and procedural framework within which both operation and stakeholder participation
occur. Through licensing procedures, environmental requirements, and consultation
obligations, they define the conditions under which stakeholders can engage and
influence decisions. Their role is therefore critical in ensuring that engagement pro-
cesses are not only formal, but also meaningful and effective. These agents do not
operate independently, but interact with each other, but interact through continuous
exchanges of information, mutual influence and feedback. Relationships between
them can amplify or mitigate project-related risks and influence outcomes. Commu-
nity responses can shape regulatory decisions and operational adjustments, NGOs
influence public narratives and policy priorities, while operators adapt communica-
tion and management strategies in response to stakeholder concerns and regulatory
requirements. Engagement processes, based on stakeholder roles, constitute the insti-
tutional framework through which interaction is structured. These processes, ranging
from formal consultations to participatory planning and co-creation, determine the
extent to which stakeholders can access decision-making processes and influence
outcomes. Effective engagement is characterised by inclusiveness, continuity, and
responsiveness, and should account for diverse stakeholder needs, including vul-
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nerable groups, cultural contexts, gender considerations, and differences in access
to information. Such approaches are reflected in established sustainability frame-
works, including the Hydropower Sustainability Tools developed by the International
Hydropower Association, which emphasise the role of structured communication and
consultation in improving project performance across the planning, construction, and
operational phases.

Best practices and recommendations for improving stakeholder engagement strate-
gies

Building on the interaction mechanisms described above, improving social accep-
tance of flexible hydropower requires targeted strategies that strengthen communi-
cation, stakeholder involvement, and governance processes. In this context, stake-
holder engagement should be seen as a continuous and adaptive process, rather
than a one-time procedural requirement. These recommendations are derived from
a synthesis of existing literature on social acceptance and stakeholder engagement,
and are consistent with established hydropower sustainability frameworks, including
the Hydropower Sustainability Tools of the International Hydropower Association.
These strategies can be grouped into key areas related to the timing of engagement,
communication practices, integration of stakeholder knowledge and benefits, and
adaptive governance and monitoring. A key principle is the early and continuous
involvement of stakeholders throughout the project lifecycle. Engaging stakeholders
from the initial planning stages enables the identification of local concerns, expec-
tations, and potential conflicts before they escalate. Continuous engagement during
operation is particularly important, as evolving operational patterns may influence
stakeholder perceptions over time. Effective engagement depends on two-way com-
munication, allowing not only the provision of information but also the incorpora-
tion of stakeholder feedback into decision-making processes. Transparent, timely,
and accessible communication supports an informed understanding of operational
practices and associated trade-offs, while also reducing uncertainty and strength-
ening trust between stakeholders and project developers [16, 19]. Ensuring proce-
dural fairness, including transparent decision-making and equal opportunities for
stakeholder participation, is essential for enhancing perceived legitimacy and accep-
tance. Clear communication of project limitations and realistic expectations is impor-
tant to avoid misunderstandings and potential conflicts over time. Another critical
aspect is the integration of local knowledge and stakeholder concerns into plan-
ning and operational decisions. Local communities possess context-specific knowl-
edge related to river use, safety and environmental conditions, which can improve
the design and implementation of operational strategies. Incorporating this knowl-
edge enhances the relevance, legitimacy and acceptability of decisions. To further
strengthen acceptance, benefit-sharing mechanisms should be implemented to ensure
thatlocal communities receive tangible and locally relevant benefits from hydropower
projects. These may include economic compensation, local infrastructure develop-
ment, or support for community initiatives. Equitable distribution of benefits can
help address perceived imbalances between local impacts and broader system-level
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Context-specific approaches
Monitoring and feedback
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Fig. 1 Framework of stakeholder engagement strategies for social acceptance of hydropower

benefits. Engagement strategies should be context-specific and adaptive, reflecting
differences in social, cultural, and institutional conditions. Since flexible hydropower
projects often operate in diverse environments, they require tailored approaches
that account for stakeholder diversity, including vulnerable groups and differing
capabilities to participate. Adaptive governance approaches, which enable iterative
learning and adjustment over time, are particularly important in addressing evolving
stakeholder expectations and operational conditions. Finally, the establishment of
transparent and participatory monitoring and feedback mechanisms is essential for
maintaining long-term trust and accountability. Involving stakeholders in monitor-
ing project impacts and performance creates opportunities for continuous dialogue,
supports timely identification of emerging concerns, and can inform adjustments to
both operational and engagement strategies. Establishing mechanisms for conflict
resolution and grievance management provides stakeholders with formal channels
to express concerns and supports timely resolution of disputes. These practices, as
illustrated in Fig. 1, collectively support the development of stakeholder engagement
strategies that are inclusive, responsive, and capable of enhancing the long-term
social acceptance of flexible hydropower.

Stakeholder engagement and social acceptance: The case of the Bakun Dam

The Bakun dam project spanned several decades, from its inception in the 1970s to
its commissioning in 2011. Construction of the Bakun dam began in 1994. It was sus-
pended following the Asian financial crisis in 1997 and resumed again in 2000. The
project, initiated by the Malaysian federal government, was fully taken over by the
Sarawak state government in 2017. The project was included in the Sarawak Corri-
dor of Renewable Energy (SCORE) in 2008 to supply electricity to energy-intensive
industries. The project experienced several critical periods, during which stakeholder
combinations included foreign experts, national and state government agencies, and
environmental and indigenous communities affected by the project, among others. It
weathered the peak period of the anti-dam movement, hen the WCD put the spotlight
on the social and environmental impacts of dams, but then benefited from the renewed
interest in hydropower as the largest renewable energy source, enabling the global
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energy transition. It also saw a shift from western-focused to China-led hydropower
expertise in global hydropower development. The feasibility studies were carried
out in the 1970s and 1980s by Western experts from Australia, German, and Swiss
enterprises, but the project was ultimately constructed by China’s Sinohydro upon its
resumption in 2000. This project serves as an instructive case for understanding how
IHA’s Sustainability Standards were able to help develop a stakeholder engagement
plan, which went through at least three stakeholder group combinations at different
stages of the project. The project was initiated by the Malaysian federal government
in the 1990s, and planning was carried out at the federal level. It was a privatized
project that was awarded to Ekran Berhad without competitive bidding. During the
planning stage of the project, the Coalition of Concerned Non-governmental Orga-
nizations (Gabungan), the indigenous communities affected by the dam project and
the environmental group Sahabat Alam Malaysia (SAM) all criticized the lack of
transparency in the planning process, noting that there had not been any public con-
sultation on the project and that the directly affected indigenous communities had
not been engaged in the planning process. Many felt that they had been pushed into
accepting the resettlement scheme. The resettlement of 10,000 indigenous commu-
nities, comprising 1,693 families living in 15 longhouses, was carried out between
1998 and 1999. However, the project was then shelved. The resumption of the project,
now with a capacity reduced by 5S00MW, involved restructuring. China’s Sinohydro
joined as the lead contractor under the EPC/turnkey contract and established a joint
venture with Sime Engineering Berhad. China’s EXIM Bank provided the financing
for the project. At this stage, Gabungan questioned the justification of the large-scale
resettlement scheme in view of the reduced capacity. The indigenous-led NGO, Save
Rivers Network, was officially established in 2011 and highlighted the government’s
unfulfilled promises as well as the hardships faced by resettled indigenous people.
The network became a crucial stakeholder in the hydropower dam development in
Sarawak and also opposed a new wave of mega dams following the launch of the
SCORE. In 2017, the Sarawak state-owned utility company, Sarawak Energy Berhad
(SEB), acquired the Bakun dam from the federal government. As the project pro-
gressed to the operational stage, the stakeholders included state-level government
agencies as well as the directly affected indigenous communities. The implementa-
tion and monitoring of the project focused on mitigating its social and environmen-
tal impacts, especially the consequences of resettlement on the affected indigenous
communities. One of the criticisms was the lack of a mechanism to express their
grievances to the relevant authority. SEB then upgraded its corporate sustainability
practices and applied the Hydropower Sustainability Standard (HSS) to guide its
response to sustainability shortcomings. The assessment of the Bakun dam for cer-
tification was performed in 2024, and the project received “silver” certification in
August 2025. Based on the assessment report, SEB has improved engagement with
communities across all areas, establishing a grievance mechanism and a stakeholder
management plan (SMP) in February 2024. The SMP included mapping of over
30 stakeholder groups by level of interest and influence, identifying issues of con-
cern for about 50 stakeholder groups, and determining engagement methods. The
SMP helped SEB identify the frequency, timing, scope, and level of engagement
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with stakeholders, including institutional stakeholders and community-level stake-
holders such as the long house committee, the village headman, and women in the
communities, in order to discuss corporate social responsibility initiatives.

4 Interconnections Across Hydropower Dimensions

Hydropower systems cannot be understood solely in terms of their technical capabil-
ities. They are embedded within a broader socio-technical system that encompasses
ecological dynamics, water resource management, electricity markets, regulatory
frameworks, and societal expectations. These dimensions are deeply interconnected,
creating complex interdependencies that shape decision-making processes and give
rise to trade-offs among competing objectives. This chapter builds on research con-
ducted under the COST Action PEN@Hydropower, particularly within Working
Group 5, and examines how technical, environmental, economic, social, and policy
factors interact in hydropower planning and operation. The aim is to translate sci-
entific and technical evidence into structured, policy-relevant insights that support
the development of integrated strategies and implementation roadmaps. The anal-
ysis follows a clustering approach in which scientific outputs are synthesized into
macro-level policy areas. This enables the identification of systemic challenges that
emerge across different hydropower dimensions, highlighting the interdependencies
that constrain or enable decision-making. As illustrated in Fig.2, the process con-
sists of several interconnected steps, including the review and screening of content,
identification of cross-domain linkages, clustering of findings into policy-relevant
domains, extraction of key policy issues, and the development of a structured data
matrix, in order to support the transformation of complex, multidisciplinary evidence
into actionable insights, facilitating the development of coherent and integrated pol-
icy responses.

Review & screen Identify cross- Extract policy Build the data

wr content WW WG linkages ' Assign clusters . issues matrix
Standardized Detect recurring Group rows into 8 Reframe findings For each issue:
extraction of patterns across policy domains to as systemic governance level,
purpose, findings, technical, make synthesis problems stakeholders,
stakeholders, environmental, tractable and requiring policy barrier type, risk,
governance level, market, legal and comparable. intervention. and draft policy
policy social outputs. direction.

instruments, and
relevance.

Fig. 2 Methodological framework for translating scientific evidence into policy-relevant insights
through clustering and synthesis across hydropower dimensions
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Fig. 3 Framework for structuring hydropower policy issues into actionable policy directions

4.1 Systemic Challenges Across Interconnected Domains

The identified issues are then further structured into a policy-oriented analytical
framework, as shown in Fig. 3, where each issue is systematically characterized in
terms of its cluster, governance level, involved stakeholders, barrier types and asso-
ciated risks, with the aim of shaping initial policy directions. This step enables the
translation of complex findings into a consistent and comparable structure.

Market design, flexibility and system adequacy

Hydropower is increasingly required to provide flexibility services including ramp-
ing, frequency regulation, and balancing to support power systems with high shares of
VRES. However, existing electricity market designs remain largely oriented toward
energy production rather than the provision of system services. Evidence from the
PEN@Hydropower COST Action indicates that the flexibility of hydropower is
often undervalued, while intensified operational regimes increase wear and mainte-
nance costs. Stakeholder discussions within WGS further highlighted that remunera-
tion mechanisms for flexibility services, including balancing, ramping, and storage,
remain highly dependent on national contexts. In addition, the costs associated with
flexible operation, including operational risks and reduced asset lifetime, are diffi-
cult to quantify and are often not adequately reflected in revenue streams. This mis-
alignment between system needs and economic incentives discourages investment in
flexibility assets and undermines efficient system integration [27-29]. Participants in
WGS activities also noted that unclear economic signals and regulatory uncertainty,
particularly in contexts where concession frameworks are approaching renewal, may
delay or discourage investments in assets essential for long-term system adequacy
and resilience. PSH is a critical enabler of Europe’s energy transition, but its optimal
deployment must be tailored to national system characteristics, realistic develop-
ment potential, and VRES profiles. The findings provide robust technical evidence
to support differentiated, system-specific storage strategies in future European energy
policies and planning frameworks [30]. In parallel, the integration of VRES requires
not only short-term balancing but also long-duration storage to ensure system ade-
quacy during prolonged periods of low generation. While battery technologies are
well suited for short-term flexibility, pumped storage hydropower (PSH) remains
the only mature large-scale solution for long-duration storage. However, current
planning frameworks tend to underestimate this requirement, often favoring short-
duration technologies. This creates a structural bias that may compromise system
resilience under extended supply deficits [28].
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Environmental governance and climate legitimacy

Hydropower development and operation significantly influence river ecosystems,
affecting fish migration, sediment transport and flow regimes. Research highlights
both the scale of these impacts and the importance of mitigation and restoration
measures. At the same time, environmental governance frameworks—most notably
the EU Water Framework Directive—introduce stringent constraints that may limit
the deployment or optimization of hydropower assets. This creates a persistent
tension between renewable energy objectives and biodiversity protection. Stake-
holder discussions within WGS5 further emphasized that environmental challenges
in hydropower are increasingly driven by climate-induced changes in water avail-
ability and competing water uses. Increasing aridity, changing precipitation patterns,
decreased runoff, and reduced reservoir inflows are identified as growing concerns
directly affecting hydropower generation potential. In parallel, rising water demand,
especially from agricultural irrigation, intensifies competition for water resources
and places hydropower within a broader water—energy—food nexus. In addition,
stakeholders highlighted the increasing frequency and intensity of extreme hydro-
logical events, including floods and prolonged droughts, which may compromise
electricity generation reliability and system resilience. From a governance perspec-
tive, these challenges require stronger coordination across energy, water, agricul-
tural, and land-use policies. The challenge is further compounded by uncertainties
associated with greenhouse gas emissions from reservoirs due to the absence of har-
monized methodologies for estimating GHGs emissions which introduces ambiguity
into carbon accounting practices [31]. Such inconsistencies complicate the inclusion
of hydropower in sustainable finance frameworks and EU taxonomy classifications,
ultimately affecting its climate legitimacy [32, 33].

Digitalization, modernization and asset resilience

The European hydropower fleet is aging [27], but at the same time operational
demands are increasing due to growing flexibility requirements. Stakeholder discus-
sions within WGS5 strongly confirmed that many hydropower assets across Europe
have been operating for several decades, limiting their ability to respond to increas-
ingly dynamic and variable power system conditions. Participants in WG5 activ-
ities emphasized that hydropower must adapt to evolving grid demands not only
through physical refurbishment, but also through the integration of digital technolo-
gies and advanced operational strategies. Digitalization, modernization, and asset
resilience play a central role in addressing these challenges, offering the potential
to enhance efficiency, enable predictive maintenance, and improve system relia-
bility [32]. Stakeholders further highlighted that predictive maintenance, real-time
monitoring, and optimized dispatch are not feasible without adequate digitalisation,
creating a strong interdependency between modernization and digital transforma-
tion. However, modernization efforts are often constrained by regulatory uncertainty
and insufficient financial incentives. Additional barriers identified by participants
include lengthy consultation and permitting procedures, regulatory gaps affecting
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smaller hydropower installations, and cultural resistance to change linked to legacy
technologies and established operational practices. Stakeholders also emphasized the
complexity of the institutional landscape, where broad involvement of public author-
ities, private operators, and emerging actors such as energy communities may cre-
ate coordination challenges and slow decision-making processes. This creates a gap
between the technical potential for upgrading hydropower assets and the institutional
conditions required to realize it [34, 35]. To address these challenges, participants
emphasized the need for stronger alignment between policy frameworks and fund-
ing mechanisms, improved technical skills and human capital for digital deployment,
and better communication regarding the role of hydropower in the energy transition.

Social acceptance, energy justice and transboundary harmonisation

Hydropower development is shaped not only by technical and environmental con-
siderations but also by social acceptance and energy justice dynamics [36]. While
hydropower is broadly supported as a renewable energy source, local opposition to
specific projects often arises due to environmental concerns and perceived inequities
in the distribution of costs and benefits. Stakeholder discussions within WGS further
confirmed that local concerns frequently include displacement, loss of cultural her-
itage, reduced recreational opportunities, and impacts on agricultural activities, with
affected communities often perceiving that they bear a disproportionate share of neg-
ative impacts while benefits are distributed more broadly. Energy justice perspectives
highlight the importance of procedural fairness, equitable distribution, and recogni-
tion of affected communities [37]. Participants in WGS activities also emphasized that
social acceptance is strongly influenced not only by material impacts, but also by trust,
transparency, governance quality, and public perception. Lack of transparency and
perceived unfairness in decision-making processes were identified as major drivers
of opposition, while negative narratives in public discourse and social media may
further reinforce resistance to hydropower projects. At the same time, investment
in hydropower is increasingly influenced by sustainable finance and ESG frame-
works. Although instruments such as sustainability standards and climate disclosure
mechanisms are gaining prominence, inconsistencies across regulatory and financial
systems create uncertainty for investors and limit access to green finance. Stake-
holders further highlighted the importance of early recognition of social concerns,
stronger communication and engagement strategies, transparent regulatory frame-
works, and benefit-sharing mechanisms to improve procedural justice and strengthen
public trust. Investment in education and awareness initiatives was also identified as
important for improving understanding of hydropower role in the energy transition.
These challenges are further intensified in transboundary river basins, where coor-
dination across jurisdictions is required. In this context, transboundary governance
and legal harmonization become a critical issue, as differing national priorities and
regulatory frameworks may generate conflicts or inefficiencies. While international
water law provides guiding principles, its incomplete integration into operational
and sustainability frameworks results in persistent governance gaps [38].
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Workforce and capacity development

Workforce and capacity development are critical but often overlooked in the context
of hydropower transition. The sector has traditionally relied on specialized engineer-
ing expertise, but the energy transition is shifting demand toward interdisciplinary
skills combining engineering, environmental science, digital systems, policy, and
stakeholder engagement, something not yet fully reflected in academic curricula.
Addressing this gap requires coordinated action across educational, industrial and
public institutions. Early engagement at the secondary level is important, along-
side stronger university—industry collaboration through internships, joint programs,
and targeted training. Developing interdisciplinary educational pathways is key to
preparing professionals for complex hydropower challenges, while improved work-
ing conditions, career prospects, and remuneration are essential to attract and retain
talent [39].

4.2 Toward Integrated Policy Strategies

The interconnected nature of hydropower systems gives rise to structural trade-offs
that cannot be resolved within a single domain. Flexibility provision may conflict
with ecological integrity, while efforts to enhance energy security can generate local
environmental and social impacts. Similarly, prioritizing short-term efficiency may
undermine long-term system resilience. Climate-induced changes in water availabil-
ity, increasing aridity, competing water uses, and more frequent extreme hydrolog-
ical events further intensify these trade-offs, placing hydropower within a broader
water-energy-food nexus and requiring stronger coordination across energy, water,
agricultural, and land-use policies. At the same time, important synergies emerge
across domains. Hydropower plays a central role in enabling the integration of
variable renewables, while digitalization can simultaneously improve operational
performance and environmental monitoring. Advanced digital solutions, including
predictive maintenance, real-time monitoring, and optimized dispatch, may also
strengthen asset resilience and improve the capacity of aging hydropower infras-
tructure to respond to increasingly dynamic power system conditions. In addition,
sustainability standards have the potential to enhance investor confidence and sup-
port access to finance. Despite these synergies, significant policy gaps persist. Mar-
ket frameworks often fail to adequately value flexibility and long-duration storage.
Stakeholder discussions further highlighted that remuneration mechanisms for flexi-
bility services remain fragmented across national contexts, while the costs associated
with flexible operation, including operational risks and long-term asset degradation,
are often insufficiently reflected in market incentives. Environmental, climate, and
energy policies remain fragmented, limiting the effectiveness of integrated solu-
tions. Social acceptance considerations are not systematically embedded in plan-
ning processes, and alignment between policy objectives and financial mechanisms
remains weak. In addition, lack of transparency, limited stakeholder engagement,
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and perceived inequities in the distribution of project impacts and benefits may fur-
ther undermine legitimacy and delay project implementation. These gaps highlight
the need for more coherent and coordinated governance approaches. Addressing
the identified challenges requires policy approaches that explicitly recognize the
interconnected nature of hydropower systems. This entails moving beyond sectoral
thinking and adopting integrated strategies that align market design, environmen-
tal regulation, technological innovation, and social considerations. Key priorities
include reforming electricity market design to properly value flexibility and system
services, as well as integrating long-duration storage into energy planning frame-
works. There is also a need for improved methodologies to quantify the full costs
of flexibility provision, including maintenance impacts, operational risks, and asset
lifetime reduction. In parallel, there is a need to develop adaptive environmental
performance standards and harmonize carbon accounting methodologies to ensure
regulatory consistency and climate credibility. Supporting the modernization and
digitalization of existing hydropower assets is equally critical, particularly in con-
sideration of the aging infrastructure and evolving system demands. This should
be accompanied by stronger alignment between policy frameworks, funding mech-
anisms, and technical capacity-building efforts necessary for the deployment and
operation of digital solutions. At the same time, embedding social engagement pro-
cesses and energy justice principles can enhance legitimacy and reduce conflict. Early
recognition of social concerns, transparent governance frameworks, benefit-sharing
mechanisms, and improved communication and awareness strategies may play a key
role in strengthening trust and procedural justice. Finally, a better alignment between
sustainable finance frameworks and public policy objectives, together with improved
transboundary governance mechanisms, will be essential to enable coordinated and
long-term investment in hydropower systems.

5 Conclusion

Hydropower should be understood as a complex socio-technical system shaped by
the interaction of technical, environmental, economic, and social dimensions. These
interdependencies are not peripheral but central to how decisions are made and
how trade-offs are managed. This chapter has shown that the challenges facing
hydropower are systemic in nature and cannot be addressed through isolated interven-
tions. Instead, they require integrated policy frameworks capable of aligning multiple
objectives and governance levels. The findings further demonstrate that hydropower
is increasingly shaped by evolving flexibility requirements, climate-induced pres-
sures on water availability, digital transformation needs, and growing societal expec-
tations regarding transparency, participation, and fairness. These dynamics place
hydropower within broader interconnected systems, including the water-energy-food
nexus and the wider energy transition. By structuring diverse evidence into intercon-
nected domains, the analysis provides a foundation for the development of coherent
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strategies that support the role of hydropower in the energy transition while ensuring
environmental sustainability and social legitimacy.
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Part IV
Visions Shaping the Future of Sustainable
Hydropower

When discussing sustainable hydropower and future visions for 2030 to 2050, it is
important to consider ongoing research projects in this field. This means incorpo-
rating today’s research topics and their resulting findings into the future research
questions in this area. Currently, the focus of ongoing research projects is closely
correlated with the need for flexible energy systems and storage capacities. This
situation will not change quickly in the short term, given the additional installations
of renewable energy sources over the coming decades. To make Europe competitive
again, energy must be provided cost-effectively. Moreover, this is only possible, in
light of insufficient resources and the set climate goals, through further expansion
of renewable energy sources. This energy transition, which began years ago, must
reach a meaningful conclusion; otherwise, all previous efforts will have been in vain.

Today’s world is more interconnected than ever. New actors have emerged and
are contributing to the sustainable development of hydropower. This was already
demonstrated in this book during the discussion of the Hydropower Sustainability
Standard. In the future, an increasing number of multidisciplinary research projects
will be observed, addressing not only technical questions but also environmental,
climate change, and biodiversity issues. These issues are closely linked to societal
acceptance, as they affect the daily lives of all people. The research community will
need to incorporate these concerns into future research topics and projects.

The following chapters of this book summarize some aspects of questions related
to stakeholders and the integration of sustainable thinking into the education of
young researchers and innovators. However, digitalization will also make a signif-
icant contribution. Electronic networking and the use of Artificial Intelligence will
revive things in a different form.

The visions presented for the future of the next two decades are based on surveys,
special workshops, or the authors’ experiences. They are neither comprehensive nor
definitive, as the future of hydropower is so complex that, at best, we can only
anticipate or speculate about a few aspects.
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Abstract This chapter conceptualizes hydropower as a socio-technical system influ-
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stakeholder values. It argues that the transition toward sustainable hydropower is
not solely a technological challenge, but is fundamentally dependent on coordina-
tion, institutional capacity, and societal alignment. The chapter positions stakehold-
ers including policymakers, industry actors, academics, civil society members, and
early career professionals, as active agents who influence regulatory frameworks,
investment decisions, and knowledge production. This chapter identifies stakeholder
engagement as a central enabler of sustainability, linking technical knowledge with
policy design and implementation. It emphasizes the need to transition from reactive
to anticipatory governance by integrating energy, water, and environmental objec-
tives, while incorporating stakeholder perspectives into decision-making processes
from the beginning. In line with international good practice, effective engagement is
iterative and inclusive. It is also based on transparent, two-way communication that
enhances legitimacy and reduces project risk. Finally, the chapter emphasizes capac-
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hydropower depends on continuous coordination among stakeholders, supported by
shared knowledge, mutual understanding, and coherent governance frameworks.
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1 Hydropower as a Socio-Technical System

The transition to a sustainable and climate neutral energy system is not just a techno-
logical challenge. It is also a matter of governance, coordination, and societal align-
ment. Hydropower, one of the most well-established renewable energy technologies,
exemplifies this complexity. It operates at the intersection of energy systems, water
resource management, environmental protection, and socio-economic development.

Although traditionally considered an engineering discipline, hydropower is
increasingly recognized as a socio-technical system, in which infrastructure, institu-
tions, ecosystems, and stakeholder values are tightly interdependent. This perspec-
tive aligns with socio-technical transition theory, in which technological systems co-
evolve with governance structures and actor networks [1]. In such contexts, technical
optimization alone is insufficient without public acceptance, regulatory coherence,
and environmental sustainability.

Stakeholders do not merely respond to hydropower development; they actively
shape its trajectory. Their decisions influence regulatory frameworks, investment
strategies, knowledge production, and societal acceptance. These roles are intercon-
nected and operate across multiple governance levels, affecting both project level
outcomes and broader system transformation. This chapter explores how different
stakeholder groups interact with, influence, and benefit from the sustainable evolution
of hydropower. It positions stakeholder engagement as a core enabler of sustainability
and system resilience, not merely a procedural requirement.

2 Stakeholder Value: Translating Knowledge into Action

This volume synthesizes technical knowledge, policy frameworks, and implementa-
tion realities, serving as a translation interface between them. While the value differs
across stakeholder groups, these benefits are interdependent.

For example policymakers and public authorities benefit from structured, evi-
dence based insights that support integrated and forward-looking policy design. This
is particularly relevant in the context of overlapping regulatory frameworks—such
as the EU Water Framework Directive, renewable energy policies, and biodiversity
strategies,—where coherent management of trade-offs is essential. Industry actors,
including developers, operators, and investors, gain a clearer understanding of regu-
latory trajectories, sustainability standards, and societal expectations. This informa-
tion supports more robust investment decisions, reduces regulatory uncertainty, and
contributes to long-term asset optimization.

Researchers and academic institutions benefit from interdisciplinary synthesis and
the identification of knowledge gaps, particularly in areas such as climate resilience,
digitalization, and socio-environmental trade-offs. At the same time, civil soci-
ety organizations gain improved transparency regarding governance processes and
decision-making trade-offs, enabling more informed and constructive participation.



Stakeholder Perspectives 259

Both education providers and early career professionals’ benefit from access to
applied, interdisciplinary knowledge that reflects real-world challenges. This sup-
ports the development of competencies that align with the evolving requirements of
the energy transition. By bridging these domains, the volume contributes to a shift
from fragmented knowledge production to shared understanding and coordinated
action among stakeholder groups.

3 Policymakers: Drivers or Responders?

A recurring question in hydropower governance concerns whether policymakers
act primarily as drivers of transformation or as responders to external pressures.
In practice, this distinction reflects the interplay between reactive and anticipatory
modes of governance.

In the water-energy domain policymaking has often been reactive, with inter-
ventions triggered by crises such as energy shortages, extreme hydrological events,
or environmental conflicts. This pattern is well documented in the literature, where
institutional responses frequently follow emerging risks rather than anticipating them
systematically [2, 3]. Theses dynamics result in fragmented policy responses and
limited cross-sector integration.

Nevertheless, policymakers remain central structural enablers of the hydropower
transition. They define regulatory frameworks, align economic incentives, and coor-
dinate across governance levels. Therefore, their role is not only reactive but also
constitutive, shaping the conditions under which hydropower systems evolve.

Strengthening anticipatory governance is essential in this context. This involves
integrating long-term planning horizons, incorporating climate scenarios, aligning
energy and water policies, and embedding stakeholder participation in the early of
decision-making processes. These strategies improve policy coherence and enhance
the capacity to manage uncertainty.

Inclusive and forward-looking governance reduces conflict, improves legitimacy,
and supports more sustainable outcomes. Hydropower can play a strategic role in
climate mitigation and adaptation, not only as a source of renewable energy and as
a provider of storage, flexibility, and water management services. Unlocking this
potential requires shifting from crisis-driven policymaking to integrated and system-
oriented governance.

4 The Book as a Capacity Building Instrument

The transition toward sustainable hydropower is hindered by gaps in education,
skills, and institutional capacity. In this context, this volume should be understood
as a capacity-building instrument, rather than merely a repository of knowledge.
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First, it translates complexity into accessible insights by connecting techni-
cal, environmental, and policy domains. This helps overcome the knowledge
fragmentation that often limits effective decision making.

Second, it promotes interdisciplinary learning by incorporating diverse stake-
holder perspectives and working domains. This systems-level understanding is
essential for addressing the interconnected challenges of hydropower development.

Third, it connects theory and practice by provideing applied insights, case studies,
and training experiences developed through initiatives such as PEN @Hydropower.
This facilitates the transfer of knowledge into operational and policy contexts.

By contributing to knowledge integration and skills development, the book helps
reduce the gap between stakeholder needs and the current limitations of education
and training systems.

5 Developing Risk and Opportunity Awareness Among
Stakeholders

An important dimension of capacity building is the ability of stakeholders to under-
stand not only their own roles, but also the perspectives and constraints of oth-
ers. Hydropower development involves complex trade-offs between environmen-
tal, social, and economic objectives. Stakeholder interactions significantly influence
governance outcomes and project risks [4].

Effective stakeholder engagement is therefore essential. International good prac-
tice emphasizes that engagement processes should be continuous, inclusive, and
based on transparent, two-way communication [5]. Such approaches build trust,
improve decision quality, and reduce the likelihood of conflict.

Addressing capacity gaps requires coordinated action across education, industry,
and policy domains. Key priorities include:

developing interdisciplinary educational programs,
strengthening university—industry collaboration,
promoting lifelong learning and reskilling,

enhancing institutional capacity within public authorities,
and engaging early-career professionals.

The importance of interdisciplinary skills and technical capacity in enabling
hydropower innovation and system integration is well established [6]. At the same
time, knowledge transfer mechanisms are critical to address workforce aging and pre-
serve operational expertise [7, 8]. Institutional capacity further shapes governance
effectiveness and implementation outcomes [9]. Capacity building should therefore
be understood not as a supporting element, but as a central condition for sustainable
hydropower development.



Stakeholder Perspectives 261

6 Key Messages for Stakeholders

The analysis yields several stakeholder-specific implications:

For policymakers, there is a need to move from reactive to anticipatory gover-
nance. This requires long-term, integrated planning frameworks that align energy,
water, and environmental policies. Strengthening institutional capacity and embed-
ding early stakeholder engagement are essential to improving legitimacy and
reducing conflict.

For industry actors, sustainability and stakeholder engagement must be inte-
grated into core business strategies. This includes investing in digitalization and
modernization, strengthening environmental performance, and engaging proactively
with regulators and communities.

For academia and training institutions, the priority lies in developing inter-
disciplinary and practice-oriented education. Collaboration with industry and pub-
lic institutions is essential to ensure relevance, alongside the expansion of lifelong
learning and professional training.

For civil society organizations, meaningful participation in decision making
processes is crucial. Moving toward solution-oriented engagement requires access
to information, technical understanding, and recognition of trade-offs.

For early-career professionals, interdisciplinary competencies, including sys-
tems thinking, stakeholder engagement, and policy awareness, are increasingly crit-
ical. Participation in collaborative learning environments can accelerate knowledge
acquisition and professional adaptability.

Across all stakeholder groups, a common principle emerges: sustainable
hydropower cannot be achieved through isolated actions, but requires continu-
ous coordination across technical, environmental, and social dimensions. This, in
turn, depends on sustained collaboration supported by shared knowledge, mutual
understanding, and coherent governance frameworks [10].
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We educate for a better future.

Abstract We discuss strengthening hydropower education by integrating sustain-
ability concepts into existing university courses, based on experiences from train-
ing schools on sustainable hydropower organised within the framework of the
Hydropower Sustainability Standard. The main idea is not to teach the standard as a
certification tool, but to use its performance requirements as a practical framework
to connect technical, environmental, social, and economic aspects of hydropower
operation within current teaching materials. Hydropower Sustainability Standard
performance indicators can be incorporated into courses across different disciplines,
including mechanical, civil, environmental, energy, and social sciences. Learning
outside the classroom deserves special attention, particularly through direct inter-
action with hydropower plant operators and field visits. These experiences provide
practical professional knowledge that is not available in textbooks and help stu-
dents understand real operating conditions, maintenance challenges, environmen-
tal constraints, and system behaviour. In such model, education and professional
perspectives can be well connected and complemented. The chapter also discusses
how principles of the Hydropower Sustainability Standard can be applied to other
renewable energy technologies, such as wind, solar, and hydrogen, where structured
sustainability frameworks are often less developed.
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1 Introduction

In a report [1] PEN@Hydropower highlighted a growing mismatch between the
strategic importance of hydropower in the European green transition and its declining
visibility and depth od study within higher education curricula. Training schools can
play a key role in addressing this issue by providing an interdisciplinary educational
addition to university courses. They can also respond more quickly to the needs of the
hydropower sector, particularly with regard to the social acceptance and sustainability
of hydropower.

One of the key contributions of training schools lies in reintroducing depth and
specialization into hydropower education. As noted in the PEN @Hydropower report
[1], university curricula increasingly favour broad overviews of the energy engineer-
ing topics rather than hydropower specifically (see also Chapter “Status Quo of
European Hydropower Education”). This always comes at the expense of detailed
treatment; even courses at mechanical engineering faculties rarely include topics
such as hydraulic machinery, detailed turbine or runner blade design, computational
fluid dynamics CFD, or experimental methods such as sediment erosion laboratory
measurements, and prototype testing. However, topics on sustainable energy may be
taught at other universities also, including non technical ones. Training schools can
address this lack of detailed treatment by offering focused modules on sustainabil-
ity related topics. In-depth study is particularly important in hydropower (relative
to other engineering disciplines), where hydraulic turbines are prototypes rather
than mass-produced machines, and where the underlying knowledge, and skills of
engineers are essential.

Of course, a training school focusing on sustainable hydropower is not a direct
replacement for traditional in-depth courses on turbine machinery design. The train-
ing school provides a framework for integrating sustainability into technical educa-
tion. Sustainable hydropower encompasses not only energy production, but also sed-
iment management, river ecology, grid flexibility, climate resilience, and long term
operation. By combining engineering fundamentals with environmental and systems
level perspectives, the training school can help students to understand hydropower as
part of a wider water-energy nexus, rather than as purely a civil, mechanical or electri-
cal engineering technology. This directly addresses the perception problem identified
in the report [1], whereby hydropower is often considered to be a mature technology
with environmental controversies, and limited innovation potential. Including mate-
rials on sustainable hydropower could attract students and encourage them to attend
more in depth technical and professional courses later on or take them as optional
courses.

An especially important aspect of training schools is their potential to sup-
port teachers. The report [1] highlights not only a lack of dedicated hydropower
courses, but also a shortage of up-to-date textbooks that meaningfully incorporate
aspects such as sustainability. The report [1] also mentions uncertainty about how
to teach sustainability and digitalization within mechanical and civil engineering
programmes.
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Providing teacher with high quality and readily available teaching materials such
as lecture slides, case study descriptions, datasets, and laboratory exercise materials,
can significantly improve the impact of training schools. These materials enable
university teachers to improve the content of their hydropower courses without having
to wait for slow curriculum reform cycles. They also help to ensure that, hydropower
is represented on a balanced way in the curriculum.

In the past, curricula on energy engineering including hydropower have undergone
substantial changes. The shift towards wind and solar technologies has served as a
testing ground for new educational approaches, including those related to digitaliza-
tion and artificial intelligence. As discussed in the report [1], Al-driven tools, digital
twins, and interactive simulations could transform the teaching of core concepts such
as the Euler equation, unsteady flow, and turbine optimization in the future.

However, training school on sustainable hydropower are different in most aspects.
They emphasize the importance of methods such as people interaction, discussions,
critical thinking and the inclusion of social and environmental aspects. Including
them properly in study materials provides an opportunity to train both students and
teachers in their use and to translate successful practices back into formal education.
Including theses methods in study materials can help improve the future position of
hydropower in energy engineering and society.

2 Performance Indicators for Sustainable Hydropower

The Training School on Sustainable Hydropower is organized around the
Hydropower Sustainability Standard [2]. The results of the training school could be
incorporated into university study materials relevant to a range of subjects, including
social, environmental, economic and engineering studies. Ideally the goal would not
be to teach the Hydropower Sustainability Standard as a formal compliance or certi-
fication tool, but rather to use its performance requirements as a framework through
which to explain hydropower sustainability in relation to the course materials that
teachers already use for lectures, laboratory exercises, and individual professional
projects. In this way, sustainability would be taught as a natural part of hydropower
design, operation, and decision-making. Below, we will select individual perfor-
mance requirements from the Hydropower Sustainability Standard to show how
these can be incorporated into relevant study materials.

The requirements of the Hydropower Sustainability Standard relating to Environ-
mental and social assessment and management (4.1) could be included in courses
focusing on early project planning and system design. This mainly applies to faculties
of mechanical engineering, civil engineering, and environmental engineering. Teach-
ing materials could demonstrate the influence of baseline studies, impact assessments,
and mitigation measure planning on technical choices such as hydropower plant lay-
out, turbine type, and construction methods. Instead of presenting environmental
assessments as separate reports, teachers should ensure that students learn how weak
or incomplete assessments can create technical risks at a later stage in the project.
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The requirements related to Labour and working conditions (4.2) could be incor-
porated into social science faculty courses. This could cover broader topics such as
the drain of young talent from less populated regions and, gender balance. The topics
are also relevant to courses related to manufacturing technologies, project execution,
construction and operation, which are typically taught at faculties of mechanical
and civil engineering. Examples would show how engineering decisions affect site
safety and working conditions. This helps students understand that worker safety and
long-term plant availability depend partly on design choices made by engineers.

The section on Water quality and sediments (4.3) offers links to technical courses.
These topics are particularly relevant to programmes in ecology, mechanical engi-
neering and hydraulic engineering. The study materials explain how sediment size
and concentration affect turbine geometry, material selection, operational strategies,
and efficiency losses. Currently, relatively large volumes of sediment are still pre-
vented from entering turbines by dams. In the future, due to reservoirs filling with
sediments and extreme weather events, it is likely that sediments will flow through
turbines and cause damage. While the Training School on Sustainable Hydropower
cannot provide public available datasets, monitoring results or CFD outputs, these
could be used in more general student assignments to analyse trade-offs between
sediment management measures and mechanical wear.

The requirements related to Community impacts and infrastructure safety (4.4)
could be linked to dam safety, hydraulic transients, and operational flexibility. This
content is relevant to the faculties of civil engineering, mechanical engineering, and
electrical engineering. Teaching examples could discuss how start-stop operations,
extreme events, and failure scenarios can pose risks to downstream communities,
thereby transforming the concept of safety into a tangible engineering problem or
student project. Additionally, the training school could facilitate discussions on rela-
tionship between community impacts and the environment in relation to hydropower,
which is a relevant topic for social faculties members and courses.

Where relevant, the Resettlement (4.5), Indigenous peoples (4.7), and Cultural
heritage (4.8) sections of the Hydropower Sustainability Standard performance
requirements could be addressed through examples of spatial planning and lay-
out. These topics would be a good fit for courses taught in the fields of social
science, civil engineering, environmental engineering, and interdisciplinary sus-
tainability programmes. Students would learn how alternative plant layouts, access
roads, or powerhouse locations could reduce social impacts while also affecting costs
and technical feasibility. Social science programmes could explore the influence of
hydropower on the three aforementioned categories: resettlement, indigenous people
and cultural heritage. The latter is particularly important in the majority of European
hydropower projects.

The performance requirements relating to Biodiversity and invasive species (4.6)
could be incorporated into hydraulics and turbine design courses offered by civil engi-
neering and environmental engineering faculties. Teaching materials could demon-
strate how intake velocities, fish passage systems, and flow distribution influence
ecological outcomes. Students would learn how to translate ecological requirements
into hydraulic boundary conditions and design parameters.
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Performance indicator Governance and procurement (4.9) could be embedded
in project management and engineering economics courses, which are often taught
in economics, mechanical engineering, electrical engineering, and industrial engi-
neering programmes. Examples would demonstrate the influence on design maturity,
risk sharing, and innovation. This could be illustrated using case studies from train-
ing schools where technical performance is either limited or supported by opposing
requirements.

The requirements related to Communication and consultation (4.10) could be
introduced through interdisciplinary coursework. These are relevant to all engineer-
ing faculties and sustainability-oriented programmes. Students should be aware they
will need to explain technical designs and professional decisions to non-technical
stakeholders in order to improve the clarity of discussions and justify engineering
requirements and assumptions.

Hydrological resources (4.11) requirements fit well into hydraulics and hydrol-
ogy courses taught at faculties of civil engineering, environmental engineering, and
energy engineering. Real inflow data and examples of extreme climate cases from
the training schools could be used to show how hydrological assumptions influence
turbine sizing, water storage, operational flexibility, and long-term sustainability.

Finally, the Climate change mitigation and resilience (4.12) section could be
incorporated into various subjects and faculties. Teaching materials would show how
design margins, flexible operation, and retrofit options can help hydropower plants
to adapt to changing hydrological and market conditions. Students would learn that
resilience is not an additional requirement, but rather a design approach affecting
efficiency, robustness, and lifecycle performance.

3 Learning Outside Classroom: Individual Discussions
with Hydropower Plant Operators

Individual discussions between training school participants and hydropower plant
professional operators are one of the most valuable results of the Training Schools on
Sustainable Hydropower. These discussions help participants sense and understand
how hydropower plant operators work in real life through verbal and nonverbal com-
munication. During these interviews, the operators share their professional expertize,
including their daily operational routines, the limits of hydropower equipment, envi-
ronmental requirements related to flow and head and organizational challenges. This
practical knowledge is not available in textbooks or internet forums, but it is highly
relevant for university teaching.

Discussions with plant operators often focus on turbine performance, wear, ero-
sion, maintenance and refurbishment for training school participants with a mechan-
ical engineering background. Operators explain why certain design solutions were
chosen and how machines behave after many years of operation, and how equipment
ages in the face of increasing demands for flexibility. Questions from training school



268 M. Hocevar and E. Doujak

participants focus on acquiring professional information that they have not already
learned in lectures, and are thus oriented towards details of maintenance work. For
instance, they ask how often hydraulic oil is replaced, how operators decide when
to perform selected maintenance work and how long it takes to change a bearing
segment. This knowledge is specific to the operator and the plant, so it is difficult to
transfer it into course material as it is very professional and less scientific or edu-
cational. However, teachers can add small remarks about sustainability to courses
on turbomachinery, hydraulics, and machine design, thus making the courses more
interesting and appealing. They can use such real-life examples to explain the limits
of professional machinery design and maintenance problems.

For training school participants with a background in civil engineering, discus-
sions with operators are important for understanding dam safety, hydraulic structures,
sediment transport, and aging critical infrastructure. Operators can again provide pro-
fessional insights into structures respond to floods, sediment loads, and long-term use.
Questions from training school participants were focused on how operators maneu-
ver spillway gates, the effect of flexibility requirements on flow downstream of the
power plant, how hydropeaking events are handled, whether maneuvering spillway
gates allows for sediments transport, how sediment erosion damage is prevented,
maintenance intervals and actions taken after high water events. This information
can be used in courses on hydrology, water engineering, and hydraulic structures.
Case studies from real plants help students understand how design decisions affect
safety and long-term operation.

For participants with knowledge of electrical engineering and energy engineer-
ing, discussions with operators provide insight into grid connection, plant control,
start-stop operation, and flexibility. Operators can explain how hydropower plants
support the electricity system when there are changes to wind and solar power. This
knowledge can be incorporated into power systems and energy courses through the
analysis of real operating scenarios and control strategies.

In programmes focused on environmental engineering and sustainability discus-
sions with operators show how environmental measures work in practice. During
interviews, operators explain the importance of environmental flows, fish passage
operation, sediment flushing, and river water quality monitoring activities. These
examples can be used in courses to demonstrate how environmental goals are
achieved through technical and operational solutions.

Discussions with operators are also useful for project management and engineer-
ing economics courses, both of which are taught at several faculties. During inter-
views, operators can talk about costs, risks, maintenance planning, and long-term
investment decisions. Teachers can then use these examples to show how techni-
cal, financial, and organizational aspects are interconnected throughout the life of a
hydropower plant.

These discussions are not expected to result in new standalone courses. Instead,
they should be incorporated into existing courses in the form of examples, brief
comments, case studies, problem-based homework suitable for individual study,
seminar material or invited lectures content, or simply as discussion topics. This
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approach makes teaching more realistic and application specific without requiring
major changes to study programmes.

Other benefits of learning outside the classroom, apart from the direct discussions
with plant operators related to sustainable hydropower training school include field
visits with well-selected goals, observation of the real operating conditions of the
plant, use of real data (if provided by the operator), participants’ own assessment
of the environmental conditions and their connection with the plant’s operation.
During field visits to hydropower plants, training school participants can get a sense
of the size and complexity of the hydraulic power plant installations and equipment.
They can link the catchment area size, accumulation size, dam size, water intake
diameter, runner diameter, generator size with the variables they encountered during
the course, such as the apparent power of the generators. This is something that
pictures and videos cannot reveal correctly. Observing real operating conditions is
another benefit of field visits that must be experienced and cannot be taught solely in
the classroom. One example that immediately comes to mind is operating an plant
under cavitating conditions and applying the theory of part-load operation under
cavitation while standing next to the draft tube of a Francis turbine and experiencing
the vibrations, or feeling the massive power of the spillway discharge. When a power
plant operator can provide real operating data, students can use it to compare with
theoretical calculations and independently verify the validity of equations such as
Euler turbine equation or the continuity equation. This strengthens their inherent
knowledge, gathered during classroom courses.

The next benefit of field visits is participants’ own assessment of environmental
conditions. Clear naturally colored water usually suggests good river quality, whereas
very cloudy or muddy water may indicate high sediment levels or pollution. Unusual
colors, such as green, brown, or gray, may indicate algae growth, wastewater, or
industrial discharge. The presence of foam, oil films, or strong odors is often a sign of
contamination, including from the hydraulic power plant under observation. Healthy
rivers usually support visible life, such as fish, insects, and plants along the riverbanks.
A lack of living organisms can indicate poor environmental conditions. The state of
the river banks is also important. Stable banks with a mix of course, medium and fine
sediments and vegetation suggest adequate flow and erosion, while heavily eroded or
rocky riverbanks show environmental stress. While visual assessment cannot replace
measurements, it provides useful initial information about river water quality.

4 Hydropower Sustainability Standard Principles Transfer
to Other Courses in Energy Engineering

New hydropower projects are difficult to implement nowadays [3, 4]. It is impor-
tant to note that, unlike most other renewable energy technologies, hydropower has
a well-developed sustainability assessment standard that is used worldwide. The
Hydropower Sustainability Standard is a unique example of a structured framework
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connecting technical design, environmental aspects, and social responsibility. This
makes the standard a valuable reference (see Chapter “Training the Next Generation
on Sustainable Hydropower in Europe”).

In energy engineering education, sustainability is often considered a less impor-
tant subject and is generally addressed without reference to the technical details of
equipment or environmental characteristics. The Hydropower Sustainability Stan-
dard demonstrates how sustainability requirements can be directly linked to engineer-
ing constraints, designs and choices. This approach can be meaningfully applied to
other energy engineering courses, even when the sustainable electric energy sources
and technologies in question do not yet have their own sustainability standards, as
we will show below.

The environmental impact of wind turbine operation is relevant for wind energy
courses. Wind turbines are known to affect birds and bats [5], and offshore wind
farms can impact marine ecosystems. Using the hydropower sustainability standard
approach, students could analyse these impacts in a structured way, similar to the
way in which fish migration or sediment continuity are treated in hydropower. For
example, students could study how wind turbine placement, wind turbine rotor speed,
noise or foundation design influence environment, instead of discussing these issues
only at a policy level not related to actual turbine type and its installation location.

In solar energy courses, the framework can be used to structure discussions on
land use and ecosystem impacts [6]. Large solar plants, for example, are reported
to disturb habitats, change the local water balance and affect migratory birds’ ori-
entation. By applying the approach of the hydropower sustainability standard, stu-
dents can learn how site selection and layout can reduce environmental impacts.
This helps students understand that even relatively “clean” sustainable energy tech-
nologies have environmental effects that must be managed and mitigated through
engineering decisions.

In hydrogen-related energy courses, particularly those focusing on hydrogen as an
energy storage technology linked to renewable electricity, the framework can serve
as a model for life-cycle analysis and thinking. Students can examine the impact
of hydrogen production on water resources, energy systems and local communities.
Using a structured sustainability framework helps to avoid treating hydrogen as a
purely technical solution that is divorced from environment.

An important advantage of using the Hydropower Sustainability Standard in edu-
cation is that it shows students how sustainability can be assessed and discussed in a
clear and transparent way. At present, most other renewable technologies do not have
adedicated sustainability standard or any other evaluation methodology as detailed as
hydropower. This can lead to unbalanced comparisons, where hydropower is viewed
as more problematic simply because its impacts are analyzed, evaluated and docu-
mented more thoroughly. Integrating the Hydropower Sustainability Standard into
other energy engineering courses can integrate fairer and more consistent compar-
isons and discussions. It may also help other electricity generation technologies to
address existing gaps and enhance their deployment.

Based on the above brief discussion of the Hydropower Sustainability Standard,
sustainable electric energy sources and related education, we can conclude that there
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are no fundamental differences among the aforementioned electric energy sources or
technologies, at least in relation to standard evaluation methods. We therefore assume
that the framework of the Hydropower Sustainability Standard can be meaningfully
applied—conceptually rather than as a direct one-to-one mapping—to all sustainable
electric energy sources and incorporated into university courses at several appropriate
levels.

5 Benefits for Teachers and Resulting Pedagogical
Innovation

Participation in training schools benefits teachers of all disciplines by strengthening
their ability to understand, teach and communicate sustainable hydropower in their
daily educational work and social activities. Training schools for teachers work in
both directions: during events, participants receive new information and contribute
to how hydropower is taught and perceived.

Possibly the most important training school benefit for teachers is access to the
most up-to-date interdisciplinary knowledge. Hydropower today encompasses a mix
of energy engineering, environmental science, social, climate science, policy and dig-
italization. Training schools introduce teachers to the latest developments in areas
such as sediment management, refurbishment of aging infrastructure, the integration
of hydropower with variable renewables, the social and environmental issues of tech-
nical solutions, and sustainability assessment. This helps teachers maintain scientific
and technical relevance and to avoid an outdated or overly narrow perspective.

Hydropower sustainability training schools also support pedagogical innovation.
As highlighted in the PEN@Hydropower report [1], traditional teaching methods
focused on static equations and steady-state assumptions will become outdated and
insufficient in the era of artificial intelligence and digitalization. Interactive examples,
CFD visualization and artificial intelligence assisted learning should integrated into
teaching in the future. The PEN @Hydropower report [1] also noted that teachers
should gain personal experience with interactive teaching approaches to improve
understanding and student engagement, particularly for complex topics such as those
observed and studied during the Training Schools on Sustainable Hydropower.

Another important contribution of training schools spezializing in hydropower
sustainability is their role in boosting teachers’ confidence when it comes to teaching
sustainability-related topics. Many engineering teachers are uncertain about how to
address sustainability without reducing the technical depth of their teaching and
struggle to conned the two concepts. Training schools provide well selected examples
of how sustainability can be embedded into technical courses, drawing on their in-
depth technical knowledge. This enables teachers to link machinery design choices
to environmental performance, lifecycle impacts, and societal issues. It also allows
them to teach hydropower sustainability as an engineering challenge rather than as
an abstract non-technical concept.
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Training schools facilitate knowledge exchange and community building among
teachers from different countries, disciplines, and career stages. This is particularly
valuable because knowledge and expertise are unevenly distributed across Europe.
Through discussion and collaboration, teachers can compare curricula, share teaching
materials, and identify common gaps. Training school networks often outlive the
training school itself, leading to long-term cooperation in teaching, joint courses,
invited lectures, PhD and master’s Erasmus exchanges, etc. Therefore, we see a great
need to extend the training school on sustainable hydropower beyond the duration
of the COST Action PEN @Hydropower.

Finally, training schools on sustainable hydropower help teachers to share clear,
science-based information about hydropower. Public opinions on hydropower is often
divided and un-scientific, and the available information can be confusing or incom-
plete. Teachers with access to high-quality teaching materials and a balanced under-
standing can explain hydropower in a realistic and understandable way to students
and to the wider public. In this way, training schools on sustainable hydropower
support education, long-term public acceptance, and the well-informed development
of sustainable hydropower.

6 Benefits for Professionals

Professionals operating hydropower plants can significantly enhance their profes-
sional knowledge and daily work practices in several key areas by participating in
the PEN @Hydropower Training School on Sustainable Hydropower [7]. Profession-
als are bound by the daily routine of their work, whether in the power plant or at the
hydropower equipment manufacturer. By participating in the training school, they
gain a deeper understanding of a holistic sustainability approach that goes beyond
purely professional plant operation. They learn how technical decisions such as
operating regimes, water level management, and equipment choices are connected
to environmental and social impacts, including those related to fish migration, sed-
iment transport, and the condition of ecosystems. This enables them to make more
informed and responsible decisions in everyday plant operation.

Furthermore, professionals can strengthen their competencies in impact assess-
ment and mitigation measures. Using structured approaches such as the Hydropower
Sustainability Standard framework, make it possible to identify key issues and imple-
ment practical solutions such as adapting operational regimes or supporting river
restoration activities. This leads to more effective and environmentally responsible
operations.

Another important benefit for power plant operators and other professionals is
the improvement of their interdisciplinary and communication skills. By interact-
ing with experts from environmental, social, and technical fields, they gain a better
understanding of regulatory requirements and public expectations. This enables pro-
fessionals to balance different interests more effectively and participate in sustainable
development and operation of projects.
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Their participation would encourage holistic thinking, enabling them to analyze
challenges from the perspective of the entire river basin and energy system. This
leads to more sustainable and responsible management practices.

7 Conclusions

Specialized courses in hydropower education are currently in short supply, as many
study programmes have shifted towards more general topics instead of a detailed
technical approach. In this context, the Hydropower Sustainability Standard provides
opportunities to enhance teaching and connect it to real-world challenges. It can be
used to improve lectures by incorporating examples from field visits, discussions
with plant operators, and interaction between participants from various academic
backgrounds.

Specific performance indicators form the Hydropower Sustainability Standard
can be incorporated systematically into courses across different disciplines, includ-
ing mechanical engineering, civil engineering, environmental science, energy sci-
ence, and social sciences. Rather than treating sustainability as an isolated or purely
theoretical subject, this approach links it directly to existing technical and analytical
teaching content. Examples from day-to-day operation of hydropower plants show
that topics such as environmental assessment, labour conditions, sediment manage-
ment, biodiversity, hydrology, climate resilience, and governance can be incorpo-
rated into lectures, laboratory exercises, and student projects. In this way, students
can clearly see how the requirements of the Hydropower Sustainability Standard
can influence practical engineering decisions, and how interdisciplinary integration
can help to bridge the gap between technical and non-technical perspectives. Engi-
neering students learn to consider environmental and social constraints as design
parameters, while students from social and environmental backgrounds gain a bet-
ter understanding of the technical limitations and trade-offs of hydropower systems.
Using real-world examples and performance requirements from the Hydropower
Sustainability Standard makes teaching more applied and problem-oriented. Conse-
quently, sustainability is no longer presented as a separate subject, but becomes an
integral and essential component of engineering thought processes, decision-making,
and professional practice in the hydropower sector.

Attending a Training School on Sustainable Hydropower can help professionals
operating hydropower plants to improve their work by gaining a deeper understanding
of the connections between technical operation, environmental impacts and sustain-
ability, enabling better daily decision-making. They will also develop broader sys-
tem knowledge, interdisciplinary skills, and a more holistic approach, helping them
operate more responsibly and effectively within modern renewable energy systems.

The Hydropower Sustainability Standard provides a comprehensive evaluation of
hydropower projects, highlighting strong aspects as well as weaknesses and poten-
tial negative impacts. Hydropower is therefore often discussed more critically than
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some other renewable energy technologies, which may appear more favorable sim-
ply because their impacts are analyzed and debated less frequently. In the future, it
will be important to find effective ways to integrate the results and experiences from
Hydropower Sustainability Standard assessments and training schools into univer-
sity courses across different disciplines. This should include engineering, as well as
environmental, social, and economic perspectives.

We assume that the framework of the Hydropower Sustainability Standard can be
meaningfully extended to all sustainable electricity sources in a conceptual sense,
and that it can also be included in university curricula at various levels. When applied
to other sustainable electricity sources such as wind, solar, and geothermal energy,
the Hydropower Sustainability Standard should preferably be used as a general
guiding framework, not as a direct one-to-one model. Its main advantage is that it
clearly links sustainability with technical design, environmental impacts, and social
aspects. This approach can help other energy technologies to evaluate their impacts
in a more structured and transparent way. Rather than treating sustainability as
separate from engineering, it encourages its direct inclusion in technical decisions,
such as system design, technology choice and site selection. In this way, it can help
fill existing gaps, support more balanced comparisons between different energy
sources, and contribute to a better and more responsible development of sustainable
energy technologies.
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1 Hydropower’s Future: Where Are We and Where Will
We Go?

1.1 The Hydropower Sustainability Standard: Can It Deliver
on the WCD’s Vision

The WCD report set the stage for the International Hydropower Association (IHA),
which was tasked with promoting sustainability and developing practical tools to
assess hydropower projects.

In 2023, more than two decades of multi-stakeholder dialogue and the evolution
of sector guidelines culminated in the launch of the Hydropower Sustainability Stan-
dard (HSS), which is now overseen independently by the Hydropower Sustainability
Alliance (HSA).

The HSS represents by far the most significant initiative to put the WCD’s rec-
ommendations into measurable criteria, and has been reinforced by wider industry
commitments, such as the San José€ Declaration on Sustainable Hydropower.

The WCD framework helped kick-start global conversations about the downsides
of big dams, but it never offered a clear or practical roadmap for how to make
hydropower genuinely sustainable. It faced some challenges in its development,
including uneven stakeholder representation, broad and often high-level guidance,
and a framework that was difficult for many practitioners to apply in real-world
settings.

The HSS, by contrast, feels much more like a real governance system. It brings
together industry, governments, financers and civil society; it sets out detailed, trans-
parent criteria; and it offers practical tools that developers can actually use.

But while the HSS represents an attempt to create a practical framework, questions
remain. How widely is it applied in practice? Can a standardized tool fully capture
the complex social and environmental realities of hydropower projects, especially in
regions with weak governance? And does it go far enough in addressing issues like
early-stage decision-making, transboundary river management, and gender impacts,
which are all areas highlighted by critics of large dams for decades?

Nevertheless, compared with the WCD, the HSS clearly provides a stronger, more
grounded model of good governance that feels far better suited to the real-world
challenges of hydropower today.

1.2 Testing the Standards: What if Past Projects Were Built
Today?

To see how the Hydropower Sustainability Standard (HSS) works in practice, we can
look back at three controversial projects highlighted in the WCD report and imagine
how they would fare under today’s criteria.
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Fig. 1 Tucurui Dam, Brazil. Photo by Repoérter do Futuro, distributed under a CC Attribution 2.0
Generic license

1.2.1 Tucurui Dam, Brazil-Greenhouse Gas Emissions

While large dams provide electricity generation and water management benefits,
their reservoirs can release significant greenhouse gases. The HSS requires projects
to have a high power density as a proxy for their emissions intensity. Projects that
generate relatively little power for their reservoir size tend to have higher emissions.

Tucurui dam (Fig. 1), one of the world’s largest dams, falls into this category. For
every square meter of water surface it holds, it generates relatively little electricity.
Research shows its annual emissions have consistently exceeded what the HSS would
consider sustainable.

Put simply, if Tucurui dam were being planned today, it would almost certainly
fail the climate test. See the climate change mitigation and resilience requirements
of the HSS.

1.2.2 Sardar Sarovar Project, India—Resettlement

The Sardar Sarovar Project (Fig.2) on the Narmada River became infamous for the
number of people it displaced. The WCD criticized the authorities for underesti-
mating the number of people affected and for failing to account for communities
impacted by canals and wildlife projects [1, 2].

Today, the HSS requires early, rigorous social assessments, public disclosure of
resettlement agreements, and ongoing monitoring.
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Fig.2 Sardar Sarovar Dam, India. Photo by Vijayakumarblathur, distributed under a CC 4.0 license

By these standards, Sardar Sarovar would not pass: the baseline work simply
was not done properly, and the people affected were not fully considered. See the
resettlement requirements of the HSS.

1.2.3 Pak Mun Dam, Thailand-Livelihoods

The Pak Mun Dam (Fig. 3) disrupted local fisheries and livelihoods in Thailand, with
many families’ means of living deteriorating over time.
The HSS now requires projects to ensure that living standards and livelihoods
improve, not decline, and that any economic displacement is fairly compensated.
By these criteria, Pak Mun would also fail. Even when compensation was eventu-
ally provided, it came too late to prevent long-term harm. See the community impacts
requirements of the HSS.

1.3 Where Does That Leave Us?

Looking at these cases, the verdict is clear: all three projects would fall short of today’s
minimum HSS requirements. That alone shows how far practice has evolved, and
how closely the HSS reflects many of the WCD’s original concerns.
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Fig. 3 Pak Mun Dam,
Thailand. Photo by Laurence
McGrath, distributed under a
CC 3.0 license

However, meeting the Hydropower Sustainability Standard is not the end of the
story. The HSS does not label a project “sustainable”; it shows where good practice
is met and where improvements are still needed.

And there is still work to do. Key gaps remain: early-stage decision-making is
not fully addressed (though the recent launch of the HydroSelect is a crucial step),
transboundary river governance needs strengthening, and gender considerations have
still not been incorporated fully.

1.4 How the HSS Is Carving a Different Pathway: Lessons
Jrom a Certified Project

1.4.1 The Jirau Hydropower Project in Rondonia, Brazil

The 3750 MW Jirau Hydropower Project (Fig.4), on the Madeira River in Brazil,
shows what is possible when modern sustainability frameworks are applied.

Assessed under a precursor to the HSS during its construction phase back in 2012,
Jirau performed strongly across nearly all sustainability criteria, from greenhouse gas
management to biodiversity and community engagement. Its power density was high,
meaning it generated more electricity per square meter of reservoir than many older
projects, resulting in a minimal carbon footprint.
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Fig. 4 The Jirau hydropower Project in Rondo6nia, Brazil

But the original assessment did highlight one area for improvement: resettlement.
Even while meeting Brazilian law, Jirau needed to enhance monitoring to ensure that
affected communities’ livelihoods and living standards improved over time.

Importantly, the project treated this as an opportunity for continuous improvement,
developing action plans to address gaps openly and transparently.

More than a decade later, Jirau was assessed under the HSS and awarded Gold
certification, reflecting how the framework can guide large-scale projects toward
better social and environmental outcomes.

1.5 Hydropower Sector Sustainability: Identifying Gaps
and Challenges in Practice

The three case studies analyzed in the previous section demonstrate that there is a
clear continuity between the WCD and the HSS. Many of the strategic priorities and
recommendations of the WCD reports are embedded into the 12 sections of the HSS
and their performance requirements. As the three projects highlighted in the WCD
report for their poor ESG performance, projects that are instead able to meet the
minimum requirements of the HSS can be considered as generally aligned with the
outcomes of the WCD and other global sustainability frameworks, such as the UN
SDGs.

Yet, there remain notable differences between the HSS and the WCD. First off,
while the HSS covers the main project life cycle stages of hydropower develop-
ment, it does not have a separate module for early-stage decision making. This was
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a crucial component of the WCD outcomes. Another focus area of the WCD report
was transboundary river sharing. The WCD recommendations have a strong focus
on transboundary issues and good governance, while these topics are only slightly
addressed in the HSS for example in HSS-9 Governance and Procurement and HSS-
11 Hydrological Resource. Finally, gender is not explicitly underlined as a unique
guideline or section in either the WCD or the HSS, though it is present throughout
both frameworks. Organizations, like Women for Water Partnership, highlight the
importance of gender impact assessments and thoughtful consideration of gender-
based violence related to dams. This is resonated across the main global water com-
mitments to gender equality [3] and something that can be improved on in further
iterations of the HSS.

2 Key Recommendations to Increase Alignment Between
the HSS and WCD

Based on lessons learned applying the HSS, three recommendations can be made
on two levels. First, the current set of criteria and performances of the HSS can be
further expanded to include more robust language and expectations on issues such
as gender, transboundary management and human rights issues. Similarly, the HSS
would also benefit from an additional module for early-stage decision making and
guidance on effective siting and master planning, which would further increase its
alignment with the WCD recommendations. Second, more training and capacity
building is required for the HSS to be recognized, appreciated and socialized among
key decision makers and civil society actors. In particular, more capacity building
is needed in developing countries to support local institutions in embedding the key
sustainability principles of the HSS and creating an enabling policy environment for
HS Certifications. To further facilitate and strengthen the impacts of the HSS, more
application is needed. Policy makers and governments play a significant role to drive
systemic change through increased HSS application. Policy initiatives that can be
considered include but are not limited to:

1. incentivizing the use of voluntary standards in renewable energy certificates
(RECs) and carbon markets;

2. embedding the HSS into financial mechanisms and providing incentives for cer-
tified projects such as shorter licensing periods, lower interest rates loans and
preferential Power Purchase Agreements.

This way, industry players are rewarded for their adoption for meeting strict ESG
requirements as exemplified by achieving HS Certification. Only when the HSS is
applied and tested, can we further refine and improve it by drawing lessons from its
implementation through a process of adaptative management.
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3 Future and Outlook

Hydropower is, and will continue to be, an integral part of water and energy systems
in many countries and regions across the world. As the global community navigates
the multiple challenges of climate change, biodiversity loss, and the transition to
clean energy, the role of hydropower -and the standards to which it is held—will
only grow in importance.

There is broad consensus today that strong sustainability performance is not
optional, but an essential element of good planning, implementation, and opera-
tion of hydropower assets. The question is no longer whether sustainability matters,
but how it is best pursued, continuously improved, and reliably demonstrated. This
shift in perspective marks real progress and it sets the direction of travel for the
decades ahead.

3.1 A Journey, Not a Destination

Sustainability in hydropower is, at its core, a journey. It is an evolving and expanding
field of knowledge and practice, shaped by scientific advances, changing environ-
mental conditions, and shifting societal expectations. What constitutes good perfor-
mance today will be refined and elevated tomorrow. As hydropower assets operate
over many decades and generations, the frameworks and tools governing them must
be designed to allow for adaptation.

For the HSS this means sustaining a culture of integrity, rigor, independence, and
openness. It means ensuring that active stakeholder participation remains meaningful
and inclusive, continuously bringing in the perspectives, values, and concerns of those
affected. Therefore, periodic reviews of criteria, levels of expectation and emerging
good and best practices is essential.

3.2 The Vision: Continuous Improvement as Good Practice

The long-term vision is clear: sustainability assessment and continuous improve-
ment should become universally accepted, self-evident practice—as fundamental to
hydropower development as for example structural safety is to any infrastructure
project. Not a luxury. Not a burden. Simply the way how responsible good practices
are done.

Several frontiers will shape the next chapters of this journey. Strengthening system
scale and early-stage planning—for instance through multi-criteria and system-scale
tools such as HydroSELECT—will help determine where hydropower can genuinely
contribute to societal well-being, and equally, where aging dams may create more
risk and harm than benefit, making the case for decommissioning and removal.
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Making sustainability assessment and management routine across entire portfolios
of owners, countries, and river basins will move the field from project-by-project
evaluation toward coherent, basin-wide stewardship.

Beyond hydropower itself, the majority of dams and reservoirs serve many other
societal purposes: water supply, agriculture, navigation, and flood control among
them. The sustainability frameworks and practical experience developed in the
hydropower sector may offer useful reference points for these adjacent fields, as
they develop and strengthen their own approaches to sustainable infrastructure man-
agement. There is potential for meaningful cross-sector exchange, and hydropower
has a role to play in that broader conversation—as one contributor among many.

3.3 The Journey Continues

The progress made in hydropower sustainability over the past two decades is real and
meaningful. However, this process will not continue on its own. What comes next will
depend on the sustained commitment of owners, operators, developers, regulators,
financiers, civil society, and the communities living with these projects—and on
the willingness to keep questioning, keep improving, and keep updating practice as
knowledge, conditions, and expectations evolve.
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1 Future Perspectives for Hydropower

Many factors are shaping the future of hydropower. The kind of isolated analysis and
optimization that has taken place so far will no longer be feasible, whether in the
near or distant future. The issues at hand will increase significantly in complexity,
and additional areas will be involved. We cannot concern ourselves merely with the
hydropower plant, we need to adopt a holistic view of the entire energy system in
which hydropower will play an essential but no longer dominant role.

Many of these points have already been addressed in earlier chapters of this
book, and current trends have been highlighted. These will not be repeated here, but
they will be supplemented with additional observations and insights. The following
chapters describe various perspectives for hydropower, from different points of view.
Both technological and systemic aspects will be taken into account.

1.1 Hydropower Technology Development

Hydropower in Europe is undergoing significant structural change. This shift was
initiated by the CET Act and the commitment to renewable energy. The need to
reduce greenhouse gas emissions and adopt climate goals are driving a major shift in
the operating modes of hydropower plants. While these plants have previously been
used for base and peak load production, they are now increasingly utilized for grid
support. Consequently, transient load changes and an increase in the number of starts
and stops of generating units significantly contribute to equipment degradation. To
better address these new challenges, increased research is needed in the following
areas:

1. Expansion and Modernization of Pumped-Storage Power Plants (PSH) Sig-
nificant Capacity Expansion:
There is a noticeable technological trend towards the large-scale construction and
expansion of pumped-storage facilities. The industry is set to implement projects
with a capacity exceeding 35 GW [17]. Long-term storage is a key technological
focus. Pumped-storage power plants are specifically being developed to provide
the technological backbone for long-term energy storage, helping to balance the
grid over time scales ranging from weeks to months. Doubling the fleet: In the
long term, a potential doubling of the total European pumped-storage capacity is
anticipated by 2050 [18].

2. Development of Hybrid Solutions (Hybridization):
Hydropower is transitioning from an isolated technology to an integrated system
partner. Hydropower plants are now closely integrated with other systems to
offer new flexibility services. They are combined with other renewable energies,
including wind farms and floating photovoltaic (PV) systems. Storage integration:
Hydropower plants can be coupled with modern battery storage systems.
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3. Digital System Integration and Networking Virtual Power Plants (VPP):
Hydropower plants are increasingly being integrated into virtual power plants
using digital technology. This IT-based networking allows various types of plant
(run-of-river, storage and pumped-storage power plants) to be controlled more
efficiently as one unified system.

4. Flexibility Across All Time Scales Expanding Responsiveness:
The technology is optimized and deployed to cover an extremely broad spectrum
of system services—from ultra-fast grid interventions in the millisecond range to
strategic energy management spanning several months.

These technological topics are closely related to the findings of Working Groups 1
and 2 (see Chapter “Technological Evolution Through Innovation and Digitalization”
in Part IIT of this book) and the recently published position paper on hydropower
from EERA [1], in which the COST Action participated during the consultation
period. Technological developments for the near future (2030-2040) are more or
less apparent now. Topics such as remaining lifetime, influence of start and stops on
the degradation of the machine unit or faster transition modes play akey role in current
research projects. Additional topics that should be mentioned are the expansion of
operational fields towards part load operations and the use of axial machines for grid
support.

Development on a longer time horizon will address river discharge forecasts and
sediment control. Here, the development of appropriate tools and methodologies,
together with validation measurements, will continue over the next decades (2030—
onwards). Optimising river restoration alongside hydropower operation is one of
the challenging tasks in this case. A combination of different disciplines as well as
mutual understanding will be required in order to find common solutions. Sediment
particles and machine maintenance time are normally mutually exclusive. The fewer
particles in the discharged water, the longer the lifetime of the hydraulic components.
As aresult, a certain trade-off is required to accommodate both demands.

In the long term, technological developments will become more complex and
multidisciplinary. Climate mitigation and adaptation measures will require a database
which should be developed in time to be available from 2050 onwards. Climate
change is part of a much longer history than any other development so far. In this case,
the correlation between operational and climate data is significant. Even today, earth
observation techniques provide a longer time history than any other sensor-based
solution. The development of synchronising, harmonising and evaluating sequences
should be a priority today. Clearly, the challenge here is to predict the data correlation
sets needed in the coming decades. This means that creating longer time series of
several correlated parameters requires an understanding of how things interact and
correlate with each other, and basic investigation is necessary. A holistic view is also
important and beneficial in this case.
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1.2 Hydropower in the Energy System and Grid Interaction

Hydropower will always play a key role in the European energy system. Often
referred to as “the forgotten giant [2],” it nevertheless provides the basis for our
electricity consumption in many areas. However, it cannot be viewed in isolation but
must always be considered in conjunction with other renewable energy sources. The
role of hydropower within this mix ranges from important to secondary, depending on
the country. However, this perspective is no longer applicable. In the future, there will
be a greater focus on a more global approach to the issue. It will no longer be individ-
ual member states that are of interest, but rather Europe as a single economic entity.
In order to maintain and expand the competitiveness of industrial locations, a con-
stant and resilient electricity supply will be indispensable. To master the challenges
of the future, we will need to move away from old paradigms [3]. Developments in
hydropower in the context of the European energy system will require a more com-
plex approach. In this context, European research institutions will be tasked with
developing solutions for a sustainable future. Of course, these solutions must take
environmental aspects and social acceptance into account. The social willingness to
support these solutions will be an essential component of future research efforts. The
fundamental general goals already defined in today’s European research landscape
naturally form a welcome foundation for this. These include goals such as:

Improving European strategic independence & resilient supply chains
Developing a resilient integrated energy system

Enhancing environmental sustainability

Deploying an efficient system integration

Guaranteeing a cost-effective energy system

Ensuring a faire energy transition.

A

Such targets and goals are based heavily on studies, reports, and policies related
to the energy sector and geopolitics. In terms of cross-sectoral policies, these are:
the REPowerEU [4], the European Green Deal Industrial Plan [5], the European
Green Deal [6], the Net-Zero Industry Act [7]. In terms of energy, the following
policies could be mentioned: the EU Strategy for Energy System Integration [8]; the
Digitalising the Energy System—EU Action Plan [9]; the Energy Efficiency Directive
[10]; the Renewable Energy Directive [11]; the EU Action Plan for Grids [12]; the
Electricity Market Design Directive [13]; the Electricity Market Design Regulation
[14]; the Energy Performance of Building Directive [15]; the Electrification Action
Plan and the European Grids Package [16].

In the context of all European directives and expectations, hydropower plays
a complementary role in electricity generation alongside solar and wind energy.
Given the expected growth of new renewable energy sources such as solar and
wind, hydropower will play an important role, though primarily for flexibility rather
than pure baseload power generation. The ageing fleet plays a significant role here,
as design specifications from decades ago barely meet today’s requirements. The
replacement or retrofitting of existing hydropower plants is being considered in many
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Table 1 Perspectives of energy systems and grid interaction developments

Goal

Near future

Further ahead

Strategic independence &
resilient supply chains

Identification and
improvement of own
technology leaderships,
reduction of dependencies in
the supply chain

Regaining technology
leadership

Resilient energy system

System improvement for better
resilience

Resilient operation of
self-adaptive systems under
higher stress

Sustainability

Greenhouse gas reduction,
circularity, reduction of critical
materials

Zero-emission processes

Efficient system integration

Development of digital twins,
Al forecasting and united data
platforms

Optimisation at system level,
Al support

Costs

Handling of flexibility costs,
system optimisation to reduce

Minimization of life-cycle
costs, reduction of long-term

costs prediction uncertainties

Creation of green jobs,
development of energy
communities

Professional development of
skills, societal legitimacy,
reduction of energy poverty

Fair energy transition

places. If and when these projects are carried out, it would certainly be worth contem-
plating a conversion of an existing plant into a storage facility. Fundamental research
projects in this area are already underway, although much still remains to be done.
Moreover, technological aspects are not the only factors at play—environmental and
social issues are often just as important.

Europe’s goals for the energy and grid systems of the future are based on key
geopolitical objectives that are set to evolve gradually over the coming decades.
These objectives aim at strengthening strategic competitiveness, building resilient
energy systems, improving environmental sustainability, promoting system integra-
tion, adopting an economic efficiency approach, and supporting a fair energy transi-
tion for all population groups. Together, they outline a comprehensive path toward a
secure, sustainable, and socially inclusive energy future.

The following table provides an overview of the broader topics that may be of
interest in the near and long term. It is clear that the further ahead the time horizon,
the more uncertain the predictions. Therefore, only tentative areas can currently be
identified.

Hydropower can support the topics in Table 1 as follows.
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Table 2 Hydropower support to energy systems and grid interaction perspectives

Goal

Near future

Further ahead

Strategic independence &
resilience of supply chains

EU is hydropower technology
leader, supply chain is
manageable due to low raw
material dependencies

Remain technology leader in
EU through R&D investments

Resilient energy system

Support energy systems with
zero carbon emission, increase
resilience through flexible
generation

Automated operation for a
resilient future

Sustainability

Apply sustainability standard,
reduce critical materials

Contribute to climate change
adaption and mitigation

Efficient system integration

Integrate digital twins into
system approach, apply Al
forecasting and share data

Be part of energy system &
vector optimisation

Costs

Contribute to lower flexibility
costs, handle asset degradation
costs in the system

Include long-term prediction
uncertainties in operation and
maintenance

Fair energy transition

Increase employment in this
field, become part of energy
communities

Increase awareness and
strengthen public confidence
in the technology

2 Hydropower and Digitalization

In this section, we focus primarily on the future of digitalisation. The most recent
advancements are detailed in the book. Over the years, WG2 has discussed various
facets of digitalization, ranging from standard practices to further innovations both
within and beyond the powerhouse. A significant amount of digitalization occurs at
machine level, with an increasing number of sensors and applications being imple-
mented to facilitate predictive maintenance. The process of gathering data from mul-
tiple sources and storing it in shared data lakes is beginning. These data lakes will
form the basis of standard optimisation processes and interactions between vendors
and Al (Table 2).

However, all these areas of digitalization in hydropower will require some general
standardization in order to work with the vast amount of data. The following aspects
can be helpful in this regard:

Establish shared data infrastructures to ensure data accessibility

Facilitate federated energy data spaces

Create incentives for data holders to share their data

Develop universal interoperability standards for smart meters

Pave the way for pan-European smart metering standard initiatives
Encourage standardized data structures and models within the energy sector
Expand European data hubs to accommodate energy-related datasets

Create a cyber resilience action plan.
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This tentative list is based on the shared use of energy and operational data. Only
by providing appropriate data infrastructures to guarantee data availability at all
times will digitalization in the energy sector continue to advance. For this, certain
incentives will be needed to enable the respective data owners to make the data
publicly accessible. Only through access to effective, real production data, linked
to additional optimisation parameters, will a comprehensive European optimisation
of the energy system be possible in the first place. Currently, this stage of process
optimization is at the level of the Member States. An important aspect in this context
is the precise measurement and determination of individual consumption. Smart
meters are able to provide measurements at very short intervals, down to the minute
or even second. However, to ensure European comparability, a standardization of
data structures and models is needed, for only then can energy industry comparisons
and energy system optimisation be undertaken. It goes without saying that such a
development must be safeguarded by an appropriate cyber security directive. “Data”
is far too valuable a commodity to be handled carelessly.

On the basis of these guidelines, it is necessary to define objectives for different
time horizons. As in many other cases, these can be classified as short-, medium- and
long-term goals. The industry already faces a significant backlog in digitalisation.
However, when it comes to the shared use of acquired data, we are still in the early
stages of development. Collaborative use of acquired data within one’s own assets is
far less prevalent than in other sectors. Nevertheless, the critical infrastructure aspect
must also be considered, as not all data can be freely accessible. New standards for
data structures must therefore be developed to enable exchange and, consequently,
the further development of tools and methods based on science. These overarching
objectives will shape digitalisation in this area for years and decades to come. Ulti-
mately, they will also lay the groundwork for developing new Al tools and enable a
new level of optimisation.

3 Hydropower and Artificial Intelligence (AI)

The use of Artificial Intelligence (Al) in the hydropower domain leads to a profound
transformation, evolving from experimental pilot projects into a standardized oper-
ational practice. Since the greater weather volatility as a consequence of climate
change and the rapid expansion of wind and solar energy both require significant
grid flexibility, Al has become indispensable for modern hydropower operators.

A look at the current state of Al adoption in hydropower highlights several key
application areas and industry realities:

1. Advanced Inflow and Hydrological Forecasting

2. Automated Production Planning and Market Trading
3. Asset Optimization and “Digital Twins”

4. Co-Optimization of Hybrid Systems.
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3.1 Advanced Inflow and Hydrological Forecasting

Traditional statistical methods rely on ‘historical normals’, but these are becom-
ing increasingly inaccurate due to uncharacteristic droughts, floods and extreme
heatwaves. Al is fundamentally changing this:

e Deep Learning Models: Modern architectural models such as Long Short-Term
Memory (LSTM) and Transformers analyze massive datasets—such as real-time
satellite imagery, IoT sensor data, and radar data. By mapping complex, nonlinear
relationships between weather conditions, soil moisture, vegetation, and elevation
data, these models significantly improve the accuracy of forecasts for inflows into
rivers and reservoirs.

e Hybrid Frameworks: To ensure forecast reliability, many users still rely on a dual
approach. This approach combines data-driven machine learning with physically
grounded hydrological laws. The method ensures that forecasts remain grounded
in physical reality while also leveraging the benefits of advanced Al-based pattern
recognition.

In this area of forecasting, artificial intelligence can reevaluate relationships, as it
can analyse and present large amounts of data quickly. In the future, it will become
increasingly important to better analyze and understand these complex relationships.
Only in this way can we optimize the operation of hydropower plants.

3.2 Automated Production Planning and Market Trading

The role of hydropower has evolved from that of a steady baseline generator to that of
a “flexibility champion”, balancing the daily and sub-hourly volatility of intermittent
renewables such as wind and solar.

e Closed-Loop Bidding: Leading operators now feed AI hydrological models
directly into energy market trading desks. When a weather forecast changes, Al
automatically triggers a recalculation of reservoir dispatch and updates market
bids in a rolling, real-time cycle.

e Predicting Grid Anomalies: Utility leaders are deploying Al to forecast complex
grid loads. Large utilities, for instance, have successfully integrated Al models to
accurately anticipate demand anomalies during extreme weather—preventing grid
strain where legacy mathematical models failed.

New market models that also incorporate additional parameters affecting gener-
ation prices will play a significant role in the future. In particular, due to the volatile
generation of other energy sources, hydropower will face ever-increasing demands
for flexibility. These new tools can help us better understand the trade-off between
profit and loss of asset efficiency. Al tools can also assist with multi-parameter opti-
mization because they reach an optimum much faster than conventional solvers. In
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the future, these novel tools may be integrated directly into the machine controller,
allowing the machine to be operated according to specific objective functions. Such
objective functions could be either maximum output or optimal component lifespan.
All of this is done to maximise profit through the spot market.

3.3 Asset Optimization and “Digital Twins”

Al is actively being used to extend the lifespan of heavy mechanical infrastructure.
It is also being used to optimize physical water flow.

e Digital Twins: High-fidelity virtual replicas of entire hydropower networks are
used to run simulations for asset refurbishment, environmental flow protection,
and greenfield investments.

e Predictive Maintenance: Machine learning algorithms continuously screen vibra-
tion and temperature data from turbines and generators to flag wear-and-tear before
a mechanical failure causes an expensive blackout.

3.4 Co-Optimization of Hybrid Systems

Al-powered control of hybrid hydropower plants offers a decisive advantage: it max-
imizes market revenue while preserving the physical infrastructure. As the volatile
feed-in from wind and solar energy places an increasing strain on power grids, oper-
ators must respond flexibly. While the combination of a hydroelectric power plant
and a large-scale battery energy storage system (BESS) provides the technological
foundation for this, only Al acting as a central control unit can ensure efficient oper-
ation. Since heavy water turbines are designed for constant power generation, the
constant cycling on and off to capture short-term price spikes leads to massive wear
and tear and enormous maintenance costs.

This is where Al acts as a protective shield: It continuously analyzes grid data
and market prices in real time and delegates tasks for grid stabilization—such as
frequency control-to the responsive battery on a second-by-second basis. This allows
the turbines to operate in the highly efficient continuous mode. By linking inflow
data and market trends, the Al also automates trading decisions to store or release
energy at the economically optimal time. This creates a synchronized ecosystem in
which the battery provides speed, hydropower provides endurance, and Al provides
maximum efficiency.
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3.5 AI Poll of CA21104

A survey about Al and Forecasting tools in the field of Hydropower was conducted
in April 2026 in the course of the Naples workshop of the COST Action. The survey
was divided into several sections in order to structure the framework and explore the
topics of Artificial Intelligence (Al) and Forecasting. The core of this list details a
multi-section questionnaire that systematically evaluates the industry’s relationship
with Al, covering the following sequential topics:

e Section1: Background & Context—Corresponds to the statistical data of the
participants

e Section2: Current Tools & Methods—Assesses the existing technologies and
practices currently utilized for Forecasting

e Section 3 & 4: Awareness, Use, and Perceived Value of Al-Investigates how famil-
iar industry professionals are with Al, how they are currently deploying it, and the
specific value they believe it brings to hydropower operations.

e Sections 5 & 6: Barriers, Decision-Making, and Trust—A closer look at the primary
concerns, challenges, and limitations that prevent wider adoption, combined with
an exploration of how trust can be established to enable Al to influence critical
decision-making processes.

e Section 7: Future Outlook—Gathers perspectives on the long-term time frame and
evolving role of Al in the sector.

e Environmental Impact and Prioritization: The final segment of the text
addresses a critical sustainability paradox. This specific inquiry focuses on the
future outlook for Al expansion, specifically highlighting the significant irony that
greater reliance on Al will simultaneously trigger a massive surge in electricity
and water consumption.

The following paragraphs synthesize the survey findings. A cohesive overview
of the following issues is provided: who is steering this technology, how does cur-
rent infrastructure perform, what limitations persist, and how does the relationship
between human decision-makers and automated algorithms evolve.

3.5.1 Background and Context

The survey data reveal that the persons engaging with Al in this field are highly
specialised, balancing academic research with direct industrial application.

Industry and Domain Distribution
The respondents primarily operate at the intersection of energy production and
advanced engineering:

e Academia & Research: Strong presence from universities and dedicated R&D
departments in electrical engineering and hydropower.
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Table 3 Question: how often do you make forecasts or predictions as part of your job?

Frequency of forecasts Percentage (%)
Daily 9
Weekly 27
Monthly 23
Rarely 36
Never 5

e Industry & Engineering: Professionals spanning hydropower operation, power
utilities, power transmission, small hydropower, mechanical engineering, and
hydraulic structure design.

e Emerging Tech: Cross-disciplinary presence from Earth Observation and Climate
Technology sectors.

Key Roles

The survey gathered insights from both senior decision-makers and primary
researchers. This cohort includes Professors, Associate Professors, and Research
Scientists, as well as corporate leaders such as CEOs, Heads of R&D Departments,
Heads of Divisions, Project Managers, and technical experts. Predictive modelling
is an integral part of their daily routines, albeit with varying frequency, and is used
by senior electrical engineers and young researchers and innovators.

Forecasting Frequency and Type
Predictive modelling is an integrated component of their daily routines, though the
frequency varies (Table 3).

Interestingly, when asked about the types of forecasting they conduct, standard
corporate categories such as Demand (14%), Financial (9%), Sales (5%), and Risk
(5%) scored relatively low. A striking 68% categorised their predictive tasks as
‘other’, which suggests the use of domain-specific physical modelling for tasks
such as hydrological runoff, reservoir inflows, and turbine performance matrix
calculations.

3.5.2 Current Tools and Methods

Current Tool Usage
In the evaluation of baseline infrastructure, specialized and dedicated tools demon-
strate a slight advantage over manual spreadsheets (Table4).

When asked about their satisfaction with the predictive tools they use, respondents
stated the following: The overall user satisfaction score is a modest 3.5 out of 5. The
largest group of users (44%) rated their satisfaction as a ‘4’, while 45% rated it as a
‘3’ or lower.
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Table 4 Question: what tools do you currently use for forecasting?

Tools Percentage (%)
In-house/custom tools 30
Dedicated forecasting software 25
AI/ML-based tools 25
Spreadsheets (e.g., Excel) 20

Table 5 Question: are you currently using Al-powered forecasting tools?

Answer Percentage (%)
YES 58
NO 37
Not sure 5

System Limitations
The technical friction points that prevent satisfaction from reaching higher levels are
heavily influenced by data constraints and physical gaps:

e Data Deficits: A universal bottleneck exists due to a lack of sufficient data and
in-situ data availability for training ML models, plus the general unreliability of
input databases.

e The “Physics” Gap: Open-text feedback strongly highlighted a lack of insight into
physics within standard models. Traditional statistical engines often fail to accu-
rately model the sheer complexity of highly interconnected, non-linear hydraulic
systems.

e Boundary Conditions: Current systems suffer from reduced accuracy when
forced to project under ‘exceptional conditions’ or extreme weather anomalies.

3.5.3 Awareness, Use, and Perceived Value of Al

Despite data constraints, Al has moved past theoretical exploration and is actively
deployed in the sector (Table 5).

Of those utilising Al, 50% use ‘Generative AI’ (e.g. for scenario simulation),
followed by 33% who use ‘Predictive analytics platforms’ and 17% who use ‘Auto-
mated time-series forecasting tools’. Crucially, users admit that their familiarity with
these systems is still evolving.

Over half of the respondents (56%) self-identify as ‘Beginners’, 28% as ‘Interme-
diate’, and only 17% claim ‘Advanced understanding’. 0% checked the ‘Expert’ box.
This gap underscores a significant issue: practitioners are implementing advanced Al
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Table 6 Question: Would you rely on Al forecasts for high-stakes decisions?

Answer Percentage (%)
YES 10
NO 70
DEPENDS 20

tools although they are still only in the process of acquiring a better understanding
of their functionality.

Perceived Value vs. Practical Friction

What is driving this adoption? Al is perceived to offer strong structural benefits
across three primary vectors: identification of obscured patterns, time savings, and
enhanced raw numerical precision. User Agreement Scores (Out of 5).

e Identifying Hidden Patterns: 4.3/5 score. A staggering 58% of respondents
awarded a score of 4 out of 5, agreeing that Al is excellent at identifying complex
systemic relationships that human observation misses.

e Time-Saving Capabilities: 3.9/5 score. Users enjoy faster data processing, auto-
mated screening, and streamlined reporting structures.

e Improving Accuracy: 3.8/5 score. Al enables a holistic assessment of complex
variables to achieve better overall optimization.

3.5.4 Barriers, Decision-Making, and Trust

Barriers to Full Adoption

Conversely, significant structural concerns prevent complete integration. The primary
concerns are split fairly evenly between ‘Over-reliance on automation’ (35%) and
‘Data privacy’ (35%), alongside ‘Lack of transparency’ (15%), Cost (10%), and
‘System integration hurdles’ (5%).

When asked what specifically prevents them from adopting these systems, profes-
sionals pointed directly to Al hallucinations, data manipulation/corruption, a lack of
clarity regarding the source of data, and the fundamental question of accountability
(“who is responsible” when an automated forecast fails).

The Trust Dilemma in High-Stakes Environments
When it comes to high-stakes decision-making—where a bad forecast can compro-
mise grid stability or damage multimillion-dollar civil infrastructure—the industry
exercises extreme caution. When asked how much they trust Al compared to human
intuition, 55% say itis ‘About the same’. The remaining responses are divided: 15%
trust Al ‘More’, while 30% trust it ‘Less’ or ‘Much less’ (Table 6).

The open-text explanations for the ‘Depends’ demographic further clarify this
defensive attitude. Industry professionals view Al strictly as an auxiliary asset, not as
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an autonomous pilot. They state that AI will only be trusted if it is used to complement
human decision-making processes, if it occurs only after expert validation or if it is
vetted via extensive testing across different simulated scenarios. Human interaction
and legacy operational experience remain non-negotiable insurance policies.

3.5.5 Future Outlook

Looking to the future, the momentum behind Al integration shows no signs of
stopping. Respondents indicated a very high likelihood of increasing their use of Al
tools over the next two years, giving it an impressive score of 4.1 out of 5.

Desired Future Features
To unlock maximum value, professionals are asking for targeted capabilities:

e Deep integration with physics-based tools and models.

e The structural ability to test alternative policy interventions, regulatory adjust-
ments, and shifting economic outcomes.

e Higher fidelity data pipelines and easier onboarding systems for existing work-
flows.

The consensus regarding AI’s future role is massive. Respondents continuously
used terms such as ‘a necessary pillar combined with digitalization’, ‘will domi-
nate’, ‘a principal role’, and a tool that will eventually be utilized across all stages
of forecasting.

The Resource & Geopolitical Trade-off

The survey concluded with a thought-provoking question: while Al has the potential
for significant growth, this would come at the cost of a substantial ecological foot-
print, specifically a huge increase in electricity and water consumption. Respondents
were asked to rank a series of geopolitical and operational statements by importance
(on a scale of 1 to 4) to express their views.

1. Strategic Autonomy (Score: 3.93):
“This is important for ensuring Europe’s independence in this area. I support this
even if I have no advantage out of it’.

2. Operational Reality (Score: 3.60):
‘I know that this is important and it will have a significant impact on my daily
work.’

3. Hardware Sovereignty (Score: 3.53):
‘Geopolitically, Europe plays a minor role in the development of Al hardware and
tools. This should change.’

4. Infrastructure Expansion (Score: 3.13):
‘European policies aim to increase the number of data centres threefold. This is
important, and I support it.’
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3.5.6 Environmental Impact and Conclusion

The data paint a clear picture: In hydropower and energy supply, the future of resource
forecasting is digital. Even in the face of inherent risks—such as the massive ecological
footprint of Al systems and their theoretical decoupling from real physical processes—
the European professional community stands united behind the expansion of its own
data infrastructure. It views the use of local resources as a necessary sacrifice for the
continent’s strategic autonomy. However, the future-proof system architecture will
not be purely Al rather, it will be based on a deeply integrated hybrid model that
respects both the laws of nature and the irreplaceable control function of humans.

4 Hydropower in the Context of Long-Term Flow
and Sediment Modelling Under Climate Change

The future of hydropower toward 2050 depends strongly on our ability to understand
and predict long-term changes in river systems. Climate change is expected to signif-
icantly alter hydrological regimes through shifts in precipitation patterns, increased
frequency of extreme events, glacier retreat, and changes in sediment supply. These
processes introduce substantial uncertainty into both flow and sediment dynamics,
making long-term modelling an essential tool for sustainable planning and operation
of hydropower systems.

Conventional approaches, such as hydrological models and one-dimensional (1D)
hydraulic models, remain useful for large-scale assessments of discharge and water
levels. However, they are often insufficient for capturing the spatial variability and
complexity of sediment transport and river morphology. In contrast, two-dimensional
(2D) hydraulic and morphodynamic models provide a more detailed and physically
representative description of flow patterns, sediment transport processes, and bed evo-
lution. This makes them particularly valuable for long-term analysis under changing
climate conditions.

Despite these advantages, the application of 2D sediment modelling over long time
horizons—such as 50 years or more—remains challenging. One of the primary limita-
tions is the high computational demand. To make such simulations feasible, modelers
often rely on simplifications and acceleration techniques. For example, discharges
below the critical threshold for sediment transport can be excluded from the input
hydrograph, reducing simulation time without significantly affecting overall sedi-
ment dynamics [8]. In addition, the use of morphological acceleration factors enables
scaling of sediment processes, effectively shortening simulation periods while pre-
serving long-term trends. However, these approaches require careful calibration and
a clear understanding of their limitations to avoid introducing bias.

Model setup also involves important trade-offs. The selection of mesh size, for
instance, directly influences both accuracy and computational efficiency. Similarly,
the choice of key parameters—such as the Manning roughness coefficient, sediment
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transport functions, hiding and exposure corrections, and bed roughness predictors—
can significantly affect model outcomes [19]. Achieving a balanced and reliable
model therefore requires both technical expertise and physical insight.

A major constraint in long-term sediment modelling is the limited availability of
high-quality calibration data. In many regions, sediment measurements are sparse,
discontinuous, or entirely lacking. This creates uncertainty in model predictions
and limits confidence in future projections. Addressing this issue requires stronger
collaboration between researchers, industry stakeholders, and authorities to improve
monitoring strategies and expand data collection efforts.

At the same time, new technologies provide opportunities to overcome some of
these limitations. Remote sensing tools, including drones and satellite imagery, allow
for improved spatial and temporal observation of river systems. When combined
with numerical modelling, these data sources can enhance model calibration and
validation, leading to more reliable long-term simulations under different climate
scenarios.

From an educational perspective, these challenges emphasize the importance of
training future engineers with a strong and integrated understanding of hydrology,
hydraulics, and sediment dynamics. Beyond technical skills, there is aneed to develop
critical thinking regarding model assumptions, uncertainties, and limitations. Future
professionals must be equipped not only to use advanced modelling tools but also to
interpret their results responsibly in the context of long-term decision-making.

In the vision of hydropower in 2050, improving long-term flow and sediment
modelling is essential for designing resilient and adaptive systems. Equally impor-
tant is ensuring that the next generation of engineers is prepared to address these
challenges, bridging the gap between advanced modelling techniques and practical,
sustainable solutions.

5 Future Perspectives and Visions

During the International Conference of COST Action CA21104 in Naples from
15-17 April 2026, a round table on the topic “Vision on Hydropower’s Future”
was held with representatives from industry and various associations. Together, a
vision for the future use of hydropower in the context of other stakeholders within
the Nexus framework was outlined. This vision is complex, multidisciplinary, and
multifunctional. The following passage provides a summary of this event.

The discussion was framed as a forward-looking exchange on the future of
hydropower, focusing on long-term developments over a time horizon of 20 to
50 years. The focus is on exploring visions, expectations, and potential roles of
hydropower within a changing energy system. From the outset, hydropower is con-
sidered not as an isolated technology, but as part of a broader, interconnected system
that includes water management, energy production, policy frameworks, and societal
factors.
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A central theme emerging early in the discussion is the multidisciplinary nature
of hydropower. It becomes evident that the sector increasingly requires collaboration
across engineering, environmental sciences, policy, and social sciences. This multi-
disciplinary character is described as both a strength and a challenge. Future devel-
opments are expected to depend strongly on closer cooperation between research
and industry, particularly in areas such as operation, monitoring, and maintenance
of hydraulic machinery. At the same time, technological advancements alone are not
sufficient. Environmental and societal aspects must be integrated into future solu-
tions. Additionally, the geographically dependent nature of hydropower is empha-
sized, meaning that solutions must be adapted to specific local conditions rather than
simply replicated.

The discussion broadened to include the perspective of water as a resource within
the water-energy nexus. Water is increasingly recognized not only as a resource for
energy production but also as a structural factor for economic stability, social cohe-
sion, ecosystem integrity, and geopolitical resilience. In this context, hydropower
occupies a unique position at the intersection of water and energy systems. How-
ever, it is also noted that the importance of water for energy systems is not yet
fully acknowledged in policy-making, highlighting the need for stronger integra-
tion. Regulatory frameworks, particularly environmental regulations, are identified
as both constraints and opportunities, requiring balanced approaches that ensure the
continued role of hydropower while addressing ecological concerns.

Economic considerations played a significant role in the discussion. Hydropower,
especially new large-scale projects, is often perceived as capital-intensive. Pumped
storage is highlighted as a key future application, particularly in the context of increas-
ing renewable energy penetration. However, significant challenges remain, including
environmental constraints, limited suitable locations, and high investment costs. In
addition, the applicability of pumped storage is considered to be limited in marine
environments due to saltwater-related issues such as increased corrosion and bio-
logical growth (e.g. algae), which can negatively affect infrastructure durability and
maintenance requirements. Innovative concepts, such as underground storage sys-
tems using tunnels, are introduced as potential alternatives, although uncertainties
remain regarding their practical feasibility, efficiency and associated costs.

A central debate developed around the comparison between pumped storage
hydropower and battery storage technologies. Batteries are described as rapidly
advancing, with increasing efficiency, decreasing costs, and technological innova-
tions such as sodium-ion batteries. These developments raise concerns about the long-
term competitiveness of hydropower-based storage. At the same time, hydropower
offers distinct advantages, including long lifetimes, large-scale storage capabilities,
and the provision of essential system services such as grid stability and inertia. The
discussion converged on the view that both technologies are likely to coexist, as they
fulfill different roles within the energy system and rely on different resources and
value chains.

From a system-level perspective, the role of hydropower is closely linked to
the broader transformation of the energy sector. A key assumption discussed is the
increasing electrification of energy demand, potentially leading to a significant rise
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in the share of electricity in total energy consumption by 2050. Under such scenar-
ios, the need for flexibility in the energy system is expected to increase substantially.
Hydropower is identified as a critical contributor to this flexibility across multi-
ple time scales, although it cannot meet these demands alone. Instead, it must be
integrated with other technologies, including battery storage.

At the same time, the expansion potential for new hydropower plants in Europe
is considered to be limited. The focus is therefore expected to shift toward mod-
ernization and refurbishment of existing facilities. However, electricity production
remains a key concern in light of increasing electrification. Additional potential may
arise from powering existing dams that are not yet equipped for energy generation.
This would require new technologies to enable their electrification and highlights
the role of continued research. Hybrid solutions combining hydropower and battery
systems are also highlighted as a promising approach, allowing the strengths of each
technology to complement the limitations of the other. Changes in the structure of
the energy system are also discussed. Increasing decentralisation, driven by the rise
of prosumers (i.e. consumers who also produce energy), local energy production,
and decentralized storage solutions such as residential battery systems, are expected
to reshape electricity markets. However, this does not eliminate the need for cen-
tralized infrastructure. Instead, a more complex system emerges in which local and
large-scale solutions must coexist. In this context, hydropower is positioned as a key
provider of flexibility at regional and national levels, contributing to grid stability
in systems with high shares of variable renewable energy. In addition, technologies
such as synchronous compensators can support decentralized grid stability at critical
points within the grid.

Climate change introduces additional challenges. Hydrological patterns are
already shifting, with increasing frequency of extreme events such as droughts and
intense precipitation. While the total volume of water may remain relatively con-
stant, its temporal distribution is becoming more uneven. This leads to operational
challenges, including increased flooding risks and periods of reduced water avail-
ability. Adaptation strategies are therefore required, including improved forecasting
methods, optimised operation, and potentially new infrastructure concepts.

Beyond energy production, the multifunctional role of hydropower is emphasized.
Hydropower systems contribute to water management tasks such as flood control,
water supply, and environmental services. This broader contribution is often under-
represented in public discourse, where hydropower is sometimes primarily associated
with environmental impacts. A more balanced perspective is therefore suggested,
recognizing both the benefits and challenges associated with hydropower.

Water scarcity is identified as a critical issue for the future. Changes in precip-
itation patterns and the reduction of glacier volumes are expected to affect water
availability, with direct implications for hydropower generation. In some cases, this
may require technical adaptations, such as resizing turbines or optimising operational
strategies. At the same time, new opportunities may arise from improved utilization
of peak water flows, which are currently not fully exploited.

The importance of digitalization was also highlighted. Tools such as digital
twins of river catchments are presented as promising approaches for optimising
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water use across sectors. These models can integrate hydrological data, energy mar-
ket conditions, and competing water demands, enabling more efficient and coor-
dinated decision-making. Such approaches illustrate the increasing integration of
hydropower into broader water resource management systems. From a research per-
spective, two complementary approaches are identified. On the one hand, research
should address immediate industry needs and support practical innovation. On the
other hand, exploratory research is necessary to develop new concepts and tech-
nologies, including unconventional methods of utilizing hydropower potential. Both
approaches are considered essential for the long-term development of the sector.

Finally, broader societal and political factors were addressed. Investment decisions
are often influenced by short-term economic and political cycles, which can conflict
with the long lifetimes of hydropower infrastructure. This creates challenges for
long-term planning and development. At the same time, policy frameworks, funding
mechanisms, and international cooperation are identified as key factors influencing
the future of hydropower.

Overall, hydropower is expected to remain an important component of the future
energy system, although its role will evolve. It will function as part of an increasingly
complex and interconnected system rather than as a standalone solution. Its main
contributions lie in providing flexibility, supporting system stability, and enabling
integrated water and energy management. Achieving this potential will require close
collaboration across disciplines, sectors, and regions.
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