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The project D-HYDROFLEX - Digital solutions for improving the sustainability performance and FLEXibility 
potential of HYDROpower is funded through the European Union's HORIZON Research and Innovation Action 
under the topic HORIZON-CL5-2022-D3-03-08/Development of digital solutions for existing hydropower 
operation and maintenance and responds to the Call HORIZON-CL5-2022-D3-03/Sustainable, secure and 
competitive energy supply.

The European energy system is undergoing a significant transformation: decarbonization, security of supply, 
deployment of renewables and their integration into the market, generating significant opportunities and 
challenges for energy stakeholders. Despite all energy efficiency efforts, overall demand for decarbonized 
electricity is set to be significantly higher in 2050 than today due to the decarbonization of the heating, cooling, 
transport and many industrial sectors, which can only be achieved via efficient and smart electrification. 

Hydropower is a key technology in supporting the European pathway to a decarbonized energy system and to 
achieving global leadership in renewable energy generation. It consists of a renewable and highly sustainable 
electricity resource and can supply the European power system with stability and valuable flexibility. In addition, 
hydropower reduces the 
river basins such as support to irrigation, water supply and flood control. 

The D-HYDROFLEX project aims to advance excellence in research on digital technology for hydropower paving 
the way towards more efficient, more sustainable, and more competitive hydropower plants in modern power 
markets.

To this end, D-
based on sensors, digital twins, AI algorithms, hybridization modelling (power-to-hydrogen), cloud-edge 
computing and image processing. 

The core pillars of the project are: 
digitalization, (i.e., digital twins for hydro dams and machinery, weather and flow forecasts, cyber 
resilience tools),
flexibility, (i.e., coordination with hydrogen, storage and VPP operation) and 
sustainability, (i.e., biodiversity and environmental indicators monitoring). 

Validation will take place in 7 hydro plants operated by EDF (France), TEE (Poland), PPC (Greece), TASGA (Spain) 
and INTEX (Romania), covering different geographical areas of Europe.

D-HYDROFLEX is a 36-month long project started in September 2023.



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 5

PARTICIPANT NAME SHORT 
NAME

COUNTRY 
CODE

LOGO

1 GIOUMPITEK MELETI SCHEDIASMOS
YLOPOIISI KAI POLISI ERGON PLIROFORIKIS
ETAIREIA PERIORISMENIS EFTHYNIS

UBI EL

2 UBITECH ENERGY UBE BE

3 FUNDACION CARTIF CARTIF ES

    
4 TASGA RENOVABLES S.L. TASGA ES   

5 FUNDACION CENTRO TECNOLOXICO DE 
EFICIENCIA E SOSTENIBILIDADE
ENERXETICA

ENERGYLAB ES

  
6 ELECTRICITE DE FRANCE EDF FR   

7 TAURON EKOENERGIA SPOLKA Z
OGRANICZONA ODPOWIEDZIALNOSCIA

TEE PL

8 POLITECHNIKA WROCLAWSKA PWR PL

     
9 PRZEDSIEBIORSTWO ROBOT

ELEWACYJNYCHFASADA SP ZOO
FASADA PL

   
10 ASOCIATIA INOVARE SI DEZVOLTARE IN 

ENERGIE - IDEA
IDEA RO

11 INTEX PRIM GREEN ENERGY SRL INTEX RO

12 ETHNIKO KAI KAPODISTRIAKO
PANEPISTIMIO ATHINON

UoA EL

     
13 DIMOSIA EPICHEIRISI ILEKTRISMOU ANONYMI 

ETAIREIA
PPC EL

     
14 METAMIND INNOVATIONS IKE MINDS EL

15 CINTECH SOLUTIONS LTD CINT CY

16 NOVA TELECOMMUNICATIONS & MEDIA 
SINGLE MEMBER SA

NOVA EL

17 THE CHANCELLOR MASTERS AND SCHOLARS 
OF THE UNIVERSITY OF CAMBRIDGE

UOC UK

18 UNIVERSITY COLLEGE LONDON UCL UK
   



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 6

TABLE OF CONTENTS
1 Introduction........................................................................................................................................15

1.1 Rationale of the study....................................................................................................................15

1.2 WP3 objectives and dependencies.............................................................................................16

1.3 Structure of the deliverable ...........................................................................................................16

2 Methodology......................................................................................................................................18

3 Hydropower flexibility role in EU energy system.................................................................................19

3.1 Hydropower flexibility potential assessment .................................................................................19

3.1.1 Poland ...................................................................................................................................19

3.1.2 Romania ................................................................................................................................21

3.1.3 Spain .................................................................................................................................... 22

3.1.4 France .................................................................................................................................. 24

3.1.5 Greece...................................................................................................................................25

3.2 Current challenges and new technological opportunities ..........................................................30

4 Hydropower regulatory landscape...................................................................................................... 37

4.1 EU regulatory frameworks overview.......................................................................................... 37

4.2 Regulatory barriers and existing incentives in flexibility provision in D-HYDROFLEX 
demonstration countries ....................................................................................................................... 44

5 D-HYDROFLEX hydropower 4.0 toolkit requirements analysis...........................................................47

5.1 Ambition of D-HYDROFLEX toolkit ...........................................................................................47

5.1.1 KER #1: D-HYDROFLEX M&D center ....................................................................................47

5.1.2 KER #2: Hydro unit digital twin .............................................................................................47

5.1.3 KER #3: Dam digital twin...................................................................................................... 48

5.1.4 KER #4: AI-based framework for automatic generation of digital twin geometric models for 
dams 48

5.1.5 KER #5: Fault detection and predictive maintenance algorithms ......................................... 49

5.1.6 KER #6: Decision support module for hybrid HPPs............................................................... 49

5.1.7 KER #7: Forecasting tool ...................................................................................................... 49

5.1.8 KER #8: Biodiversity index model......................................................................................... 49

5.1.9 KER #9: AI-based intrusions detection techniques ................................................................50

5.2 ...............................................................................................................50

5.3 Techno-economical requirements .............................................................................................52

5.3.1 ...................................................................................................................53

5.3.2 Bratia HPP.............................................................................................................................53



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 7

5.3.3 Salto de Touro HPP ...............................................................................................................54

5.3.4 Mauzac HPP ..........................................................................................................................54

5.3.5 Ilarion HPP ............................................................................................................................55

5.3.6 Platanovrisi HPP....................................................................................................................55

5.3.7 Kremasta HPP .......................................................................................................................55

5.4 Sustainability and environmental requirements ........................................................................56

5.4.1 ...................................................................................................................57

5.4.2 Bratia HPP.............................................................................................................................58

5.4.3 Salto de Touro HPP ...............................................................................................................58

5.4.4 Mauzac HPP ..........................................................................................................................58

5.4.5 Ilarion HPP ............................................................................................................................59

5.4.6 Platanovrisi HPP................................................................................................................... 60

5.4.7 Kremasta HPP ...................................................................................................................... 60

5.4.8 Best practices for ensuring the sustainability of HPP operation............................................ 60

5.5 D-HYDROFLEX functional and non-functional requirements ....................................................61

5.5.1 Functional Requirements ......................................................................................................61

5.5.2 Non-functional Requirements ...............................................................................................63

6 Conclusions ........................................................................................................................................65

7 ANNEX I: Questionnaire shared with the demos................................................................................ 68

8 ANNEX II: Survey on hydropower digitalization trends & barriers.......................................................70

TABLE OF FIGURES
Figure 1: Number of countries per share of hydropower in domestic electricity generation mix, 2018  1] ...15
Figure 2: Structure of D-HYDROFLEX deliverable D3.1 .............................................................................. 17
Figure 3: Methodology for conducting the analysis of this study ................................................................18
Figure 4: Top 10 European countries ranking by total installed hydropower capacity.................................19
Figure 5: Percentage of annual share of electricity production by hydropower in Poland .......................... 20
Figure 6: Percentage of annual share of electricity production by hydropower in Romania ....................... 22
Figure 7: Percentage of annual share of electricity production by hydropower in Spain .............................23
Figure 8: Percentage of annual share of electricity production by hydropower in France ...........................25
Figure 9: Historic and forecasted hydropower generation capacity in Greece for the period 2010-2035 .... 26
Figure 10: Percentage of annual share of electricity production by hydropower in Greece ........................ 26
Figure 11: Share of electricity production from hydropower in the D-HYDROFLEX demonstration countries
.................................................................................................................................................................. 28
Figure 12: Percentage of additional power that can be produced by renovating the plant and by digitalising 
processes and equipment in the D-HYDROFLEX demo plants .................................................................. 29
Figure 13: Profile of respondents of D-HYDROFLEX survey........................................................................32



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 8

Figure 14: Level of positive impact that employing digital solutions will have on HPP operation................33
Figure 15: Priority level for employing emerging technologies for digitalising HPPs...................................34
Figure 16: Relevance of barriers hindering HPP digitalization.....................................................................34
Figure 17: Measures for incentivising HPP digitalisation .............................................................................35
Figure 18: Relevance of barriers hindering the deployment of hydropower flexibility technologies (i.e., 
technologies that allow more flexible generation and operation)...............................................................36
Figure 19: Hydropower hybridization concepts that will have the highest growth in the next five years.....36
Figure 20: Stakeholders power/interest matrix...........................................................................................51

TABLE OF TABLES
Table 1: Flexibility services that can be provided by the demo HPPs through a market-based framework 29
Table 2: Key challenges encountered in the hydropower sector .................................................................30
Table 3: Summary of directives applying at some extent to hydropower plant operation.......................... 40
Table 4: D- ..........................................................................................51
Table 5: Functional requirements of D-HYDROFLEX hydropower 4.0 toolkit ............................................ 62
Table 6: Non-functional requirements of D-HYDROFLEX hydropower 4.0 toolkit......................................63

LIST OF ABBREVIATIONS
RES: Renewable Energy Sources
IEA: International Energy Agency
IHA: International Hydropower Association
MS: Member State
HPP: Hydro Power Plant
CAGR: Compound Annual Growth Rate
PSH: Pumped Storage Hydropower
GHG: Greenhouse Gas Emissions
BESS: Battery Energy Storage Systems
PaT: Pump as Turbine
RoR: Run-of-River
SPP: Storage Power Plants
WWC: World Water Council
O&M: Operation & Maintenance
WFD: Water Framework Directive
RBMPs: River Basin Management Plans
PoMs: Programs of Measures
EQSs: Environmental Quality Standards
PAH: Polyaromatic Hydrocarbons
MSFD: Marine Strategy Framework Directive
EIA: Environmental Impact Assessment
SEA: Strategic Environmental Impact Assessment
ELD: Environmental Liability Directive
AI: Artificial Intelligence
DT: Digital Twin
KER: Key Exploitable Result
SCADA: Supervisory and Control Advisory



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 9

ESG: Environmental, Social, and Governance
NGO: Non-Governmental Organizations



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 10

This deliverable reports the results of the work carried out in T3.1 and T3.2. In this context, D3.1 focuses on 
assessing the hydropower flexibility role in the modern energy landscape, mapping all relevant regulations 
and extracting the functional and non-functional requirements for designing the D-HYDROFLEX toolkit.

Europe has a hydropower technical potential of 1,121 TWh/y, and, with a current production of 620 TWh/y 
and installed capacity of 254 GW, has developed 55% of the available technical potential, the highest share, 
globally. Overall

falls within the range of 5 to 15%. The additional power that can be produced in each D-HYDROFLEX demo 
HPP either by renovating the plant or by digitalizing its processes ranges from 0.5% to 10% depending on 
the individual characteristics of each plant. This renovation and digitalization process includes the 
deployment of digital predictive and maintenance processes, digital twins, forecasting tools and the 
hybridization of one plant with hydrogen storage.

The following table summarizes the key challenges encountered in the hydropower sector, as extracted by 
the desktop review. These challenges can be categorized into four high-level categories based on the aspect 
of the hydropower plant operation each one addresses: (i) market; (ii) modelling challenges; (ii) environmental
& sustainability; and (iv) infrastructure.

Category Key Challenge
Infrastructure Constraints on Reservoir Use
Infrastructure Complexity of Hydrological Systems
Market Perspective Low rewards for flexible benefits 
Modelling Challenges Env. constraints & Data availability 
Environmental Sustainability Env. Constraints
Environmental Sustainability Water Quality
Environmental Sustainability Regulatory Constraints
Infrastructure Equipment efficiency and maintenance
Environmental Sustainability GHG emissions 
Infrastructure Ageing Infrastructure 
Market Perspective HPP Development & Construction Related

Moreover, we launched a survey about the trends and barriers in the hydropower digitalization collecting 
feedback from 40 people, most of which were either researchers or hydropower plants operators active 
within Europe. The results of this survey indicated that the most relevant challenges encountered towards 
the modernization of the hydropower sector are the high upfront cost, the lack of expertise and distrust 
towards digital solutions in terms data handling and security, as well as the lack and/or scarcity of available 
data. 
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In terms of barriers towards the deployment of hydropower flexibility, high upfront cost is extremely 
relevant while uncertain revenue streams and complex decision making is also highly relevant. Establishing 
technology hubs for bringing together HPP operators with digital solutions developers, as well as 
establishing support schemes, e.g., tax mechanisms, PPAs etc, can incentivize the HPP digitalization and 
refurbishment. 

The current trends in the hydropower sector are identified as the hybridisation of HPPs with BESS and the 
incorporation of digital twins, algorithms for monitoring and predictive maintenance as well as of forecast 
models into the daily operation of the plants.
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Regarding the regulatory framework for HPP modernization and refurbishment, our analysis showed that 
there are no major regulatory barriers but rather the lack of policy incentives to proceed with the 
digitalization of the plants. additional policy and financial incentives can further enable the modernization 
of the hydro plants. Furthermore, more actions are needed to simplify the permitting procedures and 
timelines for new hydro projects in the framework of facilitating clean energy generation infrastructure to 
boost decarbonization strategies and targets. It is a hydropower challenge to pursue energy, climate and 
environmental challenge at the same time. Moreover, multipurpose reservoirs are facing the challenge of 
sharing water, costs and impact among competing users and defining user priorities.

D-
operation of the turbine, dam inspections, hybridization 

of the hydropower generation with storage, predictive maintenance and cybersecurity shielding. These
digital tools will enable the efficient and flexible operation of the hydro plants, while enhancing the 
sustainable integration with the smart grids and the energy markets. The main stakeholders that are 

managed are hydropower plant operators, service providers in the hydropower sector and grid operators. 
The functional (FR) and non-functional requirements (NFR) of the D-HYDROFLEX toolkit are distinguished 
into the following subcategories: (i) techno-economical requirements; (ii) sustainability and environmental 
requirements; and (iii) security, ethical and privacy requirements. These requirements are listed below along 
with a short description and their categorization (Techno-economical requirement-TE, Sustainability and 
environmental requirements-SE, Security, ethical and privacy requirement-SEP):

Requirement 
ID

Title Description Type

FR.01 HPP Operational status 
monitoring 

The system must be able to monitor the operational 
status of the HPP.

FR.02 HPP Operational data 
collection

The system must be able to collect operational data 
by interfacing with existing SCADA infrastructure of 
the HPP.

FR.03 Prediction of future 
faults

The system must be able to predict future faults on 
the HPP infrastructure.
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FR.04 HPP Structural 
robustness monitoring

The system must be able to monitor the structural 
robustness of the HPP.

FR.05 Network traffic 
monitoring

The system must be able to monitor the network 
traffic of the HPP.

SEP

FR.06 Cyberattack detection The system must be able to detect potential 
cyberattacks against the HPP infrastructure.

SEP

FR.07 Marine biodiversity 
analysis

The system must be able to identify and count the 
various fishes and fish species passing through the 
HPP.

SE

FR.08 Environmental impact 
assessment

The system must assess the environmental impact of 
the HPP.

SE

FR.09 Dynamic adaptation of 
energy production

The system must be able to adapt energy production 
to the energy system needs.

FR.10 Optimal planning of 
power production 

The system must provide a decision support tool for 
optimal power production planning.

FR.11 AI transparency The system must provide transparency for the AI 
results.

SEP

FR.12 Power production 
prediction considering 
environmental data

The system must be able to predict the HPP power 
production by taking into account environmental 
data.

SE

FR.13 AI re-training The system must provide the ability to re-train its AI 
models.

TE

FR.14 Monitoring Platform The system must provide a platform for human 
operators to access events and alarms relevant to the 
HPP operation.

TE

FR.15 Alarm triggering The system must raise alarms when a malfunction on 
the HPP occurs or is predicted.

TE

FR.16 Notifications The system should allow operators to be notified via 
email or by text when a problem arises.

TE

FR.17 H2 production planning The system should provide recommendations about 
the H2 production planning.

FR.18 Water flow The system should provide information regarding the 
amount of water used to produce power.

FR.19 Weather and water flow 
forecasting

The system should provide weather and water flow 
forecasting.

FR.20 Fish counting The system should provide information regarding the 
counting of fish species that pass the through the 
turbine.

SE

FR.21 Water quality indicators The system should provide water quality indicators 
for environmental monitoring.

SE

FR.22 Secure data transfer The system should ensure secure data transfer 
to/from the HPP site.

N-FR.01 High accuracy of AI 
predictions

The system must achieve high accuracy of AI-based 
predictions.

N-FR.02 Data locality Sensitive networking data should not leave the 
premises of the HPP.

SEP
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N-FR.03 Increased power 
production due to 
decision-making 
functionalities

The decision-making functionalities of the system 
should lead to increase of HPP productivity.

TE

N-FR.04 Increased power 
production due to HPP 
digitalisation

Digitalisation of HPP should lead to increased power 
production.

TE

N-FR.05 Flexibility and 
adaptation

The system should enable flexibility in plant operation 
and adaption to the energy system needs.

N-FR.06 Interpretable AI models The system should provide interpretable 
representations of the decisions produced by the AI 
models.

SEP

N-FR.07 H2 production H2 production planning should lead to maximized 
revenue and performance.

TE

N-FR.08 Maximisation of MTBF The system should improve the HPP operation in 
terms of maximizing the Mean Time Between Failures 
(MTBF).

TE

-FR.09 Real-time data 
collection

The system should collect data from the HPP in real-
time.

TE

N-FR-10 Real-time data 
processing

The system should be able to process data in real-
time.

TE

N-FR-11 Increased availability The system decisions should lead to increase of 
availability of HPP components.

TE

N-FR-12 Environmental impact 
reduction

The system should reduce the environmental impact 
of the HPP by increasing the fish escapement rate.

SE
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1.1 Rationale of the study

life, and its significance is increasing as new technologies 
that are using electricity are getting more popular. Thus, the demand for more electrical power is constantly 
growing. For many decades the electrical power needed was mainly generated by fossil-fuels which was 
especially harmful for the environment, as the electricity production facilities based on fossil-fuels are the 
largest sources of CO2 emissions. The last couple of decades there is a shift from a carbon-based electricity 
production to a renewable based electricity production as the latter, produce zero CO2 emissions. However, 
this change comes with challenges such as the flexibility of the power system. 

The modern power system must provide electricity continuously even in high-demand periods and be able 
to increase the supply if needed. With RES (especially wind and solar) playing a central role in power 
production, the issue of system flexibility becomes crucial as their outputs are not constant and cannot be 
predicted, resulting in uncertainty to the power system. Moreover, the integration of European energy 
markets, the modernization of electricity grid to serve higher clean energy capacity while incorporating
information and communication technologies, set the enhancement as a 
matter of paramount importance.

Hydropower plants can offer a solution to the flexibility issues that the power systems face. With their 
energy storage capabilities HPPs can offer ancillary services in the electricity system as they can follow sharp 
variations in real-time. For example, a pump storage plant can quickly start and modify its output in a matter 
of seconds. Hydropower reservoirs can also provide a secure supply of energy throughout the year. 

Although hydropower plants make a major contribution to the flexibility and security of electricity systems, 

potential is particularly high in emerging economies and developing economies, reaching almost 60%. In 35 
countries around the world, hydropower supplies more than 50% of electricity generation, as illustrated in
Figure 1. Of these 35 countries, 28 are emerging and developing economies with a total population of 800 
million and rely on hydropower to cost-effectively provide most of the electricity. Realising untapped hydro 
potential remains a key policy priority to expand electricity access and meet growing demand in developing 
African and Asian countries. In the advanced economies of Norway, Canada, Switzerland and Austria, 
hydropower has provided most of the power supply for decades. [1]

Figure 1: Number of countries per share of hydropower in domestic electricity generation mix, 2018 [1]
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According to Xu et al. [2], Europe has a hydropower technical potential of 1,121 TWh/y, and, with a current 
production of 620 TWh/y and installed capacity of 254 GW, has developed 55% of the available technical 
potential, the highest share, globally. However, there is still untapped technical potential in Europe to be 
explored with novel technologies and by refurbishing existing plants Error! Reference source not found.. O
f course, this potential should be untapped with respect to the surrounding environment and ensuring the 
sustainability of the proposed solutions.

In this context, the focus of this study lies on the analysis of existing regulatory frameworks and market 
trends in Europe related to flexibility provision by hydropower and on the examination of innovative 

. It should be also noted that this 
version of the deliverable is the revised version that was updated to include also the description of the
Platanovrisi HPP which was later added as one of the D-HYDROFLEX pilots.

1.2 WP3 objectives and dependencies

Work package 3 (WP3) in D- -HYDROFLEX Hydropower 4.0 toolkit 

D-HYDROFLEX toolkit. The work targets the identification of the key stakeholders, compilation of system 
requirements, design of the D-HYDROFLEX reference architecture along with clear guidelines for the 
development of the software components and the description of reference scenarios accompanied by 
validation criteria. WP3 holds a central role within the D-HYDROFLEX project development since its output 
guides the development of the individual tools and of the remote monitoring and diagnostics centre in WP4 
and WP5. In addition, the market and analysis, that is done in this WP, will be form the starting 
point for the work carried out for the exploitation of D-HYDROFLEX toolkit in WP7. 

Within WP3, Task 3.1 assesses the hydropower role within the EU energy system and the flexibility potential 
of the demonstration countries. Moreover, it identifies the prominent D-HYDROFLEX stakeholders and map 
their role in the hydropower landscape, so that by analysing their interactions and understanding their key 
pains, new technological opportunities are analysed. In addition, T3.1 explores the regulatory barriers and 
the existing incentives for the participation of hydropower in flexibility markets.

Within WP3, T3.2 analyses the techno-economical, sustainability and environmental requirements of the 
solutions that will be tested in each pilot site. In addition, in T3.2 the findings of the analysis in T3.1 are used 
to formulate the functional and non-functional requirements of the D-HYDROFLEX toolkit. The findings of 
this analysis are prioritized to derive functional and non-functional requirements that will drive the 
development of the D-HYDROFLEX reference architecture (T3.4).

1.3 Structure of the deliverable

This deliverable reports the results of the work carried out in T3.1 and T3.2. In this context, D3.1 focuses on 
assessing the hydropower flexibility role in the modern energy landscape, mapping all relevant regulations 
and extracting the requirements for designing the D-HYDROFLEX toolkit. First, Chapter 3 assesses the 
flexibility potential of the D-HYDROFLEX demonstration countries and analyses the challenges and key 
pains of the hydropower operators. It also discusses emerging trends and how new technologies open new 
opportunities for the operation and maintenance of hydropower plants. This chapter is developed based on 
information collected from desktop review and from a survey that was open outside the project consortium 
in the context of Task 3.1. 
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Then, Chapter 4 analyses the regulatory framework of the European countries focusing on how this 
framework can encourage or in the other hand incentivise the hydropower plants refurbishment and 
digitalization. Finally, Chapter 5 describes the problems that each individual D-HYDROFLEX tool aims to 

extracts the techno-economical, environmental and sustainability requirements, as well as the 
requirements related to privacy, security and ethical issues.

There are two overarching chapters in this deliverable. The overall methodology is described in Chapter 2, 
while the work of Task 3.1 and Task 3.2 is concluded in Chapter 6.

The structure of this deliverable is illustrated in Figure 2: 

Figure 2: Structure of D-HYDROFLEX deliverable D3.1
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The core objective of this deliverable is to study how the existing regulation, market trends and adopted 
practices can be adapted to
digitalize existing hydropower 
plants and facilitate higher levels of 
flexibility provided by hydropower. 
To conduct this study our work was 
structured upon 4 main stages, as 
shown in Figure 3.

In the first stage, we performed a 
desktop review of scientific articles, 
reports from several European and 
International associations, as well 
as already concluded relevant 
research projects to formulate the main building blocks of our work. This review included also mapping the 
relevant EU directives and studying the hydropower profile of each D-HYDROFLEX demonstration country.

In the second stage, we circulated a survey to the demonstration partners. This survey was structured upon 
3 main sections (see Annex I) and focused on identifying:

1. National targets or plans to encourage the modernisation and refurbishment of the existing 
hydropower plant fleet in the respective Member States (MS), policy gaps related to hydropower 
activities and regulatory barriers that can hinder the deployment of new technologies and solutions 
in the demo plant;

2. Techno-economic characteristics of the plants focusing on which processes are already digitized or 
which are planned to be and if the plant can offer more flexibility by pairing with other RES or 
storage solutions; and

3. Environmental and sustainability characteristics of the plants focusing on what kind of 
environmental indicators are monitored and the strategies in place for ensuring water efficiency use 
and sediment management.

In the third stage, a workshop was carried out with the project partners during the second physical plenary
meeting. The goal of this workshop was to articulate the problems that each D-HYDROFLEX tool will 
address, define which are the affected stakeholders and assess the power and interest of each identified 
stakeholder group to the project activities.

Finally, to ensure the robustness of our conclusions and complement our results, we published a survey that 
was opened outside the project consortium. This survey was structured upon 3 main sections (see Annex II) 
and focused on identifying the:

1. Main trends in hydropower digitalization and their impact in the business-as-usual practices 
adopted by the hydropower operators;

2. Barriers hindering the deployment of hydropower flexibility technologies and the role that 
hybridizing hydropower will play in Europe in the upcoming years; and

3. Existing regulatory barriers to hydropower digitalization and flexibility.

Figure 3: Methodology for conducting the analysis of this study
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This chapter analyses the hydropower role within the EU energy system and assess the flexibility potential 
of the D-HYDROFLEX demonstration countries.

3.1 Hydropower flexibility potential assessment

In this section, the hydropower profile and outlook for the D-HYDROFLEX demonstration countries is 
presented and the flexibility potential of the pilot HPPs is assessed.

As stated above, Europe has a hydropower technical potential of 1,121 TWh/y, and, with a current 
production of 637 TWh/y and installed capacity of 259 GW, has developed 55% of the available technical 
potential, the highest share, globally [2]. It should also be noted that a capacity of 596 MW was added in 
2023, while the European countries with the highest added hydropower capacity in 2023 have been Turkey 
(+399 MW), Austria (+120 MW), Germany (+91 MW), Norway (+90 MW) and Finland (+5 MW). As illustrated 
in Figure 4, the top 10 European countries ranking by total installed hydropower capacity are Austria, France, 
Germany, Italy, Norway, Portugal, Spain, Sweden, Switzerland, Turkey. [3]

Figure 4: Top 10 European countries ranking by total installed hydropower capacity

3.1.1 Poland

Currently in Poland there are 771 run-of -river hydropower plants of which 761 are small hydropower plants 
with installed capacity amounts below 10 MW [5]. The total power of run of the river hydropower plants is 
937 MW. The largest installed capacity is in the pumped storage hydropower plants, whose total installed 
capacity is 1433 MW. Poland ranks far in Europe in terms of installed capacity and production of electricity 
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by hydropower plants. In recent years, the development of large hydropower plants has stopped mainly due 
to environmental and economic reasons. 

A 2023 study suggested that Poland is currently only using around 15% of its total hydroelectric power 
capacity. Poland currently has 786 hydroelectric power plants, the vast majority of which (705) are relatively 
small, generating no more than 1 MW. Many of the smaller power plants are privately owned by small firms 
and family businesses, with the bigger ones owned by major electricity producers or the state [6].

There are three main substantive divisions within the State Water Management Authority Wody Polskie at 
all levels of the structure: Flood and drought protection division, Water services division, Water Environment 
Management Division. Accordingly, electric power generation is not the top priority and underlies strict 
regulations.

Overall, the hydropower market in Poland is projected to grow by 3.91% (2024-2028), resulting in a market 
volume of 2.32 billion KWh in 2028 [7].

Figure 5: Percentage of annual share of electricity production by hydropower in Poland1

Focusing on the Polish demo site, h/a. The main 
characteristics of the plant are presented below:

General characteristics
Year of operation 66 years, in operation since 1958
Recent renovations general overhaul of turbine set TZ1 and turbine set TZ4
Type of plant Run of the river HPP
Annual production 45000 MWh
HPP installed capacity 10 MW
Number of turbines/type of turbines 4 Kaplan turbines manufactured by CKD, 2430 kW each
Number of generators 4 synchronous generators
Volume of water managed/ inflows/ 
outflows

nominally 4x60m3/s

1 This and the following figures of share of electricity productions per country were created using data by EMBER 
available here: https://ember-climate.org/data-catalogue/yearly-electricity-data/
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Capacity of reservoir, if any no reservoir, no authority by TEE for water level regulation

A more detailed description of the demo site and the surrounding area is presented in D-HYDROFLEX 
deliverable D6.1.

It is estimated that 5% of additional power can be produced by renovating the demo plant while 3% of 
additional power can be produced by digitalising processes and the equipment in the demo plant. The 
renovation estimate is based on preliminary CFD calculations and our prior experience from working with 
similar Kaplan machines in PWR TEE cooperations. The turbine design is approximately 50 years old, and 
past maintenance has been limited to repainting and surface sanding, with no hydraulic redesign. Although 
based on limited documentation, the preliminary CFD calculations already indicated efficiency 
improvement potential. Assuming a modern Kaplan hydraulic design, installation of a new generator, and 
the implementation of a modern power-electronic based excitation system, a 5% increase in production is 
considered a safe and realistic estimate. The digitalisation estimate is supported by operational analyses 
and energy balance considerations. For example, calculations for the nominal operating parameters (Q = 
240 m³/s, H = 5.08 m, P = 8.84 MW) show an annual production of about 47,984.7 MWh when assuming an 
overall efficiency of 0.74. A comparison with water flow measurements and actual power production 
indicates that there is clear room for improving utilisation of available water resources. This supports the 
potential of optimising operation through advanced monitoring and digital twin based control. 
Furthermore, extending the measurement chain to include parameters such as flow, vibration, and 
temperature, as well as updating the Kaplan efficiency surface (guide vane and blade angle combinations), 
is expected to enhance optimisation. On this basis, a 3% gain from digitalisation is considered a reasonable 
and conservative estimate.

In terms of flexibility services, the demo plant can provide support of voltage levels through reactive power 
generation and active power reduction.

3.1.2 Romania

currently used, while the estimated additional potential counts for more than 9 GW. Hydropower covers 
more than 25% of electricity production in a normal hydrologic year. During long-lasting droughts (such as 
2003, 2007), the electricity deficit in the system must be covered by energy produced from coal, which puts 
pressure on coal production and the electricity price [8].
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Figure 6: Percentage of annual share of electricity production by hydropower in Romania

Focusing on the Romanian demo site, Bratia HPP electricity production in 2023 was 5,817,702 KWh. The 
main characteristics of the plant are presented below: 

General characteristics
Year of operation in operation since 2013
Recent renovations Not applicable
Type of plant Run of the river HPP
Annual production 4,55 GWh
HPP installed capacity 1,56 MW
Number of turbines/type of turbines 2 Pelton turbines, with installed capacity of 503kW and 

1087kW respectively
Number of generators 2 generators: Three-Phase Synchronous Alternator
Volume of water managed/ inflows/ 
outflows

DN800 water supply

Capacity of reservoir, if any Not applicable

A more detailed description of the demo site and the surrounding area is presented in D-HYDROFLEX 
deliverable D6.1.

Based on the multi-yearly data available on the Bratia HPP consumption and availability, it is estimated that 
10% of additional power can be produced by renovating the demo plant, with new generation turbines or 
reducing inflow water losses. The Bratia HPP does provide voltage control since the turbine performance 
can be manually adjusted, so it is estimated that another 10% can be produced by digitalising processes to 
improve existing equipment operation, reduce energy losses and improve equipment availability thus 
improving performance. There is no support or payment for these services in Romania since any such 
flexibility services would most likely fall under legal obligations to properly operate the HPP.

3.1.3 Spain

H
generation in 2021. In the power generation mix in 2022, renewable power is the dominant source followed 
by thermal, nuclear, and large hydro and pumped storage. Installed capacity is forecast to increase from 
2022 to 2035, at which point hydropower is expected to account for 10% of total installed generation 



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 23

capacity. Large hydropower capacity rose during 2010 to 2021 at a CAGR of 0.62%[9]. Hydropower is a 
mature technology in Spain, and there are no major capacity additions planned except for pumped storage 
projects which will enable to supply electricity during peak demand periods[10].

Figure 7: Percentage of annual share of electricity production by hydropower in Spain

Focusing on the Spanish demo site, Salto de Touro HPP has an average annual electricity production of
38461 MWh. The main characteristics of the plant are presented below: 

General characteristics
Year of operation In operation since 2008
Recent renovations The HPP began operating in 2008, when it began monitoring 

approximately 80 variables related to its operation, using PLCs, 3G and 
satellite connections, and duplicated databases both locally and in the 
cloud. As of September 2022, the number of monitored variables will 
increase to about 500, so that the control of HPP is more exhaustive.

Type of plant Run of river
Annual production 38,5 GWh
HPP installed capacity 12 MW
Number of turbines/type of 
turbines

2 Kaplan vertical axis turbines

Number of generators 2 Synchronous
Volume of water managed/ 
inflows/ outflows

Concessional flow: 60 m3/s

Capacity of reservoir, if any None

A more detailed description of the demo site and the surrounding area is presented in D-HYDROFLEX 
deliverable D6.1.

It is estimated that 0.5% of additional power can be produced by renovating the demo plant while 1.3% of 
additional power can be produced by digitalising processes and the equipment. The modernization of 
electromechanical equipment, such as turbines and generators, allows for a reduction in mechanical and 
electrical losses, which translates into a slight improvement in the energy efficiency of the production group. 
Current technologies incorporate improvements in blade design, more durable materials, and optimized 
cooling systems. However, in the case of existing plants, the potential for improvement is conditioned by 
the physical limitations of the infrastructure and the need to maintain compatibility with the rest of the 
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systems. We estimate that, with the same turbine flow and net head, we have lost 0.5% of production 
(average across the entire operating range) since the hydroelectric plant was commissioned. This 
production could be recovered by replacing equipment such as the turbine and generator, assuming they fit 
into the same civil structure.

Digitization (advanced monitoring, adaptive controls, digital twins, and predictive maintenance) acts on 
operational losses, availability, and near-optimal operation, so it often produces higher percentage gains 
than equipment replacement. In the specific case of the Touro power plant, we estimate that if we adapted 
the power of the generator set in real time based on the grid voltage, we could achieve production 
improvements of around 1.5%.

The grid voltage monitoring and active power adaptation system would act at times when the power 
generated is lower than the power authorized for the plant, preventing the limit from being exceeded in any 
case.

Mode of operation:

1. The generators in the generating units are limited by the current flowing through their windings.
2. The grid voltage at the Touro Power Plant is 66kV, although like all grids, it suffers from fluctuations 

in its values.
3. In specific cases, the grid voltage exceeds 66kV, so for the same generation power, the current in 

the generator windings decreases.
4. This margin in the current of the generator windings can be used to increase the power generated.
5. We estimate that the increase in production achieved is close to 2.5%.
6. Upward fluctuations on grid occur approximately 60% of the time.
7. The estimate assumes that a 2.5% gain in production 60% of the time will result in an overall 

improvement of 1.5%.
It should be noted that the improvements resulting from both the renovation of main equipment and the 
digitization of processes must always be interpreted within the regulatory framework of the facility. In 
particular, the plant may not exceed the maximum power granted in its administrative authorization and 
concession for use under any circumstances. Therefore, the estimated percentage increases (+0.5% and 
+1.5%) refer to an improvement in efficiency and in the power actually available up to the authorized limit, 
not to an increase in the nominal installed power. In practice, these optimizations allow the plant to operate 
closer to its concession capacity, reducing losses and improving energy resource management, but without 
changing the official power value recognized in the concession. This same plant cannot vary the river's flow 
rate at certain times of the day and will always follow the operating guidelines imposed by the river's flow 
demodulator system.

In terms of flexibility services, Spanish legislation, in fact, only provides for penalties in the case of excess 
reactive energy being fed back into the grid.

3.1.4 France

generation in 2021. Installed capacity is forecast to increase from 2022 to 2035, at which point hydropower 
is expected to account for 12% of total installed generation capacity. Large hydropower capacity rose during 
2010 to 2021 at a CAGR of 0.12%. It is expected to register a flat growth during the forecast period[11].
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The complete production costs of the hydropower industry vary according to many criteria: the 
characteristics of the facilities, the power installed, the height of the chutes, or the hydrology of the sites. 
The total turnover of the hydraulic energy sector in France peaked in 2014 with over 4.5 billion euros. In 
2022, the revenue of the sector amounted to 3.6 billion euros[12].

As illustrated in Figure 8, the annual share of electricity produced by hydropower in France remains relatively 
stable in the last years.

Figure 8: Percentage of annual share of electricity production by hydropower in France

Focusing on the French demo site, Mauzac HPP has an average annual electricity production of 60.8 GWh.
The main characteristics of the plant are presented below: 

General characteristics
Year of operation 1924
Recent renovations New fishway at the dam
Type of plant Run of River HPP
Annual production 60.8 GWh
HPP installed capacity 13.2 MW (280 m3/s)
Number of turbines/type of turbines 5 Francis Turbine (55 rpm) 1 Kaplan turbine
Number of generators 6
Volume of water managed/ inflows/ 
outflows

0.8 Mm3

Capacity of reservoir, if any 7.5 Mm3

A more detailed description of the demo site and the surrounding area is presented in D-HYDROFLEX 
deliverable D6.1.

3.1.5 Greece 

Greece currently operates 18 hydropower plants, with a combined capacity of 3501.0 MW. Notable plants 
include the Kremasta plant (437 MW) and the Thisavros plant (384 MW) in East Macedonia and Thrace [13]. 

. In 2023, 
hydropower capacity in Greece amounted to 3,427 MW, up from 3,421 MW in the previous year [14]. As of 
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power generation. 
generation capacity [15].

Installed capacity is forecast to increase from 2022 to 2035, at which point hydropower is expected to 
account for 9% of total installed generation capacity. Large hydropower capacity rose during 2010 to 2021 
at a CAGR of 0.57%. It is expected that large hydropower will grow at a CAGR of 0.53% during 2021-2035[16].

Figure 9: Historic and forecasted hydropower generation capacity in Greece for the period 2010-2035

The annual share of electricity production by hydropower in Greece ranges from 7 %to 11% the last 4 years 
as illustrated in the following figure:

Figure 10: Percentage of annual share of electricity production by hydropower in Greece

The largest Greek power producer, PPC, obtained an electricity storage permit for a pumped storage 
hydropower project at an open-cast lignite mine in Kozani in northern Greece. The proposed facility with 

than 1.6 
GW[17]. Focusing on the Greek demo site, Ilarion HPP produces annually on average 330 GWh, Platanovrisi 
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240 GWh and Kremasta HPP 848 GWh/a. The main characteristics of the Platanovrisi and Ilarionas plants 
are presented below: 

General characteristics Platanovrisi Ilarionas
Year of operation In operation since 1999 In operation since 2014
Recent renovations No recent renovations No recent renovations
Type of plant Impoundment Impoundment
Annual production 240 GWh 330 GWh
HPP installed capacity 108 165 MW
Number of turbines/type of 
turbines

2 Francis turbines 2 Francis turbines

Number of generators 2 2
Volume of water managed/ 
inflows/ outflows

Volume of water managed: 
450 million m3

Volume of water managed: 402.2 million 
m3

Inflow average: 1029 million m3

Outflow: 859 million m3

Capacity of reservoir, if any 450 million m3 402.2 million m3

A more detailed description of the demo sites and the surrounding area is presented in D-HYDROFLEX 
deliverable D6.1.

For Ilarionas plant, it is estimated that 2%-4% of additional power can be produced by renovating the demo 
plant while no additional power can be produced by digitalising processes and the equipment. For Kremasta 
plant, the estimations indicate that 10% of additional power can be produced by renovating the demo plants 
while 2%-5% of additional power can be produced by digitalising processes and the equipment. For 
Platanovrisi plant, the changes in production would be negligible.

been carried out in several of its hydroelectric power plants (HPPs) in recent years. Moreover, they are 
consistent with international benchmarks and scientific literature, as demonstrated in the publication 

[3].

According to this study, both renovation and digitalisation can lead to substantial energy gains. A summary 
of the main findings is provided below:

a) Renovation (turbines & generators): Typical interventions include runner replacement, wicket gate 
refurbishment, draft tube renewal, generator rewinding, and auxiliaries upgrade resulting in higher 
weighted efficiency across part-load and full-load operation.

Indicative annual generation gains (%):

Francis fleets after full electro-mechanical modernisation: +4 6% weighted efficiency; EU-

High-head plants (when head-loss refurbishment of waterways is included, e.g. 
penstock/tunnel smoothing or lining): typically +5%, with reported cases up to ~+11%.
Additional renovation of waterways alongside turbine/generator upgrades: extra ~+3 5% 
energy gain.
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b) Digitalisation (process & equipment upgrades): Typical measures include advanced dispatch and unit 
commitment, optimal load-sharing between units, improved governors, condition monitoring, short-
and mid-term inflow forecasting, and spill minimisation.

Indicative annual generation gains (%):

Operations optimisation alone (efficiency, load-
Incorporating high-quality inflow forecasting and smarter reservoir scheduling (reduced 
spill): +3 8% typical, best-case ~+10 11% (site-specific).

It should be noted that the percentages above refer to annual energy gains (i.e., additional energy produced 
over a year). Increases in installed capacity (MW) are generally negligible from electro-mechanical renewal 
alone, unless accompanied by civil/hydraulic upgrades (e.g., new waterways, reduced head losses). Such 
interventions can increase peak MW output by ~+5 10% or more but

In terms of flexibility services, the Greek demo plants could possibly provide inertia, frequency control, 
voltage control and congestion management, however only at a local level. Regarding support and payment 
for such ancillary services, the legal framework is under development, but not yet functional.

Summarizing the role that hydropower plays in the energy mix of the D-HYDROFLEX demonstration 
countries

within the same range of 5 to 15%. 

Figure 11: Share of electricity production from hydropower in the D-HYDROFLEX demonstration countries
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The additional power that can be produced in each D-HYDROFLEX demo HPP by renovating the plant either 
or by demonstrating its processes ranges from 0.5% to 10% according to the individual characteristics of 
each plant. This is depicted in Figure 12. 

Figure 12: Percentage of additional power that can be produced by renovating the plant and by digitalising processes and 
equipment in the D-HYDROFLEX demo plants

Moreover, the following table summarizes what kind of flexibility services can each power plant provide 
through a market-based framework.

Table 1: Flexibility services that can be provided by the demo HPPs through a market-based framework

Pilot site Service Product Can it be procured 
through a market?

Is there appropriate support and 
payment for the provision of these 

services?

Bratia Voltage 
control

Reactive 
power No

There is no support or payment for 
these services in Romania since any 
such flexibility services would most 
likely fall under legal obligations to 

properly operate the HPP.

Salto de 
Touro

Voltage 
control

Reactive 
power No

Spanish legislation, in fact, only 
provides for penalties in the case of 

excess reactive energy being fed 
back into the grid.

Ilarion

Inertia and 
congestion 

management 
only at local 

level

Active 
power No

Regarding support and payment for 
such ancillary services, the legal 

framework is under development, 
but not yet functional.

Kremasta

Inertia, 
congestion 

management, 
voltage 

Active 
power No

Regarding support and payment for 
such ancillary services, the legal 

framework is under development, 
but not yet functional.
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control and 
frequency 

control

Platanovrisi
Inertia and 

voltage 
control

Active 
power No

Regarding support and payment for 
such ancillary services, the legal 

framework is under development, 
but not yet functional.

Voltage 
control

Active 
power, 

reactive 
power

No

There is a legal framework, and 
agreement with the distribution 

system operator regarding voltage 
level and power generation 

regulation but not on the financial
level.

Mauzac N/A2 N/A N/A N/A

3.2 Current challenges and new technological opportunities

In this section, the new technological opportunities arising in the hydropower sector are identified by 
identifying the challenges and the barriers that hinder the digitalisation of the hydropower plants and limit 
the potential of hydropower sector to provide flexibility.

Table 2 summarizes the key challenges encountered in the hydropower sector, as extracted by the desktop 
review. These challenges can be categorized into four high-level categories based on the aspect of the 
hydropower plant operation each one addresses:

Market: these challenges are related to the integration of hydropower energy services in the 
modern power markets, as well as to the investments needed for the hydropower plants 
construction and refurbishment.
Modelling challenges: these challenges are related to the quality and the adequacy of data, as 
well as to the modelling processes for different functions of the plants.
Environmental sustainability: these challenges are related to adhering to environmental 

Infrastructure: these challenges are related to the operation and maintenance of the plant from 
a more technical perspective.

Table 2: Key challenges encountered in the hydropower sector

Category Key 
Challenge Description Source

Infrastructure
Constraints 
on Reservoir 
Use

Use of reservoirs is limited by (i) changes in hydrological 
conditions, (ii) environmental restrictions, (iii) and the 
multipurpose nature of reservoirs (like irrigation, flood 
control, and water supply).

[1]

Infrastructure Complexity 
of 

Complicated nature of hydrological systems, individuality of 
the reservoir, changes in reservoir volumes due to [1]

2 Not applicable since the focus of this demo site is fish monitoring.
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Hydrological 
Systems

sedimentation make storage estimations challenging and 
inaccurate.

Market 
Perspective

Low rewards 
for flexible 
benefits 

Even though HPP offer essential energy services (e.g., 
inertia, reactive power, voltage control), many 
regions/countries often face problems with insufficient 
support and payment for these services.

[1]

Modelling 
Challenges 

Env. 
constraints & 
Data 
availability 

In most cases, enough data are not available to adequately 
model the env. constraints. These include data on specific 
plants to fully represent the different capabilities of 
individual facilities instead of groups of facilities, data on all 
aspects of facilities including reservoir levels and generator 
outputs, and data covering a temporal range that is large 
enough to capture all likely hydrological conditions.

[18]

Environmental 
Sustainability

Env. 
Constraints

Environmental considerations for dams include impacts on 
aquatic species and erosion. These issues place constraints 
on hydropower operation, including limitations on the 
minimum amount of water that must be released, reservoir 
level restrictions, and flow rate requirements.

[18]

Environmental 
Sustainability

Water 
Quality

Operators should ensure that water quality standards are 
met, balancing chemical, physical, and biological 
characteristics of the water, crucial for environmental health 
and economic activities.

[18]

Environmental 
Sustainability

Regulatory 
Constraints

Ensuring that any refurbishment of the hydropower plant 
and use of innovative technologies follows the constraints 
posed by the regulations can be challenging.

Refer 
to 

Table 3

Infrastructure

Equipment 
efficiency 
and 
maintenance

Keeping HPP efficient operational involves regular 
maintenance of turbines, generators, and other mechanical 
parts. This can be challenging, especially in remote locations
or for older facilities needing more frequent repairs.

[19]

Environmental 
Sustainability

GHG 
emissions 

Greenhouse gas emissions from reservoirs due to the 
decomposition of organic material (algae, etc.). [19]

Infrastructure Ageing 
Infrastructure 

Many hydropower plants are old and require significant 
investments for upgrading to modern standards in terms of 
efficiency and environmental impact.

[20]

Market 
Perspective

HPP 
Development 
& 
Construction 
Related

Despite minimal technology risks, pumped-storage 
hydropower (PSH) face significant development and 
construction challenges, including long construction times 
and broad permitting and environmental assessment 
procedures.

[1]

To address these challenges, technological advancements in hydropower technology can be employed, 
while new policies and regulations to promote renewable energy development are discussed. Some of these 
technological advancements are digitised plant operations and predictive maintenance, digital twins, 
unmanned vehicles and robotic inspection, forecast models (environmental, meteorological, water flow, 
market, assets etc). The energy storage and the hybridization of hydropower plants also attract increasingly 
more attention.[21]
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This information formed the basis for our survey on hydropower digitalization trends and barriers, the 
results of which are presented below. In this survey, 40 responses were received in total with 47.5% of the 
respondents not working in D-HYDROFLEX project. Most of the respondents were either researchers or 
hydropower plants operators active within Europe. We received a few responses also from people 
professionally active in Georgia and Latin America. The profile of the respondents is illustrated in Figure 13.

Figure 13: Profile of respondents of D-HYDROFLEX survey

In the question related to assessing the impact of employing digital solutions on the HPP operation, it is 
evident that most of the respondents (78%) consider that equipment condition monitoring and maintenance 
will be impacted the most. Around half 0f them believe that reservoir management, water quality 
monitoring and generation, flow and weather forecasting will be highly impacted, while sedimentation 
management and fish migration monitoring will be impacted moderately. Monitoring GHG emissions from 
reservoirs seems to be perceived as impacted less than the other operation activities, since 38% of the 
respondents indicated the impact as low and 35% as moderate. Figure 14 illustrates the respective results.
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Figure 14: Level of positive impact that employing digital solutions will have on HPP operation

Other aspects of the plant operation that the respondents highlighted as impacted by employing digital 
solutions are irrigation monitoring, control automation and control of hydroelectric power plants across 
property and national borders, failure detection, monitoring of inland navigation, condition monitoring of 
civil structures, i.e. water filled outlet tunnels etc., automatic operation, environmental flow to reduce the 
impact of hydropeaking and to manage water temperature (downstream the HPP), safety and hybridization 
with other RES and/or smart grids ready. 

One respondent also indicated that "The generation patterns (daily curves) of HPP may be influenced in the 
future by the impact increasing share of volatile PV generation as the hosting capacity of the distribution grid is 
limited. Digitalization and supervision of HPP components will potentially make prescriptive maintenance more 
common, e.g. the operation of HPP will depend on the predicted condition of sub-systems."

The next question was to indicate the priority level that employing emerging technologies should have for 
digitalising hydropower plants. The 70% of the respondents highly prioritized forecast models for 
production, water and weather and the 65% prioritized the algorithms for condition monitoring and 
predictive maintenance. In third place in terms of priority, came the digital twins with the 48% assessing 
them as high priority. Around half of the respondents indicated unmanned vehicles and robotic inspection 
and sensors for environmental monitoring and fish migration as moderate priority (45% and 50% 
respectively). Figure 15 illustrates the respective results.
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Figure 15: Priority level for employing emerging technologies for digitalising HPPs

When asked to rate the relevance of specific barriers in hindering HPP digitalization from 1-5 (where 1 means 
not relevant and 5 extremely relevant), the high upfront cost seems to be the most relevant for respondents 
with 66% rating it in the scale of 4 and 5. Lack of expertise and distrust towards digital solutions in terms 
data handling and security are rated as relevant mostly in the scale of 4 and 3, while time consuming 
procurement processes, low benefits for the HPP operation and unavailability of sufficient technical 
documentation are mostly rated as relevant in the scale of 3 and 2. Figure 16 illustrates the respective results.

Figure 16: Relevance of barriers hindering HPP digitalization
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Other barriers towards the HPP digitalization that were highlighted by the respondents were legislation 
restrains, lack of mature practices in the company regarding digitalization and lack of specific funding 
schemes or calls for this purpose. Other indicated barriers were the different lifetime of a power plant and 
the digital systems, the rapidly changing operating systems and the associated costs, as well as the high 
effort for integration of digitalization solution into customer-specific data/software/platform infrastructure. 
It was also stated that as HPP are seen as mature and well developed in terms of technology, there is no 
immediate and apparent need for digitalization. Although the benefits are undisputable, even without 
digitalization HPPs are still operational.

In the question which of the following measures you think that can be more effective in incentivizing 
hydropower plants digitalization and refurbishment, 71.1% indicated training personnel in new 
technologies, 52.6% the establishment of support schemes such as tax incentives and market premiums, 
while 55.3% indicated the establishment of technology hubs for bringing together HPP operator and IT 
providers. Long-term loans from commercial banks, was the least voted measure deemed as effective in 
incentivising Figure 17 illustrates the respective results.

Figure 17: Measures for incentivising HPP digitalisation

Figure 18 illustrates the results, when we asked the respondents to rate the relevance of specific barriers in 
hindering the deployment of hydropower flexibility technologies (i.e., technologies that allow more flexible 
generation and operation such as hybridization with H2, turbine digital twins, real-time monitoring) from 1-
5 (where 1 means not important and 5 means extremely important). 51% of the respondents indicated the 
complex decision-making (e.g., complexity in deciding which aspects of HPP facilities to enhance), 46% 
indicated the uncertain revenue streams and 40% the lack of expertise as important in the scale of 4. 
Moreover, 33% rated permitting and environmental compliance in the scale of 3-4, 38% rated aging 
infrastructure in the scale of 4 and 35% rated the risk perception (e.g., new technologies are perceived as 
riskier) in the scale of 3. Lack of market standardisation, competing technologies and expiring licenses are 
rated as less important by the respondents compared to the other barriers.
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Figure 18: Relevance of barriers hindering the deployment of hydropower flexibility technologies (i.e., technologies that 
allow more flexible generation and operation)

One respondent also highlighted that small HPPs need a long time for the amortization of all expenditures 
related to the investments making the introduction of new technologies not so attractive.

Regarding the hydropower hybridization concepts that will have the highest growth in the next 5 years, 
almost half of the respondents indicated pairing with battery energy storage systems (BESS), 20.5% pairing 
with floating PV, 15.4% indicated the pairing with hydrogen storage and 10.3% the pairing with wind 
production. A 7.7% indicated other hybridization trends such as hydro storage with two reservoirs, reversible 
pumping-storage plants and small scale, modular Pump as Turbine (PaT) plants. Figure 19 illustrates the 
respective results.

Figure 19: Hydropower hybridization concepts that will have the highest growth in the next five years
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This chapter provides a general overview of the EU directives that apply at some extent to hydropower plant 
operation. The types of regulations that hydropower plants are subject to may influence their choices in 
refurbishing their plants and in using innovative solutions. In addition, this chapter analyses the regulatory 
barriers and policy gaps identified in the D-HYDROFLEX demonstration countries showcasing how they can 
impact the uptake of the solutions. 

4.1 EU regulatory frameworks overview

The hydropower energy sector is at the epicentre of several EU Directives, addressing both market 
-

cutting relevance poses it at the centre of several debates, funding programs and challenges within the 
Water-Energy-Food-Ecosystem (WEFE) nexus.

The legal and permitting procedure for the development, operation and maintenance of hydropower plants 
is very well dependent on their specific technology and can be categorized as:

1. Run-of-River (RoR) projects using the natural flow of water bodies and with limited storage capacity 
(if storage capacity is below the mean daily inflow, the reservoir is often considered a RoR);

2. Storage Power Plants (SPP) projects that are facilities that store water in reservoirs behind dams 
and that can modulate the flow released downstream. The reservoirs can be either artificial or can 
exploit existing lakes;

3. Pumped Hydropower Storage (PHS) installations: besides storage power plants, their main 
procedure is the bulk electricity generation and water storage for power systems, composed of two 
water bodies (generally, two reservoirs, or a river as lower reservoir) that are connected by a turbine 
and pump system. PHSs are pumping the water in an upper reservoir in periods of low energy 
demand and then they are using it to produce electricity by releasing water to the lower reservoir 
through the turbines. The reservoirs of closed-loop PHS stations (also known as pure PHS) are not 
connected to natural watercourses and do not utilise natural (river) inflows. Mixed PHS stations (also 
known as pump-back facilities), utilise natural inflows from rivers, creeks and groundwater in 
addition to the pumped water in the upper reservoir; and

4. Hidden Hydropower in water infrastructures for supply, transport and treatment: diversion 
schemes that utilize the available energy in conveyance systems, e.g., water distribution, irrigation 
and sewage networks.

National regulatory regimes for hydropower plants also differentiate the rules in terms of their capacity. 
Hydropower stations are distinguished in large-scale and small-scale, with a typical threshold being an 
installed power capacity of 10 MW (variations exist). For example, in Greece the regulation for hydropower 
power plants up to 15MW is the same as the rest of the renewable plants, while higher capacity hydro plants 
are following the regulation for dispatchable plants [21]. Small hydropower plants can go down to mini, 
micro and pico-hydropower referring to installed power below 1 MW, 100 kW and 5 kW, respectively. 
Additionally, hydropower can be classified, depending on the head, into high head, middle head, low head 
and very low head. Although a clear definition does not exist, it is reasonable to define a very low head when 
the head is below 5 m (2.5 m in certain cases 2), low head below 50 m, middle head between 50 m and 100 
m, and high head above 100 m [23].
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Hydropower is a renewable and flexible energy source, and its flexible operation and storage capacity allow 
to integrate the volatile energy production of wind and solar power plants, ensuring grid stability and 
ancillary services. Therefore, hydropower plays a key role in the long-term decarbonisation scenarios (i.e., 
the Sustainable Development Scenario and the Net-Zero Emissions Scenario by 2050), contributing to reach 
the renewable energy targets set in the Renewable Energy Directive (Directive 2009/28/EC, REPowerEU). 

The Renewable Energy Directive comprises the driving legal framework for the development of clean 
energy across all sectors of the EU economy, enhancing also the cooperation between all EU countries 
towards this target. Since the initial introduction of the Renewable Energy Directive (2009/28/EC), the share 
of renewable energy sources in EU energy consumption has increased from 12.5% in 2010 to 23% in 2022. 
As reported by Eurostat [24] , Sweden had the highest share of renewables in its consumption (66%), ahead 
of Finland (47.9%) and Latvia (43.3%).

The EU is already a global leader on renewable technology development and deployment, while its 
competitiveness on global renewable energy markets could be further enhanced, following specific 
pathways for technological innovation and excellence for the renewable energy industry. Hydropower 
modernization and hybridization with other renewable technologies like floating PVs can significantly 
promote more efficient use of land and savings on grid connection costs, by maximizing the usage of 
existing hydropower site for generating clean energy. 

The EU regulatory framework should intervene to simplify the permitting process for developing 
hydropower projects and renewable energy installations in general, shorten and provide higher certainty 
around the permitting timeline. This could be done through preparation of EU guidance to ensure the proper 
transposition of relevant articles under the REDII and the Electricity Market Directive on permit-granting 
process and grid connection. These are highlighted in a report published by the EC [25], that emphasizes on 
introducing the so- - an ad hoc notification mechanism for industry stakeholders 
and dialogues between the Commission and national/local permitting authorities - can help identify and 
remove unnecessary regulatory obstacles affecting the permitting process.

Under the European Green Deal, renewable energy is a pillar of the clean energy transition. It comes at a 
low cost and is home-
level of ambition on increasing the share of renewables in its energy mix and the measures needed to 
achieve this are regularly revisited.

Based on statistical data, the European hydropower reservoirs can store around 440 billion m3 of water, 25% 
of them for multipurpose water use, while amongst the 6,062 large dams, 2,743 store water for hydropower 
generation [26]. Multipurpose reservoir plants can serve the society with important additional functions, 
often more important than electricity generation itself: irrigation and drinking water provision, flood and 
drought risk management, river navigation and recreation, firefighting, fishing, leisure. These elements are
providing civil society and citizen communities with greater resilience towards climate change impacts. 
However, a major challenge with multipurpose reservoirs is sharing water, costs and impacts amongst 
competing users, and to define user priorities. To address this topic, EDF (Electricité de France) and the 
WWC (World Water Council) have cooperated and worked on a program to develop the SHARE concept 
framework for multi-purpose hydropower reservoirs in order to achieve a higher sustainability. The purpose 
of SHARE is to maximise the benefits of the multi-purpose use of hydropower reservoirs by considering the 
principles of (i) Shared resource, (ii) Shared rights and risks, (iii) Shared costs and benefits [27].
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Another challenge for the hydropower sector is to pursue energy, climate and environmental targets at the 
same time. Sustainable hydropower needs to achieve a good balance between electricity generation, social 
benefits and impacts on the ecosystem and biodiversity. The achievement of a trade-off has been the aim 
of several discussions and studies [28]. Mitigation and sustainable solutions must be implemented, for 
example ecological and more environmental-friendly solutions, both at the planning/management level and 
during the construction and O&M stage[29] (e.g., more fish friendly turbines, racks to avoid fish passage 
through the turbine, efficient fish passages, better sediment management and hydropeaking mitigation 
measures [30]). At the planning/management level, an integrated approach is essential to reach a holistic 
view of the river basin, for example for selecting the optimal power plant location [31]. It is necessary to 
identify all stakeholders and engage them in the early stages to participate on a voluntary basis to the 
dialogue. The involvement of local citizens is important, also for small hydropower plants. A survey 
conducted throughout the EU claimed that ROR plants should be managed as distributed generation rather 
than viewed as part of a centralized national system like traditional large-scale.

On the other hand, barriers (not necessarily for hydropower purposes only, but also for, e.g., irrigation and 
industrial use) in freshwater systems are perceived as a source of impact in the Water Framework Directive 
(Directive 2000/60/EC), which is aimed 
aquatic environment. The impacts associated to barriers can be of different types, e.g., hydrological and 
morphological alterations, interruption of river continuity and impoundments, amongst others, and 
hydropower turbines may cause damages to fish (new hydropower developments in existing barriers and in 
water infrastructures, and new design concepts, can mitigate these impacts).

The main EU regulatory frameworks applying at some extent to hydropower plant operation are:

Water Framework Directive
Groundwater
Surface Water
Environmental Quality Standards
The Habitats Directive
The Birds Directive
Marine Strategy Framework
Environmental Impact Assessment Directive
Strategic Environmental Impact Assessment Directive
Environmental Liability Directive
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Table 3: Summary of directives applying at some extent to hydropower plant operation

Regulation 
name Directive Description Objectives Source

Directive 
2000/60/EC

The Water Framework Directive 
focuses on ensuring good qualitative 
and quantitative health, i.e. on 
reducing and removing pollution and 
on ensuring that there is enough water 
to support wildlife at the same time as 
human needs.

It requires Member States to use 
their River Basin Management 
Plans (RBMPs) and Programmes 
of Measures (PoMs) to protect 
and, where necessary, restore 
water bodies in order to reach 
good status, and to prevent 
deterioration. Good status 
means both good chemical and 
good ecological status.

[32]

Directive 
2006/118/EC

Groundwater provides the steady base 
flow of rivers and wetlands, being of 
utmost importance for these natural 
ecosystems, and it is at the same time 
the main source of water for human 
consumption, agriculture, industry and 
tourism. As groundwater moves 
slowly, the impact of human activities 
lasts for a relatively long time, 
meaning that pollution that occurred 
some decades ago is still threatening 
groundwater quality today. The 
accumulation of some pollutants will 
continue for several generations to 
come. Remediation of groundwater to 
remove pollutants is very difficult, as is 
locating and measuring the presence 
and impacts of pollution on 
groundwater. This leads to a lack of 
awareness and evidence on its extent. 
Groundwater resources are also under 
increasing pressure from water 
abstraction and climate change.

preventing and limiting 
groundwater pollution, (ii) 
ensuring that a sufficient 
quantity of good quality water is 
available for people's needs, the 
economy, and the environment, 
(iii) sustainably managing 
groundwater resources and 
preserving the natural 
ecosystems dependent on them, 
(iv) assessing groundwater 
bodies with the aim of achieving 
good chemical and quantitative 
status

[33]
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Together with the Environmental 
Quality Standards Directive and the 
Groundwater Directive, it applies to 
inland, transitional and coastal surface 
waters, as well as groundwaters. It 
ensures an integrated approach to 
water management, respecting the 
integrity of entire ecosystems, 
including by regulating individual 
pollutants and setting corresponding 
regulatory standards.

The EU aims to ensure that all 
surface water bodies achieve 
good ecological and good 
chemical status. For the former, 
surface waters must respect 
certain minimum levels of so-
called quality elements, including 
biological, hydromorphological, 
physico-chemical (including 
nutrients) and general quality 
elements. For good chemical 
status, surface waters must meet 
minimum quality standards for 
selected pollutants and must 
reduce or phase out the 
emissions of those substances to 
water.

[34]

Directive 
2008/105/EC

The directive sets environmental 
quality standards for priority 
substances and eight other pollutants. 
These substances include the metals 
cadmium, lead, mercury and nickel, 
and their compounds; benzene; 
polyaromatic hydrocarbons (PAH); and 
several pesticides. Several of these 
priority substances are classed as 
hazardous.

(i) Sets out environmental quality 
standards (EQSs) concerning the 
presence in surface water of 
certain substances or groups of 
substances identified as priority 
pollutants because of the 
significant risk they pose to or via 
the aquatic environment. These 
standards are in line with the 
strategy and objectives of the 

(Directive 2000/60/EC). 
(ii) It repeals Directives 
82/176/EEC, 83/513/EEC, 
84/156/EEC, 84/491/EEC and 
86/280/EEC with effect from 22 
December 2012.

[35]
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Directive 
92/43/EEC

Europe has a stunning diversity of wild 
animals, plants and habitats, many of 
which are not found anywhere else in 

natural heritage has been lost over the 
years due to urban sprawl, intensive 
agriculture, forestry and fisheries, 
pollution, and other human activities. 
This has led to the large-scale 
disappearance and degradation of 
many valuable natural areas and the 
species that live in them. Today, over a 

at risk of extinction.

priorities, as outlined in the EU 
biodiversity strategy for 2030. 
Biodiversity is not only important in its 
own right; it is also essential for our 
economy and well-being.

The Habitats Directive aims to 
protect over a thousand species, 
including mammals, reptiles, 
amphibians, fish invertebrates, 
and plants, and 230 characteristic 
habitat types.
The overall objective is to ensure 
that these species and habitat 
types are maintained, or 
restored, to a favourable 
conservation status within the 
EU. In addition to halting the 
further decline or disappearance 
of these species and habitats, the 
Directive aims to allow them to 
recover and thrive over the long-
term.

[36]

Directive 
79/409/EEC 
(Repealed 
and replaced 
by D. 
2009/147/EC.

Wild birds form an important part of 
this rich natural heritage. Around 500 
bird species have made Europe their 
home. However, over a third are 
threatened or have a poor 
conservation status.
Habitat loss and degradation are the 
most serious threats to their 
conservation. Urban sprawl and 
transport networks have fragmented 

Intensive agriculture, forestry, and the 
use of pesticides have diminished their 
food supplies, resting places and 
nesting habitats. They are also heavily 
impacted by pollution, unsustainable 
hunting, inadequate building designs 
and illegal killing.

The Birds Directive aims to 
protect all naturally occurring 
wild bird species present in the 
EU and their most important 
habitats. In addition to halting 
the decline or disappearance of 
bird species, the Directive aims 
to allow bird species to recover 
and thrive over the long-term.
To achieve these aims, EU 
countries are required to take 
any necessary measures to 
maintain or restore bird 
populations.

[37]
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Directive 
2008/56/EC 

Unsustainable practices and multiple 
pressures from human activities 
threaten the fragile balance of marine 
ecosystems. Our increased demands 
on the sea for food, shipping as well 
for offshore renewable energy 
production, just to name a few, 
increase the pressure on the marine 
environment. This leads to pollution, 
biodiversity loss, seabed damage, 
overexploitation, spread of non-
indigenous species, marine litter, 
underwater noise, and ocean warming 
and acidification. 
The EU has a holistic framework to 
protect and conserve its coasts, seas, 
and the ocean, and ensure their 
sustainable use.

conserve the health of our coasts, 
seas and ocean is the Marine 
Strategy Framework Directive 
(MSFD). Its aim is to achieve a 
good environmental status of the 
EU's marine waters and 
sustainably protect the resource 
base upon which marine-related 
economic and social activities 
depend. Through the MSFD, the 
ecosystem-based approach 
became a legally binding and 
operational principle for 

environment.

[38]

Directive 
2011/92/EU

Assessment (EIA) Directive 
(2011/92/EU as amended by 
2014/52/EU), major building or 
development projects in the EU must 
first be assessed for their impact on 
the environment. This is done before 
the project can start.
An EIA is required for the various 
projects including dams of a certain 
capacity. 

The EIA procedure guarantees 
environmental protection and 
transparency with regard to the 
decision-making process for 
several public and private 
projects. With its wide scope and 
broad purpose, the EIA ensures 
that environmental concerns are 
considered from the very 
beginning of new building or 
development projects, or their 
changes or extensions. It allows 
the public to actively engage in 
the EIA procedure.

[39]
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Directive 
2001/42/EC

SEA aims to ensure a high level of 
environmental protection and that 
environmental considerations are 
taken into account when preparing, 
adopting and implementing plans and 
programmes.
SEA promotes sustainable 
development by ensuring that 
environmental assessment is carried 
out of certain plans and programmes 
likely to have significant effects on the 
environment. 

are to provide a high level of 
protection to the environment 
and contribute to integrating 
environmental considerations 
into the preparation, adoption 
and implementation of plans and 
programmes to promote 
sustainable development. To 
achieve this, an environmental 
assessment must be carried out 

provisions for plans and 
programmes identified as likely 
to have significant effects on the 
environment. The SEA Directive 
applies to a wide range of public 
plans and programmes, 
including: (i) land use, (ii) 
transport, (iii) energy, (iv) waste, 
(v) agriculture

[40]

Directive 
2004/35/EC

ELD established a comprehensive EU-
wide liability regime for environmental 

-
principle. By making those that have 
caused environmental damage liable 
for remediation, the ELD provides a 
strong incentive to avoid damage 
occurring in the first place. It also 
makes those whose activities threaten 
the environment liable for taking 
preventive action. The ELD supports 
other EU environmental laws that are 
designed to protect the environment.

The overall aim of the ELD is to 
prevent and fully remedy 
damaged natural resources and 
their services to the condition 
that would have existed if no 
damage had occurred.

[41]

4.2 Regulatory barriers and existing incentives in flexibility provision 
in D-HYDROFLEX demonstration countries

In this section, the regulatory barriers and the existing incentives for the participation of hydropower in 
flexibility markets are analysed focusing on the D-HYDROFLEX demonstration countries.

In Poland, there are no national level targets for the refurbishment of existing hydropower plants. The main 
regulatory barriers and policy gaps can be identified in the following aspects: 

Integration with Other Renewable Sources: Poland lacks comprehensive policies that effectively 
integrate hydropower with other renewable energy sources like wind and solar. This gap limits 
the ability to create a balanced and resilient renewable energy mix.
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Weather Forecasting and Plant Output: The policies do not sufficiently address the need for 
advanced weather forecasting systems that can optimize hydropower plant operations. 
Improved forecasting could enhance the efficiency and predictability of energy production from 
hydropower.
Environmental Issues: Environmental regulations related to hydropower are not fully aligned 
with the EU's environmental directives. This includes gaps in the implementation of the EU Eel 
Regulation and measures to prevent the spread of invasive species. Additionally, the 
Environmental Impact Assessment (EIA) processes could be more robust to better protect 
biodiversity and water quality.
Aging Infrastructure: There is a need for policies that specifically target the modernization and 
refurbishment of existing hydropower plants. Aging infrastructure poses risks to efficiency and 
safety, and updating these facilities is crucial for maintaining their viability and environmental 
compliance.

In Romania, national targets or plans to encourage the modernisation and refurbishment of the existing 
hydropower plant fleet in the country are not defined. There are no policies regarding pairing with other 
renewable energy sources or any plan to regulate HPP output in connection with potential weather 
forecasting. These elements are usually analysed by the owner of the HPP before the facility is build. 
However, there have been some environmental policies issued by the environmental authorities (such as 
Natura 2000) which have limited the areas where HPPs can be built. Regulatory barriers (e.g., related to laws 
for historic and cultural preservation or recreational requirements) that can hinder the deployment of new 
technologies and solutions are not applicable for the Romanian demo plant. However, there are regulations 
in place which prohibit the building and operation of HPPs in areas of historical/cultural importance as well 
as limits to the effect of the water flow exploitation to preserve the rivers and surrounding areas.

In Spain, the National Integrated Energy and Climate Plan (known as PNIEC) is promoting the development 
of pumped hydro energy storage plants. The only reference in the Plan regarding the modernisation or 
renewal of HPPs is linked to the need to regulate the end of concession process, to prevent HPPs from being 
shut down at that time. There are no further details in the plan. In terms of policy gaps identified in Spain
related to hydropower activities, currently, Spain lacks an adequate and specific regulation for pumped-
storage HPP. The deployment of new technologies and solutions in the hydropower plants do not face any 
regulatory barriers however they should adhere to the common environmental, heritage and water 
protection regulations in the EU.

In France, specific national targets to encourage the modernisation and refurbishment of the existing 
hydropower plant fleet of the country are specified in the multi-year energy plans of 2019-2023, and 2024-
2028 respectively. However, due to two European disputes relating competition law (DG COMP 2015) and 
public procurement law (DG GROW 2019), the legal future of hydroelectric concessions is not secure. This is 
hindering investment in modernisation and refurbishment. In addition of these 2 cases, the main directives 
that can hinder the deployment of new technologies in the hydropower plants are the Water framework 
directive and fish protection.

In Greece, the National Energy and Climate Plan considers also hydropower energy. Greece plans to 
modernize and refurbish 1000 MW of existing hydropower capacity by 2030. Policy makers should work 
towards encouraging the pairing of hydropower with RES and investments in weather forecasting for more 
data collection. In addition, there is a need for clear policies on the acceptable output levels and for more 
stringent environmental regulations to protect the ecosystems. Although Greece has several support 
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mechanisms to encourage the deployment of renewable electricity generation, large hydropower plants are 
excluded from participation in most support schemes for renewable energy but receive significant support 

Error! Reference source not found.. Moreover, Greece has not yet fully t
ransposed the EU rules on retail markets, particularly those on consumer empowerment and protection, 
aggregation, dynamic prices, and demand response. No specific barriers are identified for the development 
of new technologies. By carefully considering the potential impacts of new technologies and engaging in 
open communication, the deployment of innovative hydropower solutions can be facilitated while ensuring 
environmental sustainability and community acceptance.

From the survey circulated outside the consortium, some additional inputs regarding regulatory barriers and 
the existing incentives for the participation of hydropower in flexibility markets were extracted. A researcher 
from the Republic of North Macedonia stated that the state power company is taking continuous activities 
for modernization and refurbishment of the existing hydropower plants, however there is no clear indicator 
of the ratio of the various RES in one hybrid power system. One consultant, who is professionally active in 
Austria and Germany, indicated that there are policy gaps related to the requested fish migration and 
dynamic residual water discharge in very small rivers. An HPP operator from Austria indicated that there are 
tax benefits in place encouraging the development of AI and digitalization projects, while the operator 
identified as policy gap the fact that the permitting process of the necessary expansion of grids, storage 
capacities and pump storage facilities with new reservoirs lasts too long because of irrelevant objections. A 
HPP operator in Sweden highlighted that the environmental demands compete with the flexible running of 
HPP as a result of existing policy gaps. Finally, a respondent employed in a policy organisation/Think Tank
highlighted that, although there are several Horizon projects funded by the European Union on sustainable 
hydropower refurbishment, the electricity market is not convenient for pumped storage hydropower and 
several PSH installations are under-utilised.
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This chapter describes how D-HYDROFLEX toolkit addresses the challenges encountered in the hydropower 
sector as derived by the analysis in Chapter 3, extracts the techno-economical, sustainability and 
environmental requirements of each D-HYDROFLEX pilot site and reports the functional and non-functional 
requirements that will guide the toolkit architecture, which will be described in detail in deliverable D3.2.

5.1 Ambition of D-HYDROFLEX toolkit 

In this section, the ambition behind the development of the D-HYDROFLEX solutions is presented. To this 
end, the problems that each D-HYDROFLEX key exploitable results (KER) aims to address are described, as 
well as the approach followed towards addressing them. Moreover, the relevant stakeholder groups are 
identified.

5.1.1 KER #1: D-HYDROFLEX M&D center

Problem: Most of EU hydropower plant are over 30 years old on average with an important number of them 
being over 60 years old[21][21]. This affects greatly their operation in the modern energy landscape and 
decreases their flexibility potential. I
multiple challenges such as providing flexibility in areas with high penetration of intermittent renewable 
energy generation, tighter regulations related to the environmental footprint and the sustainability of the 
plants, aging assets, new operating patterns, new risks related to the cybersecurity of their infrastructure, 
etc. Digital solutions are scarcely deployed, and many processes are still carried out manually with 
monitoring systems being exclusively onsite and power plants operating in isolation.

Solution: The D-HYDROFLEX cloud-based monitoring and diagnostics centre aims to provide plant 
operators with remote, real-time insights into overall plant operations, real-time alarm and sources of 
unplanned downtime and process inefficiencies. The monitoring and diagnostics centre will support a wide 
range of monitoring and analysis features including energy production, H2 production, and flow forecasting.

Stakeholders: Hydropower plant operators, subcontractors, service providers

5.1.2 KER #2: Hydro unit digital twin

Problem: The efficiency of power generation needs improvement. Digital Twin (DT) technology can 
significantly enhance power generation by optimizing operational points, leading to increased power 
production. Even a small percentage increase over a longer period can be highly valuable. If this approach 
proves effective, hydropower plant operators may adopt it. Additionally, the availability of equipment 
should be increased to avoid near-failure situations.

Solution: Currently, power plant operators lack the capability to manage turbines directly, as the intervals 
for turbine inspection are predefined by law. KER #2 can help extend these intervals. Advanced tools can 
aid in the early identification of potential equipment outages. Although failures are infrequent and not 
critical (some equipment has been in use since the 1950s), proactive measures can prevent disruptions.
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Main Stakeholders: Hydropower plant operators, subcontractors, and service providers should have access 
to data and readings. The limited availability of such services currently hinders efficient operation and 
maintenance.

5.1.3 KER #3: Dam digital twin

Problem: Dams are critical infrastructure in hydropower plants, and their structural integrity is vital for safe 
and efficient operation. However, many existing dams were built decades ago and lack digital monitoring 
systems. Traditional inspection methods are time-consuming and prone to human error, often leading to 
delayed identification of potential structural issues. The absence of a digital twin limits the precision and 
effectiveness of predictive maintenance efforts, increasing the risk of unexpected failures.

Solution: The development of a Dam Digital Twin will allow for the real-
structural health and operational performance. By integrating sensors and using advanced data analytics, 
the digital twin will simulate the dam's behaviour under various conditions, providing critical insights that 
can be used to predict and prevent potential failures. This digital model will also facilitate more efficient 
maintenance scheduling, reducing the need for costly and time-intensive physical inspections. With laser 
scanning alone, real-time monitoring as described in this section cannot be achieved, since scanning is 
typically carried out only annually or on demand. Real-time monitoring generally requires active sensors 
installed on the dam surface that continuously record small structural movements. This type of monitoring 
is outside the scope of Task 4.2, however these laser scans can, of course, be used for inspection. Although 
their effectiveness is limited by the quality and density of the scan, their key advantage is that inspections 
can be performed without requiring personnel to be in close proximity to the surface, thereby improving 
safety. In addition, the scans can provide 3D information about potential defects (depending on scan 
quality), which is difficult to achieve through traditional visual or image-based inspection methods. Overall, 
the digital twin can enhance safety by enabling predictive maintenance and providing operators with 
actionable data to manage the dam more effectively.

Stakeholders: Hydropower plant operators, subcontractors, and service providers for dam inspections

5.1.4 KER #4: AI-based framework for automatic generation of digital twin 
geometric models for dams

Problem: Many old dams are not digitalized, and often only old paper documentation is available. 
Inspections and measurements are conducted at predefined intervals set by external authorities. Most dams 
were constructed around 100 years ago and are still in use, making it challenging to maintain their quality. 
A significant barrier is the discrepancy between the traditional inspection process defined by law and the 
potential for digital processes.

Solution: AI can accelerate the digitalization of dams, overcoming the limitations of current non-AI-based 
processes. Dams often lack uniform geometry, making digital design easier with AI's capabilities. AI can 
rapidly digitalize even complex dam structures. By conducting annual scans, all data can be analysed and 
used to make predictions, replacing the current reliance on visual inspections. Historical inspection data can 
be more effectively utilized when available in a digital format, enhancing maintenance and monitoring 
efforts.

Main Stakeholders: Hydropower plant operators, subcontractors, and service providers for dam inspections
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5.1.5 KER #5: Fault detection and predictive maintenance algorithms

Problem: Unexpected stoppages in energy production, while not common, still occur in hydropower plants. 
Maintenance can help minimize these interruptions. However, the small number of faults makes it 
challenging to gather sufficient data to train predictive models, relying primarily on literature data.

Solution: Production can be increased by anticipating faults through advanced predictive maintenance. The 
economic benefits of predicting faults depend on current energy prices and the time required to restore 
operations after a fault. Implementing predictive maintenance can help reduce downtime and enhance 
overall efficiency.

Main Stakeholders: Hydropower plant operators

5.1.6 KER #6: Decision support module for hybrid HPPs

Problem: Understanding the behaviour of hydropower plants (HPPs) is crucial, but there is currently a lack 
of flexibility in these plants. The model used for predicting behaviour comprises three predictive algorithms; 
however, this model is designed specifically for demo #3 and may not be applicable to other 
demonstrations, presenting a limitation.

Solution: Decision support system for energy and hydrogen production can enhance modelling and 
predicting the behaviour of HPPs. Control algorithms can be implemented to increase the flexibility of HPPs, 
enabling better prediction and optimization of production. This approach will help improve overall efficiency 
and adaptability in energy generation.

Main Stakeholders: Hydropower plant operators, grid operators (implicitly affected by additional flexibility)

5.1.7 KER #7: Forecasting tool

Problem: There are two operational scenarios for HPPs: either water is solely used for power generation, or 
it serves multiple purposes e.g. energy generation and irrigation. The complexity of modelling increases 
depending on the chosen scenario. When multiple HPPs operate on the same river, forecasting becomes 
highly complex and challenging. Currently, water operations are primarily manual without standardized 
practices. Forecasting needs to consider weather patterns and actual usage requirements. Given climate 
changes, prioritizing irrigation over energy generation further complicates forecasting.

Solution: Effective forecasting should integrate weather data and real-time usage demands to optimize 
operations. KER#7 can assist in managing multiple plants efficiently. Accurate forecasting plays a crucial 
role in decision-making, enabling strategic planning for hybrid power plants that generate various energy 
types such as photovoltaics and hydroelectric power.

Main Stakeholders: Hydropower plant operators, water authority, farmers (affected if the HPP use the tool)

5.1.8 KER #8: Biodiversity index model

Problem: Guiding fish through hydropower plants is very difficult and challenging, and continuous 
monitoring of fish migration is also problematic for plant operators. There is no market solution for large 
HPPs. Monitoring must be adapted to minimize environmental impact. Fish migration is particularly 
significant for run-of-river (ROR) plants, but less so in countries like Greece, where reservoir plants 



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 50

predominate. Fish passages also are affected by regulation from the authorities. The plant needs to be 
adopted to be more flexible.

Solution: In light of global environmental changes, forecasting fish migration dynamics is crucial. Adapting 
turbine control and maintenance operations to accommodate fish migration is a good strategy. This 
includes modifying turbine operations and maintenance schedules to minimize impact on fish, ensuring 
both environmental sustainability and regulatory compliance.

Main Stakeholders: Hydropower plant operators, supervising authorities

5.1.9 KER #9: AI-based intrusions detection techniques

Problem: Detecting intrusion anomalies in industrial infrastructure, especially at the communication level, 
is crucial. Malicious attacks can significantly impact the integration of hydropower plants into smart grids. 
Although intrusions are not common currently, the risk and frequency of such attacks are increasing. A 
cyber-attack can disrupt power generation and interfere with various plant processes, posing severe 
operational and safety risks.

Solution: Using AI to detect new threats and cyber-attacks is an effective strategy. AI enhances the ability 
to identify and prevent intrusions, ensuring the security and reliability of hydropower plants. By 
implementing AI-driven cybersecurity measures, HPPs can better protect their systems from potential cyber 
threats and maintain seamless operations.

Main Stakeholders: Hydropower plant operators, industrial plant operators, many stakeholders can be 
affected indirectly

5.2

Stakeholder analysis is a technique that identifies those actors, groups or individuals who have an influential 
interest in a project and business model. Stakeholder analysis is used to increase the chances of project 
success through informing their design, preparation and implementation; or as part of an evaluation, during 
or after project completion[42]. To carry out the analysis we used the following 3 steps approach:

1. Identification of stakeholder 
2. Analysis of stakeholder influence
3. Derive measures for stakeholder management

First, the identification of stakeholders was carried out through dedicated workshops pinpointing which 
stakeholder groups are impacted by the project, have an interest in it or can influence it per KER. The results 
of this identification process are reported in the previous section. Then, we analysed the power and interest 
of these groups classifying them into four different categories using the power/interest matrix 

takeholder is affected by or interested 
specified how we should engage them based on the category we 

assigned in each stakeholder group. The four categories are:

High Power, High Interest (Manage Closely): These stakeholders have both the ability and the 
motivation to exert significant influence on the project. It's essential to actively engage with them, 
keep them informed, and address their concerns.
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High Power, Low Interest (Keep Satisfied): While these stakeholders have the power to impact the 
project, they may not be directly interested in it. Focus on meeting their needs and keeping them 
satisfied but don't overwhelm them with project details.
Low Power, High Interest (Keep Informed): These stakeholders have a keen interest in the project 
but limited influence. Keep them informed about project developments to manage their 
expectations and ensure transparency.
Low Power, Low Interest (Monitor): Stakeholders in this category have minimal influence and 
interest. Keep an eye on them in case their situation changes, but don't devote excessive resources 
to them.

In the following table, the D-HYDROFLEX analysis is presented.

Table 4: D-

Stakeholder 
group

Relevant 
KER

Role Benefit for 
stakeholder

Power/ 
Interest

Management

Hydropower 
plant operators All

Users of the 
tools, data 
providers

Access to innovative 
digital tools High/High Manage closely

Subcontractors KER #2, 
KER#4

Access to 
data

Easy and useful 
access to HPP data, 
provision of enhanced 
services 

High /Low Keep Satisfied

Service 
providers

KER #2, 
KER#4

Users of the 
tools

Adoption of new 
business schemes, 
revenue source

High/High Manage closely

Grid operators KER#6 Data 
providers

Access to more grid 
flexibility High/High Manage closely

Figure 20: Stakeholders power/interest matrix
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Water 
authorities KER#7 Access to 

data

Easier supervision 
process of water 
bodies

High /Low Keep Satisfied

Regulatory/ 
supervising 
authorities

All Access to 
data

Easier supervision 
process, access to 
experts

High /Low Keep Satisfied

Researchers All Access to 
data

Use of data for 
research purposes, 
access to experts

Low/High Keep Informed

Industrial plant 
operators KER#9 Users of the 

tools
Replication of the 
tools in their premises Low/High Keep Informed

Farmers KER#7

Implicitly 
affected by 
the use of 
tools

Mitigation of 
irrigation problems in 
local area

Low/Low Monitor

5.3 Techno-economical requirements

As mentioned above, about 50% of all hydropower plants (HPPs) worldwide were originally commissioned 
more than 40 years ago, so that the advanced age of the fleet is a major concern across all continents, and 
especially in Europe. The modernization of HPPs can generate several benefits in terms of generation, 
flexibility, safety, operation, and may have neutral or even positive implications for the environment [3].
Refurbishment, multifaced modernization and various upgrades (so called RMU indicatives) are necessary 
to increase HPP efficiency, make a positive impact on availability, safety and maintenance costs. An increase 
in energy conversion efficiency and flexibility is expected as well.

One of the existing trends is digitalization and introduction of SCADA systems and control systems. This 
way even small HPP can be operated safely without constant presence of a human operator. Dispatch 
centres are created and the operation of numerous small HPPs is governed centrally. Numerous operational 
parameters can be monitored automatically, increasing observability and safety. A clear economic benefit 
is the reduction of manpower and increased availability of generation units.

A practice gaining momentum is the use of BESS along with RoR HPPs. BESS are increasing the profits form 
participation in day-ahead energy market, increase the regulatory potential and reduce the own energy 
consumption of the HPP, further reducing the costs. Contribution to more stable operation is expected. 
Preparation of units for participation in primary regulation of the grid[43].

The water channels inlets and hydraulic engineering are modernized based on numerical modelling and 
calculations. Penstock and main inlet valves are modernized to ensure cut-off of the water flow. Energy 
dissipating systems are modernized. Better profiling and reduction of cavity are increasing efficiency and 
power generation volumes. Special passages for fish are redesigned and enhanced. 

Eco-friendly solutions such as self-lubricating bearings, oil-free Kaplan runners, water lubricated shafts 
bearing, biodegradable oil help to avoid existing equipment failure and reduce potential environmental 
impact. 
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Cleaning, sandblasting, welding repair, corrosion protection and coting are traditionally applied methods 
for the protection of HPP metal elements. Longer operational cycles and avoidance of replacements are 
direct benefits.

A comprehensive and regionalized understanding of the requirements and costs from sediment 
management through capacity restoration in European reservoirs is given in [44] Information on rates of 
sedimentation in reservoirs is combined with cost estimations from available mechanical techniques used 
for sediment removal. Sediment removal increases the reservoir capacity and is in general a very costly 
procedure. 

Finally, as hydroelectric industry modernizes and digitalizes, the systems that control and maintain this
critical infrastructure are correspondingly evolving. Hydroelectric plants that were previously controlled by 
physical systems have now been upgraded with electronic controls that manage the generators, turbines, 
penstocks, gates, and other components either remotely or on site. With this evolution, simple manual 
systems that were initially isolated and unconnected to other electronic systems are now fully integrated 
cyber-physical components that can be complex to recover if anomalous actions were to affect the plant.
Moreover, the dam sector faces unique cybersecurity threats that go beyond power outages, including risks 
of flooding, loss of navigation and water supplies, and safety and economic impacts on facilities and 
downstream communities. Challenges include outdated equipment, rural locations, and limited 
cybersecurity resources. In addition, the integration of IoT devices in hydropower and dam sectors increases 
infrastructure complexity and vulnerabilities. Key issues include increased attack surfaces, device security, 
lack of standardization, legacy systems, interoperability challenges, network visibility, data privacy.

In this section, the main techno-economical requirements for each hydropower plant participating in D-
HYDROFLEX demonstration activities is being described. 

5.3.1

operated in 1958. 

The areas of HPP performance improvement that are of higher priority for this HPP are the predictive 
maintenance and production optimization. The plant has not applied any digitalization process previously;
it has a rudimentary SCADA system for data visualisation. No monitoring systems for predictive 
maintenance and optimized maintenance intervals are in place in the plant. The most frequently 
encountered infrastructure safety risks during the plant's operation and maintenance are the water surges. 

The power plant does not have any energy storage system and the grid in the surrounding area is not capable 
of managing any additional energy produced by the HPP. It is possible to combine the plant energy 
production with PV installation, constrained by voltage level variations.

5.3.2 Bratia HPP

Bratia HPP is a ROR plant that was first operated in March 2013 and has a residual operation lifetime of 50 
years. Its average electricity production in 2023 was 5,817,702 KWh.

The areas of HPP performance improvement that are of higher priority for this HPP are the enhancement of 
the quantity of water, which is turbined, and the establishment of preventive maintenance for the HPP. 
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There is no additional monitoring system besides the SCADA system. Maintenance is performed as needed, 
and thus, the plant is currently planning to create a predictive and preventive maintenance plan through its 
participation in D-HYDROFLEX project. The most frequently encountered infrastructure risk during the 
plant's operation and maintenance stems from the fact that the workers from nearby lumber camps have 
damaged the infrastructure (cables, pipes) on more than one occasion due to faulty operation of their 
equipment (excavators, tractors, etc.)

Storage is done using the reservoir before the dam, when needed. The grid in the area can manage
additional energy produced by the HPP. The HPP has its own transformer. Currently, no other renewable 
technologies have been combined with the plant. Wind farms are not sustainable into the surrounding area 
which is between mountains and is therefore not windy, but INTEX has finalized an investment of a 3MW 
photovoltaic plant that can be used as hybridisation techniques to increase the HPP by facilitating their 
connection to other RES via local smart grids and/or VPP.

5.3.3 Salto de Touro HPP

Salto de Touro is a RoR HPP which, although it has a reservoir capacity of 4 Hm3, its operation and regulation 
capacity is totally conditioned by the existence of a dam, that includes its own HPP, 100 times larger 
upstream. It was first operated in 2008 and has a residual lifetime of 36 years. Its average annual electricity 
production is 38461 MWh.

The areas of HPP performance improvement that are of higher priority are improving the predictability of 
the plant's generation capacity, which would cover as a result its predictive maintenance need. So far, no 
digitalization process has been previously applied in any aspect of the operation of the demo plant. There is 
some ad hoc scheduling for predictive maintenance, so it´s important for the plant operator to improve this 
aspect through monitoring parameters such as turbine efficiency loss, alternator winding temperature or 
bearing temperature. The most frequently encountered infrastructure safety risks during the plant's 
operation and maintenance are the peak floods. Peak floods sometimes cause damage to installations, not 
inside the HPP itself but to elements located outside.

converting electrical energy into green hydrogen. The grid in the area is capable of managing additional 
energy produced by the HPP. In term of combining other renewable technologies with the Salto de Touro 
plant, the approach that will be followed is hybridisation of the HPP production with green hydrogen. 

5.3.4 Mauzac HPP

Mauzac HPP is a RoR HPP. It was constructed between 1838 and 1843, and it operated for the first time in 
1924. Its average annual electricity production is around 50GWh/an. 

The areas of HPP performance improvement that are of higher priority are optimizing the production while 
respecting the environmental constraints, especially the migratory fish regulation (eels and salmon). The 
aim is to use acoustic videos to improve the existing fish passage solution by developing automatic analysis. 
Based on the river flow, the plant can forecast the migration peaks of silver eels. During the nights of 
migration peaks, the turbine must shutdown, so the objective of digitalizing this aspect is to reduce the 
number of night shutdown. Fish passage detection is the process that will be digitalized in D-HYDROFLEX. 
Currently, there is no renovation plan for Mauzac HPP. The most frequently encountered infrastructure 
safety risk during the plant's operation and maintenance is flooding.
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The plant has the capability of short-term storage using the reservoir. The potential of combining the 
Mauzac HPP with other renewable technologies has not been assessed yet. In terms of other scientific 
initiatives in which the Mauzac HPP is participating in, EDF is working on Kaplan turbine retrofit (fish friendly 
turbine) and on improving the existing fish passage solution, such as the prioritization of the turbines to 
increase the efficiency of the attractivity of a fishway.

5.3.5 Ilarion HPP

Ilarion HPP is a storage hydropower plant with a dedicated reservoir, and it first operated in 2014. Its residual 
operation lifetime is 50 to 100 years, and it produces annually on average 330 GWh.

The areas of HPP performance improvement that are of higher priority are the operation and maintenance, 
water management and dam management. This HPP is quite modern, with DSC operations, and all data are 
stored in servers. The plant is in the process of deploying software for operation and maintenance 

one year from now will be needed to calculate the benefits. The most frequently encountered infrastructure 
safety risks during the plant's operation and maintenance are equipment malfunctions during operation and 
human errors during maintenance. Erosion of water reception reservoir side walls has been observed, but 
this does not pose an immediate safety risk. The plant participates also in the Di-Hydro project, with focus 
on improving its O&M practices.

Ilarion plant stores energy in the reservoir. It also forms part of a cascade of hydropower plants. Pumped 
storage is an option for adding storage potential, particularly when coupled with wind and/or photovoltaic 
generation, which is currently lacking in the immediate vicinity of the plant. It should be also noted that the 
grid in the area is capable of managing additional energy produced by the HPP. Currently, wind turbines and 
PVs can be combined with the hydro-plant.

5.3.6 Platanovrisi HPP

Kremasta HPP is an impoundment hydropower plant with a dedicated reservoir, and it first operated in 
1999. It produces annually on average 180 GWh. 

The areas of HPP performance improvement that are of higher priority are the operation and maintenance, 
water management and dam management, while a digitalization process is in progress. The most frequently 
encountered infrastructure safety risk during the plant's operation and maintenance is the one man shift. 
Maintenance is based on the HPP hours of operation.

This plant stores energy in the reservoir. The grid in the area is capable of managing additional energy 
produced by the HPP. The plant cannot be combined with wind turbines and PVs for energy production due 
to technical and environmental barriers. In Platanovrisi HPP, there is also ongoing research focusing on 
upgrading the existing SCADA systems to integrate also decision support functionalities.

5.3.7 Kremasta HPP

Kremasta HPP is a storage hydropower plant with a dedicated reservoir, and it first operated in 1966. Its 
residual operation lifetime is 50 to 100 years, and it produces annually on average 848 GWh. 
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The areas of HPP performance improvement that are of higher priority are the operation and maintenance, 
water management and dam management. No digitalization process has been previously applied in any 
aspect of the operation of the Kremasta plant. Equipment malfunction during operation and human error 
during maintenance are the most frequently encountered infrastructure safety risks during the plant's 
operation and maintenance. Although no monitoring systems for predictive maintenance and optimized
maintenance intervals are in place in the Kremasta HPP, some critical metrics for monitoring in the plant 
are: efficiency monitoring, sediment monitoring, plant availability factor, Planned outages versus actual 
maintenance outages, Unit-forced outage rate, Amount of water spilled (cubic meters or percent of average 
plant inflow), generation achieved versus theoretical output (using actual hydrology), percentage of 
emergency O&M work in relation to total O&M work, maintenance work completed/maintenance work 
planned (expressed as a percentage), percentage of outages investigated (root cause analysis performed), 
percentage implementation of outage investigation recommendations, and inventory stock levels 

This plant stores energy in the reservoir. It also forms part of a cascade of hydropower plants. Pumped 
storage is an option for adding storage potential, particularly when coupled with wind and/or photovoltaic 
generation, which is currently lacking in the immediate vicinity of the plant. The grid in the area is capable 
of managing additional energy produced by the HPP. The plant can be combined with wind turbines and 
PVs for energy production.

5.4 Sustainability and environmental requirements

The development and operation of hydropower projects must align with sustainability principles to ensure 
positive impacts on local communities and ecosystems. In recent years, the integration of digital tools has 
emerged as a promising avenue for enhancing hydropower plant efficiency, safety, and environmental 
performance. Some key aspects of how digitalization can be used for ensuring the sustainability of 
hydropower plants are:

1. Asset Flexibility: Digital tools enable existing hydropower assets to adapt to changing energy 
markets, climate conditions, and regulatory requirements. By enhancing flexibility, operators can 
respond more effectively to energy demand fluctuations.

2. Control and Monitoring Systems: Advanced control and monitoring systems enhance plant 
performance, safety, and reliability. Real-time data analytics allow operators to optimize energy 
production while minimizing environmental impacts.

3. Predictive Maintenance: Digital solutions facilitate predictive maintenance, reducing downtime 
and extending the lifespan of equipment. This approach minimizes resource consumption and 
waste.

4. Environmental Impact Assessment: Digital tools aid in assessing and mitigating environmental 
impacts. For instance, ecological modelling can predict the effects of dam construction on local 
ecosystems.

Within D-HYDROFLEX, special emphasis is placed on the concept of fish migration. Fish migration is crucial 
for the life cycle of many fish species, especially for diadromous species (by example salmon and eel). 
Hydropower plants, and more specifically RoR plants, disrupt the ecological continuity and pose risks to fish 
migrating. Regarding the upstream migration, the power plants represent an obstacle to the migration even 
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if some of them are equipped with upstream migration devices, such as fishways. The power plant reduce 
access to habitats and cause migration delays and can locally increase predation. Regarding downstream 
migration, the fish passage through turbine has a direct impact on fish survival.

Besides RoR, storage hydropower plants can also impact fish populations. These impacts are of two types. 
The first is a direct impact due to the aspiration caused by turbines and pumps (such as those in nuclear 
power plants), which entrain fish (cause a direct mortality) and/or impinge fish on the rack. Theses impacts 
can be reduced by a low level of water velocity cause to the intake. Threshold of water velocity can be tested 
to avoid the entrainment and the impingement. The second type of impact is the hydropeaking effect due 
to pumping and turbine periods on the reservoir and the section of river downstream of the storage plant 
outlet. Water level fluctuations in the river and reservoir have a direct impact on fish survival, especially if 
the water level fluctuations are large and rapid. A second indirect impact is due to the fine particles of 
sediment which can clog the gravel of the river and decreasing the survival rate of the fish eggs or fish 
juvenile.

In our analysis in this section, we focus on the aspect of environmental impact monitoring, since the aspects 
of assets flexibility, control and monitoring systems and predictive maintenance, were analysed in the 
previous sections. The approach adopted by each demonstration HPP for water use efficiency, biodiversity 
monitoring, GHG emissions monitoring and sediment management strategy is presented in the following 
sections. In addition, the best practices that can be adopted to ensure the sustainability of a hydropower 
plant's operation are analysed, based on the feedback received through the online survey. 

5.4.1

the impact of the HPP on the natural environment. As a fish ladder has been constructed next to the 
hydroelectric power station, which is a barrier to maintaining the biological continuity of the watercourse, 
the way the fish passage is used by ichthyofauna, the assessment of its efficiency/effectiveness by 
monitoring the number and species of fish passing through it could be a biological indicator to assess the 
impact of the EW on the aquatic environment. However, no such indicators have been formally defined. 
There is no monitoring system for biodiversity in the plant and no specific biodiversity indicators are 
monitored.

Avoiding, minimising or mitigating impacts on biodiversity is considered in the River Basin Management 
Plans (RBMPs) - basic planning documents adopted by regulation. Water management plans set out sets of 
basic and supplementary measures, taking into account the means of achieving the environmental 
objectives set, which are important from the point of view of environmental protection. 

They form the basis for making decisions shaping the state of water resources and the principles of 
management of these resources by, inter alia, granting water licences together with the obligation of 
entities using water resources to carry out specific activities. The company holds a water licence for the use 

accordance with the conditions set out in this permit. TEE implements measures to reduce negative impacts 
on water resources and habitats and species directly dependent on water by:
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conducting operations in accordance with the water management rules set out in the water rights 
operative for the specific use of the Oder River waters for energy purposes,
maintaining a certain hydrological regime,
maintaining inviolable flows,
clearing water of pollutants retained on the hydropower plant intake grids,
construction of dense grids - protection of large fish species from entering hydropower facilities.

The rules for the use of water for energy purposes are laid down in the water permit (licence) for the use of 
water for energy purposes together with the water permit for the specific use of the waters of the River Oder 
for energy purposes.
sediment management strategy.

5.4.2 Bratia HPP

The environmental conditions that need to be respected based on local applicable legislation were 
established by the environment authorities and have been considered in the drafting of the project. The 
matter is continuously monitored by local authorities, and any changes would be communicated to us and 
implemented accordingly. Water levels are monitored to ensure that the river flow remains in accordance 
with relevant legal provisions. The ecological restoration is ensured via the fish ladder and keeping the water 
levels within the parameters established by the environmental authorities. The river flow is monitored to 
ensure the maximum possible amount of turbined water while maintaining the appropriate water level for 
the fish ladder.

The current legal provisions do not impose and obligation to monitor GHG emissions and there is no organic 
material storage facility. The sediment management is done when needed.

5.4.3 Salto de Touro HPP

The plant is subject to an environmental monitoring process of indefinite duration, which includes water 
quality control, landscape integration, safety system, fish ladders, maintenance work, etc. This issue is 
regulated in accordance with the environmental evaluation of projects regulations. Physical and chemical 
parameters related to water quality, as well as cyanobacteria and microalgae levels, are monitored. The HPP 
has applied all the necessary measures to mitigate its biodiversity impacts according to Spanish 
environmental assessment regulations, as well the follow-up process cited above. Furthermore, there is a 
plan for the ecological restoration of the green H2 production plant site. To ensure water use efficiency, the 
HPP has flow measurement devices in place. The green hydrogen plant will also have them.

GHG emissions are not monitored currently, since the character of the dam doesn´t suppose this kind of 
issue. Salto de Touro is a RoR HPP which a small regulation capacity that has not been in operation for a 
long time, so sediment retention is not an issue, nor is it expected to be in the medium term.

5.4.4 Mauzac HPP

For assessing the ecological effects of the plant on the environment, biodiversity measurements are in place 
focusing on fish passage efficiency estimation. More specifically, the metrics being monitored are:

Fish upstream migration
Video counting in the fishlift
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Specific elvers (eel juvenile) counting.
Fish downstream migration
Silver eels: Migration dynamic and turbine escapement rate fish telemetry and acoustic camera
Salmon juvenile (smolt) downstream migration: efficiency of the physical guide to drive the fish to 
a bypass fish telemetry.
Design of the downstream bypass to increase the survival rate

A specific local convention between EDF (3 HPPs) and the French authorities has been signed as part of the 

A list of actions has identified and EDF collaborate with the authorities to develop and test specific measure 
to reduce the HPP impact on fish, especially salmon, eel, shad and lamprey.

GHG emissions are not monitored, and no specific procedures are in place to ensure water use efficiency. 
For sediment management, sediment stock assessment is carried out. EDF contributed to a study on 
hydrosedimentary management to achieve optimal ecological functionality on the river Dordogne in 2021. 
In addition, a new fishway has been built at the dam and studies are currently being carried out on the 
powerhouse fishway.

5.4.5 Ilarion HPP

For assessing the ecological effects of the hydro plant operation on the environment, the following metrics 
are monitored: fish monitoring, macroinvertebrates, algae and phytoplankton, vegetation, bird monitoring, 
water quality and chemical contaminants. No specific biodiversity monitoring scheme is in place; however, 
some measurements are performed by national/government institutes.

The plant operator (PPC) has formulated a sustainability impact strategy for the plants it operates. 
Sustainability Impact Strategy, as formulated in 2023, is based on 3 pillars: (i) Net Zero (ii) Nature Positive 
Operations (iii) Socioeconomic Shared Value Creation. The 2nd pillar includes many actions, among which 
the following concern biodiversity:

Develop and implement a biodiversity action plan.
Implement a biodiversity risk mitigation hierarchy. 
Map processes that include the highest biodiversity loss and implement a minimization strategy. 
Attend / participate to TNFD & SBTN.
Adhere to biodiversity initiatives (act4nature, UNESCO, WWF Coalition linking energy and nature).
The corporate strategic initiatives incorporate a bio-diversity action plan, which will:
Assess biodiversity risks for PPC Group
Recommend a framework for actions that will reduce/minimize biodiversity risks

Efficient use of water is pivotal in daily operation of the plant, since the water is also used for non-generation 
activities and requirements (irrigation, drinking water). There are best practices which are followed and 
experience-based management decisions, however these are not systematized or digitized.

There is not a sediment management strategy in place, while GHG emissions are not monitored in an official 
way, but a relevant process is included in the best practices outlines used by the plant.
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5.4.6 Platanovrisi HPP

For assessing the ecological effects of the hydro plant operation on the environment, the metrics related to 
fish monitoring, fauna etc are monitored. No specific biodiversity monitoring scheme is in place; however, 
some measurements are performed by national/government institutes.

The plant operator is PPC, and its sustainability impact strategy is described above for the Ilarion plant. 
Efficient use of water is pivotal in daily operation of the plant, since the water is also used for non-generation 
activities and requirements (irrigation, drinking water). There are best practices which are followed and 
experience-based management decisions, however these are not systematized or digitized. There is not a 
sediment management strategy in place, while GHG emissions are not monitored in an official way.

5.4.7 Kremasta HPP

For assessing the ecological effects of the hydro plant operation on the environment, the following metrics 
are monitored: fish monitoring, macroinvertebrates, algae and phytoplankton, vegetation, bird monitoring, 
water quality and chemical contaminants. No specific biodiversity monitoring scheme is in place; however, 
some measurements are performed by national/government institutes.

The plant operator is PPC, and its sustainability impact strategy is described above for the Ilarion plant. 
Efficient use of water is pivotal in daily operation of the plant, since the water is also used for non-generation 
activities and requirements (irrigation, drinking water). There are best practices which are followed and 
experience-based management decisions, however these are not systematized or digitized. There is not a 
sediment management strategy in place, while GHG emissions are not monitored in an official way, but a 
relevant process is included in the best practices outlines used by the plant.

Besides D-HYDROFLEX, Ilarion plant participates also in the Di-Hydro project, which will tackle bio-diversity 
monitoring and water quality issues, aiming to improving the plant's sustainability. 

5.4.8 Best practices for ensuring the sustainability of HPP operation

IHA has played a leading role in the development of what constitutes good and best practice in hydropower 
development encompassed by the Hydropower Sustainability Standard, a global certification scheme. The 
Hydropower Sustainability Standard provides a comprehensive framework for assessing and certifying the 
sustainability of hydropower projects. This global certification scheme covers twelve critical environmental, 

By adhering to this standard, hydropower operators can demonstrate their commitment to sustainable 
practices.

In terms of best practices that can be adopted to ensure the sustainability of a hydropower plant's operation, 
the following answers were received through the survey opened outside the consortium:

Heat extraction from the cooling system of generators
Monitoring engagement and community involvement, decommissioning and site restoration, 
renewable energy integration. 
Monitoring, maintenance and forecast of generation to maintain ecologic flow
Use of predictive tools and regular testing and maintenance of devices, regular inspections and 
maintenance of equipment
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Introduction of full digitalization process, monitoring, maintenance, rehabilitation/upgrade and 
optimal management of the HPP
Regular maintenance, optimizing water usage, implementing advanced monitoring systems, 
adopting environmental conservation measures, and engaging in continuous stakeholder 
communication.
Collection of good baseline data and continuous monitoring
Standardization of servicing of turbine sets and associated equipment
Introduction of fish passages, fish migration monitoring, temperature and salination monitoring.
When possible, ensure transparency period for fish migration.
Lower environmental impact (flexibility of the production), pairing with renewable energy, 
adaptation of the HPP operation with the evolution of the environmental conditions of the river 
(global change, river discharge, water temperature),
Finding a good cooperation between operator and NGO´s regarding environmental needs
Establishing relationship with local territories near the powerplants 
Well-trained staff with good equipment and integration of smart technologies (digital twin, well-
chosen sensors)

5.5 D-HYDROFLEX functional and non-functional requirements

In this section, the user requirements of D-HYDROFLEX toolkit are presented based on the analysis 
presented in the previous sections of this chapter. Purpose of this section is to present the user 
requirements, in terms of needs, expectations and constraints that the D-HYDROFLEX users & stakeholders 
have from the system (D-HYDROFLEX). The requirements are described in two main categories, namely: a) 
functional requirements, b) non-functional requirements. The requirements have been extracted by 
analysing:

The answers from the questionnaires distributed to the D-HYDROFLEX partners in the context of 
Tasks 3.1 and 3.2, as presented in the previous sections.
The entire Description of Action of D-HYDROFLEX, including the objectives, ambition, description 
of the D-HYDROFLEX tools, and demos.
Relevant legislation and standards from Chapter 4.

5.5.1 Functional Requirements

Functional requirements describe the desired functions of the system under development. The desired 
functions are distinguished into the following subcategories:

Techno-economical requirement (TE): Those requirements describe technical and operational 
functionalities that the system should have as well as functionalities that contribute to business 
decision-making.
Sustainability and environmental requirements (SE): Those requirements describe functionalities that 
are focused on achieving sustainability and environmental goals (e.g., resource consumption, 
environmental impact monitoring, etc).
Security, ethical and privacy requirement (SEP): Those requirements refer to functionalities that aim 
to ensure security, privacy and confidentiality of users and data as well as to the adherence to ethical 
principles with respect to Artificial Intelligence usage.
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Table 5: Functional requirements of D-HYDROFLEX hydropower 4.0 toolkit

Requirement 
ID

Title Description Type

FR.01 HPP Operational 
status monitoring 

The system must be able to monitor the operational 
status of the HPP.

FR.02 HPP Operational 
data collection

The system must be able to collect operational data by 
interfacing with existing SCADA infrastructure of the 
HPP.

FR.03 Prediction of future 
faults

The system must be able to predict future faults on the 
HPP infrastructure.

FR.04 HPP Structural 
robustness 
monitoring

The system must be able to monitor the structural 
robustness of the HPP.

FR.05 Network traffic 
monitoring

The system must be able to monitor the network 
traffic of the HPP.

SEP

FR.06 Cyberattack 
detection

The system must be able to detect potential 
cyberattacks against the HPP infrastructure.

SEP

FR.07 Marine biodiversity 
analysis

The system must be able to identify and count the 
various fishes and fish species passing through the 
HPP.

SE

FR.08 Environmental 
impact assessment

The system must assess the environmental impact of 
the HPP.

SE

FR.09 Dynamic adaptation 
of energy 
production

The system must be able to adapt energy production 
to the energy system needs.

FR.10 Optimal planning of 
power production 

The system must provide a decision support tool for 
optimal power production planning.

FR.11 AI transparency The system must provide transparency for the AI 
results.

SEP

FR.12 Power production 
prediction 
considering 
environmental data

The system must be able to predict the HPP power 
production by taking into account environmental data.

SE

FR.13 AI re-training The system must provide the ability to re-train its AI 
models.

TE

FR.14 Monitoring Platform The system must provide a platform for human 
operators to access events and alarms relevant to the 
HPP operation.

TE

FR.15 Alarm triggering The system must raise alarms when a malfunction on 
the HPP occurs or is predicted.

TE

FR.16 Notifications The system should allow operators to be notified via 
email or by text when a problem arises.

TE

FR.17 H2 production 
planning

The system should provide recommendations about 
the H2 production planning.

FR.18 Water flow The system should provide information regarding the 
amount of water used to produce power.
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FR.19 Weather and water 
flow forecasting

The system should provide weather and water flow 
forecasting.

FR.20 Fish counting The system should provide information regarding the 
counting of fish species that pass the through the 
turbine.

SE

FR.21 Water quality 
indicators

The system should provide water quality indicators for 
environmental monitoring.

SE

FR.22 Secure data transfer The system should ensure secure data transfer to/from 
the HPP site.

5.5.2 Non-functional Requirements

Non-functional requirements describe the desired requirements in terms of quality characteristics and 
constraints that the users & stakeholders expect from the system under development. Similarly to the 
functional requirements, the non-functional requirements are distinguished into the following 
subcategories:

Techno-economical requirements (TE): Those requirements describe quality characteristics and 
constraints related to technical and operational functionalities as well as functionalities that 
contribute to business decision-making.
Sustainability and environmental requirements (SE): Those requirements describe quality 
characteristics and constraints that are related with the achievement of sustainability and 
environmental goals.
Security, ethical and privacy requirements (SEP): Those requirements refer to quality characteristics 
and constraints that affect the achievement of the security, privacy and ethics goals.

Table 6: Non-functional requirements of D-HYDROFLEX hydropower 4.0 toolkit

Requirement 
ID

Title Description Type

N-FR.01 High accuracy of AI 
predictions

The system must achieve high accuracy of AI-based 
predictions.

N-FR.02 Data locality Sensitive networking data should not leave the 
premises of the HPP.

SEP

N-FR.03 Increased power 
production due to 
decision-making 
functionalities

The decision-making functionalities of the system 
should lead to increase of HPP productivity.

TE

N-FR.04 Increased power 
production due to 
HPP digitalisation

Digitalisation of HPP should lead to increased power 
production.

TE

N-FR.05 Flexibility and 
adaptation

The system should enable flexibility in plant 
operation and adaption to the energy system needs.

N-FR.06 Interpretable AI 
models

The system should provide interpretable 
representations of the decisions produced by the AI 
models.

SEP

N-FR.07 H2 production H2 production planning should lead to maximized 
revenue and performance.

TE
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N-FR.08 Maximisation of 
MTBF

The system should improve the HPP operation in 
terms of maximizing the Mean Time Between 
Failures (MTBF). 

TE

-FR.09 Real-time data 
collection

The system should collect data from the HPP in real-
time.

TE

N-FR-10 Real-time data 
processing

The system should be able to process data in real-
time.

TE

N-FR-11 Increased 
availability

The system decisions should lead to increase of 
availability of HPP components.

TE

N-FR-12 Environmental 
impact reduction

The system should reduce the environmental impact 
of the HPP by increasing the fish escapement rate.

SE
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This deliverable reports the results of the work carried out in the D-HYDROFLEX project related to assessing 
the hydropower flexibility role in the modern energy landscape, mapping all relevant regulations and 
extracting the requirements for designing the D-HYDROFLEX toolkit.

Europe has a hydropower technical potential of 1,121 TWh/y, and, with a current production of 620 TWh/y 
and installed capacity of 254 GW, has developed 55% of the available technical potential, the highest share, 
globally. Our analysis showed that the D-HYDROFLEX demo countries have a diverse profile in terms of 
hydropower energy production. Overall

ctive share 
in France, Greece and Spain falls within the same range of 5 to 15%. The additional power that can be 
produced in each D-HYDROFLEX demo HPP by renovating the plant either or by demonstrating its 
processes ranges from 0.5% to 10% according to the individual characteristics of each plant. 

To harness the untapped potential of the EU hydropower sector, digitalization of the existing plants is key. 
Our analysis indicated that the most relevant challenges encountered towards the modernization of the 
hydropower sector are the high upfront cost, the lack of expertise and distrust towards digital solutions in 
terms data handling and security, as well as the lack and/or scarcity of available data. In terms of barriers 
towards the deployment of hydropower flexibility, high upfront cost is extremely relevant while uncertain 
revenue streams and complex decision making is also highly relevant. Establishing technology hubs for 
bringing together HPP operators with digital solutions developers, as well as establishing support schemes, 
e.g., tax mechanisms, PPAs etc, can incentivize the HPP digitalization and refurbishment. The current 
trends in the hydropower sector are identified as the hybridisation of HPPs with BESS and the incorporation 
of digital twins, algorithms for monitoring and predictive maintenance as well as of forecast models into the 
daily operation of the plants.

Regarding the regulatory framework for HPP modernization and refurbishment, our analysis showed that 
there are no major regulatory barriers but rather the lack of policy incentives to proceed with the 
digitalization of the plants. In this deliverable the main directives relevant to hydropower plants have been 
identified and will be continuously monitored for changes during the project lifetime to make sure that they 
are integrated in the project activities.

D-

hydropower generation with storage, predictive maintenance and cybersecurity shielding. These tools will 
allow the plants to be operated more efficiently and more flexibly. The main stakeholders that are identified 

d be closely managed 
are hydropower plant operators, service providers in the hydropower sector and grid operators. 

Finally, in this deliverable the requirements of the D-HYDROFLEX Hydropower 4.0 toolkit were presented 
providing the basis for designing the relevant architecture that will be presented in the D3.2. The functional 
and non-functional requirements of the D-HYDROFLEX toolkit are distinguished into the following 
subcategories: (i) techno-economical requirements; (ii) sustainability and environmental requirements; and 
(iii) security, ethical and privacy requirements. Their full list is available in Section 5.5.
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General questions on plant characteristics 

Q1. What type of plant are you operating? (RoR, pumped storage, etc)

Q2. When was the HPP first operated?

Q3. What is the residual hydro-

Q4. What is the average annual electricity production of the HPP?

Regulation 

Q1. Are there any national targets or plans to encourage the modernisation and refurbishment of the 
existing hydropower plant fleet in your country?

Q2. Are there any policy gaps identified in your area/country related to hydropower activities? (i.e. gaps 

Q3. What are the regulatory barriers (e.g., related to laws for historic and cultural preservation or 
recreational requirements) that can hinder the deployment of new technologies and solutions in the demo 
plant?

Techno-economic & Market 

Q1. What areas in terms of HPP performance improvement are more important for your demo? 

Q2. Could you provide a rough estimation for the questions below:

a. How much additional power (%) can be produced by renovating the demo plant? (renewing 
equipment like turbines & generators)

b. How much additional power (%) can be produced by digitalising processes and equipment in the 
demo plant? 

Q3. Has any digitalization process been previously applied in any aspect of the operation of the demo 
plant? If yes, what was the outcome in the facility's performance? (output, maintenance, staff)

Q4. What are the most frequently encountered infrastructure safety risks during the plant's operation and 
maintenance? 

Q5. Are any monitoring systems for predictive maintenance and optimized maintenance intervals in place 
in the demo plant? If not, what metrics would you think are critical for monitoring in your demo plant? 

Q6. Based on the type of your plant, what mechanisms are in place for energy storage? What are the 
-term storage using 

cascades is an option) 
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Q7. Is the grid (transmission, distribution) in your area capable of managing additional energy produced by 
the HPP? 

Q8. Currently, can other renewable technologies be combined with your hydro-plant? If not, what is the 
reason? (e.g., technical barriers)

Q9. Is there any ongoing research aimed at improving the plant's efficiency (apart from D-HYDROFLEX)? 
Does the hydro-plant actively promote the exchange of knowledge and good practices in the hydropower 
scientific field (apart from the D-HYDROFLEX project)?

Q10. What kind of flexibility services can the demo plant provide (e.g., inertia, congestion management, 
voltage control etc.)? Is there appropriate support and payment for the provision of these services in your 
country? 

Environmental & Sustainability 

Q1. What are the biological metrics (e.g., metrics related to fish monitoring, fauna etc.) needed to assess 
the ecological effects of the hydro-plant on the environment in your area? 

Q2. Is there any biodiversity monitoring scheme established in your demo HPP? What kind of metrics are 
you monitoring? 

Q3. Are specific plans been developed to avoid, minimize or mitigate biodiversity impacts arising from 

is located? 

Q4. Are GHG emissions (e.g., from reservoirs due to the decomposition of organic material) being 
monitored in the demo plant? 

Q5. Are there any specific procedures in place to ensure water use efficiency? 

Q6. Is there a sediment management strategy in place? 

Q7. Is there any ongoing research aimed at improving the plant's sustainability? (apart from D-
HYDROFLEX)
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Participant profile

A1. Which stakeholder group/specialization/sector would you count yourself among?

HPP operator TSO/DSO
Energy retail company/aggregator Academia/Research institution 
Policy organization/Think Tank
IT company/software provider
Equipment manufacturer/ hardware provider
Other:

A2. Which country/region are you based on?

A3. Are you working on a D-HYDROFLEX pilot area?

Hydropower digitalization

B1. Based on your experience, indicate the level of positive impact that employing digital solutions will have 
on each of the following aspects of hydropower plants operation. (No impact at all/ Low impact/ Moderate 
impact/ High impact)

Reservoir management
Water quality monitoring
Sedimentation management
Dam inspections
Equipment condition monitoring and maintenance
Generation, flow and weather forecasting
Monitoring GHG emissions from reservoirs
Fish migration monitoring

. Are there any other aspects of hydropower plants operation that you think can be highly impacted by 
the emergence of new technologies and they are not mentioned in the previous question (B1)?

B3. Indicate the priority level that employing the following emerging technologies should have for 
digitalising hydropower plants. (Low priority/ Moderate priority/ High priority)

Digital twins
Algorithms for condition monitoring and predictive maintenance
Forecast models for production, water, weather
Unmanned vehicles and robotic inspection
Sensors for environmental monitoring and fish migration



D3.1: HYDROPOWER ASSETS FLEXIBILITY POTENTIAL 
ASSESSMENT AND STAKEHOLDER IDENTIFICATION

Page 71

B4. Based on your experience, rate the relevance of the following barriers in hindering HPP digitalization 
from 1-5, where 1 means not relevant and 5 extremely relevant.

High upfront cost
Lack off expertise
Time consuming procurement process
Distrust towards digital solutions in terms data handling and security
Lack and/or scarcity off available data
Low benefits for the HPP operation
Unavailability of sufficient technical documentation

B5. Are there any other barriers hindering the digitalization of hydropower plants that is not mentioned in 
the previous question (B4)? Please elaborate.

B6. Which of the following measures you think that can be more effective in incentivizing hydropower plants 
digitalization and refurbishment? Check all that apply.

Wider uptake of flexibility markets across Europe
Establishment of support schemes (i.e., financial incentives, tax mechanisms, PPAs, market 
premiums)
Public subsidies for refurbishment
Long-term loans from commercial banks
Establish technology hubs for bringing together hydropower plant operators with digital solutions 
developers
Training programs for training the personnel in new technologies and digital tools
Other:

Hydropower flexibility

C1. Based on your experience, rate the barriers hindering the deployment of hydropower flexibility 
technologies (i.e., technologies that allow more flexible generation and operation such as hybridization with 
H2, turbine digital twins, real-time monitoring) from 1-5, where 1 means not important and 5 means 
extremely important.

Lack of Market Standardization
Competing Technologies
Uncertain Revenue Streams
High upfront costs
Permitting and Environmental Compliance
Expiring Licenses
Complex Decision-- Making (e.g., complexity in deciding which aspects off HPP facilities to 
enhance)
Risk Perception (e.g., new technologies are perceived as riskier)
Aging Infrastructure
Lack off expertise
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C2. Are there any other barriers that you think that hinder the deployment of hydropower flexibility 
technologies and they are not mentioned in the previous question (C1)?

C3. Which of the following hybridization concepts of hydropower you consider that will have the highest 
growth in the next 5 years?

Pairing with floating PV
Pairing with hydrogen storage 
Pairing with BESS
Pairing with wind production
Other:

C4. Based on your experience, please indicate best practices that can be adopted to ensure the sustainability 
of a hydropower plant's operation.

Regulatory barriers to hydropower digitalization and flexibility

D1. Are there any national targets or plans to encourage the modernisation and refurbishment of the 
existing hydropower plant fleet in your country? If yes, please mention them.

D2. Are there any policy gaps identified in your area/country related to hydropower activities? (i.e. gaps 

issues)


