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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 EU’s dependency on fossil imports and renders multiple extra benefits for society in 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-HYDROFLEX will develop a toolkit for digitally ‘renovating’ the existing hydroelectric power plants
based on sensors, digital twins, Al algorithms, hybridization modelling (power-to-hydrogen), cloud-edge
computing and image processing.

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

The D-HYDROFLEX project, funded under the European Union's HORIZON Research and Innovation Action,
aims to enhance the sustainability, flexibility, and digitalization of hydropower operations across Europe.
Deliverable D7.3 outlines the first version of the project's Exploitation Plan and Strategy, which focuses on
market trends, key exploitable results, and intellectual property rights (IPR) management.

Hydropower plays a crucial role in Europe's transition to a decarbonized energy system, offering a stable and
flexible renewable energy source. The document assesses hydropower markets in Spain, Greece, Romania,
Poland, and France, identifying both opportunities and challenges. While regulatory complexities, aging
infrastructure, and financial constraints persist, digitalization, hybrid energy systems, and EU policy support offer
significant growth potential. Aligning national policies with scientific advancements will be key to ensuring
hydropower’s role in a sustainable and resilient European energy future.

Additionally, cross-border cooperation between EU nations is expected to further enhance hydropower
integration, with shared energy storage projects and transnational water resource management initiatives
becoming more prevalent. Hydropower operators will need to continue adapting to emerging trends, investing
in research and development, and actively engaging in policy discussions to shape the future of sustainable
hydropower in Europe.

D-HYDROFLEX proposes an innovative digital toolkit leveraging sensors, Al, digital twins, cloud-edge
computing, and hybridization modeling to optimize hydropower operations. This technology will be
validated at 5 hydro plants across different European regions.

Key exploitable results include:
e HYDRO-Predict: Al-driven forecasting for improved operational efficiency.
o DAM-TWIN: Digital twin technology for real-time hydropower asset management.
e HYDRO-HMP: Hybrid modeling platform integrating hydrogen production with hydropower.
e HYDRO-M&D: Monitoring and diagnostics system for predictive maintenance.
e HYDRO-TIN: Turbine inspection and monitoring technology.
e HYDRO-PVIL: Power-Voltage Integration Layer for grid optimization.
e HYDRO-VIS: Visualization tools for hydropower system performance monitoring.
+ DGDT: Digital Grid and Dispatching Tool for efficient energy distribution.
¢ HYDRO-DEFM: Defect monitoring system for hydropower components.
e HYDRO-H2DSM: Demand-side management system integrating hydrogen storage.
¢ HYDRO-SDS: Smart dispatching system for optimizing hydropower resources.
e HYDRO-EFM: Environmental footprint monitoring for sustainability assessment.
e HYDRO-WFF: Water flow forecasting technology to enhance resource planning.
e HYDRO-RecoFish: Fish dynamic migration monitoring.

e HYDRO-FBOX: Flexible power management toolbox for grid adaptability.
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IPR management is a core component, ensuring effective commercialization and protection of
intellectual assets within the project framework. The integration of these innovations will enhance
operational efficiency, market competitiveness, and sustainability in the hydropower sector.
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This document represents Deliverable D7.3 — “First Version of the D-HYDROFLEX Exploitation Plan and
Strategy” for the D-HYDROFLEX project. The purpose of this document is to provide a comprehensive
overview of the emerging market trends and recent scientific breakthroughs within the European context,
as well as in the specific regions where the demonstration hydropower plants are situated, namely Spain,
Greece, Romania, Poland, and France. The document highlights the current state of the hydropower market
in these countries, addressing the opportunities and challenges faced in their respective energy sectors.

Furthermore, the document includes detailed and updated lists of key exploitable results, offering in-depth
characterizations of each innovation, and outlining their potential for commercialization. It also provides a
thorough overview of intellectual property rights (IPR) management strategies, ensuring that the valuable
outcomes of the project are protected and positioned for optimal impact within the market. This deliverable
serves as an essential foundation for the future exploitation of the D-HYDROFLEX project's results,
supporting the transition of scientific advancements into practical, market-ready solutions.

This document first provides a comprehensive overview of the emerging market trends and scientific
breakthroughs in the European context and Spanish, Greek, Polish, Romanian and French (Chapter 2). Then
in chapter 3, the document presents the key exploitable results, detailing innovative technologies and their
applications in improving hydropower efficiency. Additionally, the document discusses IPR management
strategies, outlining how intellectual property rights will be secured and commercialized to maximize
project impact (Chapter 4). The final section, i.e. Chapter 5, summarizes key findings and provides
conclusions.

The updated list of key exploitable results is aligned with the following deliverables, which are directly
related to this document:

e D3.2 - "D-HYDROFLEX toolkit conceptualization”, the document presents a detailed overview of
the initial version of the D-HYDROFLEX toolkit and high-level reference architecture, including the
intended use cases and the resulting system requirements that will guide research and
implementation efforts.

e Deliverable D5.1 - “"D-HYDROFLEX Hydropower 4.0 Toolkit Final Release,” will build upon this
document by providing the final version of the toolkit and outlining its role within the D-
HYDROFLEX architecture, which will be updated as needed.

e Deliverable D5.2 - “"D-HYDROFLEX M&D Centre visualization board” develops the services that
enable user interaction with D-HYDROFLEX toolkit. Additionally, it addresses the toolkit's
integration activities, building on the foundations established in this document to support the
upcoming integration process.

Funded by
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o Deliverable D8.3 - “Final version of the D-HYDROFLEX exploitation plan”, this report presents the
updated and final exploitation plan reporting the final business strategy for each of the exploitable
outcomes.
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Emerging market trends and scientific breakthroughs

1.4 European general context

Hydropower is currently the largest and most versatile renewable energy source, with well-established
technologies and construction methods. However, ongoing research and development continue to explore
innovative technologies that could become mainstream in the coming decades. Reviews by Kougias et al.
(2019) [1] and Oladosu et al. (2021) [2] have examined emerging hydropower technologies, while Quaranta
et al. (2021) [3] assessed their potential integration into existing facilities. Quaranta and Davies (2021) [4]
discussed innovative materials, and environmentally enhanced turbines were analyzed by Quaranta et al.
(2021) [5]. Inthe ETIP Hydropower project (https://etip-hydropower.eu/), Fry et al. (2022) [6] estimated that
EUR 190—324 million in investments would be required for priorities such as flexibility, operational
optimization, equipment resilience, environmentally friendly solutions, and climate change mitigation.

Furthermore, the increasing demand for operational flexibility calls for higher levels of digitalization in
hydropower equipment. This is essential to optimize operations, predict failures, facilitate maintenance,
reduce costs, and enhance resilience against both physical and cyber threats. A major challenge, however,
lies in integrating modern IT advancements into aging systems. Moreover, operational decision-making
must balance factors such as maintenance planning, real-time inflow forecasts, and market operations—
especially in existing plants. Digital solutions also have the potential for addressing environmental concerns

[71.
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e European policies for renewables and the role of hydropower

In 2019, the European Green Deal [8] expresses the firm commitment to supporting the renewable energy
penetration and achieving climate neutrality (Figure 1). The exceptional rise in global energy prices since
mid-2021, following the war between Russia and Ukraine started in February 2022, revealed several
vulnerabilities in European electricity markets, which include the over-reliance on fossil fuel imports, the
gas-fired power plants dominance in matching the electricity demand, and the respective price-setting
aspects in the electricity markets. In response to this crisis, two new legislative measures have been

established the REPower EU plan and the Electricity Market Design reform.

Mobilising research
and fostering innovation
Transforming the
Increasing the EU's Climate LR A zero pollution ambition
ambition for 2030 and 2050 sustainable future for a toxic-free environment
A \
Supplying clean, affordable Preserving and restoring
and secure energy ecosystems and biodiversity
[}
Mobilising industry From ‘Farm to Fork’: a fair,
for a clean and circular economy healthy and environmentally
friendly food system
\ /

Building and renovatingin an Accelerating the shift to
enerqgy and resource efficient way sustainable and smart mobility

Leave no one behind
(Just Transition)

Financing the transition

TheEUasa A European
global leader | Climate Pact

Figure 1: The European Green Deal pillars [8]

The REPower EU plan [9] aims to accelerate the deployment of renewables, enhance energy savings,
diversify energy supplies, increase clean energy production while minimising fossil fuel dependence, and

tackling price volatility (Figure 2).
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Figure 2: RepowerEU main pillars [9]

In November 2023, the revised Renewable Energy Directive EU/2023/2413 entered into force, aiming to
increase the share of renewables in the EU’s overall energy consumption, raising the binding target for 2030
to 42.5%, with the ambition to reach 45%. Amending the previous directives of 2009 and 2018, the updated
directive introduces new measures to promote the further development and uptake of renewables in a more
efficient way. In addition to doubling the existing share of renewable energy sources, a strong policy
framework will enable the electrification in various sectors, with new increased sector-specific targets for
renewables in heating and cooling, transport, industry, buildings and district heating/cooling, as well as a
framework promoting electric vehicles and smart recharging. In the case of hard-to-electrify sectors like
transport and industry, the directive sets new binding targets for renewable fuels of non-biological origin.
The new directive is removing barriers to the deployment of renewables on the ground, encouraging
permitting procedures easier and faster both for renewable energy projects, including through shorter
approval periods and the creation of 'Renewables acceleration areas', as well as for the necessary
infrastructure projects.

In July 2024, the new Electricity Market Design rules were entered into force, consisting of the amending
Directive EU/2024/1711 and the amending Regulation EU/2024/1747. In line with the decarbonisation
targets, the EU countries are facilitated to further support investment in renewables under Power Purchase
Agreements (PPAs), including by setting up guarantee schemes. Power purchase agreements (PPAs) are
long-term contracts for provision of energy, directly between generator and consumer. Additionally, they
will use two-way contracts for difference (CfDs), or equivalent schemes with the same effects, for their direct
price support schemes, in order to support new investments in electricity generation and make sure
electricity prices are less affected by price volatility of fossil fuel-based markets (Figure 3).
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Figure 3: Contracts for Differences, minimum ensured reimbursement as strike price for RES produces, return to state
(clawback) for exceeding prices [10]

Under a two-way contract for difference with the state, energy producers would be protected with minimum
remuneration while it should be ensured that they operate and participate efficiently in the electricity
markets and react to market circumstances. In high price periods, they would return excess revenues, which
can then be distributed back to final customers, be invested to reduce electricity costs for final customers or
used to develop electricity grids. Two-way contracts for difference can be applicable to investments in new
power-generating facilities based on wind energy, solar energy, geothermal energy, hydropower without
reservoir and nuclear energy.

o The need for flexibility and resilience

In the upcoming years, electric distribution networks will need significant modifications to accommodate
the rising demand for renewable energy. The EU's gross power generation by fuel type for the MIX-Hz2
scenario is displayed in Figure 4 [11]. In line with the objectives of the Hydrogen strategy (European
Commission, 2020), the MIX-H2 scenario expands upon the MIX scenario by assuming a greater uptake of
hydrogen in final energy consumption, which suggests a significant increase in electrolyser capacity (40GW
in the EU by 2030). From 2020 to 2050, the output of renewable energy sources will rise dramatically, with
the percentage of power generated by wind and solar rising from 15% to 57% and 5% to 19% of total gross
electricity production, respectively. In parallel, the percentage of power generation derived from fossil fuels
declines over the following three decades, going from 18% to 2% for natural gas and from 15% to 0% for
coal (including lignite).
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Figure 4: Gross electricity generation by fuel type in EU in the MIX-H2 scenario, in TWh [11]

New grid operating principles must be taken into account as a result of the increasing integration of
Renewable Energy Sources (RES), which is being driven by the decentralization and decarbonization of
energy generation as well as the emergence of new loads (such as heat pumps and electromobility) that are
somewhat flexible by nature. Due to their intermittent and stochastic nature, lower voltage levels—that is,
Medium Voltage (MV) and Low Voltage (LV)—are primarily anticipated to support a larger proportion of
RES in the total production, hence generating substantial uncertainties in the features of the generation
profile. Significant network operational problems (such as violations of current and voltage restrictions,
decreased power quality, reversed power flows, and difficulties with voltage requlations of transformers
feeding feeders of various types) could arise from high penetration of distributed RES. Distribution Systems
Operators (DSOs) may continue to utilize conservative network planning techniques as a result of these
negative consequences, which might impede the growth of Distributed Energy Resources (DERs) and result
in significant expenses for society. Although DER and other smart device flexibility could aid in addressing
these problems, it also presents a number of difficulties, making its inclusion into planning difficult.

CIRED WG 2021-2 [12] studied flexibility integration at all planning scales, from short to long-term and local
to global flexibility. Through the analysis of worldwide use cases, several outcomes have been driven:

Technical outcomes:

e Numerous studies have demonstrated that flexibility may be used to control congestion, including
both voltage and current.

e There are delays in the deployment of advanced metering infrastructure, which appears to play a
critical role in the growth of flexibility.

e The placement of resources is crucial; the flexible sources that alleviate congestion need to be
connected to a specific area of the grid.

e Grid observability for operators, which is achieved by digitizing network models, is a crucial
component for flexibility usage.
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e Coordination and local versus global prioritization criteria are necessary because the same resource
can handle many problems (such as congestion or stability) at several levels (LV, MV, and HV). For
the power systems to operate safely, coordination is essential.

e The following must be a part of the flexible planning process:

o Multiple scenarios approach

o Enhancement of power curve modeling to more accurately represent new resource types (heat
pumps, electric cars, and self-consumption) and their modes of operation

o Identifying and incorporating critical performance metrics for risk, flexibility, and payment
willingness

o Therisksand uncertainties related to flexible assets are captured by both stochastic techniques.

Regulatory outcomes:

e The integration of flexibility, which ought to be based on tariffs, regulations, connection
agreements, or the market, is not universally regulated.

e Diverse laws may result in marketplaces with disparate restrictions, which would ultimately impede
the best use of available resources.

e The main drawbacks that are observed in the addressed regulations are:

o Accessing new parties is challenging due to the intense competition in the market for
supplementary services.

o Economic barriers, including price instability, limited profits for big generators, and unclear
pricing signals for Distribution System Operator (DSO) flexibility goods.

o Complex markets (if market-based): prioritizing rules are necessary due to the anticipated
increase in players and interactions. Additionally, the market and flexibility depend on
professional expertise, which tiny individual customers may not be able to get through
aggregators.

These outcomes have led to recommendations split into two main topics: 1) development of proper
simulation methodology and tools to integrate flexibility into planning and 2) technical and economic
enablers:

1. Development of appropriate simulation techniques and tools to incorporate flexibility into planning
e Cross-sectoral models and tools to integrate other energy sectors
e Network observability
e Integration of new metrics related to risk, reliability, uncertainties, hosting capacity and market into
planning
e Prosumer modelling and involvement thanks to collaboration around flexibility with the social
science community
2. Technical and economic enablers
e Dynamic tariffs as a game changer
e Compatibility and/or standardization of communication networks and protocols
e Development of a flexibility market to accelerate the integration of flexibility
e The exchange of flexibility must operate across organization boundaries
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It is anticipated that the dynamic growth of Distributed Energy Resources (DERs) and the emergence of
new loads will be associated with certain threshold effects, requiring technological and regulatory changes
to power networks (Figure 5). Traditional planning is still the best option, especially if the pace of DERs is
low, and no special upgrades are required. DERs must be incorporated into both planning and flexibility if
this rate is medium. Lastly, significant requlatory changes, including new market models, are required if this
rate is large. The impact of local flexibility on distribution grid expansion and the degree to which grid users'
usage of flexibility can offset grid expansion are the questions that are brought up.

Planning with DER

Tthreshold 2

Rate of DER penetration

Traditional planning

Time (years)

Use of flexibility

ey
Figure 5: Evolution of the distribution network according to the development of DERs [12]

From the perspective of the system operators, long-term planning allows for the contraction of flexibility.
Nonetheless, the potential adoptions in the operating time periods will need to be taken into account. In
order to develop appropriate simulation methodologies and tools that take into account flexibility in the
network planning process as well as operational-level flexibility, research institutions should be encouraged
to collaborate with regulators and system operators at this level. Instead of using passive techniques like
network reinforcement, current network planning strategies need to be updated and improved by
incorporating active network elements that can participate in network operation through flexibility.

Working groups, such ENTSO-E [13] and ISGAN [14], suggested ways to include flexibility into planning.
Lack of genericity is the primary flaw, which necessitated significant enhancements in order to
accommodate different power systems. However, this calls for a significant evolution of conventional
approaches and instruments. Innovative techniques found in the literature could be used to take into
account the high degree of uncertainty and complexity associated with incorporating flexibility into
planning. Operators need to revise their investment decisions more frequently as they gain greater insight
into the future.

According to ENTSO-E [15], flexibility needs arise from deviations in the power system due to the stochastic

nature of resources such as generation, demand, and grid availability across all time horizons. Furthermore,

flexibility needs are expected to escalate toward the 2050 climate neutrality goal and the 2030 target of a
55% reduction in greenhouse gas emissions, driven by variability and uncertainty in several key areas:

e Demand side: The electrification of heating, transport, and industries will introduce volatility due

to factors such as customer comfort needs, the slower pace of smart charging technology adoption

compared to electric vehicle (EV) penetration, larger electric loads subject to temperature
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variations, unpredictable customer preferences for industrial products, and uncertain price
responsiveness.

e Generation side: The significant share of variable renewable energy (VRE) sources, such as wind
and solar, will be subject to volatility driven by weather conditions and further uncertainties.

e Grid side: The integration of variable renewables, distributed energy resources, and inverters
connecting DC-based assets will lead to less predictable power flows. Additionally, the reduction in
system inertia imposes further challenges to grid management, while congestion and unbalanced
utilization of transformers and transmission lines may lead to curtailments and limitations on new
renewable connections.

According to the same ENTSO-E study, flexibility needs may increase as the amount of weather-
independent (dispatchable) generation decreases, requiring faster and wider ramp-up and ramp-down of
remaining resources. This will be particularly evident when steep load increases coincide with sharp
decreases in VRE generation (or vice versa). Such changes will affect net load profiles, with demand
becoming steeper due to the growing penetration of heat pumps and EVs. Additionally, the MW-scale
variability of VRE generation (e.g., during sunset) will become more pronounced as VRE penetration
increases. Furthermore, the decline of weather-independent generation plants will create challenges in
meeting demand during extended periods of low renewable generation, such as windless winter weeks.

The new Electricity Market Design in 2024 (Article 19e, "Assessment of Flexibility Needs") mandates that
Member States assess their flexibility needs using a common methodology. By June 2025, ENTSO-E and
the EU DSO entity, with input from ACER, will develop the methodology, and all Member States will
implement it in their flexibility resources strategies.

Both flexibility and resilience have been well-addressed in the research community [16]:

e Flexibility: This is being developed to support grid operations with high VRE penetration and is
being considered from the investment planning stage.

e Resilience: This is based on reliability, risk analysis, and system interactions, all within the context
of the electric power system. Power system resilience involves preparing for severe events and
spans all stages of the power system, from design to operations. It focuses on long-term planning
to build future resilience while optimizing the existing system'’s resilience for operational security.

Flexibility enables the system to adapt to changes and enhances resilience when integrated into grid
planning, defense strategies, and market design. It also aids in restoration through distributed black-start
capabilities. The future of flexibility involves its full integration into operations and planning, requiring
reliable and secure solutions to strengthen resilience and ensure effective operation.

Flexibility solutions improve System Integrity Protection Schemes (SIPS) by enhancing load control,
distributed generation, and enabling new solutions like load shedding, islanding, and black-start recovery.
These solutions enhance grid resilience, reduce congestion, provide voltage support, and optimize
maintenance. Alternative grid development helps optimize investments and operational costs, supporting
both short- and long-term resilience. Large-scale flexibility reduces security costs and encourages resilience
investments. Additionally, cybersecurity and digitalization, driven by Al, machine learning, and data-sharing
platforms, are critical. Standardization is essential for large-scale flexibility deployment and ensuring
system reliability. Figure 6 [15] illustrates the necessity of both short- and long-duration flexibility resources.
Short-duration flexibility resources lack the energy storage capacity to sustain supply over several days,
even if they are efficient and capability of delivering significant power. Therefore, they need to be matched
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by high energy-density supplies to meet long-term needs arising from variations over multiple days, weeks,
or seasons.

same starting conditions

D In normal vRES* generation
. conditions short duration flex

4 (storage, DSF) is enough to
@ J\- efficiently cover flex needs

o L1 L

100 % charging capacity

In long perios of low VRES
production, short duration
flex is quickly depleted.
Long duration flex resources

are needed.
lI|||||| ””l“””””|||||||IIII|||||II - )
_________________________________________________________________________ 100 % charging capacity
day 1 ' day 2 day 3 : day 4 day 5
Variable RES B Import & dispatchable RES [ Electrical storage —— Demand
Il Long duration Flexibility [ Electrival storage charge level (%) [ Demand reduction

*VRES - Variable Renewable Energy Sources, characterised by their intermittent and weather-dependent nature

Figure 6: The utilization of flexibility resources with short and long durations under varying grid conditions [15]

e Short/medium/long term flexibility requirements

The flexibility requirements vary depending on the time horizons they cover. Six flexibility time horizons are
established by the IEA [16], as shown in Table 1. These are divided into short-term flexibility requirements
that are focused on system stability and longer-term stability requirements that are related to climatic and
meteorological conditions, as well as the availability of appropriate capacity and resources.

Table 1: Different timescales of power system flexibility [16]

Sub-seconds Seconds to Minutes to Hours to Days to Months to

- toseconds  minutes hours days months years
Ensure Short term More Determining Longer Seasonal and
system frequency fluctuationsin Operation periods of inter-annual
stability control the supply/  schedulein  VREsurplus availability of
demand hour- and or deficit VRE
balance day- ahead
Dynamic Primaryand  Balancingreal Dayahead  Scheduling  Hydro-thermal
stability: secondary time market andintraday adequacy coordination,
inertia frequency (power) balancing of (energy over adequacy,
response,  response supplyand  longer power system
voltage and demand durations) planning
frequency (energy) (energy over
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very long
durations)
The daily flexibility requirements [11] for each member state (MS) are displayed in Figure 7 in decreasing

order of their percentage of the MS's overall power consumption in 2030. Between 2021 and 2030, the daily
flexibility requirements will rise by an average of 133% in all nations (MIX-H2 scenario). In terms of absolute

value, Germany has the highest daily flexibility requirements for both 2021 and 2030, increasing from 27.4
to 52.7 TWh, while Italy has the largest rise in flexibility requirements between 2021 and 2030 (33.8 TWh).
Additionally, the daily flexibility requirements for 2030 will differ throughout Member States from 4% to
17.5% of the total demand. The EU's daily flexibility requirements have increased by 250% on average
between 2050 and 2030. With 107 TWh more flexibility needed, Italy sees the biggest rise, reaching 159.5
TWh in 2050. It is noted that daily flexibility requirements will rise in every Member State in 2030 and 2050,
suggesting that the residual demand curve does not correspond with anticipated trends like a rise in VRES
in the electricity system between 2030 and 2050. Lastly, it is expected that the EU's daily flexibility
requirements portion of overall demand will rise, on average, from 10% to 13% between 2030 and 2050.
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Figure 7: Daily flexibility requirements in 2021, 2030 and 2050, ordered by 2030 flexibility requirements share to total
demand (FR share) [11]

The weekly flexibility requirements [11] are shown in Figure 8, arranged according to their 2030 percentage
of the overall MS power demand. Between 2021 and 2030, the weekly flexibility requirements are expected
torise by 160%. Germany has the highest weekly flexibility requirements in absolute terms, increasing from
28.8 TWhto 54.9 TWh between 2021 and 2030. In contrast, the Netherlands has the largest relative increase,
increasing by a noteworthy 30 TWh. On average, weekly flexibility requirements in the EU will rise by 340%
between 2030 and 2050. In 2050, France had the biggest increase with an extra 83.3 TWh, while Germany
had the highest flexibility needs at 132 TWh. Weekly flex requirements rise for 2030 and 2050 in all Member
States. Lastly, it is found that the volume-weighted majority of weekly flexibility requirements, which make
up the relative 2030 portion of overall demand, ranges from 1.5% to 23%. The average relative share in the
EU increased from 8% to 11% between 2030 and 2050.
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Figure 8: Weekly flexibility requirements in 2021, 2030 and 2050, ordered by 2030 flexibility requirements share to total
demand (FR share) [11]

Figure g displays the monthly flexibility requirements [11] arranged according to their percentage of the
overall MS power consumption. Flexibility requirements each month increase at the greatest rate over the
next ten years, almost tripling from 64 TWh in 2021. The biggest increase is seen in Germany, which goes
from 15.3 TWh to 35.5 TWh. The Netherlands follows closely behind, going from 7.3 TWh to 25.4 TWh.
Except for Bulgaria, where monthly flexibility requirements have slightly decreased from 0.7 TWh to 0.6
TWh, other Member States have seen an increase in monthly flexibility requirements, indicating that the
national residual load curve is anticipated to flatten as a result of power system developments. The
anticipated system enhancements over the next ten years tighten the requirements for flexibility across all
other Member States and timeframes. This also applies to all Member States, with monthly flexibility
requirements rising by 305% on average throughout the EU between 2050 and 2030. Germany's absolute
monthly flexibility requirements in 2050 are the highest at 84 TWh, whereas France's flex demand increases
the most from 2030 to 2050, reaching 53 TWh. The monthly flexibility requirements to total demand ratio,
finally, increases from 5% to 7% between 2030 and 2050.
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Figure 9: Monthly flexibility requirements in 2021, 2030 and 2050, ordered by 2030 flexibility requirements share to total
demand (FR share) [11]

The flexibility requirements for the three distinct timeframes within the EU are shown in Figure 10 [11]. In
2030, it is expected that daily flexibility requirements will be the highest at 288 TWh, followed by weekly
flexibility requirements of 258 TWh and monthly flexibility requirements of 173 TWh. At the EU level, these
flexibility requirements rise to 919 TWh, 775 TWh, and 494 TWh in 2050, respectively. It is also noted that
although the flexibility requirements may have increased less in absolute terms between 2021and 2030 than
between 2030 and 2050, the former indicates a far higher increase in the relative proportion of the flexibility
requirements to total demand. This suggests that the power system's inherent technological developments
may be the primary driver of the increase in flexibility requirements until 2030, at which point they will more
closely correspond with the growth in energy consumption.
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Figure 10: Daily, weekly and monthly flexibility requirements and their share to total demand (FR share) in the EU for
2021, 2030 and 2050 [11]
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e Recent developments in hydropower

Hydropower productivity varies across the European Union due to regional differences in climate,
geography, water resources, and the types of power plants in operation. Generally, hydropower output is
higher in Northern Member States compared to Southern European countries. Reservoir power plants
typically have larger capacities, enabling them to operate year-round, though they often rely on artificial
storage to meet energy demands. The energy storage capacity of these plants allows them to deliver high
output during peak electricity demand periods, benefiting from higher prices in liberalized markets.

According to the International Hydropower Association (IHA, 2024), Austria led the EU in hydropower
capacity additions in 2023, contributing 120 MW, followed by Germany with 912 MW and Finland with 5 MW.
Austria continues to be a leader in pumped storage hydropower (PSH), with a project pipeline of nearly 2.17
GW, over 1 GW of which is currently under construction. In Estonia, the Zero Terrain Paldiski underground
PSH project, developed by Energislav, received permits in January 2023 and is set for construction. By June
2023, the project secured EUR 11 million in private funding from Baltic companies. This 500 MW/6 GWh
facility is classified as an EU "project of common interest" and is supported by the EU's Connecting Europe
Facility.

In Finland, Kemijoki Oy is exploring the development of the 550 MW Ailangantunturi PSH plant in Eastern
Lapland, in addition to plans for three small-scale PSH plants totaling over 100 MW, with a combined
investment of up to EUR 300 million. In Germany, the expansion of the Rudolf Fettweis hydropower plantin
Forbach moved forward with a final investment decision in May 2023. This project will modernize the
existing 72 MW facility, converting it into a PSH plant and adding a 57 MW pumping station, with an
estimated cost of EUR 280 million.

In Italy, Edison inaugurated the 2.7 MW Quassolo hydropower plant on the Dora River. In Spain, the Chiara
PSH plant in Gran Canaria received EUR go million in EU funding in January 2023. This 200 MW turbine-
mode, 220 MW pumping-mode facility, with a 3.6 GWh storage capacity, will also integrate with a seawater
desalination plant. In March 2023, Iberdrola received approval for the Valdecafias PSH project, a hybrid
facility combining 275 MW of hydropower output with 15 MW of chemical battery capacity, achieving a total
storage capacity of 220 GWh. Finally, in Sweden, Vattenfall announced plans to increase hydropower
capacity with a new 720 MW project [17].

Table 2 lists the installed power capacity of large PSH (over 2000 MW) systems by country.

Table 2: Installed power capacity of large PSH (over 1000 MW) systems by country (year 2023) [17]

(China | 40,648 69,550 110,198
apan U a5.307 2820 18,127
us. 13,731 0 13,731
'EU(asawhole) = 13,514 0 13,514
aly 4200 0 4200
Australia 1800 2250 4050
‘Ukraine 2531 900 3431
‘Taiwan 2608 0 2608
United Kingdom 2500 0 2500
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Egypt 0 2400 2400
South Africa 2332 0 2332
India 0 2200 2200
Germany 2105 0 2105
Switzerland 1000 900 1900
France 1800 0 1800
‘Spain 1770 0 1770
‘Serbia 1300 0 1300
‘Luxembourg 1300 0 1300
‘Russia 1216 0 1216
Vietnam 0 1200 1200
CzechRepublic 1175 0 1175
‘Belgum 1164 0 1164
ran 1040 0 1040
Indonesia 0 1040 1040
‘SouthKorea 1000 0 1000

The most important technology for a successful integration of variable energy sources (such as wind and
photovoltaics) into the electrical grid is hydropower, which is currently a giant of low-carbon electricity
technologies. The capacity of hydropower (together with water and energy storage) must grow soon,
however there are a number of environmental barriers and limitations. The most important barriers in
Member States are presented in

[18].

Table 3: Challenges in hydropower across Member States [18]

Seasonal variability of water flow

Limited hydro potential due to topography

Relatively low hydroelectric potential

Environmental concerns over river ecosystems

No significant hydro resources, but potential for new Pumped Storage
Hydropower (PSH)

Limited suitable locations for hydro plants

Almost no hydroelectric resources

Very low hydroelectric potential

Protecting natural waterways and fish habitats

Regulatory constraints for new hydro developments

Environmental and regulatory constraints

Droughts affecting water levels for hydro

Minimal hydroelectric resources

Limited potential for large-scale hydro, except in a few sites, including PSH
Regulatory barriers for new hydro projects

Concerns over damming rivers for hydro

Environmental impact on river ecosystems

Very limited hydroelectric capacity
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Low elevation limits hydroelectric options

Limited hydroelectric potential, one PSH planned.
Seasonal water flow variability

Regulatory approval processes for hydro

Hydroelectric growth limited by environmental concerns
Water management conflicts with neighboring countries
Competing water usage for agriculture vs. hydro power
Balancing hydro production with environmental concerns

e Emerging hydropower technologies

Many hydropower stations were built prior to the 1970s, and a significant portion of the EU's hydroelectric
potential has already been harnessed. Consequently, it is crucial to upgrade and renovate these stations
within the framework of the EU's energy strategy. Refurbishing the aging hydropower fleet is essential to
enhance security, address ownership and operational challenges, and extend the facilities' lifespan. These
upgrades should primarily focus on electro-mechanical components (such as generators, turbines, and
guide vans) as well as related control systems.

The variable nature of renewable energy sources, such as wind and solar, requires hydraulic turbines to
operate under a wide range of conditions. Modern turbines face challenges from fluctuating energy
demands and limited storage capacity, necessitating high operational flexibility—even at points far from
optimal efficiency. Operating under off-design conditions can cause residual swirl in the draft tube, which
results from mismatched angular momentum between the wicket gates and turbine runner. This can lead
to reduced efficiency, severe pressure fluctuations, vibrations, mechanical damage, runner blade failure,
and power swings. Research is focused on developing flow control techniques to mitigate these self-induced
instabilities, applicable both to new hydropower projects and the refurbishment of older facilities.

A successful control technique designed to ensure the flexible operation of hydropower plants should
possess the following characteristics: (i) it addresses the root causes of self-induced instability, not just its
symptomes; (ii) it has minimal or no impact on efficiency; and (iii) it can be deactivated when unnecessary at
certain operating points. Technologies such as battery hybrids and electric, hybrid, and variable-speed
hydropower are also improving electricity distribution and storage efficiency.

The digital transformation of hydropower is expected to revolutionize the operation of both new and
existing stations, especially as the sector—historically conservative—has yet to fully embrace advancements
in information technology (IT). By leveraging real-time simulations, digital twins, and advanced modeling
and control, companies can reduce the operating costs of hydropower plants. These technologies enable
real-time predictive maintenance, using data and analytics to provide operators with immediate insights
into asset conditions, thereby improving maintenance planning. Furthermore, they help plant operators
reduce maintenance costs, improve uptime, and extend equipment lifespan through proactive and targeted
maintenance strategies. Advances in IT and automation are poised to significantly influence the future
development of hydropower components.
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e EU research projects in hydropower

Several projects are set to advance hydropower development within the EU. The EU Clean Energy Transition
Partnership has outlined key priorities for hydropower, focusing on flexibility, energy storage, digitalization,
hydropower services, sustainable solutions, and sediment management. Table 4 provides a summary of
finished and ongoing EU hydropower research projects.

Table 4: EU research projects in hydropower.

Di-Hydro is a European-funded project committed to advancing https://dihydro- ongoing
the potential of hydropower (HP) plants and clusters in alignment project.eu/

with the ambitious goals of the European Green Deal and the Paris

Agreement. The mission is to revolutionise the way hydropower

plants operate, making them smarter, more efficient, and

environmentally conscious. At Di-Hydro, our vision is to empower

sustainable energy production through the development of

cutting-edge digital and smart decision-making tools for

hydropower plants, regardless of their digitisation level, ensuring

they play a pivotal role in a greener future.

The iAMP-Hydro project will improve the operations of existing  https://www.iamp- ongoing
hydropower stations through the development of new digital

sensors and services, which will collectively form iAMP: a novel hydro.eu/

intelligent Asset Management Platform encompassing secure,

open and transparent data-sharing protocols and three novel

digital solutions. These include new condition monitoring and

predictive maintenance tools for hydropower turbines, the

ecological water status monitoring and improved weather and

flow forecasting.

The Hydro4U project will adapt European technologies to Central  https://hydrosu.eu/ ongoing
Asia, demonstrating viability in a forward-looking cross-border project/partners/
water-food-energy-climate nexus. Price-competitiveness will be
assured through design alterations based on a prior analysis of
unexploited sustainable small-scale hydropower potential in
Central Asia. Hydro4U will install and assess two demo plants: an
eco-friendly low-head run-of-river plant and a medium-head
plant, both with radically reduced planning and construction costs
that do not compromise efficiency. These solutions will be fit-for-
purpose based on innovation, modularisation, meaning a radically
simplified structural concept, with longevity, eco-compatibility
and socio-political acceptance.

To decarbonise and slow the rate of global warming, we need to  https://cordis.euro ongoing
turn to renewable energy such as wind and solar. The current
electricity grid, however, is still not able to handle the intermittent
nature of these energy sources. Pumped hydropower energy 3553
storage can help to maintain and enhance grid flexibility and
stability. The EU-funded ALPHEUS project will improve reversible
pump/turbine (RPT) technology and adjacent civil structures
needed to make pumped hydro storage economically viable in

shallow seas and coastal environments with flat topography. It
anticipates reaching round-trip RPT efficiency of 0.7 to 0.8 by
combining the current state of the art and the expertise of project

pa.eu/project/id/88
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partners. ALPHEUS will also assess related social and

environmental factors, such as fish life, local opinion, and land use.

The main objective of ReHydro is to demonstrate how European  https://cordis.euro ongoing
hydr_opower can be refurbished and modernlze_d to be flt fqr_ @ pa.eu/project/id/io

leading role in the future power system respecting sustainability

requirements and societal needs in a climate change context. A 1147310
suite of monitoring and digital tools (performance, cavitation,
machine health) implemented at demonstration sites will improve
hydropower efficiency. Innovative concepts like retrofitting with
pumped hydro and hybridization will make hydropower fit for
future markets. ReHydro will demonstrate how biodiversity can be
improved with new fish-friendly turbines, re-establishment of
environmental flows, and monitored using new tools such as
eDNA. Smarter use of water resources will also be implemented so
that more services can be delivered to the power markets, while
multi-purpose use of the water resources for navigation and
recreation can be expanded and the ability to mitigate flooding
and droughts is strengthened. The results from ReHydro will
achieve all the expected outcomes specified in the call. The
solutions will give European hydropower industries commercial
advantages to utilise the global need for hydropower expansion. It
is expected that ReHydro's exploitable results will create 700-1150
new jobs in the manufacturing industry, increasing the global
market by 275 mill euros. ReHydro will introduce a new paradigm
to boost European leadership and competitiveness in the
hydropower industry and provide new sustainable solutions that
are replicable at European and global levels.

Climate change has showcased the need for renewable energy  https://cordis.euro ongoing
sources as well as_reducgd emissions and c_onsumptlon. However, pa.eu/project/id/1o

new technology is required to satisfy this need. Hydro energy
systems are a promising solution as they use the motion of liquid 1084362
bodies to generate electricity. In this context, the EU-funded H-

HOPE project will develop a hydro energy solution that uses a

novel technology to collect hydro energy from otherwise ignored

open streams, piping systems and open channels. This solution

will use innovations that make use of submerged oscillating bodies

combined with piezoelectric materials and electromagnetic

regulators to take advantage of these water flows. The result will

be a reduction in CO2 emissions and harmful energy sources.

The increasing integration of renewables in the electrical power https://www.xflexh finished
system requires the provision of large amount of flexibility to ydro.com/

guarantee a secure and optimal operation of the European grid.

Hydropower plants already provide critical grid support and

ancillary services, namely: fast regulation and frequency control,

fast start and stop times and ramping rates, fast transition from

pump mode to generating mode, and fault ride through capability.

The EU-funded XFLEX project aims to enhance the hydropower

potential and its capability to provide flexibility services to the

grid. To achieve this objective, XFLEX will demonstrate an

innovative methodology for system integration of hydroelectric

technology solutions, and analyse their impact on the modern

power market. These innovative solutions will also optimise

maintenance intervals, decrease outage times and increase the

availability of the entire European hydroelectric power plant fleet.

Hydropower is the backbone of Europe’s renewable electricity https://cordis.euro  finished
system. Already established in Europe, there is room for the pa.eu/project/id/8c
hydropower market to flourish in other parts of the world. EU-
funded HYPOSO project aims at supporting the European 7851
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hydropower industry while fostering a sustainable developmentin

selected target countries in Africa and Latin America, namely

Bolivia, Colombia, Ecuador, Cameroon and Uganda. The HYPOSO

objectives will be achieved by a combination of tools, i.e. thorough

market analyses, looking into unused hydropower potentials (in a

GIS Map), political and legislative frameworks, financing

hydropower in a smart way, capacity building, replicable business

case studies and by bringing together representatives of the

European hydropower industry and their counterparts and

politicians from these five countries.

The potential of hydropower, the biggest renewable energy https://cordis.euro  finished
source globally, remains .Iarg.ely unexploited. Asses.s'ing pa.eu/project/id/87

operational costs and ecological impact for new opportunities,
requires accurate information on key environmental variables. The Loy

EU-funded HYPOS project will address this need by providing a

suite of data analysis applications integrating Earth Observation

technologies and modelling for the hydropower industry. These

include an online decision support tool for investment planning

and monitoring, as well as a subscription portal combining satellite

data over time, current measurements and detailed estimates for

present and near future assessments. The project will add value at

an international level, with reliable information on a wide range of

water bodies and spatial scales. Sophisticated blue footprint

analysis will be used for sustainable monitoring solutions.

Climate change has showcased the need for renewable energy  https://cordis.euro  finished
sources as well as_reducgd emissions and c_onsumptlon. However, pa.eu/project/id/1o

new technology is required to satisfy this need. Hydro energy
systems are a promising solution as they use the motion of liquid 1084362

bodies to generate electricity. In this context, the EU-funded H-

HOPE project will develop a hydro energy solution that uses a

novel technology to collect hydro energy from otherwise ignored

open streams, piping systems and open channels. This solution

will use innovations that make use of submerged oscillating bodies

combined with piezoelectric materials and electromagnetic

regulators to take advantage of these water flows. The result will

be a reduction in CO2 emissions and harmful energy sources.

One of the oldest, simplest and consistent forms of renewable  https://cordis.euro  finished
energy is hydropower —watermills have been around since ancient pa.eu/project/id/87

times. Today, it's the largest source of renewable energy in the
world. There is potential to move beyond large-scale dams. A 3765

microhydropower system that uses the natural flow of rivers with

interconnected small turbines that generate up to 100 kilowatts of

electricity each to form an energy solution up to a few megawatts.

The EU-funded Turbulent project is developing a cost-efficient

microhydropower plant designed to use a very low head stream

without impact. It does not require a dam and is smaller, lighter

and easier to install and maintain. The aim of the project is to

promote microhydropower and expand the technology in the EU

and abroad.

HydroFlex aims to increase the value of hydro power through https://cordis.euro  finished
|ncrea.sed Flexibility. Thle commﬁment to cut greenhou;e 935 13 eu/project/id/76

emissions under the United Nations Framework Convention on
Climate Change has been an important contributor to the AR
increasing share of renewables in the European energy system.
Variable renewable energy sources such as wind and solar, as well

as increased end-user flexibility and a market-oriented operation

of power plants, results in larger fluctuations in the power system.

Hydro power, due to its quick response and storage capability
represents an important asset for grid balancing. HydroFlex aims
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to make hydro power available in a time as short as possible by

performing well-focused research and innovation actions on the

key bottlenecks of hydro power plants that restricts their

flexibility. The project will start off by identifying the operating

conditions of hydro power plants in the future energy system.

Research will be focused on the flexibility of Francis turbines, the

most common turbine type in Europe, and the configuration of

synchronous generators and frequency converters that allow for

variable speed operation. Variable speed operation increases the

operating range of the turbines, reduces the fatigue loads, and

allow for higher ramping rates and start-stop-cycles reaching up

to 30 times per day. HydroFlex also addresses methods to mitigate

the negative effects on downstream water courses that may result

from higher flexibility of hydro power plants, by developing and

testing a technology for active underground storage of water. To

promote the research results to the hydro power industry, the

scientific community and the public, the results will be presented

in workshops, conferences, scientific journals, newspapers and

various social media.

Sustainable energy sources like hydropower plants (HPPs) https://cordis.euro  finished
generate vast energy with minimal environmental impact. By pa.eu/project/id/72

utilising this clean energy solution, it is possible to effectively meet
our energy demands without compromising the health of our 7830

environment. Unfortunately, HPPs can harm fish populations,

migration routes and habitats. The EU-funded FIThydro project

aims to evaluate HPPs' impact on native environments in the EU.

By collaborating with policymakers, the project seeks to develop a

solution that addresses these concerns. The proposed solution

involves using various tools, technologies and a decision support

system. This approach enables HPP operators to maintain

production rates while safeqguarding fish populations and

upholding environmental standards.

The main goal of AFC4Hydro research project is to design, https://cordis.euro  finished
implement and validate in full-scale water turbine an active flow pa.eu/project/id/81

control system that permit to increase efficiency and reduce the
dynamics loads on the structure at any off-design operating 4958

conditions and during transient operations.

In the recent years due to tremendous development and https://cordis.euro  finished
integration of renewable energy resources in Europe, hydraulic pa.eu/project/id/60

turbines and pump-turbines are key technical components to
contribute to renewable energy production and to compensate for 8532
the stochastic nature of the variable energy sources, preserving

thus the electrical grid stability. As a result, the overarching
objective of the project is the enhanced hydropower plant value by
extending the flexibility of its operating range, while also
improving its long-term availability. More specifically, the project

aims to study the hydraulic, mechanical and electrical dynamics of

several hydraulic machines configurations — fresh and seawater
turbines, reversible pump-turbines — under an extended range of
operations: from overload to deep part load. A two-pronged
modelling approach will rely on numerical simulations as well as
reduced-scale physical model tests. Upon suitable concurrence
between simulations and reduced-scale physical models results,
validation will take place on carefully selected physical
hydropower plants properly equipped with monitoring systems.

To address this ambitious research plan, a consortium has been
assembled featuring three leading hydraulic turbines, storage

pumps, reversible pump-turbine and electric equipment
manufacturers, SME, as well as world-renowned academic
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institutions. Extensive tests both on both experimental rigs and
real power plants will be performed in order to validate the
obtained methodological and numerical results.

Improving the efficiency of technologies exploiting renewable
sources of energy is vital for the future of the planet. To this end,
the EU-funded HyKinetics project aims to test an innovative 3-
blade axial 20 kW micro-hydroelectric generator designed to
exploit the renewable energy of rivers and canals without the use
of dams or waterfalls. The generator has a limited visual and
environmental impact, which is important for river applications
subject to strict environmental constraints. The project will install
and test 10 prototypes of the device downstream of selected dam-
based hydroelectric power stations. If used in all hydropower
plants throughout the EU, the technology has the potential to
increase the plants’ production by more than 17 TWh a year.

https://cordis.euro  finished
pa.eu/project/id/8o
7109

e Actions of D-Hydroflex project for policy making

The D-Hydroflex project participates in the activities of the ETIP Hydropower Working Group 1,
“Hydropower Role for Flexibility & Storage”, which is divided into three sub-groups: “Flexibility Definition,”
“Technical Aspects,” and “Economic Approach.” Additionally, D-Hydroflex actively contributes to the ETIP
Hydropower WG1 — Sub-Group 1: “Flexibility Definition.”

ETIP Hydropower’'s WG-1 has decided to develop a White Paper aimed at contributing to the HORIZON
2026-2027 Work Programme. The D-Hydroflex project is providing key insights for this White Paper,
specifically addressing the topic: “What are Europe’s needs for flexibility?”
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The hydropower industry in Spain is undergoing significant transformation as technological advancements,
regulatory changes, and market demands redefine its role in the national and European energy landscape.

Emerging Market Trends

¢ Green Energy Demand: Spain's commitment to carbon neutrality by 2050 and its ambitious
goals under the National Integrated Energy and Climate Plan (PNIEC) have increased the focus
on renewable energy. Hydropower, as one of the most established renewable energy sources in
Spain, plays a vital role in meeting these objectives. The demand for green energy certificates
and corporate sustainability initiatives presents opportunities for hydropower operators to
leverage digital platforms to track and verify their contributions to decarbonization.

e Energy Flexibility Markets: The integration of intermittent renewable sources such as wind and
solar, which dominate Spain's energy mix, has increased the need for flexible energy solutions.
Hydropower assets, especially pumped-storage plants are critical for providing grid stability and
energy storage. Digital solutions enabling real-time optimization and predictive analytics can
enhance the efficiency of these operations, ensuring hydropower's central role in Spain's energy
transition.

e Regulatory and Policy Shifts: Spain's evolving regulatory framework, aligned with European
Union directives, emphasizes the integration of renewable energy, efficient water use, and
biodiversity conservation. Policies supporting the modernization of existing hydropower
infrastructure, along with innovation incentives, drive the adoption of digital tools. Additionally,
Spain's participation in EU energy markets promotes the use of hydropower for cross-border
energy trade and balancing services.

Scientific Breakthroughs

e Advances in Digital Technologies: The adoption of technologies such as Artificial Intelligence (Al),
Machine Learning (ML), and the Internet of Things (IoT) has revolutionized hydropower asset
management in Spain. Predictive maintenance systems can detect potential equipment failures,
reducing downtime and costs, while loT-enabled sensors monitor reservoir levels, turbine efficiency,
and environmental variables in real-time. These technologies enhance the reliability and
sustainability of hydropower operations.

e Hydropower-Specific Innovations: Innovations: Innovations in turbine design, such as fish-friendly
turbines, are helping Spanish operators address ecological concerns while maintaining
performance. The application of digital twins—virtual models of hydropower plants—allows
operators to simulate and optimize performance under various conditions, improving efficiency and
resilience. Modernization efforts in Spain's older hydropower facilities focus on integrating these
technologies to extend their operational lifespan.

¢ Integration with Other Renewable Sources: Spain's significant investments in solar and wind
energy have created opportunities for hybrid renewable energy systems. Hydropower, with its
inherent storage capabilities, complements these variable sources by providing dispatchable
energy. Digital platforms integrating hydropower with solar and wind operations optimize energy
dispatch, improve reliability, and strengthen the overall stability of Spain's energy grid.
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e Environmental Impact Monitoring: Advances in environmental monitoring technologies, including
satellite imagery and remote sensing, enable Spanish hydropower operators to comply with the
EU's stringent environmental regulations. Tools for monitoring water quality, sedimentation rates,
and biodiversity help ensure hydropower projects align with sustainability goals and maintain their
social license to operate.

Barriers to Innovation and Development

e Aging Infrastructure: Many hydropower plants in Spain are decades old, requiring significant
investments in modernization and retrofitting to integrate advanced technologies. The high costs
associated with these upgrades can deter operators, especially smaller ones.

e Regulatory Complexity: The evolving regulatory landscape in Spain, while supportive of
sustainability goals, can also pose challenges due to its complexity. Navigating permitting
processes, environmental assessments, and compliance requirements often delays project
timelines and increases costs.

e Environmental Concerns: Hydropower projects, particularly new developments, face opposition
due to their potential impacts on local ecosystems and water resources. Balancing energy
production with ecological preservation remains a critical challenge.

e Financial Constraints: The upfront costs of implementing digital solutions, coupled with limited
access to financing for innovation, can slow down the adoption of new technologies. This is
particularly evident in small- and medium-scale operations.

e Climate Variability: Spain's increasing susceptibility to droughts and changing precipitation
patterns due to climate change impacts water availability for hydropower generation, reducing the
predictability and reliability of this resource.

The hydropower industry in Spain is at the forefront of technological and regulatory change, with digital
solutions playing a crucial role in enhancing sustainability, flexibility, and performance. By adopting cutting-
edge technologies such as Al-driven analytics, loT-based monitoring, and digital twins, Spanish hydropower
operators can meet the growing demand for green energy, adapt to evolving regulatory landscapes, and
strengthen their position in the European energy market. Additionally, innovations integrating hydropower
with other renewable sources and prioritizing environmental management will ensure that Spain's
hydropower assets remain competitive, resilient, and aligned with the country's energy transition goals.

In the future, hydropower in Spain is expected to play a key role in consolidating a decarbonized and resilient
electricity system. The increasing electrification of sectors such as transport and heating will drive demand
for renewable electricity, positioning hydropower as an essential solution due to its rapid response and
storage capabilities. Furthermore, collaboration between hydropower operators and other renewable
technologies will enable the creation of more efficient and balanced hybrid energy systems.

Another crucial aspect will be the development of technologies to maximize water utilization under
conditions of increasing climate variability. With advanced water management tools, such as Al-based
predictive models and remote sensors, operators will be able to optimize the use of water resources,
minimizing environmental impacts and improving operational efficiency. These measures will ensure that
hydropower remains a fundamental pillar of Spain's energy mix in the decades to come.
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Hydropower development in Poland, and consequently the exploitation and significance of D-HYDROFLEX
solutions, is shaped by several key regulatory and policy factors. The main factors forming this framework
include:

Emerging Market Trends in Poland's Hydropower Sector:

¢ National Energy and Climate Plan (NECP): Poland's NECP for 2021-2030 [19] outlines the country's
energy and climate policies, including targets for renewable energy sources (RES). The plan aims for
a 23% share of RES in gross final energy consumption by 2030 [20], conditional on additional EU
funding. This plan provides a framework for hydropower development, emphasizing sustainable
and economically effective energy transformation.

e Hybrid Systems: There is a growing interest in integrating hydropower with other renewable
sources, such as solar and wind, enhancing grid flexibility and stability.

e Public and Stakeholder Engagement: Engaging local communities and stakeholders in the
planning and development process is vital. This helps address concerns, gain support, and ensure
that projects align with local needs and environmental standards.

¢ Technological Integration: Poland is increasingly adopting modern technologies like digital twins
and Al for operational optimization and predictive maintenance in hydropower plants.

e EU Directives and Funding: Compliance with EU directives on renewable energy and
environmental protection is essential for Poland. Access to EU funds for energy projects, including
hydropower, is contingent on meeting these directives. Policies aimed at adapting to climate
change impacts are crucial for hydropower. These policies focus on ensuring that hydropower
infrastructure can withstand extreme weather events and changing water availability. Government
incentives and subsidies for renewable energy projects, including hydropower, play a significant role
in promoting development. These financial supports make hydropower projects more economically
viable [21].

Scientific Breakthroughs:

¢ Advanced Monitoring Systems: Digital twins and predictive maintenance systems enable real-
time, data-driven insights into the operational health of hydropower plants. By creating virtual
replicas of physical systems, digital twins allow for continuous monitoring and simulation,
identifying inefficiencies or potential failures. Predictive maintenance utilizes this data to forecast
component wear and tear, enabling timely repairs and reducing costly downtime, ultimately
enhancing plant performance and lifespan.

e Environmental Impact Mitigation: Research into fish-friendly turbines focuses on redesigning
turbines to minimize harm to aquatic life by altering blade speeds, shapes, and flow patterns. These
innovations make hydropower plants more ecologically sustainable by ensuring fish can safely pass
through or bypass turbines. Additionally, advances in sediment management technologies are
helping reduce sediment build-up in reservoirs, maintaining natural water flow and improving plant
efficiency while minimizing environmental disruption.
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¢ Hybrid Renewable Energy Systems: Integrating hydropower with other renewable energy sources
like wind and solar enhances grid stability by providing a steady energy supply when other sources
are intermittent. This hybrid approach balances the fluctuations of solar and wind energy, ensuring
a reliable and consistent power output. It also supports Poland’s decarbonization goals, helping to
reduce fossil fuel dependency and furthering the country’s renewable energy targets while
stabilizing the power grid.

e Riverine Hydrokinetic Turbines: Hydrokinetic turbines represent an innovative and
environmentally friendly approach to hydropower generation. Unlike conventional hydropower
plants, these turbines harness the kinetic energy of flowing water without requiring dams or large-
scale infrastructure, minimizing their ecological footprint. Their operation has a negligible impact
on aquatic ecosystems, preserving natural river habitats and allowing for safe fish migration.
Additionally, hydrokinetic turbines can function in island mode, providing reliable, decentralized
energy solutions for remote or off-grid locations. Their modular design and scalability make them
an accessible investment option for a wide range of users, from individual investors to local
communities, fostering the broader adoption of sustainable hydropower technologies.

¢ Integration of Small Hydropower Plants with Hydrogen Production and Storage: A significant
breakthrough in hydropower development is the integration of small hydropower plants with
hydrogen production and storage systems. In periods of high river discharge, when excess electricity
is available, surplus energy can be utilized for water electrolysis, generating hydrogen as a storable
energy carrier. This approach enables efficient energy storage and provides a buffer against
fluctuations in water flow, ensuring stable hydropower generation and optimal operational
conditions for energy infrastructure. The stored hydrogen can later be used for industrial
applications, transportation, or electricity generation in fuel cells, enhancing the flexibility and
resilience of renewable energy systems. By coupling hydropower with hydrogen technologies, this
innovation supports energy decarbonization efforts and strengthens the long-term sustainability of
renewable energy networks

Barriers to Innovation and Development

e Environmental Regulations: Strict regulations to protect aquatic ecosystems and manage water
resources can delay hydropower project approvals. Poland prioritizes local ecological goals, which
sometimes leads to underestimating the hydropower potential. Environmental regulations focus on
mitigating climate change effects, flood and drought protection, and preserving fossil fuels [22]

e Investment Costs: The high cost of modernizing existing hydropower infrastructure and
implementing advanced technologies may be a financial obstacle.

o Lack of Specialized Personnel: The shortage of skilled workers in digitalization and modern
hydropower technologies presents a challenge in effectively executing innovative projects.

As of 2023, Poland's hydropower generation stood at 2.4 terawatt-hours, supported by a total installed
capacity of approximately 2,406 megawatts [23]. Potential enablers for hydropower development in Poland
include the support from the National Energy and Climate Plan (NECP), which sets ambitious renewable
energy targets, and the integration of hybrid systems combining hydropower with other renewable sources
like wind and solar. EU funding and government incentives further strengthen project viability, while
technological advancements such as digital twins, Al, and predictive maintenance enhance operational
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efficiency. Additionally, public engagement ensures projects align with local needs, promoting greater
acceptance and smoother development processes.

France is the third-largest European producer of hydroelectricity, with hydropower providing over half of its
renewable energy supply. The country aims to increase hydropower capacity to 2,8 GW by 2035.
Hydropower accounted for 18% of France's installed power capacity and 11% of total power generation in
2021. Although much of the hydroelectric potential has been exploited, growth is expected to remain
minimal until 2035. Hydropower plays a key role in balancing supply and demand, offering flexibility, and
ensuring energy stability during peak periods.

The French government targets 40% renewable electricity by 2030 and is simplifying procedures, promoting
local investment, and improving project completion rates. Hydropower projects are subject to
environmental regulations, such as maintaining minimum water flow and restoring ecological connectivity
for migratory fish. The industry faces growing environmental costs, and while small-scale projects have
limited impact, large-scale projects require careful consideration of flooding and sediment transit impacts.

Hydropower is crucial for France's energy transition, offering a predictable and manageable renewable
power source. However, new low-power projects should be avoided in environmentally sensitive areas, and
instead, the focus should be on upgrading existing plants for increased flexibility.

Emerging Market Trends

e Energy Flexibility Markets: The integration of intermittent renewable energy sources, such as wind
and solar, necessitates increased flexibility from other power sources. Hydropower, with its ability
to provide rapid response storage solutions, plays a critical role in stabilizing the grid. New pumped-
storage projects are under consideration to enhance grid reliability.

o Retrofitting and Modernization: Given that much of France’s hydropower capacity has been
operational for decades; modernization is a key focus. Upgrading existing facilities with advanced
turbines, digital monitoring systems, and automation enhances efficiency and sustainability.

e Public and Private Investments: The Green Deal and national energy strategies continue to
promote investments in hydropower. However, investment growth is contingent upon streamlined
regulatory frameworks and clear environmental guidelines to ensure compliance and project
feasibility.

e Balancing Environmental and Energy Goals: France’s commitment to ecological sustainability
presents both opportunities and constraints for hydropower expansion. Regulatory measures aimed
at minimizing ecological impacts influence project design and technological adoption.

Scientific Breakthroughs

The hydroelectric potential in France is largely exploited, and increasing hydropower production presents
several challenges. The first challenge is retrofitting existing plants, especially given their aging
infrastructure. The second is enhancing the flexibility of hydropower production to better integrate with
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other energy sources. The final challenge focuses on optimizing plant and turbine operations to ensure
sustainable production. To address these challenges, new tools and methods can be implemented:

o Retrofitting aged plants: Digital technologies, such as digital twins, are valuable for testing
different solutions.

o Artificial Intelligence (Al): Al can improve operations by enhancing maintenance and optimizing
production based on hydraulic conditions.

¢ Flexible optimization: Al and statistical analysis can help optimize hydropower production,
balancing energy sources, forecasting hydraulic conditions, and protecting biodiversity.

¢ Pumping storage solutions: Integrating pumping storage with hydropower production can help
manage water resources efficiently.

e Eco-friendly equipment: New equipment, such as fish-friendly turbines or behavioral guidance
systems, can reduce environmental impact.

¢ Environmental monitoring: Digital tools can optimize turbine operations to minimize ecological
impacts, such as increasing escapement during downstream migration or improving fish passage
systems.

¢ Non-intrusive environmental monitoring: Using non-intrusive devices can provide valuable
insights while minimizing disruption to ecosystems.

Barriers to Innovation and Development

e Complexregulatory environment: The requlatory framework is often subject to frequent changes,
creating uncertainty and hindering long-term planning for new projects or upgrades.

e Permitting delays: The approval process for both new and modernization projects can be slow,
causing significant delays in project timelines and increasing costs.

e Environmental shifts due to global changes: Changes in hydraulic and thermal conditions, as well
as the presence of protected or invasive species, can complicate project planning and operation,
impacting efficiency and sustainability.

e Local opposition: Environmental groups, including fishing associations and NGOs, often oppose
projects due to concerns over their ecological impact, particularly on local ecosystems and
biodiversity.

e Aged infrastructure: Many existing plants and structures are outdated and require extensive
retrofitting or modernization to maintain operational efficiency and meet current environmental
standards.

e Approval of new technologies: Introducing innovative technologies such as fish-friendly turbines,
digital twins, or new monitoring approaches often faces delays in approval from authorities, slowing
down the adoption of solutions that could enhance sustainability and performance.

In conclusion, the hydropower industry plays a leading role in France’s energy transition strategy, serving as
a key source of flexibility essential for grid management and system stability. The potential for increasing
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its flexibility is both significant and crucial for the sector’s evolution. Expanding hydropower capacity must
take into account environmental factors—particularly biodiversity, hydrological changes driven by climate
change, and economic considerations to ensure the viability of storage facilities and other renewable energy
sources. Digital solutions will continue to play an increasingly important role in enhancing sustainability,
flexibility, and performance in the industry.

e The hydropower industry in Romania, like many other global markets, is experiencing a period of
significant transformation due to the confluence of technological advancements, shifting policy
landscapes, and growing environmental concerns. As the demand for sustainable and flexible
energy solutions intensifies, the industry faces both opportunities and challenges. This presentation
explores recent legislative trends and barriers in Romania, with a focus on aligning digital solutions
with sustainability, flexibility, and performance in hydropower assets.

e Emerging Market Trends

¢ Increased Focus on Renewable Energy: The European Union’s Green Deal and Romania’s own
national energy strategies prioritize a shift towards low-carbon energy solutions, increasing the
demand for green energy sources like wind, solar, and hydropower. This demand drives Romania to
enhance its hydropower infrastructure and integrate more digital solutions for optimizing energy
production and reducing environmental impacts.

e Public and Private Investment: As the market for renewable energy grows, there has been a surge
in private and EU-driven investments aimed at improving the sustainability of hydropower plants
using digital technologies. However, the growth of these investments is influenced by the stability
of legislative frameworks and their alignment with EU directives on renewable energy.

e Balancing Supply and Demand: As renewable energy sources like wind and solar increase,
hydropower’s role in providing flexibility to balance supply and demand in energy grids becomes
critical. The ability to regulate water flow and energy storage effectively allows hydropower plants
to respond rapidly to fluctuating market conditions.

e Legislative Support for Flexibility: Romanian legislation is gradually recognizing the need for
market mechanisms that incentivize flexible energy sources. However, the full implementation of a
competitive flexibility market requires comprehensive regulatory reforms, particularly around
energy storage systems and demand response mechanisms.

Key Requlatory and Policy Shifts

e Romania’s Energy Strategy: Romania is committed to meeting its EU 2030 renewable energy
targets, which include increasing the share of renewables in its energy mix to at least 30%.
Hydropower, as one of Romania’s main renewable sources, will need to adapt to evolving policies,
such as the EU’s Renewable Energy Directive (RED II), which emphasizes sustainable development
and the integration of digital technologies in energy production.

e Energy Market Liberalization: The liberalization of energy markets in Romania presents both
opportunities and challenges for hydropower operators. Regulatory changes aimed at creating a
more competitive and transparent electricity market can incentivize the adoption of new
technologies. However, the complexity and pace of legislative reforms often create uncertainties
for market participants, delaying investments in new technologies.

e Sustainability Standards: Romanian environmental regulations are increasingly aligned with EU
policies on water management, biodiversity preservation, and ecological impact. Hydropower
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plants must now meet stricter environmental standards, which require continuous monitoring and
reporting on water quality, fish populations, and ecosystem health.

e Digital Technologies for Monitoring: New environmental impact monitoring systems, enabled by
digital technologies such as loT sensors and Al-driven analytics, are essential for ensuring
compliance with these standards. Legislative frameworks must be updated to incentivize the
adoption of such technologies in hydropower operations.

e Smart Grid Integration: Romania is beginning to see the integration of smart grid technologies that
allow hydropower plants to communicate with other renewable sources and the grid more
effectively. These innovations, supported by EU funding, offer the potential to enhance flexibility
and reliability in hydropower production.

e Digital Twins and Al: The use of digital twins and Al for predictive maintenance and operational
optimization is still in the early stages in Romania’s hydropower industry. While there are no major
legislative barriers, the adoption of these technologies requires clear standards for data sharing,
security, and interoperability across energy infrastructure.

Scientific Breakthroughs:

¢ Artificial Intelligence and Machine Learning: Al is becoming increasingly important for predictive
maintenance, real-time performance optimization, and system monitoring in hydropower plants.
These technologies help improve plant performance, minimize downtime, and reduce operating
costs, but their widespread adoption is contingent on an enabling regulatory environment.

e Blockchain for Energy Trading: Blockchain technology is being explored to enhance transparency
and efficiency in energy trading. It could allow hydropower producers to participate more effectively
in decentralized energy markets. However, legal clarity around the use of blockchain for energy
transactions remains a barrier in Romania, as regulations on decentralized energy trading are still in
development.

e Low-Impact Technologies: Romania is seeing a growing interest in low-impact hydropower
technologies, such as micro-hydropower systems and fish-friendly turbines. These innovations aim
to reduce the ecological footprint of hydropower while maintaining efficient energy production.

e Multi-Purpose Reservoirs: The integration of hydropower plants with agricultural irrigation, flood
control, and water supply systems is gaining attention in Romania. This holistic approach not only
optimizes resource use but also creates new challenges for regulatory bodies in ensuring that all
aspects of these multi-use projects are compliant with environmental and safety standards.

e Hybrid Power Systems: In the context of the EU’s Energy Transition, Romania is exploring hybrid
systems that integrate hydropower with solar and wind. Such integrations require new regulatory
frameworks that allow for smooth interconnections and efficient grid management. Existing
legislative structures may not fully accommodate the complexities of hybrid systems, which
presents both an opportunity and a challenge.

e Energy Storage Solutions: The development of large-scale energy storage systems, including
pumped-storage hydropower, is seen as crucial to enhancing the flexibility of the hydropower
sector. Legislative and policy support for such storage technologies, however, remains limited, as
the regulatory environment is not yet fully aligned with the potential of these solutions.

Barriers to Innovation and Development

e Regulatory Uncertainty: Frequent changes in national energy policies and EU regulations create an
uncertain investment environment for hydropower stakeholders. Clear, long-term regulatory
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frameworks are essential for ensuring that both private and public sector players are willing to invest
in advanced digital technologies and infrastructure upgrades.

e Environmental Compliance Costs: Stricter environmental standards can increase operational costs
for hydropower plants. While digital technologies can help mitigate some of these costs, requlatory
complexities and administrative burdens related to environmental impact assessments, water
management, and biodiversity protection remain significant barriers.

e Slow Adoption of Digital Technologies: Despite the potential for digital technologies to
revolutionize the hydropower sector, there is a lack of awareness and incentives to accelerate
adoption. Romania’s hydropower sector needs stronger support from policymakers to foster the
development and integration of digital solutions, particularly for predictive maintenance, smart grid
integration, and environmental monitoring.

Romania's hydropower sector stands at the intersection of innovation, sustainability, and market evolution.
Legislative trends are increasingly recognizing the need for flexible, low-carbon energy solutions, yet the
sector still faces significant challenges, including regulatory uncertainty, high environmental compliance
costs, and the slow adoption of digital technologies. To fully unlock the potential of hydropower in Romania’s
transition to a sustainable energy future, it will be essential to align legislative frameworks with emerging
market trends, scientific advancements, and digital innovations. Policymakers must take proactive measures
to establish a supportive regulatory environment that fosters innovation while simultaneously ensuring
environmental protection and securing the country’s energy needs.

The hydropower sector in Greece is undergoing a transformation, as the country works towards its
renewable energy targets and a low-carbon economy. This analysis focuses on the market trends, scientific
breakthroughs, barriers, and opportunities for the development and commercialization of D-HYDROFLEX
solutions in Greece.

Emerging Market Trends:

e Favourable Regulatory Developments: Greece’s commitment to achieving its renewable energy
targets under the National Energy and Climate Plan (NECP) creates a supportive policy environment
for advanced hydropower technologies. Compliance with EU Renewable Energy Directives, along
with access to Horizon Europe funding, provides a strong framework and financial backing for
innovative projects like D-HYDROFLEX. Additionally, special provisions for pilot projects under
Greek law could enable faster deployment and testing of D-HYDROFLEX technologies, facilitating
their commercialization.

e Economic Incentives and Funding Opportunities: As part of the Horizon Europe program, D-
HYDROFLEX solutions benefit from financial support for research, development, and initial
deployment. Renewable energy projects in Greece can also leverage grants, subsidies, and tax
incentives to offset initial costs, making them more financially viable. Additionally, rising electricity
prices enhance the competitiveness and profitability of renewable energy solutions, further
strengthening the economic case for implementing technologies like D-HYDROFLEX.

e Technical and Operational Strengths: D-HYDROFLEX's advanced technologies, including flexible
turbine systems and optimized energy storage, are designed to adapt to Greece's variable
hydrological conditions, enhancing efficiency and reliability. Its ability to retrofit existing
hydropower infrastructure without requiring major overhauls helps reduce costs and accelerate
project implementation. Additionally, the modular design of D-HYDROFLEX solutions enables
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scalability, allowing deployment across different project sizes, from small to large hydropower
facilities, making it a versatile and adaptable technology for Greece’s renewable energy landscape.

e Social and Environmental Benefits: D-HYDROFLEX solutions have the potential to improve public
perception of hydropower by demonstrating lower environmental impacts and greater efficiency,
addressing concerns associated with traditional projects. Their deployment can also stimulate job
creation in engineering, construction, and maintenance, fostering employment growth in the
renewable energy sector. Furthermore, as many hydropower projects are situated in rural areas, the
adoption of D-HYDROFLEX technologies can contribute to regional development, strengthen local
economies, and enhance energy security, making hydropower a more sustainable and socially
beneficial energy source.

e Growing Renewable Energy Demand: Greece’s increasing reliance on renewables presents a
strong market for advanced technologies that improve efficiency and reliability.

Scientific Breakthroughs:

o Digitalization: Al-driven optimization and digital twins enhance plant performance, enabling real-
time system diagnostics and improving operational reliability.

o Infrastructure Upgrades: Modernization of older plants increases capacity and efficiency, with
recent projects focusing on efficiency improvements and turbine upgrades.

e Hybrid Solutions: Hydropower is increasingly coupled with battery storage and hydrogen
production, supporting Greece’s long-term goal of integrating hydropower into a hydrogen-based
economy.

Barriers to Innovation and Development

e Regulatory and Policy Challenges: In Greece there is a complex licensing procedure, the Greek
regulatory framework for renewable energy projects often involves multiple layers of bureaucracy.
Obtaining necessary permits for implementing D-HYDROFLEX solutions, such as hydropower
modifications, can be time-consuming and complex.

e  Grid Integration Challenges: Greece's grid infrastructure may not be fully prepared to integrate
advanced hydropower systems. Technical requirements and connection protocols could pose
significant hurdles.

e High Initial Investment Costs: The implementation of innovative solutions might involve significant
upfront capital expenditures. Securing funding or subsidies under current Greek frameworks can be
challenging due to limited financial incentives.

In conclusion, while significant barriers exist in the regulatory, economic, and technical domains, Greece
offers a promising landscape for the commercial exploitation of D-HYDROFLEX solutions. Leveraging
enablers such as supportive policies, EU funding, and technological innovation will be crucial to overcoming
these challenges and achieving successful deployment.
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This chapter provides an overview of the key exploitable results generated by the project, outlining the
innovations and advancements that hold potential for commercialization, practical application, or further
study. Each result is examined in terms of its function and added value for the customers, categorized by
type, and aligned with the needs and expectations of primary stakeholders and end users.

Key Elements of Analysis for each of the result are:

e Description and Function: Each result is defined in terms of its functionality, the challenge it
addresses, and the added value it provides.

e Type of Result: Identification of the type of the result by the developer: product, service, business
model, method, scientific model.

e Customer Segmentation: The goal here is to divide a large group of potentials customers into
smaller groups with similar characteristics. A customer is a person/entity interested in purchasing
the product or using the service.

o HPP Operator/Administrator: HPP owner responsible of the correct operation and final
planification decision-making.

o CFD specialist: The CFD Specialist is responsible for generating new Computational Fluid
Dynamics (CFD) simulations when the existing pre-generated results are insufficient. This
typically occurs when there are changes to the plant’s operational parameters or
geometry, such as during turbine renovations. The CFD Specialist ensures that accurate
and up-to-date simulation results are available to the on-site operator, enabling informed
decision-making for optimizing plant performance.

o SOC Analyst: It is a cybersecurity professional who works in a Security Operations
Center (SOC). Defends the plant's network by detecting, containing, and responding to
the attack.

o Energy trading company (ETC): The HPP is assumed to have a contract with an energy
trading company that will buy the Electricity and/or hydrogen generated by the plant and
could impose some minimum or maximum energy generation from the plant.

o PEM hydrogen generator administrator: An administrator for a PEM hydrogen
generator is responsible for overseeing the operation and maintenance. When provided,
is the one to make use of the H2 coming from the HPP to provide electricity both, to the
local grid and to the energy trading company. The generation plan is jointly accepted with
the HPP administrator.

e Customer Needs: Addressing end-user needs is essential for the practical uptake of project
results. By focusing on how each result can solve specific challenges or fulfil a demand, the project
enhances its impact and marketability.

e Competitive Landscape: A competitive analysis is conducted to identify existing technologies
/processes and providers that the project results may challenge or complement, providing a
perspective on positioning in the current market.

¢ Licensing: Understanding the licensing model of choice for software developers is crucial for
successful implementation of the D-HYDROFLEX project. The licensing model directly influences
how widely the tools and services developed can be adopted by customers. The objective is to
understand the licensing preferences for each of the developer as well as understand the
possibilities of joint ventures among them. Joint ventures would typically involve collaboration
with other tools developers to enhance the overall capabilities and reach of the solutions. The

Funded by
the European Union Page 43




D-HYDR{#FLEX D7.3: FIRST VERSION OF THE DHYDROFLEX EXPLOITATION PLAN
AND EXPLOITATION STRATEGY

developers can select one of the preferred licensing models: free of charge, open source, open
access, yearly subscription, perpetual license fee, perpetual license fee with source code access,
Software-as-a-service.

e Documentation and Support: Robust documentation and technical support are crucial for
ensuring that end-users can effectively use and implement the tool. Such support also improves
the overall satisfaction of customers and contributes to sooth adaptation. Examples of the
documentation and support are User’s manual, Step by step videos / Tutorials, Webinars, FAQ:
Frequently Asked Questions, e-mail support.

e Future Research Opportunities: This aspect discusses potential opportunities for further
research to build upon Key exploitable results, enhancing their functionality and expanding their
applications to new challenges or fields.

Tables below characterize each of the D-HYDROFLEX exploitable results.

KER no Name Responsible  Current  Expected
partner TRL TRL

#1 D-HYDROFLEX M&D center U B E 4 6

Description + function D-HYDROFLEX M&D center is a web-based dashboard for HPPs and

integrator of the D-HYDROFLEX tools. It aims to unify the output of
the D-HYDROFLEX tools and provide a central reference point for HPP
operators to get real-time insights about the overall HPP operation
and status.

The main functionalities of the D-HYDROFLEX M&D center include
the visualization of:
e Events related to operation
Events related to predictions
e Security events
e Measurements and operational data

Type Product and service
Customer segmentation Hydropower plant operators
Customer’s needs e Digitalizing processes for plant operation and maintenance

e Using digital solutions to maximize plant productivity and
increasing efficiency of maintenance
e Gaining real-time insights into the overall plant operations
e Increasing HPP flexibility by using storage solutions and
optimized operation
e Increasing HPPs’ readiness to be integrated and operated in
the context of local smart grids
e Strengthening the HPPs’ cybersecurity resilience
e Enhancing the sustainability of the HPPs and decreasing their
ecological imprints to local ecosystems
Competitors Main competitors include Pacific Northwest National Laboratory
(PNNL), Voith, Siemens, and Briel & Kjzer Vibro. These organizations
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play significant roles in advancing hydropower technologies and
solutions for sustainable energy systems.

— Pacific Northwest National Laboratory (PNNL): PNNL is
renowned for its research in renewable energy, including
hydropower innovation. Their projects often focus on
integrating advanced materials, sensors, and Al-driven
analytics into energy systems to enhance efficiency and
environmental sustainability. PNNL’s work in optimizing
energy production and grid integration.

— Voith Hydro: Voith is a leading global player in hydropower
technology, particularly in digital solutions for plant
optimization and efficiency. Voith’s contributions to projects
like XFLEX HYDRO (https://www.xflexhydro.com)
demonstrate their expertise in enhancing flexibility,
maintenance strategies and predictive analytics.

— Siemens: Siemens Energy contributes cutting-edge solutions
for digitalizing power plants, including real-time monitoring,
Al-based  optimization, and cyber-resilience.  Their
technologies improve operational efficiency and sustainability
in the hydropower sector.

— Briel & Kjzer Vibro: This company specializes in vibration
monitoring and predictive maintenance, essential for
extending the lifespan and efficiency of hydropower
machinery.

Licensing Software-as-a-service

Documentation and support User’s manual
FAQ: Frequently Asked Questions
E-mail support

Future  Research&  and Activities carried out within the project: (i) Development of the D-

Commercialization Activities HYDROFLEX toolkit; (ii) Market analysis reflecting the desires of
consumers in the target market. To acquire data from customers there
are different techniques, such as surveys, focus groups, interviews,
workshops. The market analysis includes analysis of competitors and
an analysis of market/business environment such as regulations; (iii)
Definition of the initial business model; and (iv) Support technology
transfer between research organizations and companies.

Activities carried out after the project: (i) Finalizing the pricing
strategy; (ii) Implementing the marketing strategy; (iii) Implementing
performance and UI/UX improvements; and (iv) Launch of a
product/service into the market based on the defined business model.

Costs to be considered after the project: (i) Computer servers and
cloud infrastructure costs; (ii) Personnel costs for the human resources
required to carry on the daily operations, after sales services and
deployment activities; and (iii) Marketing costs.
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Estimated time to market: In the context of the D-HYDROFLEX
project, two tasks will be undertaken to develop the backbone
infrastructure of the D-HYDROFLEX M&D center. Based on the
project’s plan, the D-HYDROFLEX M&D center will be made available
by M33 (May 2026) and the time to market for the commercial version,
with advanced functions to capture the needs of additional target
groups, is estimated to be 1 year. Through this one-year, extra
activities need to be undertaken, which will include implementing
performance improvements of the platform and Ul/UX enhancements,
as well as the marketing of the platform. Although the algorithms that
are part of the M&D center will be finished by the end of the project,
the final product would require software updates in order to have
accessibility to more data formats compared to the ones tested in the
project to be able to launch the service to the market.

Future research: Future research could focus on adding more features
and diagnostic tools in the M&D center and on addressing data
interoperability barriers.

KER no Name Responsible Current TRL Expected TRL
partner

Digital Twin - PWR/TEE 4 6

HYDROFLEX Twin

Integration
Network: HYDRO-
TIN

Description + function the HYDRO-TIN digital twin is used to monitor real-time operational
parameters of the hydroelectric power plant. The on-site operator analyzes
data related to flow rate, water levels, rotational speed, electrical power
output, and turbine blade angles to ensure optimal efficiency of the plant.
If any deviations from the expected efficiency are detected, the operator
can make necessary adjustments to maintain optimal performance. The
operator uses the visualization tool to interpret and analyze data (HYDRO-

VIS).

Type service/ scientific model

Customer segmentation HPP Operator, CFD specialist

Customer’s needs The need to monitor real-time operational parameters of the hydroelectric
power with a reference to a freely chosen set of inputs to the model of the
plant.

The need to identify and respond to deviations in efficiency to optimize
plant performance through comparison of model data and real
measurements.
The need to get actionable insights for on-site operators to make informed
adjustments that maintain optimal efficiency and reliability.

Competitors Pacific Northwest National Laboratory (PNNL): PNNL is renowned for its
research in renewable energy, including hydropower innovation. Their
projects often focus on integrating advanced materials, sensors, and Al-

Funded by
the European Union Page 46




D7.3: FIRST VERSION OF THE DHYDROFLEX EXPLOITATION PLAN
AND EXPLOITATION STRATEGY

driven analytics into energy systems to enhance efficiency and
environmental sustainability.

Voith Hydro: Voith is a leading global player in hydropower technology,
particularly in digital solutions for plant optimization and efficiency. Voith’s
contributions to projects like XFLEXHYDRO (https://www.xflexhydro.com)
demonstrate their expertise in enhancing flexibility, maintenance
strategies and predictive analytics.

Licensing Software-as-a-service

Documentation and User’s manual

support E-mail support

Future Research& and Future research could focus on:

Commercialization e Al Algorithms: Developing more sophisticated Al algorithms for
Activities better condition monitoring, predictive maintenance, and

optimization of plant operationsi2.

e Calculation accuracy: Extension to automatically update the
characteristics o of HPP based on current measurement data

e C(Cloud-Edge Computing: Improving cloud-edge computing
solutions for better data processing, storage, and real-time
analytics.

e User Interaction: Enhancing user interfaces and dashboards to
provide more intuitive and actionable insights for hydropower plant
operators

Commercialization Strategy: Internal commercialisation, possible use in
other HPP operated by Tauron.

Costs to be considered after the project: (i) Computer services and IT
infrastructure (ii) Personnel costs related to daily operation (iii)
maintenance and upgrading.

KER no Name Responsible partner = Current TRL Expected TRL

Hydrological PWR/TEE 4 6

Modeling and

Prediction:
HYDRO-
HMP

Description + function the HYDRO-HMP tool uses real-time and historical river flow data to
predict changes in water flow due to upstream rainfall or snowmelt. The
plant operator uses this prediction to adjust turbine operation and balance
energy production to maintain stable output. The operator uses the
visualization tool to interpret and analyze data (HYDRO-VIS).

Type Scientific model
Customer segmentation ~ HPP Operator, Energy trading company (ETC)
Customer’s needs The need to anticipate changes in water flow in the river based on real-time

hydrological data and historical trends.
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Competitors

Licensing
Documentation and
support

Future Research& and
Commercialization
Activities

The need to adjust turbine operation in response to predicted changes in
water flow, ensuring stable and efficient energy production in a run-of-the-
river hydroelectric power plant.

The need to optimize electricity generation while maintaining plant safety
and performance under varying flow conditions.

Pacific Northwest National Laboratory (PNNL): PNNL is renowned for
its research in renewable energy, including hydropower innovation. Their
projects often focus on integrating advanced materials, sensors, and Al-
driven analytics into energy systems to enhance efficiency and
environmental sustainability. PNNL’s work in optimizing energy
production and grid integration.

Voith Hydro: Voith is a leading global player in hydropower technology,
particularly in digital solutions for plant optimization and efficiency.
Voith’s  contributions  to  projects  like  XFLEX  HYDRO
(https://www.xflexhydro.com) demonstrate their expertise in enhancing
flexibility, maintenance strategies and predictive analytics.

Software-as-a-service,

User’s manual

E-mail support

Further research could focus on:

e Enhanced Prediction Models: Developing more accurate and
robust prediction models that can handle a wider range of
hydrological conditions and extreme weather events.

e Integration with Digital Twins: Improving the integration of
water flow prediction tools with digital twin technology to provide
real-time monitoring and predictive analytics for hydropower
plants.

e Data Assimilation: Incorporating more comprehensive data
assimilation techniques to integrate various data sources, such as
satellite imagery, weather forecasts, and sensor data, for better
prediction accuracy.

e Climate Change Adaptation: Researching the impacts of climate
change on water flow patterns and developing adaptive strategies
to ensure the reliability and efficiency of hydropower operations.

e User-Friendly Interfaces: Creating more intuitive and user-
friendly interfaces for hydropower plant operators to easily
interpret and act on water flow predictions.

Commercialization Strategy: Internal commercialisation, possible use in
other HPP operated by Tauron.

Costs to be considered after the project: (i) Computer services and IT
infrastructure (ii) Personnel costs related to daily operation (iii)
maintenance (iv) commercial access to hydrological data.
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KER no Name Responsible Current TRL Expected TRL
partner

Predictive PWR/TEE 4 6

Vibration and

Insight Logger:
HYDRO-PVIL

Description + function An operation condition indicating tool designed to enhance the reliability
and safety of hydroelectric power plants. The operator uses the HYDRO-
PVIL tool to monitor vibration data from the mechanical components of
the hydroelectric power plant. The system automatically detects any
anomalies that might indicate potential faults, allowing the operator to
take pre-emptive maintenance actions. The operator uses the
visualization tool to interpret and analyze data (HYDRO-VIS).

Type Scientific model
Customer segmentation ~ HPP Operator
Customer’s needs The need to continuously monitor the mechanical components of the

plant using vibration analysis and detect potential anomalies before they
cause significant damage.

The need to allow the operator to interpret the detected anomalies and
decide on necessary maintenance actions to prevent equipment failure.
The need to improve the overall reliability and safety of the plant by using
predictive maintenance based on anomaly detection.

Competitors Pacific Northwest National Laboratory (PNNL): PNNL is renowned for

its research in renewable energy, including hydropower innovation. Their
projects often focus on integrating advanced materials, sensors, and Al-
driven analytics into energy systems to enhance efficiency and
environmental sustainability. PNNL’s work in optimizing energy
production and grid integration.
Voith Hydro: Voith is a leading global player in hydropower technology,
particularly in digital solutions for plant optimization and efficiency.
Voith’s ~ contributions  to  projects like  XFLEX  HYDRO
(https://www.xflexhydro.com) demonstrate their expertise in enhancing
flexibility, maintenance strategies and predictive analytics.

Licensing Software-as-a-service

Documentation and User’s manual

support E-mail support

Future Research& and Further research on the HUDRO-PVIL tool could focus on several key
Commercialization areas:

Activities e Advanced Sensor Integration: Enhancing the integration of high-

precision sensors to capture more detailed vibration and
temperature data, which can improve the accuracy of predictive
maintenance models.

e Machine Learning Algorithms: Developing more sophisticated
machine learning algorithms to analyze vibration and
temperature data for early detection of potential failures. This
includes using techniques like deep learning and neural networks.
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¢ Real-Time Data Processing: Improving real-time data processing
capabilities to provide immediate insights and alerts for
maintenance needs. This can involve edge computing solutions to
handle data locally and reduce latency.

e Predictive Maintenance Models: Refining  predictive
maintenance models to incorporate a wider range of operational
conditions and environmental factors, ensuring they remain
robust under various scenarios.

Commercialization Strategy: Internal commercialisation, possible use in
other HPP operated by Tauron.

Costs to be considered after the project: (i) Computer services and IT
infrastructure (ii) Personnel costs related to daily operation (iii)
maintenance and upgrading.

KER no Name Responsible Current TRL Expected TRL
partner

Data PWR/TEE 4 6
visualization
tool for

monitoring,
analysis, and

decision
support in
turbine
operations:
HYDRO-VIS

Description + function HYDRO-VIS is a dedicated visualization tool within the Hydro System
Digital Twin and D-HYDROFLEX framework, used for monitoring and
analyzing water turbine operations at the Waly Slaskie hydropower plant
(#1 demonstration hydropower plant). The system will integrate multiple
data sources, enabling operators to assess performance trends, efficiency
variations, and potential maintenance needs in real time. Visualization will
be implemented using Plotly Dash, ensuring flexibility in rendering
complex time—-series data and comparative analytics.
The primary focus of HYDRO-VIS is Kaplan turbine operation monitoring,
rather than a comprehensive visualization of the entire hydropower plant.
The tool will primarily aggregate and present hydrological and turbine
efficiency data while allowing further expansion as required. It will
function as an interpretation interface, helping operators navigate
computational results, efficiency curves, and fault detection insights.

Type Service
Customer segmentation  HPP Operator, CFD specialist
Customer’s needs e Real-time access to operational, hydrological, and performance

datain an integrated dashboard.
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e C(Clear and intuitive visualization of turbine efficiency and
maintenance indicators.
e Tools to visualize CFD results for enhanced interpretation and

insight.
e Historical data access for trend analysis and anomaly detection.
Competitors Pacific Northwest National Laboratory (PNNL): PNNL is renowned for

its research in renewable energy, including hydropower innovation. Their
projects often focus on integrating advanced materials, sensors, and Al-
driven analytics into energy systems to enhance efficiency and
environmental sustainability. PNNL’s work in optimizing energy
production and grid integration.

Voith Hydro: Voith is a leading global player in hydropower technology,
particularly in digital solutions for plant optimization and efficiency.
Voith’s  contributions  to  projects  like ~ XFLEX  HYDRO
(https://www.xflexhydro.com) demonstrate their expertise in enhancing
flexibility, maintenance strategies and predictive analytics.

Licensing Software-as-a-service
Documentation and User’s manual
support E-mail support

In-project training workshops (as part of deployment and demonstration)
Future Research& and Future research could focus on:
Commercialization e Incorporation of Al-assisted anomaly detection in visual outputs
Activities e Advanced hydrological overlays for flood event predictions and

production planning
e Expansion to include user-defined KPI visualizations and
predictive indicators
e Enhanced Ul for cross-system parameter correlation and alert
thresholds
Commercialization Strategy: Internal commercialisation, possible use in
other HPP operated by Tauron. Further scaling to other regional plants
after TRL 6 validation.
Costs to be considered after the project: (i) Computer services and IT
infrastructure (ii) Personnel costs related to daily operation (iii)
maintenance and upgrading.
Estimated time to market: HYDRO-VIS will be implemented at Waly
Slaskie as part of the project. Making the tool suitable for deployment at
other hydropower plants is expected to take an additional 12—18 months,
depending on local infrastructure and integration requirements.
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KER no Name Responsible Current TRL Expected TRL
partner
Dam Digital 3 5
Twin UCL
Architecture
(DAM-TWIN)
Description + function DAM-TWIN generates a digital twin of the dam infrastructure that

enhances operational management and safety through predictive
maintenance. It focuses on establishing a robust platform integrating
advanced digital solutions, thus supporting the efficiency and safety of
dam operations within the D-HYDROFLEX project.

Type Method and service
Customer segmentation HPP Operator, Energy trading company (ETC), PEM hydrogen
generator administrator
Customer’s needs e Reliable predictive maintenance for dam infrastructure.
e Integration of advanced digital solutions for improved safety and
efficiency.
e Compatibility with existing BIM/GIS systems for data modeling and
standards.
e Cost-effective solutions with robust support and documentation.
Competitors Digital Twins  for  Hydropower (PNNL and  ORNL)

(https://www.pnnl.gov/projects/digital-twins-hydropower

The U.S. Department of Energy's Water Power Technologies Office,
in collaboration with Pacific Northwest National Laboratory (PNNL)
and Oak Ridge National Laboratory (ORNL), has launched a Digital
Twins for Hydropower framework aimed at modernizing the aging
U.S. hydropower infrastructure.

Key Features:

e Digital Representation: Creates virtual models of hydropower
facilities using data from sensors, historical records,
maintenance logs, and simulations.

e Real-time Data Integration: Continuously updates the digital
twin with sensor data, maintaining an accurate and relevant
representation of the physical system.

e Analytics and Simulations: Enables predictive maintenance,
behavior simulation, and operational optimization by
analyzing historical and real-time data.

e Communication: Facilitates seamless data exchange between
the digital twin and the physical facility, ensuring continuous
monitoring and feedback.

Focus Areas:
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e Performance Monitoring: Real-time monitoring to identify
deviations from optimal operating conditions.

e Predictive Maintenance: Proactive identification of
equipment failures and maintenance needs to reduce
downtime and avoid costly repairs.

e Energy Optimization: Helps optimize energy production by
simulating operational conditions and adjusting parameters
like turbine settings and reservoir levels.

e Resource Management: Models water inflows, reservoir
levels, and environmental factors to support sustainable
resource management and minimize environmental impact.

Case Study - Alder Dam: The Alder Hydroelectric Development, a
significant part of the Nisqually Hydroelectric Project, utilized the
digital twin framework for monitoring and optimizing its operations.
The digital twin was trained and validated using real data, allowing
operators to predict maintenance needs and optimize performance.
Competitive Edge: A well-established framework backed by U.S.
Department of Energy funding.
Proven success in pilot implementations like the Alder Dam project.
Comprehensive integration of analytics, simulations, and predictive
capabilities.

Licensing yearly subscription

Documentation and support User’'s manual
Step by step videos [ Tutorials

Webinars
FAQ: Frequently Asked Questions
Future Research& and Research Opportunities:
Commercialization Activities e Integration with Emerging Technologies: Explore integration

with Al for enhanced predictive analytics and decision-making.

o Data Standards Expansion: Extend BIM/GIS standards to
support broader operations and maintenance requirements.

e Scalability: Research ways to scale DAM-TWIN for global
applications.

e Real-time Analytics: Enhance real-time analytics capabilities
for dynamic dam management.

Commercialization Activities:
e Market Testing: Conduct pilot implementations with selected
dam operators.
o Cost Analysis: Evaluate costs for servers, personnel, and long-
term maintenance.
e Business Development: Engage with stakeholders to identify
further commercialization pathways.

Costs to be considered after the project: infrastructure (cloud
computing, storage, security compliance), personnel (technical and
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operational teams, training), maintenance & support (software
updates, cybersecurity), and data acquisition & processing (sensor
maintenance, Al data analysis). These expenses ensure the long-term
operation, security, and optimization of the digital twin system.

Estimated Time to Market: Approximately 2-3 years post-project

completion.
KER no Name Responsible Current TRL Expected TRL
partner
Geometric 3 5
digital model UoC
creation:
HYDRO-GDDT
Description + function HYDRO-GDDT is a computational tool that converts raw data such as

laser point clouds, colour, and thermal images to a geometric dam
model. The geometric model of the dam will act as the foundation of
creating the Dam Digital twin. Example of the input for the GDDT tool
are point clouds, colour images, and thermal images. The geometry
generation tool can currently detect objects in a construction site,
match the detected object on the laser point cloud and generate as-is
model of those objects. The extension of the tool to GDDT will enable
the model to detect and segment objects of a dam and create an as-is
mesh of those objects. Dam objects are generally non-planner, which
is the challenge we will focus on in GDDT.

Type Product and services

Customer segmentation HPP Operator

Customer’s needs Generate 3D geometry of the HPP

Creating digital twin of the HPP

Faster 3D as-is geometry creation from 3D scans

Better visualize and understand the HPP issues

Bentley Systems: Provides comprehensive digital twin

solutions for dam monitoring, integrating loT and Al to offer

real-time insights and risk management.

e Autodesk: Develops digital twin technology that consolidates
data from various sources, including sensors and building
information models, to create comprehensive digital replicas
of physical assets.

e Pacific Northwest National Laboratory (PNNL): Engages in
projects focused on creating digital twins for hydropower
plants, addressing challenges by developing digital profiles
based on virtual and real-time data.

Licensing Software-as-a-service
Documentation and support User’s manual
Step by step videos / Tutorials
FAQ: Frequently Asked Questions
E-mail support
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Future Research& and Activities carried out within the project: (i) Al model development,
Commercialization Activities  (ii) point cloud and image processing, (iii) object detection, and (iv)
creating as-is dam models.

Activities carried out after the project: Efforts will shift to user
feedback, performance optimization, UI/UX enhancements, and
commercialization strategies like partnerships and licensing. Focus on
refining Al algorithms for detecting and segmenting complex, non-
planar dam structures. Enhancing mesh accuracy for unique dam
components is another area to investigate.

Costs to be considered after the project: Server infrastructure for
data processing and storage, personnel for maintenance and
upgrades, marketing, customer support, and potential cloud service
subscriptions. Licensing for third-party tools or APIs may also apply.

Estimated time to market: Approximately 2-3 years post-project
completion.

KER no Name Responsible Current TRL Expected TRL
partner

Fault detection CARTIF 4 6
and predictive
maintenance

system:
HYDRO-
Predict

Description + function It is an advanced predictive maintenance tool designed specifically for
hydropower plants. It leverages state-of-the-art data analytics,
machine learning algorithms, and real-time monitoring to enhance
operational efficiency, minimize downtime, and extend the lifespan of
critical plant components. HYDRO-Predict is expected to reduce
operational and maintenance cost, enhancing efficiency in
hydropower plants thanks to early detection and repair prior to a major

breakdown.
Type Product
Service
Scientific model
Customer segmentation HPP Operator
Customer’s needs e Using digital solutions to maximize plant productivity and

increasing efficiency of maintenance
¢ Enhancing the sustainability of the HPPs and decreasing their
ecological imprints to local ecosystems
Competitors e Voith Hydro: Voith is a leading global player in hydropower
technology, particularly in digital solutions for plant
optimization and efficiency. Voith’s contributions to projects
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like XFLEX HYDRO (https://www.xflexhydro.com)
demonstrate their expertise in enhancing flexibility,
maintenance strategies and predictive analytics.

e Briel & Kjeer Vibro: This company specializes in vibration
monitoring and predictive maintenance, essential for
extending the lifespan and efficiency of hydropower
machinery.

Licensing Software-as-a-service
Documentation and support User’s manual
FAQ: Frequently Asked Questions
E-mail support
Future Research& and Future research: Future research could focus on some aspects of the
Commercialization Activities  tool to improve its precision, accuracy, and response to real-time
conditions. Hence, it will be possible to ensure its introduction into the
market and its usefulness in the hydropower industry and others.

Costs to be considered after the project Costs relevant to the server
use or the service transfer to the plant.

Estimated time to market: It could be expected to take one year for
market-ready.

KER no Name Responsible Current TRL Expected TRL
partner

Aging CUCE ENERGYLAB 4 6/(7)
degradation
forecasting:

HYDRO-DEFM

Description + function The HYDRO-DEFM can predict the amount of electrical energy to be
produced considering the turbine aging. In addition, it can provide
information for the next 24 hours, the period established for the daily
plans of the HPPs. The envisioned innovations that could reflected
through HYDRO-DEFM are related to the inclusion of additional
constraints that may influence turbine performance, such as its
maintenance level or working conditions (temperature, pressure,
lubrication, etc.). The input data are the temperature, generator power
and operational parameters of the current status of the HPP’s plant.

Type scientific model
Customer segmentation HPP Operator
Customer’s needs For a tool such as HYDRO-DEFM, which predicts the amount of

electrical energy to be produced as a function of turbine aging and
other operating parameters, customer needs may include the
following:

e Accuracy in power production predictions: Customers will
need the tool to be able to provide accurate predictions of the
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amount of power the hydroelectric power plant can generate,
considering turbine aging and other operational factors. These
predictions need to have a high level of reliability, especially
for short- and medium-term production planning.

e Operational planning: Users will want to be able to integrate
power production forecasts within their daily planning
systems to optimize the management of plant operations. The
24-hour projections will help planners adjust production,
identify potential failures, and make more informed decisions
about plant load levels and maintenance.

e Turbine condition and performance monitoring: Customers
will need a system that can monitor and analyze current
operating parameters, such as temperature, pressure,
lubrication, and other turbine factors, to detect potential
problems before they occur. Turbine operating conditions
should be evaluated on an ongoing basis to predict the
remaining turbine life and the influence of external factors on
turbine performance.

e Integration with predictive maintenance systems: Customers
may need the tool to integrate with other predictive
maintenance systems, which use data on temperature,
pressure and other operating parameters to forecast failures
or the need for preventive maintenance. The level of
maintenance should also be a factor in the tool's predictions,
allowing customers to perform proper maintenance in a timely
manner.

Competitors Potential competitors for a tool such as HYDRO-DEFM, which predicts
the energy production of a hydropower plant considering turbine
aging and other operational parameters, can come from various areas
within the renewable energy industry, especially in the management
and optimization of hydropower plants. These competitors can offer
solutions in predictive analytics, operational condition monitoring,
preventive maintenance and production management.

Licensing Software-as-a-service
Documentation and support User’s manual
FAQ: Frequently Asked Questions
E-mail support
Future Research& and Future research: Future research could focus on enhancing predictive
Commercialization Activities  models by incorporating factors like material quality, mechanical
wear, vibrations, and extreme weather.

Commercialisation Strategy: Focus on Al-driven predictive
maintenance platforms, real-time monitoring solutions, and industry
partnerships to improve turbine efficiency and reliability.
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Costs to be considered after the project: Server infrastructure for
data processing and storage, personnel for maintenance and
upgrades, marketing, customer support, and potential cloud service
subscriptions. Licensing for third-party tools or APIs may also apply.

Estimated time to market: Approximately 1-2 years post-project

completion.
KER no Name Responsible Current TRL Expected TRL
partner
H2 SN ENERGYLAB 4 6/(7)
support model:
HYDRO-
H2DSM
Description + function The model can predict the amount of hydrogen that could be produced

by a HPP under given boundary conditions, create a decision support
plan for when it is better to produce electricity or H2, and obtain the
environmental benefits of using H2 for mobility. The model HYDRO-
H2DSM predicts the amount of hydrogen that would be possible to
generate with electric power from a HPP, as well as generating a future
decision plan for hydrogen versus electricity generation, given specific
H2 plant characteristics. In addition, the model evaluates: i) The
environmental impact of using the hydrogen generated for mobility
versus other fuels, ii) water consumption, iii) the economic benefits of
H2 generation versus electricity generation. The innovations that will
be introduced initially are the incorporation in the model of
degradation algorithms that will influence the results, as well as their
transformation into xAl algorithms.

Type scientific model

Customer segmentation HPP Operator/ [Energy trading company (ETC)/ PEM hydrogen
generator administrator/

Customer’s needs For the HYDRO-H2DSM model that predicts the amount of hydrogen

that could be generated in a hydropower plant, a customer's needs
couldinclude:

e Optimization of energy production: The customer would need
a system that determines at what times it is most profitable or
efficient to produce electricity or hydrogen, based on
variables such as demand, market prices, and plant operating
conditions.

e Hydrogen generation forecasting: The customer would want
to obtain an accurate estimate of the amount of hydrogen
that can be produced based on the characteristics of the
hydropower plant and the input parameters (water flow rate,
storage levels, etc.).

Funded by
the European Union Page 58




D7.3: FIRST VERSION OF THE DHYDROFLEX EXPLOITATION PLAN
AND EXPLOITATION STRATEGY

e Environmental impact assessment: The customer would need
tools to compare the environmental impacts of hydrogen
produced versus other energy sources or fuels in the context
of mobility, analyzing aspects such as CO2 emissions and
carbon footprint.

e Water consumption management: Efficient management of
water consumption is a key factor in hydropower plants.

Competitors The competition for the HYDRO-H2DSM model includes both
traditional renewable energy companies and startups and technology
developers specializing in hydrogen, energy optimization and
predictive analytics. In addition, artificial intelligence platforms and
consulting firms could offer optimization solutions that also include
hydrogen production and energy efficiency analysis in hydropower
plants.

Licensing Software-as-a-service

Documentation and support User’s manual
FAQ: Frequently Asked Questions
E-mail support

Future Research& and Future research: Future research could enhance predictive

Commercialization Activities  algorithms, integrate with emerging hydrogen production
technologies, and assess environmental impacts.

Commercialisation Strategy: Focus on developing smart energy
management systems, sustainable business models, and industry
collaborations to accelerate market adoption.

Costs to be considered after the project: Server infrastructure for
data processing and storage, personnel for maintenance and
upgrades, marketing, customer support, and potential cloud service
subscriptions. Licensing for third-party tools or APIs may also apply.

Estimated time to market: Approximately 1-2 years post-project

completion.
KER no Name Responsible Current TRL Expected TRL
partner
Decision Car—tif 3 5
support tool for
hybrid HPPs:
HYDRO-SDS
Description + function HYDROFLEX-SDS is an advanced tool for monitoring, simulating, and

optimizing the operation of hydroelectric plants. Utilizing sensors,
artificial intelligence algorithms, and cloud computing techniques,
HYDROFLEX-SDS leverages predictions on equipment performance,
water flow, weather conditions, among other factors. Its role in D-
HYDROFLEX is to enhance the efficiency, sustainability, and flexibility
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of hydroelectric operations, enabling more effective integration of
renewable energy into the European energy market. Development of
advanced prediction models using machine learning and
implementation of hybridization features with hydrogen and
photovoltaic systems.

Type product/ service

Customer segmentation HPP Operator, SOC Analyst, Energy Trading Company (ETC), PEM
Hydrogen Generator Administrator, PV Energy Plant Operators, BMS
Company

Customer’s needs e Energy Production Optimization: Maximize economic benefits

through efficient management of multiple energy sources.

e Integration of Renewable Technologies: Combine
hydroelectric, photovoltaic, and hydrogen systems for more
flexible and sustainable operations.

e Accurate Forecasting: Utilize weather forecasts and energy
prices to make informed decisions on energy production and
storage.

e Operational Cost Reduction: Automate decisions on when to
generate electricity or invest in hydrogen production to
minimize costs and maximize revenues.

e Sustainability Improvement: Enhance energy efficiency and
reduce carbon footprint through the use of hybrid renewable
energies.

Competitors e HOMER Energy: Modelling and optimization platform for
hybrid energy systems.

e EnergyHub: Energy management solutions for smart grids and
distributed systems.

e Siemens: Advanced tools for managing and optimizing
renewable energy plants.

e General Electric (GE): Integrated solutions for managing hybrid
energy plants.

e Specialized Startups: Emerging companies focused on the
optimization and management of hybrid renewable energy
systems

Licensing Software-as-a-service, Yearly subscription
Documentation and support User’s manual
Step by step videos / Tutorials
Webinars
FAQ: Frequently Asked Questions
E-mail support
Future Research& and Future research: Future research could focus on enhancing prediction
Commercialization Activities ~ models using advanced deep learning techniques, integrating new
renewable energy sources, and expanding the tool to international
markets with different energy conditions.
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Activities carried out within the project: Within the project, pilot
tests will be conducted at various hydroelectric plants to validate the
tool’s effectiveness.

Activities carried out after the project: Commercialization will
proceed through Saa$ licensing, establishing agreements with HPP
operators and energy companies. Costs such as cloud server
maintenance and technical support personnel will be considered.

Costs to be considered after the project:
e Server Costs: Maintenance and scalability of cloud
infrastructure.
e Personnel Costs: Technical support, software updates, and
ongoing development.

Estimated Time to Market: The tool is expected to be market-ready
18 months after the project’s completion.

KER no Name Responsible Current TRL Expected TRL
partner
Energy Energylab 4 6/(7)
forecasting
model:
HYDRO-EFM
Description + function Hydro-EFM can predict the amount of electrical energy that will be

produced under given boundary conditions, being an indispensable
element for HPP energy planning. This tool is essential for predicting
the future energy production forecast of HPPs and will serve as a basis
for the development of the HYDRO-H2DSM. HYDRO-EFM predict
with a high degree of accuracy the turbine flow rate, the energy
produced and the water level of the dam. In addition, it provides the
information for the next 24 hours, the period established for the daily
plans of the HPPs. The innovations that will be introduced initially are
the incorporation in the model of degradation algorithms that will
influence the results, as well as their transformation into XAl

algorithms.
Type scientific model
Customer segmentation HPP Operator
Customer’s needs In order for a customer to take full advantage of Hydro-EFM

capabilities and meet their energy planning needs; the following
conditions and requirements are critical:

e Short-term (24-hour) forecasting - Energy demand forecast:
The customer must have estimates of electricity demand for
the next 24 hours to optimize production.
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Competitors

Licensing
Documentation and support

Future Research& and
Commercialization Activities

Description + function

e Energy planning optimization - Flow and water level
forecasting: The customer will need a model to accurately
predict turbine flow, energy production and dam water level,
which will facilitate operational and strategic decision making.

e Operational and business planning- Adjustment of production
to demand: The customer will use Hydro-EFM to adjust daily
energy production based on demand and available water
levels.

Hydro-EFM's potential competitors in the field of hydropower
forecasting, operations optimization and energy planning for
hydropower plants include several companies and platforms that offer
modelling, forecasting and energy analytics solutions. These
competitors  typically offer advanced artificial intelligence
technologies, hydro simulations, and predictive analytics, among
others.

Software-as-a-service

User’s manual

Step by step videos [ Tutorials

E-mail support

Future research: Future research could focus on enhancing Hydro-
EFM'’s accuracy of the model and usability, while commercialisation
efforts can drive market adoption and industry competitiveness,
ensuring its value in hydropower applications.

Costs to be considered after the project: Server infrastructure for
data processing and storage, personnel for maintenance and
upgrades, marketing, customer support, and potential cloud service
subscriptions. Licensing for third-party tools or APIs may also apply.

Estimated time to market: Approximately 1-2 years post-project
completion.

Name Responsible Current TRL Expected TRL
partner

Weatherand flow NeFYadis 4 5/(6)

forecasting /

Rainfall-runoff

forecasting:

HYDRO-WFF

This tool is in charge of predicting the weather at the general location of
a HPP and calculate the amount of rain that will be falling. Using the
previous estimation, a rainfall-run off model is computed to predict the
water flow at the HPP. The information that this tool provides is crucial
for the operation planification of any HPP. The combination of different

Funded by
the European Union

Page 62



D7.3: FIRST VERSION OF THE DHYDROFLEX EXPLOITATION PLAN
AND EXPLOITATION STRATEGY

Al technics and rainfall-runoff model will be used to improve the accuracy
of the data temporal and spatial downscale and prediction models.

Type product/ service/ scientific model
Customer segmentation HPP Operator, CFD specialist, public hydrography entities
Customer’s needs Weather and climate stations that constantly monitor the climate,

weather and changes in rivers are crucial for the correct adaption of the
models. Moreover, access to GCM predictions is mandatory.

Competitors There are several companies that provide weather prediction resources
that could be considered as competitors.
Licensing yearly subscription, Software-as-a-service

Documentation and support User’s manual
Step by step videos [ Tutorials
Webinars
FAQ: Frequently Asked Questions
E-mail support
Future Research& and Future research: Future research could focus on increasing accuracy of
Commercialization Activities  the runoff river model and using new methods for spatial downscaling
and the possible self-analysis of the map.

Costs to be considered after the project: Within the project a complete
runoff river model and weather downscaling is developed, and a
methodology for runoff river prediction presented, this methodology
requires of a map preprocessing prior its implementation in a new river.
This kind of analysis could incur in some personnel costs. Moreover,
maintaining the servers implies some costs as well.

Estimated time to market: 6 months for a first market-ready product
after the project and at least 1 year for an upgraded version.

KER no Name Responsible Current TRL Expected TRL
partner

Fish dynamic 5 8 for eels
migration EDF 6 for other species

monitoring:
HYDRO-RecoFish

Description + function Aims at reducing the impact of the HPP on fish, especially migratory
species such as salmon or eel by recordings of fish passage by acoustic
cameras in a river section can help to improve management actions of the
turbines. The acoustic cameras allow to continuously monitor fish without
any handling, at higher range than optical devices and with low
dependency to environmental conditions, such as water turbidity.
Developing an automatic method to detect, count and identify fish from
those data is a key issue to fully exploit the acoustic cameras’ capacities.
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We will develop an automatic method to identify fish species or groups of
species thanks to the extraction of their global shape and their swimming
patterns. New approach will be used for automatic fish species
identification from acoustic video in real time with the design of a
machine learning classification model and an interface embedded the
whole algorithm. The software can be used in real time or in the post-
production phase on a database of existing videos. To maintain real time
in the field and regardless of the brand of camera manufacturer chosen, a
new approach to capture is currently being tested to eliminate the need
to use sdk (screen captures directly in real time for analysis of fish passage
detection directly in memory without the need to work on video files).

Type product/ service/ scientific model
Customer segmentation HPP Operator/ public authorities
Customer’s needs An acoustic camera to monitor fish passages is main sensor to detect and

identify fish species and a computer to use on field the tool. A video
database of the targeted species is really useful to improve the numerical

tool.

Competitors Acoustic camera provider or other computer vision companies.

Licensing free of charge, open source, open access, yearly subscription, perpetual
license fee, perpetual license fee with source code access, Software-as-a-
service,

Documentation and support Scientific publication to describe the algorithm
User’s manual
E-mail support

Future Research& and Future research:

Commercialization Activities e Acoustic video database: A video database of targeted species is
necessary to develop and test the actual tool and the future
improvement. This database can be shared between users.

e (Classification approach: Classification need more development,
including ecological knowledge and environmental data to
improve the species identification

e  Fish swimming analysis: Analysis of fish swimming mode is a main
point of the tool. Further research effort has to be done on this
topic.

Costs to be considered after the project:

With in the project, a PhD will develop algorithms to detect and identify
several fish species based on fish swimming type. These algorithms will
be included in the software linked to the acoustic camera. The
improvement of the numerical tool can be made by a service provider (4
month).

Continuous work can be considered to increase significantly the acoustic
video database for the targeted species. Users can share labeled videos.

In laboratory with hydraulic flumes (controlled conditions), acquisition of
quality acoustic videos of fish swimming in different water velocities and
turbulence conditions is a main point to increase the fish species
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classification tool. This research topic can be part of a post-doctoral or
PhD (28 to 36 month)

Estimated time to market:

Algorithm integration on the software: 6 months (including a field test)
Increasing video database: continuous work with the users of acoustic
camera

Laboratory acquisition and fish swimming analysis: PhD (36 months)

KER no Name Responsible Current TRL Expected TRL
partner
Federated  BoX: 4 6
#15 e VINDS
Description + function HYDRO-FBOX is a federated solution for detecting and discriminating

various threats and cyberattacks. Based on network traffic data and
system  logs, HYDRO-FBOX incorporates  multiple  deep
intrusion/anomaly detection models into a federated fashion. HYDRO-
FBOX enables a centralized federated learning approach consisting of
local deep learning-based models, federated clients, and federated
server.
Throughout the lifetime of D-HYDROFLEX, HYDRO-FBOX is expected to
be amplified with xAl capabilities, enhancing the interpretability of the
model’s decisions. Moreover, HYDRO-FBOX is envisioned to provide
robust performance even in the presence of data heterogeneity among
the FL clients, by exploring non-conventional FL aggregation strategies.
Finally, HYDRO-FBOX will have the capability to re-train itself in real-
time, using active and meta learning techniques.

Type product

Customer segmentation Security Operations Operator (SOC) Operators, Providers of equipment
and services to SOC operators, SMEs that cannot pay expensive SOC
services, Continuous Integration (Cl) operators (usually large enterprise),

Governments
Customer’s needs e Network intrusion detection services
e Data privacy (sensitive data are not leaving customers premises)
Competitors e Snort (CISCO): Snort is an open-source, free and lightweight

network intrusion detection system (NIDS) software for Linux and
Windows to detect emerging threats.

e Suricata (OISF): Suricata is a high performance, open-source
network analysis and threat detection software used by most
private and public organizations.

e Zeek: Zeek (formerly Bro) is the world's leading platform for
network security monitoring. Flexible, open source, and powered
by defenders.
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e VectraAl: Vectra Al is a cybersecurity company that specializes in
network detection and response (NDR) solutions powered by
artificial intelligence (Al) and machine learning (ML) technologies.

e Darktrace: With its Al-based solution, it correlates threats across
the entire organization, delivering proactive cyber resilience with
real-time detection and autonomous response to known and
novel threats.

e Nozomi: A solution for critical infrastructure and industrial
security teams need for centralized threat detection and response
solution that was built for OT systems and provides contextual
insights about risks to align response efforts.

Licensing HYDRO-FBOX intends to adopt a dual license model, where basic
functionalities will be open source while most advance detection features
could be closed

Documentation and support User’s manual
Step by step videos [ Tutorials
Webinars
FAQ: Frequently Asked Questions
E-mail support

Future Research& and Future research opportunities:

Commercialization Activities  Future research could focus on designing custom aggregation FL
strategies that enhance performance under heterogeneous FL
environments. Also, the exploration of custom traffic aggregators is an
interesting topic.

Costs to be considered after the project:
Costs mainly include personnel cost. Infrastructure cost is low, since
lightweight Al models are used, which only need limited resources.

Activities for commercialization:

Implement market and SWOT analysis, cost benefit analysis, and create
business model canvas. Commercialization activities may also be
facilitated by the engagement with dedicates channels, including
demonstrators, conferences, social media, and federated learning
communities.

Time to market: By the end of the project, HYDRO-FBOX is expected to
reach a TRL 5-6. For its market release, which implies a TRL of 9, further
development activities are needed, including enhancement of scalability,
seamless operation, and potential inclusion of a Ul. The duration of these
developments should be within a period of 1 year.
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Effective management of Intellectual Property Rights (IPR) is essential to maximize the innovation potential
and commercial impact of the D-HYDROFLEX project. Intellectual Property (IP): refers to legal rights that
are granted to individuals or organizations for their creations and innovations. These legal rights provide
protection for the intellectual and creative efforts of the creators, allowing them to control and benefit from
their work. IP rights are important because they provide incentives for innovation and creativity, allowing
creators and inventors to benefit from their work and encouraging the development of new ideas. These
rights are protected by national and international laws, and enforcement can involve legal actions against
those who infringe on them. It may include Copyright protection, Trademarks, Patents, Trade secrets and
industrial designs and architecture.

The IPR management strategy distinguish between background (pre-existing knowledge or technology
brought into the project by partners) and foreground (knowledge and results developed during the project).
All partners are responsible for identifying any relevant background that might impact project outcomes,
ensuring that appropriate permissions and licenses are in place from the outset. For any jointly developed
foreground IP, joint ownership agreements will be established before the project concludes. These
agreements will clarify rights and responsibilities among partners regarding commercialization, usage, and
dissemination of joint results, ensuring that all parties benefit from the innovations achieved. This approach
aims to foster an environment of collaboration while protecting the proprietary interests of each partner,
aligning with the objectives of D-HYDROFLEX and broader EU research framework guidelines.

This chapter outlines the principles and processes for handling IPR, covering the status and ownership of
project results and prior contributions for each of the key exploitable result.

e HYDRO-M&D

The implementation of the D-HYDROFLEX M&D centre is the result of the activities performed in the
context of WP5 and more specifically of T5.6 including the partners: NOVA, CARTIF, TAGSA, ENERGYLAB,
EDF, TEE, PWR, UCL, IDEA, PPC, MINDS, CINT.

The ownership rights of the D-HYDROFLEX M&D centre are defined based on the role of each partnerin the
implementation of the platform:

Development partners

UBE is the technical partner involved in the development of the platform until M33 of the project duration.

Interested partners

CARTIF, ENERGYLAB, EDF, PWR, UCL and MINDS are the technical partner and tool developers that will
develop the tools that will feed the M&D centre with the necessary data for visualizing the events related to
operation and predictions, the security events, as well as the measurements and operational data.

TAGSA, IDEA, TEE and PPC are the pilot sites representatives and thus, main users of the D-HYDROFLEX
M&D, that will utilize and validate the M&D centre. Utilizing the evaluation of the centre’s functionalities
will be transformed into improvements in the D-HYDROFLEX M&D centre.

NOVA and CINT are technology providers interested in gaining knowledge and know-how from the
implementation of the M&D centre, that will allow them to enhance their own services.
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At the time of writing, no ownership rights are raised by these partners of the D-HYDROFLEX project and
UBE has the full responsibility to develop and exploit the D-HYDROFLEX M&D centre.

KER name

KER owner

KER partner (s)

Joint  ownership (Need of

agreement

before the end of

the project)
Status of IPR: Background

#1 D-HYDROFLEX M&D center: HYDRO-M&D

UBE

NOVA, CARTIF, TAGSA, ENERGYLAB, EDF, TEE, PWR, UCL, IDEA,
PPC, MINDS, CINT
No

UBE: UBE brings technological know-how and extensive business
experience in the development and deployment of analytic
dashboards for different energy stakeholders, as well as data
management and visualization.

NOVA: NOVA brings business know how regarding software
development and data management.

CARTIF: CARTIF brings technological know-how in the
development of algorithms for predictive maintenance and
forecasting, as well as for optimizing the operation of hydroelectric
plants.

TAGSA: TASGA brings technological and business know-how,
regarding hydropower plant operation and maintenance as an HPP
operator.

ENERGYLAB: ENERGYLAB brings technological know-how in the
turbine aging and degradation forecasting and in the integration of
hydropower generation with H2 generation.

EDF: EDF brings technological know-how in the development of
digital twins of hydropower plants and hydrological modelling.
TEE: TEE brings technological and business know-how, regarding
hydropower plant operation and maintenance as an HPP operator
and power distribution company.

PWR: PWR brings technological know-how in the development of
digital twins of hydropower plants and hydrological modelling.
UCL: UCL brings technological know-how in the development of
the digital twin of the dam infrastructure.

IDEA: IDEA brings technological and business know-how,
regarding hydropower plant operation and maintenance.

PPC: PPC brings technological and business know-how, regarding
hydropower plant operation and maintenance as an HPP operator
and energy producer.

MINDS: MINDS brings technological know-how in federated
solutions for detecting and discriminating various threats and
cyberattacks based on network traffic data and system logs
monitoring.

CINT: CINT brings business know how regarding the exploitation
of energy data streams focusing on energy market data.
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Status of IPR:

e HYDRO-TIN

KER name

KER owner

KER partner (s)

Joint ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

e HYDRO-HMP

KER name

KER owner

KER partner (s)

Joint  ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

The D-HYDROFLEX M&D centre foreground intellectual property
(IP) includes the HPP monitoring and diagnosis module developed
during the project. Beyond the tangible technologies, the toolkit
also generates a wealth of intangible assets. The operation of the
toolkit produces extensive data and insights about energy
production patterns, predictive maintenance and market
behaviours. This information, while not physically tangible,
represents a significant knowledge base that could provide the
consortium with a competitive edge in the energy market. This
data and knowledge, as intangible assets, are also part of the
foreground IP.

#2 Digital Twin - HYDROFLEX Twin Integration
Network: HYDRO-TIN

TEE/PWR

TEE/PWR
At this moment no, to be considered in later state of the project.

TEE: HPP technical characterisation data and HPP operational
data

PWR: DFC modelling know-how and HPP digitalization know-how
Concept of the Hydro-TIN toll and its use cases (TEE/PWR)

HPP operational data selection for the tool (TEE/PWR)

#3 Hydrological Modeling and Prediction: HYDRO-

HMP
TEE/PWR

TEE/PWR
At this moment no, to be considered in later state of the project.

TEE: Water level measurement at HPP
PWR: Hydrological prediction know-how

Hydrological data of the river are also used; however, they are
publicly available and published by IMGW, with no ownership
rights applying to them.

Concept of the Hydro-HMP toll and its use cases (TEE/PWR)
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e HYDRO-PVIL

HPP operational data selection for the tool (TEE/PWR)

KER name #4 Predictive Vibration and Insight Logger: HYDRO-
PVIL

KER owner TEE/PWR

KER partner (s) TEE/PWR

Joint ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

At this moment no, to be considered in later state of the project.

TEE: Vibration and temperature measurements at HPP
PWR: Vibration data processing know-how

Concept of the Hydro-PVIL toll and its use cases (TEE/PWR)
HPP operational data selection for the tool (TEE/PWR)

e HYDRO-VIS
KER name #5 HYDROFLEX Visualization System: HYDRO-VIS
TEE/PWR
KER owner
KER partner (s) TEE/PWR

Joint ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

At this moment no, to be considered in later state of the project.

PWR: Know-how in the creation of data visualisation dashboards
for HPP

TEE: HPP measurements and operational data

Concept and use cases for the Hydro-VIS tool (PWR, TEE)

e DAM-TWIN
KER name #6 Dam digital twin architecture: DAM-TWIN
KER owner UCL
KER partner (s) PPC, UoC
Joint ownership (Need of No

agreement before the end of
the project)
Status of IPR: Background

UCL has extensive expertise in developing digital twin
architectures and data models for infrastructure management. As
part of its research contributions, UCL has been actively involved in
defining methods and tools for integrating geometric, non-
geometric, and management information into asset management
platforms.
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$

UOC has expertise in converting raw data like point cloud to
geometric model for infrastructure like buildings and road, thus
this expertise will be extended to dam and hydropower plants.
Most of the research work around this are published in several
conferences and journals.

Status of IPR: 1. There is a plan to apply for a patent related to the Dam Digital
Twin (Dam DT) to protect the innovations developed within the
project.

2. Access to certain databases utilized in the project will be
restricted to ensure the protection of sensitive data.

3. The project team will acknowledge the support of the D-
HYDROFLEX project in all relevant publications to highlight its
contribution to the development and results of this work.

e DGDT
KER name #7 Geometric digital model creation: DGDT
KER owner uoc
KER partner (s) UCL, PPC

Joint ownership (Need of No

agreement before the end of

the project)

Status of IPR: Background UOC has expertise in converting raw data like point cloud to
geometric model for infrastructure like buildings and road, thus
this expertise will be extended to dam and hydropower plants.
Most of the research work around this are published in several
conferences and journals.

UCL has the expertise on developing data model for similar
infrastructures and the research work around this are published in
several conferences and journals.

We have few open-source dataset available and we have also
received dataset from PPC.

Status of IPR: Open access and will be publish in reputed conferences and
journals.

e HYDRO-Predict

KER name #8 Fault detection and predictive maintenance
system: HYDRO-Predict

KER owner CARTIF

KER partner (s) IDEA, INTEX

Joint ownership (Need of No
agreement before the end of
the project)
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Status of IPR: Background

Status of IPR:

e HYDRO-DEFM

KER name #9 Aging and degradation forecasting: HYDRO-DEFM

KER owner

KER partner (s)

Joint ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

CARTIF brings technological know-how in the development of
algorithms for predictive maintenance and forecasting, as well as
for optimizing the operation of hydroelectric plants.

INTEX brings technological and business know-how, regarding
hydropower plant operation and maintenance as an HPP operator.

IDEA brings technological and business know-how, regarding
hydropower plant operation and maintenance.

The principal HYDRO-Predict IP is the designed predictive
maintenance tool. This tool is based on machine learning
algorithms, which will be optimized to operate under real-time
monitoring conditions. Also, a dataset will be created by the plant
condition operation.

ENERGYLAB

TASGA
No

Previous knowledge in prediction models based on artificial
intelligence applied to different industrial sectors (forestry-wood,
fishing boats, hydrogen-electrolyzers, agriculture, automotive, ...)
for energy and environmental optimization of their processes.

The HYDRO-DEFM model foreground intellectual property (IP)
includes its ability to predict the amount of electrical energy
produced by a Hydroelectric Power Plant (HPP), taking into
account turbine aging and its impact on performance. The model
provides valuable forecasts for the next 24 hours, aligning with the
daily operational planning of the HPPs. In addition to the existing
capabilities, future innovations in HYDRO-DEFM will focus on
incorporating additional constraints that influence turbine
performance, such as maintenance levels, working conditions
(temperature, pressure, lubrication), and other operational factors.
These enhancements will allow for more accurate and realistic
predictions of turbine output, considering the full spectrum of
operational challenges. The input data used by the model includes
temperature, generator power, and other operational parameters
from the current status of the HPP plant. The model's ability to
combine these factors into predictive insights generates intangible
assets, offering the consortium a competitive advantage in
optimizing turbine performance and energy generation. By
factoring in real-time operational data and maintenance
conditions, HYDRO-DEFM will contribute to more efficient energy
production planning, improving the sustainability and profitability
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of HPPs. These innovations, embedded in the model’s IP, position
HYDRO-DEFM as a critical tool for managing turbine health and
optimizing energy output in hydropower plants.

e HYDRO-H2DSM

KER name #10 H2 decision support model: HYDRO-H2DSM

KER owner ENERGYLAB

KER partner (s) TASGA

Joint ownership (Need of No

agreement before the end of

the project)

Status of IPR: Background Previous knowledge in prediction models based on artificial
intelligence applied to different industrial sectors (forestry-wood,
fishing boats, hydrogen-electrolyzers, agriculture, automotive, ...)
for energy and environmental optimization of their processes.

Status of IPR: The HYDRO-H2DSM model foreground intellectual property (IP)
includes its ability to predict the amount of hydrogen that can be
produced by a Hydroelectric Power Plant (HPP) under specific
boundary conditions. The model not only forecasts hydrogen
production but also supports decision-making by advising when it
is more advantageous to produce electricity or hydrogen, based on
the characteristics of the hydrogen plant. Additionally, the model
evaluates the environmental benefits of using hydrogen for
mobility compared to other fuels, considering factors like water
consumption and the economic advantages of hydrogen
generation versus electricity generation. These capabilities provide
the consortium with valuable insights into the most efficient and
sustainable use of energy resources. Future innovations in the
model will focus on incorporating degradation algorithms to refine
predictions and the transformation of the model into explainable
Al (xAl) algorithms. These advancements will improve
transparency and enhance the decision-making process, ensuring
more informed and effective planning. The knowledge generated
by HYDRO-H2DSM, including the environmental, economic, and
operational data, represents significant intangible assets, offering
a competitive edge in the hydrogen and energy markets. These
innovations will solidify HYDRO-H2DSM as a critical tool in the
optimization of energy production and sustainable hydrogen
usage.

e HYDRO-SDS

KER name #11 Decision support tool for hybrid HPPs: HYDRO-

SDS
CARTIF

KER owner
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KER partner (s)

Joint  ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

® HYDRO-EFM

KER name

KER owner

KER partner (s)

Joint ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

TASGA, INTEX
No

CARTIF: CARTIF brings technological know-how in the
development of algorithms for predictive maintenance and
forecasting, as well as for optimizing the operation of hydroelectric
plants.

TAGSA: TASGA brings operational data and technological and
business know-how, regarding hydropower plant operation and
maintenance as an HPP operator.

INTEX: TASGA brings operational data and technological and
business know-how regarding hydropower plant operation and
maintenance as an HPP operator.

New algorithms of hydroelectric plants optimization and
hybridization with hydrolysers and other renewable energy
sources.

#12 Energy forecasting model: HYDRO-EFM

ENERGYLAB

Cartif
No

Previous knowledge in prediction models based on artificial
intelligence applied to different industrial sectors (forestry-wood,
fishing boats, hydrogen-electrolyzers, agriculture, automotive, ...)
for energy and environmental optimization of their processes.

The Hydro-EFM tool foreground intellectual property (IP) includes
its advanced predictive capabilities for forecasting the amount of
electrical energy produced by Hydroelectric Power Plants (HPPs)
under given boundary conditions. This tool is essential for HPP
energy planning, providing accurate predictions of turbine flow
rates, energy production, and water levels in the dam. It also
delivers forecasts for the next 24 hours, aligning with the daily
planning cycles of HPPs. Beyond the predictive model, Hydro-EFM
generates valuable intangible assets, including data insights on
energy production patterns and operational trends, which could
provide a competitive advantage in the energy sector. The
incorporation of degradation algorithms to enhance predictions
and the transformation of the model into explainable Al (xAl)
further enrich the intellectual property, offering deeper
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e HYDRO-WFF

KER name

KER owner

KER partner (s)

Joint ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

¢ HYDRO-RecoFish

KER name

KER owner

KER partner (s)

Joint ownership (Need of
agreement before the end of
the project)

Status of IPR: Background

Status of IPR:

understanding and transparency in decision-making processes.
This knowledge base, while intangible, represents significant
added value to the project consortium, positioning Hydro-EFM as
a vital tool in the future development of HYDRO-H2DSM and the
broader energy market.

#13 Weather and flow forecasting / Rainfall-runoff

forecasting: HYDRO-WFF
CARTIF

TASGA, INTEX
No

CARTIF brings technological know-how in the development of
algorithms for forecasting, as well as for optimizing the operation
of hydroelectric plants.

TASGA and INTEX provided data to support the model's
validation.
New downscaling algorithms and technics and runoff river model.

#14 Fish dynamic migration monitoring: HYDRO-

RecoFish

EDF and INRAe: Algorithm development

EDF: Development of the software tool, Acoustic video database
on eel (essentially) and catfish

INRAe: Acoustic video database on other species

Software development (integrating the algorithm) has been
developed by EDF.

Acoustic video database: EDF and INRAe ((Institut National de
Recherche pour I'Agriculture, I'Alimentation et I'Environnement).
Algorithm for eel and method of fish species identification have
been published (scientific publication) and a PhD.
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e HYDRO-FBOX

KER name

KER owner

KER partner (s)
Joint ownership (Need of

agreement

before the end of

the project)
Status of IPR: Background

Status of IPR:

#15 Federated BoX: HYDRO-FBOX

MINDS

MINDS
No

Background technologies: Flower Framework, tcpdump,
CICFlowMeter

MINDS brings technological know-how in federated solutions for
detecting and discriminating various threats and cyberattacks
based on network traffic data and system logs monitoring.
Foreground technologies/knowledge include custom FL
aggregation strategy and custom network flow generators (e.g.,
for the MODBUS protocol). These are expected to be a part of the
core modules of HYDRO-FBOX and contribute to enhanced
intrusion detection accuracy.
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The hydropower sector is undergoing significant transformation, driven by technological advancements,
regulatory changes, and the increasing need for flexible energy solutions. The D-HYDROFLEX project is
positioned to address these challenges through digital innovation and sustainability-driven strategies. In
general, hydropower’s role in Europe’s energy transition is strongly influenced by evolving regulatory
frameworks and market incentives. Ensuring adaptability to new policies and securing funding for innovative
projects will be crucial in maximizing the impact of D-HYDROFLEX’s results. Spain, Greece, Poland, Romania
and France each present distinct market trends and challenges in the hydropower sector:

e Spain: The country has a well-established hydropower infrastructure, but aging facilities require
modernization. Regulatory changes and increasing energy demand are driving investments in hybrid
renewable systems. Water scarcity due to climate change also poses a significant challenge for
hydropower sustainability.

e Greece: Greece is expanding its renewable energy portfolio, with hydropower playing a
complementary role to solar and wind. Challenges include complex licensing procedures,
environmental concerns, and the need for better integration with energy storage solutions.

e Poland: Hydropower potential is relatively low, but small hydropower plants and pumped storage
projects are gaining attention. Market challenges include limited natural water resources, regulatory
barriers, and the need for greater public and private investment in modernization.

¢ Romania: Hydropower remains a key component of Romania’s energy mix. However, modernization
efforts face obstacles such as outdated infrastructure, environmental regulations, and financing
constraints for new projects.

e France: France’s hydropower potential is largely utilized, with challenges in retrofitting aging plants,
increasing flexibility, and optimizing operations for sustainable production. Digital technologies, Al,
and eco-friendly equipment can address these challenges while enhancing efficiency and minimizing
environmental impact. However, regulatory complexities, permitting delays, and environmental
concerns hinder innovation, with the need for a balanced approach to expand hydropower capacity
while safeguarding biodiversity and adapting to climate change.

The development of the D-HYDROFLEX project’s key exploitable results takes place in a competitive
landscape featuring several industrial and research-driven initiatives. Major competitors include established
hydropower technology providers such as General Electric, Voith Hydro, and Andritz, which are actively
working on digitalization, Al-driven optimization, and hybridization of hydropower plants. Additionally, EU-
funded projects such as XFLEX HYDRO and Hydro4U are advancing similar digital solutions, providing
alternative pathways to hydropower modernization.

The project’s key exploitable results, such as Al-driven forecasting (HYDRO-Predict), real-time asset
monitoring (DAM-TWIN), and sustainability assessment (HYDRO-EFM), represent groundbreaking
innovations for hydropower operations. These technologies contribute to cost reduction, enhanced
environmental compliance, and improved energy efficiency.

Moving forward, the project will refine its exploitation plan, ensuring that digital solutions for hydropower
are effectively deployed to support Europe's clean energy transition. The final version of the exploitation
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strategy will be presented in Deliverable D8.3, consolidating lessons learned and providing a roadmap for
commercial adoption. The successful implementation of these technologies will further establish
hydropower as a key player in the EU’s long-term sustainable energy vision. By fostering collaboration among
industry stakeholders, policymakers, and researchers, D-HYDROFLEX will contribute to the continuous
advancement of flexible, intelligent, and sustainable hydropower systems across Europe.
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