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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.

Tothisend, 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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The deliverable 4.1 of the D-Hydroflex Project by Wroclaw University of Science and Technology (PWR) can
be summarized in the following points:

Conducting an audit of the existing condition of the Waly hydropower plant.

Defining the functionality of the Hydro System Digital Twin for the power plant.
Defining the set of necessary signals for the system.

Developing the concept of system architecture.

Developing a numerical flow model (CFD) for the power plant.

Developing a hydrological model for the power plant.

Developing combinatorial characteristics of the turbine set.

Developing a concept for a system to monitor the efficiency of the turbine set operation.
Developing a concept for a system to monitor the reliability of the turbine set.

Designing and constructing a measurement system for calibrating the W-K flowmeter.

It can be stated that the tasks are being implemented according to the schedule.
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1.1 Scope

The Aim of D-HYDROFLEX project is to increase the potential of the existing EU hydropower fleet to
provide flexibility to the energy system, and improve the overall annual efficiency of hydroelectric plants,
maximising their performance, empowering them to be highly available while minimising their outage times
by implementing Digital Twin System. Such technology can improve operational efficiency and increase
reliability by the deployment of innovative technologies and digitalization measures.

The scope of this document encompasses results of the Task 4.1 realisation by PWR (Wroclaw University of
Science and Technology). The document offers a detailed overview of the initial version of the Hydro System
Digital Twin tool. The purpose of this document is to present the technical aspects of the Hydro System
Digital Twin, including its architecture, components, and preparations for determining the key operational
parameters of the analyzed hydropower turbine.

1.2 Structure of the document

This document is organized as follows:

e Chapter 1. —Introduction.

e Chapter 2 — Identification of the technical possibilities that exist at the hydropower plant. This
section analyzes the existing infrastructure and technological capabilities of the hydropower plant.

e Chapter 3 — Hydro System Digital Twin architectural guidelines and functionalities. This chapter
presents the architectural framework of the Hydro System Digital Twin. It defines the key
components necessary for real-time monitoring and optimization.

e Chapter 4 — Hydrological analyses and models to determine the hydropower potential and analyse
the operation of the power plant. This chapter evaluates the hydroenergetic potential of the
analyzed hydropower plant. It presents the hydrological modeling applied to the HPP.

e Chapter 5 — Optimization of the turbine under real conditions. The chapter describes the CFD
numerical modelling of a hydropower turbine for the purpose of optimizing machine operation
control processes and obtaining data for creating an efficiency model.

e Chapter 6 —Design of a hydro system measurement system. This section presents the concept and
development of a measurement system for monitoring hydropower plant operations.

e Chapter7-Efficiency curve of the turbine. This chapter focuses on determining the efficiency curve
of the turbine and discusses the design and methodology for measuring flow rates.

e Chapter 8 — Digital model of the turbine. This chapter presents the concept of the digital model of
the turbine. It focuses on creating a virtual representation of the turbine.

e Chapter 9—Summary.

1.3 Dependencies
The upcoming deliverables that directly relate to this document comes as follows:

e Deliverable D3.2-"D-HYDROFLEX toolkit conceptualization” document offers 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.
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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 Hydro System Digital Twin's
integration activities, building on the foundations established in this document to support the upcoming
integration process.

e Deliverable D6.2 — “Evaluation of D-HYDROFLEX results and impact assessment” is a report on the
evaluation of demo results and the D-HYDROLFEX toolkit. This document will be used during the
validation of the use cases to facilitate the understanding of Hydro System Digital Twin’s services and
usage.

e Deliverable Dy.3 - “First version of the D-HYDRPOFLEX exploitation plan and exploitation strategy” will
take information from this document to identify the fundamental concepts that will establish Hydro
System Digital Twin as a key exploitable result of D-HYDROFLEX.
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The Waly Slaskie Hydroelectric Power Plant (HPP) is located on the kilometer 281 + 600 river on the right
bank of the Odra River and is one of the elements of the energy and shipping dam at Brzeg Dolny. It serves
both navigation and energy production functions and was constructed in the 1950s, with commissioning in
1958. The designed Normal Pool Level (NPL) was 108.00 m above mean sea level (107.90 m AMSL), but since
1993, the level has been maintained at 107.50 m above mean sea level. The water impoundment to the level
of 108.00 m above sea level created a river valley reservoir with an area of 5.25 km2 and a static capacity of
about 14 million m3, of which the usable capacity between levels 106.80-108.00 m above mean sea level is
6.0 million m3.

Waty Slaskie is a run-of-the-river hydropower plant and is operated accordingly. The mention of the 6 million
m3 reservoir in Chapter 2 is only intended to describe the physical characteristics of the site, not to suggest
that the reservoir is actively used for operational regulation or storage.

Although there is some upstream water volume before the plant, it is not used for daily or seasonal
regulation. Moreover, the weir that controls this volume is operated by a separate authority (not by Tauron,
the plant operator), which limits the possibility of using it for active flow control or optimization.

In the current project scope, there is no plan to include integration of the reservoir or to implement flood or
drought management within the modelling and simulations. The HYDRO-HMP tool was designed solely for
production prediction, based on water gauge data and without incorporating reservoir dynamics or a full
hydrological model.

The hydroelectric plant consists of the following components:

A sluice gate with a gate and flap system.

A navigation lock on the shipping canal.

The Waly Slaskie HPP.

A fish pass.

The “Stary Dwor” pumping station (km 279+500) and the “Uraz” pumping station (km 272+400 on
the Odra River).

Flood embankments.

Administrative and utility buildings.

The entity managing the facility and responsible for water management and maintenance is the Regional
Water Management Authority (RZGW) in Wroclaw. The cooperating entity is TAURON Ekoenergia sp. z
0.0., the owner and operator of the Waly Slaskie Hydroelectric Power Plant.

The Odra River is the second longest river in Poland, with a total length of 855 km. It originates in the Odra
Mountains (Oderské Vrchy) in the Czech Republic and ends in the Szczecin Lagoon, flowing into the Baltic
Sea. The Odra River basin covers an area of 124,049 km?2, most of whichisin Poland (107,269 km?, or 86.4%),
with smaller portions in the Czech Republic (7,278 km?, or 5.9%) and Germany (9,602 km?, or 7.7%). A few
kilometers downstream from Waly Slaskie HPP, at Brzeg Dolny, the river is monitored, with key parameters
such as flow, water stage, and temperature being measured regularly.

The operation of the hydroelectric power plant is realised under the following parameters:

e Mode of operation: run—of-river.
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Maximum installed discharge: 240 m3/s.
Installed capacity: 9.72 MW.

Installed head: 4.70 m.

Minimum energy level (MinPE): 105.50 m AMSL.

The location of the Waly Slaskie HHP in the GCS system (according to ISO 19111) is specified using
coordinates in the format D°M'S’ as follows: N: 51°15'39.35"; E: 16°45'57.66". The Brzeg Dolny dam, until the
construction of the Malczyce dam in 2018, was the last dam on the canalized river for navigation purposes.

Hydrograms are graphical representations of the river's water flow over time. They are essential tools for
understanding the river's behavior, including changes in flow rates and levels due to natural and human-
induced factors. An example of the variability of the Odra River is shown in figure 1.
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Figure 1: Selected hygrograms of the Waly Slaskie Hydroelectric Power Plant
Data on characteristic flows for the period 1980-2023 is presented in table below.

Table 1: Characteristic flows 1980-2023

Characteristic flows Symbol = Flow (Q), m3/s
Lowest Observed Flow NNQ 52.5
Average of the Lowest Annual Flows SNQ 64.2
Average of the Average Annual Flows SSQ 137.8
Average of the Highest Annual Flows swaQ 569.2
Highest Observed Flow wwaQ ~3200
Lowest Observed Flow NNQ 52.5

Waly Slaskie HPP is a run—of-river hydroelectric power plant equipped with four Kaplan turbine hydro sets
with vertical axes and a rotor diameter of @ 4.0 m. The turbines are equipped with speed regulators, pump

Funded by
the European Union Page 13




D=HYDR (% E X D4.1: HYDRO SYSTEM DIGITAL TWIN

aggregates, servomotors for the guide apparatus, and generators produced by CKD Praha and CKD Blansko.
The plant's structure is a monolithic reinforced concrete construction. Key technical parameters:

Installed discharge of separate turbine: 60 m3/s.
Installed head: 4.70 m.

Installed power of separate turbine: 2.43 MW.
Power plant block dimensions:

i. Length:71.23m.
ii. Width:37.00m.
iii. Height:16.50m.

Key levels of construction elements:

Machine hall floor level: 110.50 m AMSL.
Turbine room level: 107.40 m AMSL.

Cooling water pump floor level: 106.85 m AMSL.
Turbine inlet bed level: 99.50 m AMSL.

Suction pipe outlet bed level: 96.50 m AMSL.
Turbine inlet and outlet width: 2 x 5.25 m.

o Distance between turbine axes: 14.70 m.

The turbine inlet closures consist of 8 steel stop logs, each measuring 5520 mm x 1710 mm per turbine,
operated by a cleaning crane with a winch. The suction pipe outlets are secured by 4 steel stop logs, each
measuring 5590 mm x 4200 mm per turbine, installed using a crane.

At the Waly Slaskie HPP, several technical opportunities can be identified that could be implemented to
enhance its efficiency, operational safety, and energy production. Currently, this plant utilizes a basic control
system based on an electro—hydraulic turbine governor with a digital controller RTKS-15A, which allows for
the control of a single turbine unit with a Kaplan turbine. However, the presence of old and limited in
functionality of integrated SCADA (Supervisory Control and Data Acquisition) system represents a
significant limitation in monitoring and managing the operation of the turbines in the context of the entire
facility, which contains four turbine units.

An integrated SCADA system could provide advanced tools for real-time data collection, analysis, and
visualization. This would enable operators to better manage water flow and optimize the operation of
turbines in groups, thus contributing to increased efficiency. Such a system could also facilitate precise
adjustments to the operation of each turbine based on current hydrological conditions, which would
significantly impact the overall efficiency of the plant.

Additionally, the introduction of modern measurement sensors for each turbine, which would enable real—-
time monitoring of water flow, would be a key step towards increasing efficiency. With individual metering,
it would be possible to precisely tailor the operation of the turbine units to changing conditions, allowing for
maximum utilization of the available energy in the water.

Another technical opportunity is the implementation of optimization algorithms that could automatically
adjust the operational parameters of the turbines based on data from the SCADA system and sensors. This
approach would allow for dynamic responses to changes in water levels, pressure, or energy demand,
thereby increasing the stability and reliability of electricity supply.
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Finally, the integration of communication and automation systems within the hydropower plant could
enhance the coordination of activities between different production units. This would not only enable more
efficient management but also allow for quicker responses to failures and other unforeseen situations, thus
increasing operational safety.

It should be emphasized that the developed environment will operate as a separate system from the existing
SCADA. All new data — both measured values from the installed sensors and calculated results from the
supporting tools — will be stored in a dedicated database. This database will serve as a centralized data
repository for the different modules of the Hydro System Digital Twin, making both real-time and model-
based information available for analysis. The data will then be processed by the tools and visualized in
Hydro-Vis, providing operators with operational information to support turbine performance analysis and
operational decision-making.

In summary, the technological enhancements identified for the Waty Slaskie HPP — including the
implementation of modern measurement sensors, advanced data processing tools, and optimization
algorithms — have the potential to improve operational efficiency, increase energy production, and reduce
operating costs. By integrating real-time measurements with model-based calculations in Hydro-Vis,
operators may be able to make more data-driven decisions and adjust turbine settings in response to
changing hydrological conditions. These improvements are designed to enhance the performance of the
existing facility while maintaining environmental compliance, thereby supporting efficiency objectives
within existing sustainability parameters.
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The functionalities of the Hydro System Digital Twin developed within the D-HYDROFLEX project, based
on the key attributes of the system, ensure the delivery of the required functions under specified conditions
in accordance with ISO 9126. The key functionalities of the Hydro System Digital Twin are listed below:

e Fo: Simulation of hydroelectric unit operation — enables mathematical modeling of the
hydroelectric unit and the hydrology of the object, supporting the simulation of hydrological
parameters, optimization of working elements, and assessment of equipment efficiency.

e Fa: Real-time monitoring of operating parameters — provides continuous tracking of key
indicators, such as water level, turbine speed, pressure, temperatures at machine nodes, and
vibrations of the rotating unit.

e F2: Graphical presentation of measurement results and archiving — measurement data are
displayed in the form of graphs and tables in an interactive interface, with the possibility of archiving
and historical analysis.

e F3: Hydrological and hydroenergetic analysis of the Waly Slaskie HPP — allows for a
comprehensive assessment of the hydrological characteristics of the area and its energy potential.
The model, based on historical and current data, simulates the operation of the power plant under
different hydrological conditions, analyzing flows, head drops, and energy production. Additionally,
the hydraulic balance developed allows for the identification of production losses and the
assessment of the efficiency of the plant. The analysis includes hydrological statistics for each year,
identification of characteristic flows for the current state, and hydrological statistics for flows with a
specified elevation difference.

e Hydrological/Hydroenergetic analysis of the Waly Slaskie HPP, carried out to assess the hydrological
characteristics of the given area to understand the behavior of water in this area and evaluate its
potential for use in energy production. The idea is to create a hydraulic balance for the weir at a level
of feasibility available on the object. Ordered flow and head drop curves (gross/net) as well as
hydraulic power curves (g/n) will be determined. Overlaying the power plant production results will
allow for the assessment of the facility's performance and the identification of losses. Historical
data, gauging station data, and current data from the gauging stations (as available) will be
imported into the model and supplemented by ongoing measurements from the facility. The
behavior of the power plant will be simulated for different hydrological conditions in terms of
hydraulic and energy parameters, machine settings, and the amount of energy produced. Each
hydrological year will be evaluated, characteristic flows for the current state will be identified, and
full hydrological statistics will be conducted for flows with a specified elevation difference.

e F4: Numerical CFD analysis of flow in the water turbine, visualisation — uses numerical methods
to model flows in the turbine, enabling the optimization of hydraulic parameters and the assessment
of turbine performance efficiency.

e Fs5: Vibration and dynamics analysis of the rotating unit — a key functionality supporting
maintenance and fault prevention. The system enables the monitoring of vibrations, allowing for
early detection of potential faults and real-time response.

In this application, the emphasis is on utilizing the Hydro System Digital Twin, system to predict
maintenance requirements and maximize the operational efficiency of HPPs. The platform's main elements
include digital twins, hydrological modelling tools, fault prediction systems, and Computational Fluid
Dynamics (CFD) simulation tools. Together, these components deliver real-time insights, predictive
analytics, and decision-making support. Main components of hydro system digital twin are selected below:
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e Maintenance: The fault detection tool, HYDRO PVIL, is a core feature of Hydro System Digital
Twin, designed to monitor critical components like turbines, generators, and mechanical systems.
By analyzing sensor data such as vibration patterns, HYDRO PVIL identifies anomalies that signal
potential failures. This allows maintenance teams to address problems proactively, preventing
costly breakdowns and minimizing operational interruptions. Real-time alerts help schedule
maintenance efficiently, prioritize interventions, reduce downtime, and extend equipment lifespan.

e Optimization of Operational Efficiency: The HYDRO-TIN digital twin creates a virtual model of
the HPP, continuously tracking vital parameters such as water flow, turbine blade angles, rotational
speeds, and power output. This real-time data enables operators to optimize performance by
making informed adjustments, such as fine—tuning turbine settings to align with efficiency curves,
managing water resources effectively, and adapting to changes in demand. CFD simulations within
the digital twin provide detailed fluid dynamics analyses, supporting design improvements and
strategic operational adjustments.

¢ Integrated Data and Visualization: The HYDRO-VIS visualization tool consolidates data from
HYDRO-TIN, HYDRO-PVIL, and hydrological models into an intuitive dashboard. This platform
offers a unified view of the plant’s operations, including predictive maintenance alerts and efficiency
metrics. The real-time data supports collaboration among operators, maintenance teams, and
decision—makers, enabling coordinated efforts to optimize performance and reliability.

e Continuous Performance Enhancement: The data collected and analyzed through D-HYDROFLEX
tools supports ongoing performance monitoring and optimization. Insights derived from historical
trends and predictive analytics inform strategic planning and investment, ensuring that HPP
operations remain efficient, reliable, and cost—effective over the long term.

The HYDRO-TIN digital twin is employed to monitor the real-time operational parameters of the
hydroelectric power plant. The on—site operator reviews data on flow rate, water levels, rotational speed,
electrical power output, and turbine blade angles to optimize the plant's efficiency. Should any deviations
from expected performance arise, the operator can implement the required adjustments to sustain optimal
functionality. All relevant information is displayed through the HYDRO-VIS tool. Main aims:

e To utilize the HYDRO-TIN digital twin for real-time monitoring of operational parameters in the
hydroelectric power plant.
e To detect and address efficiency deviations, enabling the optimization of plant performance.
e To deliver actionable insights that empower on-site operators to make informed adjustments,
ensuring optimal efficiency and reliability.
e To maintain uninterrupted operations within established safety and performance boundaries.
The HYDRO-HMP tool leverages real-time and historical river flow data to forecast changes in water flow
resulting from upstream conditions. The plant operator uses these predictions to adjust turbine operations
and optimize energy production, ensuring a stable output. All relevant information is displayed through the
HYDRO-VIS tool. Main aims are:

e To predict changes in river water flow using real-time hydrological data and historical trends.
e To modify turbine operations based on anticipated water flow changes, ensuring consistent and
efficient energy production in a run—of-the—river hydroelectric power plant.
e To maximize electricity generation while maintaining safety and performance standards under
fluctuating flow conditions.
The HYDRO-PVIL. The operator utilizes the HYDRO-PVIL tool to monitor vibration data from the
hydroelectric power plant's mechanical components. The system automatically signals exceeding the
threshold values that could signal potential faults, enabling the operator to implement proactive
maintenance measures. Main aims:
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e To monitor the plant's mechanical components in real time using vibration analysis, detecting
potential anomalies before they lead to significant damage.
e To enable the operator to interpret detected anomalies and determine the required maintenance
actions to prevent equipment failure.
e To enhance the plant's overall reliability and safety through preventive maintenance driven by
anomaly detection.
In HYDRO-CFD the operator reviews pre—generated simulation results, analyzing water flow, turbulence,
and other hydrodynamic factors influencing plant performance. By comparing various simulation scenarios,
the operator identifies optimal configurations to enhance efficiency. All relevant data is visualized through
the HYDRO-VIS tool. Main aims:

e To offer the operator comprehensive insights into water flow, turbulence, and other hydrodynamic
factors influencing the plant’s performance.
e To facilitate the comparison of various pre—generated CFD simulation results, enabling assessment
of how different configurations affect plant efficiency.
e Toempower the operator to make well-informed operational decisions based on detailed CFD data.
The HYDRO-VIS module is a crucial component responsible for the visualization of data and computational
results, including predictive outcomes, derived from other system modules. It functions as a graphical
interface that allows the operator to freely browse the results of analyses, forecasts, and operational
parameters in real-time.

This module collects data from various sources, such as digital twins (HYDRO-TIN), fault prediction tools
(HYDRO-PVIL), CFD simulations, and hydrological analyses, presenting them in a clear, integrated format.
The operator has access to charts, tables, maps, and other visualizations that help in the easy interpretation
of current parameters and predicted outcomes, such as changes in water flow, equipment condition, or
performance forecasts.

Through the HYDRO-VIS module, the operator can quickly identify areas needing intervention, compare
different operational scenarios, and make informed decisions based on in—-depth data analysis. The module
allows for dynamic updates of displayed results, enabling the monitoring of processes in real-time and
providing insights into future operations. Main aims:

e Data Visualization: To present real-time and historical data, including predictive analytics, in a clear
and intuitive visual format for easy interpretation by the operator.

e Operational Monitoring: To enable continuous monitoring of key operational parameters, allowing
the operator to track the performance of the hydroelectric power plant and detect any potential
issues.

e Decision Support: To provide actionable insights by integrating and displaying data from various
system components, aiding operators in making informed decisions to optimize plant performance.
e Scenario Comparison: To allow the operator to compare different operational scenarios and
simulations, helping to identify the most efficient configurations and predict future system
behaviour.
The overall architecture schematic of the Hydro System Digital Twin for the Waly SlaskieHPP is illustrated
in figure 2. The calculated data from all integrated tools is stored in a central database, which acts as the
backbone of communication within the system. This database is accessible to Hydro-Vis and other modules
depending on their specific requirements, ensuring consistent data flow and interoperability. All
communication between tools and the central repository is standardized, which allows each module to
contribute results and retrieve information without direct dependencies on other tools.
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By leveraging this modular, database-driven approach, the Hydro System Digital Twin enables flexible
integration of additional components in the future or enhanced monitoring data. This architecture provides
the basis for secure and efficient data exchange while supporting scalability. Ultimately, it allows
hydropower plants to significantly improve operational outcomes, enhancing their role as a sustainable and
efficient energy source.
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The D-Hydroflex architecture for the Hydro System Digital Twin (presented of figure 2) consists of multiple
hierarchical levels that manage data acquisition, processing, and external interfacing. The system is
designed to process real-time operational data from the turbine, execute efficiency calculations, and
support predictive maintenance. The architecture ensures structured data flow from sensors to analytical
applications, adhering to industrial communication standards and secure data exchange protocols. The
description below provides a detailed breakdown of the relevant levels.

Level o - Field Data Acquisition (Sensor Layer)

This level consists of physical measurement devices installed at the hydropower plant, responsible for
collecting real-time operational data. The primary measurement parameters include water level, flow rate,
turbine rotational speed, guide vane and turbine blade pitch angles, electrical output, and vibration and
temperature data. The sensors communicate using analog signals (4—20mA, 0—10V), serial interfaces (RS-
485 with Modbus RTU), or industrial Ethernet (Modbus TCP/IP). The data generated at this level is
transmitted to the data acquisition hardware at Level 1.

Level 1 — Data Acquisition Hardware (ADC & PLC Layer)

The data acquisition layer consists of hardware components responsible for digitizing and structuring raw
signals from Level o. This includes analog-to—digital converters (ADC) and programmable logic controllers
(PLC) that aggregate data from multiple sensors. The primary function of this level is to convert raw signals
into structured digital data and forward it to processing servers at Level 2 and Level 3 using industrial
communication protocols. No computational processing occurs at this level apart from basic signal
conditioning.

Level 2 & Level 3 —Core Processing Servers (D-Hydroflex Digital Twin & Applications)

The central processing infrastructure consists of dedicated servers responsible for collecting data from Level
1 devices and executing computational models. These servers host applications that process real-time data
and provide analytical insights. The SQL database stores structured data retrieved from the acquisition
hardware. Applications include HYDRO-TIN for turbine efficiency computation, HYDRO-HMP for
hydrological modelling, HYDRO-PVIL for predictive maintenance, and HYDRO-VIS for visualization of
operational parameters. These servers facilitate communication between the raw data acquisition system
and higher—level visualization and control interfaces.

Level 3.5 - DMZ (TEE Cloud Architecture — APl Gateway)

The DMZ layer runs on a virtual machine within a TEE cloud architecture and serves as an interface for
external access to system data. It acts as an APl gateway that provides controlled access to operational and
analytical data without exposing the core processing infrastructure. All external interactions occur through
HTTPS and REST APIs, ensuring restricted access to internal resources while allowing authorized systems
and users to query relevant information.

Level 4 — Internet Layer (External Data Sources & Remote Access)

The highest level in the architecture integrates external data sources and cloud—based services. This
includes data server, which provides hydrological data, and the D—Hydroflex project server, which hosts
project-related tools. This layer facilitates data exchange between the D—Hydroflex system and external
platforms, enhancing hydrological predictions and overall system functionality. Remote users access
processed data through web interfaces and APIs exposed via Level 3.5.
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The data acquisition system consists of numerous sensors, instruments, and communication interfaces,
ensuring real-time and accurate monitoring of key hydrological parameters. These include:

Sensors and Instruments:

¢ Flow Measurement: Differential pressure transmitters measure flow rate.

e Water Level Monitoring: Pressure transmitters monitor upper and lower water levels.

e Rotational Speed: Dedicated devices measure the rotational speed of turbine components.

e Turbine and Guide Vane Angles: Linear transducers capture pitch angles of turbine blades and
guide vanes for precise operational control.

¢ Electrical Measurements: Electrical measurement monitors electrical parameters such as voltage
and current, active and reactive power.

e Vibration and Temperature: Vibration analysis systems, optionally supported by Bently Nevada
3500, monitor mechanical vibrations.

e Temperature sensors, such as PTioo resistance thermometers, measure critical system
temperatures.

Communication Interfaces:

® Analog Signals: Instruments transmit data using standard 4—20mA and o-10V signals.

e Digital Protocols: RS—485 and Modbus RTU/TCP are used for high—speed, reliable data transfer
between devices and systems.

e Network Integration: Data transfer between the OT (Operational Technology) layer and the IT
(Information Technology) environment is enabled through secure HTTPS APIs, ensuring robust data
flow.

The collected data is processed and analyzed by several key systems:

Hydrological Data Visualization: HYDRO-VIS.

Turbine Efficiency Monitoring: HYDRO-TIN.

Hydrological Analysis and Forecasting: HYDRO-HMP.

Predictive Maintenance and Fault Detection: HYDRO-PVIL.

Computational Fluid Dynamics Analysis: HYDRO-CFD, as part of HYDRO-VIS.

Each module operates within the Hydro System Digital Twin, leveraging structured data acquisition,
processing, and visualization to enhance plant efficiency, predictive maintenance, and operational
forecasting.

The system provides REST APIs, enabling seamless interaction with external users and third—party tools.
These APIs facilitate data accessibility, allowing integration with external analytical platforms, monitoring
systems, and hydrological data sources. The architecture follows a modular design, ensuring scalability by
allowing the incorporation of future developments and emerging technologies. This adaptability supports
system expansion, integration with additional data sources, and enhancements in computational
processing without requiring fundamental structural changes.

The D—Hydroflex system continues to evolve, with several components still under development. Key areas
of ongoing work include refining data transfer mechanisms between OT and IT layers, further defining and
expanding the capabilities of HYDRO-VIS, and verifying hardware configurations and communication
protocols to ensure reliability and compatibility. The architecture is designed with a strong emphasis on
secure data transfer, scalability, and modularity, supporting the development of an advanced solution for
hydrological monitoring and turbine performance management.
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4 Hydropower potential assessment and analysis of
power plant operation

To determine the energy potential for the Waly Slaskie hydropower plant, calculations were performed,
which were based on the assumptions outlined below.

The spillover through the weir or other discharge devices occurs only when the flow in the river exceeds the
flow capacity of the installed hydro units. In the calculations, it was assumed that the installed spillway flow
rate is Q;= 240 m3/s.

To conduct the hydro—energy calculations, the ordered flow curves were averaged to obtain a
representative hydrological year curve. During the calculations, years with catastrophic/flood flows (such as
1997) were excluded. Using the consumption curve, an ordered head curve was created for the
hydrologically representative year. The calculation results are presented on figures 3 and 4.
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Figure 3 Flow and head duration curves for the Waly Slaskie hydropower plant
16000
14000
12000
; 10000
v
= 8ooo
o 6000
4000
2000
o
o 50 100 150 200 250 300 350

T, days
Figure 4 Sorted theoretical power curve (power duration curve) for the Waly Slaskie hydropower plant
Note on methodology: The calculations below reflect an initial, simplified estimate prepared at the start of
the project to gauge improvement potential. Measurements have only just begun (09.2025); as data are

collected, we will replace assumptions with measured turbine efficiency n(Q,H) and discharge-dependent
hydraulic losses. Final results will be updated to real, measurement-based values.

In order to determine the production of the hydropower plant in relation to the installed turbine discharge,
calculations were performed based on the assumptions: total efficiency — 0.74, The minimum technical flow
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Qmin=18.00 m3/s and minimum technical Hmin=3.0 m. discharges smaller than the installed ones were
calculated based on the following formula 1 (Ri— resistance, H; — Head, Q; - flow):

_ Hi

R, = =.
T

(2)

An example of the calculation results is presented in the figures 5 and 6.
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Figure 5 Head and flow duration curves for the Waly Slaskie hydropower plant
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Figure 6 Power duration curve for the Waly Slaskie hydropower plant

Finally, the potential production of the hydropower plant for the hydrological year, the average, statistically
representative year, was calculated, as shown in the graph —figure 7.
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Figure 7 The potential production of the hydropower plant
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The chart - figure 8 — shows the operating time of the installed capacity.
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Figure 8 Operating time of installed power for the Waly Slaskie Hydroelectric Power Plant

The installed power and installed head as a function of the installed flow are presented on figures g and 10.
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Figure 9 The installed power for the Waly Slaskie hydropower plant
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Figure 10 The installed head for the Waly Slaskie hydropower plant

Forthe installed day 28, the installed flow rate is 240 m3/s, and the installed head is 5.08 m, which correspond
to the nominal parameters of the turbines. Based on these values, the installed power is 8.84 MW. Using the
overall efficiency of hydropower plant (n = 0.74), the expected average annual production is approximately
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47,985 MWh. This simplified estimation, based on overall efficiency, served as an initial benchmark to assess
the general production potential. It results in a value about 5% higher than the average annual production
observed at the plant.
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Modelling and numerical analysis of flow under conditions reflecting real-life scenarios was carried out for
the following purposes:

e Optimization of machine operation control processes.

e Obtaining data for creating an efficiency model.

¢ Building a database for CFD results visualization for the HYDRE-TIN and HYDRO-VIS modules

under varying turbine operating conditions.

o Verification of the structural correctness of the flow system.

¢ Validation of the machine's operating range.

e Verification of the efficiency of each flow element of the turbine.

¢ Identifying the possibility of upgrading turbine elements.
Real data from hydrological analysis of the Waly Slaskie HPP were used as input to determine the boundary
conditions for the digital twin model being developed. The work carried out allowed for determining the
flow structure through the machine, identifying the combinatory curve, and obtaining quantitative
parameters in the form of efficiency curves.

To conduct numerical simulation of the flow through the turbine, a three—dimensional flow model of the
flowing parts of the machine must be constructed. Based on the available technical documentation, the
model was recreated using a 3D modeling program. Due to the lack of complete as—built documentation, it
is necessary to assume that the design corresponds to the actual state of the machine. Moreover, the
documentation for the turbine impeller is missing, and the model was created based on the available data.
If the turbine is dewatered in the future, a 3D scan will be considered to improve the accuracy of the turbine's
CAD model.
The modeled flow system consisted of:

e theinlet section representing river water,
the inlet spiral,
the guide vanes,
the turbine rotor,
the draft tube,
the outlet section represents river water.

The rotor model shown in figure 11 was designed in accordance with the literature guidelines for classical
water turbines. The model construction process involved using calculated contour cross—sections for the
classical 3D modeling method. Exported lines representing the active and passive sides of the blade were
projected onto corresponding planes, followed by extrusion through the cross—sections. The blade outlines
were extrapolated at the ends, and the entire structure was trimmed using rotational surfaces determined
by the meridional section outline. The resulting blade was copied in a circular array to achieve the required
number of z=4 blades.

The model had the ability to adjust the angle of the guide vanes and the impeller blades, which made it
easier to adjust the geometry to the given operating conditions of the water stage.
Part of the water outlet into the rivers was mapped based on construction drawings. An additional element
at the outlet is important for the correct simulation of the liquid in the suction pipe.

The discretization of the models began with covering the volume with computational meshes, i.e., dividing
the flow area into smaller control volumes. Due to the complex shape of the geometry, an unstructured
mesh was applied, except for the inlet water —hexa core mesh. The wall-adjacent layer was discretized using
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multi-level prismatic elements, with the number of elements tailored individually for each model. Mesh was
presented in figure 12.

a)

@)

Figure 11 Recalculation/ verification of the impeller: a — velocity triangles, b — profile coefficients,
¢ —meridional cross section, d, e — calculated impeller blade lines

Figure 12 Turbine computational mesh

The following boundary conditions (figure below) were defined for the numerical studies conducted:
Inlet to the model:

e Inlet pressure, its value dependent on the specified head.
¢ Turbulence intensity coefficient /I=5% for a specified hydraulic diameter Ds=10.8 m.

Outlet from the model:

e Outlet pressure, its value dependent on the specified head.
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e Turbulence intensity coefficient /I=5% for a specified hydraulic diameter Dy=15 m.
Walls: Movable walls were assumed in the rotor area with a rotational speed n=88.2 1/min, while the

remaining walls were stationary.
e Connections between volumes: Interface conditions were applied, with identical meshes at the

interfaces.
e The working medium was water at a temperature of t=20°C.

Turbine
inlet

) Stationary wall
Turbine outlet

Interface

Movable wall

Figure 13 Boundary conditions
Numerical fluid mechanics allows for the identification of flow phenomena in the examined machine. The
calculation was performed for different head and blades angle values. The example of results is shown
below.

Figures below show the trajectories of fluid particles and the distribution of total pressure in the longitudinal
section of the turbine. A noticeable increase in velocity is observed in the guide vanes and rotor. Apart from

the draft tube, the particle trajectories within the turbine are well-aligned.

Figure 14 Particle paths in a turbine and pressure distribution in the longitudinal section of the turbine

Figures 14—15 present the motion paths of the liquid particles, the distribution of static pressure and velocity

in the cross—section of the spiral.

Figure 15 Particle paths in the spiral and guide vanes and velocity distribution in the cross section of the spiral
and guide vanes
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Identification of the flow in the spiral element indicates an even distribution of fluid particle trajectories
throughout all its components. The spiral channel operates correctly. It should be noted that there are no
distinct dead zones, and all streamlines are directed toward the guide vane.

The guide vanes generate alow—pressure zone on the passive side of the blade due to a pressure drop caused
by the passage of localized resistance. The pressure difference is not significant, reflecting the absence of a
change in fluid flow direction in this region — figure 16. Thus, no increased transverse forces on the rotor or
vibrations resulting from the unsteady nature of the phenomenon are expected. Velocity vectors are evenly
distributed, with no noticeable vortex zones.

7.0e+00

1.7e+01
[ 14
12

- 10

Figure 17 Particle paths in the impeller

Analyzing the operation of the regulating guide vane, it can be observed that it smoothly changes the
direction of fluid flow, with the medium not separating from the blade walls. The pressure distribution is
correct, and the loss in the regulating element is minimal. The guide vane has been structurally designed to
dissipate a small amount of energy. Near the leading edge of the blades, areas of reduced velocity related
to the stagnation effect caused by the width of the washed profile can be observed. A detailed analysis of
the velocity vectors shows that the fluid in this area does not change its flow direction but only slightly
decelerates. Behind the blades of both guide vanes, a hydrodynamic wake is visible. The analyzed system
operates correctly.

The flow in the turbine impeller area is presented on figures 17. Regularity in the water particle trajectories
is noticeable. There are no flow disturbances. A detailed ana which presents relative velocity vectors,
confirms this observation. These vectors align with the direction defined by the rotor blade geometry, both
in the meridional section and in the conformal projection. Regular changes in pressure in the inter—blade
channel are visible.
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Figure 18 Trajectories of liquid particles in the suction pipe

The last hydraulic element analyzed in this part of the study was the draft tube. Analyzing the shape of the
streamlines, figure 18, it is evident that the fluid leaving the impeller is characterized by a small
circumferential velocity component. Its presence is undesirable but does not significantly affect turbine
performance. The draft tube is a critical component of a water turbine as it enables the recovery of the
dynamic component carried by the impeller, thereby increasing turbine efficiency. In the characteristic
cross—sections, certain areas with pressure and velocity gradients are noticeable, resulting from the
impeller's geometric structure. However, their extent, considering the interaction with a moving
component, is relatively limited.

The numerical analysis of flow under real-life conditions yielded the following key outcomes:

e Optimization of Machine Operation: The study facilitated improvements in the control processes
for the turbine, ensuring more efficient and stable operation under varying conditions.

e Efficiency Model Development: Data collected during the analysis served as a foundation for
creating a comprehensive efficiency model, enhancing the ability to predict performance across
different operating scenarios.

e CFD Results Visualization: A detailed database was developed for visualizing CFD results in the
Hydro-TIN and Hydro-VIS modules. This visualization enables a deeper understanding of turbine
operation under a wide range of conditions.

e Verification of Structural Design: The analysis verified the structural correctness of the flow system,
confirming that the design aligns with the expected operational parameters and intended
performance outcomes.

e Validation of Operating Range: The operating range of the turbine was validated, ensuring the
machine's capability to function effectively under its designed operational limits.

e Efficiency of Flow Elements: The efficiency of individual turbine components was assessed,
providing insight into their contributions to overall performance and identifying potential areas for
improvement.

e Upgrading Potential: The modeling process is still ongoing and requires real impeller geometry for
unambiguous conclusions. However, this does not detract from the results of developing a valid
model and the initial conclusions.

e Using real hydrological data from the Waly Slaskie HPP as input, the analysis established accurate
boundary conditions for the development of the turbine’s digital twin model. The conducted
research allowed for a detailed understanding of the flow structure, the identification of the
combinatory curve, and the derivation of quantitative efficiency parameters in the form of efficiency
curves. This study provides a strong foundation for further optimization and development of hydro
turbine performance while contributing to the design of advanced digital modeling tools.
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To implement the digital twin system at the Waly Slaskie HPP, the HZ3 hydro unit was selected for analysis.
The existing measurement infrastructure, which after verification can be utilized within the new data
acquisition system, includes:

Vibration sensors.

Rotational speed sensor of the hydro unit.

Guide vane position sensor.

Kaplan turbine blade position sensor.

Electrical value meters at the generator output (current, voltage, active power, reactive power).
Temperature sensors for the hydro unit.

The analysis showed that the above systems, due to their operation and service life, require verification in
terms of the indicated values and the overall functioning of the system. Currently, the parameters are mostly
not being recorded, and their readings or visualization are performed at several locations within the plant—
there is no unified software.

As part of the project implementation, additional sensors and measurement systems will be installed to
provide information about the technical condition of the hydro units. The new sensors planned for
installation are:

o Differential pressure meter — flow measurement using the Winter—-Kennedy method (using a
characteristic curve) in the existing pressure take—off.

Pressure or radar transducer — upper water level measurement.

Pressure or radar transducer — upper water level measurement behind the grating.

Pressure or radar transducer — lower water level measurement.

Pressure transducer — measurement of suction pipe pressure in the existing pressure take—off.
Vibration sensors in selected structural elements.

The existing sensors intended for use include:

Rotational speed sensor of the hydro unit and phase marker.

Linear potentiometer —turbine blade position angle.

Linear potentiometer — guide vane opening angle.

Electrical value meter for the generator (3—phase currents, 3—phase voltages, active power, reactive
power) for hydro set HZ3.

e Temperature sensor — hydro unit temperature measurement.

e Vibration sensors.

It is also necessary to include the installation of energy quality recorders in the G3 generator field and the
voltage measurement field.

The implementation process at the demo side HPP enables modifications and corrections imposed by the
HPP owner in relation to internal regulations.

Data from the sensors should be transmitted to the data concentrator, which will enable further transfer for
the digital twin operation. Requirements for the data concentrator:

e The concentrator's task is to acquire measurement data from sensors (digital and analog).
e The concentrator should transmit data to the industrial computer in digital form using a
standardized communication protocol (e.g., Modbus TCP/IP).
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e Wired connection between the concentrator and the industrial computer.

The collected data will be transmitted by the concentrator through a cable connection to the industrial
computer, where the digital twin software will be located. Requirements for the industrial computer:

e Equipped with an Ethernet network card to connect to the investor's network (addressing should be
obtained from the investor at the design stage).

Measurements collected into a local SQL database on the industrial computer.

Archiving measurement data for at least 2 years.

Capability to install the "digital twin" with access to measurement data from the SQL database.
Processor with at least 8 cores, at least 32 GB of RAM.

e SSD/NVMe disk for system + software, minimum 1 TB, Redundant archive disk, minimum 2x8TB.

A schematic of the hydro unit measurement system is presented on figures 19—21.

Figure 19 Measurement system diagram of the hydro unit Figure 20 Schematic installation of displacement
sensors
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Figure 21 Measurement system diagram
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This chapter focuses on determining the efficiency curve of the turbine, whose model is a key element of
the Hydro System Digital Twin and discusses the design and methodology for measuring flow rates, which
enable the calibration of the W-K flowmeter.

The energy performance of the flow system was evaluated by determining the turbine characteristics. From
the hydro-energy analysis, characteristic operating points H= (7.4; 7; 6; 4.7 and 3) m were selected for
numerical investigations. In the conducted studies, the water turbine operated under a constant head H,
specifically H= (6 and 7) m. These operating points were selected as initial conditions for model validation
and turbine performance analysis due to their frequent occurrence during turbine operation. The operating
parameters of the hydropower unit for a given head were adjusted by changing the positions of the guide
vane and impeller blades. The range of guide vane flow opening angles a varied from 20° to 46,6°, and for
the impeller blade, the range was from —12° to 12°. Based on the simulation results, characteristic curves
were plotted.

The turbine's hydraulic efficiency characteristics ns,=f(Q) and ns=f(P) are shown in the figures below. The
obtained curves allowed for the determination of the combined efficiency curve, represented by a black
dashed line (Figure 23). The shape of this curve is typical for machines with a similar specific speed index. At
this stage of the research, the curve covers a short segment, but upon completion of the studies, it will
encompass the turbine's full operating range.

Analyzing the curve trends reveals that the highest efficiencies were achieved for heads in the range of H=7
m, which corresponds to the turbine's nominal head. Within the analyzed range, the turbine flow rate varied
from Q=16,0 m3/s to Q=63 m3/s. The turbine achieved shaft power ranging from 1.0 MW to 3.0 MW. The
nominal machine power P.=2430 kW ( Figure 23 23, green line) corresponds to the point of maximum
efficiency, where the efficiency value reached approximately ns= 85 %. When the analysis is performed with
the actual impeller, the real efficiency will be determined. The total turbine efficiency, accounting for
mechanical and volumetric losses, will be slightly lower. The turbine should be considered appropriately
selected, assuming the maximum generator power as the selection point. These parameters correspond to
a flow rate of Q=60 m3/s, H=7 m with a guide vane opening of a=36.7°. The positioning of the selection point
should provide a sufficiently large control range near the turbine's optimum, both to its right and left.
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Figure 22 Characteristics of n=f(Q) turbine for H=const.
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Figure 23 Characteristics of n=f(P) turbine for H=const
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Figure 25 Determining the optimal combinatorial relationship for H=6 m

To validate the simulation results, real-time flow measurement in the hydro turbine is planned to be
implemented in the digital twin. For this purpose, the W-K (Winter—Kennedy) method will be used. The
Winter—Kennedy method, in the context of measuring the flow in the turbine’s volute, is a widely applied
technique based on the pressure difference between two points placed on the wall of the turbine's spiral
casing. In practice, differential pressure sensors are connected to these points, and the data is transmitted
to a recording system. The obtained results are then converted into flow using formula 2 (Q - Flow, k —
calibration coefficient, Ap —differential pressure):

0= k). @)
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Figure 26 The location of the differential pressure intake points

Calibration in the Winter—Kennedy method is a critical step to ensure the accuracy of flow measurements.
This process involves determining the calibration coefficient k, which allows for converting the measured
pressure difference Ap (location of the differential pressure intake points — figure 26) into the actual flow Q.
The calibration will take place under real operating conditions of the turbine. During this process, the water
flow through the turbine is measured using a precise reference method, where the point velocity
measurement is carried out using current meters. To measure the total flow, the current meter is placed in
different points across the flow cross—section, allowing for the determination of the velocity distribution.

Due to the large number of current meters that need to be applied, it was decided to manufacture them. A
design process was realised, and 20 current meters were manufactured — figure 27. The meters were
calibrated, and signal acquisition system was built.

Figure 27 Current meters

The winch—driven traversing system allows the precise adjustment of the current meters' positions along
the inlet's vertical axis, ensuring that data is collected at each desired depth or position. The constructed
and manufactured traversing system is presented in the photo below — figure 28.

Figure 28 Constructed traversing system
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In the context of plant-level performance, it is recognized that for certain discharge conditions the optimal
operation of the hydropower plant may be achieved with different numbers of units in operation (e.g., two
versus three machines), particularly within the partial load range where efficiency varies significantly. The
turbine digital twin developed in this work—based on CFD simulations and to be refined with measurement
data—provides the foundation for such optimization. While the current focus remains on the efficiency of
individual machines, the methodology could in the future be extended toward a plant-level digital twin
capable of supporting decisions on the optimal number of units to operate under varying discharge
conditions. An evaluation of the optimal number of machines and/or the additional efficiency calculation are
expected to be included within the evaluation and impact assessment activities of D6.2, to the extent
supported by the available data.
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The Hydro System Digital Twin is a comprehensive framework designed for hydropower flow prediction,
efficiency monitoring, and performance optimization. It integrates advanced hydrological modeling,
machine learning algorithms, and real-time data analysis to enhance power generation forecasting and
turbine operation. This chapter presents the conceptual design and implementation of key modules,
including flow prediction, power estimation, turbine efficiency monitoring, and predictive maintenance.

8.1 Conception of HYDRO-HMP

The first stage of water powerplant flow prediction system consists of two main phases — figure 29. The
Watershed Analysis phase begins with the power plant location coordinates and uses Digital Elevation
Model (DEM) data from Copernicus Global Digital Elevation Model (CGDEM) to analyze the terrain
characteristics. This analysis produces a watershed delineation — a precise boundary of the area that
contributes water flow to our power plant location. Once we have the watershed boundary, we can identify
all water gauge stations located within this area.

To clarify the data foundations of HYDRO-HMP, we have access to continuous water gauge records (stage
and flow) starting from 1981 with daily resolution. In addition, high-frequency 10-minute interval data has
been available since 2008, providing a robust dataset of more than 15 years that now extends to 2025. This
long-term record ensures sufficient input for both model calibration and validation. The system design
deliberately focuses on observed gauge data rather than incorporating precipitation inputs or a full
hydrological catchment model. This choice simplifies implementation and emphasizes the practical use of
readily available measurements for real-time forecasting. A run-of-the-river hydropower plant located
approximately 30 km upstream in Wroctaw does not constitute a managed cascade and lacks significant
retention capacity; therefore, its influence is already reflected in the upstream gauge measurements and
does not require separate modelling.
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Figure 29 Stage one — data preparation of HYDRO- Figure 30 Stage two — data preparation of HYDRO-HMP

HMP

The second stage of the hydropower plant flow prediction system processes collected hydrological data,
derives rating curves for flow estimation, and ensures continuity in time—series datasets — figure 30. The
output is a structured dataset prepared for computational models. Overall process for this stage is shown in
figure above.

The third stage of the hydropower plant flow prediction system employs Long Short-Term Memory (LSTM)
neural networks for water flow forecasting. This implementation addresses the inherent complexity of
hydrological time series prediction through deep learning methodologies. The system processes high—
frequency hydrological data collected at 10-minute intervals, which has been preprocessed and stored in
Parquet format during the previous stages of data preparation. The flow chart of the proposed
implementation is presented in figure 31.

For model development, the LSTM is trained on high-resolution 10-minute water-gauge data from 2008
through early-2024, using sliding-window sequences. Validation uses randomly selected periods within this
span to assess generalization, and out-of-sample evaluation is performed on late-2024 and 2025. Although
daily gauge records are available back to 1981, they are excluded from training because HYDRO-HMP
targets short-term forecasting, where high-resolution dynamics matter more than extending the time range
with lower-resolution data; those long-term daily records are used only for contextual analyses (e.g.,
historical statistics, flow-duration curves).
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The final stage of the HYDRO-HMP system focuses on estimating the net hydraulic power and installed
turbine capacity at the hydropower plant. This stage integrates the predicted flow data from the
hydrological models, turbine efficiency parameters from the HYDRO-TIN module, and various system
constraints to determine the actual power generation capabilities.

The process begins with the Input Processing stage, where the predicted river flow data is combined with
the head—flow relationship specific to the hydropower plant’s design. This establishes the available hydraulic
head and flow conditions. Steps for calculation are shown in the figure 32. This stage provides a
comprehensive assessment of the hydropower plant’s power generation potential, considering both the
predicted hydrological conditions and the system’s operational constraints. The resulting power output
estimates can be used for planning, optimization, and decision-making in hydropower operations and
management.

8.2 Conception of HYDRO-TIN

The conceptual design of the HYDRO-TIN module proposes a framework for real-time turbine efficiency
monitoring through comparative analysis of measured and modelled performance parameters. The
proposed system architecture encompasses three principal components, as illustrated in the accompanying
system diagram —figure 33.
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Figure 33 HYDRO TIN stages

The data acquisition phase is designed to incorporate two primary sources: CFD simulation results and
operational measurements. The initial implementation phase envisions reliance on CFD-derived
characteristics, with subsequent phases incorporating empirical measurements as the requisite
instrumentation infrastructure is established. The model creation phase utilizes polynomial surface fitting
methodologies to establish efficiency characteristics based on turbine unit flow and unit speed parameters.
The operational phase implements continuous monitoring of critical turbine parameters, including
volumetric flow rate, net head, and electrical power output. The system performs real-time comparative
analysis between measured efficiency values and model predictions, generating quantitative deviation
reports that enable facility operators to identify and investigate potential performance irregularities
through inspection of system components and operational parameters.

8.3 Conception of HYDRO-VIS

HYDRO-VIS is being developed as 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. 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.
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An essential feature of HYDRO-VIS is turbine efficiency assessment, incorporating both measured
operating points and model-based predictions. By comparing actual performance with computed efficiency
curves, the system will help determine deviations from expected operation. This will support ongoing
optimization efforts and serve as a reference for predictive maintenance.
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Figure 34 Conception for basic parameters of Kaplan turbine visualization

One of the fundamental elements of HYDRO-VIS is the ability to present operational time-series data
effectively. Real-time and archival data streams will be structured into dynamic dashboards, allowing users
to analyze performance deviations over different timescales. The system will include:

e Live data streaming, updating critical parameters in near real-time.
e Historical data retrieval, providing a structured view of past operations for in—depth trend analysis.

Conception for basic parameters of Kaplan turbine visualization is presented at figure 34.

8.4 Conception of HYDRO-PVIL

The operator uses the HYDRO-PVIL tool to monitor vibration data from the mechanical components of the
hydroelectric power plant in real-time. The system automatically signals when threshold values are exceeded,
which could indicate potential issues, allowing the operator to take proactive maintenance actions. The
presented concept of measurements on turbine requires reqular data processing and regular analysis, figure 35.
The diagram — figure 35 — represents a multi—level upgrade plan for machine condition monitoring,
progressing from basic vibration monitoring to Al-driven predictive maintenance. The designed Hydro
System Digital Twin will include Level o, as its foundation. This means that while the initial implementation

will focus on basic system representation and monitoring, the Digital Twin will be scalable and adaptable,
enabling the integration of:

e Level o—Basic vibration monitoring.
e Level1-Level o+ FFT spectrum and orbit plot.
e Level 2 -Level 1 + advanced shaft condition analysis.
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Figure 35 Vibration analysis concept

Below is a refined description of each level:

e Basic level o (Current upgrades) — light blue on figure 35 — of information is obtained in a very simple

way by application of alerts, which are based on pre-selected threshold values. The alert values are
based on the recommendations of the international standards. Then after some time it is necessary
to adjust the values based on measured over the time of operation. Events, when vibration alarm
levels have been exceeded are easy to be sent to SCADA/DCS system of the hydro power station
and people who check the condition of the machinery on regular daily basis.

Level 1 will extend the functionality of basic Level o by incorporating orbit plot analysis of the shaft
in the bearing and FFT (Fast Fourier Transform) vibration analysis. The orbit plot will provide a
detailed visualization of the shaft’s movement within the bearing clearance, allowing for the
detection of issues such as misalignment, dynamic unbalance, and clearance. This will enhance real-
time diagnostics and improve machine condition monitoring. Additionally, FFT analysis will enable
the transformation of vibration signals into the frequency domain, identifying dominant frequencies
associated with mechanical faults like dynamic unbalance, misalignment, bearing defects, and
resonance. The combination of these advanced analytical tools in Level 1 will significantly improve
fault detection and predictive maintenance capabilities.

Level 2 — Advanced Vibration Analysis (Future Upgrades) will introduce more detailed shaft
condition monitoring to enhance diagnostic accuracy and predictive maintenance. This level will
incorporate additional proximity sensors to improve measurement precision, allowing for more
comprehensive data collection. Shaft deflection modelling will be implemented to analyse
displacement patterns and detect deviations from normal operation. Furthermore, shaft stress
estimation will help predict mechanical stress levels, while fatigue modelling will assess material
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degradation over time. Ultimately, a lifetime assessment will provide estimates of the remaining
operational life, ensuring better maintenance planning and increased machinery reliability.

e Level 3 — Al-Based Predictive Maintenance (Future Upgrades) will focus on minimizing human
intervention through Al-driven continuous machine monitoring. At this stage, Al will analyze
dynamic condition states, providing real-time predictive insights to enhance reliability and
efficiency. The key outputs of this advanced system will include Remaining Time to Failure (RTF)
estimation, allowing for proactive maintenance planning, and service action recommendations,
which will help prevent unexpected failures and optimize equipment performance.

Level o — Basic vibration monitoring serves as the fundamental tool for assessing the dynamic condition of
the considered hydro turbine within the project framework. The HYDRO-PVIL tool will operate by
monitoring the amplitude of displacement and comparing its values with the permissible values outlined in
ISO 10816—-5. This approach allows for determining the technical condition of the machine. By assessing the
vibration levels and checking them against the tabulated standards, the tool can provide an accurate
evaluation of the machine’s dynamic condition and help identify whether the machine is operating within
acceptable limits or if corrective actions are needed.

According to ISO 10816-5, the investigated machine belongs to group 4. For a machine to operate reliably
and safely under normal conditions, its vibration levels must stay below certain thresholds that align with
acceptable kinetic loads and prevent excessive vibration transfer to the supporting structure and
foundation. This guideline typically serves as the standard for evaluating machines, especially when there is
limited prior knowledge about the satisfactory operating characteristics of that specific machine type (e.g.,
for new models). The maximum vibration observed at each bearing pedestal or housing is compared against
the following evaluation zones:

e Zone A: (blue colour) Vibration of newly commissioned machines typically falls within this range.

e Zone B: (green colour) Machines with vibrations in this zone are generally deemed suitable for
unrestricted long—term operation.

e Zone C: (yellow colour) Vibration in this zone is usually considered unsatisfactory for continuous
long—term operation. In such cases, the machine can usually run for a limited time until an
opportunity for corrective action arises.

e Zone D: (Red colour) Vibration levels in this zone are typically severe enough to risk damaging the
machine.

These measurements are typically taken at the shaft or bearing pedestals to assess the relative movement
between the rotating shaft and its supports, which can indicate potential issues such as imbalance,
misalignment, or excessive wear. Accurate measurements of relative shaft vibration help ensure that the
machine operates within safe and optimal limits, preventing potential damage or failure. In terms of
displacement, typical limits for group 4 machines (depending on size, type, and application) might be:

e Horizontal and Vertical Displacement:

i.Zone A: < 40 um peak-to—peak,

ii. Zone B: <80 pm peak-to—peak,

iii. Zone C: <150 pm peak-to—peak,

iv. Zone D: > 150 um peak-to—peak (may indicate the need for shutdown or immediate corrective

action).

Velocity limits are often used for higher frequency vibrations, especially those that indicate operating
imbalances or resonances. These limits are generally defined in terms of the machine’s rotational speed (in
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rpm) and are typically set to prevent damage or excessive wear. For Group 4 machines, common velocity
limits include:

e Horizontal and Vertical Velocity:

i.Zone A: < 2.5 mm/s (for machines with low to moderate speeds),
ii. Zone B:<5.omm/s,
iii. Zone C:<8.0 mm/s,
iv. Zone D: >8.0 mm/s (may indicate severe vibration and potential for mechanical damage).
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The implementation of Task 4.1 of the D-Hydroflex Project by Wroclaw University of Science and
Technology include conducting an audit of the current state of the Waly hydropower plant, defining the
functionality of the Hydro System Digital Twin, identifying the necessary signals, and developing the system
architecture concept. Additionally, it involves creating a numerical flow model (CFD) and a hydrological
model for the plant, establishing combinatorial characteristics of the turbine set, and designing systems for
monitoring turbine efficiency and reliability. Furthermore, a measurement system for calibrating the W-K
flowmeter is being designed and constructed. The tasks are progressing according to the planned schedule.
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