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Abstract: The research project DIGI-Hydro aimed to equip 
existing hydropower machines in Austria with sensors and 
evaluate how operators can judge the machine's state based on 
sensor outputs. The joint effort of researchers from different 
domains and companies led to novel research results, including 
a better understanding of hydropower plant operation. We 
summarize our project results in three parts: (1) data handling, 
(2) visual data analysis, and (3) plant damage characteristics. 

 
 

1 Introduction 

Hydropower remains a key pillar of the energy supply in Austria, which generates 
around 60 percent of its electricity from hydroelectric power plants [1]. A few hundred 
large-scale hydropower plants and thousands of smaller ones are in operation, some 
of which have been running for over 40 years. As such, most of these hydropower 
plants were planned and built long before significant developments in sensor 
acquisition, data evaluation, and data analysis could occur [2]. The high age of the 
plants is considered a substantial factor in why digitization in hydropower is 
progressing only slowly. However, recent efforts toward a digitalized operation of 
hydropower plants, particularly the creation of digital twins, have sparked optimism 
about the future of the industry. Digital twins, virtual representations or replicas of 
physical objects or systems created using real-time data from sensors, allow users to 
try out different scenarios virtually and to install preventive measures like predictive 
maintenance [4]. 
 
Physical models and simulations are considered an essential part of the creation 
process of digital twins [5]. From the physical twin, data sets are recorded, and control 
and scheduling commands are fed back (enabling supervision and operation). This 
data allows for creating numerical models and physical test beds to obtain the required 
simulation capability. As an essential step towards a digital representation, solid, 
scalable, and easy-to-access pipelines for data preparation and analysis must be 
installed first. However, collecting enough data of the required quality poses new 
research challenges. In the case of hydropower plants, researchers need to record 
high-frequency data to capture all possible flow phenomena in the data. Recording 
data over several weeks and months is required to capture many situations (e.g., heavy 
rain, snowmelt, drought). Physics-based models can also only be proven accurate 
when validated with real-world data. Again, data collection is considered an essential 
part of this process. Even worse, not all physical effects can be pictured in the 
simulation results. Due to these limitations, validation of physics-based models, 
nowadays, is conducted mainly for parts where data is significant and obtainable [6]. 
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Based on the aim to work toward creating a digital twin, the DIGI-Hydro research 
project (funded by the FFG Funding Service in Austria) was started in 2021 and is 
now, after four years, coming to an end. DIGI-Hydro was geared towards injecting new 
momentum into research on digitalization in hydropower, thus laying the foundations 
for developing new concepts for digitally operating hydropower plants and assessing 
their condition automatically. Two research organizations (TU Wien and VRVis 
Zentrum für Virtual Reality und Visualisierung Forschungs-GmbH) and two companies 
(HAKOM Timeseries GmbH and Vibroconcept GmbH) explored how operators can 
integrate digital technologies into hydropower plant operation planning. We equipped 
existing hydropower machines in Austria with sensors and evaluated how operators 
can judge the machine's state based on sensor outputs. Sensor data helped us to 
assess how damaging processes within the machine can be measured and which 
sensors are needed to achieve this. Within the four years of the project, we faced 
several challenges common to digitalization projects. One of the main challenges was 
managing the large amounts of raw sensor data (i.e., several Terabytes), not only to 
store and backup it but also to analyze it and make sense of it. The raw sensor data 
was used to validate the flow and mechanical simulations of the hydraulic runner of the 
machine unit, leading to new insights into fatigue issues of different operational points. 
One of the core developments of DIGI-Hydro was the creation of a characteristic 
damage factor map of the investigated hydropower plant, which provided a detailed 
base for the lifetime investigation of a runner when operating the hydropower plant 
under different premises. In all stages, the data analysis was supported by the visual 
inspection of the data, where we, similar to the data handling and storage, had to find 
ways around dealing with the large amount of collected data. 
 
In this paper, we summarize the project results generated by DIGI-Hydro. We divide 
the results into three parts: (1) data handling, (2) visual data analysis, and (3) plant 
damage characteristics. For data handling, we outline our data collection and storage 
pipeline. For visual data analysis, we present results for visually inspecting the data. 
For plant damage characteristics, we present novel results for calculating damage 
characteristics maps and the possibility for real-time lifetime estimation. 
 

 

2 Project Results 

The joint effort of researchers from different domains and companies in different fields 
led to many results, including a better understanding of hydropower plant operation. 
All project results were based on data collection, providing data-driven insights into the 
operation of different types of power plants. 
 

2.1 Data Handling 

Throughout the project [7], we recorded and analyzed data from two different sources: 
o Operation data: This type of data, recorded by the plant operators, described 

the current state of operation of the whole power plant. It contained: 
o Plant operating data (35 channels): Measurement values describing the 

current operation state of the whole power plant and include, for 
example, machine performance, rotation speed, pressure, and 
efficiency. 
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o Machine diagnostic data (12 channels): Measurement values, such as 
shaft and case vibration, were included. 

o Sensor data: This type of data was recorded by sensors installed during the 
DIGI-Hydro project; therefore, this type of data has only been recorded 
temporarily. Installed sensors: 

o Validation data (15 channels): Validation sensors measured different 
parameters within the machine, such as water pressure, acceleration, 
and water level. 

o Strain gauge measurements (2 channels): Strain gauge sensors 
measured strain along the turbine blades. 

o Vibration data (1 channel): Vibration sensors measured possible building 
vibrations. 

 
Operators delivered operation data in several junks as comma-separated values (CSV) 
files. We used the PULSE system to record the sensor data. The PULSE system kept 
the data in binary files that were not directly readable by our analysis tools. To ensure 
efficient data storage and retrieval, we decided on the Apache Parquet file format, 
which stores relatively large amounts of data concisely and compactly. 
 
Since data security was important when collecting data, we only stored it within a 
secure network at TU Wien. Operation data recorded by the power plant operators 
(machine diagnostics and operation data) could be transferred directly to TU Wien via 
secure file transfer. The data of sensors installed during the DIGI-Hydro project was 
recorded on-site and stored in a local network-attached storage (NAS). When 
necessary, we replaced this local storage unit at regular intervals, and the data was 
brought to Vienna and transferred to a server at the TU Wien. The data flow and 
storage are illustrated in Fig. 1. 
 

 
Fig. 1: Data flow in DIGI-Hydro. We collected operation data from the hydropower plan operators which was 

transferred directly to TU Wien. The recorded sensor data was first stored at a local network-attached storage 
(NAS) inside the hydropower plant. The NAS was replaced at regular intervals and brought to Vienna, where the 

data was transferred to the server storage at TU Wien. 

 
 

2.2 Visual Data Analysis 

From the beginning of the project, visual access to the data was considered essential 
to get an overview of the information collected and to form first hypotheses about the 
observed phenomena. We relied on three main visualization approaches, which we 
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repeatedly used throughout the project: (i) time series plots, (ii) heat maps, and (iii) 
correlation matrices. 
 
Time series plots, as clear and informative line-based representations of sensor data, 
provided us with a detailed analysis of the temporal changes in sensor data over time. 
In Fig. 2, a time series plot illustrates the machine's operation in spring 2022, with the 
machine's starting and stopping phases visible. 
 

 
 

Fig. 2: In this time series plot the machine speed of a power plant for both machines is shown (orange = machine 
1, blue = machine 2). While at first only machine 1 was operating, machine 2 was started later on. 

 
Handling large amounts of data also requires a special treatment of the data for 
visualization. Due to the volume of data, we decided to use an aggregated 
representation of the aggregated data. We extracted the periods from the sensor data 
where the machine was in operation, which reduced the data volume by 60% and made 
it easier to process the data. We calculated the parameters Q and H_Net from the 
reduced sensor data and defined a subdivision into sub-ranges for both parameters.  
 
Based on this subdivision, we extracted and visualized a heat map of the time spent in 
specific operational stages (Fig. 3). The color inside represents the number of seconds 
spent in this operating state. This representation could identify two operating modes, 
representing single and dual-machine operations. In the dual-machine operation (left-
hand band), two hotspots represent the operational stages primarily used during the 
operation. 
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Fig. 3: The representation of the operating states as a heat map clearly shows the differences between single- 
and dual-machine operation of one of the power plants. 

 
Within certain operational stages, we were further interested in the correlation of the 
sensor signals. Correlations between all sensor signals are calculated and visualized 
in a correlation matrix. The sensors are arranged in a matrix, and a rectangle is placed 
at every grid point. The color of the grid rectangle indicates the correlation. This way 
we could quickly identify strong correlations (both positive and negative). The 
correlation matrix for a specific operational stage is shown in Fig. 4. 
 

 
 

Fig. 4: In a correlation matrix it is possible to identify strong positive and negative correlations between sensor 
values in specific operational stages. 
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2.3 Plant Damage Characteristics 

The raw sensor data was the primary source for designing and calculating different 
simulation scenarios [8]. Determining the influencing variables on the operation of a 
hydropower plant was carried out according to a multi-level approach [9]. On the one 
hand, we created a simulation model in computational fluid dynamics (CFD) and 
compared it with the measurements. On the other hand, we examined various models 
and simulations to optimize the existing simulation model. The multi-level approach 
was intended to ensure the quality of the simulation. 
 
As shown in Fig. 5, a virtual image of the machine unit machine was created as a 3D 
computer-aided design (CAD) model. The entire machine set extends from the spiral 
inlet to the suction pipe outlet. The CAD model was used to determine the water 
volumes as the basis for the flow simulation. The simulation process breaks the water 
volume down into more minor volume elements. This process is known as meshing 
and results in a structure of finite-volume elements. Meshing is very time-consuming 
and takes up most of the simulation effort. 
 

 
 

Fig. 5: 3D CAD model of the real machine unit. 
 
 
Great attention had to be paid to the mesh to obtain meaningful and high-quality 
simulation results. The choice of operating points was made in coordination with the 
heat map (as seen in Fig. 3), and we ensured that the operating points used most 
frequently were also simulated. Over 60 operating points were evenly distributed over 
the machine characteristics field (Kennfeld). We used over 1.5 million CPU hours at 
the Vienna Scientific Cluster (VSC) to simulate the 60 operating points. After 
completing the simulations, we used a specially developed program to approximate a 
surface by the previously selected 60 discrete points. This new, digitized machine 
characteristics field (Kennfeld), shown in Fig. 6, shows the machine's efficiency at the 
respective operating points [10]. 
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Fig. 6: Digitized and simulated efficiency map of the turbine. The upper diagram represents the calculated 

damage on a certain operational stage. The lower diagram represents the efficiency of the plant. 
 
 
The flow simulation results provided the basis for the turbine runner's finite element 
calculation and the machine's service life calculation. The entire CFD calculation 
resulted in a data volume of around 54TB. The resulting natural frequencies and modes 
(natural modes of vibration) are essential for assessing the vibration behavior during 
operation. We considered the water surrounding the impeller by including the vibrating 
water mass to ensure that the results correspond as closely as possible to reality. 
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3 Real-Time Health Management 

The project results described in Section 2, data handling, plant damage calculation, 
and visual data analysis, prepared the basis for providing a real-time health 
management application for a hydropower plant. 
 
The current plant damage can be calculated based on the current operational stage 
(given by Q and H_Net). The accumulated damage can also be calculated and 
monitored over time, according to the different operational stages. 
 
Fig. 7 shows the visual interface of the health management tool. On the left side, the 
plant’s heat map shows the operational stages in which the power plant was run most 
often. We can also see the two options of one-machine and two-machine operation. A 
yellow dot with a red outline shows the current machine operation point. Based on the 
current machine operation, the current damage can be calculated (bar chart on the 
right side). The damage values accumulate over time and show the current state of the 
machine (line plot on the right side). 
 

 
 

Fig. 7: Visual interface of the real-time health management application implemented in the DIGI-Hydro project. On 
the left side, the heatmap representing frequent operational stages is shown. On the right side, the damage 

caused by the current operational point is represented. 
 
 

4 Lessons Learned 

In this Section, we summarize our lessons we learned in the course of the DIGI-Hydro 
research project. 
 

4.1 Data Storage 

One of the most challenging tasks we identified in working with the data was handling 
and storing the large amounts of data we generated. In DIGI-Hydro, we decided to 
permanently record the sensor data, independent of the current machines’ state. The 
raw sensor data eventually summarized up to a high amount of data daily, as we 
recorded more than 60 sensor channels. For the nine months of the last measurement 
period (December 2021 - August 2022), we collected 75 TB of data - about 232 GB 
per day and about 9.7 GB per hour. In our setup, we collected sensor data on-site. 
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Otherwise, it would have been necessary to transfer the data over the network to TU 
Wien, and with about 9.7 GB per hour, this would not have been possible. As a lesson 
learned, we recommend processing data locally at the power plants and aggregating 
information before transferring it to external data storage. 
 

4.2 Data Analysis 

Like the data storage problem, the vast amount of data made it challenging to analyze 
the entire data holistically. For analysis, we followed the approach of splitting the data 
into smaller junks that could then be analyzed separately. For the split, we used 
information from the operational data to concentrate on interesting timespans. Using 
predefined ideas and theories about the data, we could proceed with confirmatory 
analysis on smaller data junks, which made it easier for us. 
 

4.3 Data Fusion 

In the DIGI-Hydro project, we mainly concentrated on sensor data. In the future, fusing 
data from diverse data sources will be needed to create a more comprehensive 
understanding of plant operations. Data fusion will involve data from sensors, 
simulations, physical models, weather, climate, and environmental sources to provide 
a more accurate and holistic view of the system’s performance. 
 

4.4 Data Visualization 

Before starting to implement data visualization approaches we searched for existing 
solutions for analyzing such large amounts of sensor data. Unfortunately, existing 
visual analytics applications have reached their limits in serving as a proper application 
for exploring the data. Several frequently used commercial applications for visual 
analytics have already been evaluated, and the comparison shows that most 
applications reach their limits when loading and visualizing a dataset with 50 GB [11]. 
Increasingly, techniques for showing large time series data have been implemented 
and proposed in visualization research [12]. Using these tools, however, requires 
programming knowledge and skills in either Python or JavaScript. 
 
 

5 Conclusion 

In conclusion, the DIGI-Hydro research project has successfully advanced the 
digitalization of hydropower plants by integrating sensor technology, data analysis, and 
simulation methods. Through the project, significant progress was made in handling 
large volumes of sensor data, exploring techniques for visual data analysis, and 
assessing plant damage characteristics. Based on these efforts, we were able to 
created and implement a real-time health monitoring application, enabling more 
accurate lifetime predictions and improved maintenance strategies. The outcomes lay 
the groundwork for future digital twin applications in hydropower, offering a promising 
path toward more efficient and reliable plant operations. 
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