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Abstract

Deliverable D 1.aDigital transformation of the HP sectdaims to cover the
topic of digitisation in the hydropowersectorin terms of operation and
maintenance (O&M) Secifically, the research that has been carried ot
shows the technological trends employed byhydropower plants or
products that are available in the market. Digitisation of O&Mdesfined
and presented through different thematic fields such as digital twins
plant digitisation, inflow forecasting, predictive maintenance,KPI
monitoring, applications of robotics for monitoring, augmented/ virtua
reality applications, environmental monitoring and otherfields. The
research alsoextends into asurvey mostly withEuropean hydropower
plants that identify their level of digitisation, key technologies used at
obstacles to digitisation. Finally, the deliverable introduces the six
hydropower plantsthat participate in the DiHydro project from three
power companied.e. PPC Grece, A2A Italy and EPSerbig covering their
technical characteristicsas well as how O&M is affected by digitisatic
weather and water flow, environmental biodiversity or socioeconomic
parameters.
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EXECUTIVE SUMMARY

2@= ; MJJ=FL <G; ME=FL J=HJ=K=FLK "=DAN=J9: D=
K=; L GJ A -Hgdro plog@t=Its aim is twofold: a)setting the scene in terms of the
digitisation that exists in the hydropower (HP) sectand b) introduce thehydropower
plants HPP$ that participate in the project and identify the state of digitisation across
these HPPs Emphasis is given in terms dfgitisation of Operation & Maintenance (O&M)
aspectsof HPPsTo carry out this taskthis deliverable presentsl) what does digitisation

of O&M meang?) brief examplesof casestudies of HPPs that have applied various relevant
technologies 3) as well asexamples ofproducts that are available in the market for
digitisation. Furthermore, this deliverable presents research projects that have been
funded in the EU that are relevant to the hydropower secimiorder to presensome trends

in terms of digitisation A small surveyvas also conducted aiming a&tPPs available in the
sector in order to gain further insight of the digitisation dfie hydropower sectorFinally,
the deliverable presents the technical characteristics of the-Bydro HPPs Secifically,
three plants from PPC in Greeckafionas, Thisavrog&nd Pournari), two plants (Ampezzo,
Somplagdg and onedam (Novarzadam) from A2A iritaly, and one plant from EPS iSerbia
+=F MNJ $B= &.

Digitisation of HPPs$n terms of O&Mefersto the application of dgital communication and
information technologiesto the fields presented below In fact, during the literature review
it was deemed necessary to exteride outreachto the last threetopics in order to show
the extentof digitisationin the sector.

Digital twins

Forecast modelling

Predictive maintenance

Real time KPI monitoring

Digital workforce management

Augmented and virtual reality

Unmanned vehicles and robots

Environmental monitoring

Digital solutions for fish monitoring

Cybersecurity

= =4 =4 4 -8 -5 _9_95_°2_-2

Some of the key examples of applications of dagitwins (DT)on HPPswvere:4 # 0 3, " AK
Digital Hydropower Plant 4.@ilot initiative, Alder DamLa Batiaz poweplant, Turlough Hill
pumped storage stationAlqueva 1] Sumijin river basinOverall trends do show the use of

digital twins. However, these are limited anth many casesdo not cover entire plants. In

some, cases the digital twins are more isolated to the generator and turbine units or
penstock. Such digital twins require instrumentation of the entire power generator units
which is crucial in terms of digitisatiorwhile also being necessary for health monitoring of

the turbine, as well as being an instrument for predictive maintenandgigitisation of all

key health parameters of a power plant using various types of sensors is also becoming
more commonand these are usually related td&Supervisory Control and Data Acquisition
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(SCADA systems vibrometers, accelerometers and other forsnof instrumentation.
Furthermore, another form of digitisatiorthat has been identifiedis inflow forecasting
which iscrucial for production planning, optimiation of O&M of the planand can be used
with forecastng of energy market pricesor planning long-term investments. In addition,
drones and robotic systems have begun to find applications in the hydropower industry for
indoor and outdoor surveyingmachinery and infrastructure inspections, water quality
monitoring or even security. Their penetration into this industry will become even more
relevant in the future by removing the safety aspects of inspeotmr monitoring, that are
carried out by humans.Their easy mobilisation and deployment on the field, allows
operators to remotely monitor parameters more frequentlyespecially for underwater or
environmental monitoring applications. Such applications of drones have been
documented at Axpo, Verbund]llwerke vkw AGas well as in the US Visualisation
technologies likevirtual reality (VR or augmentedreality (AR are also playing a part in
digitisation of HPPs and offer the ability to transfer all theri@us collected data into a
virtual world. However, the advent of digital technologies may bring rise to cyber security
aspects and vulnerabilities to critical infrastructure like HPPs.

Another aspect of D 1.1 was to present a number of hydropower related EU research
projects. The main aim was to present their thematic fields and identify relevant digitisation
research.

In order explore digitisation of the HP&ector, the scope of the research also extended in
carrying out a surveyhat was circulated at thesocial mediahydropower forums, contacts

of the DiHydro consortium as well as thevo othersister projects D-HYDROFLEXd iAMP
Hydro, that were funded under the samm Horizon Erope call. The trends identified in the
literature review are also supported by the online survey on digitisation of HPPs that was
carried out, where forecast modelling and digital sensor technologies (for monitoring) were
the most common technologies applied by the respondents. Even though the survey
sample was small, digital twins were less common. Most of the companies or HPPs that
responded did have a digitisation strategy or plan. In terms of maintenance strategy, the
majority of the companies used preventive maintenance, while 45% used reactive and only
18% used predictive maintenance. Another interesting finding from the survey in terms of
the obstacles to digitisation of O&M was that of capital cost, followed by age of equipme

In the latter case one of the comments was that some equipment was too old and not
designed to be digitised. Therefore, it can be concluded pushing towards hard digitisation
of an HPP might not always be the solution. Instead, a more holistic evaluatibthe needs

of the plant are required.

The last part of the deliverable presents details of tBeHydro HPPs were their locations
and technical details are describedd&M aspects of the different plants are presented,
followed by a review of how digitisethe different plants areand what needs they have.
Also, the planning and decisiormaking process of theplants is shown and how that is
affected by various elements such as maintenance, digitisation or socioeconomic elements.
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The needs of each plant and partner are different and these will be explored further in the
next parts of the DHydro projectafter carrying out technical visits to the different HPPs
and explaining the details of the use cases where different technologies will be applied i.e.
1) Development of a digital twifD> GJ GF = Gand calibraffoK of e DHydro
decision making platbrm; development of condition monitoring/ structural health
monitoring sensors andpredictive maintenance algorithms underwater inspections
biofouling preventionon PPC HPPs, 2) inflow forecastiagd use of flow metering sensors
on A2A Friuli plants and 3Jevelopment of sensors foenvironmental and biodiversity
EGFALGJAF? >GJ L @)develodnent of theviDHydrcRlecisién.makirg
platform and its application under the different use cases.
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1. INTRODUCTION

The current document represents Deliverable D 1.4 " A AL9D LJ9FK>GJE9L/
K = : lofGhk BiHydro project, funded by th&t MJ GH=9F | GEEAKKAGFAK #M.
Infrastructure and Environment Executive Agency (CINEA).

Deliverable D 1.1 is the first technical deliverable of tbeéHydro projectunder Work
PackagegWP)1-B" A? AL9D L J9FK?>GJ miahlihe G ofdetthG hkscenecJ & .
in terms of the digitisation that exists in theydropower (HP) sectorand identifying the

state of digitisationacross the hydropower plantghat are participating in the project.
Emphasis is given in terms of Operations & MaintenarfG&M)of hydropower plants

(HPPs)

Overall,WP1laims tocollect all the preliminaryrequiredinformation of the project in order
to set the scene and identify the gapmnd requirementswhere the Digital Twin and the
Decision support system that will be developed undéfP3d & . <A?AL9D EG<=DAF
- O+ahd WP4B. ADGL GHL AEAR=< K@dpectv@lywitt @mdeto<ilN® AL9D &

The key objectives of D 1.1 are tfalowing:

1 Collect data from literature regarding the digitisation of differeitPPs in Europe as
well as from across thevorld. Examples of digitisation will covepigital Twins (DTs),
digitisation of operations,ntroduction of new technologies that can provide better
control of machineryand the HPP¢commercial solutions for digitisatio] =L ; H
Provide exampls of digitisation in maintenance of HPRs
Provide information about the potential benefits of digitisatiom the HP sectar
Digitisation and environmentamonitoring.

Digitisation of fsh monitoring.

Describe the characteristics of thé HPPsof the three power companies (PRC

Greece, A2A ltaly and EfS@rbia)that are participating in theproject.

1 Identify the O&M practices carried out at tiehydropower plants (HPPs) that are
participating in the DiHydro project with the aim of understanding their needs in
terms of the project

1 Carry outinternal surveydor identifying the aforementioned information as well as
how decision making is affected kthese parameters.

1 Identify socioeconomic aspects of HPRsd how they affect decision making

= =4 -8 48 -
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2. RESEARCH METHODOLOGY

To achieve theaforementioned objectives of section 1, a research methodology was
devised.Thus,the current deliverable an be divided into two thematic sectionsThe first
part is the state of the arbn digitisation of the hydropower sectomwhile the second covers
the specificissues of digitisation on the hydropower plants that participate in the-Bydro
project. Figurel presents the overall research methimlogy of the deliverable.

The state of the art wouldequire carryingout a literature review on realife examples of
HPPsthat have useddigitisation technologies of various typess well as commercial
digitisation products that are designed for this specific sectdn addition the state of the

art will cover brief synopss of research projectswith relevant topics on digitisation.The
state of the art would aim to define what is digitisation of O&M in the HPP sector, identify
the different areas of digitisation an@resent examplesOn the other handthe last part of

the deliverable is dedicated to introducing thé HPPs that partigpate in the DiHydro
activities. A questionnairehas been developed that covers differetttematic fields and is
not limited to digitisation. This was required to cover other topics within the projest well

as the specific objectives of D 1.1. Spegfly, this general questionnaire contained the
following topicsidentification O&M practises, b) assessment of digitalisation and c) gain an
understanding how decision making is affected by environmental, meteorological, water
flow, biodiversity parameters at the different use case HPPs.

Digitisation of HP
O&M

State of the art DiHydro HPPs

Examples of Research projects Small industry Questionnaire on
digitisation on digitisation of survey on digitisation and
(products/ HPPs) HPPs digitisation O&M issues

Figure 1. Research methodology for digitisation of the HP sector

Source: Own elaboration
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3. STATE OF THE ART ®IR DIGITISATION OP&M PRACTICESI
EUROPE & GLOBAL EXAMPLES

Hydropower (HP)is consideredthe backbone of low carbon energy productioproviding
almost half of it (EA, 2021)According tolEA(2021) in 2020hydropowersupplied one sixth
of the global energy productiongeneration,taking the position after coal and natural gas.
In the last 20 year the total global capacity of hydropower rose by {(EA, 2021 However,
its share of total energy generation hasmained stable due to growth in other renewalde
and conventional sourcedike wind, photovoltaic,of total generation stayed stable due to
the growth of wind, solar P\gr coal and natural gas.

Cumulative hydropower and pumped storage installed capacity at a worldwide level has
been estimated to 1,397 GW (Statista, 2024) 2021, renewable energies accouatito 17%

of the energy mix of the European Union, with petroleum products dominating with 34%
(Eurostat, 2028). Out of the aforementionedEU energy mix12.9 % is produced through
hydropower generation (Eurostat, 2024a)Figure 2 shows theproduction of electricity by
source of energy per country as well tiee average values for the European Union (tawv).

The energy mix and production sources are obviously affected by the infrastructure and
natural resources of the different EU member states

4 Latest available figure®y Eurostat
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Production of electricity by source, 2021
(in %)
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Hydro includes pumped hydro, which for certain Member States, in particular Lithuania and Luxembourg, leads to a higher share for this
category.

Other includes electricity from gecthermal, non-renewable waste, heat from chemical sources and other sources,

Figure 2. EU production of electricity by source for 2021
Source: Eurostat (2024a)

In Europe the hydropowerinstalled capacity for 2022 was 25&W (International
Hydropower Association2024)

Table 1. Global hydropower potential per region

Indicative Potential Installed capacity 2022
Hydropower Capacity (GW)**
(GW)*
East Asia and Pacifit 1100 464
South and Central Asi4 600 157
Africa 630 37
North & Central America 620 184
South America 500 179
Europe 350 202

*Indicative figures
**Installed capacity does not include pumped storage
Source:International Hydropower Association (2024;13)

5 Latest available figuresncluding pumped storage
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Hydropower offers a great potential for a transition towards decarbonisatiatue to its
ability to mitigate negative effects ahtermittent power generation fronrenewable energy
sources as well as to migate climate change by offering water storage and suppf@dqra
9 F< +2R28 =Corgpared to other renewable energiesources hydropower has
achieved a higher level of maturitand has been a source of providirgnergy whether
electric ormechanicalfor centuries (especially in the latter form) (Kougiasal., 2019).

It is estimated thatt0% of thehydropower plants(HPP3worldwide were commissioned at
least 40 years ag@Andritz Hydro GmbEH2019 with similar numbers reported for Europe
where) 70%of the installed HPPs

Yo 60
have an average age di2 years
(LeguizamonPerilla et al., 2023) Em: 50
while Kougias(2019)suggestsan 5
averageage of 46 yearsFigure3 % 40
presents an estimation of the ok
average age of the installed , s
capacity of HPPsworldwide. 2
North America seems to have the .,
oldest fleet of HPPswith an I I .
average age of around 50 year ,, ] l 0
while the average age of Chinest¢ mh:g‘ﬁza Latin America  Rurope Brada AdaPadfic  China

HPPs is ak_)out12 years This B <(0years W00 yeers m20-30 yeors mm 3040 years
percentage is probably brought 40-50 years I 50-60 yeers BR>60 years - Average age
down due to about 40% of the

fleets having an age of betweer
10-20 years. Source: LeguizamonPerilla et al. (2023;3)

Figure 3. Worldwide hydropower average age of installed plants

Potential modernisation of the existing fleet dHPPswill lead to reduction ofdowntime,
increase safety,reduce operating costs, andncrease profitability (Ossai,2017). The
International Hydropower Association (2022) expects that by 203r half of the existing
world hydropower capacity will have undergone or will be due to undergo modernisation.
According to Quaranta et al. (202Inodernisation can vary and may include different
practices such aslam heightening, reduction of head losses in waterways and penstocks,
new or more flexible electromechanical equipment digitisation and inflow forecasts
floating photovoltaics, increase of installed powefi.e. alditional turbines, new parallel
waterwayswith new powerhouse), increase of annual inflaw start and stop improvement

In this deliverable the focus is on digitisation of the hydropower sector and HPPs in
particular.

Modernisation of the European hydropower facilitieand specifically digitisation could
increase efficiency of power generatidor the European fleeby 1% while inflow forecast
couldincrease the generation by 11¥Quaranta et al., 2021pther improvement strategies
like new electromechanical equipmentould improve efficiencyby 46% (Quaranta et al.,
2021).lt is estimated that modernisation of akxisting plants on global levelwill account
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to almost 90% of the total hydropower investments by 2Q3@hich is estimated t0276.5
billion EURwithin this decade (IEA, 2021This modernisation of HPPand speifically
digitisation that the DiHydro projectas wellas this deliverableare dealing with,could
comein variousforms which will be explored in the next section.

3.1What is digitisation of HPPs

Digitisation of the hydropower sector and specifically HPPs is multifacetdthe term
digitisation as in many other industries refers to the application of computerised
information and processing of data that couldome from all stages of the supply chain
within energy production Water power magazine, 2020)Quaranta et al, (2021, 2023
suggest thatdigitisation covers the use ofnformation, communication and controlto
improve operation and efficiencyand performanceof HPPs

In contrast to other renewable energy industrigke photovoltaic or wind turbineswhere
only a few components require digitisation, in the case of HPPs, digitisation is required by
both infrastructure, machinery, plant surroundings and operational conditions
(LeguizamonPerilla et al., 2023). The motives of digitisation according tamatustry report

can be summarised below (International Hydropower Association, 2019):

1 Digitisation is key to growth of the of the hydropower sector by capturing the value
of data.

1 Maintenance and its costcan improve through the application of diagnostic
services, acoustic monitoring or remote expert support

1 Solutions like digital twins allow replication of operations under different conditions

without requiring the plant to shutdown

Assets including those at their end of liflsan be digitised

Digitisation can allow efficient operations while variable renewable technologies

like wind and solar penetrate the energy market.

= =4

Arch et al. (201914), provide ageneral definition ofdigitisation as digital technologies
(sensors, connected devices, netwegkiipment, infrastructure and systentbat can reduce
. GKL GJ E9Q ; @9F?= 9 : GEH9FQAK : MKAF=KK EG<
Three genericategoriesof digitisation are defined coveringArch et al2019)
1 New sources of datand communications
1 Decision support system that may provide analytiasd visualisation of the data
1 Automation and control

Alist of digital technologiegelevant tothe hydropower sectorlsopresented byArch et al.
(2019)in Figure4. The list covers

1 Digital twins.

1 Forecast modelling

1 Predictive maintenance

1 Real time KPI monitoring
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1 Digital workforce management
1 Augmented and virtual reality
1 Unmannedvehicles and robots

CONTROL &
DATA DECISION SUPPORT AUTOMATION

Building information
modelling

Unmanned vehicles
and robots

Real time KPI
visualization

Predictive operaticn
and maintenance

Forecast models

Digital Workforce
Management

Augmented and
virtual reality

Digital twin

Green colour indicates the applicability of each technology

Figure 4. Digital technologies and their applicability in the main generic areas of digitisation

Source: Arch et al(2019; 32)

A similar list of digital techologies and areas adpplicationsrelevant to the lifecycle of the
HPP is provided byGirling (2018) Figure 5 presentshow digitisation can be appliedd
different aspects of an HP®eginningfrom its design & constructiorphaseand covering
the initial digitisation of the plant drawings and plans (both plant and surrounding
topography), the useof potential optimisation of any designs and howuch data can be
used to carry out virtual training of the personnel or visualise the plant layo8tmilarly,
applications of digitisation in plant operationsnay cover real time sensory datahich may
in turn be used for controlling the plant remotely or creating a virtual plant as part ajitai
Twin application The application of Machine Learnind/L)and Artificial intelligence(Al)
can be applied to support decision making and assist with automation of the HPP as it will
be described later onFinally, digitisation of the maintenance aspectequiresthe use of
connectedsensors and monitoring systems that can supply datéich can in turn be used
for remote condition monitoring and maintenanceOnce again, the use of ML/Alan be
used for predicting when a plant (infrastructure, machingeror critical equipment)will
require maintenance not only taking into account maintenanaequirements but also
environmental, biodiversity, or socioeconomic parameters.
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Regardless of whetherapid technological advances are being made in the indystwith
big data analyticsand machine learningeing in the forefront affordable sensors, remote
sensingreal-time monitoring (Quaranta et al., 202 arrido-Baserba et al, 2020the water
industry in generalis still lacking in terms of digitalisationThe causes for this lack cahe
summarisedas (Quaranta et al., 2023)ack of standardised digital solutionsdifficulty in
adoption of open-source solutions due to contractual obligations by operatorgxisting
solutions might not be compatible with othersuncertainty in terms ofcybersecurity.

The followingsection will provide an overview of digitisation technologies and how these
are applied in the industry either in real life applications or commercial products tlaa¢
available.

3.2Digital twins & plant digitisation

A digital twin (DT) refers to the representation of a system in real life with a digital replica
environment using real time data and combining mathematical models, sensors and
measurements (Arch et al., 20;]@/right and Davidson, 2020). The DT term has been used in
various industries from aerospace, manufacturing, oil rigs, wind turbines, ships,
transportation, healthcare up to HPPs. Digital twins are not only visualisation tools but also
provide evaluation aml predictive analytics that replicate how a sigm behaves (Arch et al.
2019; Wright and Davidson, 2020). The teiin many cases has been poorly used to
describeamodel (Wright and Davidson, 2020).ccording tothe same authorsit is implied
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that a digital twin shouldconsist of three elementsthe modelof the systemevolving data

relative to the system and the ability to dynamically adjust update the modelaccording

to the data. Similarly, Wang et al. (2021)suggest that a DT requires three elements,
physical product, a virtual product followed bya link that connects the two products
together through different communication schemes.

Digital twin applications may not be limited to digitising whole systenad may contain
only specific subsystemsExamples of various digital twin applications are provided below

A#0 3, " AK "A?2AL9D &Q<JGHGO=1
VERBUND MKLJA9AK D=9 < and 6ne of BuropA IrgasthidroQower
energyproducersAFALA9L=< L@=" A&RAKIDBH&Q=<JGHG®-
Rabensteinpower plant during 2019

" Hydropower 4.0- Digital Hydropower plant A

Various technologies were testeak the Rabensteinpower plant inStyria, located at the
river Mur.Specifically,intelligent sensors, anomaly detection, forecasting modetigital

twins, mobile assistance systems virtual power plant mode] including autonomous
underwater surveillane drone were combined with inspection applications and

connected through gplatform to create a network of interconnected moduse

In this specific casethe DT refers to the forecasting models that were developéiising

data from sensors to calculatehe service life of critical machinery component&ther
digital technologies like themobile devices i.e. tablets, smartphones or smart glass
were used to assist the technical staff with providing information fwoubleshooting

malfunctions. In addition,a virtual power plantmodel that was developed was used to
virtually representareas of the plant thatwas used forapplications such adraining

purposesof the personnel preparation ofcontingencyemergency plans or for geners
preparing O&Mprocedures
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Source:Verbund (2019)

Key outcomes

Reduction oftotal cost of inspectionsthrough the development of anomaly detection
models using data analyticsor HPPs in order to deteamalfunctions in advance anc
schedule maintenanceearlier. Shutdowns for maintenance and repaircould be

scheduledmore precisely

Area of digitisation: Digital twins, predictive maintenance, plant modelling anc
visualisation,remote operated vehicles

Source: Verbund (20192020)

4#0 3, " AK " A?2AL9D &Dyial @itdbtOrbi he runBedAF L

Under the sameDigital Hydropower Plant 4.0 initiative, Verbundlith the assistance ol
CADFEM Grouwdso developeda3D CAD model af turbinerunner which is used to carry
out simulations for strength calculations. Theimulations were used to identify critica
failure points and the maximum stress on the componentalso, data from installed
sensors on the turbineeombined with thevirtual data, provided real-time overview to a
dashboardof the Rabstein turbine 1This application was a proof of concept.
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Figure 7. Digital twin of a turbine
Source: Gebhardt (2019;2)

Key outcome

Through the application of the digital twin and simulationsthe company was able tc
assessin a more accurate wayhe service lifeof the turbine, which was previously
conducted with an excel spreadsheet.

Area of digitisation: Digital twins, predictive maintenanceturbine modelling and
visualisation

Source: Gebhardt (2019)

Alder DamDigital Twin

The Alder Danms located at the Nisqually River in Washington StatéSAA DT project
was initiated and led by thePacific Northwest National laboratoryand the Oak Ridge
National Laboratory The aim of the initiative is to modernise the hydropower plamhich
was completed in 1945

In 2021 the two aforementioned laboratories have launched an initiativedesigning,
developing, prototyping and demonstrating @= a" A?AL9D 2 OAF

O" 2&106 HOPDepa@ier &f Energy2024) Although the information regarding
the application of this DHTS platform is rather limited brief synopsis is provided withi
this section. The DHTS$latform offers 1) Internet of Things (loTapabilities, 2) data
acquisition and integration from the power plant, &bility to define dataon the platform,
and 4)ability to process, model and manage datdheplatform itself is designed as opel
accessand will allow predictive maintenance analytickor control and optimisation of
O&M and grid services. Theservices will be applied to the Alder Dam to create its D1

According to the Pacific Northwest National Laboratory @1) data of the water levels
and flow rates including other parameters have been collected nwodel, train and
validate the DT again thactual physical plant.
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Figue 8. Alder Dam
Source: PacificNorthwest National Laboratory (2024)

Key outcomes

Although the project is underway the key outcome is to allow the operatormonitor
performance though the DT, offering the ability to identify deviations fromormal
operations, including allowingsimulations that canpredict failures maintenance and
repairs(Pacific Northwest National Laboratory, 2024ou and Ahme@2023)provide an
overview of the partsand machineryof the plant that were modelledncluding their
relationshipsamong the objects

Area of digitisation: Digital twin, predictive maintenance, plant modelling

Source: Pacific Northwest National Laboratory (2024), US Department of En€20%24),
Hou and Ahmed (2023)

The Hydro-Clone Digital Twin Technology

The HydreClone is an innovative Redlime Simulation Monitoring System (RTSM)

Power Vision Engineering. It is a numerical copy of a hydropower plant that is abl
reproduce in realtime any dynamicbehaviou of the installation based on boundary
conditions measured in situ. Hydr€lone diagnoses the health of the plant throug
numerical cloning of the major hydraulic and electrical components. The system hanc
the tasks of reatime acquisition and transfes the measured boundary conditions anc
quantities to the modelfor data processing and diagnosis of the power plant health.

A database system enables the display and analysis of results. Analysis and compe
of simulated and measured quantities leading to the health state at@haviour
monitoring of plant components and estimation of quantities.
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Figure 9. Hydro-Clone digital twin monitoring system

Source: Power vision engineering (2024)
Application: 200 MW La Batiaz power plant

Key outcomes/impact: The analysis and comparison of simulated and measur
guantities enable the system to understand at any time the health state and behavio
all essential components of the plant and to estimate naneasured or noAmeasurable
guantities throughout the whole system. Continuously operating for more than 5 yeal

Area of Digitalization: Digitisation of O&M

Source: Power vision engineering (2024), Quaranta (2020)

Digital Twin of the Turlough Hill pumped storage station

TurloughHIIAK DG; 9L=< AF L@= K; =FA,; 5A; CDGC
storage power station. The station exploits the difference in height between t
reservoirs and can generates up to 292MW during peak demand periods thanks to
turbines with a @pacity of approximately 73MW each. During periods of lower dema
water is pumped back to the upper reservoir, ready to be used again. The upper rese
is an artificial reservoir with a capacity of 2.3 MnThe lower reservoir is a natural lak
that holds twice the usable cubic metres.

The project focus on a digitalisation initiative by the Electricity Supply Board at Turlot
Hill, which was 4#ear-old at the time when the project started, aiming at assessi
structural health of the pumped storage station, and determining if it cout@ntinue
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operating safely. This led to the creation of a digital twin of the facility to monitor
structural health in real time and assess its longevity. The digital twin, a sophistica
structural model that represents the entire physical replica of the plamtegrates live
data from sensors to mirror the station's current condition accurately. The initiative w
driven by the need to extend the operational life of this critical energy infrastructure wt
ensuring safety and reliability. The digital twin pject was part of the Free Electron
Accelerator Programme, showcasing how innovative digital solutions can transfc
traditional energy sectors. The implementation faced challenges such as digitiz
extensive historical analogic data and creating a dd& model to simulate the asset'
operational cycles. Despite these obstacles, the project was successfully implemer
demonstrating the potential of digital twins in enhancing asset management a
operational efficiency.

Figure 10. Digital twin of the Turlough Hill pumped storage station assets

Source:Global infrastructure hub (2021)

Key outcomes

The digital twin project aimed to extend the asset's life by-80%, reduceinspection
frequencies, and optimize operational cycles, potentially offering substantial econor
benefits, including cost savings and increased uptime. The use of the digital twin allo
for more targeted inspections, reducing the need for extensive piwal checks by 30
40%. It also provided insights into the asset's performance under different operatio
conditions, helping to identify the most efficient and safe operational strategies. T
approach not only saved significant costs but also reinfoccéghe asset's role in
supporting Ireland's transition to a lowcarbon economy by ensuring its longevity an
reliability. The project exemplifies the value of digitalisation in modernizing existi
energy infrastructure, highlighting its role in achievingustainability and operational
excellence.

Area of digitisation : Digital twins,0&M, Monitoring, Control System

Source: Global infrastructureHub (u.d; 2021)
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2@= I ; GEH9FA=K OADD ;J=9L= 9 ;=FLJ9D
collecting and analysing data points from sensors inside each plant. GE has its /
Performance Management (APM) software that can learn the complete behaviour o
turbine, identifying new operation areas and enabling production capability withoi
degrading safety, and to catch problems before they occur.

FGL@=J 9KK=L AF %#AK E9F9?=E=FL K=JN
L @= HDO9 FL MKAF? K=N=J9D <9L9 KGMJ,; =K
allowing plant operators to know the weaknesses and optimal running conditions ofith
plants, considering different performance scenarios and business models.

Energias de Portugal (EDP)9is= HDGQAF ? %# AK .+ KG>LO¢
about 5.5 GW, planning to extend the service to their remaining 11 HPPs. Giver
O#%. U#" . 6 %# OADD KGGF : = EGFALGJAF? !

18

—,

Figurelly " A? AL9D J=HJG<M; LAGF G> 9 &.
Source:GE (2019)

Application: # %. AK &. . K AF 1H9AF

Key outcomes/impacts

As a result of participating in these consulting servic&: declares that APM softwal
can decrease failure rate of their power stations by up to 50%, reduce maintenance c
by 10% through prevention of unnecessary repairs and early detection of fa
components.

Area of digitisation: O&M

Source: GE (2019)
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Digitisation of the Sardar Sarovar HPPControl System

The Sardar Sarovar Dam is located near the town of Kevadiya, in Narmada District, i
Indian state of Gujarat. It was built for water supply purposes (irrigation, civil €
industrial uses) and for hydropower generation. It is a concrete gravity dani,Ql@eters
long and 163 meters high. The dam is built on the Narmada River and gives rise t
Sardar Samovar Reservoir. The reservoir is characterized by a maximum length of 21
a maximum width of 16.1 km, a surface area of 375.33 &nd an active apacity of 5.860
km?3. The hydropower plant is composed of two power houses. The first is the River
Power House that is an under ground power house stationed on the right bank of the |
located about 165 meters downstream of the dam. It has six nhumber of Francis
reversible turbine generators each of 200 MW installed capacity. The second is the (
Head Power House that is a surface a power plant on the intake for the main canal
contains five 50 MW Kaplan turbirgenerators. Therefore, theatal installed capacity of
the Sardar Sarovar HPP is 1,450 MW.

The Sardar Sarovar HPP was equipped with an early '90s control system that, ove
years, began to show its age, particularly the Human Machine Interface (HMI) sys
which was crucial for monitoring and operating the plant efficiently. This outdat
system meant that for certain tasks, engineers had to physically move signific
distances since the remote control options were ndanctional.

Therefore, the plant operators together with the company ABB Ltd. embarked o
detailed analysis, initially considering a complete system overhaul. However, they of
for a more nuanced approach, upgrading specific parts of the system with r
components and solutions. This targeted upgrade included introducing a new H
system that allowed for streamlined startup and shutdown operations, aut
synchronization of the plant's generating units, and a new station for engineering ¢
diagnostics purposes. Thesimprovements were aimed at creating a single, integrat
platform for plant operations, enhancing the ease of use, reliability, and efficiency of
plant.

gurel. Sarda Sarvr Dm |

Source: Gujarat tourism (2024)
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Key outcomes

The completion of theupgrade in July 2011 marked a significant improvement in tl
plant's operations. With the new HMI system, it became possible to manage p
operations more effectively, coupled with better monitoring and diagnostic features. T
implementation of auto-synchronizing technology also contributed to more consister
operations and enhanced grid integration.

The impact of the upgrade extended to various operational aspects, resulting in a v
reliable control system, simplified operations, and improved monitoring and diagnos
functions. The project effectively addressed the key operational challenges faogthe
plant, ensuring a move towards improved efficiency and reliability. This upgra
supported by ABB's ongoing maintenance services, demonstrates the importanct
targeted technological enhancements in maintaining the operational viability of exisfi
facilities.

Area of digitisation : O&M, Monitoring, Control System

Source: ABB(u.d.).

Digital Twin of Diablo Dam

In order todigitise Diablo Dam82 million data pointswere tobe collected,to document
the condition of the Diablo Dam structures functioning as a baseline for futi
G: K=JN9LAGFKK -F= G> L@= ; GJ= ; GEHGF-=
Xasurvey? J 9<= " J=HJ=K=FL9L AGFredp@ogrdgty. TH<
was achieved by a drone capturing images with a roughly 60% overlap. The images
L@=F 4KLAL; @=<A LG?=L@=J L@IGM?@ 9 HJIC
the ground-control survey and engineering drawings, ac2ntimeter accuracy in the
plans was achieved. Artificial intelligence and machine learning algorithms were app
to automatically identify areas of concrete that contained certain anomalie¥
differentiating between cracks and spalls. A virtual digital twin of the dam was createt
serve as the baseline of the structure.

Continuous improvement of the model:
- Additional hydraulic engineering
- Uplift analysis
- Change and anomaly detectian
- Dataprovision from technologies such piezometers and leakage detectors
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Figure 13. Diablo Dam
Source:HDR @020)

Key outcomes/lmpacty; " A9: DG " 9EAK <A?2AL9D LOAF
understand its assetind provides a new way to maintain awarenessile improving,
visualization of the surveillance and monitoring of the danmlThe DT also allows ata
comparison between different time periodand repair prioritization.

Application : Diablo Dam

Area ofdigitalization : O&Mdigital twins.
Source: Femmer (202Q)

Algueva Il pumped storage hydropower plant digitization

Algueva Il (commissioned in 2008), managed by Energias de Portugal (EDP), is a re
HO9JL G> L@= .GJLM?9DAK LJ9FKALAGF LGC
annual electricity demand is supplied by renewable energy, +25% in the last 5 ye
Algueva Il is a new pumped storage hydropower plant that supplies the base demand
backstops the wind generation variability. This type of plant (pumped storage plar
uses reversible pump/turbines and motor/generators that can be used to gener
electricity by transferring water from an upper reservoir to a lower reservoir, or by stor
energy by pumping water back into the upper reservoir (where is reused during p
electricity reproduction hours). These plants can recover about 80% of energy eoresl
in the overall energy cycle, and they have a very fast response to system load cha
useful for managing unpredictability of wind energy as in Southern Portugal.

EDP is using Digital Twin (DT) technology developed by General Electrict¢Ghgitally
reproduce the runner blades of Alqueva Il to maximize the HP potential of the plant.
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Figure 14. Alqueva Dam

Source: Peltier (2013)
Application: Alqueva Dam

Key outcomes/impacts

Algueva Il important project features ardydraulic design improved, thanks to compute
modelling and computational fluid dynamics technology, as well as latest pump/turbii
design (+0.6% plant efficiency); new thrust bearings: latest Alstom technology with ¢
regulating mechanism; improved ring? 9 L = K DKLGEAK JAF"
construction work required for installation while retaining the safety and operation
advantages of inlet valves (nearly maintenandeee and enhances performanci
monitoring).

Area of digitisation: digitisation of O&M, improved design of the plant
Source: Peltier (2013)

Digital twin watershed platform for the Sumjin River Basin
In South Korea &lational Infrastructure Digitalization Projedtave been launched by the
Ministry of Science and ICGTand the National Intelligence Agency (NIA)his prgect
developed a digital twin watershed platform for the Sumjin River basiith the aimto
strengthen national competitiveness and foster digitisation in the industry.
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The map layer provides information on various infrastructures in the river basin
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Figure 15. Sumijin river and dam digital twin watershed platform named K-Twin SJ 2.0.

Source: Park and You (2023; 5)

The project includes the digitisation of the Sumjin dam and river bagihich has been
given the name of Kf'win SJ presented inFigurel5. Thedigital twin platform would link
the damwith riverswith the aim ofbetter water management control and flood analysis
The main partsof the digital twin were the following:

‘IT

1
1

f

‘IT

Development of the DT of the dam and rivercluding the water management
platform.

High precision3D geospatialnformation model of thedam and water basin

3D modelling of infrastructuresuch asbridges and weirs dploying drone

photogrammetry for the digitisation

Linking and monitoringof physical data with the platformi.e. reservoir water
level, inflow rate, discharge rate, water storage, river water level, rainifiaels

and real-time closed circuittelevision CCTYvideo. The aforementioned data
were also included in floodnalysismodelling. While the data are also displaye
on an electronic board includindive camera feed.

Forecastingof. @= J A N = J Baked Gnaitificidl intBlligdheeDAthodel that

helpswith optimal dam dischargescenarios

Safety evaluation module forlevees including digital reality modelling and
visualisation.

Introduction of a new drone system capable of flying in various weath
conditions for monitoringdams and rivers

Al basedCCTWideo analysis

Area of digitisation: Digital twins,forecasting, unmanned vehicles and robats

** o
*

*
* *
* ok

2@AK HJGB=;L @9K J=; =AN=< >MF<AF? >JGE L@= #M
Europe under the grant agreement N#0112231 2 @QAK <G; ME=FL J=>D=; LK Page35 of 209
Commission is not responsible for any use that may be made of the information it contains.



l@ D 1.1 | Digital transformation of the HP sectvtl| Public
(15

Source: Park and You (2023)

A Vuong Hydropowerplant Vietnam

TheA VuondHydropower plant inQuang Namat Vietnam has embarked on a journey ¢
digitisation taking place between 2P1 and 2025The digitisation includegpartnerships
with Siemens orthe following applications:

Distributed control system (DCSpr production automation

Planned Maintenance IntervalyStemfor equipment maintenance

Hydrological monitoring

Enterpriseresource planningsystem

Connection of thepower plant with main administration officeat a different
location for remote management production

Visualisation of the connected systems of the plaimicluding on mobile devices
Real time data analysis

Digital twin using the Siemens COM@td XHGsuites.

= =8 -4 -8

= —a -

Key outcomes:
1 Digitisation and management of physical plant assets
1 Remote management and sharing of information
1 Monitoring of key performance indicators (K$)!
i Efficiency of production anatost reduction

Area of digitisation: O&M, Digital twinproduction planning.

Source: Siemens (2023)

THESEUS

THESEUS is a software for the simulation and planning of operations on hydr:
systems, with a focus on hydroelectricThe application contains the models of thi
hydraulic systems of hydroelectric power plants and the registry of all the relev
components. Through a simulation algorithm, the software can use the models to as:
the outcome of a sequence of actions, in terms of water distribution in the hydrat
system The simulations can be used for staff training, or for the automatic creatiot
official maintenance reports.
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Figure 16. Theseus simulation software

Source:MAS Consulting (2024c)

Impact: Reduced cost of manual intervention, more effective personnel training

Area of digitisation: Data repository, Simulations of maintenance operations, personr
training, automated production of reports

Source: MAS Consulting (2023.

3.3Inflow forecast modelling

HP operatorsare requiredto water optimizetheir power generation and balaneeconomic,

social and environmental targets. Several analytical tools have been developed to support
operators in planning and optimizing the production and the operational decision making,
allowing to compare planning alternatives by modelling hydrologiand hydraulic
processes, hydropower production, water quality parameters and river hydrodynamics

Ol GJK 9F< +A%=; @1 I'Pl'poéyk 5AL@ L@=K= EG<=DKJ]
such as water surface elevation, water velocity, water inflowmieerature and water

quality parameters.

Among these variables, water inflow is a key information for HP sector, since it represents
the amount of water which can potentially generate energy. Water inflow forecasts are
needed by HP operators in order to plan the production, optimize O&M of tleaplforecast

the energy market prices and plan lorgrm investments.To help HP operators in this task,
different commercial products and research projects (Bernardes et al., 2028)e been
carried out through past years, giving the opportunity to focos one or more parts of the
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water cycle, at different spatial and temporal scales, to forecast the water inflow. These
tools typically need other data to forecast the water inflow, such as meteorologiaatl
climatic data, geomorphological data, hydrological data anaydraulicdata. Depending on
the type of modelling, the water inflow forecasts can differ either in temporal and spatial
resolutions, and in the time horizon on which they are forecasted, being suitable for
different purposes. For operational purposes, shadrm and higher temporal resolution
forecasts may be more suitable than lorgrm and lower temporal resolution forecasts, as
well as for production planning the latter may be sufficiently representative.

Waterjade Analytics Platform

Waterjade Analytics is a modular software (a decision support system, DSS)
combines hydrological models and Al techniques to process large amounts of data f
in situ sensors and satellite imagery, providing a comprehensive view of current
future water avalability in the watershed and plan the water supply in the facility.igta
single platform with detailed analysis of recharge system of the supply points (to ider
their climatic-hydrological characteristics and critical issues), highsolution Wate
Stress Index (AqueductTM approach), monitoring of water resources, forecasts of in
on the supply points (short term: +5 days, medium term: +6 months, long term: +30 ye
customized decision support solution for alerting to extreme events (drougbtsloods)
for managing supply from reservoirs.

J-Water isa software that enables water monitoring and forecasting, developed throus
the Watershed Digital Twin which combines a combination of satellite data, phys
models and machine learning algorithms to simulate the water cycle and predict we
availability. J-Snow is the software that enables higesolution, nearreal-time snow
monitoring and forecasting. It combines a physically based model with satellite imag
assimilation. The snow is calculated through a mass and energy balance, simgjdtie
physical processes that affect the snowpack, resulting in hgtecision monitoring data
on a daily scale, consistent with meteorology and morphology. It does not require sr
measurement campaignsvhich canreduce survey costs=inally, it dlows reconstruction
of snowfall in past years and over next 72 hours.

oh 2@AK HJGB=;L @9K J=; =AN=< >MF<AF? >JGE L@= #M
e Europe under the grant agreement N#0112231 2 @QAK <G; ME=FL J=>D=; LK Page38of 209
= Commission is not responsible for any use that may be made of the information it contains.



l‘® D 1.1 | Digital transformation of the HP sectvtl| Public
. e
‘ ’

SNOW=100 M m*

by &

FLOW=30 m?/s

Figure 17. Waterjade Analytics provides analysis and forecasting in one platform

Source: Waterjade (2024)

Impact: DM tool, increased HPPs efficiency, reduced water losses

Area of digitisation: HPPs monitoring, water availability forecasting, productio
planning, environmental monitoring

Source: Waterjade (2024)

MIKE Powered by DHI

MIKE Powered by DHI is a range of commercial software products that allogvaserto
analyse, model and simulate any type of water environment, in different areas
applications. For example, MIKE HYDRO Basin is a versatile decision support tool,
allows mapbasedmodelling for integrated water resources management. It can be us
also in HP sector decision making, as a tool to optimise reservoir and hydropo
operations, improving the energy production through redilme decision support for
short-term as well as long term horizons. With this tool, an HP operator can pre
inflows and improve O&M planning and management. This tool, as others, car
. GE: AF=< OAL@ +' ) # - . t#tbne Bydrelagitafobs@9akiondDaAc
forecasted metewology.
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Figure 18. RealTime Inflow Forecast System for Hydropower Generationd Upper Maule Basing
Chile

Source:DHI group 2024)

Impact: DM tool, increased HPPs efficiency, reduced water losses
Area of digitisation: HPPs monitoring, production optimization

Source: DHI Group (2024)

PAN European Small Hydro Power ATLAS (SHPA)

PANEU Small HydroPower Atlas (SHPA) is a tisendly web spatial decision suppor
system for runof-river hydropower plantsfeasibility and development across EU. Tt
product innovation consists in making feasibility assessment much quicker &
affordable, which may be a critical aspect in the development of small plants. This
can estimate HP productivity based on riveofl, hydraulic jump and environmenta
constraints; rank sites for development of SHP plants, considering limiting factors s
as infrastructures presence; identify sites where hydropower development is b
suitable and economically feasible; analyse cosamd provides optimal sizing of the
plant; compare different sites and solutions. This platform considers hydrologic
technical and economic factors, providing data and indicators for preliminary feasibil
analysis. It can be potentially useful for Hproject developers, public authorities.
professionals and industries in the HP sectors, producers of HP equipment and part:
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19. PANEU Small HydroPower Atlas (SHPA)

Figure

Source: GECOsistema (2024)

Area of Digitisation : Spatial decision support systenk-easibility assessment, plan
design, production planning and optimization

Source: GECOsistema (2023

Another type of forecasts are the production forecasts, which use the water inflow forecasts
as aninput. These forecasts take into account also the data coming from the plant, such as
the flow measurements of the turbined water and the characteristics of the turbine, as well
as meteorological and climatic dataCorbari et al.(2022, Monteiro et al(2013, Barzola
Monteses et al(2022 are some literature examples of the effort by the scientific community
to develop methods and tools to predict the hydropower generation of an HRRth energy
production forecast tools, HP operators can pldoetter, plant operations and optimize the
energy production according to the forecasishile alsominimizing the losses in terms of
production due to planned maintenance andnexpectedfaults.

Smart Climate Hydropower Tool (SCHT)

Smart Climate Hydropower Tool is a cloadleb service intended to support Hydropowe
energy producers facing the problem of monthly or seasonal energy forecast. Whis
based climate servicas based on Al algorithms (supervised learning techniquasy
seasonal forecasts provided by Copernicus Climate Data St€®S) It intends to
improve the decisioamaking process for energy production and trading, as well
hydropower management energy operationgMajor operative advantages of Al wit
respect to mechanistic hydrological models include limiteid-none a priori knowledge
of involved physical phenomena, high level of flexibility when managing heterogene
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sets of variables related to discharge generation, and quick setup time of the fore:
system.

Zoom toforecst Reset Zoom Average Monthly Discharge m#/s

Figure 20. Smart Climate Hydropower Tool (SCHT)
Source:GECGistema (2024b)

Application : Production planning and forecasting

Impact: web-based tool,energyproduction forecasts and planning of operations

Source: GECOsistema (2024b)

IDRO is a commercial softwarethat supports the users in maximizing the economic
return of hydroelectric power plants. IDRO includes the mathematical model ofitele
water cascade systems of reservoirs and power plants, including the constraints that |
the production, such as plants unavailabilities, minimum water release, producti
ramps. The software combines this model with an extensive database that gedl
historical data, realtime measurements and different sets of forecasts. Through tl
combination IDRO supports in activities such as letegm budgeting, shortterm
resources allocation and whaif analysis. IDRO is integrated with the energy markkts
enables the users to directly leverage the information it contains to improve the effec
of bidding in the energy market.

Impactsy, ; =FLJ9DAR=< <9L9 KLGJ92A>A HJIF®DM K

Area of digitisitation : Asset monitoring, production planning, energy market, da
repository.

Source: MAS consulting (2029.

HYDROGRID

Hydrogrid is a modular software targeted at supporting the management of hydroelec
power plants. The software can support both ruwi-river plants and complex watel
cascade systems. For ruof-river plants it provides inflow predictions to minimize
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imbalance costs, while for cascade water systems it also optimizes the produc
schedules, leveraging the flexibility of the system to produce in the hours of maxinm
forecasted energy prices. The economical optimization takes into account constrail
such as environmental and operational restriction, and technical aspects such as turk
efficiency. Hydrogrid is also able to support the bidding process, monitoring the ene
prices in real time and providing an optimized bid to the user or directly hiugl in the
market.

(/'“\
<

RESERNOIR
Gjelgvatn

J
JGATE
Skgfsternmevatn
/  Gate
/

DOWMNSTREAM
Downstream

Figure 21. Hydrogrid applicationoF 09 L =J ; 9K; 9<= KQKL =halare K&V SD
Source: HYDROGRID (202)

Application : Asset monitoring, production planning, energy market, datpository.

Highlight/Impact : production optimization, automation
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Area of digitisation: Asset monitoring, production planning, energy market, da
repository.

Source: HYDROGRID (20242024b)

Volue Smart Power

Volue Smart Power is a software for the automation and optimization of large rrastet
portfolios. The software contains the model of different assets (HRtRermal power
plants (TPB, solar/wind, etc.) to compute an integrated optimal production schedul
Through the modeland by integrating data provided by the useras wellinflow and
prices forecasts, the softwarallows the participation in multiple European physica
markets. Users can automate the processes managed by the application in an e\
based framework, allowing for a high degree of customization and flexibility. The grapl
user interface allows the users to intuitively accessanageand use thedata to create
new simulations or optimizations.

Solar/Wind

Intraday

Volue

Optimisation Trading Balancing

Mark
Systems - Systems g

Figure 22. Volue Smart Power is connected both with physical assets and energy markets

Source: Volue (2024)

Impact: Asset monitoring, production planning, energy market, data repository

Area of digitisation : HPP monitoring andvater availability forecasting

Source: Volue (2024)
3.4 Predictive maintenance
O&M (operation and maintenance) ohydropower facilities could be quite challenging.
Good &M actions are crucial to maintain high output andrgevity (awell-maintained

hydropower can operate for more than 100 year3us, t is important to establish an
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effective O&M strategy to address the maintenance of the plant accurafBheabsenceof

a good practice can result in loss of productivity and revenues, high costs and performance
losses.In order to select and implement the right O&M a number of steps should be taken
into consideration (Figure 23) that can support the user in taking the appropriate O&M
route. The stepspegin from diagnosing the already existing O&M situatiap to towards
estimating financial costand lastly implementing the strategy.

Step 1
Diagnosis

Step 8 Step 2
Implementation of Definition
the strategy of objectives

Step 7 Step 3
Validation of Key blocks

strategy of activities

Step 6 Step 4
Estimation of Exploration of O&M
costs contractual models

Step 5
Human
resources

Figure 23. Step-by-step approach to O&M strategy development andimplementations

Source: The World Bank (2020;10)

This subsection addresses potential maintenance strategies that can be applied, however
focuses on predictive maintenanceith a state-of-the arton this specifidield.

For an HPP to improve maintenance, a comprehensive analysis of the existing performance
and already existing strategy shouldbe completed to identify the areas that need
improvement. ldentifying these areas will factiate the plant operator to select the
appropriate maintenance programThe main strategies to follow are presented Figure

24. These can be categorized in (1) Preventive Maintenance and (2) Corrective Maintenance.

Corrective Maintenance is applied to restore an asset back to its normal operation and
correct amalfunction. It is a reactive approacthereafailure has tooccursfirst before any
maintenance is appliedThis approach is further categorized to immediate (maintenance
starts right after a failure happengr delayed (maintenance startaccordingto a given set
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of time or rules). Ahough, it is highly used, due to new technology and continuously
increasing needs of the facilities, corrective maintenance is considered outdated.

Preventive maintenance involves regularly scheduled inspections and repairs to prevent
equipment failure and to ensure the reliability and efficiency of the hydropower plant. The
aim is to minimize the probability of failure and avoid unplanned downtimegstly repairs

or reduced performance.

Time-based
Planned interval
~ maintenance
Usage-based
Inspection-based
Preventive Condition-based
maintenance e maintenance
Based on continuous
monitoring
Inspection- and
Predictive monitoring-based
. o =
Maintenance maintenance

program Trending analysis

Immediately

Corrective
maintenance

Delayed

Figure 24. Maintenance Programs

Source: The World Bank(2020; 20)
There arethree major types of preventive maintenance:

1. Planned interval maintenance. Itis a proactive approach to maintenance aiming in
minimizing the downtime and the associateatosts. This approach is further
separated in timebased and usagdased.

1 Usagebased preventive maintenancePreventive maintenance triggered by the
usage of an asset. The average daily usage or exposure to environmental conditions
of an asset is taken into account for this type of maintenance, which is used to
predict the timeframe for a forthcoming inspectionraupkeep task.
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1 Calendar/timebased preventive maintenance This type involves planned
maintenance between specific periods of time. The maintenance activities are
scheduled based on a specific date or a time internal.

2. Condition-based maintenance
+9AFL=F9F; = AK K; @=<MD=< 0O@=F 9 EGFALGJ=«<
operation, such as temperature, vibration, pressure, meter readings, etc., is out of its
normal measured rangeThis approach is characterized in inspectidrased or condition
monitoring.

1 Inspectionbased In this method, regular inspections are taking place to assess the
condition and performance of the assets without taking some corrective action.
Based on the received information, the technicians can schedule future
maintenance activities or adjust the maintenance schedule.

1 Condition-based. Implementing the conditionbased approach, the operator
monitors the actual condition of the equipment/machingo determine when
maintenance is neededIn this way, maintenance is scheduled and performed,
when the monitored parameters indicate a decreasing performance.

3. Predictive maintenance Builds on conditiorbased monitoring and analysis to
optimize the performance and lifespan of the equipment. One of its main
characteristics is the realime information it provides as well as the early detection
and even prediction of failures. Predictive Maintenance expldite use of novel
technologies such as sensors, I0T, Al techniques and ML algorithms to predict when
a failure is going to occur.

The benefits of preventive maintenance:

1 Increased availability: troubleshooting before they affect equipment operation,
thus helping to avoid longerm interruptions.

1 Extends asset lifeprevention of wear and tear of equipment and extension of
service life, thus ensuring its efficient operation for a longer period of time

1 Redudion of maintenance costsreduction of the cost of repairs and spare parts, as
it allows maintenance work to be carried out at specific times and based on actual
needs

9 Increasal productivity: by reducing recovery time and unforeseen downtime,
increased equipment productivity can be expectddeduces unplanned downtime).

1 Improved safety: detecting potential risks to workers' safety by enabling problems
that may lead to accidents to be proactively addressed.

By implementing a weklstructured preventive maintenance approach, hydro power plants
can minimize the risk of unplanned downtime, extend equipment lifespan, and optimize
overall operational efficiency.
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Predictive maintenance model

Unit8, a Swiss based data companpuilt a predictive machine learning model fo
physical variables of interest (e.g., temperature or vibratioir).this solution, operating
threshold values can beefined, for throughout the day and automatic alertare sentif
a value differssignificantly from model predictionsThe company was partnered with
Swiss energy company their solution was applied.

Application: Hydroplants.

Impact: Engineerswvereable to detect abnormal changes in measurements much earl
while maintenance can beglanned effectively Also, this solution allowed forhorter
stops in electricity production leading to lower costs due to plant shutdown

Area of digitalization: O&M, monitoring

Source: Unit8 (2024)

AVEVA Predictive Analytics for PowefGeneration
Designed to reduce unscheduled downtime and maintenance costs, AVEVA Pred
Analytics provides early warning notification and diagnosis of equipment issues bel
critical operations are impacted.

Model templates Performance Transient
and validation monitoring management analysis

205
2518
o oc—‘Eo

oo

~0-

Case Prescriptive Asset comparison
diagnostics management analytics and reporting

Integrated Remaining useful
alert workflow life estimation

Figure 25. AVEVA predictiveanalytics
Source: AVEVA (2021

Application: Powerplants.

oh 2@AK HJGB=;L @9K J=; =AN=< >MF<AF? >JGE L@= #M
e Europe under the grant agreement N#0112231 2 @QAK <G; ME=FL J=>D=; LK Page48 of 209
Commission is not responsible for any use that may be made of the information it contains.



’@ D 1.1 | Digital transformation of the HP sectvtl| Public
(1S

Impact: Alert and notifications analytics, diagnostics asset management
Area of digitalization: digitalization of O&M, monitoring
Source: AVEVA (2021)

Delphin Technology & Vibration system

Together with Femaris a complete solution was offered to HIDROELECTRICA ¢
Delphin Expert Vibro Data Acquisition and Control System along with Delphin ProfiSi
software was installed to monitor and perform the following:

9 Vibration at multiple locations on the turbiné peak-to-peak displacement
1 FFT analysis of the vibration signals
I Smax parametef.
1 Orbit diagrams
1 Provide Trend analysis functions
B adyse  Hdropegas
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5 Maximum displacement of a vibrating machinery shaitthin a bearing over time.
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Figure 26. Vibration analysis

Source:CASDataloggers (2023)

Application: HIDROELECTRICA SA, Romania

Key outcomes/Impact:
1 Simultaneousvibration amplitude monitoring of bearing on a machine.
1 Allows the system to be monitored onlinecluding technical parameters fot
health diagnosis.
9 Allowscalculation of howloose journal bearingsare.
Allows dynamic and static balancingf the rotors
1 Allows precision movement simulationof the rotor shaft with the journal
bearings
1 Ability to connect piezoelectric vibration sensors
1 Increasessafety conditions and the prevention of machine damage

=

Area of digitalization: O&M, monitoring

Source: CAS Dataloggers (2023)

PresAGHG predictive maintenance model

The PresAGHO project (Predictive System and Analytics for Global Hydro Operatas
launched byEnel Green Powetasked with elaborating a predictive maintenance mode
to tackle potential faults in hydroelectric power plants. PresAGHO will play out throt
the integration of power plants with installed sensors. A real change of pace will
rapidly achieved viaatheeQ=9J K=JNA; = ; GFLJ9; L LG
major manufacturers of hydraulic and electric equipment. A fundamentadstin defining
the new predictive strategy will be a detailed realignment in the classification of poten
faults or failure mode, in order to improve our datdriven approach and to measure it
performance The first test of the system wascarried out in 2017 in the Soverzen
hydroelectric power plantin Venetq Italy.

Application: Large scale (86), small scale (209) and miscale (486) facilities
Key outcomes/Impact: PresAGHO will create the basis for the elaboration of predict
models addressing faults in hydroelectric power plants, while optimizing costs &

standardizing maintenance procedures in various countries.

Area of digitalization: O&M, monitoring
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Source: Enel Green Power (2019)

eMaintenance 2.0 (FEM)

eMaintenance 2.0 is amteractive web platform where the operators can monitor th
results coming from the data analytics models related to the functioning of the ple
components and share comments between other colleagues. A case study referred t
application of the soldion to a pumpedstorage power plant owned by EGP with
nominal power of 1000MW located in Italy in the Province of Caserta. The da
available from this plant consists of about 720 analog signals. These signals are colle
from several components such as penstocks, turbines, generators, and transform
During the realtime phase of this case study, an anomalohshaviou was reported by
the model built toanalysethe temperatures of a generatofThisplatform is now active
in more than 700 HPPs.

Figure 27. KPImonitoring from HPP
Source:i-EM (u.d.)

Application: EGP hydropower plant

Key outcomes/Impact: The system aticipated and detected an anomaly thus

preventing the stopping of the generation unit. The saved costs related to the predict
FGLA>A; 9LAGF O0O=J= =KLAE9L=< AF L@= J'
provided information, the anomaly was restored with a reduced time spent to search
faulty component. Scalable solution, easily applicable to a large fleet of power plants

Area of digitalization: O&M, monitoring
Source:i-EM (u.d.)
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Metris DiOMera

ANDRIT2has developed the software platform called Metris DiOMerafollowing the
: G E H 9 irdQskil internet/Internet of Things (IoT) strategyand utilisingMetrisas its
basis.Metrisis the technology brand of ANDRITZ for digital solutions for both new &
existing plants. TogetheDiOMera and Metriasa software platform, offer a wide range
of technology modules, sensor technology and augmented reglifgrming a digital
solution for cost efficient servicedor HPP O&MMetris DiOMera is a modular and flexik

platform that optimally meets specific customer requirementshat can supports
environmental conservationand allows better operationamanagement Furthermore,
Metris DiOMera toolsffer to the usersAdecision support, by taking into consideration
plant and lifetime parameterdo define the right scope and timing fgslant or machinery

maintenanceactivities, aiming to maximiseplant availability.

MR 1y Plant

Effigiehcy Hill Charts emciency Statisties

Figure 28. Efficiency hill chart offered by Metris DiOMera
Source:ANDRITZ HydroGmbH (u.d.-b)

Application: Hydropower plants

Impact:
1 Continuous monitoring of trends ad real time analysis oimportant plant KPIs
Decision support in better planning ahaintenance activities
Optimal plantperformance.
Cost reduction due to less plant downtime
Lifecycle increase

= —a —a -1

Area of digitalization: digitalization of O&M, monitoring

Source: ANDRITZ Hydro GmbH (udk. u.d.-c).
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Big Data Hydro is mEnel Green Power's initiative to leverage big data analytics
optimizing the management of hydroelectric power plant assets. The project invol\
assessing data quality, running an innovative monitoring system on the five test pla
and developing avisualization system for raw data and analytics results. This approe
aimed to modernize existing assets and enhance condition monitoring through advan
digital techniques.

Five Italian HPPs are involved in this project: Soverzene, Presenzano, Nazzano,
Serafini and Eume, which together make up about 2% of Enel Green Power fleet in t
of electricity generation and profitability. The Soverzene HPP is located in Eadtalian

Alps. Four Francis turbines can generate 221.5 MW exploiting a 284 m water head be
the plants and the reservoir, which has a capacity of 5.9 Mirhe Presenzano HPP

located in Southern ltaly, and it is a pumpestorage plant. The plant wdes exploiting
two reservoirs with a capacity of 6 Mneach and a difference in height of 500 m. Fc
Francis pumpgenerators of 250 MW each are installed. The Nazzano HPP i
impoundment plant located close to Rome. The Isola Serafini HPP is located in Nor
Italy, along the Po river. The plant is reof-river and can generate up to 80MW. Fc
Kaplan turbines are installed at the plant, with a maximum flow of 25&sreach. The
Eume HPP is an 54.5 MW impoundment facility located in Northern Spain.

“Figre 29. Presenzano pumped storage HPP

Source:Enel Greep Power(u.d.)

Key outcomes

The benefits realized from this project include modernization of assets, advan
condition monitoring capabilities, savings in operations and maintenance (O&
resources, and improved synergy between hydro power amither renewable sources
The initiative demonstrated how big data analysis could lead to significant operatiol
efficiencies and cost reductions, underpinning the importance of digitalization in t
energy sector.
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Area of digitisation
Digitilisation of O&M, Monitoring

Source: Enel Green Poweu.d.; 2017)

3.5Real time KPI monitoring

Real time monitoring of Key Performance Indicators (KR&spa keydigitisation areathat
offers the ability to monitor certain parameters of the assets in real time fact, KPI
monitoring is closely connected tadigital twins and is part of the visualisatiorand
information that DTs can provideExample of sach KPlIscan be powerfactor, health of
assets utilisation and availability of assetsKPls can monitor poor performance of the
assds and can be used ttrigger corrective actions and maintenance (Oprea and Adela
2017) Such informationcan be combined with Enterprise Resource Riang (ERP) systems
and plant conditions specific metricdo calculate how these KPIs can be translated into
businessmetricsi.e. operational costgArch et al. 2019).

Monitoring ofHPPinfrastructure and electromechanical equipmenis a key componenof
this type of digitisation. In thenydropower sector instrumentation of hydropower turbines
can be challenging due to théifferent types, operating speed and headr orientation
(Snyder M.2021) Vibration monitoring of machinerywas introduced in the 90s by some
hydropower plants with the main aim of predictive maintemce Egusquizaet al., 2018)
This has extended thetime intervals between overhaulsbecausefaults can be detected
earlier before causingeveredamage to machinery.

Figure30show the areas that can bpotentially measured on a turbine and thpotential
malfunctions. Shaft vibration and bearing housing vibratiomonitoring are key monitoring
areas. In addition, another keycomponent to be monitored is thegenerator that is
subjected to differenttypes of loads(centrifugal, electrical, thermal and cyaig). In this
case sensors can bestalled to measure the air gajpetween the rotor ad stator (Snyder
M., 2021)
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[Measurement]
[Malfunction]

Rotor Position/Thrust bearing Oil Film Thickness
Misalignment, hydraulic forces, lubrication issues

Stator End Winding Vibration
End winding deterioration

Stator Frame and Core Vibrations
Bar, winding, or stator looseness

Stator Mounted Air Gap
Air gap, rotor and stator eccentricity, out-of-roundness,
rotor pole and rim problems

Keyphasor Signal
Supports vibration and air gap measurements

Rotor Radial Vibration and Position
Unbalance, misalignment, hydraulic forces, much more...

Head Cover Vibration
Runner and wicket gate problems

Vibrations of Bearing Housings and Supports
Unbalance, rubs, looseness, more

Seal Ring / Blade Tip Clearance
Unbalance, misalignment, rub

Dynamic Pressure Sensors
Vortexing, cavitation

Draft Tube Vibration
Cavitation

—

Measurements for Direct Failure Supplementary or Corroborating
Mode Detection Measurements

Figure 30. Measurements andmalfunctions relevant to turbines in hydropower plants

Source: Snyder M. (20213)

A prerequisite aspect of hydropower digitisationtise monitoringand collectionof process
data from HPPsthrough a Supervisory Control and Data Acquisition (SCADA) system that
allows hydro turbine and other machineryto be connected to a centratontrol terminal
(Egusquiza et al., 2018%ensory measurements areecorded in time intervals providing
min, max and standard deviations, thus allowirige operator to take corrective actions. As
presented in the examples provided below in this sectioBCADA systems combine
software and hardwareto collect data from (Powerline Communications (PL&emote
Terminal Units (RTUSs)instrumentation data and other communications to provide
information to the user Cora et al2021) The data as it will be presented in the examples
that follow, are then analysed in order to provide early detection of faultsvearn the user
about abnormalities in the readingand corrective actions to be taken.

Andritz Regional Control Center (RCC)

An advanced remote monitoring and control centre for worldwide operations a
maintenance that is available across the full ANDRITZ Hydro Grébpregional control

centre RCQ is a stateof-the-art system for remoteHPP monitoring using advanced
tools, includingthe digital platform Metris DiOMerghat was presented in the previou:
section. It offers ophisticated analysis, machindearning algorithms, statistical analysis
and knowledgefrom the ANDRITZ Groujptegrated into the platform, allowing it to

anticipate major failurestrigger a real predictive analysis for maintenance activitjesd

to produce optimized operation instructions. Finallythe RCC offersull remote

operation.
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Figure31 ANDRITZ Hydro Regional Control Center in Schio, Italy
Source: ANDRITZ Hydro GmbH, (udj.

Application: hydro plants, Andritz hydro group

Key outcomes/Impact: Delivers 24/7 operations support, offeringemote monitoring
and operations as wellstechnical assistance

Area of digitalization: digitalization of O&M, monitoring

Source: ANDRITZ Hydro GmbH, (u-d).

ALPIQ Asset management system

ALPIQoffersan asset management system developed together with HYDRO Exploita
SA, arasset service provider specialised in hydropower plants, and OXAND, a const
company specialised in infrastructure ageing and risk simulation. The resulting prod
is applied at three different levels of management: strategic management, tacti
management, and operating managementUsing forecasts and scenarios, the be
solution for balancing costs, risks, and power availability is decided to ensure the higl
possible profit margin.

Application: Hydro power plants

Key outcomes/Impact:
1 Improved profitability ofthe plant.
1 Reliable cost control and planning capability for investments and operating cos
1 No administrative effort
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1 Maximised energy efficiency

Area of digitalization: digitalization of O&M
Source: ALPIQ Group (2024)

ABB Ability/JUAsset Performance Management

This is asolution easy to connect and integrate with existing control systems a
auxiliary equipment. While itscustom engineered to support hydroelectric power plani
around 50MW, it will easily meet the needs and requirements of most units even L
200MW. As option it can provide support for IEC 608-2M4 and IEC61850 protocols bi
as standard it satisfies m&t open communication standards

Figure 32. Health status of acomponent

Source: ABB (2019)

Application: Applied onEnel Green PowddPPs

Key outcomes/Impact: Reducing unplanned failuresgnabling more efficient planned
maintenance practices, savings in fleet maintenance costs andncrease plant
productivity.

Area of digitalization: Digitalization of O&M

Source: ABB 2019;2020.
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GE Hydro APM

Hydro APM is a suite afeveloped by GE andonsists of differentapplications: APM
Health, Reliability, and Strategyl'hese applications cawork independently or together
to reduce O&M costs, decrease failure risks, and increase revenues afleets of
hydropower plants It allowsadvanced control functionsyhich can enable flexible asse
operationsuch agange extension, cyclinggmart asset dispatch, et¢thus dlowing plant

ownersto make existing assets more flexiblevhich is critical forL G < Shq@lfopower

market.

Application: BC Hydro, Manitoba Hydro, DAGACHHU, NYPA

Key outcomes/Impact:
According to GE thesuite can:

1 Reduce failure up to 50%
Reduce maintenance OPEX betwee2@%
Defer CAPEX by up to 20%
Improve equipment availability by 0.52%.
Overall reduce production losses

= -4 —a -

Area of digitalization: Digitalization of O&M

Source: GE 20172020)

Zenon Energy Edition from COPA DATA

Zenon energy can assist HPP automation by offering monitoring, control and
optimisation through their product Zenon offers SCADA functionalities (configuratic
visualization, control and reporting). The system can be used for controlling eit
individual hydro plants or different plants in a higher lev@lhe system is highly scalabl
and allows onnectivity to process automation componentsr sub-sections of HPPsand
is capable ofdisplaying schematics from AUTOCAD. The scalability and versatilftgr
human machine interface (HMI) features for the different components enabling h
control from the plant floor to the control room.

It offers:
- Efficient reporting in the event of an alarm or maintenance
- Quick access to the archive for analyses aegorts.
- Play back past events with the process recorder
- Supports all common communication protocols, customizable visualizatior
dynamic reporting and riskfree simulations.

Application: Hydroelectricpower plants
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Key outcomes/Impact: Assist in hydreelectric power plant automation, by monitoring,
controlling and optimizing hydreelectric power plants. The level of control it provide
helps reduce plant operational costs and increases productivity. Reducing operatic
costs and increass productivity.

Area of digitalization: Digitalization of O&M

Source: COPADATA GmbH (2019)

Bently Nevadas Condition monitoring solutions for hydroelectric power

generation

Bently Nevada offersinstruments for condition monitoring of HPP machiner
monitoring. The 3500 series machinery protection system. It features the selectiol
machinery measurement parameters and utilizes software configuration for virtua
The instrument allowsmonitoring of vibration, bearing temperatures, thrust position
speed, air gap, process variables (electrical load, oil pressure, reservoir elevation,
and other measurementsthat can be configured to address the specific needs -
correlation of data and analgis of each hydro unit.

2600 | |
= |
! |

Figure 33. Bently Nevada 3500series monitoring instrument for condition monitoring

Source: Benty Nevada (2023;5)
Application: Hydroelectricpower plants

Key outcomes/Impact:
1 Lower lifecycle costsand reduction of maintenance costs
1 Improvedplant efficiency.
1 Early warning of machinery failure
1 Machinery performance with optimabperating conditions
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1 Proactive maintenance planning and intervention
Area of digitalization: O&M condition monitoring of components

Source: Bently Nevada (2023)

=FLDQ , =N9<9AK 1QKL=E p ! GF<ALAGF

Bentley Nevada offers a condition monitoring and diagnostic platform that requires 1
installation of various sensors on a turbine and generator capable of collecting data
displaying them to the user. In addition, the software is capable of collectifaga from
SCADA and control systems from different machinery and displays the condition of
latter through Human Machine Interfaces (HMIs). The software allows failure m
detection, data analytics of what is measured and displayed as well as HPR
management toolsets.

Hydro Turbine Mechanical Hydro Tubine Lube Ol Hydro Turbine Process Hydr Turbine Wicket Gate Hydro Generator Coolers Hydrn Generator  Hydro Generator Stator Temperatures Hydro Turbine Tranformer Hydra Turbine Cooling System H

[e] Hydro Station

POWER GENERATION - HYDROTURBINE TRAIN X - TAG ID - PROCESS

EEEE

Figure34.&+' <=>9MDL L=EHD9L= G> =FLDQ , =N9<9Ak

Source: Snyder M. (2021;6)
Key outcomes
1 Real time condition monitoring of electromechanical assets
9 Dataanalytics.
1 Overview of historical data
9 Automatic alarms for condition monitoring that can trigger early maintenance

Area of digitisation : KPI monitoring; Condition monitoring; sensors

Source: Snyder M. (2021;6)
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VIBRATEG® maintenance and monitoring in the hydroelectric market & solution

suite
VIBRATEC is a company thadfers solutions andsupports the hydroelectric sector witr
expertise in diagnostics, measurement and analysis, making it possible to underst
and solve problems involving vibration, acoustics, speed, stress or deformation
existing products. temperature, stress, speedpvation, noise, force, displacement, etc
Thecompany offers instrumentation fomeasurements of physical quantities on rotatin
or nonrotating parts, hot or cold parts, in vacuum or in water, dyoard or stationary.

Application: Hydroelectricpower plants
Area of digitalization: O&M condition monitoring; sensors

Source: VIBRATEC (20p4

GlobalHydro Digital solutions

GlobalHydro is a company that offers solutions for digital HPPs, such as 3D
visualizations from design processes to refurbishments, and 1:1 service assignin
account manager.

Although, the focus i®n HPPoptimal design(offering economically sensible solutions
and trying to achieve highest efficiengyconsidering local needs, theompanycan also
refurbish the digital HPPs that they have designed.

HEROS is their management software solution that can be tailored to the requiremt
and specifications of HPP, fully automated turbine/plant control system wi
incorporated visualization and SCADA system. Operational parameters can be dir
configuredon site, but also have an intelligent control system.

Their Operation and Control AssistanceOCA service isan assistance service fo
customers, offering operations support by troubleshooting andanalysingHPPdata to
detect operational improvemens. OCA optimsesHPPoperation also through predictive
maintenance (automatically scheduling maintenance).

HEROS Connect is a stadéthe-art loT SCADA system which allows to control, moni
and analyse all connected HPPs on one common platform (based on Microsoft A
cloud).

2@AK HJGB=;L @9K J=; =AN=< >MF<AF? >JGE L@= #M
Europe under the grant agreement N#0112231 2 @QAK <G; ME=FL J=>D=; LK Page61 of 209
Commission is not responsible for any use that may be made of the information it contains.




l‘@ D 1.1 | Digital transformation of the HP sectvtl| Public

Figure 35. GlobalHydro monitoring service

Source:GlobalHydro (2024)

Key outcomes: Increase efficiency, data monitoring and exchange
Area of digitisation: Digital design and supportO&M KPI monitoring

Source: GlobalHydro (2024)

The Hydro Efficiency Analysis (HydEA) Platform

HydEA is a platfornthat analyses the behaviou of the plant using algorithmsand
produces a reference model of the performance characteristics of ¢emeration units.
This allows the reatime detection of deviations from the expected values, allowir
engineers to immediately deal with anomalies that would reduce the efficiency,
example, a lesghan-optimal rotational speed or blade opening.
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Figure 36. Reaktime monitoring of hydropower plants

Source:Quaranta (2020)

Application: Italian hydroelectric plant

Key outcomes: The platform was abléo maximize the overall plant efficiency throug|
combination of operating turbines. A value ofl.2% production increase on an annu:
basis is mentioned, by better subdividing the flow ratevas, thus increasing the energ
efficiency among generation units.

Area of digitalization: Digitalization of O&M

Source: Quaranta (2020Q)

Voith OnCare.Health Hydro

Voith offers the OnCare.Health Hydro system for online condition monitoring, anal
and diagnostics Figure 37 presents the overall capabilities of the monitoring systel
while Figure 38 presents the availablecondition monitoring sensors and locations tha
the system can captureThe monitoring system allow accurate measurement anc
maintenance of the connected equipment according to optimal operational valudhe
measurementsallow early detections of potential damagand allows maintenance to be
scheduled accordinglyAdditionally, the system also is capable of generating trip signe
to be transferred to the mechanical protection of the monitored units, thus ensuring tt
no damage occurs when going above certain operational values.

Furthermore, the system allowshe user to seethe monitored machineA Kondition
though an interface and wheever a problem is evident results argent to the user
includes the failuremode based on error probabilities.
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Hardware configuration

Local expert Automated Remote expert | Remote
support — diagnosis support router communication line
ol
Plant Bus TCPAP 1 - -
Unit 1 I Monitoring cubicla | | Unit 2 Unit n
i Air gap monitoring
'
o
o
°
Vibration monitoring o
Control system
100 % time-synchronous 50 kHz sampling rate per channel and high 24 bit resolution.
All types of vibration sensors can be connected (um, mm/s, m/s2).
Internal power supply for IEPE sensors avallable.
Figure 37. Voith OnCare.Health Hydro capabilities
Source: Voith (u.d ;4)
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1 Keyphaszar 9 Partial discharge 16 Shaft relative vibration
2 Ansolute bearing vibration 10 Absclute bearing vibration 17 Absoluts bearing vibration
3 Shafi relative vibration 11 Shatt relative vibration 18 Wicket gate vibration
4 Stator end winding vibration 12 Shaft current monitoring 19 Labyrinthe gap (Francis)
5 A gap 13 Awdal thrust vibration/ 20 Runner gap (Kaplan/Bulb)
6 Magnetic flux movement and ail film thickness 21 Cavitation menitoring
7 Stator core vioration 14 Turbine headcover wbration 22 Pressure

Figure 38. Condition monitoring sensors for turbine usage offered by Voith

Source: Voith (u.d. ;5)

This monitoring system is installed in various locatiorEross the world according tc
Voith(u.d.)as presented irfrable2.

Table2.& Q<J GHGO=J HD9FLK L@9L MK= 4GAL @AK ;

Location Country Turbine types and
capacity
Frades Portugal Francis Units2 x 383 MW
Yacyreta Argentina Kaplan units,20 x 145 MW
Sainj India Pelton units, 2 x S0IW
Beyhan Turkey Francis units3 x 200 MW
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Cambambe Il Angola Francis units4 x 179 MW
Teles Pires Brazil Francisunits, 5 x 370 MW
Belo Monte Brazil Francis units, 18 x 671 MW
Polpitiya, Sri Lanka Francis units, 2 x 40 MW
Lysebotn Il Norway Francisunits, 2 x 185 MW
Las Lajas Chile Pelton units,2 x 135 MW
Ffestiniog United Kingdom Francis units, 4 x 80 MW
Tarbela 4 Pakistan Francis units, 4 x 352 MW

Source: Voith (u.d. ;11)
Key outcomes
1 Optimized total cost of ownership

9 Reduced costs
1 Increased availability

Area of digitisation: KPI monitoring;Condition monitoring; sensors

Source: Voith (u.d.)

Bruel & Kjeer Vibro- Condition Monitoring Solutions

Bruel & Kjeer Vibrmffers solutions for condition monitoring hydroelectric plant using
various techniques including vibration, air gap, magnetic flux anghrtial discharge
measurements.These solutions cate integrated with process control systems (SCAI
or DCS)including production and maintenance management, control and surveillan
systems already in placeThe system allows the displagnd plot of measurementsas

well as correlation between vibration and otheperformance parameters Figure 39

presentsthe available condition monitoring techniquesAccording to the companyhis

condition monitoring solution isinstalled in 750 turbines worldwiddriel & Kjeer Vibrc
(n.d-b).
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Figure 39. Briiel & Kjeer Vibromeasurement techniques for hydro turbines

Source: Briuel &Kjeer Vibro(n.d-a)

Key outcomes:

1 Maximisation of lead time to maintenance
1 Optimal uptime, production, efficiency and reliability
1 Visualisation of condition monitoring and integration with other control system

1 Reliable prognosis

Area ofautomation : Condition monitoring; Sensors

Source: Briel & Kjeer Vibro (n.eh), Briel & Kjeer Vibro (n-tb).

Hoa Binh, Vietnam

Hoa Binhis the second largesHPPin Viethamwith a capacity of 1,920 MWANDRITZ
Hydro has undertaken a project of automaticand modernization of eight ung covering
control and monitoring systems, digital governors, unit protectiosystems, excitation
systems for main and auxiliargenerators, the common control syste as well as the
installation of a new SCADgystem and a mimic boar@Andritz Hydro GmbH, u.jl

Key outcomes:

1 Increased plant reliabilityand uptime.

1 Improvedsafety.

1 Improvedannual power productions
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Area of digitisation : KPI monitoring; Conditiormonitoring; sensors

Source: ANDRITAHydro GmbH(u.d-a), Chu (2019)

Inductive automation -Ignition Platform

Engiea world leader in energwvill be usinga newSCADA system at alf its 18 Spanish
HPPsites. The company has opted to use the Ignitigntatform by Inductive automation

This platform isan industrial solution with different tools that offer SCADA, Hlslihd 10T
connection. Mobile solutions are also provided so employees can view remotely tt
various data.The previous SCADA system in place did not allow for forecast optimisa
of energy productions or aggregation of all the data required to manage and control
: GE H9 F QAive plants kakekalseady rolled out this solution with another tiBbe

updated.

The new system would allow theggregation of various data under one platforr
including the installation of a new predictive maintenance system basedsamsory data
from accelerometersand vibrometerson the generator Also,trash rack cleane data
were integrated into the platform for better cleaning afater racks and water inlets.

Key outcomes
1 Aggregationof data under on platform
1 Remote monitoring
1 Early fault diagnosis
1 Optimisation of maintenance forecasting and energproduction.

Area of digitisation
KPI monitoring; Condition monitoring; sensors; Predictineaintenance

Source: Inductive automation (202Q)

ABB-Axpo condition monitoring

Axpo has partnered with ABB order to digitise O&M of rotating machinery. Specifical
smart sensors located at different HPP motors, transmit data to a database -
combined with a condition monitoring software and a cloud application, provide da
analytics. Information such abearing misalignments, temperature spikes etare being
monitored to offer conditionbased monitoring to reduce unneeded maintenance thi
was simply carried out so far based on planned intervals thus increase cost
downtime.
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Figure 40. ABB smart sensorfor condition monitoring

Source:ABB (2022)

Key outcomes
1 Controlled maintenance according to condition of machinery
1 Less cost and downtime of HPP

Area of digitisation : Condition monitoring, Sensors

Source: ABB(202Q 2022)

MAIA

MAIA is a software for the management of hydroelectric power plants unavailability. N
is linked in real time with the digital portal of th&ransmission System Operatof §Q to
support the users in the communication and deliberation process, also in case
accidental unavailability. The application stores all the historical data regarding t
plants and unavailability, to produce reports on usetefined performance indicatos and
scheduled annual maintenance.
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Figure 41. MAIA App
Source:MAS Consulting (2023)

Key outcome/lmpact: automation of manual tasks, increased communicatior
reliability.

Area of digitisation : HPPs monitoring; dataepository; plant unavailability.

Source: MAS Consulting (2024b)

Hydro Pocket

Hydro pocket is a software developed by Voith that allows hydropower operators
access to reatime data about the current status of the machines. The reahe
monitoring of the KPIs makes it possible to identify problems and their causes, ana
historical data and prevent machinery faults. In addition to the monitoring of the pla
health, the KPIs that are taken into consideration include production, revengeid
connection status, plant operation status and production goals of each plant. Fina
automated reports can be generated keeping track of the KPlIs trends.
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Figure 42. Voith Hydro Pocket

Source: Voith (2024)

Application : HPPs monitoringkKPIs monitoring

Highlight/Impact : Automation of manual tasks reattime monitoring, data analysis

Source: Voith (2024)

3.6 Digital workforce management

Workforce management involves optimizing asrganization's productivity and efficiency
through various processes. It includes scheduling, forecasting labour demand, staffing,
time and attendance tracking, performance management, and employee engagement.
Workforce managers ensure the right people aswailable at the right times, track
employee hours accurately, and evaluate performance. In the hydropower sector,
workforce management focuses on efficiently managing personnel to ensure the safe and
reliable operation, maintenance, and development of Hxoelectric power plants. It
involves recruiting and training skilled professionals, scheduling maintenance tasks
effectively, preparing for emergencies, and overseeing project development activities. The
digitalisation of workforce management allows manags to know what the personnel is
doing and what it is still to be done. This allows the managers to be more efficient in
assigning tasks to the personnel and to monitor their work.

The digitalisation of workforce management is particularly important in the hydropower
sector. The intrinsic space distribution of the hydropower systems and O&M personnel
implies that personnel and managers are often in different locations. Therefore, the
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digitisation of workforce management can provide an efficient and precise way for
monitoring, archiving, assigning tasks and communicating.

A lot of workforce management software are available nowadayke following example
describes a specific custorsation of a workforce management softwarefor the
hydropower sector.

Axpo-SogemabDigital Workforce Management in HPP

Axpo and Sogema Softwaredeveloped a software to digitalise and spplify the
workforce management in the Hydropower contexf.he proposed software offers al
updated approach to maintenance management, addressing the distinct needs
coordinators and maintenance workers. It includes a Web APP for coordinators
extensive functionality, and a dedicated Mobile APP for maintenarworkers, designec
for seamless offline use and featuring an intuitive User Interface.

Figure 43. Demonstrator of the Web and Mobile APFof the Axpo-Sogemasoftware for Digital
Workforce Management.

Source: Axpo (2023)

Key features

1 Automated Task Generationmaintenance tasks are automaticallygenerated
based on predefined schedules or specific conditions. Maintenance workers
also initiate adhoc tasks effortlessly via QR Code scanning.

1 Planning Tools:the software incorporates Kanban boards and Gantt Char
simplifying taskplanning and coordination.

1 Enterprise Resource PlanningERP System Integration:integration with ERP
systems allows for the straightforward capture of working hours, ensuri
accurate allocation to the appropriate costentres

1 Comprehensive Information Gatheringhe software streamlines the collection ¢
crucial plantrelated data, including material usage, working hours, measureme
data, and observations, aiding in resource optimization and reducing the risk
operational failures.
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Area of digitisation : Workforce Management

Source: Axpo (2023).

3.7 Augmented and virtual reality

Augmentedreality (AR and virtual reality(VR)s another sector of digitisation of HPPs that
refers to the use of digitavisualisations tools that can display information to the user at
various stages of a plants life cyclépplication ofaugmented or virtual reality (VR) are
numerous in other industries ranging fromentertainment purposes,military, medical
sector, aerospace,to production and many othersl(iu, 2021; Jiang 2023)However, the
applications on the hydropower sector are not that manyhis digitisationtechnology in
also identified by ANDRITZ as one of the kaigitisation megatrends in theenergysector
(ANDRITZ5roup, 2024) These visualisation toolsan include representation of physical
assets and informationabout investment decision for design and planningup to
maintenance and workforce trainingArch et al., 2019Hence, this section might overlap
with others like digital twinsor KPI monitoring. However, the difference is thttis field
refers to the use ohugmentedor virtual reality for 3D visualisation of data. For example,
virtual reality or 360¥ideos can be used to display accurate models of glphysicalassets,
turbines, impellers, generator rotors or any othanachinery that has beempreviously
digitised. Lie (2021), suggests the @sf VR and ARr immersive training.e. roaming inside
virtual facilities, operations training maintenance and assemblyraining for machinery,
fault diagnosis oreven emergency plan rehearsind\ll these examples allow the user to
operate in a riskiree environmentwhile critical training can be carried out before being
applied in the physical world.

Verbund- Rabenstein pilot project

As part of the digital power plant pilot project that Verbund has initiated at its Rabenst
power plant, the company has created 3idrtual plant models The latter are used tc
digitise the plant layout, spaces and machineryhat are usedfor safety instructions
purposesof the facilities. The models are also used for intuitive access to any informa
of the plant, in order to createremotely, workorders for maintenance andinspection
checks.In addition, these 3D mode|slisplayed through virtual reality lensesare used
for training newpersonnd in maintenance operations

Key outcomes
9 3D visualisation of facilities, machinery arabsets
i1 Ease of creating maintenance of workorders
i Training in virtualsafe environment

Area ofdigitisation : Virtual training Augmented and virtual reality3D modéling.

Source: Verbund (2020)
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Voith Hydro and STRUCINSPECT

Voith Hydrohas partners with an Austriastart-up STUCINSPEGIompany in order to
maximise the service life of theiequipment. This startupoperates thefirst Infrastructure
Lifecycle Hub for digital infrastructure inspection and lifecycle managemeithe
company offers a digital platform for combining technologies with the aim odiigitising
infrastructure such as bridges, tunneland damsfor enabling maintenancedecision
making. A joint pilot has beerimplemented atthe 72 yearClunie stationin Scotland
which is operated bySSE Renewables.

Data regarding thanfrastructure were gathered using drones, underwater devices al
smartphonesin order to create a 3bnodel of the dam. The data were themansferred
AFLG 9 a* Awhere GheyDwere &idlysdd by Artificidhntelligence. Other
technologies such as Building information Modeling addigmented were also applied

= G STRUCINSPECT REQUEST FOR ADDITIONAL HUD SERVICES. - EXAMPLEUSER - (D
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Figure 44. STRUCINSPEOmMfrastructure Lifecycle Hub
Source:Voith (2023)
Key outcomes: Digitisation of infrastructure.

Area of digitisation : Digital twins unmanned vehicles and robots

Source: Voith (2023)

3.8Unmanned vehicles and robots

Unmanned vehicles and roboteferto the use of unmanned aerial vehicles (UAVs), remote
operated vehicles (ROVs) or quadrupeds. The applications of UAVs are numerous and not
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limited to HPPs i.e. transport, agriculture, aerial photography, logistics, emergencies,
monitoring, inspections, surveillance up to recreation. Applications of UAVs are presented
in Figure45.

Detection of
Polluted
Insulators

Detection of
Overhead
Power Lines

Inspection of

steel Towers Transmission

Line Inspection
Inspection of

Power Lines Crack and Stain
. Detection
Pole Detection
and Counting Detection of
Bridge degradation
Water Leak Inspection and
Detection deterioration

Inspection of

Ener,
Buried Pipes hd

Efficiency

Pipe Inspection ~

Detection of

. Crack Detection
Thickness Loss Aerial —
Inspection Bwldmg Building
Surface Inspection Geometric
Damage Inspection
Detection of
Wind Turbine Sinkhole
Blades Detection
Wind Turbine -
i : - Road Inspection Crack Detection
Crack Detection p
Quality
Assurance
Detection of Photovoltaic
Failed Solar Power System
Panels / | Inspection

Figure 45. Applications of UAVdfor aerial inspections

Source Nooralishahiet al. (2021; 4

More specific applications of UAVs in the context of hydropower plants and inspection can
be summarisedas(Axpo, 202B):

9 Structural inspection
1 Roof inspections
9 Surveillanceduring stream bed flushing
1 Water catchment and weir inspectian
1 Inspection of shore areas
1 Inspection of rockfalls, debris flows or avalanches
1 High altitude inspections of facilities and gtiinfrastructure.
1 Inspectionof aviation obstacle marking for grid network around the HPP
1 Checking the clearancef roads and patls to the HPPs, danand the surraunding
road network
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However, the context of the application of suchvehicles,to HPPs is more focused to
carrying sensor devices for inspectiof¥ang et al., 2023)monitoring (Son et al. 2021)
surveillance (Hoang, 2023pr even surveying of facilitiegChoi et al. 2@3). Underwater
drones like ROVdiave numerous applications as well from visual inspection, ron
destructive testing (NDT)repairs, recovery operationsoceanographyand hydrography
(measurements, samplingnd surveying)Kongsberg,2024 Wevolver2022)

4#0 3, " AK "A?AL9D &Q<JGHGO=1J

5AL@QAF L@= >J9E=0GJC G> L @= <A?Rabenstdin
power plant in Styrid] 0 ardl Aukonomous surface vessels have been used.

Limited information existson the specificsof this application. An autonomous surface
vehicles for hgrographic survey was usedavhile an ROV wasused for underwater
inspection of the trash rack area up to theurbine (Gebhardt, 2019yerbund 2020) The
ROV was also used for precisianspection of underwater components using a
underwater laser(Verbund, 2@0). In addition, a UAMWvas also usedor aerial inspections.

Figure 46. Application of dronesat4 #0 3, "AK 09: =FKL=AF HG
Source: Gebhardt(2019;2)

Key outcomes Reduction of downtime and unplanned incidents. Easiness of
inspections atconfined and difficult to reach spacegspecially in the case of the turbin
inspection. Underwater equipment can benspected without emptyingthe retention
basinand dehumidify the parts

Area of digitisation : Unmanned vehicles and robotsuinderwater and aerial inspections

Source: Gebhardt (2019)Verbund (220).
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