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Summary

Background, Motivation and Objectives

The SmallFLEX Goms project builds on the initial SmallFLEX project, which identified new approaches
to increase the flexibility of run-of-river hydropower plants. In the context of increasing integration of
variable renewable energy sources, enhancing the operational flexibility of alpine hydropower is essen-
tial to support grid stability and optimise energy production. The main objective of the project is to confirm
and implement these flexible operating modes under real operating conditions for the Gletsch—Oberwald
power plant (KWGO). More broadly, the project aims to identify and exploit “hidden” flexibility in small
and medium-sized hydropower plants with limited storage capacity, and to assess their potential role
within Virtual Power Plants (VPPs).

Project Content and Methodology

The project started with a comprehensive inventory followed by a potential assessment of small and
medium-sized hydropower plants in the Goms valley. Using a multi-criteria evaluation (including storage
capacity, peak power, and risk factors), plants with limited storage capacity but high flexibility potential
were ranked. The Merezenbach and Mérel power plants were selected for in-depth investigations with
a view to on-site testing, while the Altstafel power plant was chosen for VPP studies.

For these plants, detailed transient hydraulic analyses were carried out using SIMSEN software to as-
sess technical flexibility limits, quantify additional storage potential (in volume and energy), and evaluate
options such as pumping integration. In parallel, a hydro-meteorological forecasting framework was de-
veloped to support short-term operation and long-term planning. This included forecasts of hydrological
inflows, photovoltaic production, and wind generation, as well as simulations of hybrid energy systems
combining these resources with storage.

A key focus of the project was the assessment of air entrainment risks when using hydraulic waterways
as temporary storage. This issue was investigated through a literature review, physical modelling of the
pressurisation process of the Moérel power plant, and numerical simulations, leading to the development
of a structured engineering assessment methodology.

To validate these analyses, on-site experimental campaigns were conducted at Merezenbach and
Morel, supported by detailed monitoring and risk assessment procedures. In addition, the integration of
flexible hydropower into a Virtual Power Plant framework combining hydropower, solar, wind, and stor-
age was analysed using optimisation-based approaches. Finally, a business model was developed to
evaluate the economic viability of these flexibility measures.

Main Results and Conclusions

The project demonstrates that significant flexibility can be mobilised in small and medium-sized run-of-
river hydropower plants through adapted operating strategies, without major infrastructure modifications.
Plants with limited storage capacity show the greatest potential, although technical limits arise from
hydraulic transients and safety constraints.

Air entrainment was identified as a major limiting factor, making significant dewatering of headrace tun-
nels or hydraulic waterways generally inadvisable. Hydro-meteorological forecasts improve operational
optimisation, particularly for hydropower and photovoltaic generation, while highlighting the importance
of storage capacity. On-site tests at KW Morel confirmed the feasibility of controlled dewatering and
validated an additional flexibility of approximately +3 MW.

Integration into a Virtual Power Plant improves profitability and reduces imbalance costs, with additional
support provided by pumping and battery storage, although results remain sensitive to market condi-
tions.

From an economic perspective, flexibility remains constrained by technical and environmental factors.
Nevertheless, exploiting existing “hidden” flexibility can generate measurable benefits, with approxi-
mately +1% additional winter revenue for KW Morel, as well as increases in revenue and production
of +3% and +2%, respectively, for KWGO.
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Zusammenfassung

Hintergrund, Motivation und Ziele

Das Projekt SmallFLEX Goms baut auf dem urspriinglichen SmallFLEX-Projekt auf, in dem neue An-
satze zur Erhéhung der Flexibilitdt von Laufwasserkraftwerken identifiziert wurden. Im Kontext der zu-
nehmenden Integration fluktuierender erneuerbarer Energien ist die Verbesserung der betrieblichen
Flexibilitdt alpiner Wasserkraftwerke von wesentlicher Bedeutung, um die Netzstabilitat zu unterstitzen
und die Energieproduktion zu optimieren. Das Hauptziel des Projekts besteht darin, diese flexiblen Be-
triebsmodi unter realen Betriebsbedingungen fiir das Kraftwerk Gletsch—Oberwald (KWGO) zu bestati-
gen und umzusetzen. Darlber hinaus zielt das Projekt darauf ab, ,verborgene* Flexibilitdtspotenziale in
kleinen und mittleren Wasserkraftwerken mit begrenzter Speicherkapazitat zu identifizieren und zu nut-
zen sowie deren potenzielle Rolle in virtuellen Kraftwerken (Virtual Power Plants, VPP) zu bewerten.

Projektinhalt und Methodik

Das Projekt begann mit einer umfassenden Bestandsaufnahme und anschliessenden Potenzialanalyse
der kleinen und mittleren Wasserkraftwerke im Goms. Mithilfe einer multikriteriellen Bewertung (ein-
schliesslich Speicherkapazitat, Spitzenleistung und Risikofaktoren) wurden Kraftwerke mit begrenzter
Speicherkapazitat, aber hohem Flexibilitdtspotenzial priorisiert. Die Kraftwerke Merezenbach und Mérel
wurden fir vertiefte Untersuchungen mit Blick auf Vor-Ort-Tests ausgewahlt, wahrend das Kraftwerk
Altstafel fir VPP-Studien herangezogen wurde. Fur diese Kraftwerke wurden detaillierte hydraulische
Transientenanalysen mit der Software SIMSEN durchgefiihrt, um technische Flexibilitatsgrenzen zu be-
stimmen, zusatzliches Speicherpotenzial (in Volumen und Energie) zu quantifizieren und Optionen wie
die Integration von Pumpbetrieb zu bewerten. Parallel dazu wurde ein hydro-meteorologisches Progno-
semodell entwickelt, um den kurzfristigen Betrieb und die langfristige Planung zu unterstiitzen. Dieses
umfasste Prognosen der hydrologischen Zuflisse, der Photovoltaikproduktion und der Windenergieer-
zeugung sowie Simulationen hybrider Energiesysteme, die diese Ressourcen mit Speichern kombinie-
ren. Ein zentraler Schwerpunkt des Projekts war die Bewertung der Risiken des Lufteintrags bei der
Nutzung hydraulischer Wasserwege als temporare Speicher. Diese Fragestellung wurde durch Litera-
turanalysen, physikalische Modellversuche zur Druckbeaufschlagung des Kraftwerks Morel sowie nu-
merische Simulationen untersucht und fiihrte zur Entwicklung einer strukturierten ingenieurtechnischen
Bewertungsmethodik. Zur Validierung dieser Analysen wurden Vor-Ort-Versuchskampagnen in Mere-
zenbach und Mérel durchgeflhrt, unterstitzt durch detaillierte Monitoring- und Risikobewertungsverfah-
ren. Daruber hinaus wurde die Integration flexibler Wasserkraft in ein Konzept eines virtuellen Kraft-
werks, das Wasserkraft, Solarenergie, Windenergie und Speicher kombiniert, mit optimierungsbasierten
Ansatzen analysiert. Schliesslich wurde ein Geschaftsmodell entwickelt, um die wirtschaftliche Tragfa-
higkeit dieser Flexibilitatsmassnahmen zu bewerten.

Wichtigste Ergebnisse und Schlussfolgerungen

Das Projekt zeigt, dass in kleinen und mittleren Laufwasserkraftwerken durch angepasste Betriebsstra-
tegien erhebliche Flexibilitat mobilisiert werden kann, ohne dass grdssere Infrastrukturanpassungen er-
forderlich sind. Kraftwerke mit begrenzter Speicherkapazitat weisen dabei das grosste Potenzial auf,
wobei technische Grenzen durch hydraulische Transienten und Sicherheitsanforderungen gesetzt wer-
den. Lufteintrag wurde als ein zentraler limitierender Faktor identifiziert, weshalb ein starkes Entleeren
von Druckstollen oder hydraulischen Wasserwegen im Allgemeinen nicht empfehlenswert ist. Hydro-
meteorologische Prognosen verbessern die Betriebsoptimierung, insbesondere fiir Wasserkraft und
Photovoltaik, und unterstreichen gleichzeitig die Bedeutung von Speicherkapazitaten. Vor-Ort-Versuche
am KW Morel bestatigten die Machbarkeit einer kontrollierten Entleerung und validierten eine zuséatzli-
che Flexibilitat von etwa £3 MW. Die Integration in ein virtuelles Kraftwerk verbessert die Wirtschaftlich-
keit und reduziert Ausgleichskosten, zusatzlich unterstitzt durch Pumpbetrieb und Batteriespeicher,
wobei die Ergebnisse jedoch weiterhin stark von den Marktbedingungen abhangen.

Wirtschaftlich bleibt die Flexibilitdt durch technische und 6kologische Rahmenbedingungen begrenzt.
Dennoch kann die Nutzung bestehender ,verborgener® Flexibilitdt messbare Vorteile generieren, mit
rund +1 % zusatzlichem Winterertrag fiir KW Moérel sowie einer Steigerung von Ertrag und Produk-
tion um +3 % bzw. +2 % fiir KWGO.
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Résumeé

Contexte, motivation et objectifs

Le projet SmallFLEX Goms s’inscrit dans la continuité du projet initial SmallFLEX, qui a permis d’iden-
tifier de nouvelles approches pour accroitre la flexibilité des centrales hydroélectriques au fil de I'eau.
Dans un contexte d’intégration croissante des énergies renouvelables variables, 'amélioration de la
flexibilité opérationnelle des centrales hydroélectriques alpines est essentielle pour soutenir la stabilité
du réseau et optimiser la production d’énergie. L’objectif principal du projet est de confirmer et de mettre
en ceuvre ces modes d’exploitation flexibles en conditions réelles pour la centrale de Gletsch—Oberwald
(KWGO). Plus largement, le projet vise a identifier et exploiter les flexibilités « cachées » des petites et
moyennes centrales hydroélectriques disposant de capacités de stockage limitées, ainsi qu’a évaluer
leur role potentiel au sein de centrales virtuelles (Virtual Power Plants, VPP).

Contenu du projet et méthodologie

Le projet a débuté par un inventaire complet suivi d’'une analyse de potentiel des petites et moyennes
centrales hydroélectriques de la vallée de Conches (Goms). A I'aide d’une évaluation multicritére (in-
cluant la capacité de stockage, la puissance de pointe et les facteurs de risque), les centrales présentant
une capacité de stockage limitée mais un fort potentiel de flexibilité ont été classées. Les centrales de
Merezenbach et de Morel ont été retenues pour des investigations approfondies en vue d’essai sur site,
tandis que la centrale d’Altstafel a été choisie pour I'’étude des VPP. Pour ces centrales, des analyses
détaillées de transitoires hydrauliques ont été menées a I'aide du logiciel SIMSEN afin d’évaluer les
limites techniques de flexibilité, de quantifier le potentiel de stockage supplémentaire (en volume et en
énergie) et d’étudier des options telles que l'intégration du pompage. En paralléle, un cadre de prévision
hydrométéorologique a été développé pour soutenir I'exploitation a court terme et la planification a long
terme. Celui-ci comprenait des prévisions des apports hydrologiques, de la production photovoltaique
et de la production éolienne, ainsi que des simulations de systémes énergétiques hybrides combinant
ces ressources avec du stockage. Un axe majeur du projet a porté sur I'évaluation des risques d’entrai-
nement d’air lors de l'utilisation des voies d’eau hydrauliques comme stockage temporaire. Cette ques-
tion a été étudiée au moyen d'une revue de la littérature, de modélisations physiques de la mise en
charge de la centrale de Mérel et de simulations numériques, conduisant au développement d’'une mé-
thodologie structurée d’évaluation d’ingénierie. Afin de valider ces analyses, des campagnes expéri-
mentales sur site ont été réalisées a Merezenbach et Morel, avec un monitoring détaillé et des procé-
dures d’évaluation des risques. En complément, I'intégration de I'hydroélectricité flexible dans un cadre
de centrale virtuelle combinant hydroélectricité, solaire, éolien et stockage a été analysée a 'aide d’ap-
proches d’optimisation. Enfin, un business model a été développé afin d’évaluer la viabilité économique
de ces mesures de flexibilité.

Principaux résultats et conclusions

Le projet démontre qu’une flexibilité significative peut étre mobilisée dans les petites et moyennes cen-
trales hydroélectriques au fil de I'eau grace a des stratégies d’exploitation adaptées, sans modifications
majeures des infrastructures. Les centrales disposant de faibles capacités de stockage présentent le
plus grand potentiel, bien que des limites techniques apparaissent en raison des transitoires hydrau-
liques et des contraintes de sécurité. L’entrainement d’air a été identifi€ comme un facteur limitant ma-
jeur, rendant généralement déconseillé un dénoyage important des galeries ou conduites hydrauliques.
Les prévisions hydrométéorologiques améliorent I'optimisation de I'exploitation, en particulier pour I'hy-
droélectricité et le photovoltaique, tout en soulignant I'importance des capacités de stockage. Les essais
sur site a KW Mérel ont confirmé la faisabilité d’'un dénoyage contrélé et validé une flexibilité supplé-
mentaire d’environ £3 MW. L’intégration dans une centrale virtuelle améliore la rentabilité et réduit les
colts liés aux écarts, avec un soutien supplémentaire apporté par le pompage et les batteries, méme
si les résultats restent sensibles aux conditions du marché. Sur le plan économique, la flexibilité reste
contrainte par des facteurs techniques et environnementaux. Néanmoins, I'exploitation des flexibilités «
cachées » existantes peut générer des bénéfices mesurables, avec environ +1 % de revenu hivernal
supplémentaire pour KW Mérel ainsi qu’'une augmentation du revenu et de la production de +3 %
et +2 % respectivement pour KWGO.
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Main findings («Take-Home Messages»)

WP1 - Implementation of SmallFLEX in KWGO
o Extended operating ranges can improve economic performance.
e Dewatering operations are feasible within physical limits.
e Feasibility confirmed based on site data and process-variable analysis.

WP2 - Selection of promising SHP
e Screening identified and ranked hydropower plants with additional flexibility potential.
e KW Merezenbach and KW Morel selected as most promising; KW Altstafel for VPP integration.

WP3 - Hydraulic system flexibility limits
e Detailed modelling (SIMSEN) used to assess flexibility limits and dynamic behaviour.
e Additional storage and pumping potential evaluated.

e Hydraulic transients and shutdown scenarios analysed, including preliminary air entrainment
risks.

WP4 - Hydro-meteorological predictions
e Forecasting framework developed for operational and long-term planning.
e Short-term forecasts improve management of hydropower and PV; wind remains uncertain.
e Storage availability is critical for flexibility.
e Hybrid system simulations highlight opportunities but require realistic demand scenarios.

WP5 - Risk of air entrainment
e Key air entrainment mechanisms identified and validated with physical modelling.
¢ Results show that fully emptying headrace systems is not recommended.
e A stepwise methodology was developed for assessing air entrainment risks.

WP6 — On-site experiments
¢ Robust preparation, monitoring, and risk assessment are essential for safe testing.

e Experiments at KW Morel validated usable storage (~+3 MW flexibility) for primary control ser-
vice.

e Data collected supports future operational improvements, despite limits at KW Merezenbach.

WP7 - Virtual Power Plant (VPP)
¢ Integration of hydropower, PV, wind, and storage improves profitability and flexibility.
e Pumping and batteries enhance value (arbitrage, imbalance reduction, ancillary services).
e Revenues are sensitive to market conditions.

WP8 - Business model
e Market revenues alone are insufficient; technical feasibility is the key.

e Aggregation (pooling plants) improves market access and unlocks ancillary service opportuni-
ties.

e Exploiting existing “hidden” flexibility offers the best cost-benefit, with revenue and production
increases of up to +3% and +2% for KWGO.

e Flexibility provides additional but modest revenues (around +1% for KW Morel), complementing
rather than driving the business model.
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1 Introduction

1.1 Context and motivation

The increasing penetration of photovoltaic generation in Switzerland, combined with periods of negative
electricity prices and growing demand for ancillary services, creates new opportunities for distributed
hydropower flexibility. While flexibility services are traditionally provided by large storage hydropower
plants, pumped storage schemes or battery systems, these solutions are often not directly applicable to
small and medium-sized run-of-river hydropower plants due to limited storage capacity, hydraulic con-
straints and economic scale effects. SmallFlex Goms addresses this gap by focusing on “hidden flexi-
bility” within existing infrastructures, combining hydraulic engineering, forecasting, experimental valida-
tion and system-level integration through Virtual Power Plant concepts. This approach offers a pathway
to unlock distributed flexibility with limited infrastructure investment, while making better use of existing
hydropower assets.

The main motivation for launching the SmallFLEX Goms project is to build on the successful experience
gained from the SmallFLEX project, which was conducted between 2018 and 2020'. The selected
demonstration site was the small run-of-river power plant of Gletsch Oberwald (KWGO), owned by
Forces Motrices Valaisanne (FMV). The results of the latter have clearly revealed the great potential of
small run-of-river hydro power plants (SHP) in producing energy in peak hours as well as providing
system services while maintaining the safety of the power plant and at the same time minimizing the
environmental impacts related to hydropeaking.

Small Hydropower in Switzerland represents 10% of the hydroelectricity production with 3’400 GWh per
year (around 5% of the annual electricity production of Switzerland) and an existing potential of 770
GWh/year (rapport de 'OFEN - Potentiel hydroéléctrique de la Suisse - Aolt 2019) has been estimated.
More than 70% of this potential concerns the so-called “large” small hydropower plant with a mean
installed power between 1 MW and 10 MW. The proposed project aims specifically at this type of hydro
power plants and will try to increase their annual productions (mostly in winter) by employing a smart
combination of the available additional resources. These could include using un-conventional spaces
such as the desander and the upper part of the penstock as supplementary accumulation volumes (as
in SmallFLEX project), coupling hydro generation with solar and wind energies, or even using pumping
stations to save energy for peak production.

In addition to peak production, the mentioned actions could also help the plant owners to better plan
their assets and use them for ancillary services as well. In fact, provision of grid services by hydroelectric
power plants is a key factor associated with the energy transition. These services are vital for a stable
operation of the grid, and thus, for the security of electricity supply in Switzerland. The massive integra-
tion of renewable energies such as solar and wind, which are intrinsically intermittent, results in a higher
need for ancillary services. Hydropower energy is considered as a safe backup for such services. Tra-
ditionally, this task has been undertaken by large hydro power plants. However, with the emergence of
the smart and local grids, the role of small hydro power plants becomes more crucial. Moreover, the
need for flexibilities (ancillary services) is increasing year by year while the possibility for installing new
large hydro power plants is limited. Many of the small hydro power plants might have a very small ca-
pacity that does not make them eligible for ancillary services, however, by integrating a number of small
power plants (a pool of hydro power plants or a combination of hydro, wind and solar assets), the asset
managers could call for these services, too. This definitely brings additional profits to the companies and
also contributes to a better grid stability in the national level. These operations, however, require much
higher levels of flexibility in the hydro section. The turbines must be ready to operate in off-design con-
ditions and undergo fast transitions. To guarantee that these demands could be borne safely, further
analysis and tests must be performed on each machine to define its limits in terms of operating modes.

L https://www.aramis.admin.ch/Texte/?ProjectiD=40717
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Concretely, the proposed project of ‘SmallFLEX Goms’ aims at addressing the following issues:

How will the proposed actions in SmallFLEX project respond in real operations?
How could the SmallFLEX project experience be transposed to other powerplants?

How could we widen the production and flexibility possibilities beyond the SmallFLEX out-comes?
In other words, how could we integrate additional sources like solar, wind, pumping, and so on into
the previously approved approach to improve the performance of the plants?

What would be the associated risks (technical, environmental, etc.) with the new functionalities and
operation modes of the integrated systems and how could we address them?

What will be the outcome of the proposed actions in terms of economic paybacks?

A particular attention will be paid to the following objectives:

Demonstration of the flexibility of KWGO for a long-term operation.
Definition of the main criterion and limits for a given run-off power plant to determine its flexibility.

Evaluation of the complementarity of flexible medium and small power plant (run-off and storage)
with new renewable production.

The obtained results through the proposed project will be of high value for the whole fleet of the Swiss
hydropower production, as the potential for small hydro is quite high and demand for this sector is rising
to answer to the long-term energy policies and decarbonization. The results and recommendations are
believed to be directly applicable to many hydro power plants in Switzerland. This clearly shows the
usefulness and the necessity of conducting the proposed project.

1.2 Project objectives

The SmallFLEX Goms project aims to discover new production and flexibility opportunities for small and
medium hydropower, including these three main research paths:

Applying the flexibility solutions to a region with several hydro power plants. This requires the eval-
uation of the potential of each plant at the first place, and then, leads to new challenges regarding
connecting the plants together and having a virtual pool of small hydro power plants that can work
together for peak production and system services.

Integration of new solutions such as solar, wind, pumping stations, etc. to further increase the pro-
duction capacity and flexibility. This brings in several new challenges in terms of coordination be-
tween the assets and choosing the optimal combination/solution in real time. This also requires
preparing the system for being resilient against unforeseen events such as unpredicted cloudy skies
and instantaneous peaks in energy demand.

Implementation of the proposed actions in real practice and evaluation of the actual benefits and
risks in place; and at a later stage, applying the solutions to other power plants and evaluating the
economic profits in Goms region thanks to new operation modes.

The above-mentioned goals are divided to the following tasks, which will be followed and evaluated
during the project:

Implementing the results of the ‘SmallFLEX’ project to the KWGO hydro power plant and evaluating
the outcomes of such modifications in a realistic manner over a three-year horizon.

Evaluating the existing potentials in the Goms region based on the methodology developed through
the ‘SmallFLEX’ project.

Improving (short-term) weather predictions and including the results for optimizing the exploitation
program.
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In-depth analysis of air entrainment risks in penstock due to flexible operations of small hydro power
plants.

Design of Virtual Power Plants (VPP’s) by aggregating all the available potentials in a region includ-
ing hydro, solar, wind, pump-turbine cycles, etc in order to optimize the utilization of these potentials
in energy and ancillary service markets.

e Performing on-site experimental campaigns to evaluate the proposed scenarios and solu-
tions in practice and ensure that these actions do not threaten the installation safety.

o Evaluating the economic benefits of the selected scenarios for the whole region of Goms.
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2 Methodology

The project focuses on the Goms region, situated in the northwest of Canton of Wallis. This region
includes many small hydro power plants and holds considerable potential in terms of solar energy pro-
duction. This makes this region a great candidate for the proposed project. Figure 1 (left) shows the
hydrological map of the region with a non-exhaustive list of the existing hydro power plants.

Fassung Griesbach Leitung nach Robiel
J—

ssung Langtalbach s,
14.5 Mio m

Ausgleichsbecken Ladstafel
—
Bach Agene

Figure 1: Hydrological map of Goms region with some existing hydro power plants and possible combi-
nation of hydro, solar, and wind generation close to Griessee lake.

An example of the ideas explained earlier related to creating an optimal combination of hydro, wind and
solar generation is depicted on the right of Figure 1. This figure shows the Griessee lake as well as the
installed wind turbines at its vicinity and highlight the potential of installing additional photovoltaic solar
panels in the region to boost the production. The possibility to refurbish the Altstafel power plant, KW
Aegina AG, as a pumped storage facility will be investigated in the project. Apart from this site gathering
hydro, wind and solar, the following hydro power plants have been identified in the Goms region, at the
beginning of the project, as potential candidates to be operated in a more flexible way.

Table 1 — List of the power plants in the Goms region.

e KW Gletsch-Oberwald KW Obergoms AG
e KW Merezenbach

e KW Wannebode (Blinnenwerk AG) e KW Gere

e KW Walibach / Grafschaft o KW Ulrichen

e KW Mobrel (Aletsch AG) e KW Niderbach

e KW Bitsch (KW Massaboden)

e KW Bitsch (Electra Massa) Gommerkraftwerke AG

e KW M.i]nstigertal o KW Rappental (GKW1)
e KW Binn e KW Saflisch (GKW2)
KW Heiligkreuz (GKW2)
Rh ke AG *
onewerke e KW Fieschertal (GKW3)
e KW Ernen e KW Wysswasser
e KW Mérel o Neubrigg / Mubisa (GKW1)

A wide variety of power plants are available, with outputs ranging from less than 200 kW to over 300
MW. Some power plants have a storage basin, others are run-of-river. From an electromechanical point
of view, some power plants are equipped with Pelton turbines, others with Francis turbines.

In order to provide concrete answers to the issues raised, 9 work packages in total have been structured
for the SmallFLEX Goms project, which are explained in detail in Figure 2 below.
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WP5
Implementation Risk of air
of SmallFlex in entrapment
KWGO
ETHZ,
HEVS

FMV

HEVS, PVE, WSL bl

On-site experiments
HEVS, PVE, FMV

WP 9 — Synthesis and dissemination of the results
HEVS, All partners

Figure 2: Project organisation
Hereafter are described in detail, the activities planned in the different WPs.

WPO - Management of the project
Lead: HEVS, partners: all

This WP includes the fundamental actions required to guarantee the correct execution of the project
throughout its lifecycle. This WP is led and handled by HEVS acting as the coordinator between partners
and convene regular progress meetings to guarantee successful communication between the partners
and the WP as well as the execution of the project. Three tasks have been defined:

- T0.1: Organisation, preparation, participation, and synthesis of the meetings
- T0.2: WPs coordination and information exchange support

- T0.3: SFOE annual reports and tracking of the deliverables.

WP1 - Implementation of SmallFLEX in KWGO

Lead: FMV, partners: HEVS, HDE, WSL

This work package deals with the implementation of the flexible operating mode based on the use of the
upper part of the head race tunnel as an additional storage volume, demonstrated in the SmallFLEX
project, at the Gletsch Oberwald (KWGO) hydropower plant. The following activities have been consid-
ered for this purpose; two tasks have been defined:

- T1.1: Implementing the new exploitation modes in KWGO power plant following the conclusions of
the previous SmallFLEX project (HEX, HEVS VS)

- T1.2: Long-term monitoring of the new operation mode (FMV, HEVS, HDE)
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WP2 - Selection of promising flexible SHP

Lead: FMV, partners: HEVS, HDE, ETHZ

This work package deals with the selection of power plants for which the implementation of the results
and the developed methodology in the SmallFLEX project KWGO could be applied. The following activ-
ities have been considered for this purpose:

- T2.1: Exhaustive inventory of the hydropower plants and their potential in the Goms region: data
availability, relevance, potential (FMV, HEVS)

- T2.2: Screening and ranking of the relevant power plants based on specific criteria and methodology
to select the most promising plants. (FMV, HEVS, HDE, ETHZ)

WP3 - Identification of hydraulic system flexibility limits

Lead: HDE, partners: HEVS, ALPIQ, FMV

The aim of this work package is to perform an extensive hydraulic analysis of the flexibility potential of
a selection of promising hydropower plants, via the following tasks:

- T3.1: Technical site visits of the selected plants (HEVS, HDE, FMV, Alpiq)

- T3.2: Determination of the extended operation modes of the power plants available and new storage
capacity both in volume and energy, risk of air entrainment, turbine flexibility, variable speed)
(HEVS, HDE, Alpiq, FMV)

- T3.3: Sizing of new storage and pumping capacity for the selected storage case study(ies) (Alpiq,
HDE, FMV, HEVS)

- T3.4: Quantifying the peak production capacities, system services (SDL), etc. (HDE in coordination
with WP4. HEVS, FMV, Alpiq)

WP4 — Hydro-meteorological predictions

Lead: WSL, partner: HEIG-VD

The aim of WP4 is to assess the suitability of the current FMV hydropower plants in the Goms valley for
flexible operation from the point of view of the hydrological characteristics of the corresponding catch-
ments. A second goal is to investigate how water discharge at selected HP intakes (e.g., Griesbach),
and ultimately HP production, matches with the production of wind and solar electricity at corresponding
HP infrastructures in order to optimize a joint operation. To this end, we will further develop and operate
our hydrometeorological forecast system based on the hydrological model PREVAH and the corre-
sponding operational information platform, https://hydro.slf.ch/sihl/gletsch, which was created during
SmallFLEX Gletsch. The following subtasks are planned:

- T4.1 Demonstration of hydrometeorological forecasts for flexible operation of small HP plants (WSL,
HEIG-VD)

- T4.2 Assessment of FMV small hydropower plants in the Goms valley with regard to their suitability
for flexible operation from the point of view of hydrological preconditions (WSL, HDE)

- T4.3 Assessment of climate change impact on the potential for flexible operation of the small HP
plants (from a hydrological point of view) (WSL)

WPS5 — Risk of air entrainment

Lead: ETHZ, partners: HEVS

WP5 extends the work conducted within the preceding SmallFLEX project and aims at reducing the
uncertainties related to the assessment of the limitations to the flexible operation of existing hydropower
facilities in terms of air entrainment. In addition, the work package aims at minimizing the necessity to
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conduct tests of different operation modes at the selected facilities. The work package includes hydraulic
laboratory tests at the Laboratory of Hydraulics, Hydrology and Glaciology (VAW) at ETH Zurich (ETHZ).

- T5.1: Compilation and review of the state-of-the-art related to air entrainment and transport in hy-
draulic systems similar to the investigated facilities; (ETHZ)

- T5.2: Identification and assessments of uncertainties related to scale effects and geometrical vari-
ations as well as gaps in the state-of-the-art; (ETHZ, HEVS, HDE)

- T5.3: Design and construction of a hydraulic laboratory test at adequate scale according to the
literature review; (ETHZ)

- T5.4: General model investigations of different operation modes and their effect on air entrainment
and transport within waterway system; (ETHZ)

- T5.5: Detailed model investigations of different operation modes and their effect on air entrainment
and transport within the waterway system; (ETHZ)

WP6 - On-site experiments

Lead: HEVS, partners: HDE, FMV

The goal of this work package is to validate the predicted potential in the previous work packages in real
action for two hydro power plants and verify that the new operation modes will respect the security
guidelines of each plant. To answer these questions, the following tasks have been defined:

- T6.1: Definition of the experimental protocols (instrumentation, program, identification, and limitation
of the risks) (HEVS, HDE)

- T6.2: Installation of the Hydro-Clone system on 1 hydro power plant (HDE)
- T6.3: Performing on-site experimental campaigns in 2 hydropower plants (HEVS)

- T6.4: Analysis of the experimental results and validation of the operational limits of the power plant
with respect to the identified storage potentials (HEVS)

WP7 — VPP

Lead: HEIG-VD, partners: HDE, ALPIQ, FMV, WSL

This work package deals with the optimal design and operation of a Virtual Power Plant composed by a
set of distributed resources connected to a distribution grid in the vicinity of small-scale hydro power
plants in order to optimize energy and flexibility (ancillary service) exchanges. Finally, to ensure secure
operation of the VPP and validate provision of ancillary services, we perform a dynamic analysis and
simulation of the VPP including dynamic model of the resources as well as the electric grid model. The
optimization process will be formulated in two stages. The first stage deals with design of the compo-
nents of the VPP (i.e., selection of possible resources including PVs, battery energy storage systems,
wind turbines, pump-turbines, etc as well as optimal size and location of each resource connected to
the grid). The second stage deals with optimizing the operation of the VPP components within various
time horizons (weekly, daily, intra-day) with respect to market conditions, and uncertainties related to
renewable generations and natural water discharge. In particular, the following activities are envisaged:

- Task 7.1 Optimal design of the VPP (HEIG-VD)
- Task 7.2 Optimal operation of the VPP (HEIG-VD, Alpiq)

- Task 7.3 Dynamic simulation of capability of provision of ancillary services regarding power system
constraints (e.g., primary frequency control) (HEIG-VD, HDE). Physical emulation of the reduced-
scale local grid in the Relne reconfigurable distribution grid laboratory of HEIG-VD.

- Task 7.4 Revisiting the optimal design and operation of the VPP (HEIG-VD, FMV, HDE) and optimal
design of VPP regarding the results of optimal operation (Task 7.2)
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WP8 - Development of the business model

Lead: FMV, partners: ALPIQ

This work package investigates the economic aspects of the project and examines how the proposed
flexibility potential will reflect in the real economic situation. This is realized via:

T8.1: Economic analysis of the supplementary production thanks to the additional storage of each
power plant (including KWGO) (FMV, Alpiq)

T8.2: Economic analysis of the supplementary ancillary services of each of the selected plants.
(FMV, Alpiq)

T8.3: Performing a global economic analysis of the optimization of the regional potential. (FMV,
Alpiq)

WP9 — Synthesis and dissemination of the results

Lead: HEVS, partners: all

This work package is structured to gather all the project results under the same umbrella and dissemi-
nate them in an appropriate manner. To achieve this goal, the following activities have been foreseen.

T9.1 Publication of scientific articles (journal and conference papers).

T9.2 Public deliverable with guidelines to make small/medium HPP more flexible.
T9.3 Final public report mandatory by OFEN.

The initial planning for all these activities is described below:

2 2023 2024 2025

SmallFLEX Goms - Planning 12 1 2 3 4 5 6 7 8 91011121 2 3 45 6 7 8 91011121 2 3 4 5 6 7 8 9 1011
12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

WPO - Management L]

T0.1 - Organisation, preparation and synthesis of the meetings

70.2 - WPs coordination and information exchange support

70.3 - SFOE annual reports and tracking of the deliverables

WP1 - Implementation of SmallFlex in KWGO I T T Y I B O O

1.1- Implementing the new exploitation modes in KWGO powerplant || HEEEEEEEEEEEEEEEE

T1.2 - Long term monitoring the new operation mode | (it rrrrr il

WP2- Selection of promising flexible SHP EEEEEEEEEEEEEEEEE

T2.1- Exhaustive inventory of the hydropower plants and their potential in the Goms region

T2.2 - Screening and ranking of the relevant power plants

WP3 - Identification of hydraulic system flexibility limits L TPttt

T3.1- Technical site visits of the selected plants

T3.2 - Determination of the extended operation modes of the turbines

T3.3 - Sizing of new storage and pumping capacity for the selected storage case study(ies)

T3.4 - Quantifying the peak production capacities, system services

WP4 Hydro- meteorological predictions L L]

T4.1 - Demonstration of hydrometeorological forecasts for flexible operation of HP plants

T4.2 - Assessment of Goms small and medium HPP with regard to their suitability for flexible operation from the point of

view of hydrological preconditions

T4.3 - Assessment of climate change impact on the potential for flexible operation of the small HP plants
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6.2 - Installation of an electro-mechanical (HydroClone) monitoring system
6.3 - Performing on-site experimental campaigns
6.4 - Analysis of the experimental results and validation of the operational limits of the HPP

e

WP 9 - Synthesis and dissemination of the results
9.1 - Publishing scientific articles in form of journal and conference papers

9.2 - Public deliverable with guidelines to make small/medium HPP more flexible
9.3 - Final public report mandatory by OFEN

Figure 3: Initial project planning
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3 Results and discussion

3.1 WP1 — Implementation of SmallFLEX in KWGO

Lead: FMV, partners: HEVS, HDE, WSL

The main goal of this work package is to implement for operation and to monitor the three modes of
flexibility identified during the SmallFLEX project.

3.1.1. Monitoring of the FCR service system

An analysis of the data since 2019 have been performed to find the occurrences of some dewatering
events of the desander, the overflow chamber and eventually the penstock. These occurrences are
linked to the FCR (Primarregelleistung) service system that requires the use of a fraction of the water
volume stored in the desander and the overflow chamber. Figure 4 shows the time history of the power
and the frequency on Tuesday, October 17t, 2023, during two FCR events: one from 09:00 to 09:15
and a second from 10:00 and 10:15. For both cases, the power is increased by 0.3 MW consecutive to
a drop in frequency of about 150 mHz. The increase in power goes hand in hand with a small decrease
in the water level in the forebay tank. During these two events, the vibration level remains unchanged,
as shown in Figure 5.

‘Tuesday, 17t of October 2023|
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Figure 4: Time history of the power (left axis) and the frequency (right axis) on Tuesday, October 17,
2023, with two FCR services activated between 09:00 and 09:15 and 10:00 and 10:15.
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Figure 5: Time history of the maximum vibration level on Tuesday, October 17t, 2023, with two FCR
services activated between 09:00 and 09:15 and 10:00 and 10:15.

From the available data, the dewatering of the desander, the overflow chamber and eventually the upper
part of the penstock does not lead to an increase in the vibration level monitored along the turbine shaft.
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This conclusion must be supported by additional data, acquired at higher powers and during longer
times of operation.

3.1.2. Implementing the new exploitation modes in KWGO power plant — Dewatering operating
protocol definition

In Figure 6 (and Appendix A), a proposal of a global logical scheme dedicated to the implementation of
a permanent operation with dewatering of the KWGO powerplant is provided. Two possible modes are
first considered, with a constant or with a variable upstream water level regulation respectively. The
constant water level regulation is the current operating mode of the powerplant, using the water level in
the desander as input. For this mode, two scenarios are basically used: the standard power production
mode and the primary regulation production mode.

For the regulation with dewatering, two scenarios have been retained:

- The first one consists of one drawdown per day, using only one turbine unit. The dewatering cycle
starts if the instantaneous inflow turbine discharge corresponds to a power between the allowed
minimum (Ptrb_min) @and maximum (Pden_max) values. During the dewatering, the turbine is operated
at a power equal to the minimum between the sum of the initial value Pwr_ini and a dewatering power
shift (Pden), and the maximum allowed dewatering power Pden_max. The dewatering cycle is finished
once the lower water level limit in the penstock is reached. The refilling phase is done at the mini-
mum power Puwrb_min until the maximum water level in the desander is reached. In the case of an
insufficient inflow, the machine is stopped, and the refilling is continued. Once the refilling phase is
finished (at maximum water level in the desander), the operating mode is switched back to the
constant upstream water level regulation, until next day.

- The second one consists in operating the two units with the constant upstream water level regulation
and primary grid control activated. Once the grid frequency is below the minimum allowed value,
the operating power of the units is increased to reach the Preg value and is maintained for 15 minutes,
to cope with the grid regulation requirements. The refilling phase is done by operating the units with
a power level Prd lower that the initial one. In the case of an insufficient inflow (water level still
decreasing), the operating point of the units is reduced to the minimum turbine power level (2x
Ptrb_min) until the maximum water level in the desander is reached. Finally, an insufficient inflow
condition even with a turbine power of 2 x Pwm_min conducts eventually to a decrease of the water
level in the penstock until the lower limit is attained and the turbines are automatically stopped. Once
the refilling phase finished (maximum water level in the desander reached), the operation is re-
started either with the constant upstream water level regulation or back in the primary regulation
with dewatering mode. Depending on specific water level variations during grid regulation, an addi-
tional pre-alarm may be implemented in this branch to cancel the regulation mode (e.g., when the
water level falls below a threshold at which the power peak can no longer be sustained for at least
900 s).
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Figure 6: Proposal of a logical scheme for flexible operation with dewatering of KWGO.

The list of input variables necessary to operate the machines with one of these scenarios is provided in
Appendix A. Part of these values is already specified based on the results of the previous SmallFLEX
Project, 2021. The remaining values are defined considering the results of transient calculations per-
formed by HDE: droop limits, economic considerations, as well as complementary safety limits identified
during the implementation or commissioning stages. To ensure safe operation, in parallel with these
controlled dewatering conditions, several additional alarms and faults have been defined for the control-
command of the power units (see Appendix A). The analysis and implementation of the proposed oper-
ating scenarios are ongoing on the operator side, whereas commissioning will follow. A remote moni-
toring of all key parameters is planned during commissioning by HDE and HES-SO VS to ensure fully
operational and safe behaviour of the control-command program for all implemented scenarios.
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3.1.3. Water level prediction during dewatering/refiling procedures

The operation of the powerplant with flexible water level beyond the initial specifications (relatively small
variation within the limits of the desander and the overflow chamber) requires a redundant survey of the
water level over the full range. The direct water level measurement during the dewatering/refilling pro-
cess, when the water level is below the floor of the overflow chamber by several tens of meters, has not
been planned and is not technically an easy task. However, considering the basics of fluid mechanics,
the estimation of the upstream water level with a given precision remains feasible. Thus, 15-minutes
average data of several dewatering procedures performed during the period February-May 2025 has
been recovered and analysed from the control-monitoring system of the powerplant.

In Figure 7, the schematic of the hydropower plant is introduced, along with the main reference levels
and variables that governs the flow. At the top, the free surface level is characterized by the level zo, a
velocity Co (considered equal with 0) and the static pressure po (equal with the atmospheric pressure).
At the powerhouse, the reference plan zrs gives the altimetric position of the two units (G1 and G2).
Upstream the main valve of each unit, one may consider the z12 altitude, C1,2 discharge velocity and p1,2
static pressure, measured with the help of the existing pressure taps, part of the base equipment of the
two units. By applying the Bernoulli equation between the two reference points (0-1 and 0-2 respec-
tively), in the case when only one unit operates, the water level can be obtained using the measured
static pressure, the discharge velocity as well as the estimated head losses between the upstream (0)
and downstream sections (1, 2).

A

P12 C%z
Lsur[”z = E + E + Z H,12 [mCE]
4:Qq, M
Ci2= 212 [—]
i, Ls

Plan des machines (Z,)

____________________________________ >

Données d’entrée:

Pression statique amont G1 & G2 Py, Py
Puissance électrique G1 & G2 Peiec 617 Pelec_62

Figure 7: Schematic view of the KWGO hydropower plant and theoretical considerations used to esti-
mate the water surface during dewatering with the help of upper static pressure and electrical power of
the two groups.

The powerplant is not equipped with any permanent direct discharge measurement of each group. For
regular operating conditions (water level variation only in the range of the desander and the overflow
chamber), the discharge is predicted with the help of the injectors’ position, pre-calibrated during the
design and the commissioning phases. However, this law is not any more valid for large head variations
encountered when dewatering the penstock. Anyway, using the results of the previous SmallFLEX pro-
ject, the discharge can be estimated precisely using a surface fit model, depending on the direct meas-
urements of the upstream static pressure and the electrical power. In Figure 8, two mathematical models
for the discharge prediction using the electrical power of the groups at either constant nominal head
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(left) or with a variable head (right) are provided. Considered as more relevant for large water level
variations, the second one is retained to estimate the upstream water level for further analyses.

The variation of the discharge (left) and the dynamic pressure (right) as a function of the electrical power
is provided in Figure 9 for each unit. The estimated discharge obtained from both models are compared.
The estimation of the dynamic pressure at the upstream of each unit is done with the linear 3D interpo-
lation model since the input data contains values during dewatering phases with large level variations.
The maximum dynamic pressure is about 1.3 mWC for the maximum power operating point. The points
showing a large deviation from the rest of the values represent the deep dewatering phases present in
the considered data set.

Q=f(Pelec) @H=287 mCE

y =0.001423x*-0.016017x? +0.444250x oty
R*=0.999859 o

Q [m~"3/s]

P_elec [MW]

Figure 8: Mathematical model for discharge prediction using the electrical power of the groups: constant
nominal head (left) or variable head (right) considerations, using the results of the SmallFLEX project,
2021.
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Figure 9: Resulting predicted discharge and dynamic pressure at the upstream of the two groups.

In Figure 10, the obtained static pressure variation upstream of each unit’s valve with the estimated flow
rate is provided. To assess the relation derived, the values were selected with the adjacent group
stopped. The source of the difference between the two static pressure variations, estimated at 1.43
mWC (0.14 bar), is unknown. Anyway, a level difference between the two pressure sensors used for
these upstream valve measurements is suspected to be the cause. The points showing large deviations
mainly correspond to the deep dewatering phases.

The variation of the head losses with the estimated discharge, obtained from the estimated gross head,
the variation of the static pressure, and the variation of the dynamic pressure is provided in Figure 11.
Only values with the adjacent group stopped have been selected. The obtained variations allowed ex-
tracting one single head loss curve for both groups (k = 0.06275 mWC/(m®/s?)). The effect of the adjacent
unit operation on the head losses has been neglected.
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Figure 10: Resulting upper static pressure versus predicted discharge at the upstream of the two groups.
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Figure 11: Resulting head losses estimation at the upstream of the two groups.
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Figure 12: Time-history of electrical power and difference of predicted upper water level using meas-
urements at each group - full available period (top) and zoom on the April 5t"-June 4t, 2025, period.

The time-history variation of the electrical power and the upstream water level difference estimated
based solely on the static pressure and, again, on the total pressure upstream of each unit is presented
in Figure 12. The upper plot shows the results for the whole considered period, whereas the lower plot
shows the results from the April 5" to June 4, 2025, period. The period from February to March is
characterised by a very low power operation (values close to the minimum power), whilst values up to
around 7.5 MW may be noticed for the unit Gz2. Regarding the water level estimation, a difference of
+1.5 mWC is obtained between the two static pressure direct measurements (ignoring the dynamic
pressure and losses), whereas the obtained difference drops below +0.5 mWC when the total pressure
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is considered, which shows a satisfying precision in terms of redundancy for both safety and regulation
control purposes.
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Figure 13: Time-history of electrical power and the predicted upper water level using measurements at
each group: 05.04 - 04.06 2025 period (top), zoom on the 20.05 - 01.06 2025 period (middle) and on
the 20-22.05 2025 (bottom).

In Figure 13, the time-history variation of the electrical power and the upstream water level estimated
from the total pressure upstream of each unit is provided for the period from April 51 to June 4th, 2025
(top), with a zoom on the 05.04 - 01.06 2025 period (middle) and on the 20-22.05 2025 period (bottom).
At least six sequences of dewatering followed by refilling of the penstock have been identified during
the period from May 20t to June 18, 2025. The dewatering tests were carried out with only the unit G2
in operation. The first dewatering was performed on May 20%, 2025, with a maximum turbine output of
7 MW. The following five dewatering sequences were conducted with a turbine output of 2 MW, down
to a water level of 190 mWC in the penstock (the limit tested during the previous SmallFLEX project,
2021). This value is beyond the 232 mWC retained as permanent dewatering limit for the future. De-
watering rates of —97.47 mWC/h and -58 mWC/h (a bit larger than the safe limit recommended by the
expert for a permanent operation without long-term impact on the penstock) were estimated for the first
two sequences, respectively. A refilling rate of 2.67 mWC/h has been estimated for the first refilling
phase, which respects largely the value recommended by the expert. The remaining dewatering/refilling
phases were not evaluated. The difference between the predicted upstream water level with the help of
the estimated upstream total pressure at the unit G1 and unit G2 respectively is almost undetectable on
the plots. This proves the robustness of the applied methodology to predict the water level and the
feasibility of using these two available static pressure sensor measurements as an input for the perma-
nent flexible water level operation of the KWGO.
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Finally, a comparison of the upstream water level differences obtained based solely on the static pres-
sure and again on the total pressure upstream of each group, as a function of the total electrical power,
and that of each group, is provided in Figure 14.
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Figure 14: Evaluation of predicted water level using only the static pressure (right) or the total pressure,
including the head losses (left) from measurements at each group.

The estimation of the upstream water level based solely on the static pressure shows a deviation of 1.5
mWC (in addition to the base offset of 1.43 mWC, likely caused by the position of the pressure sensors
installed in the powerhouse). When also considering dynamic pressure and head losses (with some
approximation), a deviation of only £0.5 mWC is obtained for the prediction of the upstream water level
using the two existing pressure sensors.

This deviation could certainly be further reduced by using the fine-tuned parameters of the HydroClone
system of the KWGO. The obtained results indicate a level of accuracy likely sufficient for the redundant
use of these sensor signals in the control and monitoring of the plant operation during the dewatering
and refilling phases of the upper part of the penstock. The results do not exclude the transient phases
present in the analysed data. Anyway, a slight adjustment may still be necessary for the estimation of
the upstream water level (considering the exact position of the pressure sensors relative to the machine
floor), to cope with the direct water level measurements into the forebay tank and into the desander.

Conclusions and perspectives

The actual instrumentation of the powerplant reveals robust enough to ensure a permanent flexible
operating with dewatering, based on pressure static and electrical power measurements as well as tur-
bine discharge and head losses prediction, with a precision of +0.5 mWC. The addition of an ultrasonic
water level measurement at the settling basin would improve the inflow discharge prediction at the over-
flow chamber.
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3.2 WRP2 - Selection of promising flexible HPP
Lead: FMV, partners: HEVS, HDE, ETHZ

3.2.1. Description of the HPP fleet

A list of the power plants in the Goms region has been drawn (see Figure 15 for a spatial representation).
For each power plant, the owners have been contacted. Some of them do not wish to respond to this
request, so the information required to assess the hidden flexibility potential was found in another way
and may therefore be incomplete. Table 2 gathers the main known information for each power plant.

Table 2: Main characteristics of the power plants in the Goms region.

Penstock
Hn Qgep P Winter pro- . .
Power Plant . Turbine (diameter, length, and
[m] [m3/s] [MW] duction
slope)

1 KW Altstafel 417 2.8 9.2 78% 1 x Francis ¢: 700 mm
(KW Aegina AG) L: 800 m

slope: 51%
2 KW Gletsch-Oberwald 287 5.7 14 10% 2 x Pelton ¢: 2800 mm

L: 2117 m

slope: 13%
3 KW Merezenbach 504 0.5 1.9 27% 1 x Pelton @: 450 mm

L: 1114 m

slope: 45%
4 KW Wannebode 1475 1.625 2.1 20% 1 x Pelton ¢:711 mm
(Blinnenwerk AG) L: 475 m

slope: 39.2%
5 KW Walibach / Grafschaft 772 0.53 2x1.8 20% 2 x Pelton @: 500 mm

L: 3637 m

slope: 22%
6a GKW1 / Rappental 62 2 0.5+0.8 20% 2 x Francis
(Gommerkraftwerke AG)
6b GKW1 / Neubrigg 720 4.5 25 24% 2 x Pelton @: 990 mm
(Gommerkraftwerke AG) L: 1826 m

slope: 41% (max 61%)
7 GKW?2 / Saflisch (Gom- 341 0.5 1.2 32% 1 x Pelton @: 500 mm (estimation)
merkraftwerke AG) L: 1480 m

slope: 27%
8 GKW?2 / Heiligkreuz 680 6.6 3x13 16% 3 x Pelton ¢: 1400 mm
(Gommerkraftwerke AG) L: 3100 m

slope: 23%
9 GKW3 / Fieschertal 509 15 2x32 9% 2 x Pelton @: 1650 mm
(Gommerkraftwerke AG) L: 1500 m

slope: 35% (max 41%)
10 KW Wysswasser 37 10 2x1.55 20% 2 x Francis

(Gommerkraftwerke AG)
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11 KW Ernen 269 14 2x16 30% 2 x Francis ¢: 1850 mm

(Rhonewerke AG) double L:571m
slope: 55% (max 59%)

12 KW Moérel 248 24 3x17 +0.3 29% 3 x Francis ¢1: 3100 mm

(Rhonewerke AG) double + Li: 28 m (estimation)

1 x Pelton slopei: 85%

@2: 2460 mm
L2:397 m
slope;: 80%

13 KW Aletsch 675 7.5 38 19% 3 x Pelton

(Aletsch AG)

14 KW Massaboden 44 21.5 2x4 31% 2 x Francis L: 70 m

(Bitsch) doubles slope: 54%

15 KW Gere 244 3 46+1.5 27% 2 x Pelton L:2720m

(KW Obergoms AG)

16 KW Ulrichen 273 1.1 2.3 15% 1 x Pelton L:2100 m

(KW Obergoms AG)

17 KW Niderbach 653.5 0.15 0.8 15% 1 x Pelton L:2200 m

(KW Obergoms AG)

18 KW Munstigertal 220 0.1 0.18 1 x Pelton

(KW Obergoms AG)

19 KW Binn 23 1.5 0.25 2 x Francis

(Rhonewerke AG)

20 KW Bitsch 718 55 340 78% 3 x Pelton slope: 70%

(Electra Massa)

*Blank box indicates that the information is missing.

Despite the strong diversity of the layout of the plants’ hydraulic systems, some common features can
be identified. The following main types of waterway design can be distinguished (Figure 15): (1) All water
ways are pressurized, (a) without surge tank and (b) with surge tank connecting a gently inclined head-
race tunnel to the strongly inclined penstock; (2) The power waterways consist of one or several free
surface headrace tunnels and the pressurized penstock (a) without and (b) with surge tank. Figure 15
provides a map of the hydropower plants and indicates the location of the specific parts of their hydraulic

system.
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Figure 15: Localization of the HPPs considered in the project and classification of their waterway design.
(Map: Federal Office of Topography swisstopo)

3.2.2. Selection of the HPPs

Although it was possible to find information on power plants whose owners do not wish to participate,
their interest is of prime importance to be selected as demonstrator for WP86, since their agreement is
required to carry out any on-site tests. Figure 16 is a map showing the different sites and the interest of
the owners. Over twenty-one power plants, seven (i.e., one third) agreed to share information and will
be considered for the final selection of two power plants where on-site measurements will be carried out
for WP6.
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Figure 16: Map of the power plants and whether they intend to participate in the project or not. (Map:
Federal Office of Topography swisstopo).

Among the seven power plants, two of them (KW Altstafel> and KW Ernen) have storage capacities,
therefore they are omitted from the final selection. Consequently, the five remaining power plants are
ranked considering five criteria:

- 1. The storage volume.

- 2. The power peak.

- 3. The duration of the power peak.
- 4. The energy produced.

- 5. The risk of air entrainment.

The values of the first four criteria are given in Table 3 for each power plant. Regarding the risk of air
entrainment, Figure 17 presents the pipe Froude numbers as a function of the pressure shaft/penstock
slope and compares them to the critical pipe Froude number F .. The pilot plant KWGO, which is char-
acterised by an unusually large pressure shaft diameter relative to its design discharge Qq, exhibits a
value of Fy, = 0.2, well below all thresholds. In contrast, all other HPPs fall within the scatter band of
experimental data or clearly exceed it, implying that even large air pockets would be transported down-
stream to the turbines. The critical pipe Froude number provides a useful exclusion criterion: if the pipe
Froude number in a penstock exceeds F,c, air entrainment must be prevented. However, pipe Froude
numbers below the threshold cannot be interpreted as evidence of safe operation, as small air bubbles
may still be conveyed downstream. The criterion therefore allows early identification and exclusion of
unsuitable cases, but positive confirmation of operational safety requires more detailed hydraulic

2 KW Alstafel is however considered in the WP7 focusing on the VPP. See a description of the power plant in

section 3.2.3.3.
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analysis. Based on this evaluation, lowering the water level into the pressure shaft/penstock is not ad-
visable for the investigated HPP fleet, except for the pilot plant KWGO.

Table 3: Assessment of the Energy Flexibility Potential of Hydroelectric Power Plants with Limited Stor-
age Capacity.

KW Gletsch-Ober- KW Merezenbach KW Wannebode KW Walibach KW Morel
wald
Storage volume (m3) 6 909 1195 2811 234 1076
Power peak (MW) 0.8 0.1 0.1 0.2 3.1
Duration of the power peak
213 398 288 74 7
(min)
Energy (MWh) 38 11.5 8 3.5 5
2.5 T T T T
1 KW Alstaffel —-— Kent (1952)
2 KW Gletsch-Oberwald Airpocketsare | | Gandenberger (1957)
3 KW Merezenbach transported downstream | | 7 n21.00
4 KW Wanneboden [ A | 77 #=0.30
2.0[{5 KW Walibach Al 11 n=010
6a KW Rappental (GKWI) "fg'gz
6b KW Neubrigg (GKWI) 1 =
e e . , = -+~ Wisner et al. (1975)
7 KW Salfisch (GKWII) 4 Falvey (1980)
1.5H 8 KW Heiligkreuz (GKWII) A ¢3 il air pockets
9 KW Fieschertal (GKWIII) A air bubbles (Eo = 1111)
o 10 KW Wysswasser Alélb air bubbles (Eo = 1429)
¢ 11 KW Eren Fo A . air bubbles (Eo = 3333)
=] 12 KW Mérel A _/~/A P === Escarameia (2007)
_____ é-l.;’('"”’ i == 030<n<2.00
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Figure 17: Comparison of different studies on the clearing flow number F. . of air pockets in pipes,
depending on pipe inclination «, dimensionless air velocity F, or relative air pocket sizes n. For Fow
above the lines, air pockets are cleared from a pipe system, thus the entire air is transported down-
stream. For the considered plants in the Goms region, F. in the penstocks at design discharge Qg are
indicated. Figure from WP5 led by ETHZ.

For each criterion, the hydropower plants are ranked from the best rank, 1, to the worst rank, 5. Then,
the sum of rank is calculated. Lower is the sum, better is the flexibility potential.

For the storage volume, the power peak, the duration of the peak and the energy produced, the best
rank is for the highest value. For the risk of air entrainment, the best rank corresponds to the lowest
clearing flow number (see Figure 17). Table 4 shows the ranking of the hydropower plants for each
criterion and the sum. KWGO is the power plant with the highest flexibility potential with a sum of rank
equal to 8, followed by KW Merenzenbach with a sum of 14, KW Mérel with a sum of 16, KW Wannebode
with a sum of 17 and finally KW Walibach with a sum of 20.

The selection of the hydropower plants for the WP3 and WP6 is based on this ranking. Since KWGOis
the topic of the WP1 and has been already studied in the previous SmallFLEX project, the two selected
hydropower plants are KW Merenzenbach and KW Moérel.
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Table 4: Ranking of the potential flexibility by criterion.

KW Gletsch-Ober- KW Merezenbach KW Wannebode KW Walibach KW Moérel

wald
Storage volume (m3) 1 3 2 5 4
Power peak (MW) 2 4 5 3 1
Du.ratlon of the power peak 3 1 5 4 5
(min)
Energy (MWh) 1 2 3 5 4
Risk of air entran:lment and 1 4 5 3 5
transport according to ETHZ
Sum of rank 8 14 17 20 16

3.2.3. Description of the selected HPPs for further investigations

3.2.3.1. KW Mobrel

KW Moérel forms the second stage of the Ernen-Mébrel cascade, which, with an average annual produc-
tion of more than 400 GWh, makes a significant contribution to the utilization of hydropower in the upper
Rhone. The RoR-HPP has been operated by Rhonewerke AG since 1943.The plant exploits the Rhone
River between the confluence of the Fiescherbach (elevation about 1000 m a.s.l.) and the water intake
of the HPP Massaboden in Mérel (elevation about 737 m a.s.l.), with a gross head of about 248 m. In
total, it uses a catchment area of about 530 km?. The design discharge of the HPP is Q4 = 24 m?®s. The
powerhouse is equipped with three Francis turbines rated at 17 MW each (Figure 18), plus one Pelton
turbine rated at 0.3 MW (additional information in Table 5).

Figure 18: View of the three double-Francis units of the Moérel hydropower plant.

Table 5: KW Morel main characteristics.

Turbine type Horizontal axis double-Francis turbine
Number of units 3

Number of guide vanes 20

Number of runner blades 15

Gross head 248 m

Nominal discharge 3x 7.93 m¥/s

Nominal rotational speed 750 rpm

Total nominal electrical power 3x 17 MW
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The waterways of HPP Mérel consist of a free-flow headrace tunnel of approximately 7 km length, fol-
lowed by a pressurised headrace tunnel of about 3 km, and a 670 m long penstock equipped with a
surge tank. Under normal operation, pressurisation occurs in the overflow chamber of Eggen (see Figure
19), which is widened in cross-section. Two side weirs in the chamber evacuate excess water (overflow
crest on level 985.13 m a.s.l.), while the turbined discharge enters a circular pressurised tunnel (see
Figure 19, Figure 62). Upstream of the chamber, the free-flow headrace tunnel has a modified horse-
shoe profile with a width of 2.8 m. In the region directly upstream of the overflow chamber (km 5.7-6.8),
the tunnel slope S is first 2.2 %o over a length of 0.9 km (km 5.7—-6.6), followed by a steeper 4.5 %o
section over 0.2 km (km 6.6—6.8) leading into the overflow chamber.

The pressurised headrace tunnel was renewed in the 1980s. Downstream of the overflow chamber, the
original tunnel extends for 67 m with a slope of 3.6 %o.. This is followed by a 27 m long connecting tunnel
with a slope of 85%, which leads into the new pressurised headrace tunnel. The new tunnel extends
over approximately 2.8 km with a positive slope of 2.2 %o.. At the junction between the original pressure
tunnel and the connecting tunnel, there is a mitre bend with both a change in slope and a horizontal
bend of 26° to the left. The crest of the bend lies at H = 984.17 m a.s.l. At the transition from the con-
necting tunnel to the new pressure tunnel, the alignment again combines a slope change with a hori-
zontal bend of 23° to the left. After a total length of about 2.9 km, a connection to the existing surge tank
is provided on the right-hand side. The crown of the connecting tunnel (D = 2.5 m) aligns flush with the
crown of the new pressurised headrace tunnel. Immediately downstream, a valve chamber equipped
with a throttle valve connects to the pressure shaft. The pressure shaft has an internal diameter of D =
2.5 m and a slope of 80% over a length of 385 m and a slope of 1% over a length of 285 m.
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Figure 19: Overview of the HPP Morel. (Map: Swiss Federal Office of Topography swisstopo)

The crests of the side weirs in the overflow chamber are located at 985.13 m a.s.l., which defines the
maximum water level at this location. Under normal operation, the water level in the overflow chamber
Hoc is regulated at this elevation by turbine control. The corresponding backwater curve extends into the
2.2 %o sloped section of the free-flow headrace tunnel.

Figure 20a) illustrates, as an example, the backwater profile for a discharge of Qi» = Qout =5 m3/s at
normal operation with Hoc = 985.13 m a.s.l. If, during flexible operation, the outflow discharge is in-
creased (e.g. to Qout = 10 m3/s), the corresponding backwater curve must be considered. Upstream of
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the intersection of the two backwater curves the inflow of Qi; = 5 m3/s is conveyed, while downstream
the outflow is Qou: = 10 m3/s. The additional volume required to satisfy the increased outflow is provided
by a drawdown of the water level, corresponding to an upstream movement of the intersection. Figure
20a) further illustrates an exemplary end of a flexible operation, with a drawdown of dHoc = 0.5 m.
Figure 20 b) and c) illustrate the available storage volume V as a function of the drawdown height dH,
for different discharge configurations. Note, that this calculation only considers the available storage
volume in the free-flow headrace tunnel, so that the available storage volume in the overflow chamber
Eggen itself and in the surge tank is not considered. In both cases, V approaches a plateau at large
dHoc. This behaviour reflects the diminishing backwater effect during drawdown. Once the water level
lowering reaches the point where the free-flow headrace tunnel flows at its uniform depth for Q»+dQ, no
further drawdown is possible with Qou, thus defining the maximum storage volume of the free-flow head-
race tunnel. Figure 20 b) shows results for an inflow of Qi, = 5 m3/s with different discharge increases
dQ = Qout — Q- The available storage volume decreases with larger dQ, because higher discharges
correspond to greater uniform flow depths.

Figure 20 c) compares results for different inflows Qj, each with an increase of dQ = 1 m?/s. The avail-
able storage volume of the free-flow headrace tunnel, and thus the flexibility potential, decreases with
higher inflows for the same reason: larger inflows produce higher uniform flow depths in the tunnel.
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Figure 20: (a) Exemplary backwater curves in the free-flow headrace tunnel of HPP Mérel for different
inflow and outflow discharges, illustrating the drawdown of the water level in the overflow chamber dur-
ing flexible operation. (b), (c) Available storage volume V of the free-flow headrace tunnel as a function
of drawdown height dH. for different discharge configurations.

3.2.3.2. KW Merezenbach

The hydroelectric scheme on the Merezenbach was commissioned in 1959 (Gardet, 1961) and is oper-
ated by Elektrizitatswerk Obergoms ewo. All structures are located within the municipality of Minster.
The layout of the scheme is shown in Figure 21. The water intake, including a desander, is situated at
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an elevation of 1840 m a.s.l. From there, the water is conveyed along the left-hand side of the Merezen-
bach valley via a submerged intake (forebay tank) into a pressure pipeline made of prefabricated cen-
trifugal cement elements with an internal diameter of 0.70 m. The hydraulic roughness of these elements
is assumed as ks = 1.25 mm. The headrace pipe is 1090 m long and connects to a surge tank at an
elevation of H =1 832.10 m a.s.l. The surge tank, with an internal diameter of 1.2 m and a height of 27
m, extends to the upstream end of the penstock. The penstock, with a length of 1 114 m and a diameter
of 0.45 m, conveys the water to the power station (Figure 21) located near the left bank of the Rhéne
River, opposite Minster. A short tailrace channel returns the water to the Rhone. The power plant is
equipped with a Pelton turbine (Figure 22), whose characteristics are provided in Table 6. The scheme
is classified of type 1b (Figure 15).
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Figure 21: Longitudinal profile of the KW Merezenbach (Gardet, 1961).

Table 6: KW Merezenbach main characteristics.

Turbine type Horizontal-axis Pelton turbine
Number of injectors 1

Gross head 504 m

Nominal discharge 500 I/s

Nominal rotational speed 1’000 rpm

Nominal electrical power 1’890 kW

Average yearly electrical production 7.5 GWh

Figure 22: Outside and inside views of the KW Merezenbach hydropower plant.
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3.2.3.3. KW Altstafel

KW Altstafel, located near the Nufenen pass, is the first hydropower plant in the Maggia cascade, chan-
nelling water from the Gries reservoir to the Lake Maggiore in the canton of Ticino. Commissioned in
1959, the plant is owned by Aegina AG, whose shareholders are Officine Idroelettriche della Maggia SA
(50%), FMV (35%), and EnAlpin AG (15%). The Gries reservoir lies at 2 386 m above sea level at the
foot of the Gries Glacier and has a storage capacity of 18 million m3. It is retained by a 60 m high gravity
dam with a crest length of 400 m. The reservoir provides an energy storage capacity of 88 050 MWh,
and the annual production of KW Altstafel is approximately 92 GWh. The power plant is equipped with
a 9 MW non-regulated Francis turbine (Figure 23) operating at 1 500 revolutions per minute and benefits
from an average head of 384 m. The water is then conveyed through a 13 km tunnel toward Robiei.
Near the dam, Gries Wind AG has operated Enercon E-92 wind turbines since 2016 (Figure 24). With
an installed capacity of 2.3 MW, the wind farm produces around 10 GWh per year—enough to supply
approximately 2 850 households. In addition, the potential deployment of alpine photovoltaic installa-
tions near the Gries reservoir is currently being investigated. The coexistence of hydropower, wind en-
ergy, and prospective solar production within the same alpine environment makes KW Altstafel an ideal
demonstration site for implementing a Virtual Power Plant (VPP), the central focus of WP 7.

Figure 23: non-regulated Francis turbine equipping the power plant of KW Altstafel (source: HES-SO).
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Figure 24: Wind turbine near the dam of Gries (source: Wikipedia).
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3.3 WP3 - Identification of hydraulic system flexibility limits

Lead: HDE, partners: HEVS, ALPIQ, FMV

The aim of this work package is to perform an extensive hydraulic analysis of the flexibility potential of
a selection of promising hydropower plants identified in the WP2, which will serve as a basis for WP6,
WP7, WP8 and WP9. The kick-off meeting was successfully held on August 25, 2023, bringing together
key collaborators from FMV, Alpiq, HES SO Valais, ETH, HEIG-VD, and WSL. The initial discussions
during the kick-off meeting helped shape the project's direction, especially regarding the selection of
potential hydropower plants for evaluation. Based on the work carried out in WP2, the HPP of KW Me-
renzenbach, KW Morel and KW Altstafel were selected to carry out a more detailed assessment of the
flexibility potential of these plants.

3.3.1.Site visits

A task of this work package involves conducting technical site visits to the selected plants, see Figure
25, to provide valuable insights into the operational aspects and general layout, which is a fundamental
step in the evaluation process. The site visit at the KW Merezenbach hydropower plant took place on
the 24th of June 2024, and the visit of KW Altstafel took place on the next day, the 25th of June 2024.
The visit at the KW Morel hydropower plant took place on the 17th of July 2024. FMV managed and
coordinated the scheduling of these visits, ensuring efficient organization. The site visits enabled strong
collaboration among the project’s various partners.

il

Figure 25: Photos of the SmallFLEX Goms team during the visits of KW Merezenbach and KW Mérel in
June and July 2024.

3.3.2.1D Modelling

After the selection and data collection of the different hydropower plants included in the study, a detailed
modelling phase was carried out to determine the new storage capacities in terms of both volume and
energy. To achieve this, each plant was accurately modelled using the SIMSEN software, allowing for
a comprehensive analysis of their dynamic behavior and performance under various operating condi-
tions. Full 1D-models of the KW Méorel, Altstafel and Merezenbach power plants were developed using
the SIMSEN software, based on available detailed drawings and data. These models are illustrated in
Figure 26, Figure 27 and Figure 28.

The modelling approach was based on a detailed representation of the hydraulic system components.
The upstream reservoirs, headrace galleries, forebay tanks and penstocks were modelled using one-
dimensional hydraulic elements to capture the unsteady flow dynamics. The turbines were represented
by their four-quadrant characteristic to account for their complete operating range, including runaway
modes. The tailrace tunnels and downstream reservoirs were also included to ensure realistic boundary
conditions and an accurate simulation of the overall hydraulic transients.
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Figure 26: SIMSEN model of KW Mérel.
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Figure 28: SIMSEN model of KW Merezenbach.

The validation of the SIMSEN models was carried out using time series measured during on-site tests,
such as emergency shutdowns and quick shutdowns of the generating units for the different SIMSEN
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models. The comparison between measured data and simulation results makes it possible to validate
the numerical model and to rely on it confidently for subsequent studies.

The Morel SIMSEN model was calibrated and validated based on two main on-site tests: an emergency
shutdown of a single unit at Pmax (17 MW), and a simultaneous emergency shutdown of three units at
reduced power (5 MW). These transient sequences made it possible to validate the transient behavior
of the turbine unit, including the pressure relief valve and the unit inertia, as well as the dynamic re-
sponse in the differential surge tank equipped with check valves.

Figure 26 and Figure 27 illustrate the comparison of pressures at the base of the penstock between
measurements and simulations for both tests. A good agreement can be observed between the two.
The water hammer phenomenon shows excellent consistency between measured and simulated re-
sults. The first pressure peak is very well reproduced, as is the initial phase of the mass oscillation. The
small pressure discrepancies in the three-unit test result from assuming identical PRVs across all units,
although data were only available for Unit 3.
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Figure 26: Comparison between measured (red) and simulated (blue) pressure in the penstock during the on-site
test: emergency shutdown (ESD) of a single unit at 17 MW.
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Figure 27: Comparison between measured (red) and simulated (blue) pressure in the penstock during the on-site
test: emergency shutdown (ESD) of three units at 5 MW.

Once the models were established and validated, they allowed the investigation of transient phenom-
ena, for instance during turbine or pump emergency shutdowns or primary control regulations. Concern-
ing KW Morel, the partner ETHZ calculated the water level in the Eggen loading chamber for different
inflow (at the Eggen overflow chamber) and turbined discharges. The SIMSEN model was used to sim-
ulate emergency shutdowns for each calculated setpoint. The transient behavior during an emergency
shutdown for the case where Q=24 md/s, both inflow and turbined flow, is show in Figure 29. Mass
oscillations are observed in the headrace gallery, the Eggen overflow chamber, and the surge tank. No
critical effects are detected under this specific load condition using 1D hydraulic transient model.

(@) (b)

Figure 29: Simulated transient behaviour of discharges (a) in the headrace tunnel (red) and penstock
(blue) and water levels (b) in the Eggen overflow chamber (red) and surge tank (blue) in the case of an
ESD at Q=24 m3/s at the Morel hydropower station.

After collecting data for the selected plants, the new storage capacity of the selected HPP was assessed
in terms of both volume and energy. Then a detailed calculation of the available storage volumes and
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corresponding energy potential was performed for the Merezenbach and Mérel HPP. These values were
subsequently compared with the primary frequency regulation requirements of the units, according to
the Swissgrid criteria, expressed as AP=P,/B;s -Afif,. The following Table 7 summarizes the available
storage volumes and the corresponding regulation capacities derived from these calculations and from
the geometric layout of the different components, such as the headrace tunnel, penstock, forebay tank
and surge tank.

For the Merezenbach HPP, the required power regulation of 0.19 MW over 15 minutes (900s at 48.6 I/s
equal 44 m3 of additional turbined water) can be easily achieved using approximately 10% of the head-
race tunnel available volume. In contrast, the surge tank alone cannot provide the full amount of energy
required, supplying only about 67% of it. The combination of the desander and the pressurised chamber,
however, offers sufficient storage capacity to perform the required primary regulation, corresponding to
about 158% of the required energy.

For the Mérel power plant, the regulation can be performed for both single-units and two-units operation
modes, corresponding to a total power regulation of 2 and 3 MW, and 4 and 6 MW respectively. These
cases reflect different permanent droop (Bs) settings applied in the unit governor, which results in differ-
ent power step responses. Specifically, droop values of 4% and 2.67% were considered for the respec-
tive power steps of 2MW et 3MW. For the single-unit operation, the Eggen overflow chamber provides
sufficient energy for the required primary regulation, corresponding to 130% of the energy demand. The
surge tank alone is also capable of covering the primary regulation requirement, with an approximately
392% of energy required.

However, under two-unit operation, the Eggen overflow chamber no longer appears sufficient to supply
the total energy required for primary regulation, providing only 75% for the 2 MW per unit case and 43%
for the 3 MW per unit case. In this configuration, the surge tank volume remains sufficient to supply the
required energy for a 15-minutes regulation period. The dewatering of the Eggen overflow chamber
appears to be a critical aspect, as discussed in WP5. Therefore, the use of the surge tank located
downstream of the Eggen overflow chamber, beyond the siphon section, does not seem to be of prac-
tical interest.

Table 7: Assessment of new storage capacity of the selected HPPs in terms of volume and energy,
according to the primary regulation requirements and geometric layout.

Storage and Energy Capacity Primary Control Requirements
Volume available [Energy available| Contribution to |Power regulation | Discharge regulation |Energy requirement |Volume requirement

[m3] [MWh] energy demand (%) dP MW] da [m3fs] [MW h] [m3]
Merezenbach - 1 unit operation
Headrace tunnel (Qin=0m3/s) 417.8 0.45 956.4%
Surge tank (Qin=0m3/s) 29.3 0.03 67.1% 0.19 0.0485 0.048 437
Desander + pressurised chamber (Qin=0m3/5 69.1 0.08 158.2%
KW Mirel - 1 unit operation
Eggen forebay tank (Qin=0m3/s) 1076.0 0.65 130.0%
Eggen forebay tank (VAW - Qin=5m3/s) 1400.0 0.85 169.1% 2.00 0.920 0.50 828.0
Surge tank 53250.0 196 392.5%
Eggen forebay tank (Qin=0m3/s) 1076.0 0.63 B4.2%
Eggen forebay tank (WAV - Qin=5m3/s) 1350.0 0.79 105.6% 3.00 1.420 0.75 1278.0
Surge tank [Qin=0m3/s) 3250.0 191 254.3%
KW Mirel - 2 unit operation
Eggen forebay tank (Qin=0m3/s) 1076.0 0.65 65.0%
Eggen forebay tank (WAV - Qin=5m3/s) 1250.0 0.75 75.5% 4.00 1.840 1.00 1656.0
Surge tank (Qin=0m3/s) 3250.0 196 196.3%
Eggen forebay tank (Qin=0m3/s) 1076.0 0.63 42.1%
Eggen forebay tank (WAV - Qin=5m3/s) 1100.0 0.65 43.0% 6.00 2.840 1.50 2556.0
Surge tank (Qin=0m3/s) 3250.0 191 127.2%

Simulations of the ancillary services at the Mérel plant, performed using a 1D SIMSEN model, showed
that the primary response to a 200 Hz frequency drop, with one or two units in service, fulfils with the 30
second response profile required by Swissgrid for power steps of 1 MW, 2 MW, and 3 MW per unit. The
delay before the Eggen overflow chamber begins to empty is well above 900 s for power steps of 1 MW,
2 MW, and 3 MW, assuming inflows in the chamber of 5 m3s and 8 m3/s. For larger power steps of 6
MW, the primary response leads to the Eggen chamber emptying below 984 m altitude, when consider-
ing the free-surface model of the upper tunnel. Additionally, under this scenario, the model predicts a
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supercritical flow condition (Fr > 1), implying a risk of a hydraulic jump. In summary, primary regulation
for power steps of 1 MW to 3 MW per unit appears to comply with normal safe operating conditions. On-
site tests to validate these simulations were conducted and are presented in WP6.

Table 8: Results of the 1D simulation of new storage capacity of the selected HPPs, in terms of volume and energy,
according to the primary regulation requirements and geometric layout.

Initial steady state values After 900s (primary regulation requirements)
PGl | PG2 | PG3 |HEggen| HST |Qtotin| dP dQ |H Eggen min |dH Eggen |Hst max [Hst min|V inflow |V oufl dV Eggen
Scenario [Mw] | [MW] [[MW] | [masl] | [masl] | [m3/s] | [MW] | [m3/s] [masl] [m] [masl] | [masl] [ [m3] [m3] [m3]

REGO1 - IMW - Qin=5m3/s | 0.0 0.0 10.8 | 984.9 | 9846 5.0 1.0 | 0.43 984.7 0.16 985.1 983.8 5 098 5124 26.0
REGO2 - 2ZMW - Qin=5m3/s | 0.0 0.0 10.8 | 984.9 | 9846 5.0 2.0 | 0.99 984.4 041 985.7 | 982.9 5 556 5621 65.4
REGO3 - 3MW - Qin=5m3/s | 0.0 0.0 10.8 | 984.9 | 9846 5.0 3.0 | 1.66 984.1 0.75 986.6 | 981.6 6 073 6212 138.6
REGO4 - IMW - Qin=8m3/s | 0.0 6.0 10.8 | 984.9 | 984.2 8.0 1.0 | 0.43 984.7 0.19 9834.6 | 983.4 7 952 7982 30.1
REGO5 - 2MW - Qin=8m3/s | 0.0 6.0 10.8 | 984.9 | 984.2 8.0 2.0 | 0.86 984.4 042 934.9 982.6 8 297 8 365 67.6
REGOG - 3MW - Qin=8m3/s | 0.0 6.0 10.8 | 984.9 | 984.2 8.0 3.0 | 1.31 984.2 0.69 985.4 | 981.8 8633 8757 124.2
REGO7 - AMW - Qin=10m3/s| 0.0 108 | 10.7 | 9849 | 984.0 | 10.0 | 4.0 | 1.83 984.1 0.79 985.5 980.8 | 10939 11097 158.0
REGOS8 - BMW - Qin=10m3/s| 0.0 | 10.8 | 107 | 984.9 |984.0 | 10.0 6.0 | 2.78 983.7 1.16 986.5 | 978.7 8 846 9121 274.2

Hydraulic transients were also simulated using the SIMSEN model of KW Merezenbach. The model was
adapted to simulate hydraulic transients involving potential dewatering of the headrace tunnel and pen-
stock. An open-channel flow model was implemented, capable of accurately representing free-surface
conditions and transitions between pressurized and non-pressurized flow regimes. This approach allows
to consider the storage capacity of the headrace tunnel of the power plant.

The Figure 30 (a-b) and Figure 31 (a-b) show the transient behavior during the response to a frequency
drop followed by an emergency shutdown. The primary response corresponds to a frequency drop of
Af=200mHz, with a permanent droop of Bs=4%, resulting in a power variation of AP=0.19MW while the
operating base power is 1.7 MW. The emergency shutdown occurs at different times corresponding to
when the headrace tunnel is 25%, 50%, and 75% dewatered. The maximum pressure and maximum
overspeed remain within the guaranteed limits and do not appear to be critical. Specifically, the maxi-
mum allowable overspeed is 1900 min-' and the maximum pressure is 550 mWC. The simulation results
show a maximum overspeed of 1708 min' and a maximum pressure of 512 mWC, both safely below
the limits. As said earlier, the volume required to maintain the primary response for the minimum re-
quired duration of 900s corresponds to approximately 10% of the headrace tunnel volume.
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Figure 30: Simulated transient behaviour of (a) power and (b) unitary head, discharge, torque, speed
and injector opening of the Pelton turbine in the case of a response to a frequency drop followed by an
emergency shutdown at the Merezenbach hydropower station.

The Figure 31 (a) illustrates the time evolution of the water level in the headrace tunnel during Pelton
turbine operation with an inflow equal to the turbine discharge of 0.4 m3/s, showing both the dewatering
process and the use of the headrace tunnel storage capacity.

The Figure 31 (b) shows that the water level in the surge tank drops rapidly below the minimum admis-
sible level after 10s for all scenarios. This minimum allowable limit is defined for normal conditions,
however, in the case of dewatering, it is of limited relevance, as it cannot be met under all circumstances.
But, in the case of 75% dewatering, the minimum level approaches the elevation of the surge tank
diaphragm. This means that the surface of the water is so low that it is close to the connection between
the headrace tunnel and the penstock. This indicates a risk of free surface vortex development in the
surge tank, which could lead to air entrainment. Limiting the used volume of the headrace tunnel to 75%
could help mitigate the risk of free-surface vortex formation in the surge tank. As reference, the surge
tank weir is at 1844.7 m a.s.l., the diaphragm at 1832.1 m a.s.l., and the minimum and maximum allow-
able level are between 1834.5 m a.s.l. and 1843.85 m a.s.|. (representing 20% of the total volume).

(a) (b)
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Figure 31: Simulated transient water levels (a) in the SIMSEN element modelling the loading chamber
and headrace tunnel and (b) in the surge tank in the case of a response to a frequency drop followed
by an emergency shutdown at the Merezenbach hydropower station, for dewatering levels of 25% (red),
50% (blue) and 75% (green) of the headrace tunnel.

3.3.3.CFD simulations

One of the objectives of WP3 is to carry out an initial evaluation of the risk of air entrainment in the
selected powerplants. WP5 is fully dedicated to this topic and will conduct comprehensive evaluations
of this risk. The following paragraphs describe the exploration of this issue through 3D CFD simulations,
and final conclusions on the risk of air entrainment will be made in the WP5 (sect. 3.5.4).

Regarding the risk of air entrainment during the dewatering of the Merezenbach head race pipe, the
simulation of the flow has been carried out by HEVS using Ansys® Fluent® on a domain including the
forebay tank, the head race pipe (shortened in order to reduce the computational cost), the surge tank
and the upper part of the penstock (see Figure 32). During the first 100 seconds, the discharge at the
intake is set to 100 I/s and the water level to 1930.845 m a.s.l., and the discharge at the outlet of the
penstock is set to 500 I/s. Consequently, the head race pipe dewaters as well as the upper part of the
penstock. The free surface observed at the junction (see Figure 33) suggest a risk of air entrainment,
which is critical for the safety operation of the Pelton turbine. Then, during the next 350 seconds, the
outlet is closed, mimicking an emergency shutdown. Therefore, a wave goes back to the intake, and the
pipes re-fill in water progressively. After 450 seconds, it is observed that a thin sheet of air is still present
at the top of the head race pipe (see Figure 34). This feature suggests that some air is trapped in the
pipe, which could be risky for the operation of the power plant.
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Figure 32: Computational domain considered for the simulation of the flow in the pipes during a dewater-
ing event. The length of the head race pipe is shortened compared to the real length
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Figure 33: View of the free surface at the junction at the top of the penstock.

Figure 34: View of the free surface at the intake after 450 seconds during a dewatering/re-filling se-
quence of the head race pipe.

3D CFD simulations were also carried out by HDE for the Merezenbach surge tank to evaluate the risk
of air entrainment. The 1D hydraulic simulations indicated that the water surface approaches the bottom
of the surge tank during 75% dewatering of the headrace tunnel, so the water surface behavior at this
low level is simulated. These simulations allow to evaluate the risk of free-surface vortices and air en-
trainment in the surge tank.
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HDE carried out these simulations using both ANSYS® CFX® and OpenFOAM softwares. The aim was
to compare the results from the well-established but expensive ANSYS® CFX® software and the newer
and more affordable OpenFOAM software. Both sets of results converge to the same head loss values.
The vortices predicted by OpenFOAM are stronger than those obtained with ANSYS® CFX®. The results
obtained with OpenFOAM can therefore be considered conservative. These findings highlight the prom-
ising potential of OpenFOAM for such CFD analyses. For the CFD study of the free surface in the Me-
rezenbach surge tank, the considered domain includes the surge tank and a section of both the penstock
and the headrace tunnel, as can be seen in the Figure 35 below. A transient simulation is carried out,
modelling a progressive emptying of the surge tank. The discharge entering the domain at the headrace
tunnel is therefore smaller than the discharge exiting the domain through the penstock.

Figure 35: Free surface simulation 4 seconds after the emptying sequence start of the surge tank.

In Figure 36 a visualization of the simulated surface of the water in the surge tank is shown. A surface
dimple is clearly visible, which indicates the development of a vortex of type 2 in the surge tank. The
classification of the different types of surface vortices is shown in Figure 55. While the CFD simulation
predicts a vortex of type 2 in the surge tank when the water level is low, it is recognized that CFD
simulations usually underestimate the strength of free-surface vortices. In practice, vortices often de-
velop at least one class beyond the level predicted by CFD models. In this case, the vortex would prob-
ably be of type 3 at least. Knowing that air bubbles start to be entrained at level 5, it cannot be ruled out
that air entrainment may occur, though the likelihood and extent of such an event remain uncertain.

Figure 36: Visualisation of the free surface in the surge tank (OpenFOAM).
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3.3.4.Sizing of the pumping capacity for KW Alstafel power plant.

The following paragraphs focus on the task of determining the appropriate storage and pumping capac-
ity for the KW Altstafel power plant, based on the available preliminary civil engineering feasibility study.

In the feasibility study of the KW Altstafel pumping station variants, three types of pumps were evaluated.
Standard industrial pumps, sourced from catalogue models, were considered unsuitable for the site’s
requirements. According to manufacturers, achieving the required flow rate (Q = 2 m?s at a head of 400
m) would require many pumps, resulting in limited operational stability and low overall efficiency.

A customized version of the standard industrial pump, designed to meet the site-specific requirements,
provides a viable solution, demonstrated by Sulzer's HPDM model with a configuration of three pumps
(3% Q=0.8m¥s at H=400 m). This solution also helps reduce costs compared to developing a com-
pletely new pump design from scratch.

Finally, a prototype pump specifically designed for the site could reach very high efficiency, up to 90%.
A detailed study on prototype pump variants was carried out to determine the optimal combination of
pump quantity and stage configuration, ensuring a specific speed of Ng = 25 and a minimum submerg-
ence level of -10 m. Table 8 presents the results of the various pump variants. Meeting these criteria
would allow the selection of either two three-stage pumps, each rated at 6 MW, or three three-stage
pumps, each rated at 4.2 MW.

Table 8: Prototype design pump variants based on preliminary civil engineering feasibility study.

| 1x Pump 2% Pump l 3x Pump
Characteristic of pump stage
Mechanical power :Pm Mw] 10 12.5 12.5 12.5] 6.3 3.2 2 4.2 1.4
Nominal head Hn (m] 400 400 400 400 400 200 133 400 133
Nominal discharge ian [m3/s) 2.28 2.81 2.87 2.87 1.4 1.4 1.4 0.92 0.9¢
Rotational speed INn [rpm] 1500 1000, 1500 7508 1000 1000: 1000 1000 1000
Specific speed :Nq :[.] 25 18.7| 28.4) 13.9 13.2 22.7| 30.1 10.7, 25
Mechanical time constant  Taum [s] 3.9 3.9 4.1 3.9 3.3 28-[ 2.5 3 2.3
[Submergence Hs [m] -28 -19 -32 -12] -11 -7.6) -5.4 -71.2 -3
Characteristic of pump
Number stage le :[-] 1 1 1 1 1 2( 3{ 1 3
Mechanical power Pm [MW] 10 12.5 12.5 12.5 6.3 6.4 6{ 4.2 4.2
Nominal head | m] 400 400 400 400 400 400| 4000 400 400
Characteristic of pumping station (total)
Number pump Zp [-] 1 1 1 1 2 2| 2] 3 3
Total mechanical power  Ptot  [Mw] 100 125 12.5 12.5 126 128 120 126 124
Total discharge latot  [m3/s] 2.3 2.8 2.9 2.9 2.8 2.8 2.8 2.8 2.9
Efficiency eta [%] 90%  88%W  89%  86%  86%  89%  90%  86%  90%

For the used civil engineering variant, a single-stage reversible Francis pump-turbine or centrifugal
pump with a nominal power of 10 MW are not feasible in terms of hydraulic transients. In pump mode,
low pressure could occur at the penstock inlet, potentially requiring operational limits on the minimum
upstream reservoir level. In turbine mode, overpressure along the lined shaft reaches 142%, exceeding
the maximum allowable service pressure of 132%, making operation unsafe. Consequently, this config-
uration cannot be recommended for the civil engineering variant without significant modifications.

The minimum submergence requirement of the pump could be reduced by using either multi-stage
pumps or multiple multi-stage pumps operating in parallel. This approach also offers operational ad-
vantages, including improved availability and the possibility of operating a single unit even at lower
upstream reservoir levels. Hydraulic transients indicate a risk of low pressure at the penstock inlet when
the upstream reservoir is at its minimum level. Operational constraints or design modifications would
therefore be necessary for this civil engineering variant. However, using multiple pumps or multi-stage
pumps significantly improves the transient behaviour overall.
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3.4 WP4 - Hydro-meteorological predictions

Lead: WSL, partner: HEIG-VD

The aim of WP4 is to assess the suitability of the existing hydropower plants in the Goms valley for
flexible operation with a particular focus on the hydrological characteristics of their associated catch-
ments. A second goal is to investigate the temporal alignment between water discharge at selected HP
in-takes (e.g., Griesbach), and the resulting HP production with the generation of wind and solar elec-
tricity at corresponding HP infrastructures to optimize a joint operation.

Within this framework, WP4 develops and operates the hydro-meteorological prediction pillar of Small-
FLEX Goms. The system delivers forecasts of river discharge, wind conditions and incoming solar-radi-
ation, thereby supporting short-term operational decisions and enabling more flexible and integrated
management of hydropower, photovoltaic and wind energy resources.

3.4.1.Hydrometeorological forecasts for flexible operation

The operational system is the most up to date version of the WSL forecasting tool that has been devel-
oped since 2007 (Zappa & Vogt, 2007). The gains by the scientific community in the forecasting of
severe weather events and floods over the last decade has allowed the development of a new genera-
tion of flood warning systems which can provide reliable estimations of the discharge hydrograph with
short-term (1-2 days) and mid-term (3-5 days) lead times. The main feature of the system is the prop-
agation of numerical forecasts through the end-to-end chain and presenting it for decision support (Fig-

ure 37, Rossa et al., 2011, Zappa et al., 2010).
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Figure 37: From Rossa et al., 2011: Schematic to depict the production chain of a flood forecasting,
decision making and warning system. Boxes denote products while ellipses denote processes. Note
that “NWP” may include any numerical forecast output, deterministic or probabilistic, e.g. ensemble pre-
diction system (EPS) products.

NWP
forecast fields

A version of the operational system was implemented during the original “SmallFLEX Demonstrator for
flexible small hydropower plant” project in 2021. The forecasts for the “Wasserkraftwerk Gletsch-Ober-
wald” have been operated by WSL ever since.
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3.4.11. Ensemble hydrological forecasts

Extended-range hydrological ensembles arise from a hydrological model with numerical forecasts from
an atmospheric prediction system. Such predictions can be accessed in Switzerland from Meteo Swiss.
Downscaling methods are adopted to create inputs to operate a hydrological model at catchment scale
(Addor et al., 2011). The atmospheric predictions are characterized by uncertainties. So-called ensem-
ble prediction systems provide sets of equiprobable forecasts for the next hours to days, depending on
the configuration of the prediction system operated by the national weather service (Zappa et al., 2011).
The resulting probabilistic outputs of such a system are aligned with warning and operational use cases
(Steeb et al, 2022; Rossa et al., 2011). Figure 38 presents the current version of tailored forecasts for
the SmallFLEX “Gletsch” test case.
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Figure 38: Sample of operational flood forecast issued for the Small-Flex Gletsch test bed on September
227 2025. The observed flood peak on was 15 m3/s. 5 days ensemble prediction with 21 members.

3.4.1.2.  The hydrological model PREVAH

The specific hydrological model adopted for the SmallFLEX test beds is PREVAH. Among a large variety
of hydrological models used in Switzerland, PREVAH is the most used in operational hydrological con-
text for both floods and droughts (Horton et al., 2021). PREVAH is a conceptual, semi distributed hydro-
logical modelling system that represents catchments through hydrologic response units with shared
physiographic properties (Viviroli et al., 2009). It simulates the water balance with explicit modules for
snow accumulation and melt, interception, evapotranspiration, soil moisture dynamics, runoff generation
and flow routing. For real time applications PREVAH is routinely forced with deterministic and ensemble
numerical weather prediction and has been used as the hydrological engine in hydrometeorological
ensemble prediction systems where probabilistic inputs (see next section). For the SmallFLEX-Goms
project, the data flow and data processing of PREVAH has been complemented with novel tool
to extend the prediction to renewable energy sources.

3.4.1.3. Numerical Weather Predictions

Numerical weather prediction (NWP) provides the meteorological forcing for our hydrological forecasts
through a deterministic and probabilistic limited-area model and an ensemble system tailored to Alpine
conditions (Rotach et al., 2012). The original SmallFLEX project (ended in 2021) implemented the
COSMO-1 and COSMO-E NWPs. In 2024 MeteoSwiss deployed a novel NWP called ICON
(https://www.meteoschweiz.admin.ch/wetter/warn-und-prognosesysteme/icon-prognosesysteme.html).
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Figure 39: Operational flood forecast issued for the Small-Flex Gletsch test bed on June 28t 2024. The
observed flood peak on was 20 m3/s.

Since June 2024, MeteoSwiss is operating the ICON (lcosahedral Non-hydrostatic) numerical weather
prediction model to generate regional and local forecasts, particularly suited for the complex terrain of
the Alps.

WSL configured the current operational forecasts for the SmallFLEX Goms project in early June 2024
(Figure 39).This was just in time to have a forecast for the large flood event of June 29th-June 30th in
the Goms region (https://www.gemeinde-goms.ch/files/Online-Schalter/infoschreiben/35 In-
foschreiben-Unwetter Jul.2024.pdf).

3.4.1.4. New Toy model for forecasting renewable energies for flexible
operations

Prior to this project the WSL operational furcating system was solely focussed on hydrological predic-
tions. After the developments completed for WP4 we can deliver also energy forecasts. For this purpose,
a tailored Toy model has been developed (see the Technical Report Wisskott, 2026 of D4.1 and D4.2).
Energy — defined as the ability to do work — exists in several forms that can be transformed from one to
another. Power is the rate of this transformation. It can thus also be of different forms; either electrical,
mechanical, thermal, or hydraulic. Electricity can therefore refer to electrical energy or electrical power.
The usual unit for electrical energy produced or consumed is kilowatt-hour (kWh), while electrical power
is given in kilowatt (kW) (Jenkins, 2019).

The followings paragraphs will focus on the parsimonious algorithm that we used for all computations.
The combinations of the algorithms build a flexible toy model that was the core of WP4 analyses.

For completing our task, we decided to setup a parsimonious toy model being able to generate robust
estimates of renewable energy potential and production in operational mode. For this some standard-
ized inputs are needed (Table 9).
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Table 9

Definitions of the variable included in the standardized hydrometeorological input needed to

feed the algorithms of the toy model as operationally generated by the real time system developed for
SmallFLEX (see also Wisskott, 2026)

Variable | Meaning Unit | Source Application

year Year Timeline

month Month Timeline

day Day Timeline

pr Precipitation mim CH2018 Water balance / Hydropower
ra Global radiation W/m?2 | CH2018 PV power generation

re Relative humidity 0-1 CH2018 PV efficiency correction

SS Sunshine duration index 0-1 CH2018 Optional PV input

te Daily mean temperature °C CH2018 Temperature correction for PV
tn Daily minimum temperature | °C CH2018 Optional

tx Daily maximum temperature | °C CH2018 Optional

wi Wind speed m/s CH2018 Wind power generation

q Discharge mm/d | PREVAH | Run-of-river hydropower

The results obtained are to some extent synthetic. We used real data and realistic assumptions to esti-
mate the amount of electricity that could theoretically be produced under the conditions given (power
plant characteristics, available inputs). However, they do not consider real-time power plant operation
or shutdowns. The calculated electricity is therefore considered a 'generation potential’, even though, in
this report, we will often refer to it by the term 'generation’ for better readability. The Toymodel has three
main components. Detailed information is provided in the two Deliverables of WP4 and in the additional
technical documentation by Wisskott (2026). In summary, the three components consists of:

A)

C)

The Run-of-River (RoR) hydro power model simulates energy generation from natural water
flow without significant storage capacity, making it dependent on instantaneous discharge rates.
The hydrological runoff data is received from the hydrological model PREVAH. This data repre-
sents the entire water amount from the whole catchment area, supplied by glaciers and snow
melting, and by rainfall. The potential electricity generation by a run-of-river RoR hydropower
plant is a function of the time-varying effective streamflow Q [mm/d] (“q” in Table 9). Only a
limited volume of streamflow can be used to generate electricity. Furthermore the turbine’s de-
sign discharge and the environmental flow Qgr [m3/s] that must be left in the river according to

the law and the respective power plant’s concession are accounted (Wechsler et al., 2023).

The PV model implements a physically based approach accounting for temperature-dependent
efficiency losses and site-specific meteorological conditions. The power output of a photovoltaic
plant under uniform solar radiation conditions can be evaluated as detailed in Micocci et al.
(2025, see also supplements to WP4 deliverables). The temperature-dependent PV efficiency
is accounted and clearly detectable in the hydrological future scenarios. Possible increase of
available irradiance due to snow reflection in winter is neglected in the main outcomes of WP4
but has been presented in the analysis of Schenk (2023, see supplements to WP4).

The potential electricity generation by a wind turbine depends on the wind speed U (t) [m/s] (“wi”
in Table 9), the air density and several turbine type specific parameters. The turbine type taken
as model in this study is the Enercon E82 2MW (Bauer and Matysik, 2023; Enercon GmbH,
2016) which is considered suitable for alpine areas (Spielhofer et al., 2023). Wind turbines only
operate within a certain range of wind speed specific to the turbine type (Spielhofer et al., 2023).
This range is confined by an upper and a lower wind speed limit. At wind speeds beyond these
limits, power generation is annotated as zero. To determine the electrical energy production of
a wind turbine, the physical power of the airflow converted by the rotor must first be considered.
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The operational implementations run for D4.1 consist of computations at hourly time step. The future
scenarios calculations occurred at daily times step. In future simulations a disaggregation to hourly val-
ues has been implemented for the wind speed component. This is detaield in Wisskott (2026).

3.4.1.5.  Selected hydropower plants in the Goms region

Finally, when combining the different energy sources, it is necessary to establish the number of units (hy-
dropower plants, wind turbines and solar panels) to be considered for each source. The generation calcu-
lated with the “toymodels” equations and then multiplied by the respective number of units.

WP4 selected a subset of the 21 hydropower plants located in the Goms regions (WP). Three of the
four plants (KW) presented in Figure 40 are configured as in the real world. The “Laengtalsbach” plant
is operated as a virtual run-of-river plant (vKW), as simplification of the Altstafel plant. All these plants
have been then virtually equipped with realistic solar and wind power farms. For sake of comparability
all four plants used 3000 standard solar panels (LG375N1C-E6) and two Enercon E82 turbines (Schenk,
2023) as a complement to the hydropower plant.
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Figure 40: Testbeds retained for evaluating flexible real-time operations with hydrological forecasts.

The main characteristics of each hydropower plant concerning the RoR production are gathered in Table
10. The hydraulic head H for the semi-virtual Langtalbach plant is assigned by subtracting the elevation
of the KW Ulrichen (1358 miM) from the elevation of the intake (1983 miM).
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Table 10: Main characteristics of the considered hydropower plants for configuring the RoR module
(section 4.2). The ares serves to transform the hydrological model outcomes from mm/h to m3/s. The
head H is used to transform the used discharge into electrical energy. Each plant can force turbines with
discharge volumes ranging between the prescribed environmental flows Qe and the design discharge ot
the plant Qq.

Location Type Area H Qu Q-
[km?] [m] [m3/s] [m3/s]
Gletsch real 38.9 280 5.56 0.16
Langtalbach semi-virtual 6.96 625 1 0
Merezenbach real 7.8 504 0.5 0
Wannebode real 17.4 171 1.625 0.1

3.4.1.6. Web Dashboard for Gletsch

The “gletsch.slf.ch” web dashboard is operated by WSL since the original SmallFLEX Project. It aggre-
gates near—real-time observations (precipitation, snow, discharge) with MeteoSwiss numerical weather
predictions (deterministic and ensemble NWP) and PREVAH hydrological forecasts and publishes them
as simple station hydrographs and concise warning overviews for the target catchments.

The system presents both single-realization (deterministic) and ensemble summaries (median, percen-
tile bands and optional member display) for risk-based decisions; where peak timing and magnitude are
crucial the dashboard provides compact, uncertainty-focused summaries.

The dashboard is organized to navigate across target areas (horizontal bar) and forecasting products
(left bar, Figure 41). In the following the products are shortly described.
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Figure 41: Welcome view of “gletsch.wsl.ch”

The forecasting product “WSL Vorhersagen” is the legacy of the original SMALL Flex project, where
only the KW Gletsch was provided as real-time forecasts (Figure 41).
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The forecasting product “Small-Flex Goms” extends the forecasting capabilities to all four considered
plants.
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Figure 42: Archived operational discharge forecasts on September 20th 2025 for the four SMALL-FLEX-
GOMS testbeds. Top-Left: KW Gletsch. Top-Right KW Merezenbach. Bottom-Left: KW Wannebode.
Bottom-Right: KW Langtalbach.

This information is mostly useful to prevent damage to the intakes of the respective power plants by
allowing good anticipation in closing the gates and avoiding that sediments and debris eventually reach
the pipelines and the turbines. This information is updated several times per day allowing to react to
changing predictions as the potentially harmful event is approaching, Figure 42 presents the streamflow
forecasts for all four SMALL-FLEX-GOMS testbeds for the 20th of September 2025. The observed max-
imum discharge at the FOEN station in Gletsch occurred at 2 AM of September 22nd. The peak stream-
flow was 14 m3/s. The median of the forecasts two day ahead was about 17 m3/s.

The forecasting product “Small-Flex Energy” translates the hydrometeorological forecasts of the varia-
bles needed by the toy models into hourly energy forecasts. The forecasts of streamflow are needed to
operate the RoR toymodel. The wind speed forecasts are needed for the “Wind Energy” toymodel. The
PV toymodel is forced by the forecasts of both temperature and incoming global radiation. A sample of
Energy forecasts is presented in Figure 43.
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Figure 43: Archived 5 days operational forecasts of hourly Energy production (KWh) on September 20th
2025 for the KW Merezenbach. Top-Left: Run-of-River production. Top-Right: Wind Energy power. Bot-
tom-Left: PV-power. Bottom-Right: total energy production.

The energy forecasts presented in Figure 43 are exemplary for the peculiarities of energy yield by the
three sources of renewables to be considered for flexible operations of alpine run-of-river power plants:

The ROR energy forecasts during low-flow periods do not show spread (Figure 43, top-left)

During high-flow situation there is uncertainty about the timing when the maximum production ca-
pacity of the ROR plant is reached. Once this limit is reached additional streamflow overspills and
is not used for hydropower production, unless storage capacity is also installed (Figure 43, top-left).

Wind energy production is characterized by high uncertainty (Figure 43, top-right). Doubling the
wind speed increases the power eightfold (23 = 8). It means that small increases in wind speed can
lead to large increases in energy output, which may jeopardize any plans of production and flexible
operation of small power plants with limited storage capacity for the next days.

The photovoltaic energy predictions (lower-left panel in Figure 43) show a smaller variability and are
strongly constrained by the yearly cycle of irradiance at a specific location. Under clear-sky condi-
tions such forecasts might result in very reliable estimates of production for specific power plants in
the alps. In our specific case we assumed a virtual PV-farm with 3000 standard panels.

65/186



3.41.7.  Analysis of one year of real-time forecasts in the perspective of flexible
operations

The real-time operations for D4.1 started in June 2024. For the evaluation, a set of 396 forecasts has
been archived since then. Data are available for the four target areas listed in Table 10 and Figure 40.
We had to record data gap in January-February 2025 (Figure 44).

Laengtalbach - RoR Hydropower Laengtalbach - PV Power
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Figure 44: Daily energy yield estimations for the location Laengtalbach using observed meteorology
(black line) and ICON2 predictions (colour according to lead time) as forcing for PREVAH and the toy
models. Left: Run-of-River production. Right: PV-power. The four lines at the bottom of the forecasts
indicate whether the black line falls within the interquartile range of the predictions for the four lead times
(grey: no, color: yes). Analyses for all target areas and variables are summarized in Table 11 and in-
cluded as supplement to deliverable 4.1 (“SmallFLEX_WP4_D4.1_SupplementAnalysis”).

Bias of forecasted energy estimations

As a first term of comparison, the forecasted energy estimation has been compared to the reference
obtained one day after meteorological observations have become available for a specific date. For the
evaluation we take the output that is achieved by forcing the modelling chain (PREVAH & toy models)
with the observed meteorological data as reference (LT=-1, “-1” means one day after a specific day is
over and thus observed data are available). Subsequently, analyses for predictions with one to 4 days
(LT=1, LT=2, LT=3, LT=4) ahead are evaluated. In the context of energy production, it is important to
have reliable prediction one day ahead to plan operations and contribute to fulfil the local and regional
demand.

Same day predictions (LT=0) are not useful for energy traders and operators. If the predictions one and
two day ahead (LT=1 & LT=2) are skilful, then flexible production can be implemented and achieved.
Paramount goal is therefore that predictions are not biased as compared to the effective energy potential
production yielded by LT=-1.
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Table 11 Average bias in forecasted energy estimations for the four operational small-flex power
plants. Analyses are detailed per lead time (days), locations and renewable energy source. The last
column cumulates all three energy sources. White background means no/small bias. Red fields indicate
underestimation and blue fields overestimation of energy yield between reference and predictions

Lead time RoR Wind PV All
Gletsch
1 0% -74% 11% -1%
2 -1% -74% 9% -2%
3 -1% -72% 10% -3%
4 2% -71% 9% -3%
Laengtalbach
1 0% 49% 0% 0%
2 0% 53% -1% 1%
3 -1% 68% -1% 1%
4 -1% 76% -2% 3%
Merezenbach
1 -1% 7% 1% 0%
2 2% 15% 1% -1%
3 2% 30% 0% 2%
4 -2% 27% 0% -1%
Wanneboden
1 0% 7% 1% 0%
2 -1% 15% 1% 0%
3 -1% 30% 0% 0%
4 -1% 27% 0% 2%

Table 11 summarizes the average bias in percent between the estimated energy production with one to
four days prediction and the reference. Following can be concluded:

RoR estimation have almost no bias. This is valid for all lead times and target areas. Consequently,
predictions of RoR energy can be useful for flexible operations.

Wind energy predictions are largely biased, for all lead times and catchments. For the KW Gletsch
location wind energy production is largely underestimated, while for the other three areas the wind en-
ergy prediction is higher than the obtained reference value. This makes wind energy predictions less
suitable for flexible achievement of energy targets. Wind is a very local variable and there is a clear
mismatch between the wind speed predictions in the numerical weather model and the local interpola-
tion of wind speed based on observations in a standard meteorological network. For successful use of
predictions to guide energy planning very targeted local analyses of real wind parks data must be
planned and completed in the first years of operations, before using wind energy predictions for flexible
operations of small hydropower systems.

The predictions of PV are in most areas unbiased (on average). As solar energy highly depends on the
annual cycle of incoming global radiation, there is a kind of intrinsic persistence that is relatively easy to
predict by the numerical weather models, also with several days of advance. From a theoretical point of
view PV-energy is therefore valuable for planning of flexible operations. Nevertheless, also in case of
PV, some bias arises, when the representativity of local observations mismatch as compared to the
situation in the target area. In case of the KW-Gletsch plant, energy predictions are about 10% higher
than the yield estimated by the reference at LT=-1. At such high elevations, there is probably no repre-
sentative station of MeteoSwiss. The most representative station might be the one in Ulrichen, located
at much lower altitude. In case of fog and low clouds such station might receive much less solar radiation
than a potential PV-farm within the high elevation Gletsch basin. For maximising the usefulness of PV-
energy predictions for flexible operations a year of effective production data should be analysed to ex-
plore ways to reduce biases arising by the local situation where the PV-farm is installed. For three of the
four target areas in the small-flex Goms domain, PV-predictions are useful without need of further anal-
yses.
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Figure 45 Bias in percent of daily energy yield estimations faceted by locations (columns), energy source
(rows) and lead time (x-axis in the corresponding boxplot). The boxplots summarize the deviation in
percent between the prediction and the reference. Values above zero are sign of positive and values
below zero are sign of negative bias (see also table 4).

Figure 45 expands on the summary presented in Table 11. The boxplots summarizing all 396 forecast
days indicate how reliable are the bias estimations in each area for the different energy sources and for
different lead times. We can observe that:

The spread of the RoR boxplots is rather small and slightly increase from LT=1 to LT=4. KW
Wanneboden has larger variability of deviation than the other target areas. The box of the whisker-plot
(interquartile range) remains within a range of +/- 10% for both LT=1 and LT=2. These are the most
interesting for flexible operation of the power plants. In other words: in more than 50% of the cases the
RoR predictions are within +/- 10% of the reference for day-ahead and two-day-ahead energy planning.

The spread of the PV boxplots is larger than the one for RoR. Also, in this analysis the KW Gletsch
displays worst prediction quality. In the other three KW more than 50% of the cases the PV predictions
are within +/- 15% of the reference for day-ahead and two-day-ahead energy planning.

The deviation of the wind power predictions is very high and seldom within +/- 15% of the reference.
Their usefulness for flexible energy operations of small power plants is therefore reduced.

Accuracy of ensemble-based decisions

Energy trades need to plan production some days and hours in advance. With uncertain predictions, a
way to estimate how such decisions are useful need to be found. For the specific SmallFLEX framework
it has been decided to investigate the frequency of occurrence of useful ensemble forecast following the
principles of the Winkler’s score as presented in Wilks (2011). Figure 44 illustrates the usefulness of the
forecasts for each day in case of the RoR and PV predictions of the Laengtalbach. The horizonal lines
in the lower part of the two-time series visualize which days are useful (color marker according to palette
for each lead time) and which days resulted in poor forecasts (grey marker). Table 12 presents the
correspondent analysis. Following the structure of the previous sections we list here the major findings:

- RoR predictions are useful in about 70% of the cases for LT=1. This quality decreases with increas-
ing lead time. RoR predictions are particularly useful when all forecasts predict that the turbines can
be run at maximum capacity and during long low-flow periods, when persistence is governing the
drainage of the catchment.
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- Also, this analysis confirms that wind energy predictions are poorest in all regions. Wind energy
forecasts seem to be more useful for longer lead times. This is a bit misleading singe at longer lead
times also the spread of the interquartile range is much higher.

- PV predictions are taxed as useful in half of the days. Also, in this case an increase interquartile
range spread is yielding an improvement for later lead times as compared to LT=1.

Table 12 Percentage of useful forecasted energy estimations for the four operational SmallFLEX power.
Analyses are detailed per lead time (days), locations and renewable energy source. The last column
cumulates all three energy sources. Red fields indicate poor quality and green are sign of good perfor-
mance. Graphical analyses for all target areas and variables are included as supplement (“SF_Analy-

sis._SPREAD_IQR.pdf’).

Lead time RoR Wind PV All
Gletsch
1 70.6% 4.8% 44 1% 62.5%
2 64.8% 3.6% 46.6% 59.8%
3 64.1% 4.9% 50.0% 60.4%
4 62.8% 8.4% 49.0% 60.5%
Laengtal-
bach
1 71.6% 24.3% 54.2% 59.0%
2 63.5% 30.6% 54.4% 57.0%
3 64.3% 34.6% 58.9% 56.5%
4 61.5% 43.5% 56.5% 59.4%
Merezen-
bach
1 64.8% 26.1% 54.9% 57.7%
2 58.5% 28.2% 57.8% 55.4%
3 59.9% 35.9% 61.5% 57.3%
4 57.9% 39.8% 59.9% 57.9%
Wanneboden
1 66.6% 26.1% 54.9% 56.7%
2 55.4% 28.2% 57.8% 53.4%
3 54.9% 35.9% 61.5% 53.9%
4 52.9% 39.8% 59.9% 54.2%

3.4.2.Summary and recommendations from WP4 (part Forecasting)

WP4 (part Forecasting) assessed the potential for flexible operation of small hydropower (HP) plants in

the Goms Valley using hydrometeorological forecasts.

Key Components are a state-of-the art hydrometeorological forecasting system and a newly developed
“Toy Model for Energy Forecasting” (Wisskott, 2025). Three modules flexibly simulate energy production

from several renewable sources:

- Run-of-River (RoR): Based on streamflow, head, and turbine efficiency.

- Photovoltaic (PV): Accounts for irradiance, temperature, and panel characteristics.

- Wind Energy: Based on wind speed, air density, and turbine specifications.
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The tool has been implemented in R for operational use. Four HP plants in Goms have been retained.
Three of them replicate the real settings of the power plants. One of them is semi-virtual. Each site was
additionally virtually equipped with farms of 3000 PV panels and 2 wind turbines.

All analyses support the following conclusions:

- RoR forecasts: Very low bias across all sites and lead times — high reliability.

- PV forecasts: Generally unbiased, except at high-altitude sites like KW Gletsch.

- Wind energy forecasts: High bias and variability — low reliability.

For flexible operations following findings can be retained:

- RoR: ~70% of forecasts are useful for day-ahead planning.

- PV: ~50% useful; better at longer lead times.

- Wind: <30% useful; high uncertainty limits operational value.

Recommendations

- RoR and PV forecasts are suitable for flexible day ahead/two-day ahead operations.
- Wind forecasts require local calibration and further validation before operational use.
- Hybrid systems (RoR + PV) show promises for improving energy reliability in alpine regions.
Real Time tool:

The “gletsch.slf.ch” site has been upgraded. This real-time dashboard shows hydrological and meteor-
ological forecasts. The SmallFLEX Goms option extends forecasts to all four plants, and the Small-Flex-
Energy option converts in real time the hydrometeorological forecasts into energy predictions for RoR,
PV, and wind. The forecasting system is operating as part of SmallFLEX Goms since end of June 2024.
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3.4.3. Introduction WP4 — Hydrometeorological scenarios

The Swiss electricity generation is dominated by hydropower, i.e., approximately 60% stem from this
source (Karring and Raeck, 2019; SFOE, 2023). The energy strategy 2050 plans a further increase of
hydropower generation (Bonalumi et al., 2021) but also an extension of wind and solar power plants
(SFOE, 2021).

Variable renewable energy sources (VRES), such as wind power and solar photovoltaics, hold a pivotal
role for the decarbonization of electricity supply systems all over the world (Kroposki et al., 2017).

Combining several renewable energy sources is seen as a strategy to mitigate climate change, as it can
potentially attenuate the disadvantageous intermittency of some renewables and thus promote the use
of renewable energy sources. The intermittent and hardly predictable nature of VRES (See also deliv-
erable, previous sections of WP4 and Jurasz et al., 2020) is a challenge for the management of the
electrical grid, which requires the supply to match the demand at any time (Lund et al., 2015). Integrating
multiple renewables in a single hybrid power station is seen as a promising solution to facilitate the
introduction of high shares of VRES in the energy mix (Delucchi and Jacobson, 2011), taking advantage
of their complementarity to smooth out fluctuations and obtain more regular power generation profiles.

Some forms of hydropower, instead, are able to offer high quality energy, thanks to flexibility and storage
capacity (Gernaat et al., 2017). This particularly applies to reservoir-based hydropower systems (Egré
and Milewski, 2002); however, even in run-of-river plants with pondage the power output can be adjusted
to a limited extent (Jurasz and Ciapata, 2018). The highest degree of flexibility is provided by pumped-
storage hydropower plants: (Guittet et al., 2016; Hunt et al., 2020; Micocci et al., 2025).

We contribute to this field of research with conceptual case studies on complementing a Run-of-River
hydropower plant with virtual wind and solar power plants in the Goms Region of canton of Valais in
Switzerland. We aim to gain insight into how the performance of combined renewable energy sources
in meeting electricity demand is impacted by the interplay between climate variability and the way the
renewables are combined, under current hydrological and climate conditions as well as under future
climate change.

3.4.3.1.  Modelling framework in climate scenarios mode
The CH2018 scenarios

The transient daily streamflow scenarios used in this study were derived from the latest downscaled and
de-biased Swiss CC Scenarios CH2018 (NCCS, 2018a), which are based on the EURO-CORDEX da-
taset (Jacob et al., 2014). The climate model ensemble CH2018 contains a total of 39 model members
(Table 13) for three Representative Concentration Pathways (Moss et al., 2010):

- RCP 2.6 (Strong mitigation): Immediate global reduction of greenhouse gas emissions through
CO2-free energy production stops emission increases within approximately 20 years. Global mean
temperature rises by approximately 1.5°C above pre-industrial levels by the end of the 21st century.

- RCP 4.5 (Moderate mitigation): Greenhouse gas emissions are curbed but insufficiently. Atmos-
pheric concentrations continue rising for another 50 years, preventing temperature stabilization by
the end of the 21st century. The 2°C target of the Paris Agreement is not achieved, with global
warming of approximately 2.5°C above pre-industrial levels.

- RCP 8.5 (No mitigation): Greenhouse gas emissions continue increasing without explicit climate
protection measures. Global warming reaches 4-5°C above pre-industrial levels by the end of the
21st century.

CH2018 ensemble consists of different combinations of Regional Climate Models (RCMs) and General
Circulation Models (GCMs) and the ensemble members. The model ensemble provides daily air tem-
perature, precipitation, relative humidity, global radiation and near-surface wind speed (Brunner et al.,
2019) as needed for forcing the hydrological model used.
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Table 13 : The 39 model chains are based on the CH2018 climate scenarios (CH2018 — Climate
Scenarios for Switzerland, 2018). The combination of TEAM (responsible institute), RCM (Regional Cli-
mate Model), GCM (Global Circulation Model), RES (spatial resolution), and RCP (Representative Con-
centration Pathways) defines the name of each model chain.

TEAM RCM GCM Anflésung RCPs
CLMCOM CCLM4 HADGEM  EUR44 8.5
CLMCOM CCLMS ECEARTH EUR44 8.5
CLMCOM CCLMS HADGEM  EUR44 8.5
CLMCOM CCOLMS MIROC EUR44 8.5
CLMCOM CCLMS MPIESM EUR44 25

DI HIRHAM ECEARTH EURIL EUR44 26 4.5 85
KNMI RACMO  ECEARTH EUR44 45 85
KMNMI RACMO  HADGEM  EUR44 26,45 85
SMHI RCA CCCMA EUR44 45 85
SMHI RCA ECEARTH EURIL, EUR44 26 4.5 85
SMHI RCA HADGEM EURIL, EUR44 26 4.5, 85
SMHI RCA MIROC EUR44 26,45 85
SMHI RCA MPIESM EURILL, EUR44 26, 4.5 8.5
SMHI RCA NORESM EUR44 26,45 85

3.4.3.2. The Hydrological Model for climate scenarios

The conceptual hydrological PREcipitation-Runoff-EVapotranspiration HRU Model (PREVAH; Viviroli et
al., 2009) has been widely used to study the impact of climate change on discharge in Swiss catchments
(Horton et al., 2022). For the CC impacts tasks, the gridded version (Bernhard & Zappa, 2012; Speich
et al., 2015) with a spatial resolution of 200 x 200 m was used. In the version used, all model parameters
had already been calibrated, and the model has been successfully applied in multiple studies (Brunner
et al., 2019b, 2019a). The input data comprises temperature, precipitation, relative humidity, global ra-
diation, wind speed, and sunshine duration in daily resolution. To ensure reliable melt estimates under
evolving climate conditions, it is necessary to periodically update glacier extents. The implementation of
the glacier module follows the methodology introduced by Zekollari et al. (2019) and its integration into
PREVAH as described by Brunner et al. (2019a).

3.4.3.3. Simulation of scenarios

The CH2018 scenarios are finally used to force the hydrological model as part of a modelling chain
leading finally to the estimation of impacts (Figure 46). Energy yield by power plants is accounted as an
impact. Prior to the analyses, simulated time series are generally divided into four periods of the same
length (30 years), namely:

- the reference period (1991-2020),
- the early period (2020-2049),

- the mid period (1945-2074) and,
- the late period (2070-2099).

The historical observations (available for 1981-2021) are shortened to 1991-2020 (historical period) to
align with the reference climatology currently defined by the World Meteorological Organization (WMO).
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Figure 46: Basic description of the model chain framework of the Hydro-CH2018 CC impact assess-
ments. The figure is slightly modified from the report by the FOEN (2021b). Energy yield by power plants
is accounted as an impact.

3.4.3.4. Energy scenarios

After completion of the hydrological simulations data can be prepared to force the Toymodel presented
in Wisskott (2026, see also deliverable WP4.1 and previous paragraphs in the sections of WP4). This
flexible energy modelling framework for SmallFLEX Goms, includes a series of modules which provides
a unified structure for simulating photovoltaic (PV), wind, and hydro power generation. The structure of
the datasets comprises daily hydro-meteorological variables essential for energy system modelling, as
detailed in Table 9. These variables span four distinct 30-year periods (see above) facilitating analysis
of climate change impacts across different time horizons.

3.4.3.5. Case studies in the Goms region

WP 4 defined different case studies along the different stages of the project. A total of four studies in
line with the objectives of SmallFLEX have been completed:

- Prior to the selection of the final target areas by WP2, Schenk (2023) developed as part of her
Master Thesis at ETH a pilot study in the Goms region using near-real setting in the Binn valley.
She completed a report on “Complementing a hydropower plant with solar and wind power plants:
a conceptual study in the canton of Valais”. The hydropower plant that served as an example for
her hypothetical hydropower plant is plant Nr. 500400 of the Swiss hydropower databases
(WASTA), composed of four water intakes (SFOE, 2018). In her work, she used an early prototype
of the Toymodel tools. She explored two simple “management strategies”. This master thesis is
provided as supplement to this delivery. This work was supported by a collaboration with researcher
from INRAE (Paris, France)

- Holovchak (2025) realized a study focused on three SmallFLEX target areas: Griessee, Merezen-
bach and Wannebode. His Bachelor Thesis on “Climate model-based simulation analysis of hydro-
power plant potentials: Numerical experiments on water storage strategies and complementary pho-
tovoltaic integration” focused on the flexible integration of hydropower, PV-energy and storage in a
climate perspective. He transferred the Toymodel tools from R to Python and added features to
flexibly cope with energy demand strategies and storage. This bachelor thesis is provided as sup-
plement to this deliverable. This study was supported by researchers of the HAW Hamburg (Ger-
many).

- Micocci et al. (2025 and 2026) realized a comprehensive study on hybridization of a storage hydro-
power plant with a floating PV farm for the Etzelwerk plant in the Swiss Pre-Alps. As this study is
well in line with the goals of Small-Flex Goms. Dr. Micocci of the University of Bologna joined WSL
for a 6-month collaboration on the SmallFLEX topics. The focus of the study was finally put on the
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Lake Sihl, as the energy demand records and the absence of glaciers was better in line with the
goals of our scientific colleagues in Bologna.

- To explore the sensitivity of climate impacts on energy estimation in the Goms region we created a
set of ten target areas with different hydrological characteristics. This allowed a large sample anal-
yses of possible impacts of CC on these systems. These analyses are the main part of this reporting.
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Figure 47: Testbeds for large-sample assessment of climate impacts on energy production in the Goms

region.

Table 14: Main characteristics of the considered hydropower plants for the RoR model configuration.
The catchment area converts hydrological outputs from mm/d to m3/s, while the head H transforms
discharge into electrical energy. Each plant operates between environmental flow Qg and design dis-
charge Qyr. Site types indicate real, virtual, or semi-virtual configurations.

Name Head [m] Qgr |m®/s] Qur |m3®/s] Catchment [km?] Type
Gletsch 280 0.16 5.56 38.9 real
Gerewasser 265 0.14 3.00 24.0 virtual
Gonerli 385 0.075 1.00 5.78 wvirtual
Griessee 384 0.00 2.80 10.5 semi-virtual
Laengtalbach 625 0.00 1.00 6.96 semi-virtual
Merezenbach 504 0.00 0.50 7.8 real
Wanneboden 171 0.10 1.625 17.4  real
Minstigerbach 220 0.11 1.56 13.07 real
Selkigerbach 550 0.11 1.56 9.5 virtual
Milebach 729 0.14 1.56 12.4 semi-virtual

The study area comprises several catchment basins in the upper Rhéne Valley, Switzerland, primarily
located within the municipalities of Obergoms and Goms (Figure 47). Within these catchments, different
types of power plants ( Table 14) are considered, representing a mix of:
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- Real power plants, corresponding to existing installations within the study area,

- Virtual power plants, conceptually designed based on regional hydrological and climatic character-
istics, and

- Semi-virtual power plants, inspired by existing sites but modified.

All analyses are based on simulated climate and hydrological data, while the physical locations of the
plants correspond to actual sites in the study region. The area exhibits typical alpine hydrological char-
acteristics, with substantial influences from glacial melt, seasonal snow dynamics, and orographic pre-
cipitation patterns.

3.4.3.6. Climate change impacts
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Figure 48 Simulated mean daily wind speed (top), air temperature (center) and streamflow (lower panel)
faceted by month for the Merezenbach testbed. Each panel is separated by RCP scenario and divided
into four 30-year periods: Reference (grey), early future (cyan), mid future (orange) and far future
(green).

Figure 48 presents the baselines governing the changes of energy production with climate change as
used in the frameworks defined to test prediction of future energy in the Goms regions. In case of the
Merezenbach the average monthly values for wind speed, air temperature and streamflow are presented
for different periods and emission scenarios. Changes are increasing from the reference period to the
far future and difference are more uncertain for streamflow than for the other two variables. Such kind
of analyses is available for 10 target areas and as absolute values (shown here), absolute difference
between future periods and the 1991-2010 reference (grey in Figure 48) and as relative differences in
percent (see next sections for annual and seasonal summaries).
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Figure 49 Simulated annual changes of main variables needed for flexible operations at Merezenbach
and Wannebode (bottom). Each panel is separated by RCP scenario and period (x-component). At the
y-axis the relevant variables for flexible energy assessment are found. “Wind” for wind power, “wi” for
wind speed, "te” for air temperature, “ror” for hydropower energy, “ra” for global radiation, “q” for stream-
flow, “pv” for photovoltaic energy, “pr” for precipitation and “energy” for the sum op “Win+ror+PV”. All
changes beside air temperature are shown as deviation in percent between the scenario period and the
reference period. The changes in air temperature are given in °K. Blue colour is sign of increase. Red

colour of decrease.

Figure 49 presents the simulated annual changes of main variables needed for flexible operations at
Merezenbach and Wannebode. The summary details the findings per RCP scenario and periods. For
Merezenbach and Wannebode we can retain following findings:

- Wind speed and wind energy slightly decrease with largest negative impacts at the end of the cen-
tury with the RCP8.5 scenario
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- air temperature increases. At the end of the century up to 4.6 °K more could be achieved without
climate mitigation. With climate mitigation warming could remain belo 2°K.

- The interplay between change in climate and changes in the cryosphere makes the changes of
streamflow and hydropower energy very much variable across basins and scenarios. In some
cases, despite reduction of streamflow by more than 5%, the change in RoR yield is only reduced
by less than 2% as a better seasonal distribution of streamflow makes the plants more efficient

across seasons. “ror” for hydropower energy, “ra” for global radiation, “q” for streamflow, “pv” for
photovoltaic energy, “pr” for precipitation and “energy” for the sum op “Win+ror+PV”.
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Figure 50 Simulated changes of two variables needed for flexible operations at all 10 testbeds (y-axis).
Each panel is separated by RCP scenario and period (x-component). At top panel represents the PV
energy changes. The bottom panel represents the RoR hydropower changes. All changes are shown
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as deviation in percent between the scenario period and the reference period. Blue colour is sign of
increase. Red colour of decrease.

Figure 50 presents details the simulated annual changes for the variables PV energy and RoR energy
across all 10 target areas. The summary details the findings per RCP scenario and periods. We can
retain following findings:

- The estimated changes in PV yield are not dependent from the location of interest. Such changes
are only modulated by the average changes in air temperature and incoming global radiation. These
are not varying at local scale

- The changes in RoR energy are modulated by the hydrological characteristics of the 10 investigated
locations. Highest decrease in predicted RoR is obtained in catchments that are massively affected
by reduction of their portion of glaciated areas (Griesse and Minstingerbach).

- In some areas RoR yield might increase as long as glacier melt is still advancing to the peak of melt
amounts with progressing warming. Smallest decrease of RoR yield is achievable by implementing
climate change mitigation strategies.
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3.4.3.8. Seasonality of changes
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Heatmap of Aug for var: ror
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Figure 51 Simulated relative changes of RoR energy in February (top panel) and August (bottom panel).
Each panel is detailed by RCP scenario and period (x-component). At the y-axis the 10 testbeds are
found. Blue colour is sign of increase. Red colour of decrease. All changes are shown as deviation in
percent between the scenario period and the reference period. Blue colour is sign of increase. Red
colour of decrease.

Figure 50 is further detailed across seasons in Figure 51 for RoR. Figure 51 details the simulated
changes for the variable RoR energy across all 10 target areas in February and August. The summary
details the findings per RCP scenario and periods. We can retain following outcomes:

- The changes in RoR energy in February consist of strong to very strong percentual increase across
all periods, emission scenarios and target areas.

- Also in this case are modulated by the hydrological characteristics of the 10 investigated locations.
Furthermore, the change in seasonality of streamflow as coupled with the setup of the power plants
results in increased efficiency in gathering water for power production in wintertime. Increase in
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Winter production is surely a welcome outcome to overcome winter shortages in Energy when nu-
clear power plants wil be decommissioned.

- For similar reasons RoR yield will decrease in summer as snowmelt is anticipated to earlier months
and glacier melt is shrinking year after year.

3.4.3.9. Summary of completed hybridization studies

Schenk (2003) combined different renewable energies in climate impact mode using so-called ‘con-
ceptual management strategies’. Such strategies determine the order in which the three energy
sources are used, and the shares of each source needed to meet the electricity demand at a daily
time step. These management strategies are defined according to the average historical climate (ob-
servations of the period 1991-2020) and then strictly analysed on how they perform in meeting elec-
tricity demand under climate conditions that deviate from the historical average. The respective perfor-
mance of two management strategies was assessed: the first representing a more diverse combina-
tion (ranking the use of wind and solar before hydropower energy and thus using all sources through-
out the whole year) and the second representing a less diverse combination (hydropower comple-
mented by wind and solar energy in periods of low river discharge only).
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Figure 52 Left: lllustration of the outcome when applying the management strategy WSH to all climate
change periods and RCPs. The color-code is equal to the one used to describe the management strat-
egies in section 3.2 (green = wind power, yellow = solar power, blue = hydropower, grey = historical
deficit). Coloured areas above the bold black line (electricity demand) mean overgeneration, while white
areas below the black line mean undergeneration.

The results of Schenk (2023) indicate that the more diverse management strategy generally performs
better in meeting demand under climate conditions that deviate from the average conditions used to
define the strategies (compared to a less diverse strategy which relies mostly on one energy source
only). This holds true for most future periods impacted by climate change analysed (Figure 52). For our
setting, the more diverse management strategy could attenuate under-/overgeneration that arose from
deviating climate conditions, regardless of whether this under-/overgeneration was showing a trend (fu-
ture periods). This better performance is presumably due to the smaller share of one source when the
same electricity demand is met by a combination of different energy sources, compared to a reliance on
one source only. Schenk (2023) concluded that a diversification in renewable energy sources may po-
tentially have a positive impact on the total electricity generation, as it seems to better support the sys-
tem in meeting demand. The impacts of storage on similar setting was explored by Holovchak (2025)
and Micocci et al (2026).

Holovchak (2025) investigate how to overcome the sensitivity of hydropower energy to climate change
in the Alpine region. Previous studies have examined the impacts of climate change on the energy
generation from hydropower plants and the benefits of complementarily combining different renewable
energy sources. Holovchak (2025) contributed to this research field with a climate model-based
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simulation analysis of flexible operating strategies of small hydropower plants, using numerical experi-
ments on virtual storage and the integration of complementary photovoltaic (PV) generation. It investi-
gates the potential of stable energy production from small storage hydropower plants in the Goms region
of the canton of Valais in Switzerland aiming at reduced seasonal fluctuations and increased annual
yield consistency. He simulate daily hydropower and photovoltaic generation using climate projections
from Swiss climate change scenarios CH2018 and the corresponding simulated discharge time series
from the hydrological model PREVAH as detailed in previous sections. This study introduces and com-
pares two reservoir operating strategies and assesses their effects on hydropower generation and over-
all energy balance under future climate scenarios. These methods define how potential hydraulic energy
is utilized and how the available energy sources are prioritized.

Table 15 Merezenbach (increased reservoir capacity of 8 million m3): annual total hydropower genera-
tion with and without storage under each RCP scenario and projection period. The storage is operated
with target production method.

RCP scenario Projection Without storage [MWh] With storage [MWh] Increase [%]

RCP26 ref 6999.045 9610.218 37.31
2035 6773.273 9496099 40.20
2060 6981.909 9839.335 40.93
2085 6841.237 9637.619 40.88
RCP4.5 ref T036.195 9725.212 38.22
2035 6619.0358 9350.200 41.26
2060 6646.634 9240.369 39.02
2085 6322 986 9456909 38.60
RCP8.5 ref T008.930 9716.002 38.62
2035 6697.602 9419.612 40.64
2060 6920.518 9546.522 37.95
2085 6942.991 9195.314 32.44

The results indicate pronounced issues in energy generation faced by the end of the century under
scenarios with higher greenhouse gas concentrations in the atmosphere. For scenarios without climate
protection, the annual hydropower production decreases by up to one quarter under high-emission sce-
narios for some analysed catchments due to large yearly discharge decrease. The simulations of virtual
water storage address the seasonal and quantitative changes in discharge in the future and show a
more balanced and reliable energy supply, reducing fluctuations. Compared to the run-of-river operating
mode, this approach enhances mean annual generation by up to 40% in certain catchments (See Me-
rezenbach in Table 15). The implementation of complementary photovoltaic plants enhances the flexi-
bility of the system and overall energy generation results. We conclude that small storage hydropower
plants may act as a main stabilizing element in future renewable energy systems when adequate storage
can be installed.

Finally, a collaboration of WSL with the University of Bologna led to testing some of the SmallFLEX
methods on a system located in the Swiss pre-alpine area. Micocci et al. (2025 & 2026) explored how
renewable energy sources play a crucial role in improving hydropower system reliability (the Micocci et
al. 2025 paper) and mitigating climate change (Micocci et al. 2026). In their study,they illustrated how
climate change impacts can be integrated into the evaluation of a hybrid energy system that combines
an existing pumped-storage hydropower plant with a conceptual floating photovoltaic installation. Cli-
mate change effects were estimated using 39 EURO-CORDEX model chains described in previous
sections. Also, this study covered three future time periods and three emission scenarios. The simula-
tions indicated a slight decrease in annual hydropower production, accompanied by a pronounced shift
in seasonality, with an increase in winter production and a decrease in spring and summer. The annual
solar energy yield also exhibits a modest declining trend over time, though no substantial changes in
seasonality were projected. Despite these individual trends, hybridization enhances system resilience:
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the complementary variability of the two energy sources at a seasonal scale helps to stabilize overall
production. Moreover, the hybrid configuration enables strategic reservoir management by utilizing solar
power for pumping in the spring to meet local water storage needs or maintaining higher environmental
flows during summer months, thus compensating for the projected reduction in spring and summer run-
off, affecting both reservoir inflows and downstream riverine habitats (Figure 53).
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Figure 53 Multi-model ensemble median of 30-year average mean monthly downstream release in a
setting without use of PV for mitigation of environmental stress (PV1) and with use of PV for reducing
environmental stress in summer (PV2). The hybridization is detailed per each future period under differ-
ent RCP scenarios.

3.4.4. Summary and recommendations from WP4 (part scenarios)

WP4 (part scenarios) assessed the potential for flexible operation of small hydropower (HP) plants in
the Goms Valley using the CH2018 climate scenarios. The main conclusions are:

- Concerning future impacts local variability and changes of total energy potential are strongly gov-
erned by changes in the hydrological response (Discharge/RoR).

- Changes in Wind, Temperature, Radiation, Wind power and PV are found to be variable according
to the adopted emission scenario, but no relevant location-dependent changes are found to be sig-
nificant.

- PV show and increase in summer and a decrease in winter. RoR the other way round.

- Hybridization of hydropower plants with PV might be very attractive as long as storage of water is
possible. We can confirm the literature recommendations that pumped-storage plants are the most
promising for flexible operations.

- Bestinformation for and from studies is achieved when a clear energy demand profile is available.

Recommendations
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RoR sensitivity to future climate should be the main criteria when assessing future potential for
flexible operations of small plants in the Goms region and more in general in the European Alps.

The exemplar analyses show that hybridization of hydropower with PV-Energy has large potential
to accomodate both energy and environmental aspects.

A careful planning of the storage of energy is key to optimize the flexibility of the system.
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3.5 WP5 — Risk of air entrainment

Lead: ETHZ, partners: HEVS

The aim of this work package is to assess the risk of air entrainment into the pressurised system of
hydropower plants (HPPs) operated flexibly. When parts of the headrace system are temporarily used
as storage volume by lowering the water level, the transition between free-surface and pressurised flow
is shifted or hydraulically altered. This can lead to undesired air entrainment.

To investigate this risk, a literature review was carried out to identify known mechanisms and conse-
quences of air entrainment and air transport in power waterways. In parallel, a physical model of the
Morel HPP was built at VAW of ETH Zurich, where the influence of water level lowering on air entrain-
ment could be experimentally studied.

In parallel to the physical experiment, numerical CFD simulations by HEVS was carried out (sect 3.5.3).

3.5.1. Literature review

Air entrapped in pressurised conduits is undesirable from both operational and safety perspectives.
Stationary air pockets and entrained air bubbles cause additional head losses (backwater rise), reduce
discharge capacity, and can promote corrosion. Moreover, entrained air can give rise to dynamic chal-
lenges in the form of unsteady flow behaviour, such as pulsations, pressure surges, and structural dam-
age within the system. Of particular concern are air bubbles that rise to the soffit and accumulate into
air pockets, which may blow back periodically once their volume reaches a critical size, or suddenly
during shutdown. Due to these dynamic phenomena, the system components may be subject to unin-
tended mechanical stresses (Mdller, 2013). Air bubbles that reach the turbines can further reduce effi-
ciency and, if imploding, potentially damage turbine components. In Pelton turbines, the sudden expan-
sion of air bubbles at atmospheric pressure increases the spray angle of the jet (Figure 54), leading to
reduced turbine efficiency (Staubli et al., 2009), and potentially cavitation erosion on the buckets (Man-
dal & Bajracharya, 2021).

Figure 54: Jet dispersion due to air explosions, captured with a long exposure time (Staubli et al., 2009)

In addition to these hydraulic and mechanical effects, entrained air can dissolve under increasing pres-
sure within the power waterway. When this pressurised water is released downstream, the rapid pres-
sure drop can result in total dissolved gas (TDG) supersaturation. Prolonged exposure to elevated TDG
levels can harm aquatic organisms, leading to gas bubble disease, where free gas bubbles form in blood
vessels and tissues such as fins, eyes, and gills (Weitkamp and Katz, 1980). Recent assessments indi-
cate that hydropower plants with secondary intakes and reaction turbines such as Francis or Kaplan
turbines are particularly prone to TDG supersaturation, whereas Pelton turbines promote degassing and
mitigate downstream effects (Pulg et al., 2024).
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3.5.1.1. Air entrainment

The extent of air entrainment is commonly characterised by the relative entrainment rate, expressed as
the ratio 8 = Q./Qw between the volumetric air (index a) discharge Q. and the volumetric water (index w)
discharge Qw. The mechanisms governing this process depend on the flow conditions at the transition
from free surface to pressurised flow. A lowering of the water level in power waterways causes a dis-
placement of this transition and modifies the hydraulic conditions, which may give rise to air entrainment.
Three processes are of relevance in this context. (1) Vortex-induced entrainment results from a rota-
tional motion of the free-surface flow leading to a coherent surface vortex. (2) Air entrainment by a
turbulent shear layer occurs when the impingement of an accelerated free-surface flow generates an
unsteady shear interface with the pressurised flow, leading to air incorporation along the mixing layer.
(3) Air entrainment by surface instabilities arises when growing disturbances at the water-air interface
lead to the detachment and transport of air bubbles into pressurised flow.

(1) Vortex-induced air entrainment

Several investigations have addressed the occurrence of air-entraining vortices, with particular empha-
sis on pipe inlets in pump sumps and intake structures of hydraulic facilities. The development of such
vortices is commonly described in terms of the circulation number N, which provides a measure of
vortex strength. As the vortex strength increases, the core deepens until surface tension can no longer
counteract centrifugal forces, at which point air bubbles are detached and entrained (Mdller 2013). Ac-
cording to Alden Research Laboratory (ARL, Holden, USA), six vortex types (VT) can be distinguished
(Figure 55): VT1 — coherent surface swirl, VT2 — surface dimple; coherent surface swirl, VT3 — dye core
to intake; coherent swirl throughout the water column, VT4 — vortex pulling floating trash, but not air,
VT5 — vortex pulling air bubbles, and VT6 — full air core to intake.

VT1: coherent surface swirl VT2: surface dimple; coherent VT3: dye core to intake; coherent
surface swirl swirl throughout water column
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VT4: vortex pulling floating VT5: vortex pulling air bubbles VT6: full air core to intake
trash, but not air to intake

Figure 55: ARL vortex type classification (adapted from Moller, 2013)

The threshold for air entrainment by intake vortices is commonly described as the critical relative sub-
mergence depth hs ¢/ D (D: diameter of the conduit) as a function of the intake Froude number, i.e. the
pipe Froude number F, (see Section 3.5.1.2). The most important approaches for predicting hsc- at
intakes of HPP are provided in Table 16. Gordon (1970) studied the flow at intakes of run-of-river HPPs
with swirling flow problems, observing vortex formation during reservoir draw-down. Here, the charac-
teristic length was defined as the height in the cross-section of the bulked-head gate, where also the
velocity was measured. The two resulting design equations distinguish between symmetrical and
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asymmetrical approach flow conditions that are, however, not precisely defined. Gulliver et al. (1986)
added more prototype investigations to Gordon’s dataset and suggested more conservatively thresholds
for the relative critical submergence hsc-/ D and Fy. Knauss (1987) recommended a linear relationship
between the minimum relative critical submergence hs - and F, as well as a minimum threshold of rela-
tive submergence for low Froude numbers. The equation is based on prototype observations with the
intake Froude number is defined at the cross sections indicated with d or b in Figure 56.

It must be noted that the described studies reproduce strongly simplified geometries, not considering
any site-specific, complex approach flow conditions. For evaluating the risk of vortex-induced air en-
trainment at specific hydraulic structures, hydraulic investigations remain necessary.

Table 16: Summary of the investigations on the critical relative submergence to avoid air entraining
vortices.

Authors Criterion Comment

hser/ D =1.7Fw +0.5D for symmetrical approach flow
Gordon (1970)

hser! D =2.3Fw + 0.5D for asymmetrical approach flow
Gulliver et al. (1986) hser/ D>1and Fw<0.5
Knauss (1987) hser/ D =2Fw +0.5and ha/D21...1.5

T T T T T T > Fr

01 03 05 1.0 15 2,0

Figure 56: Relative critical submergence depth h./D in function of intake Froude-Number F,, for intakes
of HPPs (Knauss, 1987)

For the onset of air-entraining vortices at a horizontal intake, effects of viscosity and surface tension
cannot be neglected. For an approximately correct modelling of these processes, the following threshold
values must be observed according to Anwar et al. (1978):

- Radial Reynolds number Rr = Q/ (vhs) > 3.0-104
- Weber number W = v2p,hs | 0 > 10*
with v : flow velocity, v: kinematic viscosity of water, hs: submergence height relative to intake axis,

Pw : density of water and o : surface tension.

87/186



(2) Air entrainment by impingement jet (turbulent shear layer)

Air entrainment by a turbulent shear layer occurs when a high-velocity free-surface jet impinges upon a
slower pressurised flow, creating an unstable interface that induces air uptake. This process is governed
by the velocity difference across the shear layer, turbulence intensity, and surface instabilities leading
to bubble detachment and transport. Experimental studies have identified a critical onset velocity v, for
air entrainment, below which bubble formation does not occur. For instance, Bertola et al. (2018) ob-
served that air bubbles begin to enter the flow when the impact jet velocity exceeds approximately
0.9...1.1 m/s, which is referred to as the onset velocity ve.

#%e _0.0109-(1+3.5-6%™),
(e

Vl
Tu=—,
v

with Tu : jet turbulence intensity, and v': jet turbulence velocity at impingement.

Air entrainment in hydraulic jumps represents a specific case of shear-layer entrainment, occurring when
supercritical free-surface flow transitions to pressurised or subcritical flow. Numerous studies have
shown that the rate of air entrainment in hydraulic jumps can be described as a function of the Froude
number at the jump toe Fo. Hydraulic jumps often develop downstream of submerged gates at low-level
outlets. As a result, design equations frequently use the Froude number at the vena contracta F. to
estimate the expected air entrainment. The existing air entrainment equations and the experimental
design of previous studies are summarised in Table 17.

Table 17: Design equations for air entrainment rate 8 through hydraulic jump in function of the Froude
number F in the approach section (index 0) or in the vena contracta (index c¢) by various authors. Studies
based on model tests are indicated with m, those based on prototype data with p. The dimensions
(length L, slope S, width w and height h or diameter D) of the model facilities are indicated.

Authors Equation Data Source Dimensions F range

Kalinske & Robertson (1943) B =0.0066(Fo — 1)'4 m circular: 2...30
B =2.340Fo — 5.248 D =0.149 m,
L=10.7m,
S =0, 30] %

Campbell & Guyton (1953) B =0.04(Fc— 1)08 p 3...20
USACE (1964) B =0.03(Fc— 1)"% p 3...40
Wisner (1967) B =0.04(Fc—1)°%, F.<6 m&p rectangular <20
B=0.014(Fc - 1)'* F.>6 w=1mand0.25 m,
h=0.1mand0.25 m,
S=0%
L not specified

Sharma (1976) B =0.0066(Fc—1)"* m&p rectangular: 6...40
w=0.1m,
h=0.15m,
L=[2, 8 m
S =0%

Escarameia (2007) B =0.0025(Fo — 1)"8 m circular: 1...3
D=0.15m,
L=3m,
S=[0,41]%

Mortensen et al. (2011) B =2.340Fo — 5.248 m circular: 3...12
D =10.08, 0.59] m,
L =1[106, 53] D
S=4%
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(3) Air entrainment by surface instabilities

When subcritical free-surface flow transitions to pressurised flow, air bubbles may detach from the water
surface and become entrained into the pressurised flow (Figure 57). This entrainment is triggered by
instabilities of the free surface, where surface waves grow until they promote bubble detachment. Such
a mechanism can be interpreted as air entrainment by surface instabilities, in analogy to the destabili-
zation processes at phase interfaces described by Wickenhauser (2008).

Figure 57: Observed transition from free surface to pressurised flow in an acrylic pipe with a slope S =
3.6%o and diameter D = 0.19 m at (a) F» = 0.20 and (b) F» = 0.24 (top view). In (b) disturbance waves
trigger air bubble detachment, resulting in their entrainment and transport.

3.5.1.2. Air transport

Once air has been entrained, a continuous air-water two-phase flow may develop downstream of the
pressurisation. Such flows are described in terms of the superficial velocities Us of the two phases,
defined as the discharge of each phase divided by the total cross-sectional area A, i.e. for water and for
air:

Q Q

US="% and US=—2

A A
Based on these quantities, the pipe Froude number F,, (dimensionless superficial water velocity) and,
in analogy, the air pipe Froude number F, (dimensionless superficial air velocity) are introduced as

US
FW = = 3y
JgD
Fa Ua )
Py = P, gD
P

with g = gravitational acceleration and p, = densities of air.

Flow patterns

The commonly observed regimes of two-phase flow in closed horizontal conduits, i.e. air-water under
pressure can be described as six distinct flow patterns, illustrated in Figure 58a (Rouhani & Sohal, 1983).
Taitel & Dukler (1976) described the transition between these flow patterns theoretically and compared
their results with data collected in a horizontal pipe with D = 0.025 m. A map of the flow patterns that
develop as a function of the superficial water velocity U; and the superficial air velocity U: is provided

in Figure 58b. At low air and water velocities, the flow is stratified with a smooth interface (SS: stratified
flow, smooth. SS in contrast to free-flow conditions at atmospheric pressure). As the air velocity
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increases, the interface becomes wavy (SW: stratified flow, wavy). For increased water velocity, the air
flow is intermitted by water, and elongated bubbles are transported at the pipe soffit (IP: intermittent
flow, plug flow — also referred to as elongated bubble flow). At higher air velocities, water and air pockets
alternate (IS: intermittent flow, slug flow). For very high water velocity and low air velocity, the air is
transported as dispersed bubbles (DB: dispersed flow). At very high air velocity, the air accumulates at
the centre and the water at the pipe wall (AA: annular flow).

Talley et al. (2015) characterise and visualise flow regime transition processes in horizontal gas—liquid
two-phase flow.

[E=—————— s5 (smooth) ' ' '
stratified flow — —
———— " SW (wavy) 10
A L7748 IP (plug flow) E
intermittent flow E 1
b ety 5] 1S (slug flow) "
dispersed flow A IR P 3""0'3“37) DB 0.1
annular flow
0.01
01 1 310 100
U, [ms™]

Figure 58: (a) Flow patterns according to Rouhani & Sohal (1983) (adapted from Hohermuth (2019)).
(b) Comparison of theoretical (solid line) and observed (dashed line, data from Mandhane et al. (1974))
flow patterns in a horizontal pipe with D = 0.025 m (adapted by Hohermuth (2019) from Taitel & Dukler
(1976)).

In hydraulic engineering applications the air velocity is generally limited by the drag of the water flow.
As a result, for downward flow, the air velocity will not exceed the water velocity. The most commonly
observed flow patterns of pressurised, downward air-water flow are therefore smooth stratified flow (SS)
and elongated bubble flow (IP). As pipe diameters are generally larger in hydraulic engineering, the
transition between the two patterns deviates from observations made in process engineering due to
viscosity and surface tension effects. Wickenhauser (2008) found that in horizontal to slightly inclined
pipes (S =0...1.7%) with D = 0.484 m the transition from stratified to elongated bubble flow occurs at
higher superficial water velocities U; than indicated in the flow pattern map by Rouhani & Sohal (1983)
(Figure 59)

Bottin et al. (2014) illustrate the development of two-phase bubbly flow in a horizontal pipe with D = 0.1
m at the axial position x/D = 40 downstream of the inlet with the air bubbles being injected evenly across

the inlet-section. This study also shows the flow patterns of stratified bubble (SB) and buoyant bubble
(BB) flow during the development phase to a true dispersed bubble flow (Figure 59).
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Figure 59: Regime transitions observed by Wickenhauser (2008) in a horizontal pipe with D = 0.484 m
from smooth stratified (SS) to elongated bubble (IP) flow (—), and in the development phase 4 m down-
stream the inlet in a pipe with D = 0.1 by Bottin et al. (2015) from SS to IP, IP to stratified bubble (SB)
and SB to buoyant bubble (BB) flow (--) in comparison with the flow pattern map by Rouhani & Sohal
(1983) (—); adapted by VAW.

Kalinske & Robertson (1943) and Pothof & Clemens (2010) described similar flow patterns observed
during model tests in downward sloping pipes. Kalinske & Robertson (1943) carried out their model tests
in a pipe with D = 0.149 m at slopes between 0.2% and 30%, producing a hydraulic jump downstream
of a sliding gate. Pothof & Clemens (2010) continuously injected air in the upstream horizontal section
of a pipe with D = 0.22 m and let it accumulate to a large air pocket at the mitre bend into a downward
slope with angles between 5° and 90°. Figure 60 visualises the observed flow patterns:

1. Stratified flow: The air pocket accumulating downstream of the hydraulic jump (Kalinske & Rob-
ertson, 1943) or at the mitre bend (Pothof & Clemens, 2010) fills the entire sloping reach, cre-
ating stratified flow conditions. All entrained air reaches the bottom of the slope where an air-
entraining hydraulic jump establishes.

2. Blow-back flow: One (2a) or more (2b) air pockets form in the sloping reach, which include an
air-entraining hydraulic jump at their downstream end. The air entrained by each hydraulic jump
coalesces to form another air pocket. Periodically, the downstream air pockets blow out, i.e.
rapidly move upstream, into the topmost air pocket. The air entrainment rate thus exceeds the
average air transport capacity of the pipe flow.

3. Plug flow: The entrained air accumulates to air pockets, which are transported downstream.
Hydraulic jumps within the air pockets are absent. Full air transport capacity is reached in this
regime.

4. Bubbly flow: Air accumulation to larger pockets does not occur. All entrained air is transported
as dispersed bubbles or small plugs.
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Figure 60: Visualization of the flow regimes described by Kalinske & Robertson (1943) and Pothof &
Clemens (2010) for the experimental set-up of Pothof & Clemens (2010).

Transport of single air bubbles or pockets

The movement of individual bubbles or air pockets in pipes is governed primarily by inertial and gravi-
tational forces. Depending on their shape, size, and the superficial water velocity U; , air pockets may

move upstream against gravity because of their buoyancy, or downstream if the drag on them exceeds
their buoyancy. The threshold condition is expressed by the critical pipe Froude number F,c, commonly
referred to as the clearing flow number. Assuming constant bubble shape and a linear scaling of bubble
diameter with pipe diameter, the equilibrium of forces for a stationary air pocket reduces to

F,. =CoVsina +C,,

with coefficients Co and C1 that can stem from laboratory data and a is the pipe inclination angle.

Table 18 summarises the empirical constants and the tested pipe diameters and angles of relevant
studies from the literature. Kent (1952) suggested a relationship for air pockets with L,/D > 1.5, where
L, = bubble length, although his own experimental data showed systematic deviations from the sug-
gested formula, as later highlighted by Wisner et al. (1975). Wisner et al. (1975) compared their dataset
with those of Kalinske and Robertson (1943) and Kent (1952), and defined a conservative envelope
curve representing a lower bound for F,, .. Falvey (1980) pointed out that the motion of air bubbles and
air pockets have to be considered distinctly, and that in the intermediate zone air bubbles and air pockets
can move in opposite directions simultaneously, leading to a blow-back flow regime. Based on physical
model experiments Escarameia (2007) proposed empirical constants as a function of the relative air
pocket size n = (4 V,)/(1r D3), where V, is the air pocket volume.
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Table 18: Empirical coefficients presented in the literature for the design equation of the critical pipe
Froude number in the form F, =C,sina +C,.

Authors Coefficients Experimental layout
Co=1.23 D=01m
Kent (1952) Ci=0 a=15..75°
: Co=0.25 D=0.245m
Wisner et al. (1975) Ci= 0.825 o= 18.4°
Co = 0.56
0.45 for n<0.06
Escarameia (2007) C - 0.50 for 0.06<n<0.12 D: 8-122”150
"710.57 for 0.12<n<0.30 @z Pes
0.61 for 0.30<n<2.00

Wickenhauser & Kriewitz (2009) carried out large scale model tests in horizontal to slightly inclined pipes
(S=0.4...8.7%) with a diameter of 0.484 m, revealing that the air flow number of the transported air F
increases with increasing pipe Froude number F,. A critical F,, = 0.25 has to be exceeded for the air to
be transported downstream. This means precisely that 1% of the air entrained is transported (F ), while
99% rises back upstream. For F,, > 0.25 the entrained air is entirely or partially transported. This thresh-
old is seen as the initiation of air transport and contrasts with F,, at which all the air is transported
downstream. The transported air discharge F.; increases with increasing F, and decreases with in-
creasing pipe slopes S. For a given water pipe number F,, and slope there is a threshold value of trans-
ported air discharge F,max representing a maximum air transport capacity. The results are presented in
Figure 61, showing that the transport capacity features a high rate of decrease for smaller slopes and
gets smaller for steeper slopes. However, the study investigated a rather limited range of slopes and

pipe flow numbers.

0.0015
Lx --ex---S=0.004
=
0.0012 [p —=&—s=0.008
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Figure 61: Air flow number of the maximum transported air Fatmax @s a function of the pipe slope S and the pipe

Froude number Fw (Wickenhauser, 2008).
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Continuous air-water flow

The previous considerations refer to single air bubbles or pockets. However, air continuously entrained
different bubble sizes can be expected to behave differently, as the clearing flow number F, . for a single
bubble varies depending on its volume and shape. Moreover, e.g. Kalinske & Robertson (1943) ob-
served that small bubbles transported downstream coalesce to air pockets, which could become large
enough to move upstream.

Pothof & Clemens (2010) investigated continuous air-water flows and described the transition from blow-
back flow to plug flow as a critical condition corresponding to the attainment of the critical pipe Froude
number Fy,c. At this transition, the air pockets remain stationary while hydraulic jumps at the downstream
end of each pocket entrain the same volume of air as is introduced upstream. For this balance to hold,
the tailwater depth beneath each air pocket must reach a constant value, since the air entrainment rate
by a hydraulic jump depends on the Froude number at the jump toe. Based on the observation that the
acceleration length under the air pocket is sufficient for the water flow to develop close to the uniform
flow depth h,, Pothof & Clemens (2010) derived the following analytical expression for the critical pipe

Froude number:
ah  (2h Y ( 2h 2n 1 , 2n\
oo —2 n.3 2. — |+arcsin| 1- —= [+ — |, for
D D D D 2 D) 2

2sina D, (A )’ A cosa
Fw,c1.5 (G) = _h(_n) =
A DUA) A m

where A = friction factor, D, = hydraulic diameter, A, = cross-sectional area at uniform flow condition,
and Ay = bubble cross-section.

wWIN

F,=1.5-103

It should be noted that the equation has been modified here, as the original publication contains a typo-
graphical error. The formulation was found to be in good agreement with experimental data at an air
pipe Froude number of F, = 1.5-1073. Pothof and Clemens (2011) extended their analysis and demon-
strated that the air transport capacity increases exponentially with F,. On this basis, they proposed the
following relationship for the critical pipe Froude number as a function of the air pipe Froude number:

1
F, x107 )9
Fw,c (Faia)sz,c1,5'|n ( 187 J

Scale effects and model similitude

Froude scaling provides an appropriate framework for modelling air transport in closed conduits because
the underlying force balance is primarily governed by inertia and gravity. However, Froude scaling en-
sures only geometric and kinematic similarity, while viscous and surface tension forces are not correctly
scaled, i.e. full dynamic similarity is not achieved. The bubble geometry is governed by the EStvés num-
ber
2
Eo= (PuPs)9D ,
o

which represents the ratio of gravitational to surface tension forces, with o = surface tension at the water-
air interface. The influence of surface tension decreases with increasing pipe diameter, and studies
suggest that viscosity and surface tension effects become negligible for D > 0.175 m (Zukoski, 1966;
Viana et al., 2003). In close agreement with the former, Pothof and Clemens (2011) showed that the
effect of pipe diameter on the clearing flow number diminishes for D > 0.15 m and recommended a
criterion of Eo > 5000, corresponding to D > 0.19 m for reliable investigation of Fy,c. The studies by
Wisner et al. (1975), Escarameia (2007), and Pothof and Clemens (2011) satisfy this criterion.
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3.5.2. Physical model experiments — case study KW Moérel

To determine the operational drawdown limit imposed by the risk of air entrainment, water-level lowering
was investigated by means of physical model experiments. A scale model of HPP Mérel was constructed
at the Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zurich. The experiments aimed
to analyse water-level lowering under different load cases, identify the associated air-entrainment mech-
anisms, and define threshold drawdown heights.

3.5.2.1. Experimental design

The physical model was designed according to Froude similitude with a geometric scale factor of
A =16.04, giving a pipe diameter of D = 0.19 m, compliant with criterion for minimal scale effects. It
covers a total reach of 165 m along the tunnel axis, compromising the last section of the free-flow head-
race tunnel (30 m), the overflow chamber with the profile transition (31 m), the operational section of the
original pressurised headrace tunnel (67 m), the connecting tunnel (27 m), and the first section of the
new headrace tunnel (40 m) (Figure 62). The latter was simplified to be straight and horizontal, and was
equipped with a de-aeration shaft, which is not present in the prototype. The free-flow headrace tunnel
and the chamber were built from PVC and acrylic glass, while the adjacent pressurised headrace tunnel
was realized in transparent acrylic pipe sections. Two automated valves allowed a controlled model
inflow Qj, and outflow Q.. operation of the model. Instrumentation comprised two magnetic-inductive
flow meters (MID) at the inlet and outlet, twelve relative pressure sensors, and one absolute pressure
sensor installed in the deaeration shaft, enabling quantification of air transport. The physical model ex-
periments covered five discharges Q = 5, 10, 15, 20, and 24 m¥/s.

original pressurised headrace tunnel

rflow chamber E
e A (section 1) de-areation shaft

s mitre bend

connecting tunnel
(section 2)

new pressurised
headrace turinel
(section 3)

Figure 62: VAW physical model at scale 1:16.04

The examination of the air entrainment mechanisms was carried out under quasi-steady conditions
(Qin = Qou) giving a total of 5 load cases LC (LC_05, LC_10, LC_15, LC_20, LC_24). A gradual draw-
down of the water level was induced by setting Qou slightly higher than Qi,, which produced a slow
lowering of the water level, allowing for a systematic observation of the entrainment mechanisms at
different water levels. Besides the entrainment of air, the entrainment of paper chads, manually added
to the flow, was documented. The flow conditions were recorded by pressure measurements, and the
entrainment mechanisms were documented by video recording.

The qualitative observations of the water level draw-down were made for steady inflow discharges
Qin =5, 10, 15, and 20 m?¥/s and transient outflow discharges increasing to Qou: = 10, 15, 20, and 24 m?3/s.
This gives a total number of 10 load cases (LC_05-10, LC_05-15, LC_05-20, LC_05-24, LC_10-15,
LC_10-20, LC_10-24, LC_15-20, LC_15-24, LC_20-24). The draw-down was documented by video re-
cording at three camera positions.
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3.5.2.2. Air entrainment mechanisms
Air entrainment into the pressurised system was observed at two locations (Figure 63).

a) Atthe intake of the original pressurised headrace tunnel (section 1), at water levels in the over-
flow chamber Ho,c > 984.41 m a.s.l., i.e. pressurised flow in the circular headrace tunnel.
Z =984.41 m a.s.l. corresponds to the level of the soffit at the end of the intake structure.

b) At the mitre bend between section 1 and the connecting tunnel (section 2), at
Hoc <984.17 m a.s.l., i.e. free-surface flow along section 1. Z =984.17 m a.s.l. corresponds to
the level of the soffit at the mitre bend.

298441 mas.l

pressurised flow in section 1

air entrainmment at intake

a)

S free surface flow in section 1

air entrainment at mitre bend

984 17 mas.l

pressurised flow
in section 2

b)

Figure 63: Air entrainment at a) the intake, and b) the mitre bend between section 1 and 2

a) Air entrainment at the intake

At the intake of the original pressurised headrace tunnel (section 1), instabilities of the free-surface in
the overflow chamber and air entrainment into the pressurised section 1 were observed for the higher
discharges (Q = 15, 20, and 24 m?3/s). Figure 64a shows the onset of air entrainment, considered as
critical condition at which air bubbles detach from the free surface for those quasi-stationary load cases.
At further lowering of the water level the air entrainment became continuous leading to elongated bubbly
flow in section 2, as shown in Figure 64b. The flow conditions at which the onset and continuous air
entrainment at the intake occurs is summarised in Table 19.

The visual observations show that the air entrainment mechanism is governed by surface instabilities,
where disturbances at the free surface grow and eventually lead to the detachment of air bubbles. The
occurrence of this air entrainment mechanism can be related to the pipe Froude number at the transition
(sect. 3.5.1.1). The transition from the overflow chamber to the closed conduit induces a contraction of
the flow area and a corresponding acceleration of the flow. The cross-sectional area, i.e. the flow veloc-
ity, at the transition from free-surface to pressurised flow depends on the water level in the overflow
chamber H,c. Under normal operation conditions (Hoc = 985.13 m a.s.l.), the pipe Froude number at the
transition ranges between F,, = 0.05...0.25 for Q = 5 m?%/s...24 m3/s. At lower water levels Hoc, Fu in-
creases.
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Q=20m3/s

Figure 64: (a) Onset of air entrainment at the intake due to instabilities at the free surface leading to air
bubble detachment and (b) continuous air entrainment at the intake due to instabilities at the free sur-
face leading mainly to elongated bubbly flow in section 1.

Table 19: Critical water level at onset and continuous air entrainment in the overflow chamber Hoccr,
water level drawdown AH,: and pipe Froude number F,, at the transition from free surface to pressurised
flow in the profile transition between the overflow chamber and the circular headrace tunnel.

Q[m3s]  entrainment type Hocer[ma.sl]  AHoc[m]  Fwl[]

5 not observed

10 not observed

15 onset 984.69 0.44 0.24
15 continuous 984.54 0.59 0.30
20 onset 984.93 0.20 0.25
20 continuous 984.66 0.47 0.34
24 onset 985.19 -0.06 0.24
24 continuous 985.13 0.00 0.25

As summarised in Figure 65 and Table 19, the onset of air entrainment was consistently observed within
a narrow range of pipe Froude numbers F,, = 0.24...0.25 across the investigated load cases, while con-
tinuous air entrainment occurred for Fy, = 0.25...0.34. These findings are in good agreement with the
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results reported by Wickenhauser & Kriewitz (2009), who identified a threshold of F,, = 0.25 for the onset
of air transport (see Figure 61). Although the underlying mechanisms differ, the comparison indicates
that the onset of bubble detachment observed in the present study occurs within a similar range of
hydraulic conditions. The absence of air entrainment for Q = 5 and 10 m?/s, corresponding to maximum
Froude numbers of F, = 0.12 and F,, = 0.25, is consistent with this threshold interpretation.
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Figure 65: Pipe Froude number F, observed at the onset and continuous air entrainment compared to
with the threshold value for air transport F,, = 0.25 documented by Wickenhauser (2008).

b) Air entrainment at the mitre bend

The air entrained at the outlet of the overflow chamber was transported in elongated bubbly flow along
section 1 of the circular headrace pipe towards the mitre bend to section 2. Visual observations showed
that at Q = 24 m¥s, all entrained air was further transported in section 2; for Q = 20 m3/s, only part of it
was transported; and for Q = 15 m3/s, all entrained air accumulated at the mitre bend. This indicates
that for Q = 20 and 24 m3/s, air entrainment at the mitre bend already occurred due to surface instabili-
ties under pressurised flow conditions in the circular headrace pipe for velocities v > 0.7 m/s in the
physical model (Hoc > 984.41 m a.s.l.). The control section for these load cases is therefore located at
the outlet of the overflow chamber. In contrast, for Q = 5, 10, and 15 m3/s, air entrainment occurred only
at lower degrees of partial filling in the circular headrace pipe. For these load cases, where the control
section is at the mitre bend, four distinct air-entrainment mechanisms were identified (see Figure 66).

The first observation was the entrainment of paper chads at the water surface, by a vortex-like flow
structure, which was classified as pronounced VT4 (Figure 55). The onset of VT5 was defined as the
entrainment of the first air bubble into the pressurised system, which is defined as the onset of air en-
trainment in the model scale, following the definition by Bertola et al. (2018). This first bubble was later
followed by more singular air bubbles, which, at first, were entrained at an unsteady rate, however with
an interval of less than a minute. The moment when the entrainment rate was deemed continuous, was
classified as pronounced VT5. Finally, air entrainment by an impingement jet was observed at the tran-
sition from the low-slope tunnel to the shaft with approach flow velocities higher than ve ~ 1 m/s. This
phenomenon was attributed to the abrupt change in slope and tunnel curvature, which generated an
acceleration of the flow and a turbulent shear layer at the impingement of the pressurised flow.
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Figure 66: Side and top view of the four entrainment mechanisms at the mitre bend for Q = 10 m3/s: (a)
entrainment of paper chads (pronounced VT4), (b) entrainment of first air bubble (onset of VT5), (c)
continuous air entrainment (pronounced VT5), and (d) air entrainment into the shear layer by an im-
pingement jet

99/186



Table 20 summarises the occurrence of the different entrainment mechanisms across the load cases,
including the corresponding water level in the overflow chamber Hoc and the associated drawdown
height AHoc. To quantitatively characterise the occurrence of air entrainment mechanisms and to evalu-
ate the effects of viscosity and surface tension on the onset of air-entraining vortices, the flow conditions
immediately upstream of the mitre bend (subscript 0) were evaluated. The measured flow depth ho, the
partial filling ratio Yo, the approach flow velocity vom, the Froude number Fo, the radial Reynolds Rrm
and the Weber Wu numbers in the model (subscript M) at the onset of each entrainment mechanisms
are given in Table 20. The approach flow depth ho is considered as the reference length and thus as the
characteristic measuring unit for the submergence depth hs in order to calculate Rrm and Ww (see eq.
given in sect. 3.5.1.1).

Table 20: Occurrence of entrainment mechanisms with corresponding water levels in the overflow cham-
ber and flow conditions upstream of the bend. The approach flow velocity vom, the radial Reynolds
number Rrm and the Weber number Ww are specified for model conditions.

Load case Overflow chamber Mitre bend approach flow

Q [m3/s] entrainment type Hoc[ma.s.l.]  AHoc[m] | ho[m] Yo[-] wvom[m/s] Fo[-] Rem[-] Wwml-]
15 pronounced VT4 - - - - - - - -
15 onset of VTS 983.82 1.31 225 0.74 0.65 0.56 1.0-10° 500
15 pronounced VT5 983.72 1.41 1.96 0.64 0.75 0.74 1.2:10° 435
15 shear layer 983.73 1.40 147 0.48 1.07 128 1.6:10° 326
10 pronounced VT4 983.85 1.28 254 0.83 0.38 0.29 6.1-10* 251
10 onset of VT5 983.31 1.82 1.84 0.60 0.54 0.55 8.3:10* 182
10 pronounced VT5 983.29 1.84 148 0.49 0.71 0.84 1.0-10° 146
10 shear layer 983.27 1.86 1.17 0.38 0.97 1.33 1.3-10° 115
5 pronounced VT4 982.83 2.30 1.60 0.53 0.32 0.36 4.8-10* 39
5 onset of VT5 982.65 2.48 1.33 0.44 0.41 0.52 5.8-10* 33
5 pronounced VT5 982.62 2.51 1.02 0.34 0.58 0.86 7.5-10* 25
5 shear layer 982.64 2.49 0.75 0.25 0.89 155 1.0-10° 19

The data reveals a decoupling between the water level in the overflow chamber and the water level in
the circular headrace tunnel. Specifically, while Hoc decreases between the occurrence of pronounced
VT4 and the onset of VTS5, it remains essentially constant as the water level in the tunnel continues to
lower. This behaviour was observed consistently for all investigated load cases (Q = 15, 10, and 5 m3/s).
Once equilibrium flow conditions are established in the overflow chamber, its water level cannot fall
further; any additional volume required to sustain the slightly increased outflow is supplied from the
downstream headrace tunnel. This has direct implications for the practical implementation of flexible
operation. Since the chamber is accessible and equipped with a level gauge, operational control would
rely on its water level. However, once the water level in the chamber reaches equilibrium conditions,
water levels in the tunnel and chamber decouple, resulting in a potential loss of control over the down-
stream hydraulic conditions and compromising operational safety.

The flow conditions at the mitre bend at the occurrence of the entrainment mechanisms are visually
summarised in Figure 67. With the emptying of the tunnel, i.e. the decrease in partial filling ratio Yo, the
approach Froude number Fo increases. The data reveals, that the entrainment mechanisms occur at
similar approach Froude numbers across the load cases: The entrainment of paper chads (onset of
VT4) occurs at Fo = 0.29...0.39, entrainment of the first air bubble (onset of VT5) at Fo = 0.52...0.56,
continuous air entrainment (pronounced VT5) at Fo = 0.74...0.86, and air entrainment and air entrain-
ment due to the jet impingement at Fo = 1.28...1.55, where vom corresponds well with the critical onset
velocity ve for air entrainment (see Table 20, sect. 3.5.1.1). The latter is below uniform flow conditions,
i.e. there is a water level drawdown at the mitre bed towards the steeply inclined section, leading to an
acceleration of the flow.
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In the literature, air-entraining intake vortices are typically reported for approach flows characterized by
an approach Froude number Fo smaller than the intake Froude number F, i.e. under conditions of flow
acceleration towards the intake (Table 16). In contrast, the present case exhibits an inverse behaviour:
the approach flow is faster, and the flow decelerates during pressurisation. Figure 68 compares the
intake geometry described by Knauss (1987) with the current configuration, showing that the critical
relative submergence hs - /D can be interpreted analogously to the partial filling ratio Yo = ho/D (Table
20). Accordingly, Figure 67b contrasts the air-entrainment threshold proposed by Knauss (1987), de-
rived from prototype observations, with the thresholds observed in the physical model. For the investi-
gated load cases, the intake Froude numbers, i.e. the pipe Froude number F, are below 0.5, which
according to Knauss (1987) would require a minimum submergence of hs¢ /D = 1.0...1.5 to prevent air
entrainment at an intake. In contrast, extending the curve Yoo =2 Fy + 0.5 to values of Yo = 0.5 seems
to correspond well with the observed situation at the mitre bend regarding the critical flow depth ho,cr
required to prevent air entraining vortices. However, the onset of entrained paper chads (VT4) observed
in the physical model lies below the extended empirical relationship, and not above the curve, where it
would be expected as a non-air-entraining vortex type if the relationship were valid.

Froude scaling preserves only geometric and kinematic similarity, while viscous and surface tension
effects are not correctly scaled (sect. 3.5.1.1). The relatively low observed Weber numbers Wwu < 104
indicate that surface tension influences the onset of air-entrainment in the physical model (Table 20),
thus the observed entrainment mechanisms are subject to scale effects. It means, that a vortex capable
of entraining paper chads in the model is expected to entrain air in the prototype. For intake vortices, it
is common practice to increase the vortex type by up to two when translating model results to prototype
conditions (e.g., VT4 in the model corresponds to VT6 in the prototype). In the present case, however,
the analogy with intake vortices is limited, making it difficult to predict prototype-scale entrainment mech-
anisms with certainty. Consequently, based on current knowledge and the experiences gained with the
model, the extended linear relationship between the minimum partial filling of the pipe when approaching
a mitre bend Yo,.r and the pipe Froude number F,, appears to represent a suitable threshold value for
preventing air entraining vortices. For example: the critical partial filling Yo,c-amounts to 1 for Q = 10 m3/s
with Fy, = 0.25, which leads to the conclusions, that it is not advisable to empty the pressurised headrace
tunnel for Qout = 10 m3/s.
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Figure 67: a) Partial filling ratio Yo and approach Froude number Fo for the different load cases and
thresholds for the entrainment mechanisms. (b) Comparison of the observed threshold partial filling ratio
Yo for the different pipe Froude numbers F,, with the threshold proposed by Knaus (1987)

Figure 68 (a) Definition of the relative submergence depth hs/D and intake i.e. pipe Froude number F,
by Knauss 1987. (b) Definition of the approach flow depth ho and Froude number Fo in the present
investigation.

3.5.2.3. Critical water level drawdown

The physical model investigations identified two governing mechanisms for the onset of air entrainment
limiting the water level drawdown AH.c in the power waterway of the HPP Mérel at flexible operation:

(a) Onset of air entrainment due to surface instabilities at the transition from free-surface to pres-
surised flow at the intake, occurring for discharges Qout = 10 m3/s when the pipe Froude number
at the transition from free surface to pressurised flow reaches the critical threshold F, .- = 0.25.

(b) Onset of air entrainment induced by vortex formation, occurring for discharges Qout < 10 m3/s
when the partial filling ratio of the free-surface flow approaching the mitre bend reaches the
critical threshold Y., =2 F, + 0.5.

Accordingly, a partial emptying of the pressurised headrace tunnel (section 1) is not advisable for
Qout 2 10 m3/s. The critical water levels Hoc cr and the critical drawdown heights AH,. ¢~ for the investigated
load cases are given in Figure 69. They define the critical condition for the onset of air entrainment to
which an additional safety margin should be applied to ensure safe operation.

Air entrainment by surface instabilities Vortex induced air entrainment

V=27, 705
\ ' '

i i N
— :‘ %

_‘—'_'—‘—'—-—._,_‘_‘_‘_‘_F‘_—‘__.—b—"’“— :

Qo [M3/s] Hyeor[mas.l]  AH, . [m] surface instabilities  vortex formation

at intake at mitre bend
24 985.13 0.00 X
20 984.93 0.20 X
15 984.69 0.44 X
— 10 984.41 0.72 X

— 5 983.35 1.78 X

Figure 69: Critical water levels in the overflow chamber Eggen Hoc - and critical drawdown height AHoc,cr
for Qout, if Qout > Qin.

3.5.3. CFD results — case study KW Moérel

In parallel to the experiment, numerical simulations of each quasi-steady operating condition were car-
ried out using the Ansys Fluent software. A polyhedral mesh with 1.3 million of cells and an average y+
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value around 10 was considered as enough refined for the simulations. The simulations solve the Un-
steady Reynolds-Average Navier-Stokes (URANS) equations for a homogeneous two-phase flow with
a specific numerical treatment for the free surface. The turbulence model considered is the realizable k-
€ with a scalable wall function. According to the experimental set up, the mass flow rate is imposed both
at the inlet and the outlet whereas an atmospheric pressure condition is set above the free surface. The
outlet mass flow rate is controlled by using a function that forces the simulation to match the static
pressure at the pressure probe 7 for the operating points 1 to 8 and the pressure probe 8 for the oper-
ating points 9 to 11. The momentum convective terms are discretized with a second order spatial
scheme whereas for the turbulence convective terms a first order spatial scheme is used. The time step
is set to 0.1s and time integration is performed with a first order implicit scheme.

Simulations are performed for 11 operating conditions split in three set according to the experimental
data (see Table 20): OP1 (pronounced VT4) to OP4 (shear layer) corresponds to a flow rate of 5 m3/s,
OP5 (pronounced VT4) to OP8 (shear layer) corresponds to a flow rate of 10 m3/s and OP9 (onset of
VT5) to OP11 (shear layer) corresponds to a flow rate of 15 m3/s.

The free surface corresponding to a water volume fraction of 0.1 and the locations of the pressure
probes for the operating point OP1 are shown in Figure 70. The free surface is almost stable in agree-
ment with the quasi-steady operating condition.

Velocity Magnitude (mixture) [m/s ]
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Figure 70: Free surface (iso-surface of the water volume fraction equal to 0.1) coloured by the velocity
and location of the probes for the operating point OP1. CFD results.

The static pressure difference between the measurements and the simulations for each pressure probe
and operating points is displayed in Figure 71. A discrepancy above 4 mbar is noticed for the probe 9
for the set of operating point OP1 to OP8. The physical model experiments demonstrated that pressure
probe 9 exhibits unreliable measurement behaviour and is therefore not suitable for calibration pur-
poses. Consequently, the observed discrepancy associated with this probe is not considered in the
evaluation of the simulation accuracy. 94% of the data lies in a range between = 2mbar, which corre-
sponds to a variation of the free surface level of 2cm, i.e., equal to twice the mesh size in the core of the
computational domain, which can be considered as the precision of the simulation.
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Figure 71: Static pressure difference between the measurements and the simulations for each pressure
probe and operating point.

In Figure 72, the free surface and the streamlines coloured by the velocity magnitude are shown for the
operating points OP5 to OP8 (load case with a flow rate of 10 m3/s). For OP8, characterized by air
entrainment in the experimental data, the velocity of the free surface upstream of the bend is around 1
m/s, in accordance with the experimental investigations.

Velocity Magnitude (mixture) [m/s ]
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Figure 72: Free surface and streamlines coloured by the velocity magnitude for the operating point OP5
to OP8. CFD results. Observed VT in the physical model is specified.

3.5.4. Case study KW Merezenbach

In the following, the findings of the literature review and the physical model experiments are applied to
evaluate the risk of air entrainment and transport when lowering the water level in KW Merezenbach
headrace pipe (cf. sect. 3.3.3).
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1. Vortex induced air entrainment at the surge tank

- The asymmetrical inflow from the pressurised headrace into the surge tank, combined with the ac-
celeration towards the smaller penstock, promotes vortex formation.

- The critical cross-section with D =0.45 m lies at the intersection between the penstock and the
conical contraction at an elevation of H=1831.31 ma.s.l. (see Figure 73, Section A-A). At
Qq = 0.5 m3/s the pipe Froude number is F,, = 1.50 at this location (v = 3.14 m/s).

- The critical submergence depth is hsc = (2Fw + 0.5)-D = 1.57 m according to Knauss (1987) (see
Table 16). This results in a critical water level of Hsc-= 1832.88 m a.s.l. in the surge tank, which lies
0.43 m above the soffit of the headrace junction.
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Figure 73: Critical submergence for vortex induced air entrainment into the penstock.

2. Pressure line in the headrace pipe

1
N
A v?

rough flow regime. The slope of the pressure lineisthus S =S, = =— =2.8%0.
P ¢ D2g

- The Darcy Weisbach friction factor in the headrace pipe is 4 =0.023 with = 2Iog[3.71ij in the

S

- With hp, = 0.43 m the pressure head at the junction and neglecting local losses the pressure line thus

reaches the pipe soffitat L = —2~

=158 m, with S = 5.5 %o (section of transition from free-surface

P
to pressurised flow). A backwater in the upstream section of the headrace establishes.

- In the approach to the backwater zone and at the beginning of the backwater, respectively, the
normal flow depth is h, = 0.44 m, corresponding to a filling ratio Y, = 0.63 and a Froude number
F, = 1.03. At this Froude number, the flow is in a transitional regime (undular flow).

3. Air entrainment and transport in the headrace tunnel

- At the transition from free-surface to pressurised flow the surface instabilities trigger air bubble de-
tachment, resulting in their entrainment as Fy, > 0.25 (see Figure 57).

- The pressurised flow with F, = 0.5 is capable of transporting air up to an air pipe Froude number of
Fatmax = 6-10* according to Wickenhauser (2008) (see Figure 59). This corresponds to = 1.2%o
with a superficial water velocity US =1.3 m/s and a superficial air velocity U =1.6-10° m/s.

- According to Figure 59 elongated bubble flow is expected.
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4. Air transport at the junction with the surge tank

- The elongated air pockets reach the junction with the surge tank, allowing most of the transported
air to rise and be released at the free surface (see Figure 74).

- The release of air pockets generates water-hammer-like pressure peaks (Naudascher, 1991). Such
pressure fluctuations may lead to mechanical stresses and unstable regulation behaviour.

- With v = 1.3 m/s the velocity of the jet entering the surge tank lies above the onset velocity
Ve = 0.9...1.1 m/s according to Bertola et al. (2018). Therefore, air bubbles are also expected to be
entrained in the turbulent shear layer caused by the inflowing jet (Wickenhauser, 2008). The air
bubbles disperse through turbulent diffusion but are also transport downstream by the mean velocity
field and thus continue into the penstock (see Figure 74).

Figure 74: Air transported in plug flow regime to the junction with the surge tank where most of it rises
to the water surface and part of its entrained by the turbulent shear layer of the entering jet and trans-
ported towards the penstock.

5. Air transport in the penstock

- With F, = 1.5 the pipe Froude number in the penstock lies substantially above the clearing flow
number Fy,c (see Figure 17). Therefore, all air bubbles reaching the top of the penstock are expected
to be transported towards the turbines.

The analysis indicates a risk of air entrainment and transport to the turbines for any dewatering of the
headrace pipe which is unacceptable from operational safety perspective. Therefore, the flexibility po-
tential is limited to a decrease of the water level in the desander and the forebay tank within the current
operational limits.

3.5.5. Conclusions

Water level lowering during flexible hydropower operation is constrained by the risk of air entrainment
and transport in pressurised power waterways, since these processes may lead to severe operational
and structural issues. As even partial air transport may result in the formation and release of air pockets
and associated blow-out, the critical condition for the assessment of flexible operation is the onset of air
entrainment and transport, whereas the absolute amount of air entrained and transported is of second-
ary importance.

The clearing pipe Froude number F, . represents the condition at which all entrained air, including large
air pockets, is transported downstream. Values reported in the literature range between F, = 0.5...1.1,
depending on pipe inclination and air discharge. The clearing pipe Froude number represents a reliable
no-go criterion: its exceedance indicates complete downstream transport of entrained air, whereas its
non-exceedance does not preclude partial air transport and possible local air accumulation.
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For horizontal to slightly inclined pipes S = 0.4...8.7%, Wickenhauser & Kriewitz (2009) reported the
onset of air transport at pipe Froude numbers of approximately F, = 0.25. Since steeper pipes require
higher pipe Froude numbers for air transport, this threshold may be regarded as conservative also for
steeper inclinations. The present findings further indicate that air entrainment by surface instabilities in
partially filled conduits approaching pressurised conditions also initiates at approximately Fu,c- = 0.25. A
comparison indicates that, although the underlying mechanisms differ, the onset of bubble detachment
occurs in a similar range of flow conditions as the reported threshold for the initiation of air transport.
However, this value may be subject to scale effects and should therefore be interpreted with caution.

For vortex-induced air entrainment at submerged intakes, several empirical criteria for critical submerg-
ence exist in the literature. However, these criteria are generally based on simplified geometries and do
not account for site-specific approach flow conditions. Reliable assessment therefore requires physical
model experiments. Vortex-induced air entrainment may also occur at the transition from free-surface
flow in a partially emptied, mildly inclined tunnel to a steeper pressurised tunnel section (mitre bend).
The present results suggest that the critical partial filling ratio of the upstream free-surface flow may be
estimated by Y., =2 F, + 0.5. Since partial filling requires Y < 1, this criterion implies F, < 0.25. Accord-
ing to Wickenhauser & Kriewitz (2009) air entrained under these conditions is not expected to result in
downstream air transport. Consequently, the critical partial filling ratio is of limited operational relevance,
whereas the critical pipe Froude number F, . = 0.25 is the governing operational criterion, since its
exceedance indicates conditions under which partial emptying is not advised.

The derived threshold relationships provide a practical basis for assessing air entrainment risk during
flexible hydropower operation. In particular, the threshold F, = 0.25 may be used as a conservative
criterion for the onset of air entrainment by surface instabilities at the transition from subcritical free-
surface to pressurised flow as well as for the onset of air transport.

107/186



3.6 WP6 — On-site experiments

Lead: HEVS, partners: HDE, FMV, EnAlpin, VAW

The objective of the experimental campaigns conducted in this project is to investigate and assess the
flexibility potential of two hydropower plants, as predicted by 1D and 3D numerical simulations and
reduced-scale model tests. In addition, the campaigns aim to verify that the proposed operating modes
comply with the safety requirements of each plant. The two hydropower plants under study are Kraftwerk
Merezenbach (KW Merezenbach) and Kraftwerk Morel (KW Morel).

3.6.1. KW Merezenbach and KW Morel Test Cases

3.6.1.1. KW Merezenbach test case
Measurement objectives

A dedicated instrumentation system was deployed on site in December 2024 to evaluate the effects of
dewatering the forebay tank and the headrace tunnel (see WP3 results). Energy production at the plant
is highly seasonal, with approximately 6.8 GWh generated during summer compared to only 2.5 GWh
in winter. The additional flexibility enabled by dewatering is therefore of particular interest during the
winter season.

The primary objective of the measurement campaign is to provide a comprehensive characterization of
the unit’'s behaviour across its full operating range. This includes steady-state operation, positive and
negative power ramps, start-up and shutdown sequences, as well as emergency shutdown conditions.
A second objective is to identify potential changes in system behaviour - hydromechanical, electrical,
and overall stability - during the dewatering and refilling phases.

The investigated dewatering scenarios include both standard draining of the hydraulic system, following
established procedures used during inspection periods, and temporary partial dewatering of the upper
section of the headrace tunnel to provide ancillary services, particularly during low inflow conditions.
Finally, the results of the measurement campaign are intended to validate the operational limits of the
power plant in terms of flexibility and safety.

Identification and evaluation of risks and limits

Dewatering the hydraulic circuit of a power plant during operation entails several well-known effects and
potential risks. Beyond possible air entrainment, the most immediate consequence is a reduction in the
gross head - and consequently the net head - available to the turbine. This leads to a decrease in
efficiency and may ultimately induce increased vibratory behaviour due to significant deviation from
nominal design conditions. For a Pelton turbine, operation with a net head reduced to approximately
one third of the nominal value may remain acceptable.

However, controlled dewatering at low turbine load, as typically performed during inspection procedures,
is generally considered safe. Under such conditions, the unit is continuously monitored by an on-site
vibration monitoring system, which triggers an emergency shutdown if critical thresholds are exceeded.
In addition, the duration of operation under these potentially harsh conditions remains limited.

A second potential risk arises from uncontrolled transient events, particularly in the case of an emer-
gency shutdown during dewatering, which may induce excessive pressure fluctuations within the hy-
draulic circuit. To assess these risks, 1D numerical simulations of critical scenarios were carried out by
HDE using the SIMSEN software. The detailed results are presented in WP3 and summarized below.

The most critical risk during both dewatering and refilling phases is air entrainment. Air transported
toward the injector may cause rapid expansion at the needle outlet, potentially leading to mechanical
damage. In addition, trapped air pockets in the upper sections of the hydraulic circuit may pose a signif-
icant hazard in the event of an emergency shutdown.

The 1D SIMSEN simulations highlight the need for caution regarding power peaks during dewatering.
At a base power of 1.7 MW, a transient peak of 0.19 MW (corresponding to an increase of 48.6 I/s in

108/186



turbine discharge) with a constant inflow of 500 I/s causes the surge tank water level to briefly reach its
minimum admissible value. On the headrace tunnel side, however, only about 10% of its volume is
emptied over the 900 seconds required for primary ancillary services. Even after nearly 100 minutes of
sustained peak operation, the water level remains above the elevation of the junction with the surge
tank (1832.45 m a.s.l.), corresponding to approximately 75% dewatering of the headrace tunnel (HDE,
WP3).

At this level of dewatering, the water surface approaches the bottom of the surge tank. Free-surface
behaviour was simulated using ANSYS CFX and OpenFOAM, predicting the formation of a type-2 vor-
tex. Since CFD simulations are known to underestimate vortex strength and given that air entrainment
typically begins at vortex level 5, there remains a risk that air could be conveyed toward the turbine
(HDE, WP3).

Further CFD analyses investigated a deep dewatering scenario below the junction between the head-
race tunnel and the penstock, where air entrainment at the free surface was observed. This condition is
reached after approximately 100 seconds for a turbine discharge of 500 I/s and an inflow of 100 I/s. A
subsequent emergency shutdown simulation showed that a thin air pocket persisted at the top of the
headrace pipe even after 450 seconds, indicating a potential risk of air entrapment (HEVS, WP3).

Consistent with the findings of WP3, WP5 also recommends adhering to the current operational water
level limits. Accordingly, the definition of the testing scenarios incorporates the recommendations and
constraints identified in both WP3 and WPS5.

Experimental protocol

The experimental protocol primarily focuses on the characterization of the turbine under normal operat-
ing conditions.

A second test day involving dewatering was initially planned; however, no dewatering scenarios could
be tested due to the contraindications identified in WP3 and WPS5. In addition, dewatering following the
standard drawdown procedure of the power plant was not feasible due to operational constraints.

One data acquisition system was installed by HES on December 3™, 2024, and removed on October
7th, 2025. A dedicated test campaign was carried out on December 17t, 2024.

For this purpose, signals from several sensors permanently installed on the unit were recorded, and
additional sensors were deployed (see the complete list in Table 21). Figure 75 show the schematic
distribution of the sensors on the machine along with detailed photographs from the site.

Relative static pressure signals at several locations, as well as atmospheric pressure, turbine discharge,
and injector position, were recorded at 1 kHz. In parallel, turbine casing vibrations, airborne noise, shaft
displacement, and runner speed were acquired at 12.8 kHz using a National Instruments cDAQ-9189
data acquisition system equipped with dedicated input modules.

A dedicated LabVIEW interface running on a local PC was developed to enable continuous data record-
ing. Two high-capacity SSDs were systematically used, allowing uninterrupted acquisition over several
weeks. The system was connected to a GSM router to ensure remote access, enabling continuous
monitoring of its status and remote control of data acquisition (start/stop) as required.

In addition, several SCADA variables were recorded, including the water levels in the forebay tank and
desander, turbine discharge, injector opening, active and reactive power, static pressure upstream of
the turbine, and runner rotational speed. These data were logged at a sampling interval of 1 second
during the dedicated test day and 1 minute during the remainder of the monitoring period.
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Table 21: List of existing and installed sensors in the KW Merezenbach.

# Variable Sensor name Fs Range

1 Ambient noise Micro_Tu_512226 12.8 kHz 138 dB / 20 kHz
2 Key phasor pulses — Shaft rotation speed (VM600) Keyphasor 12.8 kHz 0-5V

3 Turbine casing Vibration X — Generator side Tri100g Tu_X_2139607 12.8 kHz + 1009

4 Turbine casing Vibration Y - Generator side Tri100g Tu_Y_2139607 12.8 kHz + 1009

5 Turbine casing Vibration Z - Generator side Tri100g Tu_Z_2139607 12.8 kHz + 1009

6 Turbine bearing Vibration X Uni100gBe_X_5993577 12.8 kHz +100g

7 Turbine bearing Vibration Y Uni100gBe_Y_5993578 12.8 kHz +100g

8 Injector Vibration X Uni100gInj_X_5993581 12.8 kHz + 1009

9 Rel. Shaft displacement X — Generator side (VM600) WE_AS_X 12.8 kHz 0.3-4.3mm
10 Rel.* Shaft displacement Y — Generator side (VM600) WE_AS_Y 12.8 kHz 0.3-4.3mm
11 Rel. Shaft displacement X — Non-Generator side (VM600) WE_NS_X 12.8 kHz 0.3-4.3mm
12 Rel. Shaft displacement Y — Non-Generator side (VM600) WE_NS_Y 12.8 kHz 0.3-4.3mm
13 Main inlet valve upstream relative static pressure p_stat_up_P35510X08780595 1 kHz 0 - 100 barg
14 Main inlet valve downstream relative static pressure p_stat_down_P35510X08780596 1 kHz 0 - 100 barg
15 Injector relative static pressure p_stat_inj_P35510X08780598 1 kHz 0 — 100 barg
16 Atmospheric pressure p_atm_M200C601052 1 kHz 0 -1 bara

17 Discharge — Ultrasonic flow meter q_ufm_W706BB02000 1 kHz 0-0.75md/s
18 Injector position x_inj_S43110X11476672 1 kHz 16 — 120 mm

* Relative displacement between the shaft and the bearing.

Uni100gBe_X_5993577

e )
Tri100gTu_X_2139607 |
p,st‘at,inj,P3551 0X08780598

Uni100gInj_X_5993581

Figure 75: Photographs of existing and temporarily installed sensors in the KW Merezenbach.

In addition to a long-term free-run recording of the turbine under normal operating conditions, a dedi-
cated testing program including turbine start-up, steady-state operation at several different power levels
as well as dynamic transitions from Pmin to Pmax and vice versa, is depicted in the left column of Figure
76. The right column of Figure 76 presents the predicted evolution of the water level in the desander for
five hypothetical intake flow rates. These predictions were used to support the test planning and to
prevent unintended activation of the low-water-level alarm implemented in the plant control system. The
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red dashed line indicates the shutdown elevation, while the maximum level corresponds to the spillway

elevation.

In practice, the water level may slightly exceed the side spillways (with a recorded maximum of 1840.6
m a.s.l.), and the operational minimum level was set more conservatively than the automated threshold

(1840 m a.s.l.).

The proposed testing program was approved by the plant owner and successfully conducted remotely
on December 17t, 2024.
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Figure 76: KW Merezenbach testing program including one power ramp and several power steps (left).
Simulation of the resulting upstream water level according to five hypothetical intake flow rates (right).
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3.6.1.2. Mérel test case
Measurement objectives

A dedicated set of instruments was deployed on site in 2025 to evaluate the effects of partial dewatering
of the overflow tank and the headrace tunnel (see WP3 results) on the overall operation of the power
plant, with a particular focus on Unit 3.

By contrast with the KWGO case study, where dewatering directly affects the head available to the
turbine, this is not necessarily the case in the present study. Here, partial dewatering of the head-race
tunnel - and potentially of the downstream gallery connecting the Eggen overflow chamber to the surge
tank - may have a more indirect impact on turbine operating conditions. Furthermore, in addition to the
water level monitoring sensors permanently installed at Eggen overflow chamber, two night-vision cam-
eras were installed to monitor possible overflow or significant deep dewatering events during the
planned flexible operating scenarios. Finally, the Hydro-Clone real-time simulation and monitoring sys-
tem, acting as a physics-based digital twin, has been installed by HDE to continuously survey the plant’s
transient behaviour using boundary conditions measured and transmitted through the SCADA system.

These on-site measurements aim first at drawing an extensive radiography of one unit operation over
its whole operating range. The turbine characterisation plan covers the transient and steady-state oper-
ating conditions, startup and shutdown as well as the emergency shutdown sequences. Then, the focus
is put on the identification of any eventual behaviour change (hydromechanical, electrical, global stabil-
ity, and so on) during the temporary partial dewatering/refilling of the headrace tunnel and of the overflow
chamber induced by emulated ancillary service tests.

Experimental protocol

oo e

UniS0gGSU3y_270deg 6003329 Tri50gTSU3y_xx 6299439

MIC_DT_GSU3 SN5112227

Q_U3_SNH4F1702000

PRS_ATM_SNKS10AF01052 >}

Figure 77 : Photographs of existing and temporarily installed sensors at KW Mérel.

The impact of partial dewatering of the Eggen’s overflow chamber on the turbines must be tested in
several stages. To begin with, information on turbine behaviour during normal operation must be gath-
ered, allowing us to draw the reference behaviour during all regular operating conditions. On a second
step, the eventual effects of dewatering on the turbines’ behaviour are identified in comparison with the
normal operation to exclude any eventual harsh condition. In addition to the operation of the turbines,
the study of the Eggen’s overflow free surface behaviour is mandatory to exclude any air entrainment
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into the downstream circuit (hardware gallery, penstock, and so on) which could, in the worst case, lead
to the damage of the hydraulic circuit components.

To this end, a full set of mainly non-intrusive instrumentation was deployed on March 25", 2025 on the
Mérel KW units to determine the operation of the machines under the various operating conditions. The
instrumentation is detailed in Table 22, whilst photographs with the different deployed instruments and
the acquisition system are provided in Figure 77. One may state here that most instruments have been
deployed mainly on the Unit 3.

Table 22 List of existing and installed sensors in the KW Mérel.

#  Variable Sensor name Fs Range

1 Draft tube airborne noise - Turbine side MIC_DT_TSU3_SN157775 12.8 kHz 0...20kHz

2 Draft tube airborne noise - Generator side MIC_DT_GSU3_SN512227 12.8 kHz 0...20kHz

3 Turbine Vibration pos. -Y - Generator side flange m. 270° Uni50gGSU3y_270deg_6003929 12.8 kHz + 50g

4 Turbine Vibration pos. +X - Generator side flange m. 0° Uni50gGSU3x_0deg_6003931 12.8 kHz + 50g

5 Turbine Vibration pos. -Y - Turbine flange m. 0° Tri50gTSU3y_0deg_6299439 12.8 kHz + 50g

6 Turbine Vibration pos. -Y - Turbine flange m. 270° Tri50gTSU3y_270deg_SN62999439 12.8 kHz + 50g

7 Turbine Vibration pos. -Y - Turbine flange m. z0° Tri50gTSU3y_z0deg_SN629939 12.8 kHz +50g

8 Turbine Vibration pos. +X - Turbine flange m. 0° Uni50gTSU3x_0deg_SN6090061 12.8 kHz + 50g

9 Draft tube static pressure - Turbine side PRS_DT_TSU3 SN5431 1 kHz 6 bar (a)

10 Draft tube static pressure - Generator side PRS_DT_GSU3_SN5432 1 kHz 6 bar (a)

11 Atmospheric pressure PRS_ATM_SNK610AF01052 1 kHz 1 bar (a)

12  Spiral casing static pressure PRS_SC_U3_SN6576 1 kHz 40 bar (a)

13  Penstock static pressure upstream unit valve PRS_UpV_U3_SN6577 1 kHz 40 bar (a)

14  Guide vanes opening angle ANG_GVO_TSU3_DIT2024001 1 kHz +45°

15  Guide vanes piston displacement POS_GVO_TSU3_SN7000108188 1 kHz 100...600 mm
16  Flowrate of unit 3 Q_U3_SNH40F1702000 1 kHz 0...10 m¥s
18  Vibration Z - Turbine bearing VIB_VM600_WE_TL_Z U3 12.8 kHz 100 mm/s
19  Position Z - Turbine bearing POS_VM600_WE_TL_Z U3 12.8 kHz 0,3...4,3 mm
20 PositionY - Turbine bearing POS_VM600_WE_TL_Y_U3 12.8 kHz 0,3...4,3 mm
22  Position Y - Turbine to generator bearing POS_VM600_WE_KL_Y_U3 12.8 kHz 0,3...4,3 mm
23 Position X - Turbine to generator bearing POS_VM600_WE_KL_X_ U3 12.8 kHz 0,3...4,3 mm
24 Vibration X - Turbine bearing VIB_VM600_LA_TL_X_U3 12.8 kHz 100 mm/s
25  Vibration X - Turbine to generator bearing VIB_VM600_LA_KL_X_ U3 12.8 kHz 100 mm/s
26  Shaft rotation speed - Unit 1 Tacho_VM600_U1 12.8 kHz -

27  Shaft rotation speed - Unit 2 Tacho_VM600_U2 12.8 kHz -

28  Shaft rotation speed - Unit 3 Tacho_VM600_U3 12.8 kHz -

29  Pressure regulator displacement — Unit 3 Nikon D800 30 fps -

The absolute static pressure upstream the main valve, on the spiral casing as well as on the two draft
tubes of the Unit 3, along with the atmospheric pressure, have been recorded at a rate of 1 kHz. The
discharge of the same unit has been also acquired along with the guide vanes opening angle and piston
displacement, at the same rate. Then, the vibration of the turbine casing, the airborne noise and the
shaft displacement of the Unit 3, as well as the runner speed of the three units were recorded at 12.8
kHz, with the help of a National Instruments cDAQ 9189 digitizer equipped with several specific acqui-
sition modules. A specific LabView software, running on a local PC, has been set up to record all this
data continuously. Two fast SSDs with a large storage capacity have been systematically employed,
allowing continuous data recording during several weeks. As for the KW Merezenbach test case, the
system has been connected to a GSM rooter to guarantee a remote access to the PC, allowing us to
permanently control the state of the system and to start/stop the recording. Several SCADA variables
(mainly the water level at the Eggen overflow tank, the total turbine discharge, the distributor upstream

113/186



static pressure, as well as the units’ active and reactive power, guide vanes opening and rotational
speed) have been recorded with a rate of 1 Hz for the full monitoring period.

Figure 78 : Setup of the visual stroke measurement system installed on the pressure regulator piston
of Unit 3 at KW Mérel .
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Figure 79 : Pictures of the two cameras installed at Eggen overflow tank on December 9t 2025 (top)
and the setup of the communication chain to remotely monitor the free surface (bottom)..

During the two specific test days, a Nikon D800 camera was installed to measure the pressure regulator
piston stroke of Unit 3 during emergency shutdown events (see Figure 78). These data are required for
calibration of the Hydro-Clone model. The piston displacement was determined through post-processing
of video images recorded at 30 frames/s with a resolution of 1920 x 1080 pixels (spatial resolution of ~4
px/mm), using automatic detection of the piston position as it moves behind a millimetre-scale ruler.
Synchronisation of the video with the other recorded signals was achieved through audiovisual sound
impact detection.
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As shown in the upper part of Figure 79, two cameras (Axis P1447 and M2025 models) with integrated
infrared lighting were installed on December 91, 2025, at the Eggen overflow tank to capture free-sur-
face variations during the dewatering tests, on the upstream and downstream sides, respectively. The
images from both cameras (with resolutions of 3072 x 1728 and 1920 x 1080) were recorded at 20
frames/minute, by intermittency over several weeks using a pre-programmed trigger. The timestamps
of the recorded images and of the acquisition system deployed at KW Mérel were synchronised using
GMT. The communication chain enabling remote control of the cameras is shown in the lower part of
Figure 79. Each camera is powered by a PoE (Power over Ethernet) injector and connected to an Ether-
net switch. Two Ethernet-to-optical-fibre converters (one at each end) are then used to communicate
with the recording PC installed at the Ernen powerplant via an available optical fibre line of the Ernen-
Morel hydropower complex. Finally, a GSM switch installed upstream of the PC ensures remote access
to all components, enabling configuration, real-time monitoring, recording control (start/stop), and data
retrieval.
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Figure 80 : Defined specific testing program to characterize the Moérel KW turbines’ normal operation.
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Figure 81 : Defined specific testing program to determine the dewatering effect of primary ancillary ser-
vice at KW Morel.

In addition to long-term free-run recording of turbines’ operation, an extensive characterization testing
program was prepared. This program included turbine start-up and shutdown, steady-state operation at
various power levels, dynamic transitions between Pmin to Pmax and vice versa, emergency shutdowns,
and various combinations involving one, two, and three operating units (see Figure 80). The power
setpoints for each unit, as well as the estimated total cumulative turbine discharge, were provided to
FMV several days in advance to prepare the production schedule and conduct the tests. The proposed
testing program, approved by both the owner and the operator, was successfully carried out on site on
June 171, 2025.
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A second testing program was designed to evaluate turbine hydromechanical behaviour and free-sur-
face evolution at the Eggen overflow tank under various emulated primary ancillary service conditions.
As illustrated in Figure 81, two sets of power peaks of 1, 2, and 3 MW (red bars) were planned for two
different inflow rates of approximately 5 m3/s and 8 m®/s at Eggen. The power peaks were scheduled in
accordance with the daily discharge profile of the selected test date. The available discharge strongly
depends on natural meteorological inflows and fluctuations in energy market demand. This is illustrated
in Figure 82, which shows the time history of total turbine discharge recorded at KW Mérel a few days
prior to the testing campaign, which was successfully conducted on March 10t, 2026
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Figure 82 : Time history of total turbine discharge at KW Morel on March 5t - 61, 2026.

Identification and evaluation of risks and limits

Considering the outputs of WP3 and WP5, as well as all known limitations (physical and control-related)
of the hydraulic circuit and the power plant, six main dewatering scenarios were identified and analysed
in terms of objectives, expected effects, testing procedures, prerequisites, risks, and protective counter-
measures. The first three scenarios consist of power peaks of 1, 2, and 3 MW, respectively, maintained
for 900 s under an inflow condition of approximately 5 m3/s. The second set of three scenarios targets
the same power peak amplitudes (1, 2, and 3 MW) over 900 s, but with an inflow condition of approxi-
mately 8 m3/s.
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Figure 83 : Time history of a large water level variation event under regular operation, recorded at Eggen
using the Hydro-Clone system on February 26th, 2026.

The testing procedure consists of increasing the power by 1, 2, or 3 MW (using the implemented control
ramp), followed by a 900 s holding phase and then a reduction to a value below the initial one, allowing
water level restoration at Eggen. Each testing cycle concludes with water level stabilisation in accord-
ance with the inflow conditions before the next cycle is initiated.
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The prerequisite is stable turbine operation with regulated water levels at Eggen (ideally close to over-
flow, while avoiding it), with one or two units operating at the same power depending on the inflow
conditions (Unit 3 only for an inflow of ~5 m®s, and Units 2 and 3 for an inflow of ~8 m%/s).

Among the expected effects, partial dewatering during positive power peaks and overflow at the end of
the power peak cycles were identified in the Eggen overflow chamber. Additional water level fluctuations
at Eggen and in the surge shaft, induced by turbine power variations, are also expected.

The identified risks, considered limited, include deep dewatering, air entrainment, sudden overflow, and
air blasts in the Eggen chamber, as well as the potential triggering of an emergency shutdown.

The active protection measures implemented to ensure safe testing are based on the power plant’s
overall protection and monitoring system. These include conducting the tests under relatively low inflow
conditions (depending on the testing period) and enabling full units’ shutdown if necessary. In addition,
the tests are monitored in real time by power plant operators and project engineers using the deployed
HES-SO VS system, the SCADA system, the HydroClone system, and two cameras installed at Eggen.

The organisation of the tests required a thorough risk analysis to reassure FMV decision-makers re-
garding the proposed experiments. Moreover, conservative water level variation limits were adopt-ed
compared to the operational limits of the power plant (see Figure 83: dewatering limit set at 984.45 m
a.s.l. and weir crest at 985.15 m a.s.l.). An adapted test protocol and program were developed and
updated several times to account for the daily discharge profile of the selected test date.
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Figure 84 : Simulated transient behaviour of the surge tank and Eggen chamber water level (right) for a
3 MW power step (left) with an inflow of Qin = 5 m%s and an initial water level of 984.85 m a.s.| at Eggen.

Table 23 Predicted simulation results for the on-site tests of Eggen chamber dewatering.

Initiale value After 900s
PG1 PG2 PG3 Hegen HST Qtot dp Heggen min dH Eggen Hst max Hst min
[MW] [mw] [mMw] [masl] [masl] [m3/s] [mMw] [masl] [m] [masl] [masl]
REGOL1 0.00 0.00 11.00 984.85 984.58 5.00 1.00 984.68 0.17 985.08 983.82
REG02 0.00 0.00 11.00 984.85 984.57 5.00 2.00 984.44 0.41 985.66 982.89
REGO03 0.00 0.00 11.00 984.85 984.57 5.00 3.00 984.10 0.75 986.63 981.58
REG04 0.00 6.00 11.00 984.85 984.15 8.00 1.00 984.66 0.19 984.55 983.4
REGO5 0.00 6.00 11.00 984.85 984.15 &.00 2.00 984.43 0.42 984.94 982.64
REGO6 0.00 6.00 11.00 984.85 984.15 8.00 3.00 984.16 0.69 985.35 981.81

In addition, predictive simulations of power step changes were performed for all six defined scenarios
to support the preparation of the on-site tests. The load cases were defined based on the expected test
conditions, with power regulation steps of 1, 2, and 3 MW using a single unit, for inflows of 5 m*/s and 8
m?/s, under steady-state water level conditions of 984.85 m at the overflow chamber. A loading and
unloading rate of approximately 7.5 MW/min, measured on site, was applied, representing typical oper-
ating conditions.
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Table 23 summarises the results of the different simulated scenarios and provides an overview of the
expected dewatering levels in the Eggen chamber, with a maximum amplitude of 0.75 m for a power
peak of 3 MW and an inflow of 5 m%s. As illustrated in Figure 84 for this scenario, the load increase of
Unit 3 induces significant oscillations in the surge tank (green), while the Eggen chamber exhibits a
relatively smooth and quasi-linear drawdown, with slight mass oscillations induced by surge dynamics
(blue). After approximately 900 s, corresponding to primary ancillary service requirements, a total level
drop of about 0.75 m is noticed.

3.6.2. Installation of the Hydro-Clone system in one hydro power plant (HDE)

Hydro-Clone system (see Figure 85) is a real-time simulation and monitoring system based on a vali-
dated SIMSEN model of the hydropower plant. Acting as a physics-based digital twin, it continuously
simulates the plant’s transient behaviour using boundary conditions measured and transmitted through
the SCADA system.

The main objective of Hydro-Clone is to ensure safe and efficient operation by detecting and preventing
malfunctions or anomalies that could affect hydraulic transients. Through this predictive monitoring, the
system helps reduce the risk of major incidents. In addition, it provides access to quantities that are
difficult to measure directly, such as internal pressure fluctuations, thus enabling early detection of po-
tential issues by means of virtual sensors. Over time, the continuous monitoring of transient regimes will
contribute to optimizing operating parameters, reducing mechanical stresses, and extending the equip-
ment’s service life, while minimizing operational risks.
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Figure 85 General concept of Hydro-Clone physics-based digital twin for HPP transient monitoring

The Hydro-Clone system has been successfully deployed at the Moérel hydropower plant in collaboration
with Hydro Exploitation (HEX). The installation and commissioning were completed without major is-
sues, enabling the system to operate as intended. The system proved to be particularly effective in
supporting on-site testing activities, allowing continuous monitoring and data acquisition throughout the
test phases. It provided valuable assistance during the dewatering tests of the Eggen chamber, where
real-time data visualization was especially beneficial for tracking system behaviour and supporting op-
erational decision-making under dynamic conditions. Overall, the Hydro-Clone system has demon-
strated its relevance as a powerful tool for monitoring and analysing transient processes during field
tests.

Some minor adjustments are still to be carried out, including the fine-tuning of the free-surface model
using the available test data. However, the long-term monitoring system is fully operational and per-
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forming as expected. Additional modifications and new signals will be implemented following the mainte-
nance of Units 1 and 2.

The Hydro-Clone interface provides real-time visualization of measured and simulated signals, enabling
direct comparison between field data and digital twin outputs. This functionality facilitates im-mediate
assessment of system behaviour during testing phases and supports the validation of the simulation
model under actual operating conditions. Figure 86 shows the real-time trends displayed in the Hydro-
Clone interface.
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Figure 86 General concept of Hydro-Clone physics-based digital twin for HPP transient monitoring

3.6.3. Performing on-site experimental campaigns in two hydropower plants (HEVS)

3.6.3.1. KW Merezenbach test case

The instrumentation of the unit was carried out on December 3, 2024. Continuous data were recorded
under free-run conditions (normal plant operation), with some interruptions, from December 2024 to
October 2025. In total, 3'781.5 hours of data were acquired, corresponding to 51.2% of the overall mon-
itoring period of 7°385.8 hours.

Figure 87 presents an overview of the maximum turbine power, turbine discharge, unit rotational speed,
and the NI system recording periods over the entire measurement campaign, based on per-minute av-
eraged data. The maximum turbine power values are computed over intervals defined by two consecu-
tive start-stop sequences. The discharge exhibits a clear seasonal variation, along with shorter-term
fluctuations associated with transient operating conditions.

Figure 88 provides an overall view of the variations in the main process variables throughout the entire
measurement campaign, based on per-minute averaged data from both the HES-SO VS acquisition
system and the SCADA system. A clear seasonal variation in discharge - and consequently in turbine
power - can be observed. In contrast, only minor variations are noted in the upstream water level and in
the static pressure downstream of the main inlet valve (MIV), reflecting the constant water-level control
mode of the unit.
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Figure 87: Overview of maximum turbine power, turbine discharge, rotational speed of the unit and
breakdown recording periods of the NI system during the full KW Merezenbach measurements cam-

paign.
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Figure 88: Overview of main process variables of KW Merezenbach turbine operation during the full
measurement campaign.

A dedicated test campaign was conducted on December 171, 2024, to get the standard operation of the
turbine. An overview of the main process variables is provided in Figure 89, using per-second average
data. The turbine start-up, dynamic transitions from Pmin to Pmax and vice versa as well as steady-state
operation at different power levels may be clearly identified. Those specific tests allow to validate the
measured signals, and to get the different relationships between the upstream water level, the static
pressure near the injector, the discharge, and so on.

A second test day with dewatering was initially planned. However, for unavailability reasons (since a
satisfactory time to stop the production couldn’t be found), but also for safety reasons, given the conclu-
sions of WP3 and WP5, this test has been unfortunately abandoned and the system removed on Octo-
ber 7t 2025.
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Figure 89: Overview of main process variables of KW Merezenbach turbine operation during the dedi-
cated test day of December 17th, 2024.

3.6.3.2. KW Morel test case

The instrumentation of Unit 3 at the Morel powerplant was completed on March 25%, 2025. Pending the
planning of a specific test day, continuous intermittent free-run measurements were performed since
the instruments installation and ran until March 2026. On June 17, a specific testing campaign, follow-
ing the proposed operating plan (see Figure 80) has been successfully accomplished.

In Figure 90, the time-history of total discharge along with the electrical power of the three units is pro-
vided, from recorded SCADA data at 1 Hz. As shown in this figure, three planned sets of stationary
power steps were performed:

- Unit 3 alone.
- Units 2 and 3 operating together at the same power.
- Units 1, 2 and 3 operating together at the same power.

Moreover, using the same configurations, several transient tests were carried out, from minimum to
maximum power, and vice versa.

Finally, two emergency shutdowns were conducted with:
- Unit 3 operating at 17 MW (Pmax).
- Units 1, 2 and 3 operating at 5 MW each.

An additional unplanned emergency shutdown occurred due to a rapid rise in the tailrace water level
during transient tests with all three units operating simultaneously at approximately 2 MW.

The instrumentation of Unit 3 was temporarily removed for maintenance on February 5%, and reinstalled
on March 4t and 9t, 2026. On March 10, a specific test campaign was conducted to measure the
behavior of Unit 3 delivering power peaks of 1, 2, and 3 MW, with inflow conditions of ap-proximately 5
and 8 m3¥s in the Eggen overflow tank.

In addition to the data recorded by the NI system deployed by HES-SO VS, data logged by the Hydro-
Clone system and SCADA data from the power plant were collected during the test day.

Figure 91Figure 90 presents the time history of total discharge, along with the electrical power of Units
2 and 3 used during the tests, based on recorded SCADA and Hydro-Clone data. The six power peaks
sustained over 900 s are indicated by light-blue hatched areas. In addition to these scenarios, an emer-
gency shutdown of Unit 3 followed by a rapid restart was also tested. It is also worth noting that unit
regulation throughout the day had to cope with variable inflow conditions at Eggen, which were relatively
difficult to predict and compensate for.
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3.6.4. Analysis of the experimental results and validation of the operational limits of the power plant
with respect to the identified storage potentials (HEVS)

3.6.4.1. KW Merezenbach test case

The longitudinal hydraulic profile of the plant, together with the principal equations used to determine
the upstream water level, is presented in Figure 92. The static head is calculated using the static pres-
sure measured upstream of the main inlet valve, rather than downstream of it. This approach avoids
measurement loss (“blindness”) when the valve is closed, such as during normal or emergency shut-
down of the unit.

FPrise deau Cheminde d'équilibre

— o

— Conauite d'amenéde enterrée & 70 cm

youx de ciment grmé centrifegé

;H‘qross =2Zg -2, (mWC) }

- .
Hper = Hypqpic + denam‘ic (mWC) - \\H\ d\“% Centrale
1 S Peto
| Hutatic = 72p1 - 10° (mWC) e ¥
— - — 1 _— \ ’
1 0 \2 ~ i e
Hd'ynamic = a ' (rr_ﬂi) (mWe) ‘\\‘—1-64—-.\,,
: e/ 1, D Canal
Hypss = ngass — Hyee (MWC) VL fuite
L I, ) Lo
Izu;pstream = Hstatic + denamic + Hlﬂss + zl (m a.s.l) ‘
Constants:
Water density Jel 999.7  (kg/m?)
Gravitational acceleration g 9.80665 (m/s?)
Turbine elevation A 1337.9 (ma.s.l)
Sensors-turbine elevation differences dz_pstat_up 1.295 (m)
dz_pstat_down 1.16 (m)
dz_pstat_up_SCADA 1.16 (m)
dz_pstat_inj 0.395 (m)
Penstockinner diameter D, 0.2999 (m)
Measured quantities:
Upstream water level Zg SCADA (ma.s.l)
MIV upstream static pressure P LabView + SCADA (bar)
Discharge Q LabView + SCADA (m3/s)

Figure 92: KW Merezenbach longitudinal profile along with mathematical formulation used to
compute the upstream water level.

The estimation of the upstream water level requires the determination of both the static and dynamic
net head, as defined by the mathematical formulation presented in Figure 92(where Z, is the elevation
of the turbine). The corresponding static and dynamic net head values over the entire monitoring period
are shown in Figure 93. These were computed using the measured static pressure upstream of the MIV
and the turbine discharge, respectively. It should be noted that, for the HES dataset, the upstream MIV
pressure signal was only available from January 23, 2025, due to a sensor malfunction. The red and
orange curves, representing the dynamic head derived from LabVIEW and SCADA data respectively,
exhibit a continuous variation over time. In contrast, the static head decreases as the discharge in-
creases. The small average difference (approximately 2 mWC) between the static head values calcu-
lated from SCADA and LabVIEW data can be attributed to uncertainties in the altimetric positioning of
the sensors, as well as to their respective measurement accuracies. While the uncertainty of the existing
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SCADA sensor is unknown, the installed sensor has an accuracy of £1.5 mWC. In addition, the SCADA
pressure signal has a resolution of 0.1 bar (i.e., approximately 1 mWC), which explains both the thicker
appearance and the higher variability of the light blue curve compared to the darker one. Despite these
discrepancies, the resulting error remains relatively small, on the order of 0.4% of the total head.

Merezenbach Calculated Net static and dynamlc Head
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Figure 93 : History of the KW Merezenbach static and dynamic net heads calculated from the turbine
upstream static pressure and discharge. Per minute averaged data used.
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Figure 94 : Resulting KW Merezenbach estimated head loss and discharge relationship, obtained from
LabView and from SCADA data. Per minute averaged data used.

Figure 94 presents the estimated head loss as a function of the discharge. The few negative values
observed correspond to data recorded during transient conditions at low discharge. In these cases, the
measured static head slightly exceeds the gross head obtained from SCADA data, with a maximum
discrepancy of 0.83 mWC - considered acceptable in light of the previously discussed measurement
uncertainties. Furthermore, the relative difference between the polynomial fitting coefficients remains
below 2%.

Using the calculated dynamic and static net head, as well as the associated head losses, the estimated
upstream water level is presented in Figure 95. The blue curve corresponds to values derived from
SCADA pressure and discharge data, while the yellow curve is based on LabVIEW measurements. The
measured water level provided by the plant is shown in green, indicating a generally good agreement
with the estimated values. The mean deviation between the calculated and measured water levels is
approximately 0.2 mWC for the LabVIEW-based estimation and 1.4 mWC for the SCADA-based esti-
mation, corresponding to less than 1% of the total head.

However, the upstream water level cannot be reliably estimated during transient conditions. Due to the
surge tank’s reflection (“mirror”) effect on pressure waves, as well as the communicating vessels effect
between the headrace tunnel and the surge tank, the pressure measured at the turbine is no longer
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directly correlated with the upstream water level. An additional challenge arises from the extended free
surface within the headrace tunnel, resulting from its gentle slope and complex hydraulic behaviour.

Under steady-state conditions, and during slow variations of the intake level, this free-surface elevation
can be monitored with an accuracy limited by the sensor uncertainty (£1.5 mWC). Transient events can
also be captured, as illustrated in the zoomed section highlighted in brown. However, during such
events, the upstream free-surface elevation cannot be accurately inferred from pressure measurements
alone.

Merezenbach - Upstream water level, calculated and measured
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Figure 95 : Comparison between the measured and the calculated upstream water level using the Lab-
view and the SCADA data. Per minute average used.

Figure 96 presents the turbine discharge as a function of the injector stroke (with 100% opening corre-
sponding to 78 mm). The data, collected over three different years, show no noticeable drift over time.

For the vibration analysis, the standard deviation is used instead of the root mean square, as the mean
values of the accelerometer signals are close to zero ([-0.02; 0.005] g). As shown in Figure 97, the
standard deviation of the recorded acceleration increases monotonically with the generated power
across the entire operating range, for all measurement points. This behaviour indicates that the turbine
operates without significant resonance or hydrodynamic disturbances.

Injector characteristics
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Figure 96 : KW Merezenbach turbine injector characteristics using data from 2022, 2023 and 2025. Per-
minute averaged data used.
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Per minute Vibration STD vs. Power
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Figure 97 : KW Merezenbach vibration data per-minute STD from the whole test campaign. Triangles
indicate the vibration STD during power steps depicted in Figure 98 using per-second data statistics.
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Figure 98 : KW Merezenbach vibration STD during power steps, start-up and shutdown. Per-second
data statistics from the test day (December 17t, 2024).

The high-power outliers observed in Figure 97 correspond to measurements recorded on July 7, 2025,
when the Merezenbach River reached full capacity. The highest standard deviation (STD) values are
measured by the sensor installed on the turbine casing in the Z direction (aligned with the shaft axis),
likely due to the cantilever configuration of the turbine shaft.

In contrast, the lowest vibration levels are observed in the injector mechanism area, particularly in the
X direction (aligned with the flow), which is also the location farthest from the rotating assembly. It is
also noteworthy that bearing vibrations exceed those measured on the turbine casing in the X and Y
directions up to a power output of approximately 1’800 kW.

The highest vibration levels occur during start-up, when the jet impacts stationary buckets. As this phase
lasts less than one minute, its contribution is not fully captured in Figure 97, which is based on per-
minute statistics. Higher values are observed when considering per-second standard deviations (e.g.,
Tri100gTuZ = 4 g, Tri100gTuX,Y = 2.4 g, others < 0.2 g).

Figure 98 further illustrates the vibration levels during a complete start-up (from standstill to grid syn-
chronization) and shutdown (from desynchronization down to 20% of nominal speed), alongside several
steady-state operating points recorded during the test day. Both start-up and shutdown phases exhibit
vibration levels comparable to those observed at approximately 1 MW of power generation.

The power-step values, represented as triangles in Figure 97, confirm that the tested steady-state op-
erating points are representative of the turbine’s overall behaviour. Indeed, during normal operation, the
turbine power continuously fluctuates due to the regulation strategy aimed at maintaining a constant
upstream water level, resulting in continuous adjustments of the nozzle position.

Regarding the relative displacement between the shaft and the bearing casing (see Figure 99), the
peak-to-peak values are plotted together with the standard limits applicable to this type and size of
machine. The measurements remain nearly constant across the entire operating range and are well
below both safety thresholds.
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Furthermore, the relative displacement does not show a clear correlation with electrical power and ap-
pears to be primarily influenced by the rotational speed of the shaft.

Per second Peak to Peak Shaft Displacement during the testday power steps of ~1min
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Figure 99 : KW Merezenbach vibration peak-to-peak during power steps, start-up and shutdown. Per-
second data from the test day (December 17t, 2024) used.

3.6.4.2. KW Morel test case
Recorded data validation

The data recorded using LabVIEW and the measurements obtained from the Hydro-Clone system were
cross-validated based on the rotational speed of Unit 3, the pressure at the Main Inlet Valve (MIV) of
Unit 3, as well as the discharge of Unit 3 and the total discharge signals. The synchronisation of the two
datasets was achieved using rotational speed variations observed during start-up and shutdown se-
quences. It should be noted that the total discharge, measured upstream of the surge tank and logged
by the Hydro-Clone system, is subject to a moving average of approximately 25 s.

The time histories of rotational speed, static pressure at the MIV, and discharge, recorded during the
March 10t, 2026 test day, show in Figure 100 to Figure 102 good agreement between the measure-
ments obtained from the two systems. The start-up of Unit 3, as well as the emergency shutdown fol-
lowed by a rapid restart, can be observed in the rotational speed variations shown in Figure 100. The
static pressure fluctuations induced by the Unit 3 pressure regulator drain test and the emergency shut-
down are depicted in Figure 101. In Figure 102, the time periods during which the total discharge differs
from the discharge of Unit 3 correspond to operation of the power plant with both Units 2 and 3 running
simultaneously.

N Gr 3 (NI) v.s. N Gr 3 calculated from % (Hydro-Clone)

800F T T T T T T T T =
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Mar 10, 2026

Figure 100 : Time-history of rotational speed of Unit 3 recorded using the NI and the Hydro-Clone sys-
tems during the test day of March 10th, 2026.
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Relatwe Static Pressure at MIV U3 (at the turbine level)
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Figure 101 : Time-history of relative static pressure (at the turbine level) at the MIV of Unit 3, recorded
using the NI and the Hydro-Clone systems during the test day of March 10th, 2026.
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Figure 102 : Time-history of Unit 3 discharge and of total discharge, recorded using the NI and the
Hydro-Clone systems, respectively, during the test day of March 10th, 2026.

Resulting dewatering induced by primary ancillary service tests

Figure 103 presents the six power peaks (where 1H designates a 1 MW power peak under high inflow
conditions, and 3L corresponds to 3 MW under low inflow conditions) achieved with Unit 3 during the
March 10t, 2026 test day, alongside the water level in the Eggen overflow chamber. The power set-
points of Units 2 and 3 (depending on the configuration required by the available discharge) were con-
trolled manually by the operator. Consistent initial conditions, with slight overflow at Eggen, were sys-
tematically established before and after each power peak. It should be noted that the operator had to
manage variable inflow conditions, which were difficult to predict and compensate for throughout the
day.

Regarding the water level, the minimum recorded value was 984.58 m a.s.l., which is 13 cm above the
minimum authorised level (984.45 m a.s.l.) defined for these tests. In the 1D simulations, the initial water
level was set to 984.85 m a.s.l. to avoid overflow. However, this condition proved difficult to maintain
precisely on site due to inflow variations and transients between the surge tank and the Eggen chamber
induced by turbine power (and thus discharge) changes. In practice, a slight overflow at the Eggen weir
crest (located at 985.15 m a.s.l.), which contributed to stabilising the level, was ultimately used as the
initial condition for the power peaks.

Table 24 presents the key results of the six ancillary service tests conducted on March 10", 2026, at
KW Moérel. From left to right, the table includes: the time required to reach the power peaks, the corre-
sponding ramp-up rate, the water level at Eggen at the start of each peak, the measured dewatering
after 900 s, the simulated dewatering after 900 s, the dewatering rate, and finally the ramp-down rate of
Unit 3 power. Power peaks achieved with a load time of less than 30 s, highlighted in green, meet the
Swissgrid qualification criterion for ancillary service provision. The slower ramp-up observed for peak
2L is attributed to manual unit regulation combined with head variations induced by hydraulic transients.
The measured dewatering depths remain within the predicted range obtained from 1D simulations.
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Primary Ancillary Service at Morel HPP
dP =1 and 2 MW, Qin = High

20 dHgp0s = 89 cm "dHgg9s = 33.7 cm' -
V%"v\,‘ ------ v.__/\/-'“\/—-.ﬁ._.,_. — Y A — —— T . :
_ "T;'m-.f |' ¥ T “
g8 \ 985 E
s ‘ 1% £
E I | @ I\ | @ g
= 16 - | | <))
K 984.8 A+
®
14/ ' 9846 T
1 1 |
07:30 08:00 08:30 09:00 09:30
‘ Mar 10, 2026
Primary Ancillary Service at Morel HPP
dP =3 MW, Qin = High
20 T T T
dHgg9s = 48.9 cm +985.2 ~
) ./__/ h\/“\_/”‘\__ﬂ N N T‘;
~ e85 £
e ) E
™ | i &
e | o
. ! N ~ | 9848 3
‘\\\_\.\ !: / J| ®
"""""""""""""" T~ ] Josap T
1 O e I
16:00 16-1 ) ] 16:30 . 16-45 17-00
Primary Ancillary Service at Morel HPP
dP =1 and 2 and 3 MW, Qin = Low
| T |
12+ —
dHggos = 19.1 cm dHggos = 8.3 cm " 40852 .
— WA v N @
e e
el e I .~ YV | - . ] =
g |1 | B g
g 8 o p—  — o848 &>
a J | ﬂ i
L l ‘ (IU
61 : r dHggps = 39.0 cm o848
1 L 1 l |
10:30 11:00 11:30 12:00 12:30 13:00 13:30

Figure 103 : Time history of Unit 3 power and Eggen water level variations during ancillary service tests

conducted on March 10th, 2026, at KW Morel.

Mar 10, 2026

Table 24 Key results of the six ancillary service tests conducted on March 10t", 2026, at KW Morel.

Dewatering Refilling

o | Lopttme Lostie M Lowlteeroe " Oigrte | it
[ma.s.l] dHgoos 10 [cm]

1H 11.4 5.5 985.184 8.9 19.0 0.59 2.85
2H 22.4 5.35 985.180 33.7 42.0 2.25 7.15*
3H 26 7.08* 985.134 48.9 69.0 3.26 6.02*
1L 9.2 6.87* 985.124 19.1 17.0 1.27 3.82
2L 58.1 2.16 985.088 8.3 41.0 0.55 6.63*
3L 21.2 8.33* 985.17 39.0 75.0 2.60 6.67*

*Power ramp-up and ramp-down rates that allow 3 MW change in less than 30 s.
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Figure 104 : Recorded downstream (left) and upstream (right) views at Eggen overflow tank during the
3 MW power peak with an inflow of ~8 m3/s (test 3H) tested on March 10, 2026.

Finally, Figure 104 provides visualisations of the upstream side of the overflow chamber and the down-
stream screen, based on recordings from two night-vision cameras installed at Eggen. During the three
months between installation and the test day, images were periodically recorded to verify proper camera
operation and to document standard operating conditions.

Water surface variations were recorded throughout the entire day of March 10t, 2026, both at the screen
and on the upstream side, and video sequences were compiled for all tested scenarios. No major events
(such as splashing, large waves, or air entrainment) were observed during the six tested power peaks.
In contrast, more pronounced water surface variations were observed during the Unit 3 emergency
shutdown test conducted on the same day, including overflow and backflow at the free surface.

Turbine behaviour under standard and primary ancillary service operation

To evaluate the potential impact of overflow chamber dewatering on the turbines, the behaviour of Unit
3 was first analysed under different net head operating conditions, influenced by the total discharge of
the power plant and, implicitly, by the number of operating units and their setpoints. Starting Units 1 and
2 increases head losses in the penstock, thereby reducing the energy available to Unit 3, as shown in
Figure 105 through the three variations coloured in blue, obtained from steady-state operating condition
measurements during the first test day conducted on June 17, 2025.

Static pressure before unit 3 valve under different operating conditions

— Units 1, 2 & 3 at the same power (+STD) v Peak IMW @ ~8 m'fs
¢ y=-0.02465x"2+-0.02430x+25.57 g
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¢ Trend: y 01255x2+-0.04438x+25.57
y=-0.0075Tx"2+-0.03441x+25.57
¢ Unit 3 alone (=STD)
T
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Figure 105 : KW Mobrel - Unit 3 static head variation with the discharge depending on operating groups
number on standard operation (blue) and during tested ancillary services (red).

The scattered points superimposed on this plot represent per-second average values obtained during
the six ancillary services tested on March 10t, 2026. Considering that these points include both steady-
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state conditions and the numerous power changes carried out during the day, it can be concluded that
the slight dewatering of the Eggen tank and the induced transients in the hydraulic circuit have no influ-
ence on the net head—discharge characteristic of the turbine.

Figure 106 shows the relationship between discharge and electrical power of Unit 3, depending on
whether Units 1 and 2 were operated in parallel. It should be noted that the electrical power measured
at the power plant and acquired through the SCADA system is subject to interpolation and temporal
resolution effects. To account for this, a fitting was performed based on the corrected discharge, specif-
ically for the test case in which Unit 3 was operated alone. When representing the three cases together,
it becomes clear how much additional water is required to achieve the same electrical power output from
Unit 3, which is consistent with the observed reduction in static pressure. Based on this information, the
turbine characteristics can be presented under different operating conditions. As in the previous plot,
the scattered points superimposed on these curves represent per-second average values obtained dur-
ing the six ancillary services tested and show a remarkable agreement with the values obtained under
steady-state operating conditions.

The left side of Figure 107 shows the peak-to-peak X, Y, and Z shaft displacement variations of Unit 3
as a function of electrical power, based on data recorded under steady-state operating conditions. The
superimposed scattered points represent the corresponding per-second peak-to-peak displacement val-
ues obtained during the dewatering tests. In addition, the right-hand plot illustrates the evolution of the
average static pressure and its standard deviation (STD) in both draft tubes (generator and turbine
sides) as a function of electrical power, using data from the same steady-state operating conditions and
from the ancillary services tests. These two plots reinforce the conclusion that the tested dewatering
scenarios have no significant effect on turbine operation.
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Figure 106 : KW Mobérel - Unit 3 average discharge variation with the electrical power depending on
operating groups number in standard operation (blue) and during tested ancillary services (red).
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Figure 107 : Unit 3 turbine shaft peak-to-peak displacement (left) and draft tubes average and STD static
pressure variations (right) with the electrical power in standard operation and during tested ancillary
services.
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Another approach to identifying potential perturbations affecting the turbine during dewatering opera-
tions is to perform a spectral analysis of the recorded signals, as illustrated in Figure 108 to Figure 110.
This type of analysis provides insight into the global energy distribution across different frequency com-
ponents throughout the operation.

The FFT (Fast Fourier Transform) cascades presented in Figure 108 highlight the main frequency re-
sponse components detected by the two microphones positioned near the turbine draft tubes for several
steady-state operating conditions of Unit 3 operating alone, ranging from 2 MW (blue) to 17 MW (red).
The frequencies shown, f/n, are normalised by the runner rotational frequency (12.5 Hz). It can be ob-
served that most components within the frequency spectrum up to 50 f/n are associated with speed-
driven phenomena, including hydraulic and electromagnetic rotor-stator interactions dominating the tur-
bine and generator operation, respectively - as well as residual shaft eccentricities, imbalance, and re-
lated effects.

Unit 3 alone - Turbine side draft tube - Airborne noise Unit 3 alone - Generator side draft tube - Airborne noise
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=02 =028
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Figure 108 : FFT distribution as a function of the Unit 3 power for the airborne noise measured on the
generator side draft tube (left) and the turbine side draft tube (right).

The following figures present examples recorded with Unit 3 operating alone during start-up, minimum-
to-maximum and vice versa power transitions, an emergency shutdown, and a power peak of 3 MW
under an inflow condition of approximately 5 m3/s. The signals from the two microphones oriented toward
the draft tubes of Unit 3, as well as from the pressure sensors installed on the draft tubes, have been
considered.

Several identified spectral response components follow the runner rotational speed. For instance, during
start-up, these components evolve with speed until reaching a steady value once the generator is syn-
chronized with the grid (e.g., 12.5 Hz corresponds to the runner rotational frequency, while 187.5 Hz
corresponds to the blade-passing fundamental frequency induced by the 15 runner blades). Other spec-
tral components can be linked to magnetic phenomena originating in the generator, typically at multiples
of 50 Hz.

During the start-up sequence, no distinct frequency excitation is observed; instead, the overall energy
level increases progressively as the runner approaches its nominal speed. Similarly, during power tran-
sient operations, the spectrograms do not reveal any specific frequency excitations. However, the spec-
trogram of static pressure in the draft tube (Figure 110) shows higher energy levels at part-load and full-
load conditions compared to intermediate regimes.
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Figure 109 : Spectrograms of the airborne noise on the two draft tubes of the Unit 3 operated alone
during a start-up (top-left), an emergency shutdown (top-right), a power peak of 3 MW with low inflow
conditions (bottom-left) as well as during a sequence of two minimum-to-maximum and viceversa power
transitions (bottom-right).

During the emergency shutdown sequence, a general decrease in airborne noise energy is observed.
In contrast, the static pressure response exhibits a short-duration, slight increase in overall energy, fol-
lowing the variation in rotational speed. The fast restart sequence in the wake of the emergency shut-
down appears less severe than a regular start-up, likely due to different hydraulic operating conditions
(lower energy levels and a different opening required to reaccelerate the runner). The global energy
increase observed shortly after 14:15 is induced by the start-up of Unit 2.

Finally, the 3 MW power peak performed with an inflow of approximately 5 m?s does not show any
significant change in airborne noise response. The slight increase in static pressure response ampli-
tudes is attributed to the change in operating regime, as also observed during minimum-to-maximum
power transitions.

In conclusion, from a frequency response perspective, the tested dewatering conditions do not exhibit
any significant additional adverse effects compared to normal operation. However, this conclusion
should be confirmed through a more detailed analysis of all recorded signals over a broader frequency
range, as well as through long-term monitoring of the turbine’s hydromechanical behaviour under ancil-
lary service operation.
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Figure 110 : Spectrograms of the static pressure on the two draft tubes of the Unit 3 operated alone
during a start-up (top-left), an emergency shutdown (top-right), a power peak of 3 MW with low inflow
conditions (bottom-left) as well as during a sequence of two minimum-to-maximum and viceversa power
transitions (bottom-right).

Pressure regulator opening during emergency shutdowns

Knowing the dynamics of the pressure regulators is essential for the Hydro-Clone model to accurately
predict the transient hydraulic behaviour of the power plant. To calibrate the Hydro-Clone 1D model, the
displacement of the Unit 3 pressure regulator piston was recorded during three emergency shutdown
(ESH) tests conducted under different operating configurations (see the power values prior to the shut-
down trigger in Table 25). The ESH1 test was carried out with Unit 3 operating alone at full load. The
ESH2 test was performed with all three units operating simultaneously at 5 MW. The ESH3 test was
similar to ESH1, but with an initial power of 10 MW. In addition, two pressure regulator piston displace-
ments were recorded during intentional draining phases.

Table 25 : Measured pressure regulator opening displacement and timing during the tested emergency
shutdown and drain tests.

Pu1 Pu2 Pus Max. displacement Opening Closing

Test mwp MW [Mw) [mm] time [s] time [s]
ESH1 0 0 17 200 1.9 20.8
ESH2 5 5 5 71 0.8 4.9
ESH3 0 0 10 135 1.7 11.2
Drain1 0 0 10 21 2.6 1.9
Drain2 0 0 10 23 3.4 2.1
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Figure 111 : Snapshot of the pressure regulator video (left) and the determined pressure regulator cyl-
inder displacement (top-right) during the emergency shutdown ESH1 test; pressure regulator maximum
opening as a function of Unit 3 power (bottom-right).

The piston displacement as a function of time was extracted from the video footage using a MATLAB
code that tracks the dark line at the top of the moving cylinder (see the red marker in the photograph on
the left-hand side of Figure 111). The resulting time-dependent displacement is shown in the top-right
plot of Figure 111 for the ESH1 test, indicating a maximum displacement of 200 mm when Unit 3 was
operating alone at full load (17 MW). The measured pressure regulator opening displacement and timing
for all monitored emergency shutdown and drain tests are summarized in Table 25. Finally, the obtained
relationship between the maximum piston displacement and the initial power of Unit 3 is presented in
the bottom-right plot of Figure 111.

Validation of the operational limits of the power plant with respect
to the identified storage potentials

Predictive simulations of power step changes were performed in the context of the Eggen overflow
chamber dewatering to support the preparation of on-site tests and to validate the operational limits of
the power plant with respect to the identified storage potentials. The simulated load cases were defined
based on the expected test conditions, considering power regulation steps of 1, 2, and 3 MW for a single
unit, with corresponding inlet discharges, under steady-state conditions at the defined reference water
level. A loading and unloading rate of approximately 7.5 MW/min, measured on-site, was applied in the
simulations to closely represent actual operating conditions.

The simulations were carried out under idealised conditions, assuming fully stabilised initial states, with
both the surge tank and the Eggen overflow chamber at steady state prior to the transient. Although
some discrepancies may arise when compared to measured data, the results provide a reliable indica-
tion of system behaviour and help to confirm the feasibility of the planned tests.

For instance, in the case of a 3 MW power increase, the simulations predict a noticeable variation in the
water level of the Eggen overflow chamber. As illustrated in Figure 112 the load increase of Unit 3
induces significant oscillations in the surge tank, whereas the Eggen overflow chamber shows a rela-
tively smooth and quasi-linear drawdown, with minor oscillations driven by surge tank dynamics. After
approximately 900 seconds, corresponding to primary ancillary service requirements, a total level drop
of about 0.75 m is observed.
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Figure 112 : Power regulation of Unit 3 (left); transient behaviour of the surge tank and Eggen chamber
water level for a 1, 2 and 3 MW steps with Qin=5 m3/s at 984.85 m a.s.I. (right).

3.6.5. Conclusion & perspectives

The data acquired under both free-run conditions and dedicated test sequences enabled a comprehen-
sive characterization of the normal operation of the Pelton turbine at KW Merezenbach and one double-
Francis unit at KW Mérel. The analysis provided a detailed overview of turbine behaviour under nominal
head conditions, with the objective of identifying any potential impact of future dewatering operating
modes. The recorded datasets were validated for both case studies, and statistical analyses were per-
formed.

For the KW Merezenbach case, the acquired data allowed a detailed characterization of turbine behav-
iour under steady-state operating conditions. The upstream water level can be reliably estimated during
normal operation, with an average deviation of approximately 0.2 mWGC, using the static pressure meas-
ured upstream of the main inlet valve and the turbine discharge. However, this estimation is no longer
valid under transient conditions, such as during primary ancillary services, due to the influence of the
surge tank and the complex free-surface dynamics within the headrace tunnel. The overall condition of
the turbine was further assessed through vibration measurements. The results indicate that the turbine
operates without significant resonance or hydrodynamic disturbances across its full operating range.

No dewatering scenarios could be experimentally tested at KW Merezenbach due to the contraindica-
tions identified in WP3 and WP5. In addition, dewatering following the standard drawdown procedure
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could not be carried out due to operational constraints. Nevertheless, the acquired dataset remains
highly valuable and provides a solid reference for detecting potential anomalies during normal operation.

At KW Mérel, Unit 3 and the Eggen overflow tank were instrumented to establish a comprehensive
characterization of the machine’s normal operation, to investigate the effects of primary ancillary ser-
vices, and to monitor behaviour during emergency shutdown events.The primary ancillary service oper-
ating mode was expected to potentially induce significant overflow tank dewatering, increasing the risk
of air entrapment, as described in WP3 and WP5.

The data acquired under both free-run conditions and dedicated tests at KW Moérel were validated, and
statistical analyses were performed. These data enabled a comprehensive characterization of the nor-
mal operation of one of the installed double-Francis turbines. The analysis provided an extensive oper-
ational overview of the turbine under nominal head conditions, which was used to assess the effect of
dewatering on turbine operation.

The performed dewatering tests indicate normal operation based on airborne noise, shaft displacement,
draft tube static pressure or spiral case vibration monitoring, and represent a promising step toward
ancillary service provision, pending additional validation. It was also demonstrated that the plant could
deliver £3 MW/min power peaks using automatic power regulation.
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3.7 WP7- Virtual Power Plant

Lead: HEIG-VD, partners: HDE, ALPIQ, FMV, WSL

This work package focuses on the optimal design and operation of a Virtual Power Plant (VPP) com-
posed of small-scale hydropower plants as well as distributed renewable energy sources such as wind
and solar photovoltaic (PV) plants and Battery Energy Storage Systems (BESS). The goal is to optimize
the revenue of the VPP from participating in electricity markets offering energy production and flexibility
for provision of ancillary services.

The optimization process is divided into two main parts.

- The first part addresses the design of the VPP, including the selection of suitable resources (such
as PV systems, battery energy storage systems, wind turbines, and hydraulic pump-turbines).

- The second part focuses on the operational optimization of the VPP components across multiple
time horizons (weekly, daily, and intra-day), considering market conditions and uncertainties related
to renewable generation and natural water inflows

3.7.1. Approach and Overall Problem Formulation

The optimal design of the VPP is developed through a practical and collaborative process with project
partners (FMV and Alpiq). This involves defining a set of design schemes that account for geographical
and technical constraints related to renovations, the feasibility of installing new pumps and hydropower
turbines, and insights from existing studies on planned and prospective local wind and PV projects.

For each design scheme (i.e., a VPP with given energy resources), a three-level optimization problem
is formulated to find the optimal scheduling of controllable resources of the VPP across multiple time
horizons. This optimisation problem allows us to estimate optimal annual revenue of the VPP from par-
ticipating in different electricity markets and eventually estimate the OPEX of the VPP. Then OPEX can
be compared with the CAPEX of a given design scheme for development of relevant business models
to ensure the profitability of investing on new installations over their lifetime. In addition, to provide further
insights on the profitability of various VPP schemes, a set of sensitivity analysis are performed by chang-
ing the size of different component of design schemes (e.g., power and energy capacity of batteries,
peak installed PV power, etc.).

The abovementioned optimal operation problem must deal with the uncertainties related to the variabil-
ities of the renewable generations as well as water inflow (discharge) and market prices across different
time horizons. In this respect, first we formulated a deterministic optimization problem in which theses
variables are known as input parameters of the optimization problem. The deterministic optimization
problem provides an optimistic benchmark for estimation of annual revenue which is not realistic. Then,
we formulated different variant of the optimization problem with scenario-based stochastic formulations.
The uncertain variables are modelled through different set of scenarios using available historical data
as well as measured and forecasted data of hydro and meteorological variables (solar irradiance, water
discharge, wind speed, etc) provided by WSL in WP4 from mid-2024 onward for the specific case of KW
Aegina — Alstafel.

A preliminary version of the VPP design problem formulation (including the objective function, decision
variables, and key constraints) was formulated in 2023 following several meetings and discussions
among the partners of WP7. An appropriate solution algorithm is also developed to solve the proposed
problem formulation. In 2024, the mathematical problem formulation has been refined to better represent
the technical and economic constraints for development of VPPs in the GOMS region following further
advances in the project. In the revised formulation the feedback from the partners is integrated and
additional constraints are modelled such as the financial risk of the VPP operation. The detailed math-
ematical formulation is available in the annex document “Virtual Power Plant Design - Problem Formu-
lation”. In 2025, the problem formulation is further revised to include the results of measured and fore-
casted hydro-meteorological variables provided by WSL and to benchmark an optimistic (but unrealistic)
deterministic optimisation against different variants of stochastic optimisation formulations. The detailed
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formulation of the optimisation problems is presented in the deliverable document “Virtual Power Plant
Design - Problem Formulation”, D7.1.

The following are the main assumptions underlying the problem formulations and proposed solution
algorithms:

The VPP will focus on three distinct electricity markets: day-ahead, intraday balancing, and flexibility
market through provision of ancillary services.

The number of VPP design schemes is limited. As a result, we can calculate the profit and risk of each
design scheme individually.

The VPP might consist of several existing and potential small hydro power plants, pumps, PVs, wind
turbines, and battery energy storage systems.

There is a hydrological link constraint between small hydro power plants and pumps. Following consul-
tations with FMV and other partners, this has been modelled through a set of variables representing the
infout flow of each reservoir as well as a set of variables to allocate each reservoir as up/down stream
of a hydropower installation (turbine or pump).

Small hydro power plants, pumps, and energy storage systems participate in the flexibility market to
provide flexibility products (e.g., Frequency Containment Reserve — FCR product for ancillary service
market of Swissgrid). In this study, because of practical reasons, PVs and wind turbines do not curtail
their power to participate in the flexibility market.

The VPP optimize its resources in day-ahead and ancillary service markets knowing the forecast with
lead time of 24h. Furthermore, the VPP participate in intraday balancing market in which it minimizes
the imbalance costs associated with the differences between the scheduled and real-time power pro-
duction.

When we combine small hydro power plants, PVs, wind turbines, energy storage systems, and pumps
into a single portfolio and centrally manage them within a VPP, there are several advantages.

- Firstly, by integrating small hydro power plants into a VPP scheme, it is possible to optimize their
production and increase their potential profit in the day-ahead energy market.

- Secondly, the less reliable flexibility of the hydro power plants with small reservoir capacity can be
combined with the more reliable flexibility of the battery energy storage systems, allowing them to
meet the requirements of the flexibility market as well as environmental constraints (e.g., limits re-
lated to hydropeaking).

- Thirdly, the flexibility of the small hydro power plants can be used to compensate for PV and wind
turbine production imbalances due to forecast errors, resulting in increased profits in the day-ahead
and intraday markets.

- Fourthly, the pumps can be used to transfer water multiple times to higher altitude hydro power
plants, allowing them to provide and sell more flexibility if the price of flexibility is higher than the
cost of energy in the day ahead.

The flowchart in Figure 114 describes the process of optimal VPP design. The process begins by gen-
erating a set of long-term annual scenarios, each of which represents a different possible hydro-mete-
orological condition (this is provided in WP4). The next step is to optimize the VPP operation for each
scenario through a three-stage optimisation problem.

Once the VPP has been optimized for all scenarios, the profit and risk of all VPP schemes are calculated.
The best scheme is then selected.

The overall objective of the proposed algorithm is to identify the following:
- The optimal VPP design scheme, including the optimal capacity of its generation and storage units.

- The optimal operating schedule for each generation and storage unit regarding various scenarios.
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3.7.2. Three-stage optimisation problem

In the following, a brief description of problem formulation and proposed algorithm is presented. To
optimally design the VPP, we must determine the optimal operation of the VPP components across
different time horizons, considering the three mentioned markets. However, if we consider all time hori-
zons in one optimization problem, it would be so large that it would be impossible to solve in a tractable
manner. We employ a hierarchical approach to resolve the issue of tractability by estimating the optimal
operation in three stages, namely, long-term (first stage), short-term or day-ahead (second stage), and
real-time or balancing (third stage), keeping in mind that the number of VPP design schemes are limited.

The model of each stage includes its own objective function and set of constraints. The objectives are
presented briefly as follows. The constraints are grouped regarding technical limits of assets and pre-
sented in subsection 3.7.2.4 (constraints). The detailed mathematical formulation is presented in the
“Virtual Power Plant Design - Problem Formulation” deliverable D7.1. document.

3.7.21. Long term optimization model (first stage)

The first stage model is designed to determine the annual water level schedule for reservoirs associated
with storage-based hydropower plants. Only these facilities are considerate due to their strong depend-
ence on seasonal water availability, unlike run-of-river plants or Battery Energy Storage Systems
(BESS), which operate on much shorter timescales.

The objective is to maximize annual revenue from participation in the day-ahead electricity market. This
is achieved by optimizing the daily volumes of water either turbined or pumped at each plant. To dis-
courage unnecessary water releases, a spillage penalty is incorporated into the objective function.

The decision variable represents the scheduled daily water level for each reservoir located upstream
hydropower plant. Since intra-day dynamics are not modelled, all plants are assumed to operate as
continuous systems, and no ancillary services are provided.

3.7.2.2. Day-ahead optimization model (second stage)

The second stage model focuses on optimizing the day ahead scheduling operational revenue of all
resources within the VPP. It uses the annual schedule from the upper stage as input, breaking it down
into a series of short-term optimization windows (typically 1 day). The optimizations should be executed
sequentially to ensure dynamic updates of battery SOC and reservoirs water level, maintaining con-
sistency across the year.

The objective is to maximize the total daily income generated by all resources, while adhering to the
reservoir levels set by the upper-stage model. Any deviation from this schedule incurs a penalty. An
additional spillage penalty is applied to discourage excessive water releases.

The decision variables correspond to the hourly scheduled power generation (or consumption) of each
asset comprising the VPP.

3.7.2.3. Real time optimization model (third stage)

The third-stage model is only applied when performing stochastic or pseudo-stochastic second-stage
optimization. It is executed immediately after each daily simulation. It serves two main purposes.

First, it updates the reservoirs’ water levels by accounting for the actual measured water discharge
volumes together with the turbined water volumes scheduled in the second stage. It also verifies whether
each reservoir's water level remains within its operational limits. If this condition is not satisfied, the
corresponding hydropower plants must be curtailed or shut down. This check is particularly important
for assets with small reservoirs, which can be emptied or filled within a short time horizon

Second, it aims to reduce the overall VPP power imbalance mostly caused by renewable generation
forecast errors. This is achieved by leveraging flexible assets such as BESS or hydropower plants with
operational flexibility.
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The objective is to minimize the deviation between the total power generation scheduled in the second
stage and the actual measured power of each asset within the VPP. A penalty is applied to deviations
in hydropower generation. This mechanism encourages the use of BESS flexibility before hydropower
and allows also prioritization of which hydropower units should provide flexibility, and which should re-
main fixed.

The decision variables correspond to the actual measured power generation (or consumption) of each
asset comprising the VPP.

3.7.2.4. Constraints

Since different optimisation models (i.e., first, second, and third stages) share similarities in their con-
straints, here we present them grouped. As previously explained, the main distinctions arise from the
time horizon, the temporal granularity, and the nature of the input data. In particular, ancillary services
typically operate on another time scale than day-ahead markets (e.g., the FCR market is based on a 4-
hour time step). Consequently, a second time index is introduced in the second stage, while it is not
present in other stages.

The constraints are organized into several categories, which are summarized below. It is important to
highlight that, as the focus of this project is on hydro power plants, the curtailment of solar and wind
generation is not considered. Indeed, the wind and PV power generation are not modelled with control-
lable decision variables. Therefore, no explicit constraints are presented here for these resources.

Water reservoirs

- Water level dynamics tracks the evolution of reservoirs’ water level considering all inflows and out-
flows. This includes natural discharge from surrounding areas, as well as inter-reservoir and plant
interconnections, ensuring a comprehensive representation of water movement within the system.

- Final water level: Prevents the model from emptying every reservoir at the end of the optimization
horizon, which would artificially maximize profit. It enforces that only the available water is turbinated
or pumped. This constraint can be applied in two ways: either strictly, by requiring the final reservoir
levels to match the initial levels, or more flexibly, by penalizing the difference between the initial and
final levels.

- Reservoir State Definition (linearization): Define the operational state of each reservoir based on its
current storage level, ensuring that water volumes remain within predefined operational limits. This
constraint is required to model non-linear relation between power production and water flow of hydro
power plant using performance tables which are defined separately for each reservoir state (net
head) as schematically illustrated in Figure 113.

Production (p)

[Hmax-Dh, Hmax]

[HK, Hk + Dh]

m==[HmMin, Hmin + Dh]

|
gj-dq q Flow(q)
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Figure 113: Hydropower performance linearization

Hydropower plants

Operational Constraints: Ensure that each hydropower plant operates within its technical and ca-
pacity boundaries.

Energy Conversion: Model the transformation of hydraulic energy (from water flow) into electrical
energy, considering the current state of the upstream reservoir.

On-off plant (Second Stage Only): Enforce a binary operational mode where the plant is either fully
active at maximum flow or completely inactive with no water flow.

Ancillary Services Provision (Second Stage Only): Guarantee that continuous-operation hydro-
power plants meet their assigned ancillary service reserve requirements.

BESS (second stage only)

State of Charge (SOC) Dynamics: Model the evolution of the battery’s SOC over time, based on
charging and discharging actions.

Operational Constraints: Ensure the battery operates within its defined power and energy capacity
limits.

Ancillary Services Provision: Ensure the battery contributes to meeting ancillary service reserve
obligations.

Mutual Exclusivity Constraint: Enforce that the battery can only operate in one mode at a time—
either charging or discharging, but not both simultaneously.

Power imbalance (third stage only)

Overall power imbalance: Calculate the positive or negative imbalance between the scheduled total
power and the actual measured total power across the VPP3,

Hydropower imbalance: Calculate the positive or negative imbalance specifically between the
scheduled hydropower and the actual measured hydropower.

Short/long selection: Constraints that classify the VPP state as short (insufficient power) or long
(excess power) relative to the actual measured power generation. These constraints ensure that the
battery is not charged or discharged as by modifying the output of another flexible asset, to modify
BESS capacity for future use.

3 The calculation of balancing prices does not follow the new calculation method of swissgrid which is in place

from January 2026.
142/186



i) Specicfy VPP design
(asset and market)

Y

ii) Long-term (annual) Yearly scenarios
optimization model

v

Scheduled daily
reservoirs' water level

v
Change VPP Day=1
scheme
h T e (g e o (o o | o,y ~
iii) Day-ahead Day-ahead forecast
optimization model
Day +=1 v
I / Day-ahead schedule /

v

/ Real time dispatch /

I
I
I
I
I
I
I
: v
/ Reservoirs' water level / : X -
: iV) Real-time Real-time measurement
: optimitation model
I
[
I
I

Short-term planning

All days

All VPP
Schemes

V) Calculate profit and
risk far all VPP scheme

v

Vi) Sort and select the
best scheme

-

Figure 114 Proposed algorithm for the VPP design problem. The optimization stages are shown in
green, the input data in blue, and the output data in orange.

3.7.2.5. Link between the stages

A key component of the proposed multi-stage optimization framework is the mechanism that links the
first and second stages through water level scheduling in reservoir-based hydropower plants. After solv-
ing the first-stage stochastic optimization, a probabilistic schedule for reservoir water levels is obtained

across the planning horizon. This schedule incorporates not only expected values but also quantile
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bounds that capture uncertainty in inflows, market prices, and operational constraints. When the first
stage is treated as deterministic, these quantiles are instead represented as simple offsets.

In the second stage, which simulates day-ahead scheduling operations, a penalty term is introduced to
encourage consistency to the scheduled water levels obtained from the first stage. This penalty discour-
ages deviations from the first-stage schedule and ensures consistency between the two stages. Specif-
ically, the penalty comprises two terms:

- Deviation penalty: This term penalizes the absolute deviation between the actual water level and
the scheduled water level from the first stage.

- Quantile limit violation penalty: This term penalizes instances where the actual water level exceeds
the upper quantile or falls below the lower quantile bounds derived from the first-stage stochastic
results. For deterministic first stage runs, these quantiles are approximated by applying a fixed per-
centage deviation (e.g., +5%) around the scheduled water level.

The penalty function can be expressed as:

b
QAVG (757 ——
PEN}Y = 3600 (AVb - Tipa — AV? -nDA)
“KVG b b
b _ _ E q .q .q
PEN; = —mpp Aq 3600 (AI/EJ + AVq )

q€Q
Here, b denotes the upstream reservoir index and q represents the quantile limit number. The parameter
a}(VG corresponds to the average efficiency of the hydro power plant associated with reservoir b. AV?

and AV? denote the positive and negative reservoir final level deviation, respectively.AVé"q and AV?

denote the reservoir water volume excess/deficit relative to the scheduled upper/lower quantile-based
boundaries. mp and Tpa represent the low and high penalty market prices. Finally, A‘é is the weighting

factor applied to any violation of reservoir level limits.

This formulation maintains a linear penalty structure while effectively discouraging large deviations. It
ensures that second-stage decisions remain aligned with the long-term planning of the first stage, while
still allowing flexibility to respond to day-ahead data.

The performance of second-stage optimization is sensitive to the penalty market price, the reservoir
water level limits and weighting factors parameters. These parameters must be carefully tuned to ensure
that the second-stage solution remains close to the global optimum, while respecting the guidance pro-
vided by the first-stage schedule.ITo address this sensitivity, we propose a dynamic pricing strategy that
adjusts to recent market conditions. For each simulation horizon (e.g., one day), penalty prices are
derived from historical DA market data using a fixed-size rolling window (e.g., 14 days). Within this
window, we compute selected upper and lower quantiles (e.g., the 65th and 35th percentiles), which are
then applied to penalize deviations between actual and scheduled water levels. This approach ensures
that penalty signals reflect typical market behavior, avoiding distortions caused by extreme price
events.|IThree sensitivity analyses were conducted over the period from 2018 to 2024 to fine-tune these
meta-parameters (e.g., rolling window size, the market price quantile levels, and the penalty factor).
These analyses are presented in detail in the results chapter. Their objective is to identify the parameter
configurations that yield the most robust and economically efficient second-stage optimization out-
comes.

3.7.2.6. Final penalty

Since the water level trajectories determined in the first-stage optimization are not strictly binding, res-
ervoirs may complete the second-stage optimization with end-of-year water levels that deviate from the
planned targets. A lower final water level indicates that more water has been turbined, leading to higher
electricity generation and, in turn, greater revenue. Nevertheless, this can create a distortion in the in-
come assessment, favouring strategies that take advantage of this flexibility.
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To mitigate this issue, we propose introducing a final penalty to the yearly aggregated income. This
penalty reflects the deviation between realized (second stage) and scheduled (first stage) final water
levels at year’s end. The penalty coefficient is derived from the yearly market price quantiles, as defined
in the preceding sections, ensuring that the adjustment remains aligned with the yearly market dynam-
ics.

3.7.3.Input Data and Parameters
The optimization model relies on two main categories of input data.

The first category includes physical system parameters, which define the static characteristics and op-
erational limits of the system components. These parameters encompass maximum power capacities,
reservoir and battery storage limits, and turbine efficiency curves that link energy output to water head.
These values are considered fixed throughout the optimization process.

The second category consists of time-series data, which represent dynamic inputs that vary over time.
VOne of the key components influencing VPP design is the treatment of market prices. We consider
three types of market prices in our model.

The DA price for each hour is a unique value published by Swissgrid one day in advance. For each year
(in the past), it is assumed that these prices are known for the second-stage optimization. For the first
stage optimization, average daily prices are used.

The ancillary service market and particularly the FCR market operate differently. It does not rely on
market clearing price mechanism determined by supply and demand intersections. Instead, prices are
derived from multiple auctions through a pay-as-bid mechanism. These auctions occur at regular inter-
vals, every four hours for primary control (FCR) and weekly for secondary control (aFRR). Given the
small size of our VPP, we are unlikely to influence market outcomes significantly. Therefore, rather than
modeling bidding strategies and auction dynamics, which would add complexity and shift the focus to-
ward operational optimization, we adopt a simplified approach. We calculate the weighted average price
of the bids awarded and define it as FCR market price and treat this average as a known parameter in
the second stage. This allows us to estimate potential revenue from FCR market participation without
simulating the full bidding process.nThe imbalance price is determined retrospectively by Swissgrid,
after the actual imbalance volume has been assessed and the reserved FC (FCR, AFRR, and mFRR)
power has been activated and compensated. Since this price is not known during the third stage of
optimization, the model cannot incorporate it directly into the VPP’s balancing decisions. As a result, the
VPP may attempt to avoid penalties when imbalance prices are high, while potentially allowing larger
imbalances when prices are low. Nevertheless, the model is designed to minimize imbalance volumes
regardless of the price level.nThe imbalance price is determined retrospectively by Swissgrid, after the
actual imbalance volume has been assessed and the reserved FC (FCR, AFRR, and mFRR) power has
been activated and compensated. Since this price is not known during the third stage of optimization,
the model cannot incorporate it directly into the VPP’s balancing decisions. As a result, the VPP may
attempt to avoid penalties when imbalance prices are high, while potentially allowing larger imbalances
when prices are low. Nevertheless, timbalance prices are published on a 15-minute basis. nCase studyt-
Three hydropower plants were initially selected for the study: KW Merezenbach, KW Mérel, and KW
Aegina — Alstafel. However, generating discharge flow data for KW Mérel would require simulating the
entire upstream Rhdne valley, making the necessary input data currently unavailable. Additionally, KW
Merezenbach has a very limited rated power, reducing its relevance for the VPP optimisation study in
WP7.

Consequently, KW Aegina — Alstafel has been utilized in this WP of the project. Near this plant, three
wind turbines — each rated at 3.5 MW — have already been installed. According to FMV, a 9 MW photo-
voltaic (PV) power plant is also planned along the shores of Griessee Lake.

A key limitation of KW Aegina — Alstafel is its current on-off turbine configuration, which prevents con-
tinuous operation and excludes the plant from participating in ancillary service markets. To overcome
this, a feasibility study is exploring an upgrade to a continuous-operation turbine, along with the potential
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addition of a pumping system and a downstream reservoir for the efficient capture and reuse of dis-
charged water.

Therefore, the case study of WP7 analyses three core configurations for the Virtual Power Plant (VPP),
with the downstream reservoir and the planned continuous turbine being hypothetically modelled due to
the absence of real-world data:

- KW Aegina — Alstafel with an on-off turbine only (DT)
- KW Aegina — Alstafel with pump and on-off turbine (DTP)
- KW Aegina — Alstafel with pump and continuous turbine (CTP)

In addition to the hydropower plant, the VPP includes the existing wind farm and the planned PV instal-
lation. The study also investigates the integration of a Battery Energy Storage System (BESS) to en-
hance flexibility and market participation.

A VPP scheme can be conceived by combining three core configurations of hydro power plants and
selecting wind and PV and BESS. For each VPP scheme, we evaluate the performance and economic
benefits of VPP when participating in different energy and ancillary service markets.

The following operational scenarios are analysed:
- Participation in the Day-Ahead Energy Market (DA)
- Participation in the Primary Frequency Containment Reserve Market (FCR)

- Imbalance Cost Mitigation strategies

3.7.4.Data collection

Project partners provide needed input data, each in their own formats and structures. The first step
involved processing and cleaning these datasets to ensure they were homogeneous and consistent for
the optimization model. To manage this efficiently, a dedicated data scheme was developed, enabling
all input data to be combined into a single, unified database that is directly integrated into our optimiza-
tion pipelines.

The received data includes:

- HDE provided hydraulic performance tables for various head levels of the aforementioned power
plants. These tables are generated with the RenovHydro program and give the optimal unit engage-
ment to achieve the best efficiency, at each power level. The results are derived from the SIMSEN
models, that incorporate head losses along the waterway as well as turbine characteristic curves.
The losses in the generator and transformer are also considered.

- WSL provided two key types of data for KW Aegina — Alstafel: historical hydro-meteorological meas-
urements covering 2006 to 2023 (including water discharge flow, surface temperature, global radi-
ation, and wind speed), and ongoing daily data starting in June 2024. This ongoing data includes
both six-day forecast scenarios and corresponding current measurements. These forecast scenar-
ios are used as input for second stage stochastic optimisation.

- FMV contributed geometrical data of the reservoirs, as well as nominal specifications for the existing
wind power plant and the planned photovoltaic (PV) installation in the region.

- Alpiq provided historical data on day-ahead energy market prices and ancillary service auction re-
sults for Switzerland and neighbouring countries (Germany, France, Austria, and Italy), encompass-
ing various periods from 2015 through 2023. This data was further complemented by Swiss imbal-
ance prices obtained from public ENTSO-E sources for the years 2024 and 2025.

3.7.5.Implementation

The formulated optimization problem has been implemented in a Python environment. In addition, a
simple scenario generation procedure is implemented in Python to support stochastic optimization
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models. Implementation details (scalability, computation time, etc.) will be elaborated in the final version
of the report.
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Figure 115 Implemented pipeline

3.7.6.Results of deterministic optimisation

In this section, we present the full deterministic first and second stage optimization results. As we detail
the process and outline the expectations, we explore different design schemes for the hydropower plant,
both with and without battery integration, considering the VPP participation in the DA market only, as
well as in the FCR. As the optimization is fully deterministic, there is no forecast error associated with
volatile assets such as photovoltaic turbines. Therefore, PV and wind turbines are omitted to focus
uniquely on the hydropower plant results.

Optimization have been repeated for the years 2021, 2022, and 2023, as these are the only years that
provide complete datasets for all input parameters (limited by ancillary services price data). However,
they represent a good sample of input data heterogeneity, which enables meaningful interpretation of
the results.

3.7.6.1. First stage result

Figure 116 and Figure 117 present the first-stage optimization results for the years 2021 and 2023,
comparing system configurations of a turbine with and without pump. At this stage, all power plants are
modelled as operating continuously; therefor, no distinction is made between continuous and discrete
turbine operation. The results show that, in the absence of turbining or pumping, the upstream reservoir
gradually fills, due to natural discharge inflows. When turbining occurs, water is transferred to the down-
stream reservoir, leading to a decrease in the upstream storage level and a corresponding increase
downstream. . As the downstream reservoir has a smaller storage capacity, fills rapidly and, without
pumping to empty it, remains at 100% capacity. This results in water spillage to maintain operational
constraints and avoid exceeding storage limits..

The model generally behaves like an on/off system. Once market prices exceed a certain threshold, the
plant tends to operate at full capacity to maximize income, while during intermediate price periods, partial
operation may occur to ensure compliance with all constraints.

However, these price thresholds are not fixed and depend on water dynamics. Results for 2021 show
that the model attempts to keep reservoirs as full as possible during the second part of the year to
maximize income when prices are high. Due to the piecewise linearization of hydropower plant effi-
ciency, maintaining high water levels later in the year also increases hydropower output and, conse-
quently, revenues. This large gap between efficiency is smoothed in the second stage, where the state
definition is more focused on the actual water level. In contrast, during 2023, higher prices at the
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beginning of the year lead the model to turbine as much as possible until the reservoir is emptied, then
refill it during the remainder of the year.

In both cases, we observe that the model sometimes turbines at lower prices during certain periods,
while in other periods, higher prices are not exploited. This behaviour ensures compliance with all con-
straints while still aiming at maximizing profit.
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Figure 116: First-stage optimization results for the years 2021 (left) and 2023 (right) with a discrete
turbine

The results with pumping capability highlight the additional flexibility that pumps bring to the VPP, allow-
ing turbines to operate more actively compared to configurations without pumps, as expected. We also
observe that turbine power output is higher because pumps require more energy to return water to the
upstream reservoir than turbines generate when producing power. As anticipated, pump usage is less
frequent during 2021 due to the prevailing market price structure.
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Figure 117: First-stage optimization results for the years 2021 (left) and 2023 (right) with a discrete
turbine and a pump

Table 26 reports the overall VPP income for the first stage. The most evident observation is the signifi-
cant income discrepancy between years, driven by high volatility in DA market prices. We also note the
impact of pumping: the more water is pumped, the greater the increase in income. The income calcula-
tion is normalised with reference to the baseline without any pump installation.

Table 26: First stage results summary

Year Income withoutincome with pumpTEerined volume
pump [%] [%] diff [%]

2021 100 101.9 15.3

2022 100 106.3 24.9

2023 100 109.4 32.8

3.7.6.2. Second stage result

Figure 118 and Figure 119 show the second-stage optimization outcomes for the years 2021 and 2023
for a continuous turbine with pump, comparing the scenario where the VPPs are either selling energy
solely on the DA market or also providing ancillary services on the FCR market using a 1 MW /2 MWh
battery. Since the battery’s behaviour operates on a time scale close to a day, it is not appropriate to
present results on a yearly basis, as daily variations cannot be clearly visualised. Figure 120 presents a
two-week zoom to illustrate the battery’s behaviour.

In this part, the downstream reservoir water level is no longer presented, as it is less relevant. Instead,
we present the first stage scheduled reservoir level along with its limits. Since the first stage is deter-
ministic, these limits are defined using a simple offset (i.e. 10%). As shown, the second stage measured
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water level closely follows the scheduled one. Because the first stage is deterministic, the second stage
exhibits similar behaviour, with higher granularity.

We can also observe that the gap in turbine efficiencies across different water levels behaves more
smoothly than in the first stage, as the reservoir states are consistently centred around the daily water
level. Like the first stage, the continuous turbine also appears to operate in an on-off manner.
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Figure 118: Second-stage optimization results for the years 2021 (left) and 2023 (right) with a continuous
turbine, a pump and VPP only selling energy on DA market
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Figure 119: Second-stage optimization results for the years 2021 (left) and 2023 (right) with a continuous
turbine, a pump, a 2 MW battery and VPP selling energy on DA market and ancillary reserve on FCR
market

Figure 120 focuses on the first two weeks of October, highlighting the daily operational behaviour of the
VPP. It is clearly observable that the battery typically completes one cycle per day, responding to the
day-night price spreads in the DA market. Furthermore, the battery’s operational pattern generally re-
mains independent of the hydropower plant, which must adhere to the scheduled reservoir levels of the
first stage. In the contrary, the battery’s SOC is significantly more constrained and must be managed
within strict operational bounds to ensure reliable performance.

Finally, we can also observe the impact of selling FCR reserves on the VPP. To trigger FCR reserve
activation, the DA market price must be evaluated on a local average. In addition, FCR cleared price
must reach their local peaks. We also observe that when FCR services are sold, the corresponding
power output must be reduced to ensure the VPP can fulfil its commitment.
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Figure 120: Two weeks zoom for second-stage optimization results for the year 2021 with a continuous
turbine, a pump and a 2 MW battery.

Table 27 presents the summarized results for the deterministic second stage. The first result shows the
VPP selling energy only on the DA market, while the last column refers to the continuous turbine also
selling flexibility reserves on the FCR market. The FCR market is considered only with the continuous
turbine, as discrete turbines cannot provide flexibility services.

For the same VPP configuration, income from the second stage is usually 3—10% higher than that from
the first stage. This is quite understandable, given that the second stage benefits from higher granularity,
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allowing the optimization model to take advantage of daily market price fluctuations. Moreover, since
we are dealing with a deterministic problem, the first stage has already maximized the possible income
by knowing the prices in advance. The second stage simply follows the first-stage schedule and refines
it further.

Table 27: Second stage summarized total income results for the year 2021 to 2023 expressed as a
percentage of the yearly baselines (lowest income without new installations).

Year [Battery size DT DTP CTP CTP and FCR
reserve

L 100.0 103.0 103.0 105.6
2021

2 MW /4 MWh  [101.9 105.1 105.0 108.1

L 100.0 109.1 109.1 112.8
2022

2MW /4 MWh  [101.6 111.0 110.9 115.5

L 100.0 119.7 119.7 124.7
2023

2MW /4 MWh  [102.5 122.2 122.2 128.0

3.7.7.Stochastic vs Deterministic optimisation

When both stages are treated deterministically, Figure 116 illustrates the long-term changes in the res-
ervoir volume alongside market prices. The reservoir remains at full capacity during the last 6 months
of the year, coinciding with periods of high prices. For comparison, Figure 121 shows the actual reservoir
volumes over different years. This highlights that the deterministic approach produces unrealistic volume
profiles, as it effectively “knows” the evolution and the timing of peak prices in advance.
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Figure 121: Measured KW Aegina — Alstafel reservoir level

3.7.7.1. Limits of deterministic models

The results of deterministic optimization model are heavily dependent on the selected scenario, includ-
ing the market price or discharge flow, and fail to capture long-term uncertainties or variations in market
prices in different years. Storage systems often appear underutilized, with full capacity rarely dispatched,
and deviates from observed seasonal and intra-year storage volume variations in practice. Hydro res-
ervoirs are treated as fixed or overly simplified resources, and their potential to provide flexibility and
energy shifting is not fully exploited. Stochastic uncertainty from PV generation, wind generation, and
market imbalances are typically not captured. Because the imbalance price is applied only after solving
the deterministic optimization, the resulting schedule does not account for imbalance costs and is there-
fore sub-optimal. Finally, deterministic models cannot quantify risk, which is critical for planning VPP
operations under uncertainty.
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In deterministic model, the optimization is solved without explicitly including the imbalance price in the
objective function or constraints. Once the optimization is complete, the imbalance between forecasted
and actual production is calculated. The imbalance cost is then evaluated using the corresponding im-
balance prices as follows:

Imbalance Cost = Long Price * Power Surplus + Short Price * Power Deficit

This approach captures the financial impact of the deviations from the forecasted schedule; however,
because the imbalance prices are applied only after the optimization, the resulting dispatch schedule
does not account for these costs and is therefore sub-optimal with respect to minimizing total costs.

It is worth noting that the imbalance price in Switzerland will be based a single price from 2026, whereas
our calculations are based on the historical dual-sided prices.

3.7.7.2. Scenario generation process to support first-stage stochastic optimization

To fully support stochastic optimization, the current input data is insufficient to cover all potential out-
comes. Therefore, a synthetic data set, which should accurately replicate the behavior of real data, must
be created. This synthetic dataset focuses on time series for two domains:

- Weather measurements (e.g., river discharge).

- Market prices.

The time series must include the needed characteristics such as:
- Regular trends: seasonal, weekly, or daily patterns.

- Extreme events: punctual (i.e., water discharge peak from a storm) or prolonged (i.e., price in-
creases following geopolitical events).

- The proposed method for generating this synthetic data is the Markov Chain algorithm, where the
probability of the next event depends only on the current state. However, applying this algorithm
directly to unprocessed data would yield poor results, necessitating a five-step workflow:

- Data preprocessing: Cleaning and reshaping the raw data to isolate and extract the key behaviors
(trends, extremes) to be synthesized. This step ensures the data accurately reflects the critical fea-
tures to be modeled.

- Data digitization: Transform continuous time series into a set of discrete states. This involves di-
viding the continuous range into bins that accurately represent the possible states. The number of
bins should be adequate to properly define transitions without over- or undergeneralizing.

- Transition matrix computation: This matrix quantifies the probability of moving from any defined
state to every other state based on historical patterns observed in the data. This matrix is critical
because the entire synthesis relies on accurately capturing how states interact over time.

- Data Synthesis: Generate a new sequence of states using the transition matrix. Starting from a
known or randomly chosen state, apply the transition probabilities to determine each subsequent
state in the sequence.

- Continuous time series Generation: Convert the state sequence back into a continuous time se-
ries value. Typically, this step involves mapping each state to a statistical distribution (e.g., using a
uniform distribution for normal trends or an exponential distribution to model extreme events).

3.7.7.3. First-stage stochastic optimisations

To produce a fully causal reservoir water level schedule, we now model the first stage as a stochastic
optimization problem. We generated 200 representative scenarios capturing variations in reservoir dis-
charge volumes and DA market prices. The model optimizes the total water turbined by the hydropower
plants across all scenarios to maximize overall income.
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To manage computational complexity and ensure reasonable solution times, each hydropower plant is
modelled with a fixed average efficiency, independent of water flow or hydraulic head. This simplification
allows the problem to be formulated as a linear optimization model, which can be solved efficiently
regardless of the size of the decision space. The model is not intended to provide a precise estimate of
the VPP total income, but rather to generate a reliable schedule for reservoir water levels. Crucially, this
simplification does not compromise result accuracy, as the second stage of the model retains a detailed
and piecewise-linear representation of hydropower efficiency.

After solving the stochastic optimization problem, the resulting reservoir volumes are presented in
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Figure 122 alongside market prices and discharge volumes. Compared to the purely deterministic ap-
proach, a larger portion of the reservoir's capacity is utilized throughout the year, particularly when con-
trasted with the year 2021 deterministic optimization. However, approximately 15% of the scenarios
require water spillage, while 10% totally empties the reservoir during spring. These outcomes reflect the
influence of extreme wet and dry year conditions.

155/186



Stochastic variables
Scenarios

—— Median
15th-quantile
85th-quantile

v
=5
0
o
-
m
c
=
o
e

[Aep/cwi] awnjoA abieyssia

[%] I9A9] u!;eg

Feb Apr Jun Aug Oct Dec

Figure 122 First-stage stochastic results considering a turbine with pump and 200 synthesized scenar-
i0s.

3.7.8.Sensitivity Analysis

In this section, a set of sensitivity analysis is performed to validate the robustness of the proposed opti-
mization formulations and provide further insight into the impact of various input parameters and VPP
design variables.

Three sensitivity analyses have been performed to evaluate the model’s response to varying hyper pa-
rameters. These analyses were applied to two VPP design scheme: the discrete turbine (DT), and an-
other combining the discrete turbine with the pump (DTP). In both cases, the VPP was modelled as
participating exclusively in the DA market. The optimization was performed using a stochastic first stage
and a deterministic second stage, without incorporating a third stage.

The sensitivity analysis was conducted over a time span from 2015 to 2023. For each year, we calcu-
lated the ratio of each parameter configuration’s performance relative to the maximum value observed
that year. An average ratio was then computed across all years. This method provides an indication of
which parameter configuration performs best when considering a diverse set of input data across mul-
tiple years.

3.7.8.1. DA market prices’ windows size

This analysis explores how the model responds to changes in the window size used to calculate DA
market prices, which act as penalty factors for deviations in reservoirs water levels between the first and
second stage optimization. To do that, we varied the window size from 7 to 182 days.
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Table 28 presents the ratio of the annual maximum income to the selected income, averaged across all
years. First, we observe that adding a pump to the VPP configuration increases income by more than
8%. Furthermore, the results clearly show that the best-performing configuration corresponds to a win-
dow size of six months. In nearly every year, this setting yields the highest outcomes.

We also observe that with a weekly window size, the second stage tends to follow the water level
schedule from the first stage more closely. In contrast, a six-month window smooths out also weekly
and monthly fluctuations, making the penalty factor more effective in a global optimization perspec-
tive. This effect becomes even more relevant when the first stage is stochastic and provides a general
water level trend without accounting for day-to-day variations. The benefit of a longer window is par-
ticularly evident in years with oscillating day-ahead prices, as illustrated in

Figure 123.

Table 28: Summary of sensitivity analysis results based on window size used to evaluate market price
penalties, expressed as a percentage of the baseline (lowest income)

Window size [days] DT [%] DTP [%]
7 100.5 101
14 101 100
28 103.9 104.3
56 109 113.6
112 114.7 118.5
182 117.8 120.9
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Figure 123: Second-stage optimization results for the year 2022, with the market price penalty factor
using 7-day (right) and 182-day (left) window sizes.

3.7.8.2. DA market prices’ quantiles

This analysis investigates how the model responds to variations in the DA market price quantiles used
to generate the second stage penalty factors. To do that, we varied the quantile selection from the
median to the 20th (lower) and 80th (upper) percentiles.

The results show that performance differences between these configurations are relatively small, with
less than 2% variation across the tests. Moreover, the optimal quantile is not consistent between the
two VPP configurations. The turbine-pump setup tends to favour the median quantile, while the single-
turbine configuration performs better with more extreme quantiles.

Table 29 Summary of sensitivity analysis results based on quantiles used to evaluate market price pen-
alties, expressed as a percentage of the baseline (lowest income)

Quantiles [low-high] DT [%] CTP [%]
50-50 103.7 109.9
40-60 103.7 110
35-65 105.4 112
25-75 105.2 11.3
20-80 104.7 110.6

As shown in Figure 124, using the median quantile leads to more binary, on/off behaviour in the optimi-
zation, which heavily depends on market price fluctuations and does not closely follow the scheduled
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water level. In contrast, wider quantiles give the model more flexibility to align with the water level sched-
ule. Based on these observations, we chose to set the quantile range to the middle values, specifically
the 35th and 65th percentiles, as a balanced compromise.

Market prices [EUR] Reservoir level [%] Hydro power [MW]
— Day ahead — Real reservoir level H Pump
— Market price quantiles — Scheduled reservoir level B Turbine
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Figure 124: Second-stage optimization results for the year 2015, with the market price penalty factor
using the 50 (right) and 20/80 percentiles (left).
3.7.8.3. Reservoir water levels’ quantiles

This analysis explores how the model reacts to changes in the scheduled water level quantile threshold
to generate the second penalty term. Specifically, we vary the quantile thresholds by setting their per-
centage deviations (both low and high) from the median as follows:

- Set1:45%, 15%, and 5%

- Set2:40%, 30%, and 15%

- Set 3: 45%, 35%, and 20%

In addition, we adjust the weights applied to these penalty term:
- Low weights: 0.3, 0.15, and 0.05

- High weights: 0.5, 0.3, and 0.1

Table 30 Summary of sensitivity analysis results based on quantiles used to evaluate water levels
threshold for the second penalty term, expressed as a percentage of the baseline (lowest income)

Quantile’s con-PT [%] CTP [%]
figuration Low High Low High
1 103.3 101.8 110 107.5
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2 103.9 102.2 110.7 107.9
3 106.1 102.6 112.9 108.6

The results suggest that model performance improves when the second penalty term is not overly re-
strictive. While this term plays a crucial role in preventing large deviations and keeping water levels
within a realistic operational range, excessive penalization can reduce the model’s flexibility. As illus-
trated in Figure 125, applying a narrow quantile range limits the model’s ability to explore and identify
the most optimal operational schedule.
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Figure 125 Second-stage optimization results for the year 2022, with the quantile configuration of (1 and
high penalty) on the left, and (3 and low penalty) on the right.

3.7.9.First-stage stochastic second-stage deterministic results

In this section, we present an overview of the results obtained by considering a stochastic optimization
problem in the first stage, followed by a deterministic optimization in the second stage, without incorpo-
rating a third stage.

We conducted tests using different VPP designs: discrete turbine (DT), continuous turbine with pump
(CTP), and CTP with participation in the FCR market. The battery size was varied, and the optimization
was performed for the years 2021, 2022, and 2023. Since the second stage remains deterministic, wind
and PV generation are not included at this point, as their contribution would only act as an income offset
without influencing the decision-making process.

We do not present the detailed evolution of the variables here, as these have already been thoroughly
discussed in previous sections. Instead, the tables below summarize the total VPP income for each of
the different VPP design schemes.
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Table 31 Second stage summarized total income results for the year 2021, expressed as a percentage
of the baseline (lowest income without new installations).

Battery size DT DTP CTP g‘:n‘;‘:d FCR
C 100 1136 113.6 118.3
1MW /2MWh  [101.4 115.3 115.2 119.7
2MW /4MWh  [103.1 116.4 116.6 1218
5MW / 10MWh  [107.2 121 121 127.3
MW /4MWh  [102.4 116.4 116 1213
oMW/ 8MWh  [104.7 118.3 118.5 124.2
5MW /20MWh  [111.8 1255 125.8 1338

As observed in the fully deterministic tests, selling flexibility to the FCR reserve is not profitable, even
with a large 20 MWh battery. The main limiting factor is the low FCR price. To better understand the
conditions under which FCR participation becomes viable, a sensitivity analysis will be conducted to
determine the price threshold at which FCR market participation becomes profitable.

Table 32 Second stage summarized total income results for the year 2022, expressed as a percentage
of the baseline (lowest income without new installations)

Battery size DT DTP CTP :;Ts':rj‘:d FCR
L 100 102.9 103 109

1MW /2MWh  [101.1 104.1 104.1 110.6

2MW /4MWh  [102.3 105 105.1 112.2

5MW / 10MWh  [105.5 108.3 108.3 1171

MW /4MWh  [101.7 104.5 104.7 111.9

2MW /8MWh  [103.4 106.4 106.3 114.8
5MW / 20MWh  [108.5 111.2 111.3 1237

Table 33 Second stage summarized total income results for the year 2023, expressed as a percentage
of the baseline (lowest income without new installations)

Battery size DT DTP CTP :;Ts':nf:d FCR
C 100 115.9 115.8 1223

1MW /2MWh  [101.4 117.4 117.3 124.2

MW /4MWh  [102.8 118.7 1187 126

5MW / 10MWh 107 123 122.9 131.6

1MW /4MWh  [102.1 118.1 118 125.4
oMW / 8MWh  [104.2 120.1 120 1285
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5MW / 20MWh 110.6 126.5 126.5 137.8

3.7.10. Imbalance penalty reduction

In this study, we aim to develop a model that integrates PV, wind power generation and water discharge
flow uncertainties. The objective is to capture the stochastic nature of renewable energy production and
hydrological variability to evaluate the response of the VPP, particularly with respect to the reduction of
imbalance penalties. The analysis is based on 21 daily forecast scenarios provided by WSL in WP4.
However, as the full stochastic model is still under development, the corresponding results cannot be
presented at this stage. They will be included in the final report.

In the meantime, we have successfully implemented a model with pseudo-stochastic approximation.
This model can be used to feed the third-stage optimization and support an imbalance penalty reduction
analysis. To achieve this, we use the median of the scenario forecasts, resulting in a single representa-
tive forecast that drives the second-stage deterministic model. The output from this stage is then passed
to the third-stage model, which aims to mitigate imbalance volumes using flexible resources.

Since the scenario data (measured and forecasted) from WSL does not cover a full calendar year, we
processed it to generate a complete annual dataset. We then aligned this with the 2024 market prices,
which offer the most comprehensive pricing data available. Although the dates between the scenario
data and market prices are not fully consistent, this approach is sufficient for a proof-of-concept study.
Further analysis will be possible once more complete data becomes available. Additionally, this study
should be revisited once symmetric imbalance pricing 4 is firmly established in 2026 and a full year of
consistent data is accessible.

3.7.10.1. Results

For this analysis, we consider a design scheme based on the continuous turbine with pump (CTP),
complemented by different battery sizes. We also examine the effect of including or excluding the flexi-
bility of the continuous turbine to reduce imbalance penalties.

Figure 126 presents result over a two-week period. In this figure, imbalance penalty prices are shown
alongside DA market prices to provide a clearer comparison. When the VPP is short (i.e., insufficient
power generation), it incurs a penalty greater than the DA price. Conversely, when the VPP is long (i.e.,
excess power generation), it receives compensation at a lower, potentially negative price. This highlights
the critical importance of balancing the VPP as effectively as possible.

In the figure, red bars in wind and PV power generation indicate negative deviations between actual
measured power and forecasted values, while green bars represent positive deviations. In case of VPP
is short we can either discharge the battery or increase the continuous turbine power. However, as the
battery is uniquely used for this purpose, we chose to prioritise its use before the use of the turbine.

4 Swissgird new pricing mechanism, available at: https://www.swissgrid.ch/en/home/newsroom/news-

feed/20250328-01.html
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Figure 126: Two-week zoom on third-stage optimization results, highlighting forecast errors and their
reduction using a continuous turbine and a 2 MW / 4 MWh battery

The first observation is that the battery is less solicited compared to its use in energy arbitrage, com-
pleting less than one full charge-discharge cycle per day. The total number of cycles is 242 for the
smallest battery and fewer than 50 for the largest one, whereas more than 500 cycles are typically
observed when used for DA energy price arbitrage. If the VPP is short on energy during extended dis-
patch windows, a depleted battery becomes ineffective, as recharging is only possible through positive
power imbalances, i.e., when actual generation exceeds forecasted demand. This situation is clearly
illustrated on the first day, when wind power forecasts were overestimated and the hydro turbine had to
compensate alone for the resulting power imbalance within the VPP. A more advanced battery control
strategy could be beneficial to enable the battery to provide additional services.
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Another observation concerns the typical on/off behaviour of the hydro turbine even if it is a continuous
one. This binary operation limits its ability to modulate power, as it can only increase output when inac-
tive or decrease it when fully activated - without any intermediate control.

Table 34 Third stage summarized total income results taking in account imbalance penalties, expressed
as a percentage of the baseline (lowest income without new installations).

Battery size Without Hydro  With Hydro
- 100 106.7
1MW / 2MWh 106.7 112.2
2MW / 4AMWh 108.6 113.8
5MW /10MWh  [110.7 114.8
1MW / 4MWh 108.0 113.1
2MW / 8BMWh 110.1 114.8
5MW / 20MWh  [112.6 116.3

Without considering CAPEX, the most efficient imbalance reduction is achieved by combining the hydro
turbine with a 1 MW / 2 MWh battery. This configuration results in an income increase of over 12%. In
comparison, further increases in battery capacity yield diminishing returns, where doubling the battery
size leads to less than 2% income increase.

It is important to note that 2024 was one of the worst years in terms of imbalance penalty prices. Nev-
ertheless, Table 38 shows the percentage of total absolute energy deviation relative to total annual
energy, which is approximately 32 GWh. Using the smallest battery and the hydro turbine, the imbalance
volume is reduced from 6% to 2%, demonstrating a significant improvement in operational performance.

Table 35 Third stage total absolute imbalance ratio relative to total VPP power, expressed as a percent-
age.

Battery size Without Hydro  With Hydro
- 6.29 3.18
1MW / 2MWh 4.51 2.04
2MW / 4AMWh 4.07 1.82
5MW / 10MWh  14.01 1.76
1MW / 4MWh 3.52 1.51
2MW / 8MWh 3.35 1.42
5MW /20MWh  2.83 1.09

3.7.11. VPP design scheme summary

The following represent the final VPP design outcomes based on the comprehensive 2024 dataset,
which was the only period where all necessary data were fully available. The conclusions are summa-
rized below:

e The integration of a pump substantially enhances the VPP’s profitability by enabling the execu-
tion of energy arbitrage.

e Operating a continuous turbine without flexibility provides no significant profit increase.

o Even without a battery, the turbine can largely reduce imbalance volumes.
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e Small Battery makes the reduction of imbalance volumes even more profitable.

e As battery size increases, the strategy shifts toward the FCR market. A large battery provides
the necessary capacity to maintain the required 50% SOC for symmetrical reserves while still
having enough headroom to generate significant revenue from ancillary services.

Table 36 VPP design scheme results using 2024-year data, expressed as a percentage of the baseline
(lowest income).

Battery size DT DTP CTP  |CTP and FCR g;';ni';d Im-
B 100 118.3  [118.1 [12358 125.9
1MW /2MWh  [101.7 119.9  [119.9 [1257 130.7
2MW /4MWh  [103.2 1218 [121.6 [1275 132.2
5MW / 10MWh  [107.8 1264  [126.1 [132.9 1335
1MW /4MWh  [102.5 1209  [120.9 [127.1 1315
2MW /8MWh  [104.9 1234  [123.2 [130.1 133.2
5MW / 20MWh  [112.3 1305  [130.4 [139.5 134.9

3.7.11.1. Results with Alpiq projection prices

In all these tests, historical price data from 2021 to 2025 are used. This approach provides a reliable
indication of how our VPP would have performed in the past. However, for future VPP implementation,
price evolution remains a significant sensitivity factor. For this reason, it is essential to test the VPP
design using forecasted prices of the future. To achieve this, HEIG-VD has provided Alpig with an exe-
cutable optimisation model and Alpiq fed it with it's own DA and FCR price forecasts for year 2028.
Since the imbalance mechanism changed in 2026, Alpiq did not have the long and short imbalance
prices forecast required to populate the model. Therefore, we restricted the model's use to selling flexi-
bility solely to the FCR market. To complete the simulation, we continued to use 2024 historical water
data.

Table 37. VPP design scheme results using Alpig 2028 DA and FCR price forecasts power, expressed
as a percentage of the baseline (lowest income).

Battery size DT CTP CTP and FCR
- 100 135.1 135.3
1MW / 2MWh 101.7 136.8 137.0
2MW / 4AMWh 103.3 138.3 138.6
5MW / 10MWh 108.1 143.1 143.7
1MW / 4MWh 103.0 138.0 138.3
2MW / 8MWh 105.9 141.0 141.5
5MW / 20MWh 114.8 149.8 150.8

Regarding the results, we can observe a massive performance gap when utilizing both the turbine and
the pump (exceeding 20%). This can be interpreted because of higher daily DA price fluctuations, which
make energy arbitrage significantly more profitable. In contrast, participating in the FCR market adds
only a marginal income. Since FCR market prices are predicted to be significantly lower than 2024 in
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comparison to DA market prices, the turbine does not frequently participate in ancillary services. This is
due to the FCR market's requirement for symmetrical reserves, which forces the turbine to operate at
mid-rated power to maintain flexible capacity in both directions. As DA price signals typically trigger
either full turbine or full pump operation, the turbine only becomes suitable for FCR participation when
the FCR price exceeds a specific opportunity-cost threshold.

3.7.11.2. Downstream reservoir volume sensitivity analysis.

Since the downstream reservoir is not yet built, we also performed a sensitivity analysis to determine
which reservoir size would be most suitable considering the Griessee upstream water discharge. Be-
cause we lack CAPEX and OPEX data for this type of infrastructure, our sensitivity analysis strictly
focuses on the benefits that adding this reservoir would bring to the power plant. To accomplish this, we
ran our algorithm for the years 2021 through 2023, with the VPP with access to the DA and FCR market.

Table 38 Summary of sensitivity analysis results based downstream reservoir volume

[fns;]”‘mi’ volumerp CTP and FCR
0 100.7 105.2
50°000 105.8 1115
100000 106.9 112.4
200°000 107.5 1131
500°000 108.8 1145
1000000 108.6 114.3
2:000°000 108.4 114.4
5:000°000 109.2 114.8

We can observe that adding a reservoir, even a small one, significantly improves the performance of
the VPP. It enables intraday arbitrage by pumping water back when daily prices are low, which allows
more water to be turbined during high-price periods. We can also see that the benefits consistently
increase alongside the reservoir volume. However, these increases begin to saturate around 500’000
m?, which represent 1/36 the upstream reservoir volume.

This indicates that a larger reservoir would not significantly enhance our VPP's performance, while it
would incur substantial costs. Note that we did not consider downstream rivers, which could be captured
and pumped up to the Griessee reservoir for future use. In that scenario, the optimal volume could be
greater, as retaining these downstream catchments would allow them to be pumped at the most optimal
moments.

3.7.12. Summary and Conclusions

An optimal design and operational optimisation model for the virtual power plant (VPP) has been formu-
lated, and corresponding solution algorithms have been implemented within a Python environment. Nu-
merical tests were conducted using the KW Aegina — Alstafel hydropower plant as a representative case
study. Input data provided by all partners were processed and harmonized into a unified data schema,
enabling their direct integration into the VPP optimization framework. Various design configurations
were explored, with a particular focus on leveraging flexibility.

In this optimisation framework, the annual revenue of VPP is maximised through a three-stage problem,
combining both deterministic and stochastic methods to deal with uncertainties on hydro and meteoro-
logical forecasts as well as market prices. The first (long-term) stage sets the annual reservoir
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trajectories to maximise expected annual revenues from day-ahead energy market while limitting water
spillage. The second (day-ahead) stage schedules the power setpoints of all flexible resources on an
hourly basis to maximise the daily revenue, respecting the reservoir level trajectories imposed by the
first stage and penalizing the deviations from them. The third (real-time) stage adjusts the reservoir
levels using actual water inflow, checks the operational constraints, and minimises the imbalances with
respect to the day-ahead plan.

To support the first-stage stochastic model, data synthesizers for market prices and weather data were
developed. These tools enable the generation of a wide range of scenarios, allowing for robust testing
even when input data is limited. Various sensitivity analysis is performed to test the robustness of the
proposed optimisation models and find appropriate meta parameters.

The optimisation results are highly sensitive to electricity market prices and conditions. Integrating a
pump significantly improves the VPP’s profitability through energy arbitrage. Even without a battery, the
turbine already substantially reduces imbalance volumes. A small battery further increases the value of
this reduction. With a larger battery, the strategy shifts toward swissgrid’s FCR market. For example, a
VPP centred around the Aegina-Altstafel power plant can increase its revenue by 2 to 6% depending
on the battery’s size.

Overall, numerical results suggest that, for the case of KW Aegina — Altstafel VPP with wind, solar and
battery energy storage systems around it, the flexibility of the hydropower plant is economically benefi-
cial, especially in reducing imbalance penalties. However, the profitability of VPP participation in the
FCR market depends significantly on the price of awarded bids.
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3.8 WPS8 — Development of the business model

The objective of Workpackage 8 is to develop a business model to evaluate the economic potential of
the flexibility identified and tested within the SmallFLEX Goms project. This work relies on the technical
results and data obtained.

The flexibility capacities characterized through experimental campaigns will be used to assess their
market value under realistic operating and market conditions. Based on the flexibility potential identified
for each plant, different valorisation scenarios will be considered, including optimization of production
according to electricity market prices and participation in ancillary service markets.

For a run-of-river hydropower plant, flexibility is intrinsically constrained by the continuous inflow of wa-
ter. Unlike a storage plant, the operator cannot freely decide when to generate or stop generating without
immediately managing the hydraulic consequences. For this reason, the business model cannot be
based only on expected revenues from ancillary services or avoided losses during negative-price peri-
ods.

When generation must be reduced while inflow continues, the water must be diverted either at the intake
or within the hydraulic scheme toward the downstream river reach. This introduces a set of constraints
that must be explicitly reflected in the business model.

When generation must be reduced while inflow continues, the water must be diverted either at the intake
or within the hydraulic scheme toward the downstream river reach. This introduces a set of constraints
that must be explicitly reflected in the business model.

e Technical constraints: feasibility of bypass arrangements in an existing plant, hydraulic transi-
ents, energy dissipation, vibration, noise, control performance, and physical integration into the
existing layout.

e Environmental constraints: discharge velocity into the river, rate of water-level rise, and impacts
on fish and the downstream aquatic environment.

e Safety constraints: sudden downstream water-level rise that may endanger people near the
river, as well as risks for plant personnel and equipment.

e Economic constraints: investment costs, outage-related production losses, annual maintenance
costs, and the uncertainty of electricity market prices over the relevant business horizon.

Conversely, if the goal is to quickly increase generation through flexibility, the hydraulic capacity of the
intake, waterways, and generating units must be confirmed. The plant must be capable of increasing
discharge without draining the intake basin, introducing air into the waterway, or creating unsafe oper-
ating conditions for the hydraulic system.

These constraints are part of the business model because they determine whether theoretical flexibility
can be delivered in practice. Several of these aspects are addressed technically in the hydraulic work
packages, in particular WP5 and WP6.

3.8.1. Case study: Mdrel power plant

The Morel power plant has been selected as the primary case study to assess a practical flexibility
business model for a run-of-river scheme. The objective is not only to quantify theoretical market oppor-
tunities, but also to determine under which technical and economic conditions additional flexibility can
be provided in a realistic way while simultaneously maintaining or improving plant security.

Accordingly, several technical options have been investigated, as presented below.

3.8.1.1. Bypass solution within the powerhouse

One option for providing downward flexibility is to install energy-dissipating valves on one or more
branches between the main inlet valve and the spiral case. This arrangement would allow part of the
inflow to be bypassed to the downstream river reach when turbine output must be reduced.
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This option is attractive because it may create downward flexibility without immediately modifying the
intake structures. However, it raises important questions regarding hydraulic transients, energy dissipa-
tion, vibration, noise, structural integration into the existing powerhouse, and downstream safety.

238 m¥/s
Dés. T / o Des2 ‘k Dés.3 ‘k
8 m¥/s 8 m¥/s 8 m3/s

Figure 127: Schematic of the bypass system incorporated into the existing powerhouse.

3.8.1.2. Upgrade of the control and automation system

The control and automation system would need to be upgraded in order to be more reactive to satisfy
the Swissgrid requirements for primary and secondary control. Response speed, control stability, instru-
mentation quality, and supervision logic are all critical for certification and reliable operation.

3.8.1.3. Verification of hydraulic capacity and safety

The hydraulic capacity of the waterways must be verified both for upward and downward flexibility. This
includes the intake headrace system, penstock, transient behaviours, and downstream discharge ar-
rangements. The goal is to ensure that flexibility can be provided without creating unacceptable risks for
people, equipment, or the hydraulic scheme itself.

3.8.1.4. Unit replacement as an opportunity to enhance flexibility

If the generating units are replaced in the near future, flexibility can be improved further by integrating
this objective into the electromechanical design. Unit replacement should therefore not be assessed
only as an asset-renewal measure, but also as a strategic opportunity to improve the plant’'s market
capability such as:

e Reduction of minimum operating power through design optimization
e Assessment of allowable start-stop cycles

e Synchronous condenser functionality

3.8.2. Cost structure associated with flexibility options
The business model shall consider at a minimum, the following items:
e Bypass equipment in the powerhouse.
e Civil works and hydraulic integration.
e Upgrading the control and automation systems.
e engineering studies.
e Maintenance caused
e Production losses during outages required for implementation.
e Necessary design optimization of the generating units.
e Possible costs related to environmental mitigation and downstream safety measures.
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The following table provide a breakdown cost for each technical option discussed above.

Technical option Cost
Powerhouse bypass/energy dissipation system 11%
Replacement of the control system 5%
Rehabilitation of the generating units 78%
Civil works in the tailrace channel 6%
Total 100%

3.8.2.1. Case 1 — Add a bypass in the powerhouse while keeping the existing units

In this case, flexibility is improved primarily through the installation of a bypass solution and an upgrade
of the control and automation system, while the existing generating units are retained. The main ad-
vantage of this option is the lower initial investment compared with full unit replacement. However, the
achievable flexibility remains limited by the existing unit design, especially at low load.

3.8.2.2. Case 2 — Integrate flexibility into future unit replacement

In this case, a lower minimum output, a wider operating range, improved start-stop capability, and pos-
sibly synchronous condenser functionality could be incorporated directly into the electromechanical de-
sign. This option is capital-intensive and should not be justified by flexibility revenues alone. It becomes
more attractive when unit renewal is already foreseen within the next ten years. In that situation, flexibility
becomes an additional benefit and a design criterion rather than the sole investment driver.

The following table summarizes the modifications required to enhance the operational flexibility of the
power plant with the associated share of total investment cost.

Technical option FCR SRL TRL Neqative Lower min.
prices output

Energy dissipation system X X X

Upgraded control system X X X

Rehabilitated generating units X

Necessary civil works X X X X

Cost 5% 22% 17% 17% 89%

Accordingly, the cost shares associated with SRL (22%), TRL (17%), and negative-price operation
(17%) are significantly lower, while FCR (5%) requires only limited additional investment, mainly through
the control system upgrade, bypass system and associated civil works.

3.8.3. Additional revenue due to flexibility

Based on the technical options assessed, namely the installation of a new bypass / energy dissipation
system in the powerhouse, the upgrade of the control system, and the rehabilitation of the associated
civil structures, the Morel power plant could potentially provide:

e +3 MW of symmetrical primary balancing capacity (FCR / FCR);
e Up to 30 MW of negative secondary balancing capacity (SRL / aFRR);
e Up to 30 MW of negative tertiary balancing capacity (TRL / mFRR).
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The following table summarizes the relative contribution of each revenue stream to the total annual
economic benefit of the flexibility measures. It indicates that most of the yearly value is generated by
secondary and tertiary control reserves, while primary control reserve and avoided losses during nega-
tive-price periods make a smaller contribution.

Considering the uncertainty of the energy price market, the payback period ranges from 3 to 5 years,
depending on the actual value of the energy market.

Given the uncertainty in the energy market, the payback period is estimated at 3 to 5 years, depending
on actual market conditions.

Primary control reserve (3 MW) 15%
Secondary control reserve (-30 MW) 44%
Tertiary control reserve (-30 MW) 38%
Avoided losses during negative prices 3%

Total 100%

3.8.4. Case study: Gletsch Oberwald power plant

Gletsch-Oberwald was selected as a case study to assess the impact of a potential solution aimed at
maximizing primary control reserve (FCR) capacity by using the water volume in the galleries as a hy-
draulic reserve.

The power plant is currently certified for 1.6 MW of FCR. However, potentially the additional revenue
that could be obtained by increasing the FCR capacity from 1.6 MW to 2.5 MW using the gallery water
volume as temporary hydraulic storage for FCR provision.

From a technical perspective, the solution appears to be feasible and safe. However, its implementation
may also lead to additional costs related to maintenance, monitoring, and operational supervision.

To check if this capacity increasing would be finically beneficial, the simulations were carried out over a
five-year period from 2027 to 2031.

The results show that increasing FCR capacity provides only limited economic benefit. Although the
reserve capacity can be increased, the corresponding gain in total revenue remains small. Moreover,
the model indicates that, in some years, a higher FCR capacity, such as 2.6 MW, may even generate
lower revenue than the current 1.6 MW configuration.

This is because reserving FCR imposes operating constraints that may reduce the value of energy sold
on the day-ahead market. When day-ahead prices are high, or when the mobilizable water volume in
the gallery is limited, it may be economically preferable to maximize generation rather than reserve part
of the capacity for FCR. Consequently, the economic optimum does not necessarily coincide with the
maximum FCR capacity.

Overall, the analysis indicates that the plant’s business model should not be based primarily on FCR
revenues, but rather on the actual technical flexibility of the scheme and on its ability to deliver this
flexibility safely, reliably, and repeatedly.
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Figure 128: Difference in total revenue for FCR capacities of 1.6 MW, 2 MW, and 2.6 MW compared
with the case involving day-ahead production only.

This can be explained by the fact that the conditions required to increase primary control reserve are
only met during limited periods of the year. The Gletsch power plant is located downstream of the Rhéne
Glacier and typically operates under two main regimes.

3.8.5. In summer, during the melting season, the plant runs at full capacity, which leaves no available
headroom to provide upward primary control reserve. In winter, when inflows are low, the
operating power is too limited to offer downward reserve. rBenefits of implementing a pool of
flexibility

Having a pool of small, flexible resources is highly beneficial when it comes to managing adjustments
on a continuous, “as-needed” basis. In the context of primary frequency control, market requirements
typically impose the sale of symmetrical capacity blocks of 1 MW. Individually, many small-scale assets
cannot meet this threshold and therefore remain excluded from participation.

By aggregating these smaller flexibilities, it becomes possible to create a combined offering that meets
market requirements. This pooling approach unlocks value from assets that would otherwise be unable
to participate on their own. It also allows for optimization across different hydrological conditions: power
plants located in separate catchment areas may face varying flow constraints at any given time. As a
result, some units may be better suited to provide upward regulation (positive primary control), while
others can deliver downward regulation (negative primary control).

Ultimately, this aggregation mechanism represents an effective solution to enable small hydropower
plants to participate in ancillary services for grid regulation. Beyond improving system efficiency and
resilience, it can also generate additional revenue streams, increasing the turnover of these plants by
up to approximately 1% in the winter period.

FMV currently operates a pool of five small run-of-river power plants that together provide primary con-
trol. The objective is to expand this pool, particularly by taking into account the valuable results of this
study.

3.8.6. Case study: VPP Aegina

The results presented in the previous section (3.7) are expressed in terms of revenue increase. They
show that integrating a Virtual Power Plant (VPP), combining flexible hydropower assets and battery
storage, can enhance operational performance and generate additional income.

However, these revenue gains are directly linked to significant investment projects. Unlocking such flex-
ibility typically requires major infrastructure developments, such as dam heightening, pumped-storage
installations, or battery systems. These projects involve substantial capital expenditures, as well as ad-
ditional operational costs related to maintenance and system operation.
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Therefore, the increase in revenue highlighted in this study should not be interpreted as net profit, but
rather as an indication of the value created through improved flexibility and imbalance management.

From a business model perspective, the VPP acts as an enabling platform to aggregate assets, optimize
their operation, and access new revenue streams. It also serves as a decision-support tool to evaluate
the economic relevance of different investment options and system configurations.

A full profitability assessment would require a comprehensive analysis including investment costs, op-
erational expenses, and market uncertainties. These aspects are beyond the scope of this report.

3.8.7. Conclusion

There is an important distinction between leveraging existing, “hidden” flexibility within current assets
and developing new flexibility through large investments. The former can often be activated directly, with
limited or no additional cost, making it immediately valuable. In contrast, investing solely to create new
flexibility is generally not economically justified. However, when major investments are required for other
strategic or operational reasons, it becomes highly relevant to integrate flexibility considerations into the
design. In such cases, flexibility can be captured at marginal cost and significantly enhance the overall
value of the project.

3.9 WP9 - Dissemination of the results

This work package aims to consolidate and disseminate the results of the project.

The results have been presented at several conferences and published in scientific journals (see Chap-
ter 6). Additional publications are currently in preparation, including an article for the Bulletin Elec-
trosuisse, planned for the June 2026 issue dedicated to hydropower.

To conclude the project, a public workshop has been organized on May 5, 2026, from 13:30 to 17:30 at
Energypolis in Sion. This event was the occasion to present the final results to a broader audience and
foster exchange with stakeholders.
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4 Conclusions and outlook

The SmallFLEX Goms project provided a comprehensive assessment of the flexibility potential of small
and medium-sized hydropower plants, combining real-scale implementation, modelling, forecasting and
system integration approaches.

Implementation of flexible operation and identification of flexibility potential (WP1-WP3)

In WP1, a detailed protocol for flexible operation involving the dewatering of the KW Gletsch-Oberwald
(KWGO) power plant was established based on the analysis of on-site data and operational constraints.
Two main operating scenarios were investigated: (i) daily drawdown using a single turbine unit, and (ii)
operation of both units with constant upstream water level regulation combined with primary grid control.
In both cases, the storage capacity of the forebay chamber and the upper part of the penstock is mobi-
lised to increase operational flexibility during periods of low inflow. From an economic perspective, op-
eration in primary grid control mode at around 2 MW during dewatering appears to be the most promising
scenario. The analysis of the on-site data acquired during several dewatering tests confirms that the
existing instrumentation of the power plant is sufficiently robust to ensure continuous monitoring of such
flexible operation modes. Monitoring remains essential to ensure safe and optimal performance under
these conditions.

WP2 focused on the inventory and characterization of hydropower plants in the Goms region, enabling
the ranking of installations according to their hidden flexibility potential. Based on both public and oper-
ator data, KW Morel and KW Merezenbach were identified as the most promising candidates for further
investigation, while KW Aegina—Altstafel was selected for further analysis in the context of hybridization
and Virtual Power Plant integration.

WP3 assessed the flexibility potential of KW Merezenbach, KW Moérel and KW Aegina—Altstafel through
detailed hydraulic analyses based on 1D transient modelling using SIMSEN. For KW Merezenbach,
simulations indicate that dewatering up to 25-50% does not lead to critical transient behaviour, while
higher levels may introduce conditions potentially leading to air entrainment, as further analysed in WP5.
For KW Mobrel, the use of the Eggen overflow chamber enables primary control operation with power
steps of 1 to 3 MW using a single unit, whereas higher power levels with two units may lead to critical
flow conditions. For KW Aegina—Altstafel, the integration of additional pumping capacity was investi-
gated, identifying a promising configuration with a total capacity of approximately 12 MW. Emergency
shutdown scenarios of the new pumping units were also analysed, supporting further developments
within the Virtual Power Plant framework (WP7).

Forecasting and climate change impacts (WP4)

WP4 assessed the potential for flexible operation of small hydropower plants in the Goms Valley using
advanced hydrometeorological forecasting tools and climate change scenarios. A state-of-the-art mod-
elling framework was developed, combining an operational forecasting chain with a newly developed
Toy Model for Energy Forecasting (Wisskott, 2025). This framework enables local-scale predictions of
Run-of-River (RoR), photovoltaic (PV) and wind energy production. For operational applications, the
results show that RoR forecasts reach approximately 70% usefulness for day-ahead planning, while PV
forecasts achieve around 50% usefulness, with improved performance at longer lead times. In contrast,
wind forecasts remain highly uncertain, with usefulness below 30%, which currently limits their opera-
tional applicability. Based on these findings, RoR and PV forecasts can be recommended for day-ahead
and short-term flexible operation, whereas wind forecasts require further local calibration and validation
before being used in practice. Future climate impacts were assessed using CH2018/HydroCH2018
frameworks across ten representative test areas in the Goms region. The results indicate that changes
in total energy potential are primarily driven by modifications in hydrological response, particularly dis-
charge and RoR production, while variations in solar radiation and wind remain relatively homogeneous
across the region. A key finding is the seasonal complementarity between photovoltaic and hydropower
production, with PV increasing in summer and RoR production being more significant in winter. This
highlights the strong potential of hybrid systems combining hydropower and PV, especially when storage
capacity is available. Pumped-storage solutions appear particularly promising for enhancing both
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flexibility and economic performance. Wind energy may also contribute to winter energy supply, when
RoR production is limited, although its high variability remains a challenge. Finally, the study underlines
that robust assessments of future hybrid energy systems strongly depend on the definition of realistic
energy demand scenarios. Future work could build on the recently released CH2025 climate scenarios
to further refine these analyses.

Air entrainment risks (WP5)

The outcomes of WP5 show that run-of-river hydropower plants (RoR-HPPs) can increase their opera-
tional flexibility by exploiting desanders and headrace waterways as unconventional storage volumes.
However, this approach introduces the risk of air entrainment, which may compromise operational
safety. A comprehensive review of the literature highlighted the main air entrainment mechanisms, in-
cluding vortices, impingement jets and surface instabilities, as well as thresholds governing air transport.
The critical pipe Froude number Fwc provides a useful criterion to exclude cases in which air pockets
would be transported downstream; however, values below this threshold do not guarantee safe opera-
tion. Within the SmallFLEX Goms fleet, the pilot plant KW Gletsch-Oberwald represents a specific case,
while for most other hydropower plants, emptying the power waterway is generally not advisable. The
analysis of the KW Morel plant demonstrates that the free-flow headrace tunnel contains a significant
hidden storage volume, particularly at low discharges. Nevertheless, due to air entrainment mecha-
nisms, the practical use of this volume remains strongly limited, as draining the Eggen overflow chamber
may lead to air being entrained into the adjacent pressurised headrace. A similar conclusion applies to
KW Merezenbach, where transitions to free-surface flow in the headrace pipe should be avoided. More
generally, existing headrace tunnels operated under free-flow conditions can provide operational flexi-
bility, provided that a backwater zone is used as a controlled storage volume. In contrast, converting
fully pressurised headrace tunnels or pipes to free-surface flow in order to exploit additional storage
volume is generally not recommended. Finally, potential mitigation measures such as the implementa-
tion of deaeration shafts could be considered to manage air entrainment in pressurised systems. These
approaches would aim at safely exploiting hidden storage volumes, particularly in forebay areas, while
maintaining operational safety. In this context, WP5 also provides a structured methodology that can
serve as engineering guidance for assessing air entrainment risks in similar hydropower schemes.

On-site experiments and monitoring (WP6)

Within WP6, the data acquired under both normal operating conditions and dedicated test campaigns
enabled a comprehensive characterization of the behaviour of the Pelton turbine at KW Merezenbach
and the double-Francis turbine at KW Morel. A detailed analysis of turbine operation under nominal
head conditions was carried out to identify any potential influence of flexible operating modes, including
dewatering. The recorded datasets were validated and used to perform extensive statistical analyses
for both test cases. Due to operational constraints and identified contraindications, dewatering tests
could not be performed at KW Merezenbach. However, the acquired dataset provides a solid reference
for detecting potential anomalies during regular operation. At KW Mérel, measurements were success-
fully conducted under both standard and flexible operating conditions, including dewatering of the over-
flow tank. The Hydro-Clone system demonstrated its relevance as a physics-based digital twin for real-
time monitoring of hydraulic transients at the Mérel hydropower plant. By combining a validated SIMSEN
model with SCADA data, it provides predictive insights that enhance operational safety and support
decision-making under dynamic operating conditions. While minor refinements are still ongoing, Hydro-
Clone is expected to become a valuable tool for long-term monitoring and operation of hydropower
plants. The performed dewatering tests indicate a normal turbine operation and open the perspective
for ancillary service provision, pending additional validation. It was also demonstrated that the plant can
deliver £3 MW/min power peaks using automatic power regulation.

Virtual Power Plant and system integration (WP7)

WP7 focused on the development and application of an integrated optimisation framework for the design
and operation of a Virtual Power Plant (VPP) combining small hydropower, photovoltaic, wind and bat-
tery storage systems. The methodology addresses both the optimal selection of system components
and their coordinated operation over multiple time horizons, including long-term planning, day-ahead
scheduling and real-time adjustments.
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The optimisation framework relies on a three-stage approach, covering reservoir management, market
participation and real-time imbalance correction under uncertainties in hydrology, weather conditions
and electricity prices. The model accounts for cascaded hydropower systems with non-linear perfor-
mance characteristics. To support stochastic optimisation, dedicated data generators for market prices
and weather conditions were developed, enabling the creation of representative scenarios and robust
sensitivity analyses.

The results show a strong dependence of system performance on market conditions. The integration of
pumping capacity significantly improves profitability through energy arbitrage. Even without battery stor-
age, hydropower operation already reduces imbalance volumes, while the addition of a battery further
enhances system value. For larger storage capacities, the operational strategy shifts towards participa-
tion in ancillary service markets, particularly the Frequency Containment Reserve (FCR).

For the case study of the KW Aegina—Altstafel system, the results indicate that combining hydropower
flexibility with wind, solar and storage systems provides clear economic benefits, mainly through the
reduction of imbalance penalties. However, the profitability of participation in ancillary service markets
remains highly sensitive to market price conditions.

Economic assessment and business model (WP8)

WP8 focused on evaluating the economic potential associated with the flexible operation of small hy-
dropower plants, taking into account both market opportunities and technical feasibility constraints. The
analysis was based on the flexibility capacities identified in previous work packages and assessed under
realistic operating and market conditions.

The results highlight that, for run-of-river hydropower plants, flexibility is intrinsically constrained by con-
tinuous inflow and associated hydraulic, environmental and safety requirements. As a consequence, the
business model cannot rely solely on expected revenues from electricity markets or ancillary services,
but must explicitly account for the plant’s ability to deliver flexibility under real operating conditions.

Several technical options were analysed to enable flexibility, including bypass solutions, control system
upgrades and the integration of flexibility in the context of unit replacement. These options demonstrate
that additional flexibility can be achieved, provided that the associated hydraulic and operational con-
straints are properly managed.

The economic assessment indicates that additional revenues from flexibility remain limited and strongly
dependent on market conditions. While some value can be captured through improved operation, par-
ticipation in ancillary services or reduction of imbalance penalties, these revenues alone are generally
insufficient to justify dedicated investments in new flexibility.

Conversely, the results show that exploiting existing “hidden” flexibility within current infrastructures rep-
resents a cost-effective approach, offering immediate value with limited investment. In addition, the ag-
gregation of multiple small hydropower plants through pooling strategies or Virtual Power Plant concepts
enables access to ancillary service markets and improves the overall economic relevance of flexibility
by combining distributed resources

Outlook

The results of the SmallFlex Goms project clearly indicate that the transition from technical feasibility to
commercially viable deployment will require coordinated actions from both research and industry stake-
holders. As immediate next steps, further research should focus on (i) refining and validating simplified
modelling and forecasting tools for operational use, (ii) standardising the assessment methodology for
hydraulic constraints and air entrainment risks, and (iii) testing scalability through pilot implementations
across a broader portfolio of hydropower plants. In particular, the coupling between forecasting accu-
racy, storage availability, and real-time control strategies should be further optimised to enable auto-
mated and reliable flexibility provision.

At the same time, future developments should aim at reducing the cost and complexity of flexibility
assessments. The methodologies developed in SmallFlex Goms are intended to provide transferable
screening and evaluation tools, allowing plant owners to identify the most promising assets before
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engaging in detailed technical studies. In practice, this implies first assessing available hydraulic stor-
age, operational constraints, ramping capability, aggregation opportunities and market-access condi-
tions in order to determine whether a plant has sufficient technical and economic flexibility potential.
Detailed investigations should therefore be reserved for assets with realistic deployment perspectives.

From an industrial perspective, the priority lies in translating these methodologies into deployable solu-
tions. Plant operators and aggregators should jointly develop operational platforms integrating forecast-
ing, monitoring, and dispatch optimisation, building on the demonstrated Virtual Power Plant concept.
Equipment suppliers and engineering firms will play a key role in embedding flexibility considerations
into refurbishment projects, ensuring that turbines, control systems, and waterways are designed or
upgraded to safely accommodate dynamic operation. In parallel, pilot projects—particularly at sites such
as KW Morel—should be extended into pre-commercial demonstrators to validate revenue streams un-
der real market conditions.

Achieving commercial viability will depend on the emergence of integrated service models, where ag-
gregators or specialised flexibility operators take responsibility for pooling distributed hydropower as-
sets, managing market participation, and guaranteeing performance towards system operators. Hydro-
power plant owners, in turn, would provide flexible capacity under contractual arrangements, reducing
operational risk while accessing new revenue streams. This implies a clear allocation of roles: research
institutions supporting methodology and validation, industrial partners delivering technical integration,
and aggregators enabling market access and revenue optimisation.

Finally, regulatory and market frameworks must evolve to recognise and adequately remunerate distrib-
uted flexibility services. The results of SmallFlex Goms suggest that the most attractive business cases
will not necessarily rely on dedicated new investments, but rather on the cost-effective exploitation of
existing “hidden” flexibility within suitable hydropower assets, combined with aggregation and hybridisa-
tion strategies where relevant.
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5 National and international cooperation

Within the framework of this project, collaborations outside the consortium were primarily developed in
Work Package 4.

At the international level, WP4 collaborated with Prof. Dr.-Ing. Eva-Maria Kénigsheim and Artem Holo-
vchack from the Hochschule fiir Angewandte Wissenschaften Hamburg. Prof. Konigsheim is a lecturer
in Power Engineering and Energy Storage Systems.

WP4 also collaborated with Maria-Helena Ramos, Research Director at the French National Research
Institute for Agriculture, Food and Environment (INRAE) in Paris. Her research focuses on hydromete-
orology, hydrological forecasting and ensemble prediction, as well as water resources management
under past, present, and future climate conditions. During her nine-month fellowship at WSL, she co-
supervised the work of Rona Schenk (ETH/WSL Master student).

In addition, WP4 hosted Dr. Domenico Micocci from the Department of Civil, Chemical, Environmental
and Materials Engineering at the University of Bologna (ltaly) for a six-month research stay. His work
focused on the hybridization of hydropower with floating photovoltaic systems. This collaboration was
further extended to his supervisors, Prof. Cristiana Bragalli and Prof. Elena Toth.

At the national level, WP4 highlights the strong synergies between the Small-Flex Goms project and the
ETH initiative Speed2Zero, which aims to support the energy transition by addressing climate, energy,
and ecological risks.
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Appendix

Appendix A - Proposal of a logical scheme for flexible operation with dewatering of KWGO.
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