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SUMMARY

As the energy transition gains momentum globally, energy storage systems are becoming
increasingly critical to balance intermittent energy sources such as solar and wind. Tra-
ditional pumped hydro storage has historically played a dominant role in energy storage
due to its cost effectiveness, efficiency, and long lifecycle. However, its reliance on high-
head applications limits its deployment to regions with specific topographical features.
With an increasing demand for the provision of energy balancing and ancillary services,
novel approaches are being developed to adapt pumped storage technologies for appli-
cations in regions where high-head installations are not feasible, including areas with
limited elevation change or coastal regions. This study sets out to explore the potential
of one such novel approach, low-head pumped hydro storage.

This work employs both experimental and numerical methodologies to evaluate the
technical capabilities of low-head pumped hydro storage to provide energy balancing
and frequency regulation services. Initially, a review is carried out, assessing different
technologies including pump-turbine designs, electric machines, control and grid inte-
gration approaches for their applicability to low-head applications. Aside from this re-
view, the majority of the work is centred around a new system concept developed by the
ALPHEUS research project. The project proposes the use of contra-rotating reversible
pump-turbines with adjustable speeds. These units are designed to handle the unique
demands of low-head applications by using two independently controlled runners to
achieve high efficiencies across a broad operating range. The integration of axial-flux
permanent magnet synchronous machines allows for high torques at low speeds, mak-
ing them well-suited for the large volumes of water required in low-head systems. By
combining these novel pump-turbines and electric machines with state-of-the-art con-
trol systems, the major goals of the project are improved roundtrip efficiencies as well as
fast power ramp rates and mode switching times.

To evaluate the technical potential of this technology and low-head pumped hydro
storage as a whole, a medium-fidelity numerical system model has been developed. It
integrates and couples a pump-turbine model with the dynamics of the hydraulic, me-
chanical, electrical and control subsystems. This model introduces a novel approach by
incorporating the interaction between the two independent runners and their coupling
with the other system components. A defining feature of this model is its flexibility and
computational efficiency, enabling accurate simulations of various operational scenar-
ios and dynamic responses without the high resource demands of high-fidelity compu-
tational fluid dynamics simulations. The individual model components are specifically
tailored to the unique challenges of low-head applications, such as the increased inertia
of the water column, which increases the risk of significant pressure transients. By in-
corporating the two coupled independent runners, as well as tailoring the approach to
the demands of low-head systems, this model fills a critical gap in literature, providing a
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robust tool for advancing the development of low-head pumped hydro storage.
To ensure the accuracy of the numerical model results, experiments are conducted

with a 50 kW laboratory setup, featuring a 1:22 scale version of the reversible pump-
turbine. The experimental campaign serves to evaluate the performance of the newly
designed pump-turbine, explore the effects of utilising two independent runners and,
crucially, benchmark the model. The setup is noteworthy for its gravity-fed design, aid-
ing to create realistic in- and outflow conditions, reducing the risk of swirl and pres-
sure pulsations occurring. These are typically induced by pumps used to create the re-
quired head for testing. Both steady-state and dynamic tests are performed in turbine
and pump modes and compared to their corresponding numerical results. The bench-
marking tests show that a medium-fidelity numerical model can effectively integrate the
performance of two independent runners with the hydraulic and mechanical subsys-
tems, capturing with sufficient accuracy the steady-state and dynamic behaviour as well
as the interaction of the different subsystems of low-head pumped hydro storage.

Finally, the model is applied to a hypothetical grid-scale plant in the North Sea, provid-
ing, for the first time, detailed insights into the potential performance and operational
capabilities of an integrated low-head pumped hydro storage plant. The results showed
that the system could achieve a roundtrip efficiency of 73% during energy balancing as
well as rapid power ramp rates suitable for providing frequency containment reserves.
Sensitivity analyses further highlighted the potential for optimising the reservoir foot-
print and power input/output by scaling the electric machines.

Future work should focus on optimising energy management strategies, further refin-
ing control systems as well as detailed economic and environmental assessments. All
of of which can be aided by the developed numerical modelling approach. If a large-
scale demonstration confirm its viability, low-head pumped hydro storage could play a
transformative role in stabilising renewable energy dominated grids. This innovative ap-
proach may thus become a crucial component in advancing the global energy transition.



SAMENVATTING

Naarmate de energietransitie wereldwijd aan kracht wint, worden energieopslagsyste-
men steeds belangrijker om intermitterende energiebronnen zoals zon en wind in ba-
lans te brengen. Traditionele pompaccumulatiecentrales hebben historisch gezien een
dominante rol gespeeld in energieopslag vanwege hun kosteneffectiviteit, efficiëntie en
lange levensduur. Echter, de afhankelijkheid van hoogwateropstellingen beperkt de in-
zet ervan tot regio’s met specifieke topografische kenmerken. Met een groeiende vraag
naar energiebalancering en ondersteunende diensten worden nieuwe benaderingen ont-
wikkeld om pompaccumulatietechnologieën aan te passen voor gebruik in gebieden
waar hoogwaterinstallaties niet haalbaar zijn, zoals regio’s met beperkte hoogteverschil-
len of kustgebieden. Deze studie onderzoekt de mogelijkheden van een van deze nieuwe
benaderingen: laagwater-pompaccumulatie.

Dit onderzoek maakt gebruik van zowel experimentele als numerieke methoden om
de technische mogelijkheden van laagwater-pompaccumulatie te evalueren voor ener-
giebalancering en frequentieregeling. Allereerst wordt een overzicht gegeven van ver-
schillende technologieën, waaronder pomp-turbineontwerpen, elektrische machines,
besturingssystemen en netintegratiebenaderingen, en hun toepasbaarheid voor laag-
wateropstellingen. Naast deze literatuurstudie richt het grootste deel van het onderzoek
zich op een nieuw systeemconcept ontwikkeld door het ALPHEUS-onderzoeksproject.
Dit project stelt het gebruik van contra-roterende omkeerbare pomp-turbines met ver-
stelbare snelheden voor. Deze eenheden zijn ontworpen om te voldoen aan de unieke
eisen van laagwateropstellingen door twee onafhankelijk aangestuurde rotors te gebrui-
ken, waarmee hoge efficiënties over een breed werkbereik worden bereikt. De integra-
tie van axiaalflux-synchroonmachines met permanente magneten maakt het mogelijk
om bij lage snelheden hoge koppels te leveren, waardoor ze goed geschikt zijn voor de
grote waterstromen die nodig zijn in laagwatersystemen. Door deze innovatieve pomp-
turbines en elektrische machines te combineren met geavanceerde besturingssystemen
streeft het project naar verbeterde rendementen over de hele cyclus, evenals snelle ver-
mogensveranderingen en korte schakeltijden tussen modi.

Om het technische potentieel van deze technologie en laagwater-pompaccumulatie
in het algemeen te evalueren, is een numeriek systeemmodel met middelhoge resolutie
ontwikkeld. Dit model integreert en koppelt een pomp-turbinemodel met de dynamiek
van hydraulische, mechanische, elektrische en besturingsonderdelen. Het model intro-
duceert een innovatieve aanpak door de interactie tussen de twee onafhankelijke rotors
en hun koppeling met andere systeemcomponenten op te nemen. Een onderscheidend
kenmerk van dit model is de flexibiliteit en rekenefficiëntie, waarmee nauwkeurige si-
mulaties van verschillende operationele scenario’s en dynamische reacties mogelijk zijn
zonder de hoge rekenkrachtvereisten van geavanceerde stromingssimulaties. De afzon-
derlijke modelcomponenten zijn specifiek afgestemd op de uitdagingen van laagwater-
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opstellingen, zoals de grotere traagheid van de waterkolom, die het risico op aanzienlijke
drukschommelingen vergroot. Door de twee gekoppelde onafhankelijke rotors op te ne-
men en het model specifiek af te stemmen op de eisen van laagwatersystemen, vult dit
model een kritieke leemte in de literatuur en biedt het een robuust hulpmiddel om de
ontwikkeling van laagwater-pompaccumulatie te bevorderen.

Om de nauwkeurigheid van de numerieke modelresultaten te waarborgen, worden ex-
perimenten uitgevoerd met een 50 kW-laboratoriumopstelling, voorzien van een schaal-
model van de omkeerbare pomp-turbine (schaal 1:22). De experimentele campagne
dient om de prestaties van de nieuw ontworpen pomp-turbine te evalueren, de effecten
van het gebruik van twee onafhankelijke rotors te onderzoeken en, cruciaal, het model
te valideren. De opstelling valt op door het gebruik van zwaartekrachtgevoede stroming,
wat helpt om realistische in- en uitstroomcondities te creëren en het risico op werve-
lingen en drukpulsaties te verminderen, die typisch worden veroorzaakt door pompen
die de benodigde hoogte genereren voor tests. Zowel stationaire als dynamische tests
worden uitgevoerd in turbine- en pompmodi en vergeleken met de corresponderende
numerieke resultaten. De validatietests tonen aan dat een middelhoge-resolutie nume-
riek model effectief de prestaties van twee onafhankelijke rotors kan integreren met de
hydraulische en mechanische subsystemen, waarbij het met voldoende nauwkeurigheid
het stationaire en dynamische gedrag evenals de interactie tussen de verschillende sub-
systemen van laagwater-pompaccumulatie vastlegt.

Ten slotte wordt het model toegepast op een hypothetische installatie op netwerk-
schaal in de Noordzee, waarmee voor het eerst gedetailleerd inzicht wordt verkregen in
de potentiële prestaties en operationele mogelijkheden van een geïntegreerde laagwater-
pompaccumulatiecentrale. De resultaten tonen aan dat het systeem een rondrende-
ment van 73% kan bereiken tijdens energiebalancering en snelle vermogensveranderin-
gen kan leveren die geschikt zijn voor frequentiebeheersingsreserves. Gevoeligheidsana-
lyses benadrukken verder de mogelijkheden om het reservoiroppervlak en de energie-
input/output te optimaliseren door schaalvergroting van de elektrische machines.

Toekomstig onderzoek zou zich moeten richten op het optimaliseren van energiebe-
heersstrategieën, het verder verfijnen van besturingssystemen en het uitvoeren van ge-
detailleerde economische en milieubeoordelingen. Al deze aspecten kunnen worden
ondersteund door de ontwikkelde numerieke modelleringsaanpak. Indien een groot-
schalige demonstratie de haalbaarheid bevestigt, kan laagwater-pompaccumulatie een
transformatieve rol spelen bij het stabiliseren van elektriciteitsnetten die worden gedo-
mineerd door hernieuwbare energie. Deze innovatieve benadering kan daarmee een
cruciale component worden in het versnellen van de wereldwijde energietransitie.
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1
INTRODUCTION

1.1. BACKGROUND AND MOTIVATION

1.1.1. THE ROLE OF ENERGY STORAGE AND ANCILLARY SERVICES IN

THE ENERGY TRANSITION

T HE integration of renewable energies into our power grids has gained significant
momentum in recent years, driven by the urgent need to mitigate climate

change and reduce greenhouse gas emissions. As a result of this global effort,
renewables are now the second largest contributor to the world-wide electricity
mix, claiming a total share of 30% in 2023 [1]. Although hydropower takes the
largest share within that mix of renewables, solar photovoltaics and wind generation
experience steep average annual growth rates of 36.5% and 23%, respectively, since
1990 [2]. Both of these technologies, however, significantly differ in their electricity
generation characteristics when compared to traditional fossil-fuel and nuclear power
plants. Rapidly increasing shares of such renewable power systems pose significant
challenges to grid stability and reliability [3].

The first major challenge is their intermittency and variability. Conventional
fossil-fuel power plants are able to control the power they generate by adjusting
the amount of fuel that is burned. On the contrary, the power generated by
intermittent renewable energy sources (IRES) depends on the apparent availability
of the used natural resource, such as solar irradiance or wind speed. Consequently,
the amount of power they supply varies over time. Cloud coverage, shading as well
as the time of day and year all affect how much power solar plants are able to
generate. Similarly, wind speed changes caused by localised gusts, weather systems
and seasonal trends determine the possible power wind turbines can generate. These
variations, manifesting over timescales from seconds all the way up to seasonal

Parts of this chapter have been published in J.P.Hoffstaedt et al. Low-head pumped hydro storage:
A review of applicable technologies for design, grid integration, control and modelling. Renewable
and Sustainable Energy Reviews. 2022. & J.P.Hoffstaedt et al. Low-head pumped hydro storage: An
evaluation of Energy Balancing and Frequency Support. IET Renewable Power Generation. 2024.
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2 1. INTRODUCTION

differences, create a mismatch with the also fluctuating power demand.

The second challenge is the reduction of grid inertia. Conventional power plants
operate their electrical generators at a fixed speed that is synchronous to the grid
frequency. A large majority of these generators also have a large rotating mass
and therefore store kinetic energy. In the case of generation or load fluctuations
leading to sudden grid frequency deviations, the rotors combined inertia alleviates
the deviation by providing additional power from the stored kinetic energy [4].
Traditional power grids relied on such synchronous generation to stabilise the grid.
On the contrary, not all IRES have a large rotating mass and most are integrated
into the grid via inverters, subsequently decoupling the rotating mass from the grid
frequency. Increased fluctuations in grid frequency can have detrimental effects on
the performance of sensitive electrical equipment and even lead to power outages
[5].

To address the variability, and therefore the mismatch between the power supply
of IRES and demand, large-scale short- and long-term energy storage solutions are
required to store surplus energy during periods of high production and release
it back to the grid during periods of high demand. In this context, short-term
storage refers to energy storage durations ranging from sub-second timescales up to
a full day, while long-term storage encompasses periods from several days, weeks,
months or years. To tackle the second challenge, energy storage systems should be
able to provide so-called ancillary services (AS). These are support services aimed
at maintaining grid stability and reliability including frequency regulation, voltage
support or power reserves [6].

While a direct correlation between renewable energy penetration levels and storage
demand can be assumed, mitigating factors such as improved generation forecasting
or the increased capability of renewable energy technologies able to provide ancillary
services, will allow for later deployment of energy storage. Further factors to consider
include the flexibility of remaining generators in the grids and the emerging need
for additional operating reserves, improved demand management, as well as further
grid expansion and interconnection.

Considering these factors, it becomes evident that energy storage demand will
depend significantly on the specific characteristics of each power grid, leading to
regional variations. Considering Germany as an example, additional short-term
storage can be expected at renewable shares between 40% and 60% of the electricity
supply and long-term storage between 60% and 80%. Above 80% and towards a
fully renewable generation, bulk energy storage, short- and long-term, is not only
required in order to avoid extensive renewable energy curtailing, ensure grid stability
and power quality, but will be a cost-effective solution in the GW range [7]. In less
flexible grids, for example utilising large-scale nuclear power to cover the base load,
the need for extensive storage will be reached at much lower renewable penetration
levels.

A wide variety of energy storage technologies, including capacitors, flywheels,
electro-chemical batteries, compressed air energy storage (CAES), pumped hydro
storage (PHS), molten-salt or hydrogen storage, are available to balance the grid
across several timescales. Crucial factors for large-scale balancing include energy
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and power capacity as well as fast response times while maintaining high roundtrip
efficiencies. This roundtrip efficiency is the ratio between the energy retrieved from
a storage system and the energy put in, accounting for all conversion losses. Aside
from fulfilling these criteria, the major driver towards commercial deployment is the
levelised cost of storage (LCOS); leading in this are PHS and CAES [8]. An alternative
approach is based on the so-called energy stored on energy invested (ESOEI), which
gives an estimate of the relation between the stored energy during the lifetime of a
system and the energy required to construct the system. Also for this metric, PHS
and CAES are, by far, in the lead [9].

1.1.2. OVERVIEW, HISTORICAL DEVELOPMENT AND LIMITATIONS OF

PUMPED HYDRO STORAGE

P UMPED hydro storage is an amended concept to conventional hydropower as
it cannot only generate, but also store energy. This is achieved by converting

electrical to potential energy and vice versa in the form of pumping and releasing
water between a lower and a higher reservoir. The energy conversion occurs by
using pumps and turbines either combined in a reversible or separate configuration.
A typical layout of a closed-loop pumped storage plant is given in Figure 1.1.

The hydraulic power of such a system is proportional to the product of the height
difference (gross head) between the reservoirs and the total flow rate across the
pumps or turbines. The amount of potential energy that can be stored is similarly
proportional to the head and the reservoir volume. Hence, a higher head requires a
reduced flow rate for a given desired power and smaller reservoirs for a given storage
capacity. It does not, therefore, just correlate with scaled-down reservoirs but also
smaller remaining civil structures and machinery, historically leading to reduced cost
and a significant economic advantage of utilising high-head differences [11].

Of today’s bulk energy storage integrated into the world-wide grids, over 90% is
comprised of PHS of which the vast majority are high-head applications. According
to the International Hydropower Association, in 2019, the global installed capacity
reached 158 GW with the biggest contributors being China making up 30.3 GW of
the share, Japan 27.6 GW, and the United States 22.9 GW [12]. Figure 1.2 shows
the distribution of global storage capacity that is operational, under construction,
planned, and announced as of 2021.

In comparison, the next largest contributors to bulk energy storage are electro-
chemical battery storage – rapidly growing with a total capacity of 14.2 GW – and
thermal storage with 2.9 GW in 2020 [14]. To explain the historic market dominance
of PHS and understand recent trends, several factors have to be taken into account.
Pumped hydro storage utilising reversible pump-turbines has been available as a
mature and cost-effective solution for the better part of a century with an estimated
energy based capital cost of 5–100 $/kWh [15]. Today, compressed air energy
storage is considered mature and reliable, offering similarly low capital cost between
2–50 $/kWh. Electro-chemical batteries offer high energy density with higher costs
and experience drastic growth while the impact of hydrogen-based storage in the
energy transition is largely expected to be substantial [15].

However, PHS‘s dominance is not only due to its historic lead but can also be
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Figure 1.1.: Illustration of a closed-loop pumped hydro storage plant. [10]

attributed to its technical, economic, and sustainability advantages. These include
high efficiencies, large achievable capacities, and long lifetimes. Compared to rapidly
expanding battery storage that can be used wherever it is most needed, one clear
advantage is this durability. It is currently assumed that a battery system will last
around 15–20 years, but on the other hand, the oldest hydropower plant in Norway
has been operating for over 120 years [16, 17]. Prolonged lifetimes are one factor
improving the sustainability of PHS compared to other storage solutions. Others
include maturity, low capital and operating cost, as well as low energy and carbon
dioxide density. Based on these and other factors regarding economic, performance,
technological, and environmental considerations, Ren et al. ranked PHS as the most
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Figure 1.2.: Global PHS Capacity. [13]

sustainable storage technology [18].
Further advantages of PHS include suitability for long-term storage, since hardly

any storage losses occur other than seepage and evaporation, and quick availability
due to short switch-on and switch-off times. With these factors ensuring a significant
share within a heterogeneous pool of storage technologies, one major disadvantage
of PHS has historically been its topographic constraints. A switch from river-based to
closed-loop off-river systems could overcome some of the constraints and increase
the potential for deployment [19, 20]. Nonetheless, regions with flat topographies
still do not offer viable sites.

EARLY DEPLOYMENT AND PROGRESSION IN THE 20t h CENTURY

Not long after hydropower began to generate electricity, the first small-scale PHS
plants were constructed in the mountainous regions of central Europe in the
beginning of the 20th century. Initially using separate pumps and turbines,
combined reversible pump-turbines have become the norm since the middle of
the 20th century [21]. Experiencing a major boom in Europe, parts of Asia, and
North America, a large portion of today‘s installed PHS capacity was constructed
in the 1960s, 1970s, and 1980s; in most countries, this occurred alongside rapidly
increasing nuclear power. The gained flexibility that PHS plants provided allowed
them to match a varying demand with the baseload generation of nuclear power
plants. An example where this was particularly relevant is Japan due to its lack of
interconnections to other countries as well as their strong strategy towards nuclear
energy.

In the United States, another reason for the growing capacity of PHS during that
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period was the energy crisis in the 1970s, leading to an increased cost of fossil
fuels allowing PHS to grow as a substitute for peak balancing [22]. After that
period, development slowed down in most regions with the major exception of
China. Its rapidly growing economy and correlated energy demand largely satisfied
by non-flexible coal plants required major energy storage.

Up until this point, pump-turbines were coupled to fixed speed motor-generators.
The next significant development occurred in the 1990s when variable speed
operation was introduced in Japan. The ability to adjust the rotational speed of
the runners allowed for higher efficiencies under changing conditions, reduced the
switching time between pump and turbine mode, and facilitated higher ramp rates
and quicker response times [23].

Later trends for PHS show the usage of ternary units. With ternary units, a separate
pump and turbine are connected on a single shaft to an electric machine that can
work either as a motor or a generator [24]. This configuration presents a very flexible
and fast response range, shows higher efficiencies than reversible machines, and can
utilise hydraulic short circuits for optimal power in- or outtake [25, 26]. The major
drawback with ternary units is that they require higher investment and maintenance
costs compared to a reversible unit [26].

CURRENT TRENDS

After an initial reduction of PHS deployment around the turn of the millennium, the
rapidly growing share of intermittent renewable energy sources (IRES) in the last
couple of decades sparked new interest in sustainable flexible generation as well
as large-scale energy storage solutions. This caused increasing attention towards
the rehabilitation of old hydropower plants and an expansion of PHS [27]. While
PHS experienced a much longer development process than competitive technologies
and could hence be considered mature, two major trends can be identified pushing
further innovation in the field.

The first one is derived from the change in grid characteristics caused by
the reduction in spinning reserves. The growing number of converter coupled
renewables raise the necessity for an external provision of AS. To provide these
using PHS, research efforts focus on developing improved control and machinery but
also novel concepts, such as hybrid storage solutions. Examples of such concepts
could be the coupling of conventional PHS with flywheels for frequency control or
supercapacitors providing virtual inertia [28]. Hybrid storage solutions incorporating
PHS, such as hybrid pumped and battery storage, are also particularly suited for
off-grid applications [29].

The second major trend is expanding the operating range and application. One of
the most limiting factors in the potential use of large-scale PHS has been the fact
that not many locations could offer economically viable deployment. These were
traditionally mountainous regions accessing water with enough space to construct
extensive civil structures. There is a large potential in Europe to deploy further mini
(100 kW – 1 MW) and small (1 MW – 10 MW) hydropower plants to counteract the
effects of higher renewable penetration levels [30]. However, this does not apply
to countries with flat topographies, such as Denmark, the Netherlands, or Belgium.
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Additionally, to achieve the balancing capabilities of pumped storage systems, larger
plants typically provide better economies of scale. Suitable locations for such larger
plants are rare in Europe and some countries like Japan are considered to have used
nearly all available sites [31]. This limited availability of appropriate locations drives
the development of new approaches. Examples for a promising change of approach
are underwater PHS, gravity energy storage and shifting the operating range of PHS
to low-head applications.

Underwater PHS is a novel technology under development based on submerging a
rigid tank in the ocean and using the static pressure difference for energy storage
[32, 33]. The surrounding sea acts as the upper reservoir and the sphere as the lower
which can be filled to generate electricity or emptied to store it. Initial model-scale
tests have been successful; it is a freely scalable technology without issues regarding
land use and considered cost competitive with PHS and compressed air storage [34].
Using seawater in general for PHS is so far an uncommon practice, but has been
investigated as a solution for isolated grids [35]. If technical, environmental, and
economic challenges are overcome, utilising seawater could be another promising
expansion of PHS’s potential deployment.

Gravity energy storage similarly reduces the reliance of PHS on the topographic
restrictions. Storage is done via gravitational potential energy. In one of the concepts,
energy is stored or extracted respectively by moving a piston of large mass up and
down using water powered by a pump-turbine for conversion. While still under
development, initial economic evaluations show it to have a potentially attractive
LCOE similar to PHS or CAES [36]. An alternative approach proposes the use of
subsea weights and buoyant floaters connected to a submerged platform. Here,
energy is stored by lifting the weights and retrieving the floaters. Advantages include
a relatively simple mechanism, scalability and expected roundtrip efficiencies of 80%
[37].

Finally, a promising alternative suiting both trends is to extend the operating
range of conventional PHS to low and ultra low-head applications, while improving
its capability to provide AS. Shifting the operating range of pumped storage
technology to low-head and seawater applications would unlock the potential to
utilise the benefits of conventional PHS in regions so far not feasible. These
benefits include large and scalable energy and power capacities, flexible operation
and high performance. Additionally, by deploying pumped storage plants in coastal
environments or shallow seas, these plants can be strategically placed in the
proximity of offshore renewable generators such as wind farms or integrated with
energy islands. Shorter distances between large-scale renewable generators and
storage plants reduce transmission losses but also allow for the shared use of civil
structures reducing the high required upfront cost [38].

1.1.3. THE CHALLENGES OF LOW-HEAD PUMPED HYDRO STORAGE

Low-head PHS, typically defined based on a head range of 2 – 30 m [39], has not
yet seen deployment on a significant scale within our grids. This is largely due to
two factors. The first is the increased upfront cost combined with long investment
cycles. The second factor is a lack of proven and appropriate technologies for low-
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and ultra-low head applications.

While highly dependent on the individual project and site, the major contributor
to the initial capital expenditure of PHS projects, with up to 70%, are civil structures,
including the reservoir, conduit, and lining [40, 41]. Due to larger volumes of water
being stored in the reservoir and flowing through the conduit when it comes to
low-head applications, their contribution to the overall economic viability can only
be assumed to be significant. The LCOS of new high-head PHS systems ranges
from 50 €/MWh to 80 €/MWh [42]. Initially, low-head plants may not be able
to compete with this. However, changing demand characteristics of the electricity
markets, as well as further development and improvement of technological aspects,
can significantly influence economic viability and thereby the potential of large-scale
deployment [43, 44]. The increase in renewables in world-wide grids will lead to
rising demands, not just for short- and long-term balancing but also the provision of
AS, increasing the value of both. Additional revenue from the provision of AS could
hence increase economic viability. A further driver making PHS economically more
attractive are growing interconnections to other grids opening up additional markets
[31].

As aforementioned, technological advances do not just improve the capability of
low-head PHS to contribute to grid stability but with that also drive its economic
potential as a grid-scale solution. One of the primary objectives is an increased
roundtrip efficiency over the full storage cycle. Aside from regulatory changes such
as carbon taxation, electricity price margins have been identified as one of the major
drivers toward PHS utilisation. Improved roundtrip efficiencies directly correlate with
higher revenues for the operator and therefore result in increased deployment [45].
The overall efficiencies of pumped storage systems are mostly determined by the
utilised pump-turbines. Compared to conventional high-head applications, low-head
systems experience larger relative head changes. Consequently, to maintain a stable
power in- or output, large variations in flow rates are also required. Designing
hydraulic machinery capable of maintaining high efficiencies over such a large
operating range is a key challenge.

To improve the capability of low-head pumped storage systems to provide AS such
as frequency regulation, a highly flexible operation with fast power ramp rates is
desired. Variable speed operation, unlocking the capability to adjust the rotational
speed of the pump-turbine, as well as innovation in machine- and grid-side control
can help reach faster power ramp rates. For a given power capacity, low-head system
are characterised by larger flow rates though and, consequently, enlarged machinery.
Larger mass flow rates and the associated increased inertia can lead to a higher
risk of transient pressure effects, commonly known as water hammer. These effects
occur when a steady flow of water is suddenly accelerated or decelerated. Significant
effects can be caused by the opening or closing of valves, but also rapid changes in
the rotational speed of the pump-turbine. On the contrary, the increased inertia of
the hydraulic and electrical machinery may inhibit fast response times.

To address these challenges, novel technologies are required and their performance
in energy balancing and the provision of ancillary services must be thoroughly
evaluated. Given the limited deployment of low-head pumped storage systems
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and the inherent difficulties of accurate on-site measurements [46], small-scale
experimental testing and numerical simulations become crucial. However, scaling
down experiments introduces its own set of challenges, particularly scaling effects.
These effects arise from discrepancies in viscous forces, variations in geometry and
test setup, and differences in surface roughness compared to full-scale power plants
[47]. Despite these challenges, experimental testing remains a valuable tool for
validating numerical models, which can then be applied to assess the performance
of full-scale systems.

1.1.4. LOW-HEAD PUMPED HYDRO STORAGE UTILISING

CONTRA-ROTATING REVERSIBLE PUMP-TURBINES

To tackle the aforementioned challenges and advance technologies for low-head
pumped hydro storage, various pump-turbine concepts have been explored. Among
these, the Archimedes screw, one of the oldest pump designs, has been adapted for
turbine use, offering a broad range of applications [48]. Another approach involves
bulb turbines, traditionally employed in low-head settings such as the La Rance Tidal
Power Plant [49, 50]. Notably, a novel concept proposed by the ALPHEUS project
stands out, designed specifically for the challenges of low-head applications and
aimed for deployment in shallow seas and coastal environments [51].

The proposed system consists of several units of newly developed contra-rotating
reversible pump-turbines, axial-flux permanent magnet synchronous machines
(AF-PMSM) and a dedicated machine- and grid- side control. This novel approach
of using two adjustable speed runners per RPT is chosen with the goal to achieve
distinct advantages for low-head applications. The main objectives include increased
efficiencies in pump and turbine mode due to a reduction of non-axial flow
components as well as a wider operating range at these high efficiencies enabled by
the additional control degree of freedom.

A schematic of the system can be found in Figure 1.3. Similar to conventional
pumped storage plants, two reservoirs are needed. In the proposed application
in shallow seas, the sea acts as the upper reservoir. A ring dike is deployed
encapsulating a basin that serves as the lower reservoir. To store energy, the seawater
is pumped out of the inner, lower reservoir to the sea using several sets of RPTs.
Conversely, to recoup the stored energy, the reservoir is filled, using the same RPTs
in turbine mode. To scale the energy capacity of the plant, the size of the inner
reservoir is adjusted. Similarly, to scale the power capacity of the plant the number
of RPT sets is varied. Each set of RPT and coupled axial-flux electric machines has
an initial design power rating of 10 MW. The RPT has a diameter of 6 m and is
designed for a head range of 2–20 m [51, 52].

The initial design of the pump-turbine has been described by Prasasti et al. [53]
and computational fluid dynamics (CFD) simulations investigating its steady and
unsteady performance was conducted by Fahlbeck et al. [52, 54, 55].

An initial economic analysis for peak load shifting operation of a potential
low-head PHS plant based on German electricity prices in 2021 has shown that a
maximum profit from energy arbitrage of 32.95 M€ per 100 MW of installed capacity
can be achieved per year. Taking estimates for capital and operational expenditure



1

10 1. INTRODUCTION

2             1

Figure 1.3.: Top view and cross-sectional schematic of the proposed low-head
pumped storage system showing the contra-rotating runners A, axial-flux
PMSMs B, AC-DC-AC coupling C, the electrical grid D, the sea as the
upper reservoir E, the enclosed lower reservoir F, the powerhouses G
and the ring dike H.

into account, a grid-scale system would be profitable with an interest rate of 5%
assuming lifetimes of 75 to 100 years. Considering a 50 year lifespan the system
would be profitable for an interest rate below 4.4% [56]. Additional revenue can be
achieved by the operator through frequency regulation services.

1.2. RESEARCH SCOPE AND OBJECTIVES
As part of the development of the low-head pumped storage system introduced
in section 1.1.4, novel technologies for the individual system components have
been developed and numerical investigations into their performance, notably the
contra-rotating RPT, have been carried out. However, the interaction of the
components and the performance and dynamic behaviour of the integrated system,
as well as low-head pumped storage systems in general, is not yet known. Aside from
research related to the proposed system, existing literature on low-head pumped
hydro storage is limited to conceptual work and numerical investigations focusing
on potential pump-turbines, i.e. [57–59]. Overall there is a lack of evaluations
of full-scale integrated low-head pumped storage systems as well as experimental
testing of novel RPT technologies.

This study aims to assess the potential and technical viability of low-head pumped
hydro storage as a future contributor to grid-scale energy storage, filling a current
gap in literature and aiding to increase the technology readiness level (TRL) of
the system proposed in section 1.1.4 from 2 to 4 (TRL 2 corresponds to the
formulation of a technology concept and application, where basic principles are
identified, while TRL 4 represents the validation of the technology in a laboratory
environment, demonstrating its feasibility through experimental testing). To achieves
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this, an experimentally verified numerical modelling approach, capable of accurately
evaluating the steady-state performance and dynamic behaviour of low-head pumped
storage systems, is required. Based on this motivation, the following research
questions are guiding this work:

• What technologies are applicable to low-head pumped hydro storage?

• How can a novel reversible pump-turbine with two contra-rotating runners be
integrated with hydraulic, mechanical, and control dynamics into a mid-fidelity
numerical model?

• How can the developed integrated numerical model be experimentally
benchmarked, and what insights can be gained from comparing the numerical
predictions with experimental results?

• What are the potential performance outcomes and operational capabilities of
low-head pumped hydro storage in supporting grid stability, particularly for
energy balancing and frequency regulation services?

In order to assess existing technologies and technological advances that are
applicable to low-head PHS, this study includes a review focusing on pump-turbine
design, electric machines, control systems, and grid integration. After this review, the
majority of the work is based on the low-head pumped storage system introduced in
section 1.1.4.

To investigate the interaction of the individual components as well as the resulting
steady-state performance and dynamic behaviour of the whole system, a medium
fidelity time-domain system model is developed and implemented. The model
integrates a steady-state pump-turbine model, which is based on a range of existing
CFD simulations, with the pertinent dynamics of the system including the hydraulic,
mechanical, electrical and control components. The modelled RPT and its unique
approach of utilising two independent runners, poses a novel challenge of modelling
their interaction and coupling to the other system components. For the conduits
hydraulic model, a 1-D approach considering the compressibility of water is chosen
to cover potential transient effects caused by the increased inertia of the water
column. This approach has a lower fidelity compared to CFD simulations and
therefore also requires significantly reduced computational resources. However, it
also allows the coupling to other system dynamics and control. With this flexibility
and computational efficiency, a wide range of operating conditions and scenarios
can be simulated. This approach, integrating two independent RPT runners with the
hydraulic, mechanical and control dynamics, tailored to the specific characteristics
of low-head systems, fills a current gap in literature.

While this approach promises to offer a versatile tool to assess low-head pumped
storage technology, the integrated model as well as the characterisation of the RPT,
based on CFD simulations, require experimental validation. Experimental data
provides a benchmark to verify and refine the numerical model, ensuring accuracy
and its predictive capability. For this purpose, a 1:22 scale model of the RPT is
constructed within an experimental setup at the TU Braunschweig in Germany.
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Notably, the setup consists of two open-surface tanks, solely relying on gravity to
provide the required head. By avoiding the need for ancillary pumps, typically
used in experimental setups to provide head, the goal is to provide more realistic
in- and outflow conditions by reducing the risk of non-axial flow components and
pressure pulsations. With that experimental setup, both steady-state and dynamic
tests are performed. The obtained experimental results are used to evaluate the
performance of the newly designed and untested RPT and crucially compare them
to the steady-state and dynamic modelling approaches.

Finally, to investigate and evaluate the potential of a full-scale low-head PHS
plant, the integrated system model is then applied to such a grid-scale plant to
investigate the performance over a full storage cycle while analysing the influence of
the system components on key performance indicators. Furthermore, the dynamic
behaviour of the plant is simulated to evaluate its capability to provide ancillary
services, in particular frequency regulation. The results of these simulations give new
insights into the technical capabilities of low-head pumped storage to contribute to
grid-stability and thereby facilitate the ongoing energy transition.

1.3. DISSERTATION OUTLINE
The dissertation is structured as follows, depicted in Figure 1.4. In section 2, a
review of technologies is conducted to assess their applicability to low-head pumped
storage systems. This includes an analysis and comparison of pump-turbine designs,
electric machines, control strategies and grid integration. This review provides the
contextual background for this study and the motivation behind the novel system
introduced in section 1.1.4, tackling the first research question.

Following, section 3 delves into the chosen numerical modelling approach
and its rationale. The steady-state model of the RPT, the dynamic modelling
approaches for the hydraulic, mechanical, electrical and control components as
well as their integration and coupling are detailed answering the second research
question. Additionally the relevance of the chosen modelling approach to low-head
applications is discussed.

With the numerical approach aimed at investigating the performance of low-head
systems outlined, section 4 focuses on the experimental approach and the
benchmarking of the numerical model. This chapter provides a detailed overview
of the experimental setup, instrumentation, and procedures, followed by the
presentation and analysis of experimental results. A critical comparison between
these results and the numerical model’s predictions is conducted to evaluate the
model’s accuracy and reliability, addressing the third research question.

The model is then applied to a potential grid-scale plant in section 5. A case
study is performed to evaluate the systems performance over a full-storage cycle
and a sensitivity analysis conducted on the effect of a key system component on
performance and plant footprint. Further, dynamic simulations are carried out to
asses the plants potential to provide frequency regulation services. This section aims
to answer the last research question by evaluating the potential performance of the
novel low-head pumped storage system.
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Figure 1.4.: Dissertation Outline.





2
LOW-HEAD PUMPED HYDRO

STORAGE: STATE OF THE ART

Existing literature on low-head pumped hydro storage is limited. Additionally,
no implementation of integrated systems has taken place. This chapter therefore
delves into the state of the art of low-head pumped hydro storage, giving the
contextual background to this work. It aims at giving a multi-disciplinary insight on
technologies that are applicable for low-head applications, in terms of pump-turbine
design, electric machines, control and grid integration. Civil structure designs are
not within the scope of this review but have been, together with environmental and
legal aspects, discussed by Ansorena-Ruiz et al. [60].

2.1. PUMP-TURBINE DESIGN

T HE choices when selecting the type of reversible pump-turbine unit, or evaluating
using a pump as turbine (PAT), are governed by a number of factors. The first

thing to evaluate is the power of the hydropower plant, which is a function of head
and flow rate and the general formula is given by Eq. (2.1).

P = ρg HQη (2.1)

Here, ρ is the density of water, g is the gravitational acceleration, H is the head, Q
is the volumetric flow rate, and η is the overall efficiency of the power plant. The
gravity acceleration and water density can be regarded as constant. The equation
shows that if the head is low, the flow rate must be large in order to produce high
power [61]. With a large flow rate, the diameter of pipelines and the runner need to
be large as well to limit the flow velocity, and thus hydraulic losses in the system.
High-head conditions are usually preferable to build pump storage hydropower
plants. However, low-head solutions with high volumetric flow rate are also regarded

Parts of this chapter have been published in J. P. Hoffstaedt et al. Low-head pumped hydro storage:
A review of applicable technologies for design, grid integration, control and modelling. Renewable
and Sustainable Energy Reviews. 2022.

15



2

16 2. LOW-HEAD PUMPED HYDRO STORAGE: STATE OF THE ART

as having great potential to unleash new opportunities for pumped hydro storage
[50].

The definition of low-head is not unanimous among different countries and
researchers. For example, the U.S. Energy Information Administration (EIA) considers
low-head when the head is less than 30 meter and Okot [62] classifies it as when
5 < H < 15 meter. In this work, the European Small Hydropower Association (ESHA)
classification defines low-head, and states that low-head hydropower plants have a
head of 2-30 meter [39].

The overall efficiency of a low-head power plant is more sensitive to head losses
than a high-head alternative, and low-head PHS requires that the pipelines are short
to be economically feasible [63]. This is because head losses are proportional to
the pipeline length and the flow velocity squared, which is a further incentive for
not using ternary units in a low-head case since they require more pipelines and
would thus decrease the plant‘s overall efficiency. With the higher flow rate of
high-power low-head PHS, larger reservoirs are required to store the same amount
of energy as a corresponding high-head application [61]. This is because the energy
storage capacity is a function of the water mass and head. Apart from that, other
conditions such as the type of machine (radial-, mixed-, or axial-flow), operation
(variable or fixed speed), and reservoir configuration may apply when choosing the
best reversible pump-turbine configuration [64]. Chapallaz et al. [65] stated that, in
practice, almost any hydro pump can also be used as a turbine. The reverse is,
however, not the case. As an example, impulse turbines (Pelton or Turgo) cannot be
used as pumps.

The design and characteristics of any hydro pump and turbine are determined
by its conditions of operation. In turbomachinery, the specific speed is one key
parameter to select the most appropriate reversible pump-turbine or using a pump
as turbine (PAT). In this paper, it is defined in accordance with Dixon and Hall [66]
as Eq. (2.2), and Table 2.1 shows ranges of specific speeds for various machines.

Ωs = ΩQ1/2

(g H)3/4
(2.2)

Here, Ωs is the specific speed and Ω is the runner rotational speed. Stepanoff [67]
explained in 1948 that a higher specific speed results in a smaller, and thus cheaper,
machine. With a higher flow rate, the blade design differs significantly, as illustrated
in Figure 2.1. On the other hand, machines with low rotational speeds and small
shear forces (e.g. Archimedes screw and positive displacement machines) are more
fish-friendly [68, 69]. Radial- or mixed-flow machines are preferable for pumps with
a specific speed of Ωs < 2.7, and as the specific speed increases (2.6 <Ωs < 11.6), an
axial configuration is more suitable [70].

Carravetta et al. [71] postulate that axial-flow pumps can be used as PAT for heads
between 1-5 m and flow rates up to 1000 l/s. They also claim that mixed-flow
PATs can be used for heads in the region of 5-15 m and flow rates of 50-150 l/s.
Bogenrieder [72] stated that radial pump-turbines are suitable to use for heads that
are above 60 meter, with a power exceeding 50 MW. Typically, radial- or mixed-flow
machines work best for high heads and low flow rates. For example, regular



2.1. PUMP-TURBINE DESIGN

2

17

Francis-like pump-turbines (mixed-flow) are the common choice when it comes to
mid- to high-head applications, but the head variations at low-head operation would
greatly affect efficieny [73]. Mixed-flow machines can be used as low-head PHS if
the flow rate is low. However, according to Eq. (2.1), this implies that the power
will also be low. Multiple machines could be used in parallel to increase the total
power. Breeze [73] suggests that a Deriaz, mixed-flow machine can be used for
heads between 20-100 m. This is because its design is closer to an axial machine
compared to a conventional Francis-like pump-turbine and the Deriaz design also
presents adjustable blades [73, 74]. Breeze further expresses the necessity of variable
speed drives to extend the operational region at high efficiency.

Table 2.1.: Ranges of specific speed for various machines [70].

Technology Specific speed Ωs

Axial a 2.6 – 11.6
Mixed 0.6 – 2.7
Radial 0.1 – 0.8
Archimedes screw b 0.03 – 0.39
Positive displacement b 0.01 – 0.13

a The contra-rotating reversible pump-turbine is classified as an axial machine.
b Values should be regarded only as a reference number, since it is not common to indicate a specific

speed for these machines.

The reason why an axial machine is preferable in a low-head application is that
it allows for a higher flow rate, which is necessary for a machine with high power
at low heads. An axial machine also allows for cheaper civil structures. In turbine
mode, the runner rotates due to the torque that is generated by the flow-induced
runner blade pressure and suction sides. The electric generator extracts power by a
balancing counteracting torque at the particular rotational speed. In pump mode,
an electric motor adds power to the runner in the form of torque at the particular
rotational speed. A flow is developed due to the rotating runner blade pressure and
suction sides, causing a balancing counteracting torque. The pressure change is in
an axial machine primarily due to the change of relative flow velocity [70]. This
is because the tangential velocity of the runner and the cross-sectional area are
constant along a streamline in an axial machine. In a centrifugal machine, the flow
must change direction from axial to radial (pump mode), or radial to axial (turbine
mode), as shown in Figure 2.1. The principles for the head rise in a centrifugal
machine are here described in pump mode for brevity. As the flow goes through the
machine, the cross-sectional area and the tangential velocity of the runner increase
with the radius through the machine. The absolute flow velocity will decrease as the
cross-sectional area increases, due to continuity. According to Bernoulli’s principle,
the static pressure will increase with the change of absolute velocity squared [75].
The main cause of the static pressure rise is, however, due to centrifugal effects
caused by the increase of the runner’s tangential velocity, and passage diffusion, due
to a reduction in the relative flow velocity, through the machine [70]. The result is
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that the exit blade velocity needs to be small in order to limit the pressure rise in a
low-head application. This means that the machine needs to be small and that the
entrance-to-exit diameters decrease with the decreasing head [76]. The smaller size
further limits the flow rate and thus the power.

Specific speed Ωs
Flow rate 𝑄𝑄

Head 𝐻𝐻

Pump
Turbine

High

High

Low

Low

Low

High

Radial Flow Mixed Flow Axial Flow

Figure 2.1.: Principle view of bladed pump-turbine configurations, note that the term
"centrifugal" refers to both the radial- and mixed-flow. The drawing is
based on principles shown in [65–67, 71].

In general, pump-turbines are worse at part-load conditions compared to a pure
pump or turbine since the pump-turbine design is often a trade-off to reach
acceptable performance at design conditions [77, 78]. Delgado et al. [79] reported
that it is hard to predict part-load performance for PATs, especially in turbine mode
since pump manufacturers usually do not supply any data of this. Stepanoff [67]
stated that centrifugal machines have preferable efficiency as a function of flow rate;
however, axial machines have a flatter efficiency curve as a function of head. This
further suggests that an axial machine is preferable in a low-head scenario due to
the fact that part-load operations will be less influenced by the large variation in
head of a low-head PHS application.

Lately, axial-flow pump-turbines with two runners, rotating in opposite direction
from one another, have been proposed as an alternative for low-head PHS. They are
usually referred to as counter-rotating pump-turbines (CR-RPT) due to the rotation
of the individual runners, as illustrated in Figure 2.2. According to Furukawa [80],
the advantages of those machines are that they can be of smaller size, have a more
stable head-flow rate characteristic curve, and have a wider range of high efficiency
with individual speed control of the runners when compared to a single runner
axial machine. Several numerical studies predict that a well designed low-head
counter-rotating pump-turbine may achieve efficiencies of up to 80-90% in both
pump and turbine mode [55, 81, 82]. Fahlbeck et al. [52] showed numerical results
for a prototype counter-rotating pump-turbine in pump mode with a peak efficiency
of 91%, heads up to 12 meter, flow rates between 60-160 m3/s, and a maximum
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power of almost 14 MW.
Additional non-conventional machines have also been studied as low-head PHS.

The Archimedes screw, depicted in Figure 2.2, is a viable option for heads between
2-10 m, discharge ranges up to 15 m3/s, and power output of up to 355 kW [62,
68, 83]. The Archimedes screw enables lower installation and maintenance costs
compared to other conventional pump-turbines and can reach efficiencies of up
to 90% in turbine mode [48, 84]. An additional benefit is that the Archimedes
screw presents better conditions for fish-friendliness when compared to conventional
bladed pump-turbines [68, 84, 85].

Positive displacement (PD) pumps are usually chosen when the system requires
low specific speeds [70]. Some PD pumps can also represent a good alternative when
reversible flows must be taken into account, thus resembling a PAT [86]. Positive
displacement pumps are self-priming, typically produce low flow rates, can handle
big variations in head without significantly changing their efficiency, and are often
regarded as a good choice for viscous fluids or fluids with the presence of solids or
precipitates that need to be handled [70, 75]. Rotary positive displacement machines
have already been studied as micro hydro turbines in water supply pipelines with
pressures up to 5 bar (hydraulic head equivalent to 51 meter) and presented
efficiencies between 60-80% [87–90]. From all the available PD alternatives, the lobe
and gear pump configurations – illustrated in Figure 2.2 – are the most suitable
options to handle reversible flow. Given the low specific speed, PD pumps could
most likely be regarded as a fish-friendly technology [69]. On the other hand, only
the lobe design seems to handle fish and solid without extra mitigation measures. A
few small-scale projects have tested PD RPTs [86]. However, further investigations
and real-scale prototypes are still needed to validate the use of PD RPTs in low-head
pumped storage application.

Pump-turbines in PHS applications can operate at fixed or variable rotational
speed. Variable speed machines take advantage of a wider operating range at high
efficiency and can thus produce power in a wider spectrum [63, 91]. Moreover,
variable speed units ensure greater penetration and bring more flexibility to PHS
operations, especially for smaller machines [92]. Despite the technical advantages,
this technology is about 30% more expensive than fixed speed units. Thus, the
choice between the two speed control options relies on both techno-economic and
demand aspects [63, 92].

2.2. ELECTRIC MACHINES AND CONTROL

2.2.1. ELECTRIC MACHINES

I N traditional high-head, high-power PHS, synchronous machines with excitation
winding and direct grid connection are used. However, doubly-fed induction

machines have been adopted in Europe since 2006 for lower power applications.
Doubly-fed induction machines are coupled to a partially rated converter with rotor
winding to increase the operating range, which increases turbine efficiency at lower
speeds [93]. As can be seen from Eq. (2.2), RPT operation at low head and high power
reduces the nominal rotational speed for a fixed specific speed. Therefore, the power
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Figure 2.2.: Principle view of non-conventional pump-turbine configurations. The
drawing is based on principles showed in [55, 70, 80].

take-off (PTO) in low-head PHS needs to be designed to operate at high efficiency
for low rotational speeds. Furthermore, variable speed RPTs require a highly efficient
PTO over a wide operating range. Doubly-fed induction machines with a gearbox
were the classical choice for such low-speed applications. However, with the recent
decrease in cost of power electronics, permanent magnet synchronous machines
(PMSM) with a fully rated converter are opted for instead [94–101]. Advantages
include a high power density, high efficiency, and controllability over a wide
operating range [102, 103]. Furthermore, PMSMs with a large pole number avert the
use of reduction gearing, which reduces energy losses and increases reliability [104,
105]. However, the increased cost of permanent magnets (PM) and converter losses
limits its application for high-power installations.

A more recent development in PMSMs is the axial flux PMSM (AF-PMSM), which
has a magnetic flux direction parallel to the axis of rotation, in contrast to their
radial counterparts. These disc-type machines have a high diameter-to-length ratio,
can accommodate high pole numbers, and are suitable for high-torque low-speed
applications [106–108]. They have a higher power density and use less core
iron, leading to a lower weight [107, 109, 110], which in turn results in a higher
torque-to-weight ratio. The possible topologies are single-stator single-rotor (SSSR),
double-stator single-rotor (DSSR), or single-stator double-rotor (SSDR). Furthermore,
different concepts can be differentiated on the use of surface mounted or interior
PMs, slotted or slotless armature, presence or absence of stator core, concentrated
or distributed windings, etc. [111].

Single-stator single-rotor topologies [112] are simple in design and compact.
However, there is a strong imbalanced axial force between the stator and rotor.
Therefore, the rotor disc width needs to be increased to avoid twisting [107].
Double-stator single-rotor topologies [113] are a valuable alternative to SSDR
topologies. Double-stator single-rotor uses fewer PMs, but experiences more copper
losses due to poor winding utilisation [107]. A DSSR machine with integrated
permanent magnets has a high power-to-inertia ratio, since the rotor disc serves
no magnetic purpose and is eliminated [111]. The reduced inertia is a significant
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benefit in a grid-supporting low-head PHS system. In a slotted stator AF-PMSM,
cogging torque results from the interaction between the PMs and the stator slots.
This undesired torque can be significantly reduced by changing the angle between
both stators [114]. However, this also reduces power output. Finally, SSDR is
deemed the most favourable AF-PMSM topology. Next to decreased copper losses,
the use of a stator yoke and the corresponding iron losses can be averted. This
can be achieved by using a north-south PM arrangement of the rotors. Then, the
flux path is completely axial, obviating the magnetic function of the yoke. The
single-stator double-rotor topology has already been adopted in wind and tidal
turbine applications [115, 116]. An SSDR with coreless stator maximises efficiency,
while averting cogging torque and torque ripple [117–119]. Since the flux path
is axial, grain-oriented material - which has greater magnetic permeability in one
direction - can be used in the stator slots. This results in significantly lower iron
losses compared to non-oriented material [120], while reducing PM use compared
to coreless alternatives [111].

Especially in high-voltage electric machines, the vast majority of occuring faults
are stator faults, followed by rotor and bearing faults [121]. Therefore, AF-PMSMs
with concentrated windings can offer a significant advantage by adopting a Modular
Machine Drive (MMD) design. If a fault arises in one of the stator windings, the
MMD can compensate this with the other modules and remain functional albeit
the maximum power is reduced [122, 123]. This fault-tolerant design improves
the reliability of the electric machine, which is a considerable advantage for a
low-head PHS system providing grid support. The reliability can be further increased
by means of condition monitoring techniques and fault or anomaly detection
methods [124, 125]. Thanks to the drastic increase in computational power in
the past years (both local and in the cloud), these techniques have become more
data-driven, relying on, e.g., machine learning [126, 127], including artificial neural
networks [128], support vector machines [129], and deep learning [130, 131]. The use
of digital twins for predictive maintenance of mechanical components [132] or the
full drivetrain [133] shows promising results and offer a perspective for the future
of condition monitoring [134]. These techniques can be applied on the electric
machine, and in extension on the whole drivetrain. Current, voltage, magnetic flux,
speed, temperature, and vibration signals can be captured on the electric machine
and serve as inputs for the condition monitoring system.

It can be concluded that the PMSM is currently the most sensible electric machine
technology for modern low-head PHS due to its high efficiency and direct-drive
capability, although the use of rare earth materials is a drawback. The principles of
axial flux design, modularity for fault tolerance and data-driven condition monitoring
are likely to play a role in the further improvement of the PMSM.

2.2.2. TORQUE AND SPEED CONTROL

In variable speed PHS, the machine speed is altered to reach a power setpoint
as fast and precise as possible, both in pump and turbine mode. Therefore, the
machine torque must be precisely controlled. Field oriented control (FOC) is a
vector control method that has been widely used in low-head micro-hydropower
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installations [94–100]. The main advantage is an independent control of the machine
torque, and thus, highly dynamic performance. This is benefitial to PHS to increase
its capability to provide frequency regulation services. The general principle of FOC
is to regulate the id and iq currents in the rotating reference frame. The electrical
dynamics of a PMSM can be modelled by Eq. (2.3) and Eq. (2.4) with the d- and
q-axis voltages vd and vq. ΩeΨPM is the back-EMF of the permanent magnets. R is
the stator resistance. Lq and Ld are the q and d axis inductances, respectively. Ωe Li
is the armature reaction EMF, through which the q and d schemes are coupled.

vd = R id +Ld
did

dt
−ΩeLqiq (2.3)

vq = R iq +Lq
diq

dt
+Ωe(Ldid +ΨPM ) (2.4)

By regulating the d- and q-axis currents, the torque T can be regulated as shown in
the general torque Eq. (2.5) of the PMSM.

T = p
3

2

[
ΨPM iq + (Ld −Lq)idiq

]
(2.5)

Here, p is the pole pair number and ΨPM is the constant flux of the permanent
magnets. Figure 2.3 shows the control scheme of a field oriented controlled PMSM.
On the bottom right, the stator currents are measured and transformed to the
rotating q ,d reference frame. These signals are compared with the setpoints on the
left and controlled by two proportional-integral (PI) controllers. These controllers
determine the duty ratios resulting in the Pulse-Width Modulated (PWM) signals for
the converter. In FOC, îd is set to zero. The circumflex ’^’ indicates a setpoint for
a certain variable. Eq. (2.5) shows that the machine torque is directly proportional
to iq, resulting in a highly dynamic control. To achieve decoupled control of both
currents, the coupling terms in Eq. (2.5) are used as a feedforward. Furthermore, a
back-EMF estimator can be implemented in the q current control.

Alhough FOC is highly dynamic and easy to implement, setting id = 0 is not
the most efficient way to reach a desired torque setpoint for a PMSM with
saliency, like an interior magnet PMSM. Therefore, maximum torque per ampere
(MTPA) control can reduce copper losses and increase overall efficiency in low-head
hydropower applications. The MTPA accomplishes this by minimising the stator

current is =
√

i 2
q + i 2

d for every torque setpoint [135]. Applications with interior

magnet PMSMs in wind turbines found a reduction in Joule losses (heat losses due
to the resistance of the stator windings) of up to 4.2%, while maintaining a dynamic
response to changing torque setpoints [135, 136].

The position sensor plays a critical role in FOC. However, a position sensor is
costly and its signal can contain noise. Therefore, saliency-based sensorless rotor
position estimators [99, 100, 137, 138] are proposed for low-power systems, since
they can increase reliability and reduce cost [100]. For low rotational speed runners,
as in low-head PHS, the saliency-based approach is the most suitable [100]. Here, a
high pulse frequency is injected, while the current response, which depends on the
rotor magnetic flux position, is observed.
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Figure 2.3.: Decoupled field oriented control of a PMSM with estimated back-EMF
feedforward.

Active distribution rejection control (ADRC) is used in torque and speed control to
account for known and unknown electrical, hydraulical, or mechanical disturbances
in the system, increasing performance and robustness. Guo et al. [95] applies a first
order ADRC for a PMSM in a hydropower application, where the known disturbances
are mechanical friction and hydraulic torque. A second order state observer is used
to estimate the rotational speed and hydraulic torque. ADCR is especially useful in
low-head high-power PHS, since any change in the system tubes has a significant
influence on the head losses, because of the high flow rate at low head.

Direct torque control (DTC) is an alternative control method to FOC. In DTC, the
electromagnetic torque and stator flux (Φ) are controlled by switching between a
discrete number of stator voltage vectors, which in turn form the stator flux vector
interacting with the rotor flux. Based on the torque and flux linkage reference
and the current flux vector position, a lookup table is consulted to select the
optimal voltage vector. If e.g. the torque must be increased, a voltage vector is
selected so that the angle between stator and rotor flux is increased. Figure 2.4
visualises the control schematic. To find the torque and stator flux, an estimator
based on phase voltages and currents is used (bottom). These estimated values are
compared to torque and flux setpoints. Hysteresis controllers then determine the
proper voltage vector from a lookup table, resulting in the switching signals. Direct
torque control has a slightly better torque response compared to FOC and does not
require a position sensor [139, 140]. However, DTC relies on an accurate estimator.
Especially at low speeds, an estimator based on phase voltages and currents cannot
accurately estimate the stator flux [141], which makes it less suitable for low-head
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PHS. Although some improved estimator algorithms have been studied [141], this
drawback is best averted by using a position sensor in the estimator. Disadvantages
of DTC include variable switching frequency, high harmonic current distortion, and
torque ripple [139, 140, 142]. To achieve a smoother dynamic response and thus less
torque and flux ripple, space vector modulation (SVM) is used instead of the lookup
table [139, 140, 143].

Figure 2.4.: Control schematic of DTC.

2.2.3. POWER CONTROL

In the power control of low-head PHS, the goal is to reach a power setpoint as
fast and efficiently as possible. Three main control parameters are determined: the
pump/turbine rotational speed Ω; the inlet vane angle α; and the blade pitch β. An
RPT with only Ω as control parameter is defined as a non-regulated RPT. A single-
and double-regulated RPT further include, respectively inlet vane control, and inlet
vane and blade pitch contol. In low-head PHS, a regulated RPT is recommended,
because it allows the RPT to be operated at high efficiency in a large operating range
of heads, flow rate, and power setpoint.

MAXIMUM POWER POINT TRACKING ALGORITHMS

Maximum power point tracking (MPPT)-based algorithms are used to find the
optimal speed setpoint for a certain power setpoint in turbine mode. In a low-head
turbine, this power setpoint is the maximum available power, hence the name
MPPT. In grid-supporting PHS, this may not be the case, as the power setpoints
depend on grid frequency. Therefore, adjustments need to be made to the existing
algorithms. The MPPT algorithms can be divided into direct and indirect methods.
Direct MPPT algorithms are based on iterative extremum-seeking control algorithms.
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These algorithms require limited knowledge of the system, but are inherently slow
due to their iterative behaviour, making them less suitable for grid-supporting PHS.
However, they can still be used in storage systems with lower dynamic requirements
because of their simplicity. Indirect methods are based on a model of the system,
making them more dynamic but less flexible. Most of the existing MPPT control
methods rely on flow rate measurements. However, a flow rate sensor is costly
and has a certain error. In low-head RPTs, the accuracy can further decrease
due to a non-uniform flow, a short intake, and high turbulence [144]. To evade
these drawbacks, Borkowski and Dariusz [101] presented a flow rate estimator.
The estimator is based on an artificial neural network (ANN), which is trained by
experimental data.

Among direct MPPT control methods, the perturb and observe algorithm has been
investigated for non-regulated low-head turbines. The principle operation consists
of altering or perturbing the rotational speed Ω, i.e. accelerating or decelerating,
and analysing the change in output power P , measured at the electric machine
or converter. If the power has increased, the sign of dΩ is maintained and the
procedure continues. Otherwise, dΩ is reversed [94]. Eq. (2.6) shows how the speed
setpoint Ω̂ is altered after each iteration. Note that δ(t ) implies the sign of dΩ.

Ω̂ =
∫ tk−1+Ts

tk−1

Kδ(t ) dt (2.6)

δ(t ) = sgn(Pk −Pk−1) sgn(Ωk −Ωk−1) (2.7)

Inherent to this method is that the system will still perturb Ω when the MPP is
reached, resulting in an oscillation around the MPP. Step size K is an adaptive value
that increases when the power is continuously rising and decreases when the power
is fluctuating [94]. However, the dynamic behaviour of this method is not optimal. If
K is too low after oscillations and the MPP shifts, the dynamic response is poor. To
allow both dynamic response and minimal power fluctuation around the MPP, K can
be taken proportional to the power gradient ∆P

∆Ω [145]. Due to the parabolic nature
of the turbine characteristics, K is high when far away from the MPP and gradually
decreases when the MPP is neared. Note that using this gradient-based step size
cannot be used to reach a lower power setpoint P̂ . However, the step size here can
be proportional to |P̂ −P |. In wind turbine applications, fuzzy logic is recently used
to find the value of K , where the perturbed variable is the generator voltage, which
is proportional to the generator speed [146–148].

Gradient descent control is a direct maximum efficiency point tracking (MEPT)
algorithm that allows multiple control variables, opposed to the perturb and observe
algorithm. However, to derive the efficiency, an accurate flow sensor is necessary,
which was discussed to be a challenge in low-head PHS systems [144]. On every
operating point, the control variables are incremented with the direction of their
partial derivatives of efficiency at the current operating point, multiplied by a step
size k [149]. In Eq. (2.8), α is the vane opening and β is the blade pitch.

∆α= k
Çη

Çα
∆β= k

Çη

Çβ
∆Ω= k

Çη

ÇΩ
(2.8)
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If the time constants of the control parameters are known, k can be chosen
differently for each control parameter. Furthermore, k can be adaptive and
defined by a line search algorithm at every iteration [150]. Although this control
algorithm shows great potential, any disturbances on the gradient estimation due
to measurement error or mutual influence between control parameters has a great
impact on the convergence [149]. Therefore, a moving average filter and a Kalman
filter can, respectively, be used to increase robustness [101, 151]. Furthermore,
Borkowski [101] accounts for the time delay of flow rate settlement after a change in
turbine control parameter further reduce risk of a non-converging control.

Indirect MPPT algorithms rely on prior knowledge of the system in order to
determine the optimal torque or speed reference to achieve a power setpoint.
Recently, this system knowledge is mostly captured in the form of empirical
equations, hill charts, or lookup tables, which are derived from measurements or
numerical analysis like computational fluid dynamics. Márquez et al. [96] derived
an empirical formula for a propeller turbine, which is a modified Kaplan turbine,
designed for low-heads and low flow rates. Eq. (2.9) relates the non-regulated turbine
efficiency to flow rate and turbine speed.

ηh(Ω,Q) = 3.33 Q

[
1

2

(
90

λi
+Q +0.78

)
e

−50
λi

]
(2.9)

λi =
[

1

(λ+0.089)
−0.0035

]−1

, λ= R AΩ

Q

Although this model can be used in low-head control models, it is important to
note that flow rate Q is a function of head and rotational speed Q = f (H ,Ω) for a
non-regulated RPT. Therefore, changing Ω will affect flow rate Q as well. Zhang et
al. [152] proposes a polynomial empirical equation for the efficiency of a turbine
ηh(Ω,Q), where the coefficients can be derived from experimental data. Borkowski
and Dariusz [153] used an ANN to compose and validate an efficiency equation
ηh(Ω,Q) together with a flow rate characteristic Q(Ω,α) for a regulated turbine. The
control system based on these characteristics requires no flow rate sensing. However,
the Q characterisation is for a constant head and the flow rate is approximated by
a linear function of speed. This limits its application under varying head at low
rotational speeds.

Similarly, ANN has also been used to form lookup tables [154]. Lookup tables
can be constructed over a large operating range during on-site measurements or by
using an existing dataset. Pérez-Diaz and Fraile-Ardanuy [154] use two ANNs to train
the head and efficiency for input parameters Q, Ω, and α. A possible application
of the resulting lookup tables is to find reference Ω̂ and α̂ to reach the optimal
efficiency for a given head. In this control system, no flow sensor is necessary, thus
reducing cost and increasing reliability, especially for low-head systems.

Hill charts define the relation between flow rate Q, rotational speed Ω, inlet vane
angle α, and efficiency η for a constant head H . Therefore, if Ω and α are known,
Q and η can be read from the graph. Furthermore, α and η are plotted versus the
so-called unit quantities1 such as the unitary rotational speed Ω11 and unitary flow

1Unit quantities refer to the characteristics of a turbine with a runner diameter of 1 m, operating at
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rate Q11 in Eq. (2.10), making hill charts scalable for different heads. However, in a
real system, the losses HL(Q) have to be taken into account, making it difficult to
estimate the net head across the turbine without a flow rate measurement. Especially
in a low-head high-power system, where the flow rate is high, these losses have a
significant influence on the efficiency.

Ω11 = ΩDp
H

, Q11 = Q

D2
p

H
(2.10)

Q11 and Ω11 can also be compensated when the Reynolds number of the real
system differs from the design [155]. Fraile-Ardanuy et al. [156] applied a hill chart
to a control system in order to find the optimal efficiency speed for given α and
measured Q. For a reduced-scale RPT [157], a lookup table is trained based on
measurements. The lookup table is used to find Ω̂ for given measured H and
P̂ . However, the speed is controlled by α, while it was shown in the paper that
Q11 = f (α,Ω). However, the proposed control system is promising for low-head
hydropower if both Ω and α are controlled separately. Then, the RPT could be
controlled to reach P̂ at the highest efficiency for a certain measured H .

One drawback of using turbine characteristics is that the electrical machine and
converter losses are not included. Therefore, the overall MPP may differ from the
turbine MPP [98]. De Kooning et al. [158] found that the MPP displacement in wind
turbines was greater for low wind and thus lower rotational speeds. In direct MPPT
methods, these losses are included if the power is measured on the converter side.
Another drawback of indirect MPPT methods is that they do not account for system
performance deterioration over a long time period. However, reinforcement learning,
as proposed for wind turbines [159, 160], can solve this problem at the cost of a
higher real computational intensity.

MODEL PREDICTIVE CONTROL

An important factor in RPT operation and control that is often overlooked in
traditional MPPT strategies is the transient effect of the water supply system caused
by a control action. Fang et al. [161] stated that increasing the control action
magnitude actually decreased the output power, while the settling and maximum
turbine pressure deviation increased. Therefore, it can be seen how using an MPPT
control that does not account for these effects can have poor dynamic behaviour
when applied to a real system. In some studies on MPPT control, the water inertia
time Tw is incorporated as a time delay on the control action [101] or as an
extra mechanical inertia on the RPT [162]. However, this does not fully capture
the transient effects. Therefore, model predictive control (MPC) is applied to PHS
systems [163–165]. In MPC, a detailed model of the full PHS system, including
hydraulic transients, losses, and an RPT model, are used. Based on a certain
operating state setpoint, an internal optimisation algorithm simulates control actions
and observes the predicted outcomes of the model. The outcomes are then given a

1 m net head. They are commonly associated with units of speed and velocity, however their actual
dimensions are quite different and have no physical meaning.
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cost value based on the power response. These predictions are made for multiple
future time samples. Each time sample, this process is repeated. Therefore, MPC is
an accurate control method that can work on complex systems, at the cost of a
significantly high computational intensity. Furthermore, MPC can also incorporate
system constraints, such as maximum pressure deviation and mechanical rate limits.
Chaoshun et al. [163] proposed using a nonlinear MPC, which includes the elastic
water hammer effect in a high-head PHS plant. Liang et al. [164] used MPC to
define the optimal switching time between pump and turbine mode for a multi-RPT
PHS plant. However, these studies did not include pressure constraints, which are
especially important in systems with long pipelines. The MPC for a 40 meter PHS
plant by Mennemann et al. [165] included this effect. MPC is currently mostly
investigated for high-head PHS. However, the benefits of adapting MPC for low-head
PHS could be substantial, because of the potentially increased influence of transient
effects, as described in section 1.1.3. For a dynamic system providing frequency
support, the MPC’s computational intensity increases even further, which might
slow down the optimisation algorithm. However, with the recent advancements
made in parallel computing with, e.g., multi-core processors (CPUs) and many-core
processors such as graphical processing units (GPUs), the MPC process can be
accelerated [166], making it suitable for complex dynamic systems like low-head
PHS.

2.3. GRID INTEGRATION

A reliable electrical power grid is a balanced system. As generation and demand
fluctuate perpetually, transmission system operators (TSO) and distribution

system operators (DSO) have to keep the system balance everywhere in the electrical
grid. This balance ensures that the grid operates at its nominal frequency (50 or
60 Hz) and that voltage and power load remain within a certain limit at all times.
However, the higher the penetration of intermittent renewable energy sources, the
more insecure this balance. Thus, the increasing penetration of IRES is a challenge
that TSO and DSO have to handle [167, 168].

As discussed in section 1.1.1, power systems currently rely on conventional thermal
power plants and the rotational inertia of their synchronous generators to stabilise
the grid. IRES, however, typically are connected to the grid via converters and
therfore do not provide that inherent grid inertia. As of today, the grid-connected
converters for IRES follow the grid frequency by using a phase locked loop (PLL).
This tracks the grid frequency in order to keep the IRES converters synchronised to
the grid. The PLL control concept is known as grid-following control [4, 169].

To tackle the challenge of increasing IRES and decreasing natural system inertia
without affecting the system stability, two approaches are feasible. The first is to
maintain a minimum number of rotating machines. Among other purposes, the
contribution of short-circuit power and voltage support can provide the necessary
inertia to the transmission system in a case of disturbances in the grid [170, 171].
The second solution is through IRES itself. This is possible by using the capabilities
of the power electronics, or energy storage systems (ESS), to provide and ensure a
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stable grid frequency without any synchronous rotating machines. For this purpose, a
grid-forming control mode is currently being developed and tested in many research
projects. Here, the controlled converter acts as an AC voltage source with stated
voltage, phase, and frequency. By controlling the voltage magnitude and frequency,
the converter behaves very similar to a synchronous generator. The fundamental
difference between grid-following and grid-forming is the way of synchronisation. By
applying the swing Eq. (2.11) and Eq. (2.12) [172], the grid-forming control strategy
calculates the voltage angle and amplitude deviation, using current power transfer.
It is thus self-synchronising. Therefore, a converter using grid-forming control
coupled with an ESS is currently being discussed as a viable alternative to imitate
the synchronous generator‘s behaviour regarding frequency control, especially its
ability to provide synthetic electrical inertia [4, 169, 173]. In power plants with
rotating mass and consequent inertia that are decoupled from the grid frequency,
an additional control loop is required that gives a power reference proportional to
the derivative of grid frequency. To provide the additional power requested by the
synthetic inertia, the plant may still rely on the physical inertia present but due to
its decoupled nature depends on said synthetic inertia control.

Pm −Pe = Jω0
dω

dt
(2.11)

ω= dϑ

dt
(2.12)

Here, Pm is the mechanical power, Pe is the electrical power, ω0 is the nominal
angular frequency, ω is the output angular frequency, ϑ is the rotation angle, and J
is the total moment of inertia of the rotor mass.

Figure 2.5 shows a simplified block diagram for a synthetic electrical inertia control
system. As illustrated, ESS are needed along the grid-forming control to provide
the necessary synthetic electrical inertia. This shows that ESS are an important
factor in the energy transition and will play a key role in the future. Energy storage
systems will provide inertia for local grid stability as well as other necessary AS, such
as steady state voltage control, fast reactive current injections, short-circuit current,
black start capability, and island operation capability [174].

Figure 2.5.: Simplified block diagram for synthetic electrical inertia control [175,
176]. Here, ∆f is the deviation of system frequency, ROCOF is the rate
of change of frequency, J is the virtual inertia control constant, ∆Pimitate

is the active power of the converter, and ∆Pinertia is the emulated virtual
inertia power that could be imitated into the system.
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SUMMARY

This review of technologies applicable to low-head pumped hydro storage, highlights
both the opportunities and challenges inherent in developing viable solutions for
pumped hydro storage at low-head sites. While conventional high-head PHS has long
been a proven technology, adapting pumped storage to low-head conditions requires
a reevaluation of pump-turbine design, electrical machines, control strategies, and
grid integration. The literature underscores the growing interest in alternative
pump-turbine configurations such as counter-rotating reversible pump-turbines,
which offer advantages regarding operational flexibility and efficiency. Additionally,
the integration of suitable power electronics, variable-speed operation, advanced
control algorithms and grid-support services are crucial in improving the capabilities
of low-head PHS to facilitate an increased renewables penetration in our grids.
Despite these advancements, a significant gap remains in the modelling and
simulation of such systems, particularly in capturing the interactions between
hydraulic, mechanical, electrical, and control components.
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NUMERICAL MODEL: COUPLING

THE HYDRAULIC, MECHANICAL,
ELECTRICAL AND CONTROL

COMPONENTS

To understand the steady-state performance and transient behaviour of novel
pumped storage technology, both numerical and experimental methods can be
employed [177]. Computational Fluid Dynamics simulations and small-scale
experimental testing can give insightful results, but also have limitations. High-
fidelity CFD models are a key tool when developing new hydro-machinery. They are
capable of delivering accurate results on turbomachinery performance and predict
complex flow patterns both in steady-state conditions and for transient simulations
in time-domain[178]. Their major disadvantage is the computational expense, which
can limit the size of the computational domain and transient effects that are
included. Inherently, this leads to limitations in the amount of different operating
conditions and cases that can be evaluated [179, 180]. Additionally, CFD simulations
focus on the flow behaviour and typically do not include other relevant system
dynamics resulting from the interaction or coupling with the drivetrain, electric
machines or control subsystems. Experimental setups can provide reliable results for
both steady-state and dynamic investigations but are costly, complex for the reduced

Parts of this chapter have been published in J.P.Hoffstaedt et al. Low-head pumped hydro storage:
An evaluation of Energy Balancing and Frequency Support. IET Renewable Power Generation. 2024.
& J.P.Hoffstaedt et al. System model development and numerical simulation of low-head pumped
hydro storage. Trends in Renewable Energies Offshore. 2022. & are currently under review as
J.P.Hoffstaedt et al. Analysis of a Contra-Rotating Pump-Turbine for Low-Head Applications: An
Experimental Study and Numerical Comparison. Energy Conversion and Management.
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scale fabrication of pump-turbine sets and time-consuming. Furthermore, they
present challenges regarding the accuracy of measurements and scaling issues among
others. Using low and medium fidelity numerical approaches have the advantage
of a drastic reduction in the computational resources required. Additionally, these
versatile approaches allow for the integration of other system dynamics and control
algorithms, enabling the simulation of a wide variety of scenarios. The trade-off of
this efficiency and versatility is a decrease in accuracy compared to higher fidelity
models. Nonetheless, if an appropriate modelling approach is chosen to consider
all relevant effects to the desired simulation cases, adequate accuracy can be
reached. Once validated, such a model can be applied to simulate the steady-state
performance and transient behaviour of a full-scale storage plant. In this chapter,
a time-domain numerical modelling approach is developed and presented. The
system model includes the most relevant dynamics of the novel low-head pumped
storage system introduced in section 1.1.4. By integrating the RPT with the conduit,
reservoir, valve, drivetrain, and control subsystems, the model aims to provide a
comprehensive analysis of the system behaviour. The objective is to create a versatile
and efficient numerical tool capable of evaluating the system’s performance in energy
balancing, its transient response during dynamic operations, such as frequency
regulation services, and the interaction between the individual system components.

3.1. OVERVIEW AND MODELLING APPROACH

A schematic overview of the main model components and their coupling is shown in
Figure 3.1, representing the physical system components as illustrated in Figure 1.3.
At the core of the coupled system model, is the steady-state characterisation of
the newly designed RPT consisting of two individual runners. This RPT model is
coupled to hydraulic conduits on either side of it as well as to the two individual
drivetrains. The flow dynamics are included through a discrete conduit model,
assessing the temporal and spatial changes of flow rates and pressure heads. The
hydraulic conduit is divided into two sections: the high-pressure section on one side
of the RPT and the low-pressure section on the other. The high-pressure conduit
takes the static head of the upper reservoir, denoted as Hur, and the high-pressure
RPT head Hrptl as inputs. This produces the flow rate to the upper reservoir Qur and
the RPT flow rate Qrpt. Notably, the RPT’s flow rate remains constant and is used
as an input for the low-pressure conduit. Contrary to the high-pressure conduit, it
uses one flow rate and one pressure head, the one of the lower reservoir Hlr, as
inputs. The outputs are the flow rate into the lower reservoir Qlr and the head of
the valve Hv. Depending on the flow rate and valve opening angle, driven by the
opening angle command γcom, the valve provides the low-pressure RPT head Hrptr

to the RPT characterisation. The tip speed ratios of both runners are calculated from
the flow rate and both rotational speeds, which are obtained from the individual
drivetrain models. With the tip speed ratios, the head coefficients, efficiencies and
hydraulic torques of both runners are obtained. Finally, the hydraulic torques of
both runners and the machine torques τm1,2 set by the control algorithm are given
to the drivetrain models.
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Figure 3.1.: Schematic overview of the system model showing the numerical
interactions and coupling between components. In blue are model
components with dynamic effects, in dark green steady-state components,
and in light green the inputs/outputs.

The resulting set of coupled algebraic and ordinary differential equations (ODE)
that represent the behaviour of the main components, are implemented and solved
numerically in the time-domain using a standard ODE solver, following the so-called
Method of Lines [181]. Following, the numerical approach for each component is
given.

3.2. CHARACTERISATION OF THE REVERSIBLE

PUMP-TURBINE
To model the hydraulic behaviour of the newly developed contra-rotating RPT, it is
first characterised across its operating range. The two contra-rotating runners of the
RPT are shown in Figure 3.2. Runner 1, shown in red, is the downstream runner in
turbine mode. Conversely, runner 2, indicated in blue, is the downstream runner in
pump mode. In both turbine and pump modes, runner 1 rotates clockwise, while
runner 2 rotates counter-clockwise relative to their respective flow directions.

The characterisation is based on 180 steady-state CFD simulation results as per
Fahlbeck et al. [52], covering the operating range in both pump and turbine modes.
The simulation’s computational domain included one blade passage per runner
with an infinitely long hub. Since the system can vary the rotational speeds of
both runners, resulting in adjustable speed ratios between them, the runners were
characterised individually using their tip speed ratios. The tip speed ratios are
defined in Eq. 3.1 as the ratio between the tangential speeds of the tips of the
runners, calculated from the corresponding rotational speeds ω1,2 and runner radius
R, and the average axial flow velocity u.
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Figure 3.2.: Low-Head RPT consisting of two contra-rotating runners with a full-scale
diameter of 6 m, a design power rating of 10 MW and design flow rate
of 130 m3/s. Runner 1 is shown in red and runner 2 in blue. The flow
direction is indicated for both turbine and pump operation.

λ1,2 =
ω1,2R

u
(3.1)

The tip speed ratio can also be interpreted as the inverse of the dimensionless
flow coefficient which is commonly used in turbo-machinery literature. Using a
non-linear polynomial regression, the CFD results are translated into dimensionless
head coefficients Ch1,2 and efficiencies η1,2 as a function of both runners’ tip speed
ratios λ1,2, covering most of the operating range of the RPT in pump and turbine
modes. The head coefficients are defined as the pressure difference across each
runner, with the runner heads Hr1,2, the fluid density ρ and the gravitational
acceleration g, divided by the dynamic pressure, given in Eq. 3.2.

Ch1,2 =
ρg Hr1,2(λ1,λ2)

1
2ρu2

(3.2)

The hydraulic efficiencies of the runners are defined for turbine mode in Eq. 3.3,
as the mechanical power of the runners given by the rotational speeds and hydraulic
torques τh1,2 divided by the available hydraulic power to each runner with the
runner heads, the volumetric flow rate Q, the fluid density and the gravitational
acceleration.

η1,2 =
ω1,2τh1,2(λ1,λ2)

ρgQHr1,2(λ1,λ2)
(3.3)
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For pump mode, the hydraulic efficiency is defined as the inverse of Eq. 3.3. The
average axial flow velocity is calculated using the volumetric flow rate and the entire
cross-sectional area of the conduit at the runners location. By rearranging Eq. 3.3,
the hydraulic torques of each runner can be obtained from the runner mechanical
power divided by their rotational speed.

Finally, a polynomial regression is performed on the calculated dimensionless
coefficients to create 3-D performance maps that are used in the coupling with
the other components of the integrated model. The process of obtaining the RPT
characterisation in the form of the 3-D maps from the CFD simulations is illustrated
in figure 3.3.

Figure 3.3.: Illustration showing the conversion of the steady-state CFD simulations
to the RPT characterisation based on dimensionless coefficients.

The characterisation results in turbine mode for runner 1 and 2 are given in
Figure 3.4. Figure 3.4a and Figure 3.4c show the head coefficients of runner 1 and 2
respectively as a function of the tip speed ratio of runner 1. The different curves
in the graph represent different proportions between the runners’ tip speed ratios.
Figure 3.4b and Figure 3.4d show the corresponding efficiencies of the runners.
As evident from all graphs, the speed ratios between the two runners affect the
performance of each one individually. Runner 1 sees a fairly consistent increase
in head coefficient as the tip speed ratios decrease. However, its efficiency clearly
shows a range of maximum performance that is shifting slightly as the ratio between
the runners is adjusted. This highlights the benefit of the individual variable speed
control of each runner resulting in a wider operating range at high efficiencies. In
the range of tip speed ratios between 2.5 and 3.25, efficiencies above 0.9 and a
maximum value around 0.95 are achieved. Runner 2 has a much wider operating
range with more constant head coefficients and high efficiencies with an overall
maximum of around 0.97 and a maximum of 0.9 within the operating range that is
ideal for runner 1. It is important to note that in turbine mode, runner 2 serves as
the upstream runner, benefiting from less disturbed inflow. As a result, it operates
more efficiently across a broader range of tip-speed ratios. In contrast, runner 1
is subjected to more disturbed flow conditions, particularly outside of the design
operating range. This may include flow separation caused by the wake effects from
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runner 2 at lower tip-speed ratios.

(a) (b)

(c) (d)

Figure 3.4.: Characterisation of runners 1 and 2 in turbine mode as a function of the
tip speed ratio of runner 1 for different operational speed ratios between
the runners. a) Head coefficient runner 1. b) Efficiency runner 1. c)
Head coefficient runner 2. d) Efficiency runner 2.

The corresponding characterisation curves in pump mode are shown Figure 3.5.
The range of tip speed ratios in which the RPT operates in pump mode differs
from turbine mode. Both runners show fairly linearly increasing head coefficients
with increasing tip speed ratios. However, the dependency of runner 2, the
downstream runner in pump mode, on the ratio between the rotational speeds, is
more significant. Above tip speed ratios of around 5, less stable trends for the head
coefficients and a performance dropoff can be observed. Both runners show high
efficiencies of around 0.9, with runner 1 peaking at 0.92. The downstream runner 2
also shows a steep dropoff in efficiency below tip speed ratios of 3–3.5 depending
on the ratio between the rotational speeds of the runners.
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(a) (b)

(c) (d)

Figure 3.5.: Characterisation of runners 1 and 2 in pump mode as a function of the
tip speed ratio of runner 1 for different operational speed ratios between
the runners. a) Head coefficient runner 1. b) Efficiency runner 1. c)
Head coefficient runner 2. d) Efficiency runner 2.

3.3. HYDRAULIC MODEL

3.3.1. 1-D COMPRESSIBLE FLOW MODELLING IN PUMPED HYDRO

STORAGE CONDUITS

Different approaches are used to model the flow behaviour inside the conduits of
PHS plants depending on the required accuracy and computational performance.
Approaches that neglect the compressibility of water are computationally efficient,
however, if transients are to be investigated, compressibility effects have to be
considered [182]. Additionally, a choice can be made between only considering the
axial flow direction or employing a two or three-dimensional approach. It needs to
be considered though, that the computation gets exponentially more complex with
added dimensions. For this model, a one-dimensional compressible flow approach
is therefore chosen. Due to the enlarged mass flow rates of water in low-head
applications and desired fast changes of operating points, compressibility effects are
covered though. To obtain the pressure and fluid axial velocity along the conduit,
the coupled coupled partial differential equations shown in Eq. 3.4 and Eq. 3.5 are
chosen [183–185]. These are based on the fundamental equations of conservation of
mass and momentum and are commonly known as water hammer equations.
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ÇH

Çt
=−U

ÇH

Çx
− a2

g

ÇU

Çx
(3.4)

ÇU

Çt
=−U

ÇU

Çx
− g

ÇH

Çx
−S (3.5)

Here H is the pressure head, U the fluid velocity, a the effective pressure wave
velocity in the fluid, g the gravitational acceleration, D the conduit’s inner diameter
and S represents a term to account for friction losses. If the pressure wave velocity
in the pipe is much greater than the fluid velocity and the conduit is cylindrical,
the convective terms given by −U ÇH

Çx and −U ÇU
Çx can be neglected [186]. The speed

of pressure waves within the conduit depends on the stiffness of the pipe and the
compressibility of the liquid [187]. In a stiff conduit of a hydroelectric power plant
with potentially some gas bubbles forming due to cavitation caused by pressure
transients, the pressure wave velocity is typically be between 700 and 1200 m/s [188].
For all applications of the model considered in this work, the fluid velocity will not
exceed 8 m/s.

While only considering steady friction is sufficient to estimate the initial magnitude
of a pressure transient in the system, an additional unsteady friction term will
improve the simulated dissipation of such a pressure wave over time [189]. The
equations resulting from these changes and adapted to represent flow rates rather
than fluid velocities are shown in Eq. 3.6 and Eq. 3.7.

ÇH

Çt
=− a2

g A

ÇQ

Çx
(3.6)

ÇQ

Çt
=−g A

ÇH

Çx
−Ss −Su (3.7)

The additional Q, A, Ss and Su are volumetric flow rate, cross-sectional area of the
conduit, and the representative terms for steady and unsteady friction losses. The
steady friction losses can be approximated using the Darcy-Weisbach formulations
using the friction factor f as shown in Eq. 3.8 [190]. For the unsteady friction losses,
a one-coefficient model, k, of an instantaneous acceleration-based method is used
as shown in Eq. 3.9 [189]. The fluid accelerations that induce these losses, are
calculated from the averaged cross-sectional values. With values between 0.015 and
0.06 m/s2 the coefficient k has been shown to closely match experimental results
[189].

Ss = f Q|Q|
2D A

(3.8)

Su = k

g

[
ÇQ

Çt
+Sign(Q)a

∣∣∣∣ÇQ

Çx

∣∣∣∣] (3.9)

NUMERICAL SOLUTION METHOD

To solve the fluid equations, the partial differential equations are discretised in
space and converted to ODEs using a central schemed finite difference method. The
pressure and flow rates are solved along the spatial dimension and consecutively
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for the temporal steps. The resulting grid of nodes is illustrated in figure 3.6. The
temporal increments are indicated by the subscript i and the spatial by j.

Figure 3.6.: Node grid used for spatial and temporal discretization.

Using the central finite difference method the spatial derivatives
ÇQi , j

Çx and
ÇHi , j

Çx

are replaced by the second-order approximations
Qi , j+1−Qi , j−1

2∆x and
Hi , j+1−Hi , j−1

2∆x with
∆x referring to the spatial distance between nodes. The finite difference method is
chosen due to its simplicity and ease of implementation when applied to sets of
coupled equations with one of the disadvantages being the requirement of a regular
node grid [191].

BOUNDARY CONDITIONS

To solve for the pressure head and flow rate at the boundaries of the chosen
computational domain, the method of characteristics is used resulting in algebraic
equations describing the relationship between pressure head and flow rate. The
basic characteristic equations for upstream and downstream boundaries are given in
Eq. 3.10 and Eq. 3.11 [189].

Qi , j =Qi , j+1 − g A

a
Hi , j+1 − f

2D A
∆tQi , j+1

∣∣Qi , j+1
∣∣+ g A

a
Hi , j (3.10)

Qi , j =Qi , j−1 + g A

a
Hi , j−1 − f

2D A
∆tQi , j−1

∣∣Qi , j−1
∣∣− g A

a
Hi , j (3.11)

If the reservoir is assumed to be large enough that travelling pressure waves
would be entirely absorbed, non-reflecting boundaries can be implemented. To do
so, the terms accounting for the pressure difference between the boundary and the
neighbouring node are removed. In a friction-less system, this leaves the boundary
flow rate to be equal to the flow rate at the neighbouring node.

When using characteristic equations, the spatial and temporal steps have to
be chosen correctly to ensure a stable solution and hence accurately represent a
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pressure wave propagating through the conduit. Neglecting non-linear terms, the
Courant condition shown in Eq. 3.12 can be used to determine the appropriate
spatial distance between nodes for a given time step or vice versa [185]. E.g.
assuming a maximum wave velocity of 1480 m/s combined with a spatial distance
between nodes of 0.148 m would result in 0.1 ms timesteps. To reach a sufficient
level of accuracy a minimum node density is required. In an iterative process the
spatial distance can be reduced until no further improvements are achieved.

∆x ≥ a∆t (3.12)

Lastly, hydraulic losses outside the computational domain, Hl, are included at the
boundaries via minor loss coefficients k according to Eq. 3.13 and Eq. 3.14 with Hr es

as the reservoir pressure head and Hi , j as the pressure head at the boundaries.

Hl =Σk
u2

2g
(3.13)

Hi , j = Hres −Hl (3.14)

3.3.2. RESERVOIR AND VALVE MODEL

When modelling the proposed low-head pumped hydro storage plant, the lower
reservoir will empty and fill and consequently cause slow changes in the water level
based on the conservation of mass. The changing height in the reservoir Hres is
calculated as in Eq. 3.15 by the in- or outgoing flow rate and the reservoir area Ares,
which is assumed uniform along the reservoir’s height.

dHres

dt
= Q

Ares
(3.15)

The valve actuator response is modelled using a first-order linear ordinary
differential equation as given in Eq. (3.16) with γ as the valve opening angle, γcom as
the valve opening angle command and Tv as the valve time constant.

dγ

dt
= 1

Tv
(γcom −γ) (3.16)

The valve is coupled to the conduit model via a minor hydraulic loss coefficient
for the valve, kv , as a function of its opening angle. This function is adapted
depending on the application of the model and the valve used. For modelling the
full-scale plant, a gate valve is assumed with the relationship between opening angle
and loss coefficient shown in Eq. 3.17 and Figure 3.7 as per [192]. Here, the opening
angle ranges from 0 ≤ γ< 1, with zero corresponding to a fully open valve.

kv =
1348

75 γ3 − 41
5 γ

2 + 128
75 γ

(1−γ)
(3.17)

Different valve configurations can also be included in the model, such as the use
of a butterfly valve as an alternative. The relationship between loss coefficient and
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Figure 3.7.: Valve loss coefficient kv as a function of the valve opening angle γ for
the gate valve of the full-scale system.

valve angle is shown in Eq. (3.18) and Figure 3.8. Here, an opening angle of 90◦
corresponds to a fully open valve and 0◦ to a fully closed one.

kV
(
γ
)= exp

(−4.2351ln
(
γ
)+18.1149

)
(3.18)

3.4. DRIVETRAIN MODEL
The proposed system employs a variable speed direct drive without a gear-ratio
between the two runners and their respective axial-flux PMSM. The electric machines
are situated in bulbs directly adjacent to the runners. Neglecting flexibility in
the drivetrain components, the rotational speeds can be assumed constant along
the driveshaft between runners and motor-generators. This allows to model each
drivetrain as an individual rigid body with an equivalent rotational inertia to account
for the different rotating parts leading to Eq. (3.19) and Eq. (3.20) [193].

J1
dω1

dt
+τf1 = τh1(λ1,λ2)−τm1 (3.19)

J2
dω2

dt
+τf2 = τh2(λ1,λ2)−τm2 (3.20)

Here J1,2 denote the rotational mass moments of inertia, ω1,2 as the rotational
speeds, τh1,2 as hydraulic torques, τm1,2 as the electric machine torques and τ f 1,2 as
the friction torques. The conduit model is coupled to both of these drivetrains via
the hydraulic torques which are obtained from the RPT characterisation as described
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Figure 3.8.: Valve loss coefficient kv as a function of the valve opening angle γ for a
butterfly valve.

in section 3.2. The electric machines and control are coupled via the machine
torques.

To facilitate a general description of the drivetrain’s friction, an empirical non-linear
model is considered to give the most convenient representation of the friction
torques τf1,2 as a function of the rotational speeds according to Eq. 3.21 and Eq. 3.22.

τf1 = B1 +C1ω
D1
1 (3.21)

τf2 = B2 +C2ω
D2
2 (3.22)

Here, B1,2 are the static friction coefficients, C1,2 the linear dynamic coefficients
and D1,2 the non-linear dynamic coefficients. For the full-scale system no empirical
data is available. The friction torque model is therefore simplified to only contain
the linear dynamic coefficient determined as a percentage of the nominal torques at
the nominal rotational speeds.

3.5. ELECTRIC MACHINES AND CONTROL

3.5.1. CONTROL OVERVIEW AND TOPOLOGIES

Due to the RPT configuration utilising two individual runners integrated in separate
drivetrains, a total of three control degrees of freedom are available to reach a
desired operating point. These are the two rotational speeds of the runners and the
opening angle of the flow control (inlet) valve. By adjusting these control parameters,
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varying power setpoints can be reached for a given available gross head. To evaluate
if all three control degrees of freedom are required, four control topologies are
assessed. These are shown in Figure 3.9.

Figure 3.9.: Overview of the four different control topologies based on the three
control degrees of freedom - the rotational speeds of both runners and
the opening angle of the valve. [194] ©2024 IEEE

The inlet valve can either be used to adjust the head-flow conditions over the RPT
or kept fully open. Additionally, the ratio between the rotational speeds can either
be chosen to be adjustable or fixed. Out of the four options, only topology 4 offers
the use of all three degrees of freedom. To evaluate if this more complex control
approach is required and to obtain the combination of these parameters, rotational
speed of runners 1 and 2 as well as the valve opening angle, that reach the highest
efficiency for all possible power setpoints at any given head, the steady-state RPT
characterisation is used in combination with approximations of the hydraulic and
drivetrain losses of the system. A detailed description of this assessment is given by
Truijen et al. [194].

Based on these calculations, it is concluded that topology 4 offers an improved
efficiency in parts of the operating range compared to the other control topologies.
The resulting rotational speeds and valve opening angles to reach the operating points
offering the highest efficiency are stored in lookup tables. The highest efficiency for
each possible operating point and their corresponding control parameters are given
in Appendix A.1.

When conducting energy balancing simulations, the choice of power setpoint for
any given head during the storage cycle is based on the setpoint offering the highest
efficiency. In turbine mode, this correlates with the maximum power available.
Conversely, in pump mode, the highest efficiency points lie between the minimum
and maximum power. However, if the efficiency difference between two operating
points is under one percent, roughly the error margin of the RPT characterisation,
the point with the highest power is preferred.
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3.5.2. AXIAL-FLUX PMSMS AND CONTROL ARCHITECTURE

The axial flux PMSMs are modelled in the rotating d q reference frame (Figure 3.10),
where the stator inductances, the armature reaction, the stator losses and the iron
losses (comprising eddy current and hysteresis losses) are included [158]. Figure 3.11
visualises the applied control architecture. Here, the circumflex ’^’ indicates a
setpoint for a certain variable. From the lookup table discussed in section 3.5.1, the
rotational speed setpoints ω̂1,2 and valve angle γ̂ can be found that reach the power
setpoint at the current head with the highest efficiency. For each machine, the speed
setpoint is fed to a cascaded speed controller. Based on the difference between the
speed setpoint ω̂ and the measured speed ω, a first PI-controller defines the torque
setpoint τm. Next, this machine torque is controlled using field oriented control.
Here, the id current is regulated to zero, resulting in a directly proportional relation
between the iq current and the machine torque. Therefore, a torque setpoint τ̂m

from the speed PI-controller directly translates to a current setpoint îq. Based on
the difference between the îd,q current setpoints and the measured current id,q,
PI-controllers define the applied voltages vd,q.

Figure 3.10.: Equivalent scheme of an axial-flux PMSM in the rotating d q reference
frame.

These cascaded PI-controllers are tuned by shaping the step response in terms of
rise time, settling time and overshoot of the torque and speed setpoints. Additionally,
in order to ensure stability and robustness, the parameters are tuned to have a
gain and phase margin of respectively > 10 dB and > 45◦ over the operating range.
Although this guarantees a fast power response, it can cause fluctuations during the
power response rise time. This is due to how the speed PI-controller uses the torque
as a means to control the speed. If a new power setpoint (and thus new speed
setpoints) is applied, the PI-controller outputs a torque that scales with the error
between the new speed setpoint and the current speed. As this error is high initially,
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Figure 3.11.: Schematic overview of the applied control architecture.

the output torque setpoint is either very low or very high. As the power is a product
of speed and torque, this means that the higher the torque actuation, the higher the
power fluctuation during transition periods. As an example, if a power setpoint is
increased in turbine mode and this corresponds to an increase in rotational speeds,
the machine torques will decrease to allow the hydraulic torque to speed up the RPT,
resulting in an initial power decrease before increasing to the higher power setpoint
once the rotational speeds are reached. Therefore, a dynamic torque constraint is
designed to limit the fluctuation of the power response to a predefined value Pfl. On
a power setpoint P̂ change on time t0, the measured individual powers at this time
P1,2(t0) are saved. Next, the stored data in the lookup tables is addressed to find
the individual powers P̂1,2 for the new power setpoint. Then the machine torque
setpoints are constrained until the power setpoint is reached according to Eq. 3.23.

min
(
P1,2(t0), P̂1,2

)−Pfl

ω1,2(t )
< τm1,2(t ) < max

(
P1,2(t0), P̂1,2

)+Pfl

ω1,2(t )
(3.23)
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SUMMARY

Chapter 3 established the foundation for the numerical modelling of the low-head
pumped hydro storage system, integrating a medium-fidelity time-domain model
that captures the dynamic behaviour of key system components. This model
incorporates the hydraulic conduit, the reversible pump-turbine with contra-rotating
runners, and the independent drivetrain systems, allowing for detailed performance
analysis under various operating conditions. The chapter detailed the development
of a numerical framework to predict steady-state and transient responses, utilising
CFD-derived performance characteristics for the RPT. Additionally, it addressed
key modelling challenges and trade-offs. Following, as part of the experimental
evaluation, the developed model is benchmarked against experimental results.



4
EXPERIMENTAL EVALUATION AND

MODEL COMPARISON

This chapter presents a 50 kW experimental setup featuring a 1:22 scaled
model of the previously introduced reversible pump-turbine. Unlike conventional
pump-turbine technologies, the design utilises two contra-rotating runners, each
integrated into fully independent drivetrains. This unique configuration, which
allows for individual variable speed control of each runner, enables a wide range
of operating conditions. The experimental setup serves to benchmark both,
the steady-state RPT model, based on CFD simulations and the medium-fidelity
time-domain numerical model developed in chapter 3. The latter captures the
dynamic behaviour of the main components, integrating the flow inside the hydraulic
conduits, the reversible pump-turbine, and the dual drivetrain system. A series of
steady-state and dynamic experiments are conducted, with their results compared
against the numerical predictions. Validating these numerical modelling approaches
is a crucial step in the development of the technology for full-scale deployment.
Lastly, the extended model is used to simulate transient dynamics during a shutdown
sequence in turbine mode, offering new insights into the operational behaviour.

4.1. EXPERIMENTAL SETUP AND METHODS

4.1.1. HYDRAULIC FACILITIES WITH OPEN SURFACE TANKS

The experimental setup was constructed at the Leichtweiß-Institute for Hydraulic
Engineering and Water Resources of the Technische Universität Braunschweig in
Germany. Figure 4.1 provides a schematic overview of the setup, which includes two
open surface tanks [195]. The tanks model the upper and lower reservoir found in
pumped hydro storage applications. The lower tank features an adjustable spillway
and both tanks are connected via two pipes; the first incorporating the reduced scale

Parts of this chapter are currently under review as J.P.Hoffstaedt et al. Analysis of a Contra-Rotating
Pump-Turbine for Low-Head Applications: An Experimental Study and Numerical Comparison.
Energy Conversion and Management.
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contra-rotating reversible pump-turbine. The water level of the elevated tank is 9.7 m
above the centre line of the RPT, whereas the level in the lower tank is between 1.25
and 2.25 m above the centre line. This results in a gross head of the system between
7.45 and 8.45 m. The pipes have a diameter of 50 cm, tapering to 27.6 cm via two
contraction/expansion sections which are designed at a 4-degree angle to prevent
flow separation. The total conduit length is 19.85 m. This configuration allows for a
maximum flow rate of approximately 400 l/s. A butterfly valve is positioned between
the elevated tank and the RPT, with the aim to enable manual control of the
discharge flow, nevertheless, it can also alter the net head over the RPT. The setup
is designed to enable testing in both turbine and pump modes. In turbine mode,
the flow goes from the elevated tank to the lower tank through the RPT in pipe 1,
while pipe 2 remains closed. In pump mode, pipe 2 is opened, which allows a flow
from the elevated tank to maintain a stable water level in the lower tank. In both
modes, water is pumped from an underground reservoir to the elevated tank via the
laboratory’s supply system. The elevated tank is equipped with a sharp-edged weir
to maintain a consistent water level when sufficiently supplied with water discharge.
This ensures a constant static pressure throughout the experimental runs.

Figure 4.1.: Schematic overview of the experimental setup including the upper and
lower reservoir, spillway, piping and contra-rotating RPT.

This experimental design is notable for its use of free surface tanks, solely relying
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on gravity to provide the required hydraulic head, distinguishing it from other
pump-turbine test configurations that predominantly utilise pumps to achieve this
[196, 197]. The gravity-based system was chosen with the aim of reproducing more
realistic in- and outflow conditions, assuming a reduced risk of swirl and pressure
fluctuations typically induced by pump systems.

4.1.2. CONTRA-ROTATING REVERSIBLE PUMP-TURBINE

The scaled 1:22 contra-rotating RPT is geometrically nearly identical to the full-scale
version described in section 3.2 and shown in Figure 3.2. Aside from scaling the
diameter from 6 m to 27.6 cm, the only modification is the reinforcement of the
runner blade roots to prevent deformation during testing. Akin to the full-scale
version, the rotational speed of each runner can be controlled individually. The
adjustable speed ratio between the runners allows an operating range encompassing
ratios between 0.7 and 1.0. The additional degree of freedom emerging from the
ability to control each of the runners individually means that for any given RPT net
head, a variety of operating points can be achieved. In turbine mode, the RPT has
a design flow rate of around 283 l/s and a mechanical power of 16.7 kW, with an
expected efficiency of 90.3%. In pump mode, the design flow rate is about 375 l/s
with a power rating of 55.4 kW at an efficiency of 88.5% [54].

To compare the experimental results with the numerical approach developed
in chapter 3, the scaled-down RPT is characterised. For this purpose, a similar
methodology as introduced in section 3.2 for the full-scale RPT is applied. Since
no pressure probe can be placed in between the runners, a single stage RPT head
coefficient is obtained instead of individual ones for each runner. Additionally, rather
than relying on individual runner efficiencies, hydraulic torque coefficients are used
for each runner. In the numerical model this is possible since the efficiencies of the
runners are defined as the mechanical power, obtained from the rotational speeds
and hydraulic torques, divided by the hydraulic power or vice versa, as given in
Eq. 3.3.The head and hydraulic torque coefficients are calculated as shown in Eq. 4.1
and Eq. 4.2.

Ch = ρg HRPT(λ1,λ2)
1
2ρu2

(4.1)

Cτ1,2 =
τh1,2(λ1,λ2)

1
2ρARu2

(4.2)

Here, Ch is the head coefficient calculated from the stage RPT head, which is a
dimensionless parameter that represents the ratio of the net head of the RPT to the
dynamic head of the fluid. Cτ1,2 are the hydraulic torque coefficients - dimensionless
parameters representing the ratio between the hydraulic torques of the runners,
τh1,2, and the available hydraulic reference torque. This coefficient allows for the
assessment of the hydraulic performance of each runner independently of specific
operating conditions.

The scaled runners are manufactured via 3D-printing using the aluminium alloy
AlSi10Mg. After the printing process, both runners have undergone a process of
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vibratory finishing, reducing the surface roughness to 3.58 µm for runner 1 and
2.32 µm for runner 2. A smooth runner surface is desirable due to an improved
hydraulic performance.

4.1.3. DRIVETRAIN ASSEMBLY

Each runner of the RPT is powered by a set of power-electronic drives and electrical
machines with a rated power of 37 kW each. To connect the runners to the electric
machines, two sets of bevel gears with a gear ratio of 1:1 are included in the hubs to
either side of the RPT. Due to the diameter of these bevel gears being constrained
by the inner hub diameter, the maximum torque of each drivetrain is limited to
around 200 Nm. A photograph of the RPT and drivetrain assembly is shown in
Figure 4.2a. In the lower part of the image, the two electric machines and their drive
shafts leading to the bevel gears can be seen. The RPT is mounted in a transparent
piece of pipe made of acrylic tube. This has the advantage that the physical
integrity of the runners and potential cavitation can be visually assessed. A drip
feed lubricator is used to provide a constant flow of oil to the bevel gears and shaft
seals. The out-flowing oil can be inspected for metal particles indicating excessive
wear of the gears, which could be caused by the initial alignment of the drivetrain
assembly having moved. The alignment of the electric machines, driveshafts, gears
and runners is crucial to avoid such wear and the resultant friction torques but also
to minimise vibrations. Additionally, the RPT was manufactured and assembled with
a tip clearance of 0.5 mm, further necessitating very low tolerances on the whole
assembly. Figure 4.2b shows a close-up image of the RPT within its acrylic tube.
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(a)

(b)

Figure 4.2.: (a) Assembly of the RPT and drivetrains including the electrical machines
(1), the RPT surrounded by an acrylic tube (2), hidden bevel gears (3),
contraction and expansion tubes to either side (4), lower tank (5) and
not visible flow meter, butterfly valve and elevated tank (6). (b) Close-up
of the RPT, showing runner 1 (1) and runner 2 (2).
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4.1.4. INSTRUMENTATION AND DATA ACQUISITION

The setup is equipped with a series of sensors to record data on the flow
characteristics and machine operation. The instrumentation is listed in Table 4.1 and
the location of the pressure probes and torque sensors illustrated in Figure 4.3 [195].
The 12 pressure probes, denoted p1–12, are located in six different axial locations.
For each of these locations, the values given by the respective pair of probes are
averaged. The difference between probes p7/p8 and p5/p6 is used to obtain the
RPT net head. Additionally, probes are located just before (p3/4 and p9/10) and
after (p1/2 and p11/12) the contraction and expansions tubes. An electromagnetic
flow meter is located between the butterfly valve and the RPT. The electromagnetic
flow meter was chosen due to its minimal disturbance of the flow. The torques
are measured for each drivetrain using two torque transducers positioned next to
the electrical machines. The variable frequency drives provide an estimation of the
rotational speeds as well as the machine torques based on an internal machine
model.

Figure 4.3.: Overview of the experimental instrumentation including 12 pressure
probes (p1–12) and 2 torque sensors. Not depicted is an electromagnetic
flow meter. Sketch not to scale.

The setup is operated to perform both steady-state and dynamic tests. During
steady-state tests, a sampling frequency of 10 Hz is selected and each steady-state
point is measured over at least 60 s. Dynamic cases are recorded at 1000 Hz.
To minimise the potential error on the pressure measurements, all probes are
(re-)calibrated at a maximum of one week prior to the tests. To account for a
potential drift in the measured pressure data in between probe calibrations, each
testing day a static pressure measurement is conducted with all probes, allowing to
correct with the known height of the water column relative to the position of the
individual probes.
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4.1.5. TESTING PROTOCOL AND OPERATING RANGE

There are two main limitations to be considered in this experimental setup. The
first is the maximum torque caused by the limited diameter of the bevel gears. The
second is the risk of cavitation due to the low hydraulic head at the low pressure
side of the RPT. Within these limitations, a wide range of operating conditions have
been tested with the experimental setup to evaluate the steady-state performance of
the RPT. During these tests, the range of Reynolds numbers at the RPT is between
0.6−1.0e6. An overview of all tests is given in Table 4.2.

In turbine mode, a total of 92 operating points have been tested. Since the
rotational speed of each runner can be adjusted separately, tests are conducted
incrementally across the whole speed range of each runner and for varying speed
ratios (ω2/ω1) between them. Additional operating conditions were reached by
closing the butterfly valve to an angle of 45◦ (half-closed) and 22.5◦ (three-quarters
closed) as well as by adjusting the spillway, situated in the lower reservoir, to vary
the net pressure head over the RPT. However, by reducing the height of the spillway
to 1.25 m, and with that the static head on the low-pressure side of the RPT,
significant cavitation was audibly and visually observed on the runners. Therefore,
the number of cases under these conditions was limited to avoid damage to the
pump-turbine. It was also observed that for rotational speeds below 500 RPM, flow
separation occurred, rendering the pressure measurements of the probes directly
downstream of the RPT unusable. Consequently, no reliable RPT net head could be
obtained for these operating points.

In pump mode, a total of 29 operating points were obtained. Pump mode testing
is constrained due to several factors. Firstly, it is necessary to create a sufficient RPT
net head to overcome the gross head, requiring a minimum rotational speed of both
runners. Additionally, the torque limitations of the bevel gears limit the upper end
of the operating range. For these reasons, the butterfly valve was not used in pump
mode testing. Furthermore, akin to turbine mode testing, the risk of cavitation did
not allow for a reduction in the spillway height.

In addition to the flow rate, the rotational speeds and the RPT net head
measurements, the individual hydraulic torques of both runners are measured
to characterise the RPT behaviour under different operating conditions. Torque
measurements for both drivetrains are taken outside of the RPT assembly, adjacent
to their respective electric machines. This means that the measured torques include
the friction torques, mainly induced by the bevel gears. These have to be accounted
in order to obtain the required hydraulic torques of the runners. Therefore, the
friction torques between the instrumentation and the runners were characterised
separately across the speed range of the runners. To gather the required data, the
entire setup is drained and both runners incrementally accelerated in 100 RPM steps.
At each step, the torque is recorded for a short period of time. In the absence of
hydraulic forces, these measurements are used to obtain the friction torques under
steady-state conditions.

The friction torque measurements required a lower and narrower range.
Consequently, they were obtained from the power electronic drives instead of the
dedicated torque sensors. The purpose of this is to reduce the noise of the
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Table 4.2.: Overview of steady-state experimental tests. A total of 121 operating
points, 92 in turbine and 29 in pump mode, were recorded.

Mode ω2/ω1 ω1 [RPM] ω2 [RPM] Valve Spillway Nr. of
Angle Height Points

[◦] [m]
Turbine 1.000 100-1100 100-1100 90 2.7 15
Turbine 0.900 100-1100 90-990 90 2.7 12
Turbine 0.900 800-1100 720-990 90 1.7 4
Turbine 0.800 100-1100 80-880 90 2.7 13
Turbine 0.800 500-1100 400-880 90 1.7 7
Turbine 0.752 100-1100 75.2-827.2 90 2.7 13
Turbine 0.752 842 632 90 1.7 1
Turbine 0.752 500-1100 376-827.2 45 2.7 7
Turbine 0.752 300-900 225.6-678.8 22.5 2.7 7
Turbine 0.700 100-1100 70-770 90 2.7 13
Pump 1.000 950-1100 950-1100 90 2.7 4
Pump 0.900 1050-1250 945-1125 90 2.7 7
Pump 0.800 1050-1250 840-1000 90 2.7 6
Pump 0.752 1100-1337 827.2-1005 90 2.7 6
Pump 0.700 1146-1350 802-945 90 2.7 6

Total Number of Points: 121

measurements and improve reliability. The measured friction torques were in the
range of 1–6.5 Nm for runner 1 and 1–9.5 Nm for runner 2. This is within 2% of the
measurement range of the torque meters (500 Nm).

4.2. FRICTION TORQUE CHARACTERISATION
The steady-state characterisation of the friction torques of each runner was
performed through a regression analysis based on the dry friction test data as
described in section 4.1.5. Figure 4.4 illustrates the range of the recorded raw data
points at each rotational speed, their average and the corresponding regression
curves for both runners. An empirical non-linear model was considered to give
the most convenient representation of the friction torques τf1,2 as a function of the
rotational speeds according to Eq. 4.3.

τf1,2 = B1,2 +C1,2ω
D1,2
1,2 (4.3)

Here, Bi are the static friction coefficients, Ci the linear dynamic coefficients, Di

the non-linear dynamic coefficients and ωi the rotational speed of either runner 1
or 2. For runner 1, the spread of data for each rotational speed point is comparably
low with the standard deviations ranging from 0.25 to 0.63 Nm for the individual
rotational speeds. During the steady-state performance tests of the RPT, the torques
for runner 1 range from a minimum of around 40 Nm to a maximum of 190 Nm.
For the worst case scenario, applying the maximum deviation of the friction torque
characterisation to the minimum torque, this leads to an error in the calculated
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hydraulic torques of below 4%. For runner 2, there is a much larger spread due to
noise and inaccuracies in the torque approximations by the drives. The standard
deviations here range from 0.35 to 2.88 Nm. The torque range of runner 2 during
the experiments is between 60 Nm and 180 Nm. For the worst case, this may cause
an error below 7%. While the average expected error is much lower, the resulting
uncertainty must be considered when comparing the experimental and numerical
results.

(a) (b)

Figure 4.4.: Measured friction torques for runner 1 in (a) and runner 2 in (b) as well
as their respective characteristic regression.

With the friction of both drivetrains characterised, the hydraulic torques of each
runner are obtained by correcting the torques measured adjacent to the electric
machines with the presented friction torque regression curves as a function of their
rotational speed. In turbine mode, the respective friction torques are added to the
measured torque and in pump mode subtracted.

4.3. STEADY-STATE RESULTS
During turbine mode testing, a maximum flow rate of 360 l/s was measured and a
maximum mechanical power of 22 kW. The highest hydraulic efficiency measured
during the experiments was 89%. In pump mode, a maximum flow rate of 370 l/s
at a mechanical power of 42 kW was measured. The highest hydraulic efficiency
measured in pump mode was 92%. The efficiencies and mechanical powers over the
operating range of the RPT in turbine and pump mode are given in Appendix B.1.
The significant differences in mechanical power between turbine and pump mode
are mostly attributed to the hydraulic losses of the experimental setup. The hubs and
struts adjacent to the RPT introduce considerable losses that reduce the generated
power in turbine mode and increase the required power in pump mode. The
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maximum efficiencies between turbine and pump mode for the proposed RPT are
comparable. However, efficiencies for RPTs generally differ between operating modes
since the hydraulic geometry is typically designed and optimised for either turbine
or pump mode operation. In turbine mode, energy is extracted from the flow while
in pump mode energy is introduced. This leads to differing flow characteristics
which is a major challenge when designing a RPT capable of a high performance in
both modes [197, 198]. The contra-rotating RPT in this experimental setup has been
designed specifically for pump mode, tested in turbine mode and then optimised
for both [56]. At the best efficiency points, a hydraulic roundtrip efficiency of 82%
is achieved. When accounting for additional hydraulic, mechanical, and conversion
losses, this performance is still favourable compared to conventional pumped hydro
storage plants, which commonly have roundtrip efficiencies ranging from 70% to
80% [21].

It should be noted though, that there are scaling effects to be considered when
using scaled-down experiments to evaluate the performance of full scale hydraulic
machinery. These stem from differences in viscous effects, the geometry and general
layout of the test setup as well as variations in the surface roughness compared to a
full-scale power plant [47]. However, on-site measurements of full-scale plants are
difficult and can be inaccurate [46]. Scaled-down experimental testing is therefore
an efficient and useful tool to compare numerical and experimental results and use
the numerical modelling approaches, once validated, to evaluate the performance
of potential full-scale systems. The comparison of the experimental and numerical
results is based on the RPT heads and hydraulic torques of runner 1 and 2. These
are given for turbine and pump modes in Figure 4.5. It should be noted that for
the purpose of visual clarity these graphs include the results for the incrementally
increasing rotational speeds for varying speed ratios. The additional results obtained
by changing the opening angle of the valve and adapting the static head at the lower
reservoir are not depicted. However, in the following comparison with the numerical
results all operating points are used.
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Figure 4.5.: Steady-state experimental results for the RPT heads and torques of
runner 1 and 2 in turbine and pump modes. Turbine and pump
operation are depicted with a T and P respectively, while runner 1 is in
red and runner 2 is in blue.
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The results for turbine mode are given on the left side of the figure and the pump
mode results on the right. The different lines in the graphs represent the different
speed ratios between runner 2 and runner 1.

The variations in RPT head are primarily determined by changes in hydraulic
losses, which are largely attributed to the hubs and struts adjacent to the RPT.
Since these hydraulic losses are directly proportional to the discharge, the RPT head
decreases as discharge increases in turbine mode. Conversely, in pump mode,
the RPT head must increase to overcome these rising hydraulic losses. While this
relationship is non-linear, this is only partially visible here due to the relatively minor
changes in RPT head. The curves for different speed ratios align closely, which is
expected, as the relationship is governed by the discharge-to-head correlation.

The hydraulic torques of runner 1 and runner 2 in turbine mode are shown in
the bottom left two sub-figures. Several interested trends can be noted. Overall,
it can be seen that runner 2 experiences higher torques compared to runner 1.
While it rotates slower for the majority of the operating range, it is designed with
a larger axial length compared to runner 1 and therefore experiences these higher
torques with the aim to have a fairly even split in terms of power. Furthermore, it
can be observed that lower discharges and their associated lower rotational speeds
correspond to higher torques for both runners. Another clear observation is that
the torques of runner 1 and 2 are closer to one another as they get closer to a
speed ratio of one. In turbine mode, runner 1 is the downstream runner and its
performance is heavily influenced by runner 2 upstream.

The hydraulic torques of both runners are shown on the right side for pump
mode. Here it can be clearly seen that for the maximum rotational speeds and
consequent discharges, the maximum torque of the bevel gears (200 Nm) is almost
reached. The minimum torque occurred for runner 1, a speed ratio of 1 and
the minimum discharge and RPT head. For the majority of the operating points,
runner 2 contributes larger torques than runner 1. Contrary to turbine mode though,
the fraction of torque that runner 1 contributes increases with decreasing speed
ratios between the runners. This is to be expected since a reduced speed ratio
reflects a reduced rotational speed of runner 2 and consequently reduced runner
head. For speed ratios of 0.7 and partially for 0.75 and 0.8, runner 1 contributes a
larger portion of the torque.

4.4. COMPARISON OF STEADY-STATE RESULTS TO THE RPT
MODEL

Based on the hydraulic torque and RPT head data of the measured operating
points, the head and torque coefficients are calculated. With the tip speed ratios
of these operating points, the corresponding numerical coefficients are obtained
from the RPT model. Figure 4.6 shows the comparison of the coefficients obtained
experimentally and numerically.
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Figure 4.6.: Comparison of the steady-state head and torque coefficients of the
experimental and CFD numerical results. Turbine and pump operation
are depicted with a T and P respectively, while runner 1 is in red and
runner 2 is in blue.
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The three sub-figures on the left show the comparison of experimental and
numerical head and torque coefficients in turbine mode. For the head coefficient
there is a very good match between experimental and numerical results with
correlation coefficient values R2 of 0.968. A minor trend can be observed, changing
from a numerical to an experimental head coefficient overestimation as it increases.
Generally, higher head coefficients correspond to the lower end of the rotational
speed range of the runners. As previously discussed, at these lower speed operating
points, flow separation starts to occur which affects the pressure measurements and
with that the measured RPT net head. The effect of flow separation can be observed
more clearly for the comparison of the torque coefficients for runner 1. While the
results show an overall good match up until torque coefficients of about 0.95, the
compared points are less accurate above that value. These higher torque coefficients
similarly correspond to lower rotational speeds and tip speed ratios at which flow
separation affects the hydraulic torque. Notably, this effect is only visible for runner 1
as it is the downstream runner in turbine mode. The observed flow separation was
only present at operating points far from the design range of the RPT though and is
therefore not considered significant for evaluating its overall performance. Leaving
out the deviation towards the higher end of the torque coefficient, there is a minor
overestimation of the numerical torques compared to the experimental results. A
similar trend can be observed for runner 2. Aside from potential inaccuracies in the
CFD simulations, another likely cause of this overestimation may be an inaccuracy
in the static component of the friction characterisation. However, with R2-values of
0.898 and 0.934, the numerical model can still provide sufficient representation over
the operating range.

In pump mode, shown in right three sub-figures, the correlations are not as
evident compared to turbine mode. For the head coefficients, a consistent offset of
approximately 0.75 can be observed, although the slope of the correlation between
experimental and numerical data remains highly accurate. Both comparisons of
the torque coefficients in pump mode also show a worse correlation with both
an offset and a linear deviation in the trend. Several factors likely contribute
to these discrepancies between the numerical and experimental results. During
the pump mode experiments, cavitation was observed throughout the operating
range, which can lead to performance degradation in hydraulic machinery. This
could explain the higher experimental torque values compared to the numerically
predicted values needed to reach equivalent operating points. Additionally, the less
accurate correlations in pump mode could be attributed to the proximity of RPT to
the water inlet. In turbine mode, the flow reaches the RPT after a long straight
section and the downwards pipe which reduces the risk of significant non-axial flow
components being present. In contrast, the flow in pump mode may be more prone
to disturbances due to the shorter upstream length. The CFD simulations, which
assume uniform inflow conditions and use a relatively short computational domain,
may not fully capture these non-uniformities in the experimental setup. This
could cause discrepancies between the simulated and experimental flow behaviour.
Although the friction torque characterisation might introduce inaccuracies, these
should affect both turbine and pump modes similarly and therefore it is unlikely
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that friction alone can account for the mismatch observed in pump mode. Finally,
the proximity of the pressure probes to the RPT could introduce errors in measuring
the experimental RPT head values.

4.5. COMPARISON OF DYNAMIC RESULTS WITH THE

INTEGRATED SYSTEM MODEL
To evaluate the transient response of the system and benchmark the dynamic
components of the numerical modelling approach, notably the hydraulic conduit
and drivetrains, dynamic cases have also been tested with the experimental setup.
The dynamic response of the flow rate is mainly driven by the balance between
gross head, RPT net head and head losses of the experimental setup as well as the
conduit water inertia. This inertia is defined by the dimensions of the conduit.
Similarly, the dynamic response of the drivetrain is determined by the balance
between the torques and the rotational mass moments of inertia of the individual
drivetrains. To obtain accurate values for the rotational inertias of both drivetrains
in the experimental setup, a characterisation test is performed. Both runners are
accelerated in dry conditions to their maximum operating rotational speeds and then
both motor torques are set to zero. Setting the hydraulic and generator torques in
Eq. 3.19 and Eq. 3.20 to zero, the inertias are calculated based on the characterised
friction torques and the change in rotational speed over time. Both inertias and all
other relevant system parameters used in the simulations are given in Table 4.3.

Table 4.3.: Overview of simulation parameters.

Conduit length L 19.85 m
Conduit diameter at RPT section D1 27.6 cm
Conduit diameter piping D2 50 cm
Pressure wave velocity a 1000 m/s
Darcy friction factor f 0.0127 -
Unsteady loss coefficient k 0.04 m/s2

Rotational inertia drivetrain 1 J1 0.116 kg m2

Rotational inertia drivetrain 2 J2 0.145 kg m2

Minor loss coefficients
- Entrance ken 0.45 -
- Exit kex 1.0 -
- Bend kbe 0.2 -
- Bulbs (incl. expansion/contraction) kb 2 x 5.21 -
- Butterfly valve (fully open) kv 0.39 -
- Safety valve (fully open) kv2 0.4 -

The dynamic case chosen for the model validation starts in steady-state with
runner 1 at 764 RPM (80 rad/s) and runner 2 at 611 RPM (64 rad/s). Both runners
are then accelerated over the course of about one second to 1250 RPM (131 rad/s)
and 1062.5 RPM (111 rad/s) respectively. Finally, both runners are decelerated to
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their original operating points. The rotational speeds are shown in Figure 4.8.
The valve remains fully open during the sequence. To simulate this case with the
numerical model, the measured generator torques of both drivetrains are used as
inputs to the drivetrain model. Additionally, the pressures recorded just outside the
contraction and expansion tubes (see probes p1/2 and p11/12 in Figure 4.3) are
used as inputs to the boundaries of the computational domain. The corresponding
generator torques are shown in Figure 4.7. A moving average filter with a window
size of 0.1 s has been applied to the data series.

Figure 4.7.: Generator torques of both drivetrains. These are used as an input to the
simulation of changing the operating point.
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At the timestep t = 21 s, both generator torques are rapidly reduced to achieve the
desired acceleration of the runners before increasing again to stabilise the rotational
speeds at the new operating point. At t = 41 s, the reverse happens to decelerate the
runners back to their original operating point. The resulting rotational speeds of
runner 1 and 2 in the experimental test (ω1,Exp, ω2,Exp) and the simulation results
(ω1,Sim, ω2,Sim) are shown in Figure 4.8.

Figure 4.8.: Comparison of the rotational speeds of both runners during the
experimental test and the simulation.

In order to focus on the validation of the dynamics, the friction torque coefficients
were tuned in the numerical model to have the same conditions in steady-state
for both rotational speeds. In steady-state conditions, minor deviations in the
simulation results can be observed compared to the experimental results. The
rotational speeds in the experiments are kept constant by the control algorithm of
the drives, which adjusts the generator torques in response to load fluctuations
caused by the turbulent flow around the hubs and struts adjacent to the RPT. These
complex flow patterns are not captured in the 1-D modelling approach, resulting in
the slight variations of rotational speeds. The dynamic response of the rotational
speeds to the changes in generator torques show a close match between experiment
and simulation. For both runners, a slightly slower response can be observed in the
simulation. This indicates that the drivetrain inertias are marginally overestimated,
likely caused by the uncertainty on the friction torque characterisation that is used
to calculate the inertias of the drivetrains in the experimental setup.

The results for the flow rate of the experiment (QE xp ) and simulation (QSi m) are
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shown in Figure 4.9. At both operating points the steady-state values are closely
matched with a difference at the higher operating point of < 3%, reflecting the close
match of the steady-state RPT model with the experimental results. The remaining
difference is likely caused by a minor overestimation of the hydraulic losses. The
dynamic response also shows the simulated flow reacting slightly faster than the
experimental one. It is important to mention that the electromagnetic flow meter
used to record the data uses a filter with a time constant of 0.1 s which effect also
contributes to the slower response shown in the experimental data.

Figure 4.9.: Comparison of the flow rate during the experimental test and the
simulation.

Overall, both major dynamic components of the numerical model show a close
match compared to the experimental results. With the numerical approach partially
validated, the model can be applied to a full scale system in order to simulate
its dynamic behaviour when rapidly changing operating points. These changes
in operating points correspond to adjusting its power setpoints and with that its
capability to react so sudden grid demand fluctuations by providing frequency
regulation services.

4.6. TURBINE SHUTDOWN SEQUENCE SIMULATION
Aside from changing its power setpoints, changing quickly between turbine and
pump modes also improves the storage systems ability to react to changes in supply
and demand of the grid. Such a mode switching sequence involves the deceleration
and acceleration of both runners, reverting their direction of rotation and the closure
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and opening of the flow control valve. As previously discussed, low-head systems
have an increased conduit inertia compared to conventional high-head system of
the same power rating and are therefore at higher risk of transient pressure effects,
commonly known as water hammer. For the 1:22 scaled version of the storage
system in the laboratory, a mode switching sequence has been selected. However,
due to safety concerns regarding potential pressure spikes during valve closure,
this sequence cannot be tested at the desired speed. The highest risk of water
hammer occurs during shutdown in turbine mode, as the largest amount of water is
decelerated by the valve. To evaluate the potential pressure spikes, this shutdown
sequence is simulated at different rates of runner deceleration and valve closure.
The selected shutdown sequence is shown in Figure 4.10.

Figure 4.10.: Shutdown sequence in turbine mode including the rotational speeds of
both runners and the valve opening angle.
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The rotational speeds and the valve opening angle are normalised with their
respective maximum values. The initial rotational speed of runner 1 is 842 RPM
(∼88 rad/s) and for runner 2 it is 633 RPM (∼66 rad/s). This corresponds to
a flow rate of 273 l/s. The time is also normalised with respect to the desired
shutdown time for the whole sequence of 1.7 s. The valve is closed in two steps,
starting just before both runners are decelerated and finishing after the runners are
standing still. These rotational speeds and the valve opening angle are used as
inputs to the numerical model. All other parameters remain unchanged as per the
simulation carried out in Section 4.5. Since the experimental values of the pressures
at the boundaries are not available, both upstream and downstream pipe sections
are included in the computational model to account for the entire inertia of the
water column. The sequence is simulated using its desired shutdown time as well as
accelerated by a factor of 2, 4 and 10. The resulting pressure transients adjacent to
the valve for these simulations are shown in Figure 4.11.
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Figure 4.11.: Pressure adjacent to the valve for the shutdown sequence at original
rate of change as well as accelerated by a factor of 2, 4 and 10.

The pressure head results of all simulations have been non-dimensionalised by
dividing them by the expected static head, which in this case is 9.7 m. The initial
two-thirds closure of the valve only results in a minor increase in pressure for all
simulations. The major pressure fluctuations occur when the valve approaches full
closure. At the desired sequence time, the simulation shows that the maximum
pressure reaches roughly twice the static pressure. When doubling the rate of change,
the maximum pressure reaches around four times the static pressure. Similarly, at
four and ten times the rate of change, the pressure fluctuations have the potential to
go up to eight and twenty-two times the static pressure respectively. At the desired
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rate of change and even at double the speed, the maximum pressure does not
appear to pose a risk to the system. Depending on the specification of the conduit
and adjacent equipment, at higher rates, the maximum pressure may cause a risk to
the integrity of the system. Additionally, at four and ten times the rate of change,
a significant non-physical negative pressure transient can be observed following the
positive spike and consequent reversing of the flow. This indicates column separation
which occurs when the pressure in a conduit drops to or below the vapour pressure
of the liquid, causing the liquid column to break and form vapour cavities. When
the pressure recovers, these cavities collapse, creating high-pressure surges that can
lead to damage to the conduit and equipment or even catastrophic failure.



5
AN EVALUATION OF LOW-HEAD

PUMPED HYDRO STORAGE’S

POTENTIAL TO PROVIDE ENERGY

BALANCING AND FREQUENCY

SUPPORT

The goal of this chapter is to assess the low-head PHS system’s potential
performance and dynamic behaviour over its full operating range during energy
balancing, as well as the provision of frequency regulation services. The system
used for this evaluation is schematically outlined in Figure 1.3. This evaluation
is based on key indicators such as roundtrip efficiencies, the size of the required
reservoir as well as the time required to supply a percentage of the systems
nominal power as frequency containment reserves (FCR) among others. To achieve
this, time-domain simulations of a grid-scale plant operation are conducted using
the numerical model developed in chapter 3 and experimentally benchmarked in
chapter 4. The simulations consider a case study in which a grid-scale version of the
proposed storage plant is applied to a prospective storage site in the Dutch North
Sea. Although economic and environmental investigations are not within the scope
of this research, the results of this work can provide a basis and give insight for
further analysis of these aspects.

In order to evaluate the system’s performance over a full balancing cycle, including
both the complete charging and discharging processes, the modelling approach
neglects short-term dynamic effects to enable longer simulations with a minute
timescale resolution. A sensitivity analysis is performed to investigate the effect of
scaling the design power rating of the motor-generators on the overall performance

Parts of this chapter have been published in J.P.Hoffstaedt et al. Low-head pumped hydro storage:
An evaluation of Energy Balancing and Frequency Support. IET Renewable Power Generation. 2024.
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and size of the required reservoir for a given desired storage capacity. While
the motor-generators are scaled, all other components, notably the RPTs, remain
unchanged. This analysis is motivated by the capability of RPTs to operate beyond
their initial design power rating, which is equivalent to the electric machines original
rating. To investigate the dynamic behaviour of the plant during the rapid changes
of operating points required to provide frequency regulation services, the integrated
dynamic model is used. With this approach, simulations of the plant providing FCR
to the electrical grid are performed. Using different initial states of charge and
consequent operating conditions, these simulations help to understand the potential
capabilities and limitations of the system to provide frequency regulation services.

5.1. THE PROSPECTIVE STORAGE SITE

The site for the case study is located in the Dutch North Sea as shown in Figure 5.1.
This site is selected due to the Dutch government’s commitment to developing
several large-scale wind farms within the Dutch Exclusive Economic Zone [199][200].
This region is characterised by its favourable wind conditions and relatively shallow
waters, which not only make it suitable for offshore wind farm installations but also
for the addition of a large-scale low-head pumped hydro storage system. By creating
an energy hub in that location with storage capabilities adjacent to renewable
generators, several benefits can be achieved. Firstly, short distances between the
storage plant and generators can significantly reduce the transmission losses and
cost of infrastructure [38]. Secondly, additional interconnectors can be created
to neighbouring countries bordering the North Sea region, further promoting the
integration of renewable energy into the wider European grid. Lastly, by sharing
parts of the civil structures with offshore wind farms, some of the high upfront cost
can be shared.

Aside from the proximity to energy infrastructure, one of the main factors to
consider for the site assessment is the local bathymetry, since the sea depth defines
the available gross head. The proposed site has a sea depth of approximately 28
metres and is assumed constant for the whole area of the reservoir. The RPT has
a runner diameter of 6 metres, with a conduit inlet/outlet diameter of 10 metres
and a minimum submergence depth of 2 metres. Based on these dimensions, the
available head range of this site is 2–16 metres. This assumes that the RPT units are
not submerged beneath the seabed. While the RPT itself is hydraulically designed for
heads of up to 20 metres, the 10 MW power rating of the motor-generators severely
limits the usable head range, particularly the maximum head in pump mode. The
tidal range for the proposed site is around 1.5 metres [201]. For this study, the tidal
influence on the gross head is neglected since the impact of a tidal cycle with a
minor tidal range should average out with time when asynchronous to the storage
cycle of the plant. With each set of the proposed RPT being rated at 10 MW, the
whole system is initially scaled to a design power capacity of 1 GW utilising 100
RPT units with a total net storage capacity of 4 GWh. Other factors for the site
assessment include the composition of the local seabed since a large clay layer is
required to seal the bottom of the reservoir and avoid excessive seepage. Wave
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Figure 5.1.: Location of the site for the proposed low-head pumped storage plant in
the Dutch North Sea, (adapted from [200]).

conditions that may restrict the construction process and type of dams used must
also be considered, along with other legal and environmental aspects for which
further information are given in [60].

5.2. PERFORMANCE AND SENSITIVITY ANALYSIS DURING

ENERGY BALANCING
At the selected storage site, the maximum available gross head is 16 m. However,
using the proposed PMSMs with a power rating of 10 MW each, the maximum
achievable head in pump mode is only 9 m. The RPTs themselves have a much
wider operating range though and can therefore be operated at higher hydraulic
powers. Using the steady-state model, simulations of the full balancing cycle have
been carried out including pump and turbine operation modes. Iteratively, the power
rating of the electric machines is increased between 10 and 20 MW in 2.5 MW steps.
The objective of these simulations is to evaluate the performance and operational
conditions of the plant throughout the full cycle as well as the required reservoir size
and cycle times. The major outputs are therefore the efficiencies of both runners,
the total power output, the flow rate, the net head of the RPT unit and the water
level in the lower reservoir. All simulation parameters related to major and minor
hydraulic losses as well as the drivetrain losses remain consistent with those used in
the dynamic simulations and can be found in Table 5.2 in section 5.3.

Increasing the power rating of the PMSMs correlates almost linearly with an
increase in the maximum achievable gross head. Increasing the head range
consequently results in a steep rise in storage capacity per unit area. This change
in energy density as a function of PMSM power rating as well as the corresponding
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change in roundtrip efficiency over the full cycle are shown in Figure 5.2. An
overview of the results from the cycle simulations are also given in Table 5.1.

Figure 5.2.: Energy density and roundtrip efficiency of the pumped storage system as
a function of the power rating of the electric machines.

By doubling the power rating of the PMSMs the energy density increases threefold
while the roundtrip efficiency changes very little and even increases by about 1%.
For the proposed plant with a desired net energy capacity of 4 GWh this means
a reduction in reservoir area from 45.5 km2 to 15.6 km2. The average power per
RPT unit also increases from 5.2 MW to 9.6 MW (0.52 GW and 0.96 GW for the
full plant) reducing the time for a full cycle from 18 hours and 17 minutes to 9
hours and 52 minutes. Comparing the balancing cycle of the 10 and 20 MW PMSMs,
the water level in the lower reservoir and the flow rate per RPT unit over the full
cycle are shown in Figure 5.3. For both cases, the storage system is initially fully
discharged leading to different initial water levels in the reservoir. It should also be
noted that a reservoir level of zero does not correspond to a fully emptied reservoir
but rather the minimum possible water level in the reservoir determined by the
minimum submergence of the RPT inlets as illustrated in Figure 1.3. The reservoir
levels decrease as the RPTs operate in pump mode emptying the reservoir and
thereby charging the storage system. Once the reservoir reaches its minimum, the
plant switches to turbine mode, indicated by the red vertical line in the graphs. As
the flow rates invert, the reservoir is filled again and the storage system discharged.

The minimum flow rates are the same with both power ratings of the electric
machines with around 57 m3/s in pump mode and 60 m3/s in turbine mode. The
maximum flow rate is increased using the 20 MW version of the PMSMs to around
161 m3/s from 135 m3/s in turbine mode and to 141 m3/s from 123 m3/s in pump
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Table 5.1.: Comparison of simulations for varying PMSM power ratings.

PMSM power rating 10 12.5 15 17.5 20 MW
Max. head 9 11 12 13.5 15 m
Reservoir area 44.8 29.4 24.5 19.2 15.5 km2

Average power 5.2 6.6 7.3 8.5 9.6 MW
(per RPT unit)
Time pump mode 9:33 7:33 6:39 5:46 5:07 hh:mm
Time turbine mode 8:44 6:54 6:14 5:24 4:45 hh:mm

mode. Generally, the change in flow rate is a direct result of the changing power
setpoint and head of the RPT with the last remaining influencing factor being the
slightly fluctuating RPT efficiency. This can be specifically observed towards the
end of the pump cycle with the 10 MW PMSMs as the flow rate increases with the
increasing power setpoint. Once the maximum power of 10 MW is reached, the
increasing net head of the RPT causes a close to linear decrease in flow rate.

The charging and discharging power per RPT unit as well as the efficiency of
the plant during the full cycle are shown in Figure 5.4. The efficiency includes
all hydraulic as well as drivetrain losses but it excludes losses from the electrical
machines and converters. Over the full cycle in both pump and turbine mode,

Figure 5.3.: Reservoir water level of the storage plant and flow rate of each RPT unit
over a full balancing cycle compared for a 10 and 20 MW PMSM.
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high efficiencies mostly in the range of 82 - 87% are achieved. The minimum
efficiency appears in pump mode at the beginning of the cycle where the gross head
is the smallest. No clear correlation is visible between the overall efficiency and
the hydraulic losses suggesting that the efficiency is mostly determined by the RPT
characteristics as the operating points change. Some of the minor fluctuations in the
efficiency deviating by less than 1% are also caused by the resolution of the lookup
tables and the required interpolation between the datapoints. The maximum power
capacity for both cases and both modes is only reached during a small part of the
cycle as the maximum head is approached.

Figure 5.4.: Power and efficiency of the storage plant over a full balancing cycle
compared for a 10 and 20 MW PMSM.

With no overall loss in performance and a maximum increase in flow rate of 19%,
the apparent major disadvantage of using the scaled up version of electric machines
is the requirement of an additional PMSM per RPT unit. Since the electric machines
are located in the bulb adjacent to the runners, increasing the power capacity of the
existing machines is constrained since that would result in an increase in diameter.
This would, in turn, enlarge the bulb causing higher hydraulic losses. Instead, a
second PMSM unit can be attached to the same drivetrain doubling the torque and
power capacity. The additional cost and complexity of adding a second electric
machine to each RPT should be offset by the significantly reduced reservoir size
that is required for the desired 4 GWh energy storage capacity. The dam would be
shortened from a total length of 95 to 56 km. Although it is worth noting that for
alternative storage sites with a shallower sea depth, the larger reservoir size required
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when limiting the power rating of the electric machines to 10 MW could be partially
offset by a reduction in dam height of 6 metres. In addition to the economic
benefits, a reduced reservoir size also alleviates environmental and legal concerns.
Furthermore, the increase in average power input and output and the corresponding
reduction in cycle time should further help to improve the economics.

For energy balancing, the evaluated plant demonstrates comparable performance
at grid-scale to conventional high-head pumped storage plants, which are typically
sized between 1 and 1.5 GW and achieve roundtrip efficiencies ranging from 70% to
80% [21]. The major disadvantage of such a low-head plant compared to high-head
applications is its reduced energy density. However, in regions without suitable
topography for high-head applications, alternative concepts can unlock the use of
pumped storage technology. Other such amended concepts include subsea energy
storage, gravity energy storage and underground pumped storage. These have
theoretical roundtrip efficiencies of up to 73%, 80% and 77% respectively [202–204].
While promising, these technologies also face challenges and limitations regarding
the required civil structures, suitable sites and scale that can be reached. At grid
scale and balancing at similar timescales as LH-PHS, compressed air energy storage
and battery energy storage are commonly discussed. Compressed air energy storage
currently achieves roundtrip efficiencies of 42 to 55% and lithium-ion batteries
reach over 90% [15]. Due to the high performance and scalability of lithium-ion
batteries they have seen significant uptake in recent years but also face safety as
well as environmental concerns regarding recycling, extraction and toxicity of the
raw materials needed [205, 206].

To suit different applications, a heterogeneous pool of storage technologies is
deemed necessary. While further information regarding economic and environmental
assessments is required, the results presented demonstrate the technical potential of
LH-PHS to contribute to that pool with grid-scale energy balancing.

5.3. POTENTIAL TO PROVIDE FREQUENCY REGULATION

SERVICES
While PHS systems are widely recognised for their potential in short and long-term
energy balancing, this section focuses on the capability of the proposed system
to provide frequency regulation services. This system, similar to most renewable
generators, is coupled to the grid via inverters and therefore does not provide
inherent grid coupled inertia. It can, however, directly contribute to grid stability
through frequency regulation by rapidly absorbing or injecting power into the
grid. The main limitation to provide these services is how quickly the system
can vary its power output, which in the case of PHS is largely determined by
its mechanical and hydraulic characteristics. Key factors include the inertia of
the drivetrain, power-takeoff, and the flow dynamics inside the conduits. Sudden
changes in flow rate may also induce transient pressure waves previously referred
to as water hammer effects, a significant concern for system stability and safety.
The plant’s control system design and tuning also have a considerable effect on the
responsiveness of the plant.
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The dynamic system model developed in chapter 3 is implemented in the
commercial platform MATLAB-Simulink using a fixed step solver with a sample time
of 1 ms. All simulations start in steady-state from a defined operating point and
have a simulation time of 13 seconds. For the spatial discretisation, 40 nodes are
used. Standard values from the literature are used for unknown loss coefficients,
surface roughness etc. Table 5.2 gives an overview of all used parameters. The
model includes all hydraulic and drivetrain losses, and contrary to the steady-state
model also the losses in the electric machines and AC-DC-AC coupling. Excluded
from the analysis are the potential hydraulic losses from the bulb used adjacent to
the runners containing the PMSMs.

Table 5.2.: Overview of the model parameters for dynamic simulations.

Conduit length L 60 m
Conduit diameter (RPT section, inlet) D1,2 6, 10 m
Pressure wave velocity a 1000 m/s
Darcy friction factor f 0.0158 -
Unsteady loss coefficient k 0.04 m/s2

Rotational inertia drivetrain 1 J1 167 x 103 kg m2

Rotational inertia drivetrain 2 J1 237 x 103 kg m2

Damping torque coefficient 1 D f 1,2 4137 Nm/rad/s
Damping torque coefficient 2 D f 1,2 6125 Nm/rad/s
Valve time constant Tv 1.0 s
Minor loss coefficients
Entrance ken 0.05 -
Exit kex 1.0 -
Expansion kexp 0.04 -
Contraction kcon 0.13 -

To evaluate the system’s potential to provide frequency regulation services,
simulations of providing frequency containment reserve are carried out. For these
simulations, 20% of the plant’s nominal power capacity was allocated as reserve.
Such an FCR response would be triggered if the grid frequency deviates by more
than 10 mHz from its nominal 50 Hz. The maximum FCR response would be fully
activated for a deviation of more than 200 mHz. The following simulations assume
the worst case scenario and aim to provide the full FCR provision as quickly as
possible.

Since the proposed system operates over a wide range of operating conditions, the
dynamic response is expected to differ, depending on the initial state. For instance,
when the plant operates in turbine mode with an empty lower reservoir (indicating
maximum energy capacity), the available head of the RPT reaches its maximum
value. Consequently, for a specific power change, the necessary change in flow rate
is less compared to scenarios where the reservoir is nearly full and the head of the
RPT is lower. To assess if the plant is capable of delivering the same amount of FCR
independent of its state of charge, two cases in turbine mode are compared. In the
first case, the RPT experiences a gross head of 9 metres stepping from 8 to 10 MW
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per RPT unit (0.8 to 1 GW for the full plant). In the second case, the RPT has a
decreased gross head of 5 metres and steps from 2 to 4 MW per RPT unit. Figure 5.5
shows the simulated change of power setpoint for the first case.

When providing FCR in the Netherlands, changes in power setpoint are required
to be reached within 30 seconds [207]. This is defined as the power change period,
and the desired setpoint can be exceeded by up to 30%. The tolerances around the
power setpoints are split into two sections. The allowed range in which 95% of the
values must fall and the tolerable range in which a maximum of 5% of the values
may lie. The absolute tolerance is calculated based on the power setpoint and the
percentage multiplied by the FCR power provided. After the power change period, a
transient period of 90 seconds starts where the allowed range gives a 20% tolerance
above and below the power setpoint and a tolerable range of 30%. Finally, after the
transient period, the tolerances drop to 10 and 20% respectively [208].

As can be observed from Figure 5.5, the system is able to reach its new power
setpoint within around 3.5 seconds, thus easily fulfilling the requirements. To
increase the power, the system accelerates both runners resulting in a higher flow
rate at the given head. To achieve this promptly, the machine torques are reduced
which explains the initial step-down in power. In order to fulfil the regulations
while minimising the power change period, the initial torque step and minimum
power are limited. In the presented simulation the initial step-down in power is
limited to 20% of the provided reserve. If this step, while within the regulations,

Figure 5.5.: Power per RPT unit during a FCR simulation stepping from 8 to 10 MW.
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would be deemed undesirable, limiting the initial power reduction to 5% of the
reserve, would only increase the power change period by about one second. The two
machine torques and rotational speeds for this case are shown in Figure 5.6. Here
this initial step-down in torque can be observed after which the torque is dropped
further as the runners accelerate to maintain the minimum power setpoint. Once
the rotational speeds approach their new desired setpoint the machine torques are
increased to reduce the acceleration. The small fluctuations observed both in power
and torque are caused by the speed control loop updating the current setpoint in
100 ms intervals.

Figure 5.6.: Rotational speeds and machine torques per RPT unit during a FCR
simulation stepping from 8 to 10 MW.

Figure 5.7 shows the change of power for the second case. Most notably, the
power change period here takes around 5 seconds and with that 40% longer than
the previous case. This is explained through the larger change in flow rate of 22.6
m3/s compared to a change of 15.4 m3/s in the first case. The angular velocities of
the runners also increase by around 1.05 rad/s compared to around 0.85 rad/s.

During neither of the simulated cases, any significant transient pressure effects
were observed. The rotational inertia of the runners limits their acceleration
sufficiently to avoid the excitation of pressure waves in the water column. While
this is the case for the assumed physical characteristics of this plant, changes in
the conduit or RPT dimensions may increase the risk of such pressure transients
occurring. Additionally, if the flow valve is used to achieve a new operating setpoint,
there could be an additional risk of such effects as has been shown in chapter 4.

It is clear that this plant is capable to provide Frequency FCR across its entire
operating range. With that, it is also equipped to offer other essential frequency
regulation services, including automatic and manual frequency restoration reserves
(aFRR & mFRR). Notably, these services demand a less rapid adjustment of operating
points compared to FCR. Additional components that may constrain the dynamic
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Figure 5.7.: Power per RPT unit during a FCR simulation stepping from 2 to 4 MW.

response of the system and are not covered in these results are the power electronics
and grid side control. Their effect should be limited though compared to the
physical inertias of the plant.

Among energy storage technologies, flywheels, supercapacitors and batteries are
typically considered to have fast enough power ramp rates to provide frequency
regulation services [209], i.e. capable of power change periods in the range of
seconds. However, only battery storage offers large enough energy capacities to also
provide balancing. With new technologies such as variable speed and hydraulic
short circuit, existing conventional pumped storage plants have also been enabled
to provide frequency regulation [210]. With a continuous reduction of spinning
reserves in our power grids, providing ancillary services such as FCR, aFRR and
mFRR is a crucial component of energy storage systems to contribute to grid
stability. Accordingly, providing these services opens up another revenue stream for
the operator.
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CONCLUSIONS AND

RECOMMENDATIONS

Due to the rapid rise of intermittent and inverter-coupled renewable energy sources,
large-scale integration of energy storage into our electricity grids will become imper-
ative. Shifting the operating range of pumped hydro storage to low-head applications
could pave the way to utilise the storage technology in regions, where so far it had not
been considered economically feasible. Further technological advancements can signif-
icantly contribute in enhancing its capability to improve grid stability while also making
it cost competitive. However, no deployment on a significant scale has been attempted
and research tackling the specific technical challenges arising from low-head applica-
tions is limited. This study aimed to assess the technical potential and viability of low-
head pumped hydro storage as a contributor to future grid stability. For this, first a review
of technologies discussing their applicable for low-head systems was conducted before
a numerical model was developed to assess the performance, dynamic behaviour and
component interaction of an integrated low-head pumped storage system. This numer-
ical approach was compared to experimental results and consequently applied in a case
study to assess a potential grid-scale system. Based on the research questions presented
in section 1.2, the following conclusions are drawn.

6.1. CONCLUSIONS

APPLICABLE TECHNOLOGIES FOR LOW-HEAD PUMPED HYDRO STORAGE

The review of low-head technologies in chapter 2 examined various pump-turbine de-
signs, electric machines, control strategies, and grid integration methods addressing the
first research question regarding what technologies are applicable to low-head pumped
hydro storage. The analysis highlighted the potential advantages of the technologies
embedded in the proposed system which are numerically and experimentally assessed
in the remaining chapters. The key findings from this review are as follows.

In a low-head context, the choice of pump-turbine design is highly dependent on the
flow rate of the system. Axial flow pump-turbines, with variable speed drives, are the
most suitable solution for high flow rates which leads to higher power inputs/outputs.
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The concept of utilising two contra-rotating runners instead of a single runner as a re-
versible pump-turbine is aimed at reaching high efficiencies over a wide operating range.
This is due to a reduction in non-axial flow components and the gained control degree
of freedom stemming from the adjustability of the rotational speed of both runners.

For the power take-off, axial flux PMSMs have been considered the most suitable elec-
tric machines for low-head PHS due to their high efficiency, high power density, and
suitability for high-torque-low-speed operation. The machine torque can be controlled
to achieve a speed setpoint by either field oriented control or direct torque control, with
the latter having a slightly better torque response if a position sensor is used, but increas-
ing the torque ripple. Active distribution rejection control can be used to complement
the torque and speed control, increasing performance and robustness. To derive the
speed setpoint, MPPT algorithms based on RPT models are suitable for low-head PHS
because of their short response time and steady power output. However, it is impor-
tant to include the whole system with its losses in the model to have precise control.
Model predictive control is a computationally intense control method that can account
for transient effects in complex systems, making it a valuable option for low-head PHS.

The discussion on grid integration has shown that, in order to compensate for an in-
crease in intermittent generation and a reduction in spinning reserves, a combination of
grid-forming control alongside bulk energy storage is necessary. To ensure grid stability,
such systems are required to provide frequency regulation services next to other ancil-
lary services, namely steady state voltage control, fast reactive current injections, short
circuit currents, black start, and island operation capability.

DEVELOPMENT OF THE INTEGRATED MID-FIDELITY NUMERICAL MODEL

Chapter 3 detailed the development of the numerical model, tackling the second re-
search question by exploring how a novel reversible pump-turbine with two contra-
rotating runners can be integrated with hydraulic, mechanical, and control dynamics
into a mid-fidelity numerical framework. The following conclusions are drawn from this
investigation.

From a numerical modelling perspective, similar approaches of traditional PHS can be
used when modelling low-head PHS. However, there are significant changes in the char-
acteristics of low-head systems requiring more attention on certain model components’
capabilities. Additionally, integrating the novel RPT technology with two individual run-
ners requires a new approach in characterising its performance. This approach must
also account for the the coupling and interaction between the runners as well as to the
hydraulic, mechanical, electrical and control components.

Accurately modelling the performance of the RPT is essential for low-head systems,
which, unlike conventional pumped hydro storage, operate across a broader range of rel-
ative head and discharge conditions. Low-head pumped storage systems are also more
likely to experience significant transient pressure effects than conventional high-head
systems due to the increased inertia of the water column. To account for these effects in
the hydrodynamic model, the compressibility of water is included. This has proven ben-
eficial during simulations of rapid changes in valve opening angles, where such pressure
transients were observed. However, it was anticipated that changes in the rotational
speeds of the runners or the speed ratio between them might also induce such effects.
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Interestingly, these were not observed in the simulated system. The rotational inertia of
the runners limits rotational acceleration sufficiently and, consequently, the excitation
of pressure waves. While this holds true for the assumed physical characteristics of the
simulated plant, modifications to the conduit or RPT dimensions could increase the risk
of pressure transients. Therefore, incorporating water compressibility into the model to
evaluate transients under varying plant configurations, or to conduct simulations that
account for the use of the flow valve, proves to be valuable.

Utilising a 1-D approach for the hydrodynamic model proved sufficient to capture the
discharge and pressure across the conduit. One significant disadvantage is that the risk
of cavitation can not be assessed. The transient pressures at the varying locations in
the conduit are averaged in the cross sectional plane which may neglect localised low-
pressure zones. Additionally, when coupling the 1-D hydrodynamic model to the steady-
state RPT characterisation inaccuracies may be introduced when predicting the RPT per-
formance under operating conditions where significant non-axial flow components are
present. Nonetheless, implementing a multidimensional fluid model would increase the
required computational resources significantly. This would limit the amount of scenar-
ios and cases that can be simulated and hence restrict the applicability of the model
beyond the desired scope.

Aside from the water column, the dynamics of the drivetrains and motor-generators
are included in the model to account for the dynamic response of the entire system.
This is more significant in low-head systems due to the relative larger diameter and as-
sociated rotational inertia of the runners and electric machines. The use of axial-flux
electric machines may further increase their effect on the dynamic response of the sys-
tems since they often have larger diameters compared to other motor-generators. These
mechanical dynamic effects are typically not included in CFD simulations.

Furthermore, the use of two independent runners per RPT unit requires each run-
ner to be modelled individually due to their coupling with separate drivetrains and the
interdependence of their performance, where the operating conditions of one runner
significantly influences the behaviour of the other. The utilised medium-fidelity hydro-
dynamic modelling approach offers the flexibility to integrate the pump-turbine model
with the other relevant system components such as the conduit, drivetrains, electric ma-
chines, and control systems. The subsytem models are grounded in physical principles,
enabling insight into the relevant physics of the system response. The significantly im-
proved computational efficiency compared to CFD allows for time-domain simulations
of a wide range of operating conditions and scenarios while considering the effects of the
coupled subsystems. The efficiency is largely achieved through the reduced dimension-
ality and resolution of the hydrodynamic model which does limit its ability to capture
highly localised or multidimensional flow behaviours. Despite these constraints, the
efficiency and modularity of the model allows for the exchange or coupling of further
subsystems, maintaining its applicability to a broad range of analyses.

This combination of flexibility and efficiency makes it a powerful tool for the devel-
opment of a technology such as low-head PHS. In this study the model was applied to
performance evaluations during energy balancing operations, transient behaviour anal-
yses for ancillary service provision, system scaling and sizing as well as the testing of
coupled control algorithms. These applications were significantly aided by the mod-
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els efficiency and flexibility which allowed for frequent and rapid adjustments of crucial
system parameters and components.

EXPERIMENTAL EVALUATION AND COMPARISON TO NUMERICAL RESULTS

To benchmark the developed numerical approach, an experimental setup incorporating
a 1:22 scaled version of a new contra-rotating RPT was constructed and used to per-
form steady-state and dynamic tests in both pump and turbine operation modes. Chap-
ter 4 addresses the third research question by presenting the setup and results, explor-
ing how the developed integrated numerical model can be experimentally benchmarked
and what insights can be gained from comparing the numerical predictions with exper-
imental results.

The used setup consists of two open-surface tanks, setting it apart from other experi-
mental campaigns that utilise pumps to provide the required head. This allows for more
realistic in- and outflow conditions, by reducing the risk of encountering swirl and pres-
sure pulsations typically induced by pumps. For the conducted experiments, the range
of Reynolds numbers at the RPT was between 0.6−1.0e6.

During turbine mode testing, a maximum flow rate of 360 l/s was measured and a max-
imum mechanical power of 22 kW. The highest hydraulic efficiency measured during the
experiments was 89%. In pump mode, a maximum flow rate of over 370 l/s at a mechan-
ical power of 42 kW was measured. The highest hydraulic efficiency measured in pump
mode was 92%. At the best efficiency points a hydraulic roundtrip efficiency of 82% is
achieved. It should be noted though that, when assessing the performance of hydraulic
machinery in scaled-down systems, uncertainties regarding the direct applicability of re-
sults to full-scale operations arise due to scaling effects. In this case, these uncertainties
would specifically arise from differences in Reynolds numbers and the relative rough-
ness of the RPT and surrounding wet surfaces. Despite these limitations, these scaled
experiments are crucial for the benchmarking of the developed numerical modelling ap-
proach.

Comparing the steady-state experimental results to the RPT model, which is derived
from a series of CFD simulations, a close match is observed in turbine mode with corre-
lation coefficient values between 0.9 and 0.97. In pump mode, the results are slightly
worse, however, the overall performance is sufficiently predicted through the opera-
tional range. Challenges and uncertainties in this comparison arise from both the exper-
imental and numerical approaches. For once cavitation and flow separation affect the
pressure measurements close to the RPT. The effect of flow separation was only observed
in far off-design operating conditions in turbine mode though and would not affect the
performance of a full-scale system. Cavitation can lead to performance degradation for
both the scaled-down and full-scale version of the technology. Full-scale systems would
experience a larger static head at the low-pressure side of the RPT therefore reducing
the risk of cavitation occurring. Nonetheless, this effect needs to be carefully evaluated
before deployment. Further inaccuracies in the comparison may stem from the CFD
simulations that were used as a basis for the RPT model. The proximity of the RPT to
the inlet in pump mode introduced non-axial flow conditions that are not captured in
the simulations due to the boundary conditions assuming a purely axial flow. Lastly,
measuring the runner torques with the transducers placed next to the electric machines
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rather than the RPT proved challenging, as it introduced additional uncertainties in the
characterisation of friction torques.

In addition to benchmarking the numerical modelling approach, the steady-state ex-
perimental results have confirmed key predictions. The RPT design, which utilises two
individual contra-rotating runners, is capable of delivering high efficiencies by reducing
non-axial flow components. More importantly, it provides these high efficiencies around
and above 85% over a wider operating range by adjusting the speed ratio between the
runners.

Additional to the steady-state tests, dynamic experiments were performed. To bench-
mark the dynamic modelling approach, a change of operating point has been exper-
imentally tested and numerically simulated in turbine mode. For this, the measured
torques of both drivetrains have been used as an input to the integrated model. The
results showed a strong correlation in the transient behaviour between numerical and
experimental results. This could be observed for the individual dynamic model com-
ponents, notably the conduit and two drivetrains. The simulated transients of the ro-
tational speeds of the drivetrains, as well as the flow and pressure variations within the
conduit, closely matched the experimental data. These results highlight the accuracy of
the integrated numerical modelling approach in representing not only the steady-state
RPT performance but also the dynamics within the hydraulic and mechanical subsys-
tems and their coupling. The integrated numerical approach has proven to be a versatile
and resource efficient tool.

Subsequently, the model was used to simulate a shutdown sequence in turbine mode,
which has been identified to be of high risk for potential transient pressure effects due to
its rapid closure of the valve. At the proposed shutdown time and even twice accelerated
the resulting pressure fluctuations do not pose a risk to the system. At faster rates, the
increased pressure and subsequent potential column separation may cause damage to
the conduit and adjacent components.

NUMERICAL EVALUATION OF A POTENTIAL LOW-HEAD PUMPED STORAGE

PLANT

In chapter 5, the integrated model is applied to a potential full-scale plant, addressing
the final research question by investigating the potential performance outcomes and
operational capabilities of low-head pumped hydro storage in supporting grid stability,
particularly for energy balancing and frequency regulation services.

A case study is performed evaluating the potential and technical viability of a grid-
scale plant with an initial power capacity of 1 GW and net storage capacity of 4 GWh to
be deployed in the Dutch North Sea. Furthermore, a sensitivity analysis has investigated
the effect of scaling the motor-generators while all other components, notably the RPTs,
remain unchanged.

The simulation results demonstrate the potential of the proposed low-head pumped
storage technology to achieve high performance at grid scale, effectively supporting both
energy balancing and frequency regulation services. The system, applied to the prospec-
tive site, has achieved roundtrip efficiencies of 73%. This roundtrip efficiency includes
all hydraulic and mechanical losses in the system and was obtained over a full charge
and discharge cycle. It was shown that using individual units of PMSMs at the nominal
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rating of 10 MW, severely constrain the wider operating range of the RPTs. By scaling up
the electric machines alone, the full head range except for one metre of the selected stor-
age site can be utilised. This results in the reduction of the size of the reservoir required
to reach the desired energy capacity of 4 GWh to approximately one third. Aside from
this reduction in footprint, the average power during operation is also almost doubled.

The dynamic simulations that have been carried out show that fast power ramp rates
across its operating range can be achieved. Allocating 20 % of its nominal power for FCR,
the new power setpoints are reached between 3.5 and 5 seconds for a full FCR response,
depending on the initial state of charge. This fulfils FCR requirements with some margin,
enabling it to participate in the provision of frequency regulation services.

6.2. PERSPECTIVES AND RECOMMENDATIONS FOR FUTURE

WORK
While the experimental investigation was able to cover tests over a wide operating range,
additional tests beyond the known operating range can be performed if the limitations
of the presented setup are overcome. If a higher static pressure at the low pressure side of
the RPT is achieved, the risk of cavitation would be reduced. This would allow for addi-
tional operating conditions as well as reduce uncertainty of the pressure measurements
adjacent to the RPT. Adapting the power take-off configuration to incorporate straight
shafts instead of bevel gears, the maximum torque could be increased and the uncer-
tainty of the friction torque characterisation avoided. However, such a setup would cre-
ate additional hydraulic losses in the system and may introduce non-axial flow compo-
nents. While additional small-scale tests can deliver valuable results on performance
and validate numerical methods, to increase the technical readiness of the technology,
a large-scale demonstration of the RPT and integrated system would be the appropriate
next step. Such a demonstration could, for example, use a single 10 MW set of pump-
turbine and axial flux machine.

Due to challenges when it comes to the scaling of tested pump-turbines, large-scale
tests would increase the confidence in the performance of the technology and allow
for the full-scale integration of RPT, electric machines, control algorithms and energy
management strategies. Such a large-scale demonstration would require significant re-
sources though and additional numerical evaluations may be needed.

The presented experimental campaign has shown that a mid-fidelity integrated nu-
merical modelling approach can predict the performance and dynamic behaviour accu-
rately and serve as an efficient and versatile approach to investigate and evaluate low-
head pumped storage plants. With this modelling approach, the presented work has
demonstrated that low-head pumped storage technology has the technical potential to
significantly contribute to grid stability. However, detailed economic and environmental
assessments were not within the scope of the conducted case study and are an impor-
tant next step in assessing the technology for large-scale implementation. The results
of the case study can serve as a basis for further economic and environmental investi-
gations. Combined with a detailed assessment of the capital and operating expenditure
as well as estimates on the future energy arbitrage margins and the prices of ancillary
services, detailed economic analyses including scaling optimisations can be performed.
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Further work utilising the developed numerical modelling approach should include the
development of energy management strategies, machine-side control algorithms and
grid-impact simulations. Due to the flexible control, several energy management strate-
gies, i.e. best efficiency vs. highest power input/output, can be compared for improved
LCOS. Furthermore, the integrated model can aid the optimisation of the machine- and
grid-side control. This may include the development of the numerical approach into
a model predictive control. Of significant relevance would be further studies conduct-
ing detailed simulations to quantify the impact of large-scale deployment of low-head
PHS on grid stability, especially in regions with a high penetration of renewables. For
these applications, the model in its current form should suffice and can be adapted or
extended to include varying control strategies or a grid connection.

However, further advancements in the model could unlock additional use cases and
widen its predictive capabilities. One avenue could be an upgrade of the hydrodynamic
model component to a multidimensional approach. This would allow to approximate
localised pressure variations and with that a more precise assessment of cavitation risks
under varying operating conditions. Such an upgrade, while coming at the cost of com-
putational expense, would be beneficial in assessing system reliability and preventing
potential damage to components in full-scale deployments. Additionally, the steady-
state characterisation of the reversible pump-turbine could be replaced with a fully dy-
namic characterisation to account for unsteady flow effects. This could enable the model
to better capture transient effects during rapid operational changes, such as start-ups,
shutdowns or the provision of ancillary services. For the applications of the presented
study, the steady-state characterisation proved accurate, but for other applications such
as investigation of the risk of cavitation during transient state operation this may be ben-
eficial. Beyond these approaches, the model could also be extended to include structural
and load modelling. This would enable the evaluation of mechanical stresses and fatigue
on critical components under both steady-state and dynamic conditions further aiding
the development of the technology.

If the proposed economic, environmental, control and grid-impact investigations are
promising and a large-scale technology demonstration further confirms the assumed
performance, low-head pumped hydro storage can be deployed as a large-scale storage
solution and help facilitate the ongoing energy transition.
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APPENDIX

A.1. CONTROL MAPS USED IN THE NUMERICAL MODEL
Four control topologies were evaluated for the maximum RPT efficiency across its oper-
ating range in both turbine and pump modes. These topologies are based on the three
available control degrees of freedom: the rotational speeds of the two runners and the
valve opening angle. Figure A.1 shows the efficiency maps for both operating modes
based on the selected control topology (topology 4). It also illustrates the associated
valve coefficients (minor loss coefficients corresponding to the valve opening angle) and
the ratio of the rotational speeds between the two runners.
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(a) Topology 4 efficiency map.
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(b) Topology 4 inlet valve coefficient kv map.
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(c) Topology 4 speed ratio ζ map.

Figure A.1.: (a) Efficiency, (b) speed ratio and (c) inlet valve coefficient versus power and
fallhead for control topology 4. [194] ©2024 IEEE
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B.1. STEADY-STATE EXPERIMENTAL RESULTS FOR THE RPT
EFFICIENCY AND POWER

During the steady-state experiments a total of 121 operating points of the RPT were
tested in turbine and pump modes. The varying operating points were achieved by in-
creasing the rotational speeds of the runners for five different speed ratios between the
runners. Additional operating conditions were measured by adjusting the opening an-
gle of the flow valve as well as adjusting the height of the spillway. Figure B.1 shows the
results for the efficiency of the RPT as well as the mechanical power. It should be noted
though, that these graphs, for the purpose of visual clarity, only include the results of the
incremental changes in rotational speeds for the varying speed ratios.
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Figure B.1.: Steady-state experimental results for the RPT efficiencies and mechanical
powers in turbine and pump modes. Turbine and pump operation are de-
picted with a T and P respectively.
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