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Abstract

Energy security and environmental challenges are some of the drivers for
increasing the electricity generation from non-programmable Renewable
Energy Source (RES), adding pressure to the grid, especially if located
in weakly connected (or isolated) islands, like Sardinia. Variable-speed
Pumped Storage Hydro Power (PSHP) can offer a high degree of flex-
ibility in providing ancillary services (namely primary and secondary
regulations), but due to the hydro-mechanical nature of the equipment,
sudden variations in the power output cause wear and tear. Other energy
storage devices can not compete with PSHP in terms of energy and power
availability. This work aims to assess the potential benefits derived from
the hybridization of a PSHP with Battery Energy Storage System (BESS)
and Flywheel Energy Storage System (FESS) in providing frequency reg-
ulation services to the grid of the Sardinia island (Italy). The focus of the
study tries to cross both the plant owner point of view, whose aim is to
have a smooth PSHP operation and the economic incentive to hybridize
the plant, and the Transmission System Operator’s, whose aim is to have a
fast reacting plant that better stabilizes the grid frequency. This is done by
simulations of a detailed dynamic model of the PSHP(whose hydraulic
machine has been characterized from real experimental data), BESS and
FESS, considering different power ratings of these last two technologies.
Moreover, two power management strategies are presented, based on dif-
ferent criteria, to effectively coordinate the devices making up the Hybrid
Energy Storage System (HESS). First the simulations are performed open-
loop, to assess the impact of various combinations of installed BESS and
FESS powers over the wear and tear of the equipment. Later the model is
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ii abstract

used in an optimization procedure to find the combination of installed
BESS and FESS powers and the respective control parameters that would
guarantee the maximum economic return at the end of the investment life.
Last, the model is included into a Sardinian power system model and sim-
ulated in a future scenario with high RES penetration, assessing the plant
capabilities to effectively contain and restore the frequency. Results show
that there is not a catch-all solution in terms of hybridization and that a
trade-off must be made between the plant owner’s urge to smoothly oper-
ate the plant in order to reduce the equipment degradation, and the TSO’s
objective to have fast responsive plants providing high quality frequency
regulation services. If on one hand open-loop simulations show that the
hybridization reduce the main wear and tear indicators, on the other the
optimal hybrid system limits the plant ability to contain the frequency
excursions in closed-loop simulations, as the optimization problem was
formulated over the plant owner’s interests. The results show that there
much potential for frequency stabilization and wear and tear reduction,
but more techno-economic data is required to fully investigate the benefits
of this configuration.
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1 Introduction

In the age of Anthropocene, the most compelling challenge humanity
faces is the containment of global warming, the driving force of climate
change, whose initial effects are already affecting large portions of the
ecosystem.
A 1.5 ∘C temperature increase to preindustrial levels target was estab-

lished by the international community [1], which is only achievable by
rapidly and drastically reducing greenhouse gas (GHG) emissions, as the
mean global temperature increase is already 1.1 ∘C [2]. In 2019 the energy
sector was responsible for 34 % (20GtCO2eq) of global GHG emissions
[3], showing an increasing trend that was only slowed down thanks to
the 2020 pandemic.
In this context, Renewable Energy Sources (RESs) have seen an ex-

ponential growth in the last 20 years, with wind electricity generation
increasing from 104TWh in 2005 to 1427TWh in 2019, and solar Photo-
voltaic (PV) generation from 4TWh to 681TWh for the same period [4].
Even so, global RES generation is expected to expand by almost 75 %
(2400GW) between 2022 and 2027, showing an 85 % acceleration with
respect to the previous five-year trend [5]. High fossil fuel and electricity
prices resulting from the global energy crises made RES generation more
economically attractive, and Russia’s invasion of Ukraine highlighted the
strategic value of self-sufficiency and energy security, all of which can be
guaranteed by RES generation.
If on one hand wind and PV generation contribute in the reduction of

fossil fuels dependence – amatter of strategic importance for net importers
such as Europe – on the other it introduces new challenges in the energy
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Figure 1.1: Frequency deviation following a step-like generation loss. A red
asterisk marks the frequency nadir.

management, especially regarding the stability of the electric grid [6].
The next section outlines some key concepts regarding the electric power
system and its stability.

i Hints of grid frequency stability

In Europe and much of the world, AC power is transmitted and deliv-
ered to utilities at 50Hz. The instantaneous value of the grid frequency
results from the balance of total active power inputs, i.e. the sum of all
the instantaneous powers from each generation node, and the sum of
all the outputs, i.e. all the instantaneous power consumed by each con-
nected load. If perfect active powers’ balance is achieved, the frequency
maintains its value constant over time at the reference value. Whenever a
power imbalance occurs, due to either supply or demand-side, during the
transient a change in the kinetic energy stored in motors and generators
connected to the grid occurs. The detectable effect is a variation in the
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frequency with respect to the reference value, decreasing if the demand
exceeds the supply (Figure 1.1) and vice-versa [7].

Non-dispatchable RESs as wind and solar PV are characterized by high
variability and unpredictability in power generation, resulting in more fre-
quent and more intense power imbalances – hence frequency deviations –
which, in extreme cases, could lead to catastrophic consequences [9]. Such
variability in RES generation spans both intra-day and intra-hour time
periods, as can be seen from Figure 1.2, reporting five representative days
of wind power generation in two sites [8]. No information is provided
about the location of the sites, but their mean generated power is 25 % and
30 % of the installed power, respectively, and in both cases the standard
deviation equates the mean generated power. Moreover RESs are most of
the time connected to the grid via power electronics, not contributing to
the grid inertia unless additional measures are undertaken, which will be
discussed later [10].

On an European level, regulations exist to coordinate and harmonize
protocols, interventions, and the respective markets for maintaining the
frequency stability in the different synchronous areas1 [11, 12].

“Ancillary services” refer to the range of services that are necessary to
maintain the stability and security of the electric system [13]. These ser-
vices normally include active and reactive power control: the frequency
stability depends on the balance of active powers, whereas voltage stabil-
ity on the balance of reactive powers. Under normal operating conditions,
voltage control and frequency control are decoupled and managed sepa-
rately. As this study focuses on frequency stability and control, reactive
powers and voltage stability will not be discussed in the rest of the work.
Among the ancillary services, two are of particular interest in this

work: Primary Regulation, i.e. the provision of Frequency Containment
Reserve (FCR), and Secondary Regulation, i.e. the provision of Frequency

1Five synchronous areas are defined within European Network of Transmission System
Operators for Electricity (ENTSO-E) geographical area, being: Continental Europe,
Nordic, Great Britain, Ireland and Northern Ireland, and Baltic [11].
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Figure 1.2: Wind power profiles for 5 representative days in two sites [8].
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Restoration Reserve (FRR).
A short description of each of this service is presented in the following

paragraphs.

i.i Frequency Containment Reserve

Primary regulation refers to the active power delivered after a frequency
imbalance event in order to stop its deviation from the reference value. The
frequency value drops (grows) until the generated power deficit (surplus)
is compensated by the collective effort of all the plants participating in
the service, incrementing (reducing) the power output, thus delivering
the upwards (downwards) FCR.
Primary regulation is the most urgent ancillary service and must be

fully activated within seconds from the occurrence of the event. On a
state-level, Transmission System Operators (TSOs) define the conditions
under which FCR must be provided. From country to country, FCR may
be subject to a market-based or a mandatory scheme. With the former, a
generator can propose an offer that may result in a bilateral agreement,
without being obligated to participate in the service. With the latter,
generators connected to the grid are required to reserve a certain amount
of generation capacity destined to FCR, for a price determined by the TSO
or other agencies (the case for France) or for free (the case for Italy) – or
a mixture of the two schemes (the case for Ireland and Nortern Ireland)
[14].
FCR is typically delivered with a droop-based control system. When-

ever a frequency deviation Δf (Hz) occurs, the target power variation the
plant must achieve, ΔP (MW), is calculated with basis on the reference
frequency fref (Hz), the plant rated power Pr (MW), and the permanent
droop σ, which is set by the plant owner according to the TSO’s regula-
tions:

ΔP
Pr

= −
1
σ ⋅

Δf
fref

. (1.1)
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The minus sign implies that for a negative frequency deviation the
plants must deliver a positive (upwards) power delivery, and vice-versa.

TSOs define both the magnitude of the permanent droop and the mode
of delivery of the FCR. For instance, Terna (the Italian TSO) mandates
that each unit participating in the FCR service (which is mandatory for
generation units whose rated power is greater or equal than 10MWe)
must deliver 50 % of the FCR within 15 s from the start of the frequency
variation, and 100 % within 30 s [15]. Depending on the type of plant
(steam/gas turbine, hydropower, combined-cycle, …), its rated power, its
location (insular or continental Italy), and the magnitude of the frequency
error, up to tens of MW may have to be delivered within 15 s to 30 s, with
the related consequences in terms of thermo/hydro-mechanical stresses
and loss of efficiency.

i.ii Frequency Restoration Reserve

Secondary regulation is aimed to restoring the frequency to the rated
value after it has been successfully stabilized by the FCR. FRR consists in
delivering the necessary energy to make up for the energy deficit/surplus
during the time FCR was not fully activated, and as such it is a service
that is delivered over a longer time period than FCR.

FRR may be controlled manually (mFRR) or automatically (aFRR).
aFRR is controlled by an Automatic Generation Control (AGC), a system
that issues a control signal that adjusts the generators’ set point in the
respective control area [16]. Participation in secondary regulation is
market-based in most of Europe [14].

In Italy a plant is qualified to provide FRR if it is able to track a control
signal linearly increasing from 0 % (downward FRR fully active) to 100 %
(upward FRR fully active) in 200 s (100 s for the islands of Sicily and
Sardinia) [15].
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i.iii Present and future challenges

As outlined in the previous paragraphs, the electric system is currently
dealing with conflicting needs. On one hand there is the need to decar-
bonize the electricity generation, which goes through the installation of
new non-programmable RES generators. On the other hand, the need to
guarantee the system stability and security, which requires continuous
balance between electricity generation and demand.

Until a few years ago, TSOs had to choose between two options to deal
with this dilemma. The first option was to guarantee frequency stability
thanks to the power modulation of programmable power plants, tradi-
tionally fossil-fuel powered plants. The issue with this option is that these
plants are designed to operate at maximum efficiency at design condi-
tions: at partial load the process efficiency drops, increasing the burned
fuel per unit of electric energy generated. Moreover continuous power
adjustments cause thermo-mechanical stress in several parts, increasing
the operation and maintenance routines and/or repair and replacement
of components. This of course implies additional emissions due to the
increased consumption of the parts, besides interfering with the plant
uptime period.

The second option was to undercut the excess renewable generation.
This is a one-way solution (RES generation can not be incremented on com-
mand), that is effective in avoiding thermal plants to provide downward
regulation. The issue with this approach is that by doing so, low-carbon
renewable energy is wasted and not sold in the electricitymarket, thus pro-
longing the investment payback times and reducing the competitiveness
of RES installations.

Since the end of XX century, the scientific community and industry
stakeholders have begun investigating in a third option for the problem
of RES integration: energy storage, whose main technologies and recent
developments will be described in the next section.
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Figure 1.3: Global share of electric energy storage capacity [23, 24].

ii Energy storage technologies

In this context energy storage technologies refer to a range of Energy
Storage Devices (ESDs) that convert electrical energy from the grid into
a different form that can be stored (charge process) and, when the time
comes, converted back to electricity, delivered to the grid (discharge
process).

ESDs work according to different physical principles, and, besides that,
each technology presents its own properties in terms of energy and power
storage capacity, responsiveness, economic and technological maturity
[17–22].

In 2020 the global operational energy storage capacity reached 191.1GW,
growing by 3.4 % from the previous year [23]. Over 90 % of electric energy
is stored by Pumped Storage Hydro Power (PSHP), followed by Li-ion
batteries (6.9 %) while all the other storage systems combined account
for less than 3 % (Figure 1.3). From this data it is clear that Li-ion Battery
Energy Storage Systems (BESSs) are experiencing the highest growth in
yearly installations, and that PSHP is the leading technology in terms of
installed storage capacity.
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Among the energy storage technologies, PSHP is the most mature,
as the first hydro installations date back more than 100 years. Indeed
research is still ongoing on hydropower technology [25–32], especially in
relation to the increasing necessity to provide ancillary services [33–37],
requiring wider operating ranges and greater flexibility. Hydropower
is not a catch-all solution: as any other technology it presents its own
advantages and drawbacks [20, 29]. Recently a new approach to the issue
of energy storage, renewables integration, and grid stability has emerged:
the idea to enhance generation/storage units hybridizing it with one or
more ESD of smaller size and effectively coordinate the operation of each
unit in order to improve the performance with respect to the units being
operated individually.

Among the several types of energy storage technologies, there are four
of particular interest for this work: PSHP, BESS, Flywheel Energy Storage
System (FESS), and Supercapacitor Energy Storage System (SC). The next
paragraphs will present an outline of these energy storage technologies;
later on, a state of the art on hybridization solutions taken from the litera-
ture will be presented; the chapter will conclude with the presentation of
this research motivation and goals followed by a detailed description of
the case-study used in the research.

ii.i Pumped Storage Hydro Powers

Between 1990 and 2017, the yearly growth in hydropower generation
in Organisation for Economic Co-operation and Development (OECD)
countries was 0.6 %, whereas for non-OECD was 3.9 % [38]. High in-
vestment costs (higher than for wind and solar PV), the scarcity of new
suitable places for new installations, together with public opposition due
to environmental and social concerns, are the main reasons that slowed
down the growth of hydropower generation in the last decades [5, 39].
PSHP stores energy by taking advantage of the geodetic difference

between an upper and a lower reservoir, pumping water from the latter
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to the former – thus converting electrical energy into potential energy –
and, when necessary, discharging the water through a turbine, converting
water energy back into electricity [17]. The common elements in all PSHPs
are: i) an upper and a lower reservoir (basins) where the water is stored,
ii) hydraulic machinery, iii) conduits connecting both reservoirs with
the hydraulic machines, iv) electric motors/generators, and in case of a
very long water column (conduit) v) one or more surge tanks. In ternary
configuration, the hydraulic unit is made of a (typically radial) pump,
a turbine (Pelton or Francis), and a synchronous motor/generator. In
binary configuration (Figure 1.4), a reversible (Francis) pump-turbine is
coupled with a synchronous motor/generator. A PSHP can include one or
more hydraulic units. Last, in quaternary configuration, the unit is made
of one variable-speed pump and a conventional (most commonly, but not
exclusively, a Pelton) turbine, each equipped with their own electrical
machine [40, 41]. This configuration offers the highest flexibility – as
the variable-speed pump and turbine are operated independently and
are installed in hydraulic short-circuit (see page 13) – at high capital
investment costs.
PSHPs offer the possibility to store energy at very low cost compared

to other technologies [42–44]. Nevertheless, besides the necessity of
considerable investments and suitable locations, PSHP suffers from some
performance limitations with respect to other ESDs.
The first aspect that deserves consideration is that conventional hy-

draulic machines (pumps, turbines) are coupled with synchronous mo-
tors/generators. On one hand this is an advantage from the TSO’s perspec-
tive, as the rotating masses of both the electric and hydraulic machines
contribute to the grid inertia (damping small frequency oscillations).
On the other hand, this is a limiting factor for hydraulic machinery as
they must operate at fixed rotational (synchronous) speed. Fixed-speed
pumps can not modulate their power input (their working point depends
on the pump characteristic curve and the hydraulic circuit resistive curve).
Fixed-speed turbines enjoy an additional degree of freedom, since they
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Figure 1.4: Simplified scheme of hydropower plant in binary configuration. The
upper reservoir is indicated as “Forebay”, and the conduit as “pen-
stock”. In case of a PSHP, the machine would be a reversible pump-
turbine coupled with a motor/generator. Picture taken from Ref. [7].

are equipped with the wicket gate/guide vanes apparatus (needle valves
and nozzles in case of Pelton turbines). The Guide Vanes Opening (GVO)
controls the inlet flow rate, therefore the electric power output.
Related to this matter, the second key point worth to mention is that

hydraulic machines are designed to have the Best Efficiency Point (BEP)
at rated hydraulic conditions: fixed values of rotational speed, head, and
flow rate [26]. The BEP is unique, therefore when adjusting the turbine
power output during the provision of ancillary services, the machine will
inevitably shift the working point to a region of lower hydraulic efficiency.
PSHPs operate with a water column of several hundred meters long:

sudden shifts in the turbine working point translate into sharp varia-
tions in GVO, which cause mechanical solicitations and premature ageing.
Frequent and sudden power adjustments cause pressure waves (water
hammer), damaging not only the guide vanes and their auxiliaries (blades,
pins, ...), but also the conduits in the long run [45]. Moreover, pressure
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Table 1.1: Reference values of transition times between hydro power plants oper-
ational modes in in binary and ternary configuration, adapted from
Ref. [47].

Pump Turbine Time (s)
Mode change A B C D E

Standstill ⟶ Turbine mode 90 75 90 90 65
Standstill ⟶ Pump mode 340 160 230 85 80
Syn. Condenser ⟶ Turbine Mode 70 20 60 40 20
Syn. Condenser ⟶ Pump Mode 70 50 70 30 25
Turbine Mode ⟶ Pump Mode 420 470 45 25
Pump Mode ⟶ Turbine Mode 190 90 280 60 25

Reversible pump-turbine
A – advanced conventional
B – extra fast response conventional
C – variable speed

Ternary set
D – with hydraulic converter + hydraulic short circuit, horizontal,
Francis Turbine
E – same as D, vertical with Pelton Turbine

waves negatively impact in the system’s ability to provide ancillary ser-
vices [46].

The last matter of concern for PSHPs in terms of support for the grid
stability is that in binary configuration the hydraulic machine is charac-
terized by unstable operating areas which have to be avoided in order to
prevent damages or control issues. The existence of these areas, both in
pumping and in generation mode, force the operator to transit from one
operating mode to the other in a longer period of time.

In binary configuration the reversible hydraulic machine is very slow in
transiting from one operating mode to another (Table 1.1): the transition
from standstill mode to “charge” (pump) or “discharge” (turbine) mode
requires at least one minute, while shifting from charge mode to discharge
mode and vice-versa often takes more than one minute (except for some
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very specific configurations, D and E in Table 1.1). Ternary configuration
is faster in some cases, but still the process is slow if compared to other
types of ESD due to the hydraulic column connected to the machine.

Hydraulic short-circuit can be a way to increase the flexibility of a PSHP.
This type of operation makes use of turbine and pump groups working
simultaneously, with the former discharging water at the latter’s inlet.
Hydraulic short-circuit is relatively simple and inexpensive to implement,
but comes at the cost of a reduction in hydraulic efficiency. Notable
examples of plants with groups operating in hydraulic short-cricuit are
Kops II (Austria) and Gorona del Viento in the El Hierro island (Spain).
As pointed out so far, there is a growing necessity for flexibility in

hydropower plants, and technological advancements have moved in that
direction. The development of the variable-speed technology marked an
important milestone in hydropower technology.

Variable-speed hydropower

Variable speed operation means decoupling the rotational speed of the
pump/turbine runner from the frequency of the grid, a solution first
adopted in Japan [48], and later on in Europe [49]. According to the
similarity theory, the characteristic curves of a hydraulic machine are
unique for the rotational speed: by its adjustment the machine can operate
at the point of maximum efficiency at more than one operational condition
[26, 29, 49–54].
In order to decouple the unit’s speed from the grid’s frequency it’s

necessary to connect the electrical machine to the grid through power
electronics. There exist two options for this purpose. One is using a
Doubly Fed Induction Generator (DFIG) whose rotor is connected to the
grid through a power converter with a power rating equal to the rotor’s
one. Another option is using a fully fed synchronous generator with the
stator connected to the grid through a power converter of the same power
rating as the synchronous machine. Both options allow controlling the
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unit’s rotational speed. The latter is more flexible specially as regards
the unit’s start-up in pump mode and the transitions between operation
modes, albeit at the expense of higher investment cost. In general this
option is adopted when the generation does not exceed 60MVA [55]. A
DFIG is the preferred solution when the generation exceeds 60MVA: the
power electronics’ rating is a fraction (typically 10 % to 25 % [56, 57]) of
the machine power rating [54, 55], keeping the investment costs low for
high generation powers. In fact, with a 60MVA converter it is possible
to feed a DFIG of up to 400MVA, controlling the rotational speed by
±10 % of the synchronous speed, which is acceptable for most PSHPs
applications during normal operation [50, 55, 58].
A disadvantage of the variable-speed technology is that the electrical

machine rotor is decoupled from the grid frequency thus not contributing
to the system inertia [59]. In this case, the inertial contribution must be
provided by othermeans. This is donewith an additional control loop that
provides the so-called virtual or synthetic inertia. The recorded frequency
error signal (properly filtered) is processed by a proportional-derivative
controller issuing the respective power set-point [10, 50, 60, 61].

Variable-speed technology innovation is not only limited to the electric
equipment, but also involves innovative design of the runner and stator
of the hydraulic machine, to extend the machine operational capabilities
over a wider range, taking into account the stability and cavitation limits
[26, 29, 62].
Overall, technological advancements make hydropower much more

flexible and responsive than in the past. As already stated, hydropower
generation and PSHP installations are constrained by the scarcity of suit-
able locations, whereas their operation is limited by the location hydrolog-
ical conditions: in 2021 it is estimated that global hydropower generation
fell down to 4218TWh, around 3.5 % [63]. In this sense, it is fundamental
to find solutions that do not rely only on freshwater to guarantee stable
and continuous energy storage (which would have also the advantage
of causing less environmental harm, as freshwater hydropower heavily
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Figure 1.5: Bird-eye view of the Okinawa sPSHP. The upper reservoir has an
octagonal shape, and tetrapods are placed at the outlet of the tailrace
for protection against waves [64].

interferes with hydrological basins and the biosphere).

Seawater-Pumped Storage Hydro Power

Few sites are available for new installations of hydropower systems in
Europe and especially in Italy. An alternative approach was first designed
and experimented in Japan, with the Okinawa Yanbaru Seawater Pumped
Storage Power Station, which entered into service in 1999 (Figure 1.5).
The first of this kind, with an available head of 136m and a maximum
power output of 30MW, the plant functioned as a research facility for 5
years.

The underlying idea of a seawater seawater Pumped Storage Hydro
Power (sPSHP) is to use the sea as the lower reservoir, and to realize
an artificial upper reservoir on the top of a cliff, taking advantage of the
geodetic height difference. At times of low energy price (e.g. at night),
the seawater is pumped into the upper reservoir; later on the same water
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is discharged through a turbine, recovering part of the electrical energy.
Among the benefits of such a plant there are [65]:

• reduced construction costs: only the upper reservoir needs to be
realized, and

• the storage capacity only depends on the upper reservoir (the lower
is infinite);

• the pump-turbine design is simpler, as the available head is small;

• the site can be chosen to be closer to the main generation sites than
a conventional PSHP, if the orographic conditions allow it.

At the same, such a technology is not exempt from drawbacks:

• seawater favours corrosion of the metallic components;

• marine organisms may stick to the surfaces, causing fouling and
increasing the hydraulic losses;

• there exists the risk of seawater infiltration in the environment;

• water intake and outtake may have a negative impact on local cur-
rents and biosphere.

Nevertheless, technical and technological solutions were identified for
each and every detected issue: these plants can be realized and operated
[42, 64, 65], as demonstrated also by the relatively recent interest in such
plants [66].

Hydropower technology, and in particular PSHP for energy storage, is
playing and will play a crucial role in the decarbonization process that
awaits the energy sector.

ii.ii Battery Energy Storage Systems

BESSs are devices that store electricity converting it into chemical energy.
A battery is made of one or more electrochemical cells with two liquid,
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paste, or solid electrolytes: a positive (anode) and a negative (cathode).
Much research was done in the last decades in BESS technology for a
variety of purposes, from electrical mobility to stationary applications [17,
20, 42, 67–72], leading to a considerable reduction in capacity costs (a 90 %
drop since 2010 [63]) which are expected to further fall in the foreseeable
future [43, 44, 72]. BESSs have also been extensively studied for grid
storage purposes, meaning their suitability to provide ancillary services,
demonstrating their effectiveness in contributing to control frequency
excursions [18, 21, 36, 73–82]. As a matter of fact, in Germany the majority
of recent BESS large-scale projects are for FCR purposes, and installed
BESS capacity increased on a 10 % basis between 2018 and 2019 [78].

In the first place, battery technologies differ as a function of the type of
materials and electrolytes used. Several technologies exist (lead acid, flow
batteries, lithium-ion, metal air, just to name a few) that differ in terms
of energy and mass density, round-trip efficiency, operation temperature,
resistance to ageing, technological maturity, costs, etc. [21, 22].
Li-ion BESSs occupy a special place among batteries, as most of the

research on batteries has focused on this particular technology due to
their versatility and applicability to a wide range of fields: from consumer
electronics to electrical mobility, from domestic storage to industrial ap-
plications [72, 78]. Li-ion BESSs2 enjoy high energy density, low self-
discharge rates (less than 5 % on a monthly basis), and an acceptable
number of charge/discharge cycles before reaching end of life: up to
20 000 [81]. Li-ion BESSs are particularly susceptible to cycle ageing and
temperature excursions: to prolong their useful life, their State Of Charge
(SOC) is maintained within certain ranges, and during operation they are
in general placed in rooms with temperature control [83–86]. It is also
worth it to point out that the power rating of a BESS is determined by the
inverter coupled to the battery bank, and that, especially for industrial

2More than one type of Li-ion batteries exist, such as LiFePO4, Lithium Manganese
Oxide, Lithium-titanate. This study does not focus on a specific type of Li-ion batteries,
but will deal with it in general terms.
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applications, single battery cells are replaced once they reach end of life.

ii.iii Flywheel Energy Storage Systems

A FESS is an ESD that converts electricity into mechanical (kinetic) en-
ergy by setting in motion a rotor. In charge mode electrical energy is
used to accelerate the rotor, while in discharge mode the rotor rotational
energy is converted into electricity, thus causing its deceleration. The
flywheel rotor is placed inside a pressurized vessel: a vacuum pump is
employed to remove air, hence to minimize drag losses. The vessel is also
a protection element in case of malfunction: a solid enclosure guarantees
the safety for the personnel and equipment in the surroundings if the
rotor disintegrates (due to the high speeds). Key elements of a FESS are
the bearings: be either mechanical, magnetic or superconducting, these
components undergo extreme stress and must be properly designed to
minimize not only friction losses, but also the need for maintenance and
replacement [87]. The type of power converter adopted depends on the
application; in general terms insulated gate bipolar transistors (IGBTs)
are widely employed because of their high switching frequencies and
power potentiality [87].
The energy capacity of a FESS depend on the rotor mass and speed

limits [17]. The first generation of flywheels reached a maximum speed of
about 6000 rpm [17, 88], employing metallic rotors. New composite mate-
rials and improvements in the control of magnetic bearings made possible
to have high-speed FESS, reaching 50 000 rpm to 60 000 rpm according to
some sources [88, 89], and even in order the hundred thousands rpm ac-
cording to some others [89]. It is common practice to set the usable stored
energy to 50 % of the maximum energy, thus fixing the rotor minimum
speed [90]. High-power FESS plants employ several flywheel devices in
banks [91].
FESSs are known to have a very high power density, high conversion

efficiency and their ageing is not dependant on depth of discharge (DOD)
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[87] (besides, a FESS appliance can tolerate up to hundreds of thousands
charge/discharge cycles [44, 92–94]). On the other hand, FESS tradition-
ally present high self-discharge losses [91, 93, 95], but there is not much
available information regarding new generation FESS: these losses may
have decreased thanks to new and improved bearings [87]. Moreover
FESS energy capacity is very low (with energy-to-power ratios seldom
higher than 0.25h [44]) and ageing has not been studied as thoroughly as
in BESSs: only in recent years studies investigating flywheels fatigue have
been published [96, 97]. Flywheel applications span a wide range, from
large scale systems (e.g. for frequency regulation) to small scale at cus-
tomer level. They are particularly suited for high-power and low-energy
purposes (hundreds of kW, tens of seconds), with frequent charge/dis-
charge cycles involved [87, 91, 93] such as, as already mentioned, grid
frequency regulation [92, 98], mobility and aerospace and uninterruptible
power supply [87, 91, 96].

ii.iv Supercapacitor Energy Storage Systems

Supercapacitors (also called ultra-capacitors) store energy in the form
of electrostatic field in a dielectric medium that splits two electrodes, to
which a DC voltage is applied, without any chemical reaction involved.
SCs employ several cells connected in series and in parallel to reach the
desired voltage and current rating3. With respect to regular power elec-
tronics capacitors, this technology differs for employing highly porous
electrodes (to increase the surface area), and extremely short gaps (in the
order of 1nm) between the electrodes and the electrolyte [100]. As for
BESS and FESS, power electronics play a crucial role in connecting the SC
to the grid.

Akin to FESS, supercapacitors are characterized by very high power den-
sity and low energy density, high round-trip efficiency and self-discharge

3For example, Maxwell Technologies commercializes a 2.7V × 3000 F cell that can be
part of a SC for grid purposes [99].
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Table 1.2: Synthesis of techno-economic parameters of the ESDs discussed in this doc-
ument: PSHP, Li-ion BESS, FESS, and SC. If not stated otherwise, data was
taken from Ref. [20].

PSHP BESS FESS SC

Power range (MW) 10 – 5000 0.05 – 100 0.01 – 20a 0.01 – 0.3
Energy rating (MWh) 200 – 500 0.25 – 25 0.025 – 5 0.001 – 5
Energy density (Wh/kg) 0.5 – 1.5 120 – 230 5 – 80 0.05 – 15
Discharge time 1 – 24+ h 1min – 1h s – 15min ms –min
Response time 1 s – 15 sb ms msc ms
Round-trip efficiency (%) 70 – 85 85 – 95 90 – 95 85 – 95
Calendar life (yr) 30 – 60 10 – 20b,d 15 – 20+c 16c

Lifecycles (103 cycles) 15c 1 – 10 200c 1000c

Daily self-discharge (%) – 0.15 – 0.3 1.3 – 100 10 – 40
Total project cost ($/kW)c 2638 1876 2880 930
Total project cost ($/kWh)c 165 469 11 520 74 480
a Beacon Power [102]
b Pérez‐Díaz et al. [32]
c Mongird et al. [44]
d Benini et al. [103]

rates, and high reliability [20, 93, 101]. Not only: SC degradation is un-
affected by DOD and the equipment does not require strict temperature
and humidity control (as is the case for BESS), making this solution par-
ticularly robust [20]. If there are many similarities between SC and FESS
technologies, energy capacity costs are much higher for supercapacitors
[21, 44], but it is expected that in the near future SC will experience
significant cost reduction, improving its competitiveness [43].

As seen so far, various types of ESDs exist, each with its own properties;
a synthesis of the main techno-economic data of each ESD is presented
in Table 1.2. Some technologies are more suited to manage extremely
frequent power variations as their response time is in the order of millisec-
onds, power density is very high, and energy capacity very limited: such
is the case for FESS and SC; BESS are also quite fast in tracking power
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variations, and have a fairly good energy capacity, but are susceptible to
cycling degradation; PSHP can store energy at the cheapest price, but it
takes seconds in adjusting the power output. New generation variable-
speed hydraulic machines can be faster, but at the price of increased wear
and tear of the equipment.

As there is no ideal ESD, academia and the industry have been research-
ing on hybrid systems: two ormore generators/ESDs that work in synergy,
so their contribution is greater than of each device taken singularly.

iii Hybrid Energy Storage Systems

Systems of two or more heterogeneous storage technologies with com-
plementary characteristics constitute a Hybrid Energy Storage System
(HESS) [20]. A HESS can achieve near optimal operation by synergizing
the advantages of each ESD [104]. Themain aim of all HESSs is combining
high energy density with high power density devices thus achieving an
overall high energy and power system with fast response [105]. BESSs,
due to their particular nature, fall in between the two aforementioned
categories. The response time of BESSs can be comparable to that of SC in
light of the requirements of frequency regulation services. Nevertheless
having a dedicated device to deal with the high frequency components of
the regulation effort, allowing for a smoother BESS operation, contributes
to the equipment preservation [106, 107]. The interest in energy storage,
hybrid non-programmable and programmable generation plants with
ESD, or HESSs raised substantially in recent years [21, 22, 108], expanding
to the hybridization of hydropower plants [29]. Hybrid hydro-battery
projects are already operational, most involving the installation of BESS
storage along a Run-of-river (ROR) plant, but there are also cases of cou-
pling of PSHP and BESS [109]. More projects have been announced, one
involving the hybridization of a hydropower plant with SC [110]. Table 1.3
summarizes the known hybrid hydropower projects.

Hybrid systemswere first studied as a combination of a non-programmable
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Table 1.3: Summary of hybrid hydropower projects. Installed power and energy
capacity are included when available.

Location Type Status Capacity Ref.

Pfreimd 137MW PSHP Operational 12.5MW [109]13MWha

Forshuvud 44MW ROR Operational 5MW [111]6.2MWha

Wallsee 210MW ROR Operational 8MW [112]14.2MWha

Vogelgrun 142MW ROR Operational 650kW [113]300kWha

Landafors 11MW ROR Operational 1MW [114]250kWha

Edsele 60MW ROR Operational 6MW a [115, 116]
Lövön 36MW ROR Operational 12MW a [116]
Mankala 37MW ROR Planned a [117, 118]
Kurikaska 27MW ROR Planned SC [110]
Bodum 12MW ROR Planned a [116]
Fjällsjo 12MW ROR Planned a [116]
a Li-ion BESS
b Li-ion BESS (second life)
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RES generation plant with an ESD in islanded power systems, microgrids,
or off-grid contexts [119–126], in some cases employing hydropower to
smooth wind power fluctuation [122, 124, 125, 127–131], solar PV genera-
tion [119, 121, 132] or both [126, 133, 134].
With advancements in BESS, FESS, and SC technologies and their in-

creasing commercialization, hybridization has been investigated as a way
to improve the stability of the grid (power smoothing or frequency con-
trol) [21, 32, 36, 37, 61, 80, 82, 90, 106, 135–155], to reduce the PSHP wear
and tear [36, 136, 140, 156], or to prolong the BESS lifetime by reducing
its cycling [82, 106, 107, 143, 145, 149, 150, 154, 157, 158].

The hybridization of a hydropower plant/PSHP and BESS has been stud-
ied by Moghaddam and Chowdhury [148], proposing a method to find
the optimal size (for mitigating wind power fluctuations) of a PSHP-BESS
plant according to the discrete Fourier transformation of the historical
data of the power imbalance caused byWind Turbine Generators (WTGs):
the PSHP is sized according to the low frequency components, whereas
the BESS according to the higher [148]. Guezgouz et al. [159] developed
an efficient energy management strategy and an algorithm to determine
the optimal size of an hybrid battery-PSHP storage system situated in
a remote location with only wind and solar power generation. Anin-
dito et al. [160] have assessed the economical benefits of including BESS
into a PSHP under different scenarios of RES penetration and ecological
constraints. More recentlyMakinen et al. [36] modelled a combined BESS-
hydropower plant participating in the FCR balancing reservemarket in the
Nordic Power System to assess the plant ability to fulfill its requirements.
Valentín et al. [156] studied the benefits of the hybridization of a 35MW
run-of-river Kaplan unit with a small size (650kW) BESS providing FCR
in Germany. The presence of the BESS reduced both the runner and the
blade servomotor mileage, which is found to be proportional to the wear
and fatigue damage, respectively.
Besides BESS, some works have focussed on hydro-FESS integration:

Makarov et al. [98] modelled and simulated a hydro plant hybridized
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with FESS. The hybrid configuration proved to be feasible and to provide
a robust and accurate frequency regulation service, with the FESS tak-
ing the most of the regulation task in terms of variability, thus reducing
hydro wearing and tearing problem. Later on, Lu et al. have validated
the aforementioned findings via experimental tests [161]. Jin et al. [151]
presented a method to coordinate a slow (hydropower/combined cy-
cle) and a fast unit (FESS) implementing a SOC band control algorighm,
which proved to provide high quality regulation, minimized generators
up and down movements, and effective SOC containment within the de-
sired range. FESS and PSHP integration was studied for the case of the
El Hierro island, finding that, although FESS modules installation have
proven to reduce the frequency deviations, their optimal amount depends
on the adopted control strategy, and a higher number of modules does
not guarantee a better system frequency response [147]. For the same
case-study, Sarasua et al. [61] proposed a hybrid wind-PSHP-FESS con-
trol strategy for enhanced frequency containment in a 100 % renewable
energy generation scenario. The control strategy takes into account the
provision of synthetic inertial response, the rotational speed of the wind
turbine generators, the SOC of the FESS and the primary and secondary
frequency regulation actions. The proposed strategy proved to reduce the
average frequency deviations to about half the reference case and increase
the overall renewable energy utilization. Moreover, the authors found
that satisfactory results were achieved with a deadband from 50mHz to
100mHz: the higher the value the lower the turbines wear but the higher
the frequency deviations, and vice-versa.

As of 2019, the cooperation of fast ESDs (FESS or SC) and hydropower
had not been demonstrated in an operational environment [29, 32].
Flywheels, co-operating with BESS, contribute to smooth the power

generated by the RESs, help to stabilize microgrids in islanded mode, and
lead to an extension of BESS life [107, 120, 139, 147, 152, 162–164].
Karrari et al. [135] applied an improved motif discovery algorithm

to identify the most frequent consumption patterns for sizing hybrid
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BESS-FESS in a multi-bus system. The optimization procedure aimed at
minimizing the energy capacity of the FESS and maximizing the BESS’s
(vice-versa for the power capacity criterion) and to limit the BESS ramp
rate. The sizing is based on the cut-off frequency of a Low-Pass Filter
(LPF) for sharing the regulation burden between the two ESDs. It must
be pointed out that the case-study is a relatively small power system: the
resulting cumulative installed energy capacity and power of both BESS
and FESS do not exceed 830kWh and 150kW respectively.
Akin to FESSs, SCs have also been studied in hybrid configurations,

either with hydropower plants [128, 144, 165] or with BESSs, smoothing
the RESs power output [150, 154, 155] or providing frequency regulation
services [106, 142, 143, 145, 146, 149, 158, 166], some with experimental
validation [82, 157, 167].

Hernández et al. [106] proposed a techno-economic model to find
the optimal size and energy management of a BESS-SC HESS for PV
household-prosumers. The methodology enhances the self-consumption
and self-sufficiency of a household with PV generation, accounting for
battery ageing and FCR provision. Different SOC control strategies were
proposed, and a long-term economic analysis demonstrated the economic
feasibility and attractiveness of the HESS thus found. Mohamed et al.
employed the concept of virtual synchronous generator to control a HESS
included in a microgrid (with PV and diesel generation). The HESS
was made of a 100Ah Lead-acid BESS coupled with a 108kW (3.75F
at 240V) SC. The virtual synchronous generator damping factors have
been optimized with Particle Swarm Optimization (PSO), and the system
was successfully proven to improve the frequency nadir and Rate Of
Change Of post-disturbance Frequency (ROCOF). The improvement in
life consumption of the BESS was touched upon, but the main aim of
the hybridization was to improve the stability of the frequency in the
microgrid. Khan et al. developed a new control strategy based on k-
type compensators and nonlinear Proportional Integral (PI) control for a
hybrid lead-acid BESS-SC system for voltage control in a microgrid with
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solar PV generation and variable loads [169].
Regardless of the employed technology, the hybridization of energy

storage devices always implies the coupling of a “slow” unit (intrinsically
or artificially slowed down) with a “fast” unit, and a key common element
is the control strategy that manages the power flows and the SOC of each
unit.

Jin et al. [151, 153] have developed an optimized algorithm to coordinate
a “slow” and a “fast” unit, whose purpose is to efficiently distribute in
real time the load between the two; another strategy, among the control
variables, which considers the SOC of the storage devices has been pro-
posed. Two different control strategies were proposed by Laban [140] for
a hydropower plant coupled with a BESS for the provision of primary fre-
quency control in the Nordic Power System. The comparison between the
two was based on the hydro wear and tear and the BESS life consumption
due to cycling. Other works have presented different control strategies for
either frequency regulation services or RES power smoothing: some based
on multiple filtering of the frequency components [170], other based on
the droop control method [139, 147], or non-linear proportional scheme
[147], or controlling separately the frequency regulation effort and the
inertial control, with and without intentional deadband [61]. Most of the
studies consider the SOC control [61, 106, 170, 171].

To the author’s knowledge, only two research papers exist that focused
on a different HESS topology. Kheawcum and Sangwongwanich [138]
have proposed a storage system made of three devices: PSHP, BESS, and
FESS. The aim of the HESS was to provide primary frequency control
to the electric grid of a small island with high PV penetration, operating
in islanded mode. Low-pass filters with different time constants split
the regulation effort between the PSHP (the slowest), the BESS, and the
FESS (the fastest), but the control strategy does not take the SOC into
account. Moreover, the study does not include an analysis on the wear
and tear induced by the regulation effort and its possible mitigation due
to the hybridization. More recently, Jiao and Månsson [94] performed
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a consequential Life Cycle Assessment (LCA) analysis to evaluate the
GHG emissions from HESS in different future generation scenarios, all
having in common a 100 % RES generation in Sweden. The study took
into account several ESDs (among which PSHP, BESS, FESS), finding out
that a good chunk of the HESSs cradle-to-gate emissions are due to low
utilization rates (in particular for long term ESD such as PSHP) and that
the HESS configuration with the lowest GHG emissions in the life cycle is
the PSHP-BESS-FESS configuration. The study did not take into account
the benefits deriving from the increased flexibility – in terms of the system
ability to balance the supply-demand grid ancillary services – offered by
HESS, and did not perform any dynamic simulation.

iv Motivation and goals

The studies summarized in the previous Section analyse different ways
of enhancing ESDs by combining them into forming a HESS. A common
emerging trait is that they are generally composed of two technologies,
with the exception of the alreadymentioned Refs. [94, 138]. These suggest
that the three-ESD configuration (PSHP, BESS, FESS) can, in one case,
stabilize the frequency of an isolated grid and, in the other, store electrical
energy with the least GHG emissions. These two studies do not approach
the topic of HESSs made of more than two technologies from other key
perspectives: the sizing of each component, the choice and tuning of the
energy and power management strategies, the assessment of a different
range of techno-economic benefits derived from the hybridization, to name
a few. Moreover, researches of this kind involving a PSHP only focus on
fixed/variable-speed turbine operationmode, even though variable-speed
pumps can adjust their power input and contribute to the grid stability.
From this background, the research activity presented in this thesis

aims at filling a gap in the scientific literature and in the industry by
evaluating a PSHP hybridized with BESS and FESS to provide ancillary
services to the grid. The research activity unrolled in close partnership
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with the Italian research institution Ricerca sul Sistema Energetico (RSE),
which financed the first two years of research, defined the background
and a case study, and developed models. Part of the work presented in
this document has been published in RSE’s reports [172, 173].

Since 2013 RSE investigated the integration of RES generation by sPSHP
in the island of Sardinia, as part of the agreement “for research and devel-
opment activities of general interest for the national electricity system”
with the Italian Ministry of Economic Development [174–176]. The island
of Sardinia, in particular, presents a level of criticality in its power system,
as it will described more thoroughly in Section 2.i. From the beginning
the research focused on a HESS with a variable-speed sPSHP, BESS, and
FESS. The purpose of the research path was to preliminary explore the
performance of a variable-speed PSHP, with the additional flexibility pro-
vided by BESS and FESS. Initially the goal of this first step was to support
the TSO: a detailed analysis of the capabilities of a plant with very high
flexibility could serve as a first step to design the regulation services of the
future, by identifying the response times and costs that can be expected
from flexible plants delivering ancillary services. Later on, a different
perspective was adopted: given the future trends, a generation/storage
plant will most likely be required to fulfil more and more stringent re-
quirements, and from the plant owner’s perspective, hybridisation could
be an advantageous solution to reduce the wearing of components and
associated costs (as touched upon in Section 1.i.iii). This perspective was
the starting point of the present research whose main objectives were:

i) to provide a detailed yet versatile tool to simulate the dynamic
operation of a fixed-speed turbine and variable-speed pump-turbine,
each with/out hybridization with fast ESDs;

ii) to compare two different criteria to allocate the power participation
of each device making the hybrid plan, also including SOC control;

iii) to consider the variable-speed pump in the analyses, an operation
mode which can provide regulation services and was explored in



iv motivation and goals 29

the literature;

iv) to propose a practical methodology to assess the technical benefits
of hybridization to the pump-turbines (in terms of reduction of the
wear and tear indicators), and with respect to BESS cycling;

v) to propose a cost function addressing plausible costs related to the
wear and tear indicators;

vi) to propose an optimization framework for the design and control of
a hybrid plant given one or more frequency events and open-source
cost/revenues information;

vii) to introduce the HESS model into the Sardinian power system’s,
offering an insight on the plant role in the power system;

viii) to improve the modelling of the PSHP with respect to the back-
ground literature.

The rest of this thesis is structured as follows: Chapter 2 introduces the
case study and details the model equations that have been adopted to rep-
resent the ESDs composing the HESS, two different power management
strategies based on different principles, as well as their ageing processes;
in Chapter 3 includes the results of a series of open-loop simulations
of the proposed system by using real historical data of continental Italy,
considering the PSHP with and without hybridization and in different
operation modes; Chapter 4 presents an optimization procedure to find
the optimal hybridization that would guarantee the highest economic rev-
enues over the economic life of the project; last, in Chapter 5, the sPSHP is
included into a model of the Sardinian power system and its contribution
in containing and restoring the grid frequency after two different tripping
events is analysed.
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2 Dynamic model

The research goal was to develop models and solutions which could be
applied to all possible HPs/Pumped Storage Hydro Powers (PSHPs).
However, to better highlight their effectiveness peculiarities, a case study
was taken as a reference in the Sardinia island.

This chapter is structured as follows: Section 2.i presents the case study
from which the modelling choices and assumptions were made; Sec-
tion 2.ii details the top-level model choices as well as the plant relation
to the power system; Sections 2.iii – 2.v present the model of the PSHP,
Battery Energy Storage System (BESS), and Flywheel Energy Storage
System (FESS) respectively; eventually, in Section 2.vi, the two strate-
gies developed to control the Hybrid Energy Storage System (HESS) are
defined.

i Case study

The Sardinia island is electrically connected to the mainland via two High
Voltage Direct Current (HVDC) submarine cables: the SAPEI (500kV,
1000MW), and the SACOI (200kV, 300MW). As of 2019, the gross
electrical energy generation comes from thermo-electric power plants
(2386.1MWe), hydro (466.4MWe), wind turbines generators (1054.9MWe),
and Photovoltaic (PV) generators (872.6MWe) [177].
Ricerca sul Sistema Energetico (RSE) conducted pre-feasibility and

feasibility studies for a seawater Pumped Storage Hydro Power (sPSHP)
and identified FoxiMurdegu (Figure 2.1) as an appropriate site inwhich to
realize the infrastructure [174–176]. The plant would include one 120MW

31
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Table 2.1: Dimensional characteristics of the Foxi Murdegu project [174].

Upper reservoir volume 1.2 × 106 m3

Minimum water level 345m a.s.l.
Maximum water level 367m a.s.l.
Penstock length 770m
Penstock diameter 3m

binary hydro unit consisting of a reversible variable-speed pump-turbine.
The plant scheme is shown in Figure 2.1c, whereas the main dimensional
parameters are reported in Table 2.1.

In normal operation, during hours of low energy price the plant would
pump sea water into the upper reservoir, whereas during high energy
price hours it would operate in turbine mode, generating the power com-
mitted in the day-ahead market.

Annex a15 of the Italian grid code (Codice di Rete, [15]) mandates that
every generating unit, Unità di Produzione (UP), whose “efficient power”
(potenza efficiente) is greater than 10MWe must provide primary regula-
tion – Frequency Containment Reserve (FCR). The term “efficient power”
is defined as “the maximum active power that the UP can generate in
continuity, for thermoelectric power plants, or for a certain amount of
hours for hydropower plants”. The efficient power is among the technical
specifications that the plant owner must declare during the (mandatory)
registration process in the Generating Units Registry (RUP), and is used
to quantify both the FCR and Frequency Restoration Reserve (FRR). In
the rest of the document, the term “rated power” will be used in place of
“efficient power” to avoid confusion. The provision of secondary regula-
tion – FRR – is not mandatory and, unlike the primary, is remunerated,
given that the UP fulfills the requirements. The Foxi Murdegu plant will
be expected to participate in both FCR and FRR, and therefore must:
a) have a permanent droop set to 0.04; b) commit a minimum FCR of
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(a) (b)

(c)

Figure 2.1: Location of Foxi Murdegu highlighted in the Sardinian satellite view
(yellow marker) (a), 3d representation of the upper reservoir, cliff,
and sea (b), and plant scheme (c) [174].
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10 % of the efficient power (upwards and downwards)1; c) deliver at
least 50 % of the FCR (with the maximum possible gradient) within 15 s
from the beginning of the frequency perturbation (when the frequency
deviation exceeds the deadband boundaries), 100 % within 30 s; d) not
limit its response unless due to hydraulic conditions, energy availability,
and regulation devices intrinsic properties; e) commit a minimum FRR of
15 % of the efficient power (if participating in the service).

It is important to clarify that under the current regulatory framework,
the participation of the Foxi Murdegu PSHP, with or without hybridiza-
tion, would be possible only in turbine mode. Currently in the European
Network of Transmission System Operators for Electricity (ENTSO-E)
area only Germany, France, Switzerland, Belgium and the Netherlands al-
low for pumped storage, batteries, demand side response, and distributed
generation to take part in FCR and FRR [14]. Moreover, in this work,
intentional delays will be introduced as part of the power management
strategy of the HESS, which is currently in contrast with the regulations
(point d) of the previous list. As pointed out in other works, regulation
moves slower than technology [32], and it is also a goal of the research to
show the path to regulators and the consequent benefits. So, this research
assumes, among the others, that in the future scenario, the regulatory
framework will allow the participation of the plant in the provision of
ancillary services, with the control settings that will be discussed in the
next chapters.

ii Hybrid plant

The HESS would be configured in active topology, meaning that hydro,
BESS and FESS would be equipped with their own power converter [143].
The model has been developed in Matlab – Simulink environment

[178].
1This large power allocation is only mandatory for the island of Sardinia, a symptom of
the importance and necessity for frequency regulation.
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When the PSHP is hybridized, the BESS and FESS can be considered as
sections of the power plant, similarly to the vapour circuit of a combined-
cycle power plant. This does not violate the grid code regulations. The
hybrid power plant is considered as a hydro power plant whose rated
power is defined as the sum of the rated powers of the equipment:

P̂r = P̂b
h + P̂b

b + P̂b
f . (2.1)

The subscripts (h, b, f) stand for hydro, battery, and flywheel, respectively;
the hat accent ( )̂ indicates that the quantity expressed is in absolute value;
the superscript ( b) indicates that the quantity expressed is a base for the
per-unit notation.

This notation consists in relating each quantity (physical or not) to their
own reference value (called base quantity), allowing to handle variables
with values numerically close to zero. This approach allows to: i) reduce
the numerical errors introduced by doing operations with very large and
very small numbers, and ii) simplify model equations, as it removes the
need to use constants (physical or not). The choice of the base quantity is
arbitrary; however the bases need to be consistent with each other to fully
ancheve the aforementioned benefits. It is common practice to choose
rated values as bases in the per-unit notation.

Throughout the document two base systems will be mentioned: system-
base (s.b.) and machine-base (m.b.) respectively. The machine-base
system has as base quantities the rated electrical power and energy of the
machine (PSHP2, BESS, FESS), whereas system-base has as base quantity
the HESS rated power as expressed in Equation (2.1). The operation to
translate a quantity from the i base system to the j base system is:

aj = ai ⋅
Âb

i

Âb
j

, (2.2)

2There is an exception for hydropower, which will be addressed in Section 2.iii.i.
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where Â is a generic quantity, and ai/j is its value in per-unit (pu).

Asmentioned in Section 2.i at page 32, theminimumFCR and FRRmust
be respectively 10 % and 15 % of the plant rated power, which translates
to a reserve of 0.1pu and 0.15pu s.b. respectively. Both the FCR and FRR
imply a change in output/input power, which is controlled by a power
set-point (psp). In particular, each regulation psp can be calculated as:

psp
I

= −
Δf
σ , (2.3)

psp
II

= 2 ⋅ SB ⋅
L% − 50

100 , L% ∈ [0, 100] , (2.4)

where Δf is the frequency error (pu), σ the permanent droop, SB the
power reserve for the secondary regulation (pu), and L% the signal sent
by the Automatic Generation Control (AGC) and received by the plant
participating in the service (a value of 50 means no FRR, a value of 0/100
means full downwards/upwards FRR activation). The subscripts (I, II)
refer to the primary and secondary regulations, respectively, the under-
line ( ) indicates that the quantity is expressed in pu s.b., whereas its
absence implies that the same quantity is in pu m.b.. Equation (2.3) is a
reformulation of Equation (1.1).

The following sections present the model equations of each element
of the system under investigation. Each section will conclude with a
paragraph describing the experimental validation (or lack thereof) that
has been performed in the course of the research exchanges at Universidad
Politecnica de Madrid (UPM) and Centro de Investigaciones Energéticas,
Medioambientales y Tecnológicas (CIEMAT). Experimental validation
for PSHPwas not possible as there are few variable-speed plants currently
in operation and it is not an easy task to reach an agreement with a plant
owner for sharing technical and/or economic data.
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iii Pumped-storage hydropower plant

The PSHP is expected to include a single unit with a variable-speed Francis
pump-turbine, one Doubly Fed Induction Generator (DFIG), along with
the reservoir and penstock whose main design features are presented in
Section 2.iii.ii. As seen in Chapter 1, variable-speed technology provides
operation enhancements to the plant, as well as increased costs. The
practical approach for the plant owner would be to either decide the
purchase and installation of a variable-speed unit (hydromachine, electric
motor/generator, power electronics, ...) or the hybridization of an existing
fixed-speed unit with BESS and/or FESS.

For these reasons, a dynamicmodel of the variable-speed pump-turbine
was realized, together with a model of the fixed-speed turbine. The fixed-
speed pump can not participate in frequency regulation services – only
the auxiliaries (BESS, FESS) could modulate their power to participate
in such services – and as such has not been considered for the analysis.
As will explained later, the hydraulic machine model was obtained from
experimental data of a real variable-speed pump-turbine, which has also
been utilized for the machine fixed-speed operation.
The PSHP model is made of a total of 5 elements: i) upper and lower

reservoirs, ii) penstock, iii) one variable-speed pump-turbine equipped
with a iv) speed governor, coupled with v) one DFIG/synchronous ma-
chine.

Before diving into the model equations of each element of the PSHP, an
explanation on the base system for the PSHP will be offered.

iii.i Electric and hydraulic base system

In this work the PSHP is both an electrical and an hydromechanical entity.
The provision of ancillary services is regulated according to the plant
rated power, which is communicated to the Transmission System Op-
erator (TSO) in the act of registering the plant in the generating units
registry (RUP). The actual power that an hydropower plant can generate
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depends on the physical state of the equipment: runner speed, Guide
Vanes Opening (GVO), gross head, and flow rate. For the PSHP only,
the choice has been made to use two machine-base systems: electric and
hydraulic.

The electric power base quantity is the rated plant electric power, which
is set to be P̂b

h = 120MW. This is the reference value for the minimum
FCR and FRR allocation and provision.

The hydraulic base system is defined with respect to a particular steady-
state turbine operation point: full reservoir (maximum value of the
gross head Ĥmax

g ), maximum GVO opening α̂, and rated runner speed
N̂ (525 rpm for variable-speed operation and 500 rpm for fixed-speed op-
eration, see Section 2.iii.iv), resulting in the hydraulic base power P̂b,h.
The other quantities (net head, flow rate, and hydraulic efficiency), were
obtained by using energy conservation law (Equation (2.5)) and the
dimensional characteristic curves of the turbine (Equations (2.7) – (2.8)):

Ĥb = Ĥmax
g − K̂Q̂b2, (2.5)

K̂ = λ
Lp

2gDp
πD2

p

4

, λ = [−2 log(
ϵ/Dp

3.7 )]
−2

, (2.6)

Q̂b = F(α̂, ψ̂b), (2.7)

η̂b = G(α̂, ψ̂b), (2.8)

P̂b,h = ρgĤbQ̂bη̂b. (2.9)

In Equation (2.5) Ĥb is the base head, Ĥmax
g the maximum upper reser-

voir water level, K̂ (s2/m5) the dimensional hydraulic friction coefficient,
and Q̂b the flow rate. The hydraulic friction losses coefficient is calculated
by Equation (2.6), where Lp and Dp are the penstock length and diam-
eter, respectively, g (m/s2) is the gravitational acceleration, λ the Darcy
friction coefficient (fully-developed turbulent flow), and ϵ the roughness
coefficient (0.3mm tar-coated steel pipes, new) [179]). The base flow rate
Q̂b and the base hydraulic efficiency η̂b are functions of the GVO and
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Table 2.2: Base hydraulic quantities for the variable and fixed speed pump-
turbines.

Quantity Symbol Var. speed Fix. speed

Runner speed (rpm) N̂b
h 525.00 500.00

GVO (∘) α̂b 33.70 33.70
Head (m) Ĥb 355.53 355.33
Flow rate (m3/s) Q̂b 49.00 49.42
Efficiency (%) η̂b 79.65 80.66
Power (MW) P̂b,h 139.48 142.38

the non-dimensional pressure number ψ̂, (defined in Equation (2.13));
their calculation will be explained later (Section 2.iii.iii). As the net head
is a function of the flow rate, and the flow rate is a function of the net
head, the bisection method was used to numerically solve this non-linear
set of equations. Eventually, the base hydraulic power is calculated with
Equation (2.9). Table 2.2 presents the base quantities for both variable and
fixed-speed operation. It was chosen to use two base systems because it is
convenient to have the rated runner speed correspond to 1pu. The con-
version from the hydraulic to the electric reference systems and vice-versa
is necessary only for the active power and it is done with Equation (2.2).

iii.ii Reservoirs and penstock

The lower reservoir is the sea, whose water capacity is infinite and whose
water level is assumed to be constant over time. The upper reservoir,
according to the pre-feasibility studies, has a capacity of 1.2 × 106 m3.
The water level of the upper reservoir is assumed constant: it has been
verified that 3600 s of turbine operation at rated power would decrease the
level from 1.0322pu to 1.0197pu. Similarly, after one hour of operation
in pump mode, the water level would increase to 1.0427pu. This small
change, in the per-unit values of the geodetic water level, justifies the
choice to keep the value constant during the simulations, as these do not
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last longer than 3600 s.

Mass andmomentum conservation laws fully describe the transient flow
in the conduit [180]. An elastic water columnmodel was employed, and a
lumped parameters approach was used to transform the aforementioned
conservation laws into ordinary differential equations [34, 147, 181]. The
approach consists in splitting the conduit into consecutive segments and
distribute its properties evenly across the segments. After a preliminary
sensitivity analysis, nge = 3 segments have been chosen. The flow rate qi
as well as the head hi at the end of the i-th segment are calculated with:

dqi
dt =

nge

Tw
⎛⎜
⎝

hi−1 − hi −
fp

nge
∣qi∣ qi⎞⎟

⎠
, Tw =

L
gA

Q̂b

Ĥb
(2.10)

fp =
KQ̂b

Ĥb
, (2.11)

dhi
dt =

Twnge

(L/ap)
2 (qi − qi+1), (2.12)

where Tw (s) is the water starting time, ap (m/s) the penstockwave speed,
and fp (pu) is the per-unit hydraulic losses coefficient, assumed constant.

iii.iii Variable speed pump-turbine

The analytical representation of a turbine is often done with generic equa-
tions, [182–186].

In one of the pre-feasibility studies, the pump-turbine performances
were deducted from the characterization of a variable-speedpump-turbine
machine made by the University of Padova [175]. In this analysis it was
assumed that, according to the similarity theory, the characteristic curves
of themachine can describe this pump-turbine operation in Foxi Murdegu.

The experimental points were provided in the non-dimensional co-
ordinate system, pressure number ψ̂, flow number ϕ̂, and efficiency η̂,
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respectively:

ψ̂ =
gĤ

(πD1N̂
60 )

2 (2.13)

ϕ̂ =
Q̂

πB1D1
πD1N̂

60

(2.14)

where D1 (m) is the runner diameter and B1 (m) the runner inlet width.
For turbine mode, the position of the wicket gate blades α̂ (deg) was also
provided for each sampled point.

Every coordinate is transposed in per-unit notation (with the respec-
tive bases α̂b, ψ̂b, ϕ̂b, η̂b). In most of the literature, hydraulic machines
characteristic curves are expressed in the (n11, q11) coordinate system,
whereas in this work, the notation (ψ, ϕ) is adopted. Thanks to the per-
unit notation, the change of reference system is straightforward, as seen
from (2.17) and (2.18).

ψ =
h
n2

h
, (2.15)

ϕ =
q
nh

, (2.16)

q11 =
q

√h
= ��nhϕ

��nh√ψ
=

ϕ
√ψ

, (2.17)

n11 =
nh

√h
= ��nh

��nh√ψ
=

1
√ψ

. (2.18)

where nh (pu) is the machine runner speed. The characteristic curves
were expressed by polynomials by interpolating the experimental points
to allow their use in themodel. It must be pointed out that in turbinemode
the fitting coefficients are the result of a constrained linear optimization
problem, due to the degree of freedom given by the angles of the guide
vanes. The objective function – to minimize – is the sum of squared errors.
The variables to be optimized are the polynomial coefficients (cij, dij),
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Figure 2.3: Turbine mode: flow number (a) and efficiency (b) characteristic
curves. The experimental points are marked with circles. All quanti-
ties are in per unit.

subject to a concavity constraint in the dominion: as the real operation
of a turbine is a concave phenomenon, such has to be the polynomial
representing it. The concavity constraint was not necessary for pump
mode. The graphic representation of the characteristic curves for turbine
and pump mode, along with the experimental points, are presented in
Figures 2.3 and 2.4, and as Equations (2.19) and (2.20):

ϕt =
2

∑
i=0

2
∑
j=0

cij ⋅ zi ⋅ ψj, ηt =
2

∑
i=0

3
∑
j=0

dij ⋅ zi ⋅ ψj, (2.19)

ψp =
3

∑
i=0

ei ⋅ ϕ3−i, ηp =
6

∑
i=0

fi ⋅ ϕ6−i. (2.20)

where ηt and ηp (pu) the hydraulic efficiency respectively in turbine
and pump mode, (ei, fi) the polynomial coefficients for the characteristic
curves in pump mode, and z (pu) the wicket gate position.
Thanks to the per-unit notation, both head and flow rate can be easily

converted into pressure and flow numbers and vice/versa, via the runner
rotational speed nh (pu):

h = ψk ⋅ (nh)2 q = ϕk ⋅ nh, k ∈ {t, p}. (2.21)
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(a) (b)

Figure 2.4: Pump mode: pressure number (a) and efficiency (b) characteristic
curves. The experimental points are marked with circles. All quanti-
ties are in per unit.

The mechanical power at the shaft (hydraulic base), in turbine and
pump modes, is calculated as:

pmech. =
⎧{
⎨{⎩

ηthq, q > 0
1

ηp
hq, q < 0

. (2.22)

According to the manufacturer, the variable speed pump-turbine has
an operating range of ±10 % of, with rated speed set at 525 rpm.

iii.iv Synchronous generator

In the European market, the closest synchronous machine rated speed
in that range is 500 rpm. In this work, the same hydraulic machine is
assumed to be installed in either the fixed and variable-speed operation.
In fixed-speed operation, a simplified model of the generator was em-

ployed, as the goal of this study is to assess the plant ability to deliver
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active power [187].
The synchronous generator model is based on the assumption that

the mechanical power (pmech) is equal to the electrical power (ph, with
an appropriate base change) (2.23), and that the rotor speed is exactly
synchronized to the grid frequency (2.24) [184].

ph = pmech
P̂b,h

P̂b
h

, (2.23)

Δnh = Δf. (2.24)

Here, Δf is the frequency error,

iii.v Doubly Fed Induction Generator

The DFIG interacts mechanically with the pump-turbine and electrically
with the grid. These two phenomena are modelled separately. The me-
chanical interaction between the DFIG and the pump-turbine shaft is
represented with Equation (2.25). The base change is omitted for clarity.

Tm
dnh
dt = (pmech − ph)

1
nh

, (2.25)

where Tm (s) is the generator mechanical starting time (s) and ph (pu)
the electrical power sent to the grid. With regards to the electrical interac-
tion (Figure 2.5), the DFIG absorbs/releases power in accordance to the
control signal psph received by the Grid Side Converter (GSC), which is
assumed to behave as a first order transfer function with time constant
TcH (s) [51]. The Rotor Side Converter (RSC) governs the electromagnetic
torque cem [188], which is calculated from the input variables (nh and
the psph) neglecting the generator losses. The speed deviation from the
synchronous speed (nsyn = ±1pu), minus the generator slip, is used to
calculate the active power at the rotor, pr, from which the active power ph
is obtained. Both the electromagnetic torque and the power at the rotor
are limited by two saturator blocks.
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iii.vi Speed governor

The difference between the conventional fixed and variable-speed pump-
turbine also reflects on the modelling of the speed governor, whose task is
to adapt the wicket gate position to correct a speed error (variable speed)
[189] or a power-frequency error (fixed speed) [183].

In pump mode, the wicket gate plays no role in the operation, and no
influence on the hydraulic efficiency is assumed. For this reason, the
speed governor is modelled only for the turbine mode.

A control signal (CS) is generated by a Proportional Integral (PI) con-
troller and fed to a servomotor, which responds with a first-order lag with
a Ts (s) time constant (2.26).

Δz =
1

Ts ⋅ s + 1CSvar/fix, (2.26)

where CSvar/fix is the control signal for either variable or fixed-speed
operation, defined below. The guide vane servo is assumed to operate a
regulating ring, and a backlash Bl proposed by Saarinen et al. is applied
[190]. Backlash is a non-linear phenomenon caused by plays between
moving mechanical parts that cause an interference between the servo-
motor position and the controlled parameter. The maximum opening
(mxgtor) and closing (mxgctr) rates are imposed to the wicket gate by a
rate limiter block, according to Ref. [182].

The text below illustrate how the control signal is calculated in variable
and fixed speed operation, respectively.

Variable speed

The control strategy for the turbine power output was taken from [189],
having the rotational speed as control variable. A controller with pro-
portional and integral gains, respectively kp,var and ki,var, elaborates the
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speed error Δnh and produces a control signal (2.27):

CSvar = (kp,var +
ki,var

s ) Δnh. (2.27)

The reference rotational speed can be chosen following different criteria.
Being the focus of this study a comparison between different kinds of
hybridization of fixed and variable-speed PSHP, this value was set to be
the runner rated speed (in variable-speed operation) and kept constant
throughout the simulation.

Fixed speed

In fixed-speed operation, the PI controller receives as input a power-
frequency error signal, Eq. (2.28), made of the runner speed deviation
Δnh and the power error.

CSfix = (kp,fix +
ki,fix

s ) [Δnh − σh (p0
h + p∗

h − ph)] . (2.28)

A deadband of 10mHz (0.0002pu) is applied to the speed error signal,
according to [15, 191]. The power error is the sum of the scheduled
generated power, p0

h, the control signal for power generation, p∗
h, and

the electrical power currently being generated ph with negative sign (all
quantities in pu). p∗

h is obtained by the power management algorithm, as
seen in Section 2.vi, whereas in the non-hybridized case it corresponds to
the secondary regulation psp signal, pspII.
To determine the value of the PI gains, kp,fix/var, ki,fix/var, a 200mHz

frequency error signal was fed, in open-loop, to the non-hybrid fixed and
variable-speed models. By observing the mechanical power signal, the
gains values were tried until they converged to the pair of values that
would result in an overshoot lower than 10 % of the signal steady-state
value and a transient duration lower than 30 s. Once found, these values
were fixed as parameters for the rest of this work.
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One of the advantages of the model presented so far is that it is highly
customizable, therefore it can be easily adapted to represent more closely
a plant with different delays or different machines.
The complete block diagram of the PSHP model and its component is

presented in Figure 2.6, and the complete list of model parameters and
their values are presented in Table 2.3.

iii.vii Pump-turbine wear estimation

As stated in Section 1.iv, the aim of this work is to assess the advantages
derived from the hybridization of the PSHP with BESS and FESS in pro-
viding ancillary services. One of the advantages can be the hydraulic
machine reduced wear and tear.
When studying the hybridization of a PSHP with a “fast” unit, the

adopted perspective is often performance-oriented, meaning that the
objective is to enhance the quality of the regulation services [36, 128,
148, 153] or the plant profitability [159–161]. Similarly, the adoption
of variable-speed pump-turbines is assessed in terms of their ability to
provide ancillary services [49, 52, 122], or in the improved performances
with respect to their fixed-speed counterparts [54, 192].

On a system-wide perspective, the wicket gate travelled distance (de-
fined as the sum of the displacements) and number of movements (de-
fined as the instant in which the blades’ stop either because they have
reached the target position or because their movement is inverted) has
shown to be good indicators for a turbine performing frequency regula-
tion, hence they have been adopted in this thesis [35, 156, 193].
A variable-speed pump can provide ancillary services (contrary to

the fixed-speed counterpart), but to the author’s knowledge there are
no established methodologies to assess the impacts of the provision of
such services. Studies on variable-speed hydraulic machine wear and
tear tend to focus on the turbine mode [194, 195]; if not, they employ
computational fluid dynamics or finite elements method, looking at the
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phenomena occurring in the machine [28, 62, 196]. All this considered,
this study proposes a newmethod to assess the quality of the operation of
the variable-speed pump in providing ancillary services: the assumption
is that the fluctuations of the torque at the shaft, T̂mech(Nm), are directly
related to the wear and tear of the equipment, of the respective signal:

T̂mech = tmech ⋅
P̂b,h

ω̂b
h

=
pmech

nh
⋅

P̂mech
2πN̂b

h
60

. (2.29)

Then, this signal was used to compute the Mei-Wang Fluctuation index
(MWFi) [131], combining the standard deviation with the rotation angle
θ of a signal here defined as a collection of N data points of the type (x, y),
x being the time instant and y the recorded value (the mechanical torque
in this case):

MWFi = √ 1
N

N
∑
i=1

(y(i) − ȳ)2 ×
N

∑
i=1

θi

θi =

⎧{{{
⎨{{{⎩

arctan ∣ki∣ i = 1 or N

∣arctanki − arctanki−1∣ 2 ≤ i ≤ N − 1, and ki × ki−1 ≥ 0

arctan ∣ki∣ + arctan ∣ki−1∣ 2 ≤ i ≤ N − 1, and ki × ki−1 < 0
(2.30)

ki =
⎧{
⎨{⎩

y(i+1)−y(i)
x(i+1)−x(i) 1 ≤ i ≤ N − 1
y(N)−y(N−1)
x(N)−x(N−1) i = N

,

Here, ȳ refers to the mean value of the y series. The MWFi was preferred
for its ability to detect fluctuations in processes where classical indices
fail (zigzag, sine/cosine processes, with different numbers of repetitions)
[131].
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Table 2.4: BESS model parameters.

Parameter Value

TcB 0.3 s
Tdel,b 0.1 s

η̂b 0.9
EPratio 3600 s

iv Batteries

The chemical phenomena are assumed to be at least one order of magni-
tude faster than the electrical ones [197]. For this reason, and given the
time scale of the grid ancillary services considered in this thesis, the chem-
ical phenomena have been neglected. The electrical phenomena mainly
correspond to the power converter [140], which has been modelled as a
fist order lag combined with a pure delay:

pb =
1

TcB ⋅ s + 1e−sTdel,bpspb, (2.31)

where Tdel,b represents the time delay of the measurement and control
circuits and TcB represents the time necessary for the converter to deliver
the active power pb from the psp signal pspb. During its operation the
BESS State Of Charge (SOC) varies according to the energy stored/re-
leased and is calculated by taking into account the round-trip efficiency
ηrt (assumed constant) of the charge/discharge processes and the device
capacity (defined by the energy-to-power ratio, EPratio):

SOCb = −
1

EPratio
⋅
⎧{
⎨{⎩

η̂0.5
b

1
s pb, pb < 0

η̂−0.5
b

1
s pb, pb > 0

; SOCb ∈ [0, 1]. (2.32)

The list of the BESS parameters, together with their values, is presented
in Table 2.4.
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iv.i Experimental validation

Experimentalmeasurementswere performed to validate themodel, namely
the assumption that a Li-ion BESS can be represented by its power con-
verter, as the electrochemical phenomena in the cells occur much faster
than those at the power converter.

Field measurements were performed at the CEDER facility (CIEMAT)
in Soria (Spain), on Pb-acid and Li-ion battery banks. The aim of the mea-
surements was to determine the delay between the psp fed to the equip-
ment and the active power delivery, and assess if this delay is somehow
dependant from the SOC and/or the charge/discharge power demanded.
The issue with the measurement setup was that the power electron-

ics used for the BESS were repurposed PV inverters. The samples were
recorded in the control room, without dedicated instrumentation (volt-
meters, ammeters). Figure 2.7 shows one example of recorded data. The
inverter communication and control system would communicate a value
every second. The equipment had one communication channel, used for
both sending the psp command and the recorded power values. As was
explained by the facility personnel and as can be seen from the Figure 2.7,
when the psp varies (from standstill to discharge mode) the inverter is
busy in adjusting the power flow and can not effectively communicate
the power values: the same measurement is repeated for about 5 s before
a new data point is acquired. When steady-state is reached, the inverter
manages to record data more frequently, still with low accuracy.

Moreover it looks like the Li-ion BESS requires about 10 s to reach steady-
state, which is most likely due to some sort of rate limiter action from the
control system, and not due to the BESS own dynamic. No information
about intentional delays or rate limiting control schemes were provided
by the facility personnel. Pb-acid BESS records were similar to Figure 2.7:
they are not displayed as they would not provide any extra meaningful
information.
A Li-ion BESS was expected to arrive in early 2022 in the CEDEX
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Figure 2.7: Experimental measurements on a 20kW Li-ion battery bank: SOC at
100 % and 4kW discharge psp. The blue line is the psp, the asterisks
the recorded active power output.

(CIEMAT) facility in Madrid, but due to the international logistics crisis
in Europe and rest of the world, they arrived at destination too late to
allow tests to be done.
For these reasons, experimental validation of the BESS model will be

part of future work.

iv.ii BESS ageing estimation

Batteries degradation by idling (calendar ageing) is neglected, taking only
into account the life consumption due to cycling.
According to Stroe et al. [85], of all the charge/discharge cycles, the

j-th cycle generates a corresponding capacity degradation Clossj
which

depends on its mean SOC value SOCb,avgj
, the number of the charge/dis-
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charge cycles of the same type ncj, and their depth cdj. For a Li-ion battery
bank operating at 25 ∘C:

Clossj
= 0.021e

−0.01943SOCb,avgj ⋅ cd0.7612
j ⋅ nc0.5

j . (2.33)

The SOC signal outputted from the simulation is processed by the
Rainflow algorithm that returns the number, depth, and average SOC of
the equivalent cycles [198]. Miner’s rule for mechanical fatigue [199] is
used for estimating the combined capacity loss for each equivalent cycle
the BESS has gone through:

LCb = ∑
j

ncj

neolj

, (2.34)

neolj
=

⎡
⎢⎢
⎣

0.2

0.021e
−0.01943SOCb

avgj ⋅ cd0.7612
j ⋅

⎤
⎥⎥
⎦

2

. (2.35)

The number of j-th cycles that lead to the BESS end of life presented in
(2.35), neolj

, are calculated using (2.33) by setting the capacity loss equal
to 20 %, the industry standard for BESS end of life. The result is the per-
unit life consumption LC that the BESS bears during the simulated period.
The base quantity for the BESS cells life has been chosen as the number of
hours in 10years operation, 87.6 × 103 h.

v Flywheel

The model for the FESS was adapted from the “ACEBO”model developed
by CIEMAT (Madrid, Spain) [90, 200, 201]. This flywheel has metallic
rotor (placed in a vacuum chamber) and is equipped with hybrid angular
contact ball rotor bearings with an additional magnetic levitation system.
The electrical machine is a 6/4 switched reluctance machine coupled with
a three half-bridge insulated gate bipolar transistor (IGBT) converter. The
device was designed to have a rated (maximum) power of 25kW. The



v flywheel 57

Figure 2.8: Block diagram of the FESS

rotor speed range is 6000 rpm to 9000 rpm, guaranteeing that the FESS
usable energy is 50 % of the total rotor energy, a common practice in the
design of flywheels [90]. The energy capacity is 869.2Wh, meaning that
the energy-to-power ratio is 0.0348kWh/kW. The block diagram of the
FESS is presented in Figure 2.8.

The “Power Set-point Manager” calculates the maximum power pmax
f

the FESS can deliver according to the rotor rotational speed nf via Equa-
tion (2.36).

pmax
f =

4
∑
i=1

ai ⋅ n4−i
f , (2.36)

The power output pf is equal to the power set-point pspf, unless it exceeds
the maximum power, in which case the power output is pf = pmax

f .

The power converter is modeled as a simple time delay (see “Controller
delay” block in Figure 2.8), i.e. the power converter follows the active
power set-point calculated in the the “Power Set-point Manager” block
with a time delay Tdel,f. The “Flywheel” block calculates the flywheel
rotational speed and SOC according to (2.37) and (2.38) respectively.
Moreover it contains the logical apparatus that controls the power flows
according to the SOC (e.g. if the SOC is 0 the power output can only be
negative, meaning only the recharge is possible), and the FESS inertial
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model equation.

nf =
1
s

T̂b

Iω̂b
f

⎛⎜
⎝

−
pf

η̂f ⋅ nf
−

T̂loss

T̂b
f

⎞⎟
⎠

, (2.37)

SOCf =
n2

f − nmin
f

2

nmax
f

2 − nmin
f

2 , (2.38)

T̂b
f =

P̂b
1f

ω̂b
f

; ω̂b
f =

2πN̂max
f

60 .

where ω̂b
f is the base angular velocity (rad/s), P̂b

1f is the rated power of
a single module (25kW), T̂b

f is the base torque (Nm), I the moment of
inertia (kgm2), η̂f is the round-trip efficiency (assumed constant), T̂loss
(Nm) represents the self-discharge losses as a resistant torque, nmin

f and
nmax

f (pu) are the rotational speed bounds. The list of the parameters,
together with their values, is presented in Table 2.5.
A single FESS module rated power is 25kW: it is common practice to

install severalmodules so that their cumulative powers achieve the desired
power capacity. Model-wise this would be the ideal approach: as seen in
(2.36) the model is not completely linear. On the other hand, including
hundreds of blocks like the one in Fig. 2.8 raises the computation times
to unfeasible levels. For this reason, one upscaled FESS model has been
used.

v.i Experimental validation

Experimental measurements were performed in the CEDEX (CIEMAT)
facility in Madrid (Spain), on an “ACEBO” device. During the visiting
period, the flywheel device was not fully operational: one of the three
phases of the electrical machine was malfunctioning, hence the device
was working with two phases only.

It was not possible to perform the measurements in the normal rota-
tional speed range of the FESS, as the technicians reported that the device



v flywheel 59

Table 2.5: FESS model parameters.

Parameter Value Unit

a1 4.0824 pu
a2 −9.5191 pu
a3 8.5572 pu
a4 −2.0744 pu
η̂f 0.82 (–)
I 15.5 Nm2

N̂min 6000 rpm
N̂max 9000 rpm
P̂b

1f 25 kW
Tdel,f 0.1 s
T̂loss 0.07 Nm

shows a resonance frequency at about 4000 rpm. In normal operation,
this rotational speed value is swiftly crossed during startup, but with one
phase out of service, the machine could only accelerate at 2/3 of the rated
value. For this reason the measurements were performed over a rotational
speed range of 500 rpm to 3500 rpm.

The missing phase introduces a signal noise inversely proportional to
the rotational speed. In fact, the slower the rotor, the more time a pole
of the electrical machine would spend in the area of the malfunctioning
phase. Figure 2.9 shows the discharge power of the FESS at an initial
rotational speed of 3500 rpm, the maximum speed. The data was sam-
pled at 20kHz and smoothed with a gaussian-weighted moving-average
filter (via Matlab’s smoothdata native method), with a 800 data points
window.

The conclusion that can be made from the recorded data is that even at
very low speeds (< 3500 rpm) and with one malfunctioning phase, the
FESS is highly responsive to deliver the required power: as it can be seen
from Figure 2.9, (bottom plot), the FESS takes less than 50ms to reach a
steady-state discharge power of 4kW. It is reasonable to expect that with
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Figure 2.9: Discharge power of the “ACEBO” FESS at 3500 rpm initial rotational
speed. Top: recorded data (cleaned). Bottom: transient between
standstill and discharge mode.

a properly working device at higher speeds, faster response times can be
achieved.

The CEDEX facility also hosts a Supercapacitor Energy Storage System
(SC) for research purposes. As seen in Section 1.ii.iv, supercapacitors
have high power density and short response time, as well as low energy
density, similarly to FESS. For this reason, data was also recorded for this
device.

The SC is composed of 256 2.7V × 3000 F cells [99] connected in series,
for an equivalent capacitance of 11.72F. The system voltage limits are
340V and 680V which have been considered as 0 % and 100 % SOC, re-
spectively. The SC is connected to a three phase bidirectional interleaved
DC/DC converter [202].
Each measurement consisted in issuing a charge/discharge psp when

the SC was at a given SOC. A voltmeter and an ammeter were placed in
the DC bus, between the DC/DC power converter and the SC. The rated
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Table 2.6: Psps (kW) for the SC experimental measurements. The first row
indicates the charge/discharge currents (A), whereas the first column
the SC initial voltage (V), corresponding to various SOC levels.

V/A 15.00 30.00 45.00 60.00 120.00

340 5.10 10.20 15.30 20.40 40.80
430.1 6.45 12.90 19.35 25.81 51.61
504.3 7.56 15.13 22.69 30.26 60.52
568.9 8.53 17.07 25.60 34.13 68.27
626.9 9.40 18.81 28.21 37.61 75.23
680 10.20 20.40 30.60 40.80 81.60

power was set to be 40.8kW (Crate = 1), corresponding to a current of
60A at 680V. Measurements were done for six SOC values [0, 20, 40, 60,
80, 100]% and five Crate: [0.25, 0.5, 0.75, 1, 2] h−1. The power electronics
control was set to be power-based, because in this study the same perspec-
tive is applied (as is described in Section 2.vi): the converter would work
to maintain a constant power output over time, adjusting the charge/dis-
charge current. Therefore, for each desired voltage-current combination,
a psp was calculated and used to control the charge/discharge power of
the SC. All the combinations are shown in Table 2.6, and the data from
some of them are shown in Figure 2.10. At minimum (maximum) volt-
age, only the charge (discharge) tests were performed. An oscilloscope
with a 20kHz sampling frequency was used to record the DC voltage and
current.

The outcomes of the tests were puzzling. After processing the data
with the same method as the FESS recorded data (see page 59) it was
clear that the SC did behave in an unpredictable way. Figure 2.10a shows
the normalized discharge current of the SC for different initial voltage
levels. These correspond to the 120A column of Table 2.6. It can be seen
that there is a relatively slight (at most about 200ms) increase in the
duration of the transient with the decrease of the initial tension (SOC).
This behavior is much more visible in Figure 2.10b, which shows the same
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Figure 2.10: Normalized discharge currents of the SC.
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measurements for a target discharge current of 15A: here the transient
lasts from about 500ms (680V curve), up to 1.5 s (430.1V curve). This
behavior appeared both with charge and discharge measurements.
The critical aspects of these measurements can be summarized as fol-

lows: i) it appears that the higher is the requested power from the SC, the
faster the device is in delivering it; ii) this behavior is more pronounced
for lower charge/discharge currents (Figures 2.10a – 2.10b); iii) at con-
stant initial voltage, the same pattern appears: the lower the discharge
current the higher the delay (Figure 2.10c); iv) last, in some cases the
charge/discharge current would exhibit a linear trend in the first millisec-
onds after the charge/discharge activation. This is clearly visible from the
680V curve of Figure 2.10b and 15A curve of Figure 2.10c.

To find the root cause of this behavior was not an easy task, and it was
deeply investigated with the help of the people in CIEMAT (Dr. Gustavo
Navarro Soriano in particular) as well as of prof. Manuele Bertoluzzo,
senior lecturer of the “Technologies for control of electrical converters
and drives” course at the University of Padova, who both confirmed the
anomaly in the observations.
Eventually, in early 2023, Dr. Navarro Soriano found the root cause of

the SC behavior. The power electronics control software was developed
by CIEMAT as a Simulink system, which is later compiled in the C lan-
guage and loaded into a dSPACEmicroprocessor3. The software normally
employs a current-based control loop, as opposed to the power-based
logic that was adopted to record the data. Therefore, the control software
was modified prior to the measurements, recompiled, and loaded into the
microprocessor. The control scheme would convert the reference power
signal Pref into a reference current signal Iref by dividing the former by the
recorded SC voltage Usc. The reference current signal is later filtered from
the noise (with a 100Hz cutoff frequency low-pass filter), fed into a satu-
rator block (for protection against overcurrents) and a rate limiter block,
which is set to limit the current variation to ±1000A/s. The problem ap-
3This software and control logic was not made available to the author.
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pears to have occurred during the compilation of the Simulink model: the
compiled rate limiter block would be buggy and unnecessarily limit the
rate of increase/decrease of the current in some cases. Figure 2.11 shows
the current signal recorded from the microprocessor (5kHz sampling
rate), after the filter, and after the rate limiter block.

This experimental work has been useful in showing that SC can behave
in an anomalous way due to the power electronics control system. It
also showed that power electronics can present extremely fast response
times. The BESS sampled data from Section 2.iv.i exhibit an abnormal
communication delay in this sense, whereas the non-buggt SC records
show that the transient can last for no more than 100ms, proving that
the communication delay may be shorter than the data in the literature
suggests. The theory supports the conclusion that the response time of
Li-ion cells is short, while these tests do so for the communication delay.
Finally, it would be better to investigate the choice to adopt a current-based
control loop rather than a power-based one, but unfortunately there was
not enough time to delve into the matter.

vi Power management system

The power management system in a HESS determines how the regulation
effort of the FCR and FRR is split among the PSHP, BESS, and FESS.
One criterion can be to have the fastest devices (FESS and BESS) to take
care of the high frequency components while the PSHP deals with the
low ones. Another criterion can be to leave the regulation effort to the
auxiliaries (BESS, FESS) and make the PSHP adjust its power output
only when the required power by the grid exceeds the auxiliaries’ power
rating. These strategies were respectively called Frequency Split (FS)
and Hydro Recharge (HR) by Laban [140], and have inspired this work.
While these were originally designed for a two-devices HESS, in this work
they have been redesigned for a hybrid systemmade of three components.
In addition to that, both criteria have been adapted and implemented
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Figure 2.11: Sample record of the SC microprocessor, corresponding to the 340V,
15A case. Iref is the reference current signal obtained from the
measured tension, Ifilt is the signal’s after the filter, and Ilimit the
signal after the rate limiter.

for both the pump-turbine variable-speed and fixed-speed technologies,
which are controlled differently, as seen from Equations (2.27) and (2.28).

Given its power and energy availability, the PSHP should have the task
to control both the BESS and FESS SOC, by increasing or reducing its
power output.

The management system therefore is made of two elements: the SOC
control component, and the division of the regulation effort between
the different technologies. While in variable-speed operation the PSHP
active power generation can be controlled at will, the synchronous mo-
tor/generator is strictly coupled to the grid, and the active power control
is performed at the speed governor level, by acting on the p∗

h term of
Eq. (2.28).

The following paragraphs present the SOC control (which is indepen-
dent from the criterion uponwhich the regulation effort is shared between
the devices), the Frequency Split, and the Hydro Recharge, respectively.
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Figure 2.12: Graphical representation of the SOC control logic. The red arrows
signal when the SOC control is active, the black arrows mean that
the control is inactive.

vi.i SOC control

It is important for the PSHP to control the SOC of both BESS and FESS in
order to prevent either device to be fully charged (discharged), resulting
in the unavailability to provide upwards (downwards) regulation services,
and reduce the ageing of the BESS due to cycling.
The SOC control algorithm of either BESS and FESS is the same as in

[141], with the difference that the inner bounds are defined as the outer
plus/minus a fixed band, ΔSOC. The graphical representation of the SOC
control logic is displayed in Figure 2.12.
The PSHP, having the highest energy and power availability, is tasked

to perform the necessary upwards/downwards power adjustments to
restore the BESS/FESS SOC inside a specific band. This is controlled by
means of a dedicated psp: pspSOC

b for the BESS SOC, and pspSOC
f for
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the FESS. If the BESS SOC is inside the low/high bounds, defined by
SOCL

b and SOCH
b respectively, the SOC control psp is null, as no action

is required by the PSHP. As soon as the SOC exceeds one of the bounds,
for example SOCb < SOCL

b , the PSHP receives a psp and increments
its power output by a fraction of the BESS rated power, called “charge
intensity” cib. This charges the BESS, and the procedure deactivates as
soon as a certain amount of SOC (defined by the ΔSOCb) is restored. The
same goes for when the SOC exceeds the “high” threshold, SOCH

b . The
same logic applies for the FESS.
The base quantity for cib/f is the rated power of the respective device,

and an appropriate base change is performed before the signal is fed to
the PSHP.

vi.ii The Frequency Split power management strategy

Both the BESS and FESS are equipped with their own power converter,
which controls the power output according to the psp that it is fed. In
this configuration there are two low-pass filters, for the PSHP and BESS
respectively.

psp
f

= psp
tot

− (p
h

− p0
h
) − p

b
, (2.39)

psp
b

=
psp

tot
Tlpf,bs + 1 − (p

h
− p0

h
) +

1
Tlpf,hs + 1pspSOC

f
. (2.40)

psp
tot

= psp
I
+ psp

II
(2.41)

Eq. (2.39) is used to calculate the FESS psp, psp
f
, in system base, as the

unfiltered (droop-based) primary and secondary psps, psp
I
and psp

II
respectively, minus the power that it is currently being delivered by the
PSHP and BESS, respectively.
The BESS psp is generated according to eq. (2.40). The primary and

secondary required powers are filtered with its low-pass filter with time
constant Tlpf,b (s), to which the PSHP active power variation is subtracted.
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The last term in the equation includes the SOC control psp used for the
PSHP to control the FESS SOC, filtered with Tlpf,h (s) time constant. This
is to make sure that the power meant to control FESS SOC is not absorbed
by the BESS.

In variable-speed operation (2.42), the PSHP control signal is generated
akin to the BESS and FESS, as it is elaborated by the GSC, whereas in fixed-
speed operation (2.43) the signal becomes part of the power-frequency
error elaborated by the speed governor PI controller.

psp
h

=
(psp

tot
+ pspSOC

b
+ pspSOC

f
)

Tlpf,hs + 1 +
Tds

Tfnfs + 1Δf, (2.42)

p∗
h

=
−psp

I
Tlpf,hs + psp

II
+ pspSOC

b
+ pspSOC

f
Tlpf,hs + 1 . (2.43)

As shown in Equation (2.42), the sum of the primary, secondary, and
SOC control psps are filtered out from their rapid components. The last
term pertains to the synthetic inertia control action, with a Td = 0.1 s
derivative gain and Tfnf = 2 s time constant for the noise filter [10, 60].

In fixed-speed operation the psp accounts only for the change in the psp
due to the secondary regulation and the BESS and FESS SOC control. Such
psp is used as input to determine the speed governor power-frequency
error (2.28). This is easily seen in (2.43), as the first term in the numerator:
the primary regulation psp filtered with a high-pass filter with the same
time constant as the low-pass filter of the secondary and SOC control
psps.

The appropriate base-changes are actuated to each psp, before they are
fed to the corresponding energy storage device.

vi.iii The Hydro Recharge power management strategy

The HR power management strategy aims at maintaining as stationary as
possible the PSHP operating point. This is achieved until two conditions
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are met: there is no need to perform SOC control, and the BESS rated
power is enough to provide the necessary regulation. The FESS is meant
to absorb high power peaks with low duration and can not sustain a
power input/output for long, due to its very low energy density. As
such the strategy prioritizes the BESS to perform FCR and FRR, making
the PSHP intervene only when the BESS is incapable of providing the
regulation services. The FESS can not be considered into this logic, as
otherwise its SOC control would activate too often, forcing the PSHP to
continuously adjust its power output. The SOC control routine presented
in Section 2.vi.i is used in the control.
In either variable-speed or fixed-speed operation, the BESS and FESS

psps are obtained bymeans of Equations (2.40) – (2.39), respectively. The
control logic for the variable-speed PSHP is presented in the following
equations:

psp
h

=
Tds

Tfnfs + 1Δf +
pspSOC

b
+ pspSOC

f
Tlpf,hs + 1 +

1
Tlpf,bs + 1 ⋅ …

if pspSOC
b

≠ 0 ∶
psp

tot
Tlpf,hs + 1, (2.44)

elseif ∣psp
tot

∣ > p
b

∶ sign(psp
tot

) ⋅ (∣psp
tot

∣ − p
b
) (2.45)

else ∶ 0. (2.46)

The basic components of the psp signal are the synthetic inertia (first
term) and the SOC control psps – which are 0 in case there is no SOC
control to perform – properly filteredwith the PSHP time constant. During
normal operation mode nothing is added: Equation (2.46). In case the
BESS SOC must be controlled, the PSHP must adjust its power output to
charge/discharge the BESS and to replace it in delivering the regulation
power, as stated by Equation (2.44). The PSHP action is delayed with a
low-pass-filter, akin to the FS strategy, to avoid abrupt power variations.
If there is no need for SOC control, it may happen that the BESS power
rating is insufficient to deliver the required power to the grid. In this case
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Figure 2.13: Test frequency signal.

the missing power is delivered by the PSHP: Equation (2.45). The output
of the logical routine is filtered with Tlpf,b: the SOC control routine is not
impacted by this, as the BESS time constant is lower than the the PSHP’s;
when the BESS power needs to be complemented, the filter makes the
PSHP deliver it at the same rate a BESS would.
In fixed-speed operation the same logic applies, with the difference

that instead of the synthetic inertia term, the FCR psp is subtracted to the
control signal, in order to inhibit the primary regulation.

p∗
h

=
pspSOC

b
+ pspSOC

f
Tlpf,hs + 1 − psp

I
+

1
Tlpf,bs + 1 ⋅ …

⋯ + Equations (2.44) ÷ (2.46).

(2.47)

To show the differences between the two strategies, a test round of
simulations has been conducted. A 150mHz step frequency deviation
signal (Figure 2.13) was fed into the variable/fixed speed turbine model,
with/out hybridization and the simulation results are presented in Fig-
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ures 2.14 – 2.15. From top to bottom the plots show: the power plant active
power P̂pp, the PSHP, BESS and the FESS The power plant power is the
active power “visible” by the grid, defined as the sum of the instantaneous
PSHP, BESS, and FESS powers:

P̂pp(t) = P̂h(t) + P̂b(t) + P̂f(t). (2.48)

The plots were obtained with the same parameters in any configuration:
10MW of installed BESS and FESS, the PSHP and BESS filter time con-
stants set to 30 s and 15 s, and the SOC control bounds equal to 40 % –
60 % for the BESS, and 20 % – 80 % for the FESS, which are found to be
wide enough not to trigger the SOC control routine.

When the PSHP is hybridized, its rated power increases, resulting in
a proportional increase of the primary and secondary reserves the plant
must allocate. This is why the steady-state plant and the PSHP (with the
FS strategy) power outputs are higher in hybrid configuration compared
to in the non hybrid case.
Both control strategies present two sets of parameters that need to

be tuned: the low-pass filter time constants, which determine the plant
ability to deliver the FCR in due time, and the SOC control limits and
charge intensity, which control BESS and FESS cycling and availability
to participate in the regulation. The next chapter will delve into these
aspects.

List of symbols

Accents
The quantity is in absolute value ̂
The quantity is in per-unit, system base.

Greek letters
Guide Vanes Opening (∘) α
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Roughness coefficient (mm) ϵ
Efficiency η
Rotation angle θ
Darcy’s friction coefficient λ
Density (kg/m3) ρ
Permanent droop σ
Flow number ϕ
Pressure number ψ
Angular velocity (rad/s) ω

Roman letters
Polynomial coefficients for the flywheel
maximum power (pu)

ai

Penstock wave speed (m/s) ap
Runner inlet section (m) B1
Cycle depth cd
Polynomial coefficients of the turbine curves
(pu)

cij, dij

Charge intensity (pu) ci
Capacity lost Closs
Control Signal CS
Diameter (m) D
Polynomial coefficients of the pump curves
(pu)

ei, fi

Energy-to-power ratio (h) EPratio
Polynomial functions (dimensional) F, G
Hydraulic losses coefficient (pu) fp
Grid frequency f
Gravitational acceleration (m/s2) g
Water head (m) Ĥ
Hydraulic head (pu) h
Flywheel moment of inertia (kgm2) I
Friction losses coefficient (m) K
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PI controller integral gain ki
PI controller proportional gain kp
AGC signal (%) L%
Penstock length (m) Lp
Rotational speed (rpm) N̂
Number of charge/discharge cycles nc
Number of cycles to reach end-of-life nf
Penstock segment nge
Active power (MW) P̂
Active power (pu) p̂
Flow rate (m3/s) Q̂
Flow rate (pu) q
Laplacian operator s
Allocated FRR (pu) SB
Converter time constant of the BESS (s) TcB
RSC time constant (s) TcH
Servomotor time constant (s) Ts
BESS measurement and control circuits delay
(s)

Tdel,b

Generator mechanical starting time (s) Tm
Water starting time (s) Tw
Mechanical torque (pu) tmech
Position of the wicket gate blades (pu) z

Subscripts
Hydraulic machine inlet section 1
Average avg
Battery Energy Storage System b
Flywheel Energy Storage System f
Fixed fix
Gross g
Pumped Storage Hydro Power h
Primary regulation I
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Secondary regulation II
i-th element i
j-th element j
k-th element k
Lost or related to losses loss
Mechanical mech
Rotational speed (pu) n
Power plant pp
Pump p
Rated r
Reference ref
Synchronous syn
Total tot
Turbine t
Variable var

Superscripts
At t = 0 0
Base quantity b
Lower bound L
Maximum max
Minimum min
Related to the SOC SOC
Upper bound U
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Figure 2.14: Frequency Split control strategy: hybrid (continuous line) and non-
hybrid (dotted line) active powers comparison. (a) variable-speed
turbine; (b) fixed-speed turbine.
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Figure 2.15: Hydro Recharge control strategy: hybrid (continuous line) and non-
hybrid (dotted line) active powers comparison. (a) variable-speed
turbine; (b) fixed-speed turbine.





3 Open-loop simulations

The hybridization of the Foxi Murdegu Pumped Storage Hydro Power
(PSHP) may prove to be beneficial for both the Transmission System
Operator (TSO) and the plant owner. This chapter delves into the study
of the benefits for the plant owner, estimated as a reduction in the main
wear indicators presented in Section 2.iii.vii and Section 2.iv.ii.

The adopted methodology is to simulate the plant in open-loop under
different configurations. This means that the plant’s model receives as
input the frequency (for Frequency Containment Reserve (FCR)) and
the Automatic Generation Control (AGC) (for Frequency Restoration
Reserve (FRR)) signals and outputs an active power signal to a sink. The
regulating power does not have any effect on the input frequency, hence
the simulations allow to assess the readiness of the plant to deliver the
output power.

There are many hybridization possibilities, for this reason several com-
binations of Battery Energy Storage System (BESS) and Flywheel Energy
Storage System (FESS) power ratings have been tested. The reference case
has been considered the PSHP without hybridization.
This chapter is structured as follows: Section 3.i describes the back-

ground common to all the simulated cases; Section 3.ii presents the model
calibration process that has been used to tune the control parameters;
Section 3.iii presents the simulation results for the variable-speed tur-
bine and pump with the Frequency Split (FS) (Section 3.iii.i) and Hydro
Recharge (HR) (Section 3.iii.ii); last, in Section 3.iv the results are further
summarized and commented.

79
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i Background

The plant is expected to participate in the FCRandFRR services in Sardinia.
Real frequency and AGC data for the island of Sardinia were not available,
as the TSO deemed them confidential. Instead, 24h historical frequency
and AGC signals from continental Italy were made available (Figure 3.1).
It was chosen to simulate 1h (3600 s) starting from 04:28:17 of 2020-01-
21, the recorded hour containing the most intense frequency deviation
(over 150mHz), and beginning at the instant with no frequency error.
The frequency’s sampling resolution is 20ms, the AGC signal’s is 1min,
linearly interpolated to cover for the missing values.

The variable-speed PSHP is simulated in both turbine and pump mode,
whereas the fixed-speed is simulated only in turbine mode, as the pump
can not provide FCR nor FRR in the first place.
In every simulation it is assumed that, at t = 0, i) the grid’s frequency

is 50Hz, the AGC control signal, L%, is 50 (no secondary regulation);
ii) the PSHP is in steady state and iii) is consuming/generating the power
committed in the day-ahead market, while iv) the BESS and FESS have a
null power input/output, and both of their State Of Charge (SOC) is 50 %.
The reference rotational speed for the variable-speed hydro machine can
be decided at will, and in this work it is set to the rated value (525 rpm), as
the same for fixed-speed turbine operation (500 rpm); in variable-speed
pump operation the rotational speed depends on the defined power input
and the water level at the upper reservoir: the initial power input is chosen
so the resulting rotational speed is the rated value, whereas the water
level is the same as in turbine mode. The initial quantities of the pump-
turbine are presented in Table 3.1. The adoption of numeric tolerances to
calculate the initial quantities of the turbine operation lead to minimum
discrepancies in the values of Ĥ0

g.
The PSHP was simulated first without hybridization, and then con-

sidering that P̂b/f could assume values in the range of 0.5MW to 5MW
{0.5, 1.5, … , 5} MW and testing all the 100 combinations. The search was



i background 81

00:00 06:00 12:00 18:00 00:00

Jan 21, 2020   

49.9

50

50.1

50.2
H

z

00:00 06:00 12:00 18:00 00:00

Hour Jan 21, 2020   

0

50

100

%

(a)

0 600 1200 1800 2400 3000 3600

49.9

50

50.1

50.2

H
z

0 600 1200 1800 2400 3000 3600

Time (s)

0

20

40

60

%

(b)

Figure 3.1: Continental Italy grid frequency (top) and AGC signals. (a): 24h
data series; (b) selected hour.
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Table 3.1: Initial conditions of the PSHP, in both turbine (variable and fixed
speed) and pump mode. Ĥ0

g and Ĥ0 are in (m), Q̂0 in (m3/s), N̂0 in
(rpm), α̂0 in (∘), η̂0 in %, and P̂0 in (MW). All the other quantities are
in (pu)

Turbine Pump Turbine Pump
Variable Fixed Variable Variable Fixed Variable

Ĥ0
g 366.98 366.97 367.00 h0

g 1.0322 1.0322 1.0322
Q̂0 27.58 26.86 −31.63 q0 0.5628 0.5482 −0.6456
Ĥ0 363.34 363.52 371.78 h0 1.0220 1.0225 1.0457
N̂0 525.00 500.00 −525.20 n0 1.0000 0.9524 −1.0004
α̂0 12.60 11.80 – z0 0.3738 0.3500 –
η̂0 79.42 81.50 79.54 η0 0.9971 1.0232 0.9986
P̂0 80.00 80.00 −94.292 p0 0.5736 0.5736 −0.6760

limited to the power rating, excluding the energy capacity: the BESS
power capacity was fixed as a parameter to 1MWh/MW, whereas the
FESS model used in this study had a fixed speed range (6000 rpm to
9000 rpm).
Obviously the hybrid plant’s control depends on the power ratings of

both BESS and FESS, therefore the model’s control parameters had to
be properly calibrated. The next section describes the model calibration
process.

ii Model calibration

There are two control strategies (FS and HR), each with its set of control
parameters: the SOC control’s, (SOCL

b/f, SOCU
b/f, ΔSOCb/f, cib/f), and the

low-pas filters’ time constants (Tlpf,h/b).
The SOC control parameters do not directly influence the rapidity of

the plant to deliver power. Their values are presented in Table 3.2 and are
kept constant in each and every simulation. These were chosen because
considered appropriate for both the BESS and the FESS: they prevent
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Table 3.2: Open-loop simulations SOC control parameters.

SOCL SOCU ΔSOC ci
(%) (%) (%) (pu)

BESS 40 60 10 0.8
FESS 20 80 10 0.8

the SOC to reach the extremes (0 or 100 %) and, for the BESS, they are
narrow enough to limit the SOC cycling, and wide not to often trigger the
SOC control routine. The FESS, having lower energy density, has wider
margins as its SOC is more subject to fluctuations than the BESS.

The other set of control parameters, the low-pass filters’ time constants,
affect the plant’s ability to deliver the FCR in due time and their value is
a compromise between the plant owner’s priority to slow down as much
as possible the PSHP and BESS power ramps (to reduce respectively their
wear and tear and life consumption), and the TSO’s interest in having a
fast power delivery to contain the frequency excursions.

The calibration process of these time constants was performed following
this procedure. First, all intentional delays (Tlpf,h/b) were set to zero and
the SOC control procedure was suppressed. A −200mHz1 step signal
was fed to the model, together with a constant AGC signal equal to 50 %
(no FRR). The FESS SOC was set to 100 % in order for the device to be
able to deliver the maximum power. An interval of possible values of
Tlpf,h was defined, and the midpoint was used to run a short simulation
of the plant. The bisection method was applied to iteratively find the
maximum value of Tlpf,h that would result in the compliance of the FCR
regulations (50 % delivered within 15 s, 100 % within 30 s). A tolerance
of 0.05 s between the interval extremes was the stopping criterion of the
bisection method. Once the value of Tlpf,h was found it was fixed as
a parameter, and the same procedure was adopted to find the value of

1This value was chosen by rounding up the maximum value of the frequency excursion
for the simulated hour.
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Tlpf,b. This process was applied for both the FS and the HR strategies. In
the HR strategy the PSHP participates in the FCR when the BESS power
is insufficient: this power adjustment is filtered with Tlpf,b. The Tlpf,h
constant impacts the SOC control procedure, Equation (2.44), therefore
its value does not directly impact the system ability to provide FCR. The
procedure, therefore, would converge to the upper bound of the interval.
A value of 200 s was set for Tlpf,h in the HR strategy.

The graphical representation of the resulting values of the low-pass
filters time constants are presented in Figures 3.2 – 3.4.
The first thing to note is that the higher BESS and FESS powers are,

the slower the PSHP (under the FS strategy) and BESS (regardless of the
strategy) can be operated. The filters time constants are identical for the
variable-speed PSHP both in pump and turbine mode, because they are
connected to the same electrical machine, which – within certain limits –
decouples the electrical and mechanical parts of the PSHP.

Another aspect worth to note is that, while the BESS time constants are
almost identical in both operation modes (regardless of the strategy), the
values for the PSHP time constants are higher in variable-speed than in
fixed-speed (FS strategy). This is expected, as the variable-speed unit
is much faster in delivering the active power to the grid, hence it can
afford a higher delay without compromising its ability to fulfil the grid
obligations. Eventually, Tlpf,b shows a slight dependency to the FESS
power rating in addition to its own. This is due to the architecture of
the control strategies. The rated power of the Hybrid Energy Storage
System (HESS) increases with the increase of the FESS installed power,
for the same installed BESS. This means that the HESS must deliver more
active power for FCR, for the same frequency error. As a result, the BESS
must deliver more energy during the transient, and to do so, its low-pass
filter time constant must slightly decrease, or the power output would be
reduced beforehand. Figure 3.5 shows the plant and BESS active power
output after a step underfrequency deviation. The two simulated cases
differ only for Tlpf,b, whose value in Case 2 is higher than in Case 1. It can
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Figure 3.2: Frequency Split: calibrated values of (a) Tlpf,h and (b) Tlpf,b for the
variable-speed PSHP in turbine mode. The values are identical for
pump mode.

be seen that, if Tlpf,b is too high, the BESS will reduce its power before the
plant output value has reached the correct value. The FESS in this case
can’t supply the additional power as its maximum power depends on its
SOC.

iii Results

The results presented in this section were obtained with the calibrated
values of the Low-Pass Filter (LPF) time constants for each power man-
agement strategy separately. Hereafter a “configuration” is a combination
of installed BESS and FESS powers, and is indicated as (P̂b, P̂f) MW.

iii.i Operation in Frequency Split

The simulations results for each operation mode – variable-speed tur-
bine, fixed-speed turbine, and variable-speed pump – are summarized in
Figures 3.6 – 3.9. A red circle indicates the global minimum.
In the variable-speed case, the reference case (non hybrid) for the

turbine returns a distance travelled by thewicket gate’s blades, Lwg, equal
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Figure 3.3: Frequency Split: calibrated values of (a) Tlpf,h and (b)Tlpf,b for the
fixed-speed PSHP in turbine mode.
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Figure 3.4: Hydro Recharge: calibrated values of Tlpf,b for the variable-speed
(a) and fixed-speed (b) turbine PSHP.
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Figure 3.6: FS strategy: results for the variable-speed turbine. (a) relative wicket
gate’s travelled distance and (b) number of movements, (c) BESS
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Nwgref = 137.
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to 0.7564pu, and a total of 137 movements (Nwg). The configuration
(0.5, 0.5) MW is enough to reduce Lwg to 65.86 % (0.4984pu) w.r.t the
reference case and Nwg to 45.99 % (63).
While the maximum hybridizing power corresponds to the minimum

Lwg (0.3202pu, 42.33 %, Figure 3.6a), there are 5 configurations that min-
imize Nwg, reducing it to 14.60 % (20) of the reference value. The most
attractive among these, from the plant owner’s point of view, would be
the one with the minimal installed power (= minimal capital investment),
corresponding to the configuration (4.5, 4) MW, with an associated Lwg
of 43.34 % (0.3278pu); the other configuration, (5, 3.5)MW, has a slightly
superior Lwg: 44.55 % (0.3370pu).
It is worth noting that the BESS and FESS installed powers impact the

PSHP performance differently: configuration (5, 0.5) MW is associated
with Lwg = 0.3682pu and Nwg = 24, while configuration (0.5, 5) MW
presents Lwg = 0.4021pu and Nwg = 29. This difference is due to
the FESS SOC control process. When the FESS rated power is 0.5MW,
the SOC control routine is triggered several times during one hour of
operation (Figure 3.7a), where the PSHP adjusts its power output by
80 % of the FESS rated power: 0.4MW. When the FESS rated power is
maximum (5MW), only one SOC control event occurs, but this entails
a power adjustment by the PSHP of 4MW (again 80 % of the FESS rated
power), resulting in wider movements of the guide vanes.

The BESS life consumption LCb, does not appear to be correlated with
the low-pass filter’s time constant Tlpf,b (Figure 3.2b), but rather it seems
that a low rated power is better from the BESS point of view (Figure 3.6c).
In the best case (2, 1.5) MW, 1h of operation consumes 4.48 × 10−5 h
of BESS life, whereas in the worst case (5, 5) MW 1.67 × 10−4 h. The
preferred combination for the PSHP, (4.5, 4)MW, has an associated BESS
life consumption equal to 1.034 × 10−4 h.
One would expect LCb and the BESS power rating to be inversely pro-

portional because increasing the rated power means an increase in energy
capacity (as the energy to power ratio is fixed), hence the amplitude of the
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SOC cycles should be smaller. However what can be seen from Figure 3.6c
is that LCb tends to increase with the BESS power. This behaviour is
explained by the low-pass filter’s time constant: the higher the power
rating the higher the intentional delay (Figure 3.2b). This delay reduces
the BESS power fluctuations, but at the same time the power is “slower”
in being adjusted, as seen in Figure 3.7b. Given these findings, we ran a
set of simulations with Tlpf,b = 0, to verify that the intentional delay is
actually beneficial for the BESS. The LCb resulting from the simulations
with Tlpf,b = 0 was considered the “reference”, and the ratio between the
LCb with and without the delay is shown in Figure 3.6d. It can be seen
that at high BESS power rating, its life consumption is about 50 % of the
degradation experienced without delay, while at low powers this ratio
drops down to less than 10 %. From these findings we can conclude that
it is always convenient to have a non-zero low-pass filter’s time constant,
and the lower the BESS power rating, the more beneficial the delay.
In fixed-speed operation, the non-hybridized turbine’s wicket gate

covers a distance of 0.6728pu with a total of 112 movements. With the
(0.5, 0.5) MW configuration, Lwg becomes 73.62 % of the reference value
(0.4953pu, the maximum in the hybrid configuration), whereas the min-
imum value is achieved for the combination (5, 4.5) MW, with a value
of 0.3186pu (45.92 %). The maximum reduction of Nwg (18.75 % of the
reference value) is achieved by 2 configurations, the most preferable one
(in terms of minimal Lwg) being (5, 4.5) MW.

The fixed-speed results are smaller both in magnitude and in improve-
ment w.r.t. the variable-speed counterpart, as the latter’s ability to quickly
deliver electrical power generates a rotational speed imbalance that re-
quires a stronger action by the speed governor. Being faster in delivering
electrical power, the variable-speed’s admissible intentional delay is higher
than the fixed-speed’s, hence the latter’s Lwg and Nwg improvements
are inferior, in percentage (Figure 3.8).
Regarding the BESS, the maximum LCb is experienced with minimal

installed powers, (0.5, 0.5) MW: 2.106 × 10−4 h; on the other hand, the
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Figure 3.8: FS strategy: results for the fixed-speed turbine. In the non-hybridized
plant (reference case): Lwgref = 0.6728pu, Nwgref = 112.



iii results 93

10

20

M
W

fi
/M

W
fi

re
f (

%
)

2 1

Pf (MW)

2

Pb (MW)

30

34 4
5

(a)

0 600 1200 1800 2400 3000 3600

seconds

0

100

200

T
o

rq
u

e
 (

k
N

m
)

0.5 MWb - 0.5 MWf

reference

1200 1250 1300 1350 1400

seconds

-20

0

20

T
o

rq
u

e
 (

k
N

m
)

(b)

Figure 3.9: FS strategy: results for the variable-speed pump. (a) Mei-Wang fluc-
tuation index of the torque at the shaft (reference case: MWFiref =
6.4871 × 109); (b) comparison of the torque between the (non-
hybridized) reference case and the plant hybridized with 5MW of
BESS and FESS (top) and detail (bottom).
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minimum life consumption is achieved in the (3.5, 1)MW: 5.107 × 10−5 h.
The simulations of the hybrid configurations with Tlpf,b = 0 confirm that
the intentional delay reduces the life consumption of the device. The
plot has been omitted as it does not provide additional information w.r.t.
Figure 3.6d.
In pump mode, the torque’s Mei-Wang Fluctuation index (MWFi) de-

creases at least by about two thirds w.r.t. the non-hybridized case (Fig-
ure 3.9a). The fluctuation index was applied to the dimensional torque
(kNm), sampled every 1 s, to avoid the numerical fluctuations due to the
small simulation step size affecting the outcome. The dimensional torque
was employed as the MWFi calculation is non-linear, hence the per-unit
notation would be inadequate to describe the phenomenon. The index
reduction is mostly caused by the rotation angle component θi of (2.30):
the ratio between the standard deviations (first term of the product) be-
tween the configuration (0.5, 0.5) MW and the reference case is 0.9934,
whereas the ratio of the sum of the rotation angles is 0.1386. This can also
be seen graphically from Figure 3.9b and more clearly in the detail: the
two plots have similar standard deviations but different rotation angles
over time. The MWFi ranges from 12.34 % (4.5, 5)MW of the reference
value to 31.05 % (0.5MW BESS – 0.5MW FESS).

iii.ii Operation in Hydro Recharge mode

The results offered by the HR power management strategy present visible
differences compared to the FS strategy. The graphical representations of
the results are presented in Figures 3.10, 3.12 and 3.13.

The minimum achieved wicket gate travelled distance for the variable-
speed pump-turbineLwg is obtainedwith the (3.5,0.5)MW configuration:
38.08 % (0.2880pu), Figure 3.10a. This indicator is always inferior than the
reference case, and inmost of the cases it is inferior compared to the results
of the FS strategy . In this configuration the values of Nwg and LCb are
respectively 16.06 % (22) and 3.32×10−3 h. There are 4 configurations that
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Figure 3.10: HR strategy: results for the variable-speed turbine operation mode.
(a) relative wicket gate’s travelled distance and (b) number of move-
ments, (c) BESS. Lwgref = 0.7564pu, Nwgref = 137.
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minimize Nwg (Figure 3.10b), the most attractive among them being the
(4,4.5)MW, the one with minimum installed power among them. With
the HR strategy there is a sharper reduction in wicket gate movements:
in fact if with the FS strategy the best solution would lead to a total of
20 movements, with the current strategy the number drops to 8 (5.84 %),
with a corresponding travelled distance of 0.3356pu (44.37 %).

The main difference between the FS and the HR strategy is, as expected,
related to the BESS life consumption: in the best case, configuration (5, 1)
MW LCb is 1.96 × 10−3 h, two order of magnitude greater than in the FS
case (in which the minimum value was 4.48 × 10−5 h). This is expected,
as the BESS has to deal with a wider range of frequency components
of the regulation effort than in the previous case. From Figure 3.10c
it is clear that for values of BESS rated power greater than 2.5MW the
lost life due to cycling sharply decreases. Figure 3.11a shows the active
powers (plant’s, PSHP, BESS, and FESS respectively). It can be seen that,
overall, the plant can properly provide the grid’s frequency (top plot),
and that the power rating of the BESS becomes insufficient in providing
the regulation at about 2000 s from the start of the simulation. Moreover,
the SOC control routine has a deep impact in the plant behavior: this
procedure is active for more than 10min (from second 2300 to over 3000).
At the end of the simulation, there is a time window in which the BESS
power is saturated, but thanks to the FESS power availability and the PSHP
action, the plant can still accurately track the grid’s frequency. Figure 3.11b
presents a comparison between the configuration (5, 1) MW (continuous
line) and the one with maximum installed powers – (5, 5) MW, dotted
line. In the first case, the PSHP performs more low-amplitude movements
(Lwg = 0.3214pu, Nwg = 20), whereas in the second case the opposite
occurs (Lwg = 0.3530pu, Nwg = 9). The BESS life consumption is
2.95 % smaller in the (5, 1) MWwith respect to the (5, 5) MW.

The results for the fixed-speed turbine are in line with what seen so far
for its variable-speed counterpart (Figure 3.12). Theminimum Lwg is had
for the same configuration as in variable-speed operation: (3.5, 0.5) MW,
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Figure 3.11: HR strategy: variable-speed turbine operation. (a) comparison be-
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Figure 3.12: HR strategy: results for the fixed-speed turbine operation. (a) rela-
tive wicket gate’s travelled distance and (b) number of movements,
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pump.

with a value of 0.2790pu (41.46 %). There is only one configuration that
minimizes Nwg to 10 movements (16.07 %), and the BESS life consump-
tion follows a very similar pattern, with a minimum life consumption
equal to 1.97 × 10−3 pu.

The results for the variable-speed pump greatly differ between the two
strategies. As seen in Figure 3.13, the MWFi tends to sharply increase for
BESS powers greater than 3MW and FESS powers greater than 0.5MW,
reaching values as high as 120 % than the reference value. It appears that
the fluctuation index is very sensitive to high gradients, occurring when
the SOC control routine is triggered or when the hydraulic machine has
to intervene when the BESS can not provide the regulation by itself. In
Figure 3.14a the variable-speed pump-turbine operates in pump mode
stationarily for more than half of the simulation, and adapts its power
output as soon as the frequency imbalance worsens (around t = 2000 s).
The main cause of the increase of fluctuation index is the SOC control
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routine, introducing three PSHP power (and torque, contextually) spikes
after t = 2300 s (Figure 3.14a). Withmore installed power, the SOC control
procedure implies wider power adjustments, therefore the BESS and FESS
power is installed, the more the torque fluctuates (Figure 3.14). This
comes at the cost of very wide torque fluctuations. The best configuration
in this regard, (0.5, 4)MW has a small BESS rated power as well as low-
pass filter time constant: this makes the pump operate in a similar way as
in the FS strategy, and this can be clearly seen from Figure 3.14b, in which
the dotted lines of configuration (0.5, 0.5)MW are never stationary.

iv Discussion of the results

In this chapter the Foxi Murdegu PSHP has been simulated in open-loop,
taking as input real frequency and AGC signal recorded data from Italy’s
continental grid, and in different scenarios. The plant was simulated
assuming it was equipped with a variable-speed pump-turbine or a fixed-
speed and one with/without hybridization.
The adopted perspective was the plant owner’s: to assess if the hy-

bridization would improve the plant operation by means of decreasing
the wear indicators presented in Chapter 2. A total of 100 combinations
of installed BESS and FESS powers have been selected: from 0.5MW to
5MW for each Energy Storage Device (ESD), with a step of 0.5MW. The
hybrid plant was simulated under two control strategies, the FS and the
HR, to assess how the plant would respond under the different logics.
While the SOC control parameters have been kept invariant across

all simulations (as well as the initial conditions), the intentional delays
(PSHP and BESS low-pass filter time constants Tlpf,h and Tlpf,b respec-
tively) have been calibrated by finding their maximum allowable values
that still fulfil the TSO regulations, in particular to deliver 100 % FCR
within 30 s from the beginning of the frequency imbalance.

The variable-speed pump-turbine always shows an enhanced operation
in turbine mode when hybridized, in terms of reduction of the wicket gate
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travelled distance and number of movements, Lwg and Nwg respectively,
regardless of the adopted strategy or the installed powers (Figures 3.6
and 3.10). With the FS strategy, the higher the installed BESS and FESS
powers the greater the benefit: Lwg can drop up to 42.33 % (0.3202pu)
of the reference value and Nwg up to 14.60 % (20). The best hybridiza-
tion to minimize the PSHP wear indicators does not coincide with that
minimizing the BESS lost life due to cycling, LCb, which is found for
2MW BESS and 1.5MW FESS (1.034h). The BESS tends to cycle more at
high powers because Tlpf,b tends to increase, making the BESS deal with
lower frequency components, associated with a smoother power flow, but
increased energy flow, causing deeper SOC cycles (Figure 3.7b). The HR
strategy changes the system behavior, resulting in a more pronounced
PSHP wear indicators decrease (Figure 3.10), with Lwg dropping as low
as 0.2880pu (38.08 %), and Nwg as 8 (5.84 %). The main differences are
that i) these minima are had for different power combinations as in the
FS (especially for Lwg), and ii) the life consumption due to cycling expe-
rienced by the BESS is greater by at least two orders of magnitude with
the HR strategy (Figure 3.10c). This is to be expected as the HR strategy
prioritizes the BESS to deliver the FCR, and makes the PSHP intervene
only when necessary (to perform SOC control or to deliver the power the
BESS can not provide).
The fixed-speed turbine is less flexible than its variable-speed coun-

terpart, and therefore the wicket gate blades perform less movements
in the first place. With the FS strategy (Figure 3.8), Lwg and Nwg can
decrease down to 0.3186pu (45.92 %) and 21 (18.75 %), whereas with the
HR (Figure 3.12) down to 0.2790pu (41.46 %) and 10 (16.07 %) respec-
tively. Again the BESS is penalized by this operation mode, consuming
2.106 × 10−4 h with the FS, and 1.97 × 10−3 h with the HR (best case for
both).
The variable-speed pump-turbine operating in pump mode appears

to benefit much more from the FS operation at high installed BESS and
FESS powers (Figure 3.9a), and with the HR strategy at low installed
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powers(Figure 3.13). It is too early to say that the MWFi reduction (down
to 12.34 % with the FS, 10.65 % with the HR) corresponds to a decrease
of a physical phenomenon of the same intensity, or if the fluctuation
index that has been used is adequate in estimating the wear of a pump
while continuously adjusting its power output. Nevertheless, there is
no established methodology in this regards the author is aware of, and
further research could be made in the future to validate or invalidate this
methodology.

Overall, for the case-study under analysis, and for the range of installed
BESS/FESS powers considered, the FS strategy looks more promising, as
it offers a good compromise in terms of benefits for installed powers, espe-
cially for the duration of the BESS. The HR could prove to be better suited
at higher BESS installed powers, but the author thinks that it is more inter-
esting to search for the highest benefits with the least hybridizing power
installation, from both an economic point of view (capital investments
and relative costs are reduced) as well as from a resource-wise point of
view (the less equipment is installed, the less resources are utilized with
the respective greenhouse gas emissions).

List of symbols

Accents
The quantity is in absolute value ̂

Greek letters
Guide Vanes Opening (∘) α
Efficiency η

Roman letters
Charge intensity (pu) ci
Water head (m) Ĥ
Hydraulic head (pu) h
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AGC signal (%) L%
Life Consumption LC
Distance travelled by the wicket gate (pu) Lwg
Rotational speed (rpm) N̂
Number of wicket gate movements Nwg
Active power (MW) P̂
Active power (pu) p̂
Flow rate (m3/s) Q̂
Flow rate (pu) q
Time (s) T
Position of the wicket gate blades (pu) z

Subscripts
Battery Energy Storage System b
Flywheel Energy Storage System f
Pumped Storage Hydro Power h
Low-pass filter lpf

Superscripts
At t = 0 0
Lower bound L
Upper bound U



4 Optimization procedure

The hybridization of a Pumped Storage Hydro Power (PSHP) can be
performed in many different ways, and for every combination of installed
Battery Energy Storage System (BESS) and Flywheel Energy Storage Sys-
tem (FESS) powers theoretically exist infinite control possibilities that
profoundly influence the plant behaviour, even under the same simula-
tion inputs (initial conditions and frequency and Automatic Generation
Control (AGC) signals).

So far, the Hybrid Energy Storage System (HESS) has been studied by
considering a limited amount of installed BESS and FESS powers (from
0.5MW to 5MW each), one particular hour of operation (based on real
recorded data) and by tuning part of the parameters (the low-pass filter
time constants) that manage the active powers of each device.

A procedure to find the “optimal hybridization” of a PSHP was devel-
oped as part of the collaboration with Ricerca sul Sistema Energetico
(RSE), which financed part of this research programme, and during
the 2021 exchange period at Universidad Politecnica de Madrid (UPM)
(Madrid). The aim of this project was to find the optimal BESS and FESS
installed powers and the optimal power management strategy that would
guarantee themaximum return of investment during the estimated project
life. To do so, three elements were necessary: i) the formulation of an
optimization problem, meaning defining the objective function, variables,
and constraints; ii) the data to correlate the output quantities from a
model simulation with the cost and revenue components of the objective
function; iii) the data to characterize a period of time of plant operation,
or – in short terms – a representative year to simulate the HESS.

105
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As part of the agreement with RSE, the focus was placed on finding an
hybridization solution that would be valid for both pump and turbine
mode. For this reason the work presented in this chapter only considers
the variable-speed operation of the hydraulic machine. Parts of this work
were published as Ref. [173].

This chapter is structured as follows: Section 4.i outlines the optimiza-
tion problem and how the different objectives in the objective function
were modeled; Section 4.ii provides an insight over the custom algorithm
that was employed for the search; the results from the optimization pro-
cess are presented in Section 4.iii , and further discussed in Section 4.iv.

i Optimization problem definition

The problem of the optimal hybridization of a PSHP consists in two sub-
problems: optimal design and optimal control of the HESS. “Optimal
design” here means the optimal amount of installed power and energy ca-
pacity of BESS and/or FESS, while “optimal control” refers to the optimal
values of the control parameters that manage the power flows between the
devices making up the HESS and which of the two power management
strategies to adopt. In the early stages of project development it was opted
to follow a simplified approach, consisting in finding the optimal control
for a set of candidate configurations: a limited number of Pb and Pf pairs
were given as input to the optimizer, the algorithm would find the opti-
mal control for each of the candidate configurations, and subsequently
perform a comparative analysis to detect the configuration associated
with the best value of the objective function. Later on, the approach has
evolved into a proper optimization problem, in which the optimal design
and control are found contextually.

An optimization problemgenerically consists in the search for the values
of a finite set of decision variables x that minimize an objective function
f(x), the goal of the optimization procedure. The solution found is valid
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only if it respects a number of constraints. In mathematical terms:

min f(x) x = [x1, x2, … , xn]T

subject to Ax ≤ b

Cx = d

x ≥ lb

x ≤ ub,

(4.1)

where n is the number of decision variables, A and b are respectively
the matrix and array of the inequality constraints, C and d the matrix
and array of the equality constraints, and lb and ub the lower and upper
bound arrays.

In the next paragraphs, each element making up the optimization prob-
lem is defined and presented.

i.i Objective Function

In this problem the goal of the optimization procedure was to maximize
the economic feasibility of the project. This is assessed with the Net
Present Value (NPV) method, the sum of the discounted costs and rev-
enues during the useful economic life of the project. As it is convention
to find the minimum value of an Objective Function (OF), this has been
defined as the NPV with negative sign:

OF = −NPV = Cinv +
Ny

∑
k=0

Cfix + Cvar − Rfix − Rvar + ℙ
(1 + r)k , (4.2)

where Cinv is the capital investment of the installation of BESS/FESS (€),
Ny the expected lifetime of the investment (years), Cfix/var and Rfix/var
are the yearly fixed and variable costs and revenues respectively (€), r is
the discount rate (%), and ℙ (€) a penalty factor (described at page 118).
The optimization problem focuses on the hybridization of the PSHP,

meaning that it is assumed that the hydropower plant is realized regard-
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less of the choice of hybridizing the plant or not. For this reason, the capital
investment and the fixed Operation and Maintenance (O&M) costs are
considered only for the BESS and/or FESS. Moreover, the revenues from
the sale of energy in the day-ahead market, as well as the costs to operate
the pump, are not considered as it is assumed the schedule would be the
same with or without hybridization.

The fixed costs are those that only depend on the installed power/energy
capacity of the equipment and do not depend on the energy usage. On
the other hand, variable costs depend on how the equipment is used along
the examined period, and as such are derived from the output data of the
simulations. More details on the fixed and variable costs are provided at
page 110.
The model, presented in Chapter 2, is not suited to run simulations

longer than one hour, as many phenomena spanning multiple hours
have not been modeled, e.g. the variation of the water level in the up-
per reservoir, the transition from one operating mode to the other or the
startup/shutdown processes.The plant owner’s operation schedule de-
termines the generated power and its change over time. This not only
depends on the energy availability of the PSHP, but also on the result of
the day-ahead market bids. Due to the lack of available information and
the different scope of this research, this aspect has not been modeled.
However, since the economic analysis imposes to consider one year of

operation, a set of representative hours Nh has been used. Each hour is
defined by the conditions of the plant at t = 0 , frequency and AGC input
signals, and an associated probability of occurrence of that hour during
the year, p(i) (%). The yearly variable costs and revenues are calculated
with the following equation:

Cvar =
Nh

∑
i=1

Cvar,ip(i)Y, (4.3)

Rvar =
Nh

∑
i=1

Rvar,ip(i)Y. (4.4)
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In the equations, Y is the number of hours of the year the plant is expected
to operate. This value is either 7760h or 8760h, depending on the type of
hybridization (see Page 114). More details on the representative hours
are presented in Section 4.i.iv.

Data about equipment costs and ageing processes can be hard to gather,
depending on the technology under assessment. Li-ion batteries are
one of the most studied energy storage technologies, with high volume
production of devices, as already presented in Chapter 1. Regarding PSHP
and FESS there is not as much available data as for BESS.

Economic information was found in some references [43, 44, 101]. After
consulting with people expert in the subject, it was chosen to use cost
data from Mongird et al. [44], as the values were deemed closer to their
experience, especially regarding the FESS technology. Unless stated oth-
erwise, the cost elements and prices presented in the next paragraphs
are taken from this reference. The reference presents the costs in $, and
a conversion rate of 0.84 €/$ was used, a reasonable rate at the time this
work was developed.

The next paragraphs describe in detail how the costs and revenues are
calculated.

Capital investment

For Li-ion BESS, the specific capital investment, cinv,b is expressed in
$/kWh. TheEPratio for the BESS is fixed as a parameter and set to 1kWh/kW,
therefore this cost element is expressed as a function of the installed BESS
power. The value of 362 $/kWh, the predicted price for 2025, was used.

The FESS technology is not as established as the BESS. This also reflects
on the limited available information in the literature about performances
and costs. A correlation proposed by Mongird et al. [44] was used to
estimate the unit installation cost of a FESS:

cinv,f = 6873.3EPratio,f + 692.96, (4.5)
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where cinv,f ($/kW) corresponds to the specific capital investment for
FESS, and EPratio,f to the FESS energy-to-power ratio (kWh/kW). In this
case EPratio,f is 0.0348kWh/kW, resulting in a specific installation cost
cinv,f of 932.15 $/kW.
The hybridization capital investment is therefore calculated as:

Cinv = cinv,bPbEPratio + cinv,fPf. (4.6)

Fixed O&M

The fixed O&M include all costs necessary to keep the storage system op-
erational throughout the duration of its economic life that do not depend
on the energy usage. The calendar ageing of BESS and FESS has not been
modelled in this work.
PSHP fixed costs have been excluded from the analysis for the same

reason as its capital investment: these cost elements would exist regardless
of the hybridization, as they are a function of the installed power, which
is set as a parameter.
For BESS and FESS, they are proportional on the installed power, and

are calculated with the following equation:

Cfix = cfix,bPb + cfix,fPf, (4.7)

with values of the specific fixed costs for BESS and FESS, cfix,b/f, equal to
8 $/(kW/yr) and 5.6 $/(kW/yr) respectively.

Variable O&M and replacement costs

Variable costs, Cvar, depend on the performances of the plant during
the examined working period, therefore they depend on the simulation
outcomes. They are grouped into two categories: variable O&M costs
experienced by each device, Com,h/b/f and the costs related to the useful
life of the device, CLC,h/b/f. According to Ref. [44], “variable O&M ac-
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count for all costs necessary to operate the storage system throughout
the duration of its economic life and are normalized with respect to the
annual discharge throughput”, including the wear and tear and lost effi-
ciency of the device. Acknowledging the scarcity of data in the literature,
the authors of [44] declared that a catch-all value for BESS and FESS is
0.03 cents/kWh, whereas for PSHP 2.5 ×10−4 cents/kWh. As this analysis
focuses on the primary and secondary frequency regulation services, it is
the energy moved to provide such services that generates these costs:

Cvar,omi
= Enhicvar,h +Enbicvar,b +Enficom,f, i = {1, … , Nh}, (4.8)

where Enh/b/f is the energy moved by each Energy Storage Device (ESD)
for the primary/secondary regulation, and cvar,h/b/f the respective unit
cost factor.

Regarding the costs related to the loss of useful life, it was decided to
consider the costs due to the wear and tear of the equipment in providing
frequency regulation services, as the variable O&Mwere not estimated
specifically for such services (which entail frequent and repeated power
adjustments).

The problem to correctly estimate the life consumption of each ESD
corresponds to the problem of relating the appropriate simulation outputs
to costs. This was relatively easy for the BESS, as there are plenty of infor-
mation in the literature, being one of the most studied and applied ESD,
especially Li-ion batteries. The methodology described in Section 2.iv.ii
is employed to calculate the life consumed during the simulated period,
LCb. It is assumed that, when this value reaches 1, the BESS cells must
be replaced and hence the replacement cost, crepl,b, must be sustained.
This cost was assumed equal to the 2025 Capital Cost of Li-ion batteries,
(189 $/kWh) of Ref. [44], assuming that the other cost voices (power
conversion systems, balance of plant, construction and commissioning)
are not related with the replacement of the damaged parts.

As there is no establishedmethodology for the FESS, a similar approach
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as for the BESS has been adopted: it is assumed that the FESS degrades
due to cycling. The Rainflow counting algorithm is applied to the the
flywheel State Of Charge (SOC), and the number of cycles is obtained. As
there is a consensus that the FESS degradation is independent from the
charge/discharge cycle depth and amplitude, the numbers of each cycle
type are summed. Cycles whose amplitude is lower than 2.67 × 10−3 pu,
corresponding to a variation in rotational speed lower than 10 rpm, are
filtered out (the operating range of the device is 6000 rpm to 9000 rpm).
The amount of charge/discharge cycles that lead to the end of life is set
to 4 × 106 [203]. The replacement cost is assumed to be 600 $/kW, that is
the minimum FESS Capital Cost in [44].

To the author’s knowledge, almost no data are available for correlating
the PSHP wear and tear indicators to a cost element. First: such plants
have a fairly long lifetime, therefore it is not easy to estimate the impact
of ancillary services provision, among other operating conditions, to the
equipment useful life. Second: the increase in the penetration of variable
renewable generation is causing an increase in the provision of ancillary
services by hydropower plants, and this situation is relatively recent.
Third: plant owners do not easily share techno-economic data about their
plants.

Some technical reports published in the late ’90s were consulted: these
present a thorough study and propose a protocol to estimate the cost of
providing ancillary services [204–207]. These reports were meant for
plant owners and the personnel working in the facility as a way to gather
the relevant data, but do not include any data at all.

In Section 2.iii.vii the wear and tear of a turbine was estimated via two
quantities: the distance travelled by the wicket gate and the number of
movements. These indicators can be useful for a qualitative analysis, i.e. to
identify an improvement in the system design and operation that results
in a decrease in these indicators, but are inadequate for the optimization
approach, as their values that lead to the equipment replacement are
unknown. In short: with the available information it is impossible to ad-
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dress a cost to one movement of the wicket gate blades and the respective
travelled distance. For variable-speed pump operation, there is a lack of
information not only about the cost of providing ancillary services, but
also about the methodologies to identify the wear and tear caused to the
equipment providing such services.

A practical approach was therefore chosen: to address a cost for each
PSHP power ramp. This approach has the advantage not to require extra
data besides the simulation outputs, and it is applicable to either turbine
or pump operation. A power ramp is defined as a power increment/decre-
ment at the shaft divided by the time it took to perform it. This approach
was proposed in a technical report by Hamal and Sharma [208], quantify-
ing the cost of power ramps for coal-fired power plants and hydro power
plants in Ontario. For the i-th simulated hour:

CLC,h/b/fi
= cramp,h ⋅ Rampi + crepl,bLCbi

+

+ crepl,fLCfi

i ∈ {1, … , Nh}. (4.9)

In the equation presented above, cramp,h is the cost of a ramp, here as-
sumed to be 6 €/(MW/s) and equal for both turbine and pump mode
operation, Rampi is the sum of all the power ramps detected for the
PSHP in the i-th simulated hour, crepl,b/f is the replacement cost for the
BESS/FESS when they reach the end of life, and LCb/fi

are the per-unit life
lost due to SOC cycling for BESS and FESS respectively. A PSHP performs
power adjustments both when providing frequency regulation services
and by participating in the day-ahead market, incrementing or reducing
the power output according to the quota the plant was awarded. As data
about the schedule of operation of a PSHP were not made available, it was
assumed that the power committed to the day-ahead market was fixed
as a parameter and constant over time. Moreover, it was assumed that
the plant is already in steady-state at the beginning of the simulated hour,
meaning that the transient to reach the target power output (input) ended
before the start of the simulated hour by the plant operating in turbine
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(pump) mode.
The procedure to identify each ramp is the following: the first data

point of the series (corresponding to P(t = 0) becomes the “reference
point” and the algorithm neatly reviews each other data point, which is
discarded if it is not a local minimum or maximum (peak). When a peak
is found, the absolute value of the difference between the reference point
and the peak associated powers is calculated: if it is lower than a tolerance
(1MW), the peak is discarded and the search continues, if not, the peak
becomes the “reference point” and the search goes on. When all data has
been evaluated, the sum of the ramps is calculated as follows:

Ramps =
N−1
∑
i=1

∣Pmech(i + 1) − Pmech(i)∣
t(i + 1) − t(i) , (4.10)

where i is the i-th peak identified by the algorithm.

Fixed revenues

Similarly to the fixed costs, fixed revenues, Rfix, are those that only depend
on the installed BESS/FESS power. In this work, they correspond to
a particular type of pilot service defined by the Transmission System
Operator (TSO), which is assumed to become established in the future
scenario considered in this study. In the framework of increasing non-
programmable Renewable Energy Source (RES) penetration, the TSO
developed the pilot project named Fast Reserve (FR), a new regulation
service that is aimed at coping with these future challenges [209]. In
short, the FR is a Frequency Containment Reserve (FCR) with more
stringent requisites. A plant participating in the service must provide
upwards/downwards regulation proportionally to the frequency error.
The FR must be activated within 300ms from the start of the frequency
imbalance, be fully activated within 1 s, and be delivered for at least
30 s, before being linearly deactivated over 300 s. Participation in this
service is remunerated proportionally to the power committed to such
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a service, which must not be less than 5MW and not superior to 25MW
[210]. Each contracted Fast Reserve Unit must guarantee 1000hours/year
of FR operation per year. During the hours of availability, the contracted
capacity shall be exclusively subservient to the FR service.
Given these conditions, the following assumptions have been made:

i) the power the plant owner bids for the FR service, corresponds to the
sumof the installed BESS and FESS powers; ii) all the power is accepted for
the service and, in case, is capped to 25MW; iii) during the participation
to the FR, the plant control settings are tuned for that particular service,
removing every intentional delay; iv) the amount of time, represented by
the typical hours, amounts to the remaining hours of the year, meaning
that the product of the hourly variable costs for the probability of occur-
rence of said hour in Equation (4.3) is multiplied by 7760hours/year. The
revenues from FR provision are therefore calculated as:

Rfix = pFR (Pb + Pf) . (4.11)

where pFR is the price per megawatt the TSO rewards for the participation
in the service (€/(MW/year)). The last bid for the island of Sardinia
resulted in a mean weighted price of 61 016MW/yr, which was used in
this work [211].

Variable revenues

The revenues derived from the sales in the day-ahead market are not
considered, as it is assumed that they would exist with or without the
hybridization and because the scheduled power was assumed constant
over the simulated hours. Variable revenues are those derived by the
provision of the regulation services. Currently, in Italy, FCR is mandatory
and not remunerated; on the contrary, participation in the Frequency
Restoration Reserve (FRR) is voluntary, and a remuneration scheme based
on the energy delivered for that purpose is in force. In this study the
future scenario with a remunerated FCR is considered and the following
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remuneration scheme was provided by RSE:

Rvar,i = RIi
+ RIIi

, i ∈ {1, … , Nh} (4.12)

RIi
= ∣EnIupi

∣ pIupi
− ∣EnIdowni

∣ pIdowni
, (4.13)

RIIi
= ∣EnIIupi

∣ pIIupi
− ∣EnIIdowni

∣ pIIdowni
. (4.14)

where RIi
and RIIi

are the revenues due to the provision of FCR and FRR
respectively. ‘En’ means the energy delivered for the primary or secondary
regulation, either upwards or downwards (subscript ‘up’ and ‘down’ re-
spectively). In other terms, the revenues from the primary and secondary
regulations derive from the difference between the products of the de-
livered energies (MWh) and the respective price (€/MWh) (different
between the upwards and downwards regulations).

The prices for the FCR were calculated from the energy price in the
Mercato del Giorno Prima, day-ahead market (MGP) pmgp according to
Refs. [212–214]:

pIupi
= pmgpi

+ (KII,up − Kmgp,up) /2 (4.15)

pIdowni
= pmgpi

− (Kmgp,down − KII,down) /2 (4.16)

where KII,up, KII,down and Kmgp,up, Kmgp,down are yearly constants de-
termined by Terna (the TSO), defined respectively as theweighted average
price of the accepted bids for upwards and downwards secondary reg-
ulation on the market for the dispatch service (Mercato per il Servizio di
Dispacciamento, MSD), and the weighted average of the zonal prices of
the recorded sales on the MGP, weighted by the quantities accepted for
the upwards/downwards RS in the relevant zones; the MGP prices for
the year of interest and the trading prices on the MSD/MB for FRR are
used in the calculation realized in the previous year (e.g., in applying the
optimization procedure, the values of the constants for the year 2019 will
be calculated with data from the year 2018).

As for the FRR prices, on the other hand, the prices for the accepted bids
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Table 4.1: Techno-economic data used in the optimization process. A conversion
factor of 0.84 €/$ has been used to translate all the prices in euro.

Category Symbol Unit Value

Fixed costs

cinv,b (€/kWh) 304.08
cinv,f (€/kW) 783.01
cfix,b (€/kW) 6.88
cfix,f (€/kW) 4.82

Variable costs

cvar,h (10−6 €/kWh) 2.15
cvar,b (10−4 €/kWh) 2.58
cvar,f (10−4 €/kWh) 2.58

cramp,h (€/(MW/s)) 6.00
crepl,b

a (€/kWh) 325.08
crepl,f (€/kW) 504.00

Fixed revenues pFR (k€/MW) 61.016

Variable revenues

KI,up (€/MWh) 109.01
KI,down (€/MWh) 26.34
Kmgp,up (€/MWh) 61.83

Kmgp,down (€/MWh) 62.69

Discount rate r (%) 8.00
Investment life Ny (years) 20
a: as the project estimated life is 20years and a BESS life is 10years
according to [44], the replacement cost has been doubled.

by the plant for that service are considered. It should be noted that the
individual plant offers hourly prices on the MSD for the service, and that
acceptance on the MB is done on a quarter-hourly basis with a pay-as-bid
mechanism [215].

All the values of the aforementioned parameters are presented in Ta-
ble 4.1, with the exception of the unitary prices for the secondary regula-
tion that are presented in Table 4.4.
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Penalties

The optimization approach is based on the simulation of the HESS under
a set of scenarios. Since some technical requirements can not be expressed
in terms of linear or non-linear constraints, their violations are accounted
as penalties. For example, one may want the SOC of either the BESS or
the FESS to never saturate to 0 % or 100 %, as the device would not be able
to perform downwards/upwards regulation respectively.

As the goal of the optimization problem is to find the global minimum,
introducing a penalty to the objective function increases its value, making
the candidate solution more likely to be overtaken by another that does
not include any violation generating a penalty.
Of the two types of penalties that are considered, the first is related to

the plant ability to fulfil the FCR obligations towards the grid presented
in Section 3.i.
In particular, a 100k€ penalty is administered to the configuration if

the plant, can not deliver the FCR associated to a step-like frequency error
of 200mHz amplitude in due time. The compliance to this requirement is
calculated separately, as a short (35 s long) simulation for each candidate
solution, at each iteration (see Section 4.ii).
A penalty factor is also introduced when the SOC of either BESS or

FESS reaches 0 % or 100 %, to avoid the devices to be unable to provide
downwards and upwards regulation respectively. In this case, the ad-
ministered penalty for each violation is 1k€ (a violation in this sense is
less serious than the other case). Moreover, while the previous penalty
is unique (the candidate solution either passes the test or fails it), the
SOC-related penalties are hour-based, meaning that up to 34 of these
penalties can be administered for a single solution, if the SOC saturates
once or more every hour.
No penalty has been assumed for the FRR violations, because such

a service is delivered at a higher time scale than the FCR1, and it was

1Annex a15 of the Grid Code describes the test for the FRR qualification: a test AGC
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assumed the plant would be able to deliver the respective power.

Regarding the FR service, no test is done to assess the plant capability
to deliver the service. This is to keep low the computational cost of the
optimization procedure (see Section 4.ii). The FR service is delivered
during a specific time window (agreed with the TSO beforehand), and
with a dedicated control setting. Testing for the compliance of the FR
service would have required to run a sub-optimization problem, deter-
mining another set of control parameters for the hybridization design of
the candidate solution. This aspect may be explored in future works.

The magnitude of the penalties was determined after several trial-and-
errors and were chosen as they ensured the exclusion of inadequate solu-
tions, without restricting excessively the problem.

Summed together, all the penalties make up for the penalty factor ℙ of
Equation (4.2).

i.ii Decision variables

The optimal solution of the objective function is given by the optimal
value of the decision variables.

There are a total of 13 decision variables in this problem, 12 continuous
and one binary. Two decision variables are related to the size of the HESS:
Pb and Pf. All the others refer to the control of the plant: Tlpf,h/b, SOCL/U

b/f ,
ΔSOCb/f, and cib/f. The last variable is a binary variable that determines
which of the two power management strategies (Frequency Split (FS) or
Hydro Recharge (HR)) is adopted, and has been named HRon. If 0, the
FS strategy is adopted, if 1 the HR. The array of the decision variables is

signal is sent to the plant, going from 50 i to 100 in 100 s, with a maximum gradient
of 0.5 %/s [15].
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Table 4.2: Decision variables, lower and upper bounds.

Symbol Unit lb ub

Pb (MW) 1 25
Pf (MW) 1 25

Tlpf,h (s) 0.001 300
Tlpf,b (s) 0.001 300

SOCL
b/f (%) 5 60

SOCH
b/f (%) 40 95

ΔSOCb/f (%) 5 50
cib/f (pu) 0.05 1
HRon – 0 1

presented in the following equation:

x = [Pb, Pf, Tlpf,h, Tlpf,b, …

… SOCL
b , SOCH

b , ΔSOCb, cib, …

… SOCL
f , SOCH

f , ΔSOCf, cif, HRon]
T
.

(4.17)

i.iii Bounds and constraints

The decision variables are all bounded,meaning that the admissible values
they can assume for the solution, to be valid, must lie between the upper
and lower bounds. All the variables and bounds are displayed in Table 4.2.
There are in total four linear constraints and no equality constraint:

Pb + Pf ≤ 30MW, (4.18)

Tlpf,b ≤ Tlpf,h, (4.19)

SOCL
b + ΔSOCb + 1 % ≤ SOCH

b − ΔSOCb, (4.20)

SOCL
f + ΔSOCf + 1 % ≤ SOCH

f − ΔSOCf. (4.21)

The first linear constraint, Equation (4.18), sets to 30MW the limit of the
installed hybrid power. The second constraint, (4.19) imposes a hierarchy
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in the intentional delays: the installation of the BESS is aimed at smoothing
the PSHP operation and not vice-versa. The last two constraints, Equa-
tions (4.20) and (4.21), impose that the SOC control procedures do not
overlap, avoiding that the charge and discharge processes activate at the
same time.

In matricial form, the linear constraints are expressed as follows:

A =

⎡
⎢⎢⎢⎢⎢
⎣

1 1 0 0 0 0 0 0 0 0 0 0 0
0 0 −1 1 0 0 0 0 0 0 0 0 0
0 0 0 0 1 −1 2 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 −1 2 0 0

⎤
⎥⎥⎥⎥⎥
⎦

(4.22)

b =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

30
0

−1
−1
−10
−10

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

(4.23)

i.iv Definition of the future scenarios

As mentioned in the previous paragraphs, the analysis is aimed at finding
the optimal design and control of theHESS during one year of operation in
a future scenario. In this scenario the plant can contribute to the provision
of various services to support the stability and security of the power
system, namely FCR, FRR and FR.
It was assumed that the plant would confront with a limited series of

events sufficiently representative of the possible frequency perturbations
of the network. RSE defined a total of 17 hours, representative of the
possible frequency events during one year in Sardinia. Table 4.3 displays
the peak frequency deviation Δfmax, the value of the AGC signal at the
end of the simulation L%, and the probability for the event to occur in one
year, p(i). The frequency and AGC signals in every hour share the same
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Figure 4.1: Frequency and AGC signal of representative hour (a) number 2, and
(b) number 17.

Table 4.3: Characterization of the representative hours: maximum frequency
deviation Δfmax, final value of the AGC signal L%, and probability of
occurrence of the hour over the year, p(i). The other quantities, which
are fixed among the hours, are reported in Table 4.4.

Hour number Δfmax (mHz) L% (%) p(i) (%)

1 50 47.22 0.721
2 150 41.67 23.142
3 250 36.12 18.509
4 350 30.57 5.474
5 450 25.01 1.655
6 550 19.46 0.403
7 650 13.91 0.085
8 850 2.80 0.007
9 −50 52.78 0.898

10 −150 58.33 21.982
11 −250 63.88 17.915
12 −350 69.43 6.585
13 −450 74.99 1.910
14 −550 80.54 0.601
15 −650 86.09 0.085
16 −750 86.09 0.014
17 −950 100.00 0.014
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Table 4.4: Characteristic hours: input parameters that are common for each hour

Quantity Symbol Value

Secondary reserve SB (pu) 0.15
PSHP power output (turbine) P0

h (MW) 70
PSHP power input (pump) P0

h (MW) 110
Water level H0

g (m) 367
Rotational speed (turbine) N0 (rpm) 525
Rotational speed (pump) N0 (rpm) 547.6

State Of Charge SOC0
b (%) 50

SOC0
f (%) 50

Day-ahead market price pmgp (€/MWh) 51.8
Upwards FRR price p2up (€/MWh) 87.25
Downwards FRR price p2down (€/MWh) 59.34

trend as seen in Figure 4.1. Hours numer 1 to 8 consist of overfrequency
events, whereas hours from 9 to 17 underfrequency events. The most
likely frequency deviations are found for hours number 2 and 10, with
a frequency deviation of ±150mHz and a probability of occurrence of
23.142 % and 21.982 % respectively. It is more likely that the mild fre-
quency deviations (150mHz to 250mHz) are overfrequency, while more
serious events (≥ 350mHz) are more likely to be underfrequencies.

The operation during one of the hours is not characterized only by the
input frequency and AGC signals, but also by the initial conditions, the
secondary regulation reserve, the day-ahead market price and so on. RSE
proposed values for these quantities and decided to keep them constant
over the different years. They are reported in Table 4.4. Moreover, RSE
highlighted the importance of finding a solution that would reflect both
pump and turbinemode operation. As such, the 17 hours presented above
doubled, hence considering that the year is represented by 34 hours: the
plant operates in turbine mode for 17 hours, and in pump mode for the
other 17. The probability of each hour was halved between pump and
turbine mode.
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As in the open-loop simulations, at t = 0 the plant is supposed to be in
steady-state, no regulation is provided (meaning that the power outputs
of BESS and FESS is null), and the PSHP is generating/consuming the
power committed in the day-ahead market. In pump mode, the initial
rotational speed is calculated from the defined power input for that hour
(547.6 rpm for the conditions presented in Table 4.4).

ii Solver

There are many possible approaches to search for the optimum in an
optimization problem. A solver is usually selected depending on the
nature of the problem to face.

In this case, a modified Particle Swarm Optimization (PSO) algorithm
has been selected. PSO is a meta-heuristic algorithm, a general method
(not developed specifically for a particular problem) that requires little
assumptions about the problem it has to solve. On one side this is an
advantage in terms of versatility, on the other the method does not offer
the mathematical certainty that the solution is the global optimum of the
objective function.

The PSO is an iterative algorithm and draws inspiration from themotion
of bird flocks, in which each individual moves autonomously, but to some
extent its motion is related to the positions and velocities of the other
individuals for a common goal (e.g., finding food).

In a swarm of N particles, each individual represents a possible so-
lution x in a D-dimensional search space (with D being the number of
the variables). The position xj

i and the respective velocity vj
i of the i − th

particle (i = 1, … , N) in its j-th dimension (j = 1, … , D) are adjusted at
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each time step (iteration) according to the following equations [216]:

vj
i(t + 1) = I ⋅ vj

i(t) + c1 ⋅ randj
1i

⋅ (pbestj
i(t) − xj

i(t))+

+ c2 ⋅ randj
2i

⋅ (gbestj(t) − xj
i(t)),

(4.24)

xj
i(t + 1) = xj

i(t) + vj
i(t + 1), (4.25)

where t is the current iteration, randj
1i
and randj

2i
are two random num-

bers generated uniformly in the interval [0, 1], pbestj
i(t) and gbestj(t) are,

respectively, the best position2 found during the current iteration and the
best position ever found, I is the inertia weight, and c1 and c2 are two
coefficients balancing the relative importance of the stochastic acceleration
terms.

The individual, moving through the search space with a certain speed,
updates its position and velocity in the search domain at each iteration:
thus, a new solution and a new value of the objective function, are found.
The speed at which the individual moves to update its position, is not
random but depends on three factors: i) the direction of movement of the
previous iteration (related to I); ii) the historical memory of the individual
(the best position found in the past, related to pbest); iii) the historical
memory of the whole swarm (the best position found by the whole swarm
in previous iterations, related to gbest). Given enough iterations, the flock
converges to the optimal solution.
PSO has been widely used for the optimal design/control of energy

systems [134, 168, 217–220].
The PSO algorithm employed in this work was taken from the work

of Ardizzon et al. [216], in which the stochastic acceleration coefficients,
as well as the inertia weights, are dynamically updated at each iteration
based on the distance between each particle from the best position (gbest).
In addition to that, the algorithm was further modified to make it com-
patible with the linear constraints and binary variables. At each iteration,

2The position associated to the lowest value of the OF.



126 optimization procedure

as soon as the positions are updated, a check if there is any constraint
violation is made. The residuals (line 4 of the following pseudocode)
are calculated and used to correct the velocity matrix, which instantly
updates the position matrix, until no violation is detected anymore. The
0.4 scaling factor for the velocity has been selected because it proved to
rapidly correct the violations without falling into an infinite loop.
1: violation = A ∗ xT − b;
2: residual = violation(violation > 0)
3: while violation≠0 do
4: correction = −AT ∗ residual;
5: v=v+correction∗0.4;
6: x(correction)=x(correction)+v(correction);
7: violation = A ∗ xT − b;

Regarding the binary variables, a practical approach has been followed:
the solver algorithm consider them as continuous variables, bounded
to the interval [0, 1]. The variable is then rounded to the closest integer
value.

Genetic Algorithm (GA) is an optimization algorithm that is natively
capable to handle properly both constraints and non-continuous variables,
but the PSO algorithm has been preferred because it showed to be faster
in converging to a solution. Moreover,after several trials, the PSO solution
would always be better than the GA one and hence the method presented
above has been chosen.

The PSO solver function takes the following inputs: i) the objective
function f(x) (already defined); ii) the number of individuals making the
swarm, np; iii) the linear constraints matrices, A, b, and the bound matri-
ces lb, ub (already defined); iv) the maximum amount of stall iterations,
Nit, and v) the function tolerance for the search end, ‘tol’.

The population was chosen to be made of 20 individuals, as it proved to
be a good compromise between the search effectiveness and the computa-
tional time. In fact, at each iteration the objective function is calculated
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for each particle, meaning that each representative hour is simulated for
each particle (34 simulations per particle per iteration). The number of
stall iterations Nit, and search tolerance ‘tol’ are stopping criteria. The
algorithm stops whether after Nit stall iterations, meant as the number of
consecutive iterations of unsuccessful search, or if the difference between
the new best solution and the predecessor is inferior to ftol. The maxi-
mum number of stall iterations was set to 20, and the function tolerance
to 1k€.

iii Results

The optimal solution returned by the optimizer is presented below:

Pb = 22.803MW Pf = 2.022MW

Tlpf,h = 276.57 s Tlpf,b = 9.45 s

SOCL
b = 39.53 % SOCL

f = 36.49 %

SOCH
b = 91.85 % SOCH

f = 61.38 %

ΔSOCb = 5.18 % ΔSOCf = 5.11 %

cib = 0.8118pu cif = 0.9450pu

HRon = 0.

The optimal hybridization is based on almost 23MW of installed BESS
versus about 2MW of installed FESS. The optimal power management
strategy is the FS, with very high PSHP intentional delay (its low-pass
filter time constant is set to about 276.6 s) and a very small BESS delay
(about 9.5 s). The BESS SOC control boundaries are quite wide (39.53 %
to 91.85 %) whereas the FESS ones are quite narrow (36.49 % to 61.38 %).
The SOC control band ΔSOC is similar for both technologies, about 5 %,
and the charge intensity parameters are close to 0.9pu. Such an hybridiza-
tion leads to a NPV of 10 478 k€ in 20years of operation.
The objective function was calculated for two more cases: the case for
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Table 4.5: Breakdown of the objective function cost/revenues voices for three
cases: non-hybrid case, optimal hybridization (FS strategy), HR strat-
egy. All values are in (k€).

Voice Non-hybrid Optimal (FS) Sub-optimal (HR)

Cinv 0 8516.732 8516.732
Cinv,b 0 6933.793 6933.793
Cinv,f 0 1582.938 1582.938
Cfix 0 166.617 166.617

Cfix,b 0 156.881 156.881
Cfix,f 0 9.736 9.736

Cvar,om 0.079 1.677 11.448
Cramp 39.569 1.147 19.352
CLC,b 0 0.015 1.051
CLC,f 0 14.205 14.958
Rfix 0 1514.670 1514.670
RI 93.810 94.284 94.674
RII 487.677 521.374 521.374
ℙ 0 12.000 6.000

NPV 5319.855 10 478.115 10 248.616
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the HR strategy, by simulating the plant (over the 34 hours) with the
optimal value of the decision variables (except for the HRon, set to 1),
and the reference case, by performing the same simulations for the non-
hybrid plant (in either turbine and pump mode). Table 4.5 presents the
cost/revenues breakdown of the objective function for each of the three
cases.

The hybridization introduces more fixed and variable yearly costs (less
than 200k€/year), increasing at the same time the revenues from FCR and
FRR. The main difference in terms of revenues between the hybridized
and non-hybridized case, though, is the revenue stream given by the FR
service: 1514.67k€/year, making the hybridization investment very attrac-
tive. Moreover, by incrementing the rated power of the plant and fixing
the per-unit primary and secondary reserves, more energy is delivered
for the FCR and FRR services, hence more profit is made.

Comparing the results of the simulations between the two power man-
agement strategies, the difference in NPV is about 200k€, mostly due
to the increased costs for the PSHP ramps and the variable O&M costs,
related to the energy moved by the devices.
Looking at the penalties, the plant passes the FCR test (described in

page 118) in both the hybrid and non-hybrid cases. Nevertheless, the FS
causes double the violation of the non-saturation SOC criterion with the
FS strategy, w.r.t. the HR. In particular, the FS causes a violation at hours
6, 7 and 15 (in both turbine and pump operation), when the HR does not.
Both strategies receive a penalty at hours 8, 16, and 17. Figure 4.2 shows
the comparison of the BESS and FESS powers and SOCs, together with
the HESS total output power for hour number 15.

The installed BESS and FESS powers in the hybrid case are high enough
to guarantee that the plant is capable to deliver the FCR in due time with a
200mHz step signal. The penalties in this case are given for representative
hour number 8, with an associated overfrequency of 850mHz peak. In
that hour, in both turbine and in pump operation modes, the FESS SOC
briefly saturates to 100 %.
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Figure 4.2: Comparison of the power (top) and SOC (bottom) of (a) BESS, (b)
FESS, and (c) the plant power between the FS (continuous line) and
the HR (dotted line). The hour simulated is number 15.
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The BESS is also much more used with the HR strategy (CLC,b =
1.051k€/year) than under the FS (CLC,b = 0.015 k€/year), as seen in
Figure 4.2a. Having to deal also with the FRR regulation, the BESS cy-
cles continuously. Even the FESS experiences repeated cycles, due to
the narrow SOC control bounds and the high PSHP filter time constant
Figure 4.2b. The FESS cycling is similar between the two strategies (the re-
placement cost is about 14.5k€/year in both cases). The costs associated to
FESS cycling aremuch higher than the those of the BESS. On one hand this
can be justified by the fact that the FESS technology is not as established
as the BESS,and as such does not benefit from the scale economies, on the
other this could indicate that the methodology employed overestimates
the FESS degradation due to cycling.
The last observation that can be done is that the HR strategy is better

at tracking the frequency error Figure 4.2c, as the frequency imbalance
requires an amount of FCR higher than the BESS rated power, therefore
the PSHP delivers the extra power required,at the same speed (with the
same Low-Pass Filter (LPF) time constant) as the BESS.

iv Discussion of the results

This chapter presents an optimization framework to find the optimal size
of installed BESS and FESS and optimal control, to hybridize a PSHP
operating in a future scenario in Sardinia. A modified PSO algorithm per-
forms an iterative search to find the hybridization that offers to the plant
owner the maximum NPV over the investment economic life, assumed
to be 20years. Costs were roughly estimated from the little information
available in the literature, whereas revenues were estimated according to
information provided by RSE.

The case-study for the optimization was one year operation in Sardinia,
characterized by 17 representative hours, during which the plant is be-
ing operated in either turbine or pump mode (for a total of 34 hours),
each with an associated frequency and AGC signal and a probability of
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occurrence.
The results show that about 23MW of BESS and 2MW of FESS result in a

NPV of 10 364 k€, compared to the value of 3598k€ for the non-hybridized
case. By adopting the HR strategy instead of the FS one in the optimal con-
figuration, the NPV decreases to about 10 249 k€. The principal reason for
the economic attractiveness of the hybridization is the cash flow deriving
from the plant participation in the FR service. The last bid for the island of
Sardinia resulted in a mean price for the FR of 61.016k€/MW/year, lead-
ing to an income of 1514.67k€/year. The requirements for participating
in such a services are so stringent that the plant without hybridization
would not manage to fulfill them.

The optimal solution (hybrid plant with the FS strategy) earns a total
of 94.284k€ and 521.374k€ from the provision of primary and secondary
frequency regulation services respectively. On the other hand, the sub-
optimal solution (HR strategy) leads to an income of 94.674k€ (0.4 %) for
the FCR and 521.374k€ for the FRR, the same as the optimal solution. Last,
the non-hybrid plant earns 93.810k€ (−0.5 %) and 487.677k€ (−6.4 %) for
the FRR. The hybrid plant, having its rated power increased by 24.825MW
(20.69 %) must commit more energy for the FCR and FRR services, thus
achieving higher revenues streams.

The proposed optimal hybridization was open-loop simulated with the
same frequency and AGC input signals as in Chapter 3. The wicket gate
traveled distance w.r.t the reference drops down to 22.429 % (0.1696pu)
and the number of movements down to 9.4891 % (13). The BESS expe-
riences a life consumption equal to 1.4556 × 10−4 h. Figure 4.3 presents
the comparison between selected signals of the three cases (optimal, sub-
optimal, and non-hybrid variable-speed turbine operation). These signals
are the HESS and PSHP active power output Figures 4.3a and 4.3b, and
the BESS and its SOC (Figure 4.3c). The BESS is oversized for this scenario,
as its power peaks to −12.58MW in the optimal case. The FESS signals
have been omitted because they coincide in the two hybrid configurations.
The HESS power accurately tracks the frequency variation and, from
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Figure 4.3: Open-loop simulations with historical frequency data: comparison
between optimal, reference, and HR (sub-optimal) configurations
for variable-speed turbine operation. (a, b) HESS power (top) and
PSHP power (bottom) outputs; (c) BESS power (top) and the respec-
tiveSOC power (bottom) outputs.
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Figure 4.4: Torque comparison of the variable-speed pump operation in open-
loop simulation.

the grid perspective, there is no difference between the FS and the HR
strategies (Figure 4.3b). On the other hand the HR strategy entails a slight
increase in movements of the wicket gate blades, due to the SOC control
of the FESS: the traveled distance drops to 17.5656 % (0.1328pu) while
the number of movements is the same as the FS (13). In pump mode
operation, theMei-Wang Fluctuation index (MWFi) drops to 3.39 % of the
reference value for the optimal solution, and to 2.76 % for the case with
the HR strategy. Figure 4.4 shows the comparison of the torque signals
between the optimal and non-hybrid solution (top) and the optimal and
sub-optimal (HR) solutions (bottom).

These findings confirm that the more historic or synthetic frequency
events scenarios must be obtained to fully explore the potential of the
hybridization, from both the plant owner’s perspective and the TSO’s. As
the historic frequency signals for Sardinia are confidential information,
open-access power system models and data will allow more detailed and
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more complete analysis on the hybridization of ESDs.
While these results are encouraging in terms of assessing the economic

benefit of hybridizing a PSHP, they are preliminary, in terms that further
research should be done in this regard. These results are highly depen-
dent on several assumptions. The first aspect that should be addressed
in future works is the lack of established methodologies to relate phys-
ical quantities to cost voices. Wear and tear may be estimated in some
cases, but especially for PSHPs and FESSs there is not enough publicly
available data to relate the wear indicators to costs. The results are also
strictly dependent from the input data, especially the typical hours. The
frequency signals result from tripping events, using other types of input
signals, better representing the randomness and unpredictability of the
RES generators, would surely be an added value. One may argue that a
plant owner, confronting with a power system that exhibit this behavior,
may opt for a completely different solution than hybridization.

List of symbols

Roman letters
Cost (€) C
Unit cost c
Charge intensity (pu) ci
Energy (MWh) En
Life consumption LC
Power ramp (MW/s) Ramp
Grid frequency (Hz) f
Water head (m) Ĥ
Friction losses coefficient (m) K
AGC signal (%) L%
Lower bounds array lb
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Rotational speed (rpm) N
Number of years Ny
Unit price p
Penalty factor (€) ℙ
Active power (MW) P
Probability (%) p
Revenue (€) R
Discount rate (%) r
Allocated FRR (pu) SB
Time (s) T
Upper bounds array ub
Array of the decision variables x
Number of hours in the year Y

Subscripts
Battery Energy Storage System b
Downwards down
Flywheel Energy Storage System f
Fixed fix
Gross g
Fast Reserve FR
PSHP h
Life consumed LC
Primary regulation I
Secondary regulation II
i-th element i
Investment inv
k-th element k
Mechanical mech
Day-ahead market mgp
n-th element n
Operation and Maintenance om
Ramp ramp



138 List of symbols

Replacement repl
Upwards up
Variable var

Superscripts
At t = 0 0
Hour h
Lower bound L
Maximum max
Transposed T
Upper bound U



5 Closed-loop simulations

In the previous chapters, open-loop simulations have been performed
to model the behavior of the seawater Pumped Storage Hydro Power
(sPSHP) in Foxi Murdegu, Sardinia. These show how the plant adjusts
its power output given an input frequency and Automatic Generation
Control (AGC) signal pair. In open-loop the change in power output does
not affect the frequency error, and the achieved results reflect the plant
owner’s point of view, meaning the search for an optimal Hybrid Energy
Storage System (HESS) that reduces wear and tear indicators (Chapter 3),
or maximize the economic benefit (Chapter 4).

In this chapter the Transmission System Operator (TSO) perspective is
adopted: the Foxi Murdegu sPSHP performance is evaluated in terms of
its contribution to contain the frequency error after a tripping event. For
this purpose, closed-loop simulations are performed
This chapter is structured as follows: Section 5.i describes how the

Sardinian power system is modeled; Section 5.ii presents the 2030 scenario
the model is set in, outlining the generators and load types, as well as the
prescriptions the plants must follow in providing frequency regulation
services; in Section 5.iii two simulation scenarios are presented, and the
results are shown in Section 5.iv. The chapter ends with the discussion of
the results in Section 5.v.

i Power system model description

The Sardinian power system model was provided by Ricerca sul Sistema
Energetico (RSE), in which the model presented in Chapter 2 was inte-

139
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grated. The power system model is composed of two different elements:
the electric system and the totality of the plants that are qualified to pro-
vide frequency regulation services.

i.i Electric system model

The Sardinian grid is represented with a single-busbar equivalent sys-
tem. The linearized swing equation for synchronous machines is used to
calculate the frequency variation (Δf) resulting from an electrical power
imbalance:

Δf =
fn

TaPr
∫ (ΔPm − ΔPe) dt, (5.1)

where fn is the nominal grid frequency (50Hz), Ta (s) is the equivalent
grid starting time, Pr (MW) is the maximum rated power of the genera-
tors contributing to the rotating inertia of the system, ΔPm and ΔPe are
respectively the variation of the mechanical (generation) and electrical
(load) power.

The equivalent grid starting time Ta is calculated as the average of
each connected generator starting time, weighted by its apparent power
(calculated by assuming a power factor of 0.9, excepted for synchronous
compensators):

Ar,i =
Pr,i
0.9 , (5.2)

Tag =
∑i Ar,iTa,i

∑i Ar,i
, (5.3)

where Ar,i (MVA) and Ta,i (s) are the i-th plant apparent power and
starting time respectively.
The generator starting time is defined as the time required for the

alternator to reach the rated speed from standstill, at no-load, neglecting
the mechanical losses, and by constantly applying the rated torque over
time [7, 221]. In other terms, the generator starting time can be expressed



i power system model description 141

as twice its constant of inertia H (s), defined by the following equation:

H =
Ek
Pr

=
1
2 Jω2

m

Pr
=

Ta
2 (5.4)

where Ek (J) is the kinetic energy of the rotating mass, ωm (rad/s) the
angular velocity, J (kg s2) the moment of inertia.

i.ii Model of the qualified plants

In Sardinia, besides the conventional generation plants (thermoelectric,
hydropower, wind generators, and Photovoltaic (PV) plants) that are
qualified to perform frequency regulation, two High Voltage Direct Cur-
rent (HVDC) connections (see Section 2.i), can also participate in the
service. Generic model equations have been used to describe each of the
aforementioned systems (with the exception of the FoxiMurdegu Pumped
Storage Hydro Power (PSHP), for which the detailed model presented in
Chapter 2 was used). The block diagram shown in Figure 5.1 shows the
model of a plant. In the figure, three groups are highlighted, correspond-
ing to the models of the primary regulation – Frequency Containment
Reserve (FCR), the secondary regulation – Frequency Restoration Reserve
(FRR), and the plant itself.

Being a conventional generation unit or a HVDC cable, the system is
modeled as a zero-pole, τ (s) and T (s) being the respective time constants,
transfer function. Information exchanges with RSE lead to assume the
value of eyese constants equal to 3.3 s and 10 s, respectively. A pure delay
is included in the plant model, which assumes the value of 0.5 s for gas
turbine power plants only, whereas for the other plants its value is set to 0.
A power gradient limiter (“Gradient limiter” block, (MW/min)) accounts
for the possible limitations intrinsic to plant type, and a saturation block
(“Power limiter” block) bounds the active power to the plant minimum
and maximum admissible variations.

The primary regulation, taking as input the frequency error, is modeled
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Figure 5.1: Model of a generic plant (including the HVDC connections) qualified
to perform primary and secondary regulation services.

including a 10mHz deadband that prevents its activation when the error
is too small [15], and a constant kI (MW/Hz), equal to the so-called “reg-
ulating energy”. This is a parameter that is derived from the dimensional
calculation of the power set-point (psp) (see Equation (2.3)):

ΔP = kIΔf, (5.5)

kI =
Pr
σfn

(5.6)

where σ is the plant permanent droop, Δf (Hz) is the frequency error, and
ΔP (MW) the primary regulation power set-point.

The secondary regulation takes as input the AGC signal L%, and the
dimensional psp is obtained with the kII constant (see Equation (2.4)):

kII =
2SB
100 (5.7)

where SB(MW) corresponds to the plant available FRR allocated power
which – according to [15], is equal to: i) the highest value between 10MW
and 6 % of the maximum plant power, for thermoelectric plants; ii) 15 %
of the maximum plant power for hydroelectric plants.
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The AGC signal is calculated with the following equation:

L% = −
100
BR ⋅

krs
T ∫ Δf + 50, (5.8)

BR = 2 ∑
i

SBi, (5.9)

krs = ∑
i

kIi
(5.10)

where BR(MW) corresponds to the total secondary regulation band in
the system (incorporating the upwards and downwards allocated FRR
power), T is the integrator time constant, considered equal to 1/0.015 s in
order to decouple the primary and secondary regulations, and krs(MJ/Hz)
is the integrator gain which, according to the equivalent areas criterion, is
equal to the global regulating energy [7, 221].

A deadband has been included to the AGC signal calculation, to neglect
frequency errors lower than 10mHz, and the signal gradient is limited to
100 %
100 s by a rate limiter block.

i.iii Wind generators upwards regulation

Wind generators have been assumed to be able to provide upwards fre-
quency regulation by taking advantage of the blade inertia [222]. The
following control law is adopted:

ΔPw = −
αs

1 + 10s + 20s2 Δf, (5.11)

where α is a parameter chosen as to obtain the wind generators to deliver
6 % of the available power, the default value set in the Grid Code [223].

i.iv RES downwards regulation

Since 2012 the Grid Code establishes the duty for non-programmable
Renewable Energy Sources (RESs) to provide downwards regulation in
case of overfrequency. This model considers the contribution of:
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I. the wind generators, who intervene when the frequency gets higher
than 50.2Hz [223], considering a maximum power gradient that
results in the complete delivery of the downwards regulation power
within 10 s1;

II. the PV generation, considering the contribution of the High Voltage
(HV) plants, intervenes when the frequency exceeds 50.2Hz [224],
and of the Medium Voltage (MV) plants, intervening when the
frequency exceeds 50.3Hz [225]. Regarding the power gradients,
their intervention must be five time faster2 than wind generators
(here the reserve full activation time is assumed to be 2 s). For MV
PV generators, an activation delay has been set to 0.1 s [225].

The downwards RES regulation is proportional to the (positive) fre-
quency error for frequency values between 50.2Hz and 51.5Hz, with a
permanent droop between 2 % and 5 %. Common values are 2.6 % or 2.4 %
[225], which are set for frequency excursions of 200mHz and 300mHz
respectively.
Without any further indication in the Grid Code, the model considers

the power restoration for wind and PV (both in HV andMV) as described
in Annex a.68: a maximum allowable gradient of 20 % of the power the
plant can generate per minute [224].

ii Reference scenario

The Sardinian power system scenario is shaped around the 2017 Na-
tional Energy Strategy (Strategia Energetica Nazionale), outlining a com-
plete phase-out of coal-fired power plants to the 2030 time horizon [226,

1The referenced Grid Code Annex defines an exception: if the wind generators confront
with a step-like frequency deviation, corresponding to a power ramp of more than
50 % its available power, the time limit for full FCR activation is 30 s. For simplicity,
an a-priori maximum gradient is assumed.

2Akin for wind generators, for simplicity an a-priori maximum gradient is assumed.
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Table 5.1: Generation and load types for the 2030 National Energy Strategy.

Generators Share (%) Load Share (%)

Wind 33.8 Regional load 76.10
Solar PV 27.4 Export 18.60
Thermoelectric (gas-fired) 10.1 PSHP 5.10
Import 8.7 BESS 0.18
Hydropower 7.8 Corsica spillage 0.02
Biomass 6.2
Cogeneration 5.8
BESS 0.2

227]. Based on this hypothesis, RSE obtained the day-ahead market out-
comes3 for each hour of the year 2030, via simulations of its tool “sMTSIM”
[228]. The composition of the generation and load shares, resulting from
the simulations, is presented in Table 5.1.
The simulations result in a Sardinian power system characterized by

the generation presented in Table 5.2. Below, the details of each plant type
are outlined.

ii.i Thermoelectric power plant generation

In total, there are three dispatchable thermoelectric power plant genera-
tors in the considered scenario. These are: a 250MW combined-cycle gas
turbine plant (referenced as “Gas turbine 1”), a 80MW combined-cycle
gas turbine (referenced as “Gas Turbine 2”), an equivalent 100MW cogen-
eration plant (referenced as “Cogeneration (equivalent)”), and a 550MW
Integrated Gasification Combined Cycle (IGCC) pertaining to the Sarroch
refinery. In this scenario, the IGCC is considered out of service, as it is
currently not qualified to participate in the frequency regulation services
3The 2030 scenario was analyzed via hourly simulations of the day-ahead market with
the tool “stochasticMid-Term SIMulator (sMTSIM)” [220], which calculates the hourly
bids of the market by minimizing the cost of the exchanged energy considering a multi-
hour optimal power flow, based on a simplified model of the Italian electric system.
The tool was not made available to the author.
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Table 5.2: Types of generators and installed power in the considered 2030 Sar-
dinian scenario.

Generators type Installed power (MW)

Thermoelectric (gas-fired) 430
Cogeneration 126
Non-dispatchable biomass 65
Hydroelectric (reservoir) 155
Pumped Storage Hydro Power 600
Run-of-river hydro power 19
Dispatchable biomass 20
Battery Energy Storage System 100
Wind generation 2400
Photovoltaic generation 1200

Interconnections Rated power (MW)

SAPEI 1000
SACOI 400

for technical reasons. As such, it would only contribute to the system
inertia.

In addition to the aforementioned plants, an equivalent 85MW biomass-
fired plant is considered (referenced as “Biomass (equivalent)”).
Regarding the FCR provision:

• cogeneration plants, together with biomass plants are not qualified
to perform such a service;

• the rest of the thermoelectric plants have a permanent droop set to
5 %.

ii.ii Hydropower plant generation

Three hydropower plants have been considered: one equivalent 155MW
hydropower plant (referenced as “Hydropower (equivalent)”), the ex-
isting Taloro PSHP (±255MW, turbine and pump mode, referenced
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as “PSHP Taloro”) and a 19MW Run-of-river (ROR) plant (“ROR hy-
dropower”).
In addition, two innovative sPSHPs are assumed to be in operation:

the 120MW plant in Foxi Murdegu (represented by the detailed model
presented in Chapter 2) and the 180MW plant in Cucchinadozza.
Regarding the FCR provision, all the hydropower plants have a per-

manent droop set to 4 %, except the ROR plant which is not qualified to
provide frequency regulation services.

ii.iii Energy storage and synchronous condensers

The generated scenario considers that 100MW/200MWh Battery Energy
Storage Systems (BESSs) are installed and capable of participating to the
frequency regulation services, but as no information is provided about
their State Of Charge (SOC) they are considered to not exchange power
with the grid.

In addition, two synchronous condenser plants are modeled: one equiv-
alent 2 × 250MW synchronous condenser in Cordongianos (“Condenser
w/o flywheels”), and one equivalent new high inertia synchronous con-
denser (with flywheels) considering the equipment installed in 2020 in
Selargius together with a planned high inertia system in Cordongianos,
for a total of 500MW (“Condenser 2 w/ flywheels”). These systems do
not participate in the FCR/FRR services, but contribute to the grid inertia.
The asynchronous motors contribution to the frequency is assumed

negligible.

ii.iv HVDC

The SACOI link is assumed to be modernized with bipolar technology
and Line Commutated Current (LCC) power converters, expanding its
capacity from the actual 2 × 150MW to 2 × 200MW.
The SAPEI HVDC link (2 × 500MW) already employs bipolar LCC

power conversion technology.
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The permanent droop for the HVDC links is set to 5 % (as for thermo-
electric plants). Power reversal is not allowed, to preserve the equipment.
As seen from Table 5.1, Sardinia is a net energy exporter: in any sce-
nario the two HVDC cables are considered to be delivering power to the
continent (negative power output).

The margins for the upwards and downwards power reserves are calcu-
lated considering that the technical minimum is 10 % of the rated power
(due to the LCC technology), for both cables. Moreover, regarding the
technical maximum power, a 2 % loss factor is considered, together with a
50MW spillage to Corsica through the SACOI. As such, the SACOI active
power range is 40MW to 342MW and the SAPEI 100MW to 980MW.

ii.v RES generation

Four types of non-dispatchable RESs are considered: i) wind power gen-
eration, connected in HV; solar PV generation connected in ii) HV, iii) MV,
and iv) Low Voltage (LV). The simulation tool RSE employed to build the
2030 scenario does not allow to distinguish between the voltage level of
PV generators, hence to quantify the type of downwards regulation, data
from 2019 was consulted, for which the share of PV generation in HV and
MV was 7.3 % and 55.6 % of the total installed power, respectively [229].

iii Simulations

The Sardinian power systemmodel was simulated by including the model
of the Foxi Murdegu variable-speed sPSHP in turbine mode, in three
cases: non-hybrid (reference), optimally hybridized (optimal, as per
Section 4.iii), and optimal with no intentional delay (fast, meaning that
Tlpf,h/b of the optimal case are set to 0). Two fault events are condsidered:
the first is the loss of 230MW from Gas Turbine 1, whereas the second is
the loss of one of the poles of the SAPEI, exporting 306MW.
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iii.i Underfrequency scenario

The selected scenario corresponds to hour xviii of 2030-03-21. This hour
is characterized by a low power export from Sardinia to continental Italy:
261MW through the SAPEI and 85MW through the SACOI. The regional
load corresponds to 1141MW. During this time, the loss of the Gas Tur-
bine 1 plant results in a step-like generation loss of 230MW.

Four plants participate in the FCR and FRR services: Gas Turbine 2,
Foxi Murdegu sPSHP, and the two HVDC cables. Table 5.3 presents the
power system initial operational conditions.

RES generation accounts for 855MW fromwind generation and 73MW
from solar PV generation. The derivative gain for the wind upwards
regulation, α is set to 2907MJ/Hz.

The Foxi Murdegu sPSHP provides synthetic inertia via the power
electronics, but this is not modeled as per Equation (5.4), but as the last
term of Equation (2.42).

iii.ii Overfrequency scenario

The selected scenario corresponds to hour xii of 2030-11-06. This hour is
characterized by a high power export from Sardinia to continental Italy:
612MW through the SAPEI and 245MW through the SACOI. The regional
load corresponds to 1206MW. During this time, the loss of one of the
SAPEI poles results in a step-like export loss of 306MW.

As in the previous case, the two HVDC cables, Gas Turbine 2 and the
Foxi Murdegu PSHP provide FCR and FRR services. Table 5.4 presents
the power system operational conditions.

RES generation accounts for 954MW fromwindgeneration and 887MW
from solar PV generation. TThe RES generators, participating in the down-
wards regulation, all have a permanent droop set to 2.6 %.



150 closed-loop simulations

Table
5.3:Pow

ersystem
operationalconditions

forthe
underfrequency

scenario.Plants
thatdo

notparticipate
to

the
grid’sinertia,norprovide

regulation,have
been

om
itted.

Plant
P

r
T

a
P

gen
U
pw

ardsreserve
k

I
(M

W
)

(s)
(M

W
)

(M
W
)

(M
W

/H
z)

G
asTurbine

1(faultplant)
250

15.64
230

0
0

G
asTurbine

2
a

80
15.64

43
37

32
sPSH

P
(FoxiM

urdegu) b
120

–
80

38
60

RO
R
hydropow

er
19

8.92
15

0
0

Biom
ass(equivalent)

85
8.3

85
0

0
C
ogeneration

(equivalent)
100

8.9
100

0
0

Sarroch
IG

C
C

550
10

0
0

0
Synchronouscondenser(w

/o
flyw

heel)
500

3
0

0
0

Synchronouscondenser(w
/
flyw

heel)
500

14
0

0
0

SA
CO

IH
V
D
C

400
–

−
85

45
514.3

SA
PEIH

V
D
C

1000
–

−
261

161
1285.7

a:m
inim

um
technicalpow

erequalto
30%

ofthe
rated

pow
er.

b:atthe
hydraulic

conditionsspecified
in

Table
3.1(variable-speed

turbine).



iii s imulations 151

Ta
bl
e
5.
4:

Po
w
er

sy
st
em

op
er
at
io
na

lc
on

di
tio

ns
fo
rt
he

ov
er
fr
eq

ue
nc

y
sc
en

ar
io
.P

la
nt
st

ha
td

o
no

tp
ar
tic

ip
at
e
to

th
e
gr
id
’s

in
er
tia

,n
or

pr
ov

id
e
re
gu

la
tio

n,
ha

ve
be

en
om

itt
ed

.

Pl
an

t
P r

T a
P g

en
D
ow

nw
ar
ds

re
se
rv
e

k I
(M

W
)

(s
)

(M
W

)
(M

W
)

(M
W

/H
z)

G
as

Tu
rb
in
e
2

80
15

.6
4

43
19

32
sP

SH
P
(F
ox

iM
ur
de

gu
)a

12
0

-
80

19
60

RO
R
hy

dr
op

ow
er

19
8.

92
9

0
0

Bi
om

as
s(

eq
ui
va

le
nt
)

85
8.

3
85

0
0

C
og

en
er
at
io
n
(e
qu

iv
al
en

t)
10

0
8.

9
5

0
0

Sa
rr
oc
h
IG

C
C

55
0

10
0

0
0

Sy
nc

hr
on

ou
sc

on
de

ns
er

(w
/o

fly
w
he

el
)

50
0

3
0

0
0

Sy
nc

hr
on

ou
sc

on
de

ns
er

(w
/
fly

w
he

el
)

50
0

14
0

0
0

SA
CO

IH
V
D
C

40
0

–
−

24
5

51
4.

3
51

4.
3

SA
PE

IH
V
D
C

10
00

–
−

61
2

12
85

.7
12

85
.7

a :
at

th
e
hy

dr
au

lic
co
nd

iti
on

ss
pe

ci
fie

d
in

Ta
bl
e
3.
1(

va
ria

bl
e-
sp

ee
d
tu
rb
in
e)
.



152 closed-loop simulations

0 50 100 150 200 250 300
49.7

49.8

49.9

50

H
z

optimal

fast

reference

0 5 10 15 20 25 30

Time (s)

49.7

49.8

49.9

50

H
z

Figure 5.2: Grid frequency for the considered underfrequency case (top), with a
detail (bottom).

iv Results

The results of both scenarios were obtained by a 900 s simulation of the
power system, with a 0.1 s time-step resolution. The fault event is set to
trigger at t = 10 s.

iv.i Underfrequency scenario

As soon as Gas Turbine 1 is lost, the frequency drops with an initial Rate
Of Change Of post-disturbance Frequency (ROCOF) of 676mHz/s. As
seen from Figure 5.2, in the non-hybridized case the frequency nadir is
reachedat 49.717Hz after 1.2 s; the optimal hybridization is associated
with a frequency nadir of 49.7050Hz (after 1.3 s). The fast hybridization
shows the best performance: the frequency stop decreasing at 49.7296Hz
(after 1.2 s), an improvement of 12.2mHz with respect to the referece
case, and 24.6mHz from the optimal case.
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Figure 5.3: Foxi Muredgu plant output active power variation for the considered
underfrequency case (top), and detail (bottom).

This behavior is due to the intentional delays belonging to the optimal
hybridization: the optimization procedure, designed around the plant
owner’s perspective, favoured a high value of the the PSHP Low-Pass
Filter (LPF) time constant (276.57 s), and it is clear from Figure 5.3 that
the optimal plant (continuous line) avoids the 20MW power spike in the
first seconds, in favor of a smoother power growth. The fast plant, on the
other hand behaves closer to the referece, with a rapid increase in power
output right after the fault. The fast plant rated power is incremented by
the size of the installed BESS and Flywheel Energy Storage System (FESS)
(22.8MW and 2.0MW respectively): as such the plant must additionally
deliver 12.4MW/Hz for the FCR, resulting in more effective frequency
containment.

Examining the power contribution of the devices constituting the HESS,
Figure 5.4 illustrates how the intentional delays impact the plant perfor-
mances. While the optimal BESS power reaches a maximum of 17.74MW
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Figure 5.4: Foxi Muredgu PSHP (top), BESS (centre), and FESS (bottom) active
power output for the considered underfrequency case.

after 53 s from the fault, the fast BESS only contributes briefly with up
to 10.9MW, and stops to provide any power after about 5 s. Similarly, the
fast FESS delivers power shortly after the generation loss (the narrow
SOC control bounds cause the FESS power to fluctuate in the optimal
case). This is mainly for two reasons: the first is that the the PSHP is
fast enough to track the frequency excursion, meaning that the BESS and
FESS do not need to get involved as the PSHP can manage the regulation
necessity, and the second is the impact of the inertial regulation of the
wind generators. By taking advantage of the blades inertia, the wind tur-
bines inject into the grid more than 45MW in 2.9 s (Figure 5.5), effectively
reverting the frequency drop and contextually the power gradient from
the FoxiMurdegu PSHP. This requires a relatively small power adjustment
from the PSHP, that in the absence of intentional delays, can quickly be
managed by the PSHP.

The inertial regulation of the wind generators has an additional effect
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Figure 5.5: Wind active power output for the considered underfrequency case.

on the frequency: the rotor blades slow down as a result of converting
their kinetic energy into electrical power. At some point they need to be re-
accelerated, and therefore the system draws power from the grid (clearly
visible in the 40 s to 100 s interval in Figure 5.5). This is the reason why
at t = 22 s the grid frequency experiences a moderate second frequency
drop, before exhibiting an almost linear growing trend. The optimal case,
delivering less power in the first instants of the fault event, forces the
wind to provide more inertial power, forcing said plant to later drawmore
energy from the grid. At the same time, the optimal HESS delivers more
energy, and as soon the frequency enters into the deadband zone, the
blades are quickly accelerated.

The frequency enters the deadband (Figure 5.2) at t = 93 s (optimal),
t = 96.8 s (fast) and t = 102.6 s (reference): the intentional delays of
the optimal case on one hand reduce the plant capability in contain the
frequency excursion (with respect to the other two simulated cases), but
on the other hand result in a higher share of energy delivered to the grid,
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Figure 5.6: Grid frequency for the considered overfrequency case (top), and
detail (bottom).

thus a quicker frequency restoration.

iv.ii Overfrequency scenario

Following the loss of one of the SAPEI poles, the frequency spikes with a
ROCOF equal to 946.15mHz/s.
The frequency zenith after the pole loss is reached in 700ms. The

reference zenith is equal to 50.3056Hz, the optimal to 50.3105Hz, and
the fast 50.3050Hz (Figure 5.6). As in the previous case, the intentional
delay of the optimal case reduces the ability of the sPSHP to contain the
frequency excursion, even if in this case the impact is smaller inmagnitude
than in the case of underfrequency (5.05mHz of difference between fast
and optimal, versus 24.6mHz).
After 2 s the overfrequency is already null, but the decrease contin-

ues, generating an underfrequency that, in the best (fast) case reaches
111.3mHz, and in the worst (optimal) 132.4mHz. This is due to the
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Figure 5.7: Combined wind and PV active power output for the considered over-
frequency case.

downwards RESs regulation (Figure 5.7). As the overfrequency briefly
exceeds the 300mHz threshold, the downwards regulation of the wind
generators, HV PV, and MV PV activates, fully activating at t = 12.6 s: by
that time their combined power generation dropped by 361.17MW. The
unidirectionality of this regulation action leads to the underfrequency
mentioned above.

The RES downwards regulation, according to the Code, must stay active
for 300 s, after which it is deactivated with a power ramp of 20 % of the
generated power per minute. This power increase triggers a new overfre-
quency event, culminating in a second zenith at t = 383.3 s,reference and
fast cases, peaking at 140.7mHz (worst case, reference) and 132.7mHz,
respectively. The optimal zenith 137.9mHz, occurs at t = 384.6 s. Again,
the HESS with its increased rated power, is better in containing the fre-
quency increase, especially as this happens more slowly than in case of a
tripping event.
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Figure 5.8: Foxi Muredgu plant active power output for the considered overfre-
quency case (top), and detail (bottom).
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Figure 5.9: Foxi Muredgu PSHP (top), BESS (centre), and FESS (bottom) active
power output for the considered overfrequency case.
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As in the previous case, the HESS in its optimal configuration is not
fast enough to cope with high frequency frequency fluctuation of this
magnitude (in fact the FESS rated power is only 2MW), as seen from
Figure 5.8. On the other hand, again, the fast configuration under-utilizes
the BESS and FESS devices (Figure 5.9).

v Discussion of the results

This chapter presents the results of the simulation of the Foxi Murdegu
variable-speed PSHP, in different cases (non-hybrid, optimally hybridized,
and hybridized without intentional delays), included into a model of
the 2030 Sardinia power system, considering two tripping events: an
underfrequency and an overfrequency, respectively.
The grid model and the scenario were developed and defined by RSE,

detailing the energy mix of the 2030 Sardinian power system and the
generation/export faults that characterize each event under study.

The optimal HESS, optimized in a way to guarantee the highest return
of investment for the plant owner, proves to help stabilizing the grid
frequency. The high intentional delay for reducing the PSHP wear and
tear results in reducing the capability of the overall plant to track fast
and intense frequency excursions. On the other hand, the optimized
plant without intentional delays under-utilizes the BESS and FESS, in
the simulated cases. It is worth to note that the BESS power converter
has been modeled with data taken from the literature. The experimental
data sampled for the Supercapacitor Energy Storage System (SC) (see
Section 2.v.i) suggests that the power electronics are able to deliver the
requested power in the span of tens of milliseconds, hence the real BESS
operation (without any intentional delay) could be faster and result in
different outcomes. Moreover, a multi-objective optimization problem
can be made by merging the TSO and the plant owner’s perspectives:
finding the optimal control of the hybridization that does not impact the
plant performances from the grid point of view, but smooths as much as
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possible the PSHP operation.
The wind generation can provide synthetic inertia for upwards reg-

ulation, but it has been shown that later on the device needs to draw
power from the grid, interfering with the frequency restoration process.
Combined wind and PV generaton are effective in providing downwards
regulation in case of serious overfrequencies (Δf > 200mHz). Their
downwards regulation action is not flexible, as it is mono-directional, and
because of its linear deactivation causes a second overfrequency event.
In any of these cases, the PSHP contributed to contain the frequency
excursions.
It can be said that the results from these simulations, regarding the

operation of the Foxi Murdegu HESS, could be expected: a trade-off has
to be made in managing a plant, between the priority of the plant owner
to smooth the plant operation as much as possible and that of the TSO’s
to have the fastest possible responses. The optimization process was built
around the plant owner’s perspective, therefore it is clearly unbalanced
in this regard.

A case could be made for the setting in which the plant has been simu-
lated. In this chapter, as well as in Chapter 4, the frequency events were
specific, in the sense that the events input signals in the previous chapter,
and the power imbalance in this chapter was unique and without noise.
The true potential for the proposed (optimal) hybridization may have not
been expressed sufficiently given the types of stimuli that were fed to the
plant model. Future work, in this sense, should go in this direction, with
different data to test the plant in realistic contexts.

List of symbols

Greek letters
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Wind power inertial control derivative gain
(MJ/Hz)

α

Permanent droop (%) σ
Angular velocity (rad/s) ω

Roman letters
Apparent power (MVA) A
Total secondary regulation band (MW) BR
Energy (MJ) E
Moment of inertia (kg s2) J
Frequency (Hz) f
Constant of inertia (s) H
Allocated FRR (pu) SB
AGC integral gain (MW/Hz) krs
Constant k
Regulating energy (MW/Hz) kI
AGC signal (%) L%
Active power (MW) P
Laplacian operator s
Starting time (s) Ta

Subscripts
Electrical e
Grid g
Primary regulation I
i-th element i
Secondary regulation II
Kinetic k
Mechanical m
Nominal n
Rated r
Wind power w





6 Conclusions

In this thesis, the model and assessment of the potential benefits of the
hybridization of a seawater Pumped Storage Hydro Power (sPSHP) with
Battery Energy Storage System (BESS) and Flywheel Energy Storage
System (FESS) was explored.
First, a dynamic model of a variable-speed Pumped Storage Hydro

Power (PSHP) – including the characterization of the hydraulic machine
via real data – was performed, together with the modeling of BESS and
FESS. Two power management strategies were developed, each with its
own fundamental objective: the first, Frequency Split (FS), aiming at
delivering to each device the most appropriate frequency components
of the regulation efforts, the other, Hydro Recharge (HR), which aimed
to avoid the PSHP to adjust its power output if the regulation could be
performed by the BESS.

Second, a comparative analysis of 100 combinations of BESS and FESS
installed powers was performed, in an open-loop simulation framework,
simulating one historical hour operation of continental Italy. Depending
on the operation mode (variable speed pump-turbine or fixed-speed
turbine), and on the power management strategy adopted, the Hybrid
Energy Storage System (HESS) proved to be capable to track the frequency
error, with lower wear and tear indicators than the non-hybrid case. In
particular, the FS strategy proved to be more versatile and reliable for the
BESS and variable-speed pump operation.

Third, an optimization procedure was developed to maximize the eco-
nomic return over the useful life of the hybridization investment. Costs
were estimated with publicly available information, and future revenue

163
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schemes and simulation scenarios were provided by Ricerca sul Sistema
Energetico (RSE), partner institution in this research project. The results
show that the hybridization offers amuch higher Net Present Value (NPV)
than the standalone PSHP, confirming the FS superiority over the other
strategy.

Last, the model was included in a Sardinian power systemmodel, simu-
lated in closed-loop to assess the contribution the HESS could provide in
containing the frequency excursions after two different tripping events. In
this case, the hybrid plant could provide enhanced regulation only when
its operation was not delayed, compared to the optimal solution. This was
due to the fact that the optimal plant was such from the point of view of
the plant owner, not from the Transmission System Operator (TSO).

This work is the first of its kind to model and develop two coordination
strategies between a HESS with more than two technologies. While the
fundamental ideas behind the two analysed strategies are not new, their
implementation in this framework is original, and the results are worth to
be discussed.
The open-loop simulations presented in Chapter 3 have shown that,

for the sizes of BESS and FESS considered, more than 50 % of the wear
and tear indicators can be had with only 0.5MW of installed BESS and
FESS. This analysis was designed to investigate the impact of relatively
small sizes of BESS and FESS, and the results prove that the inclusion of a
small-size FESS, in addition to a BESS of similar power rating is beneficial
to both the latter and the PSHP. The optimization process in Chapter 4
also employs open-loop simulations, and the solution that was found
considers the inclusion of about 23MW of BESS and 2MW of FESS. The
installed power is significantly higher than the combinations evaluated in
Chapter 3. Economic attractiveness was the focus of the optimization: one
of the remuneration schemes rewarded high installed BESS powers. If the
TSO were to implement different incentives, the optimal hybridization for
the plant owner would be much different, based on the same principle
of economic attractiveness. These two analyses prove that the choice of
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whether to hybridize or not a PSHP, and the choice of the amount of
power to install depend both on the priorities of the plant owner, and the
framework established by the TSO. Indeed, small BESS and FESS sizes
are sufficient to increase the durability (meant as a reduced wear and
tear) of the hydraulic machine, but there may be incentives that, to be
fully exploited, would require the installation of Energy Storage Devices
(ESDs) of greater sizes.

Considering the analysis and results presented in Chapter 5, it is clear
that the contribution of the hybridization to the grid frequency stability
is relatively small. From this, one could say that the hybridization is
mainly in the interest of the plant owner, even if the TSO rewards such
investments. This may not be the case for smaller isolated power systems,
in which the increased flexibility given by the hybridization may be much
more impactful.

There is no simple answer to the question of how to hybridize an existing
plant, and this work was not meant to find a definitive answer to such
a problem. Nevertheless, this can be meant as a first step to consider
multi-ESDs hybrid systems: the developed methodology to coordinate
three ESDs can be generalized for any number of storage devices. Future
works should go in this direction, analysing different power systems and
plants with special focus on the power and energymanagement strategies,
being a core element of hybrid systems. Essential for this work is the
proper characterization of electric systems, as this work shows how much
the results depend on the type of electric system the plant is simulated
into.
In support of the decision about if and how to hybridize a plant, the

development of new tools and methods is key. As mentioned above,
there are conflicting interests between the parts (TSO and plant owners).
Besides new and improved forecasting techniques, to deal with the unpre-
dictability and variability of Renewable Energy Source (RES) generation,
multi-objective optimization may find the best design and control of the
HESS, satisfying all the actors in this field. Moreover, self-adaptive con-
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trol strategies, combining the prediction of a future state of the frequency
with the State Of Charge (SOC) control routines and regulation effort
split, could demonstrate to be the founding elements of the electric power
system of the future.

The results from this work were highly influenced by the lack of avail-
able technical and economic data. Much is still unknown (or the infor-
mation is unavailable) about how much does the provision of frequency
regulation services cost, and it is troublesome to gather information about
the loads, generators, and the grid frequency in the island of Sardinia in
order to reconstruct a typical day operation of that power system, or a set
of realistic common events.
This work, in its own small way, attempted to shed some light in the

hybridization a PSHP with two more ESDs. Naturally the topic is too
wide to be completely explored by one PhD project, but this work pro-
vides crucial insight on the effective power management between devices,
together with the system behavior under different premises. The author
hopes this concept is extended over the next years creating established
and, possibly, standardized models and methodologies to support both
the plant operator and the regulator in designing a robust decentralized
electric system.



Acronyms

AGC Automatic Generation Control
BEP Best Efficiency Point
BESS Battery Energy Storage System
CIEMAT Centro de Investigaciones Energéticas,

Medioambientales y Tecnológicas
DFIG Doubly Fed Induction Generator
DOD depth of discharge
ENTSO-E European Network of Transmission System

Operators for Electricity
ESD Energy Storage Device
FCR Frequency Containment Reserve
FESS Flywheel Energy Storage System
FR Fast Reserve
FRR Frequency Restoration Reserve
FS Frequency Split
GA Genetic Algorithm
GHG greenhouse gas
GSC Grid Side Converter
GVO Guide Vanes Opening
HESS Hybrid Energy Storage System
HR Hydro Recharge
HV High Voltage
HVDC High Voltage Direct Current
IGBT insulated gate bipolar transistor
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IGCC Integrated Gasification Combined Cycle
LCA Life Cycle Assessment
LCC Line Commutated Current
LPF Low-Pass Filter
LV Low Voltage
m.b. machine-base
MGP Mercato del Giorno Prima, day-ahead market
MV Medium Voltage
MWFi Mei-Wang Fluctuation index
NPV Net Present Value
O&M Operation and Maintenance
OECD Organisation for Economic Co-operation and

Development
OF Objective Function
PI Proportional Integral
PSHP Pumped Storage Hydro Power
PSO Particle Swarm Optimization
psp power set-point
pu per-unit
PV Photovoltaic
RES Renewable Energy Source
ROCOF Rate Of Change Of post-disturbance Fre-

quency
ROR Run-of-river
RSC Rotor Side Converter
RSE Ricerca sul Sistema Energetico
s.b. system-base
SC Supercapacitor Energy Storage System
SOC State Of Charge
sPSHP seawater Pumped Storage Hydro Power
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TSO Transmission System Operator
UP Unità di Produzione
UPM Universidad Politecnica de Madrid
WTG Wind Turbine Generator
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