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Abstract: Insular power systems are a special case of infrastructure for power production due to their
particular land morphology with extensive hills and ridges. For a higher renewable energy share in
the power production, a dedicated design according to local constraints is required. The high wind
and solar resources of such cases can be utilized with offshore wind turbines and concentrating solar
power, respectively. In addition, pumped-hydro storage is a mature and suitable technology for such
terrain. A case study is presented in the island of Rhodes to obtain a renewable energy penetration
higher than 70%. The technical and financial requirements for this implementation support the
design of this system, while the introduction of concentrating solar power enables significant energy
savings during the periods of peak demand of the island. An annual RES penetration close to
80% can be achieved with the combined operation of both plants. The economic viability of the
required investment can be ensured with selling prices of the produced electricity in the range of
0.20 EUR/kWh.

Keywords: hybrid power plants; concentrating solar power; pumped hydro storage

1. Introduction

Islands not connected to the main grid are a sensitive area of electricity production,
particularly with RES power plants. One reason for this sensitivity is the low availability
in conventional energy resources for base-load electricity production. As a result, the
electricity production is often based on imported fossil fuels, affecting the security of the
energy supply to the insular system and contributing to increased electricity costs [1,2] At
the same time, islands incorporate ecosystems of high environmental value that necessarily
impose constraints on the employed technologies for electricity production. Fortunately,
the widespread potential of renewable energy sources (RES), primarily wind and solar, in
combination with the above insular features, in most cases favors the installation of RES
technologies for electricity production [3,4]. Consequently, there has been an increased
interest in the promotion of RES in insular systems around Europe [5].

Major technologies for renewable power plants convert wind and solar energy directly
to electricity. Solar energy is absorbed and converted directly to electricity by solar cell
materials with single [6,7] or multiple threshold materials in tandem [8] with a broader
absorption of the solar spectrum. Alternatively, solar energy can be absorbed in concentrat-
ing solar power (CSP) power plants with the ability of low-cost thermal storage [9]. The
increasing penetration of RES in insular systems urges secure electricity storage technolo-
gies from the plethora of hybrid renewable energy plants [10] to ensure a stable and secure
supply of electricity.
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1.1. Solar and Wind Resources

Solar and wind resources are complementary during day and night as well as summer
and winter to offer a better load-matching, due to the different climatological factors
responsible for solar and wind resources. A small-scale solar/wind hybrid of 20 MW
capacity was optimized in Kuwait [11]. The resource assessment of solar and onshore wind
over a 4 × 4 km2 cell and 100 generation sites in Italy exhibited local complementarity with
correlation coefficient lower than −0.8 and large-scale complementarity between −0.65
and −0.6 [12]. The need of a reference metric and quality assurance was reported in [13] to
allow the comparison of different analysis outputs for complementarity. A high seasonal
comparison of the much-needed daily and inter-annual complementarity was reported at a
regional scale, indicating that careful site selection should be studied in larger spatial scales
and accompanied by storage systems [14].

An assessment of the global solar and wind resources highlighted a share of solar
energy generation > 75% in tropical zones and a higher share of wind generators in
Europe [15]. For a 100% RES power system in Europe, an optimal mix of 60/40% wind/solar
generation was found for ideal round-trip storage [16]. High temporal synergies between
solar and wind resources were reported along the western and southern coast, as well as
between south-eastern and northern regions of Australia [17]. A 40% synergy was found at
a distance of 93 km between regions, while 50% was reported at a distance of 465 km. The
latter distance matches the proximity to transmission lines to cover 88% of the total land
area of the continent. A large-scale geographical experiment over an area of 350,000 km2 in
the Iberian peninsula showed that wind and solar resources are largely complementary
and the advantages of power mixes compared to single-site installations [18]. The findings
are in agreement with [19] where optimal solar and wind locations in the same region
were found for a more balanced capacity factor compared to random locations, as well as
more stable power production. It can be, consequently, understood that spatio-temporal
assessments of power plants based on solar and wind energy require a large scale that, in
many cases, is beyond the borders of several regions.

1.2. CSP and Wind Energy Hybrids

CSP scaling is riskier compared to photovoltaic and wind hybrids [20]. CSP–biomass
and CSP–geothermal hybrids offer stronger than CSP–Wind hybrids due to the increased
sharing of resources [21,22]. Due to the diversity between thermal and electrical power
output in CSP–Wind hybrids, however, co-location is not required and suggests potential of
integration at the grid level due to the reduced capital costs of the transmission lines [23].

If co-location of the CSP/Wind plants is granted, wind energy can be stored in thermal
energy by using electric heaters. This may be more common during hours of low solar
resource and can reduce curtailment of wind energy [21]. The cost of adding an electric
heater to a hybrid CSP/Wind accounts for nearly 1% of the total capital cost of the system,
resulting after optimization with evolutionary algorithms to a LCoE of 252 USD/MWh and
256 USD/MWh with and without heater, respectively [24]. At power plant capacities of the
MW scales, however, a wind–thermal energy storage as proposed by Okazaki et al. can be
more cost effective and a stronger hybrid [25].

An annual simulation of a CSP/Wind system based on mixed-integer programing
with thermal energy storage and electric heater returned a reduced curtailment from
52.59% to 100% for clear and cloudy days, respectively, with 90% reduced curtailment
for 151 days [26]. When CSP is added to an existing RES mix up to 60%, reduced cost
and curtailment was reported [27]. The LCoE of standalone CSP plants is not currently
favorable; however, LCoE of 176 EUR /MWh was reported for CSP/Wind generation at
mid-latitude zones [28].

Several CSP/Wind configurations were reported by [29]. Their findings showed an
optimal CSP/Wind ratio of 21.1/66.5% with added electric heating for storage with reduced
curtailment to 12.2% and slightly higher NPV compared to a CSP/Wind without electric
heating. An 80 MWe hybrid in Zhangbei, China reported 1.91 wind-to-solar capacity ratio
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with 13 h storage and a 6 MW electric heater [30]. The LCoE of the plant is 148.4 USD/MWh
and 196.4 USD/MWh at 10% and 2% loss of power probability, without and with electric
heater, respectively [31].

An 800 MWe wind farm with 705 MWe parabolic trough plant in Minnesota reported a
LCoE of 123 USD/MWh with a 14% annual efficiency [32]. A 100 MWe CSP plant with 6 h
of storage in northwestern Texas was better matching peak summer loads, a 67 MWe wind
farm with a 33 MWe CSP plant with 6 h storage was best matching the utility electricity
load with a 16% annual efficiency [33]. LCoE of 108–129 USD/MWh and 64 USD/MWh
were found for CSP and wind farm plants, respectively. If the two plants are co-located,
in addition to reduced transmission costs, increased capacity factors are possible, due to
the negative correlation between real-time solar and wind resources, as well as the thermal
storage [34].

A hybrid CSP/Wind power plant was designed to cover the energy demand of the
island of Skyros. Reduced energy residuals were found; however, the capacity factor
of the 10 MWe CSP and 6.6 MWe wind power plants were 16.1% and 34.2%, respec-
tively [35]. The efficiency of the systems was 19.2% and annual of 22.9%, while the LCoE
was 400 EUR /MWh. The overall efficiency of solar-driven systems can be improved by
adding more components in hybrid solar-driven multi-generation systems [36]; however,
an evaluation of cost is required in each hybrid case.

1.3. Pumped Hydro Storage Hybrids

A 20 MW Wind with 17 MW modular pump station and 60 MW PHS was reported
for reliable electrification of the Canary islands with reduced curtailment [37]. The PHS
system utilized an elevation of 281 m and a capacity of 5 × 106 m3 of existing reservoirs
available in the island.

While a PHS can increase the capacity factor of RES and the energy independence of
an insular system, power security should in all cases be considered. Hydro turbines suffer
rapid-response in positive spinning reserve, while loss of power consumption is possible
in heavy-load hydro pumps during valley operation [38]. The use of fixed-speed pumps
demonstrated a more secure system operation in a medium-sized island in the Atlantic
Ocean with a 32 MW peak load supported by a reversible PHS system comprising of a
7 MW Pelton turbine with a synchronous generator, and hydraulic pumps summing a total
of 7.5 MW [38]. A fast power injection at abrupt reduction in wind power was reported
with no-water flow operation of Pelton turbines [39].

Wind energy availability and uncertainty of capital expenditure were identified as the
inputs with the highest impact in Wind/PHS systems. Two pumps and one turbine were
found as optimal in the majority of tested case studies in the island of Terceira, Portugal [40].

A comprehensive review on the trends and challenges over 100 PHS studies concluded
that traditional strategies for reserve-driven operation may not be always valid [41]. In par-
ticular, the need for more accurate modeling of the possible usage in relation to the physical
operation of the plant was identified. The joint operation of energy and reserve markets in
relation to the stored and marginal water volume and market-oriented scheduling tools
with pumping under variable speed or hydraulic short-circuit were further suggested by
the authors for a more efficient operation of PHS systems.

Three hybrid stations of different size in Samos were shown to increase the capacity
factor of the island, with a penetration of 39% [42]. The annual simulation of energy
production in the island of Ikaria was reported with a Wind/PHS increasing the RES
penetration by 50% [43]. Scenaria of Wind/PHS with or without interconnection to the
mainland in the island of Lesbos demonstrated an LCoE as low to 140 EUR /MWh [44].
For the island of Crete, 14 wind generation sites with pumped hydro storage (PHS) storage
were reported at 120 EUR /MWh [45,46], while for 100% energy independency of the island
of Sifnos was reported based on wind, PV and PHS with 150 EUR /MWh with a payback
of 15 years [47,48].
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A stochastic optimization using mixed-integer programming of the daily operation
of wind farm and PHS plant in China showed reduced curtailment from 20% down to
5% and increased profits by 25% [49]. A 5–20% increased revenue was reported for a
Wind/PHS model using a heuristic algorithm in a day-ahead market, while the case of
bilateral contracts exhibited reduced price volatility in a case study of the Iberian electricity
sector [50].

Integrated transmission was shown to reduce the power forecast and hydraulic con-
straints of increasingly installed Wind/PHS systems in China [51], as well as in the Brazilian
electrical network [52]. In the latter network, a CSP/Wind system with hydrothermal stor-
age exhibited 37% reduced costs [53].

In the PHS-dominated electricity market of New Zealand, a 10% increase in wind pen-
etration generated vast price volatility from 0.48 NZD/MWh in winter to 3.05 NZD/MWh
in spring. The price volatility peaked in the summer at 5.24 and the authors suggested
expansion of wind generation to sites complementary to hydro generation as a solution [54].

Two CSP systems were compared by [55] in two regions of northwestern China with,
respectively, different shares of thermal and hydro power. A mixed-integer model was
utilized. The LCoE of the thermal-producing region was 238 USD/MWh, while the region
supported by hydro power had an LCoE of 177 USD/MWh with 20% CSP share in RES
generation, clearly indicating the benefit of CSP storage in inflexible thermal-producing
systems and the reduced LCoE in regions with flexible power sources.

To the best of the authors’ knowledge, modeling the operation of a hybrid CSP/Wind
power plant with PHS in an insular system has not been reported before in the literature. In
this contribution, we present simulations of a combined power plant consisting of offshore
wind turbines with PHS and a CSP tower plant with a case study located in the island of
Rhodes, Greece. The methodology of the simulation and algorithms for said systems is
presented in Section 2, followed by the technical details of the case study in the island of
Rhodes in Section 3, while the sizing and the siting specifications of the proposed hybrid
system are presented in Section 4.

2. Methodology

The operation algorithm of the combined operation of the overall system is divided in
two parts:

• The operation algorithm of the wind park–PHS system.
• The operation algorithm of the solar thermal power plant.
• The operation algorithm is analyzed below separately for the two distinct parts of

the overall examined system, beginning with the wind park–pumped hydro storage
system [10,48].

1 The calculation data of the calculation process are the wind power production Pw and
the power demand Pd. These data are introduced with annual time series of hourly
average values. For every time step, the following calculations are executed.

2 A maximum wind power instant penetration a percentage with regard to the power
demand equal to 40% is adopted, in order to ensure the insular system’s dynamic
security and stability. This practically means that the wind park’s direct penetration
Pwp will be equal to:

i if Pw > a·Pd, then Pwp = a·Pd (1)

ii if Pw ≤ a·Pd, then Pwp = Pw. (2)

3 The remaining power demand Pdrem will be:

Pdrem = Pd − Pwp. (3)

4 The wind power Pwav available for storage will be:
5 The water volume VP required to be pumped in the PHS upper reservoir, so as the

available power Pwav for a time step of duration t can be stored is given by the
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following relationship (γ the water specific weight, HP the total pumping head and
ηP the pumps’ average efficiency) [56]:

Vp = ηp·Pwav·t/γ·HP. (4)

6 The water volume VT required to be supplied from the upper reservoir, so as the
remaining power demand Pd − Pwp for a time step of duration t can be covered by
the hydro turbines, is given by the following relationship (Hh the total water falling
head and ηh the hydro turbines’ average efficiency) [7]:

VT = (Pd − Pwp)·t/ηh·γ·Hh. (5)

7 The remaining water volume Vst(j) in the PHS upper reservoir at the end of the current
time calculation step j will be:

Vst(j) = Vst(j − 1) + Vp − Vh. (6)

8 If the remaining water volume in the PHS upper reservoir exceeds the reservoir’s
maximum capacity Vmax, then:

1.i If Vst(j) > Vmax, then (Pst the power storage, Psur the wind power production
surplus, Ph the electricity power production from the hydro turbines and
Psp the power demand remaining to be covered by the solar thermal power
plant) [7]:

Ph = Pd − Pwp (7)

Psp = 0 (8)

Pst = γ·Hp·(Vmax − Vst(j))/(t·ηp) (9)

Psur = Pwav − Pst (10)

Vst(j) = Vmax. (11)

1.ii. If Vst(j) ≤ Vmax, then the remaining water volume in the upper reservoir is
checked for whether it is lower than the minimum water volume, which is
always contained in the reservoir, due to constructive limitations:

1.a If Vst(j) < Vmin, then the water volume contained in the upper reservoir
is not enough to undertake the remaining power demand coverage. In
this case [7]:

Ph = ηh·γ·Hh·(Vst(j) − Vmin)/t (12)

Psp = Pd − Pwp − Ph (13)

Pst = Pwav (14)

Psur = 0 (15)

Vst(j) = Vmin. (16)

1.b If Vst(j) ≥ Vmin, then the remaining power demand can be covered by
the hydro turbines, hence:

Ph = Pd − Pwp (17)

Psp = 0 (18)

Pst = Pwav (19)

Psur = 0 (20)

Vst(j) = Vst(j − 1) − Vh + Vp. (21)
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The operation algorithm presented above is given graphically in Figure 1.
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The demand not satisfied by the wind park–PHS plant is covered by the CSP plant,
which practically means that the CSP direct penetration Pcspp will be equal to:

i If Pcsp > Pdrem, then Pcspp = Pd (22)

ii If Pcsp ≤ Pdrem, then Pcspp = Pcsp (23)

Accordingly, the direct irradiance Ib of the location will be collected by solar collectors
with optical efficiency ηopt at the respective incidence angle θi on the receiver of area Ac, to
deliver heat input Qin, calculated as:

Qin = Ib cosθi ηopt Ac (24)

The remaining net heat input Qnet after accounting for radiative and convective losses
to the environment, Qrad and Qconv, respectively, is:

Qnet = α Qin − Qrad − Qconv (25)

where α is the absorptivity of the receiver. Finally, the work W produced by the turbine
was calculated as:

Pcsp = Qnet (hi − ho/hi − hos) ηG (26)

from the net heat input and the isentropic efficiency of the Rankine cycle and the efficiency
ηG of the generator. All equations were developed in a publicly available code [57] that
follows the flowchart presented in Figure 2.
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The followed approach may be sub-optimal compared to advanced algorithms. Nev-
ertheless, a heuristic algorithm achieved very good agreement in revenue predictions [50]
compared to perfect knowledge models at medium power plant capacities and approxi-
mately 50% agreement at low and high capacities. Analytical optimization often requires
well defined data that are not available a priori, considering stochastic meteorological
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data. In the interest of speed and wider implementation, the heuristic approach was thus
followed compared to alternative optimization tools. The above presented algorithm was
executed for a new power demand time series developed to include both the current power
demand and the anticipated additional demand due to the transition to e-mobility. It is
analyzed in the following section.

3. Case Study
3.1. The Insular System of Rhodes

Rhodes is the fourth island in Greece, regarding its size (1401 km2), after Crete, Evia
and Lesvos, and the third regarding its population (129,151 according to the 2021 national
census), after Crete and Evia [58]. Rhodes, together with the nearby small island of Chalki,
constitutes a non-interconnected insular grid, currently the largest in Greece, after the
recent (June 2021) interconnection of Crete with the mainland grid. According to the official
annual statistics report of the insular electrical system’s operation of Rhodes for the year
2021, delivered to the authors by the Hellenic Electricity Distribution Network Operator SA
(HEDNO), following a relevant official authors’ request, the annual power demand time
series is depicted in Figure 3, together with the annual power production from wind parks
and photovoltaics.
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Figure 3. Annual power demand fluctuation of the insular grid of Rhodes for the year 2021. The
annual power production by wind and photovoltaic plants is also shown.

In Table 1, some essential power demand and production statistics are presented of
the insular grid in Rhodes for the year 2021.

Table 1. Essential power demand features of the insular grid in Rhodes for the year 2021.

Power Demand Statistics

Annual peak power demand (MW) 232.8

Annual minimum power demand (MW) 35.6

Annual electricity consumption (MWh) 806,650.1

Average daily consumption (MWh) 2210.0

Average daily consumption during July and August (MWh) 3873.5

Average daily consumption from November to May (MWh) 1551.9

Power production statistics

Annual wind parks’ production (MWh) 100,668.4

Annual photovoltaics’ production (MWh) 35,277.0

Total RES production (MWh) 135,945.4

Annual thermal power plants’ production (MWh) 670,704.7

Annual RES penetration percentage (%) 16.9
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The intensive seasonal power demand fluctuation between winter and summer is
clearly revealed by both Figure 3 and Table 1. The average daily electricity consumption is
more than twice higher during July and August than in the period from November to May.
This is a direct consequence of the almost exclusive dependence of the insular economy on
summer tourism. Finally, it is seen that the total annual production of the wind parks and
photovoltaics corresponds to the 16.9% of the annual electricity demand.

Electricity production in the electrical system of Rhodes is fulfilled by the following plants:

• Two thermal power plants, with the installed thermal generators and the technical
features presented in Table 2.

Table 2. Thermal power plants synthesis in Rhodes.

No Unit Nominal
Output (MW)

Technical
Minimum (MW) Fuel

Specific
Consumption at
Nominal Power
(kg or L/MWh)

Soroni thermal power plant
1 Steam turbine 1 14.5 10.0 Heavy fuel 316
2 Steam turbine 2 14.5 10.0 Heavy fuel 316
3 Gas turbine 1 17.5 4.0 Diesel oil 379
4 Gas turbine 2 20.0 4.5 Diesel oil 330
5 Gas turbine 3 18.0 3.0 Diesel oil 368
6 Gas turbine 4 26.5 5.0 Diesel oil 300
7 Diesel generator 1 10.5 4.9 Heavy fuel 204
8 Diesel generator 2 10.5 4.9 Heavy fuel 204
9 Diesel generator 3 18.0 14.0 Heavy fuel 214
10 Diesel generator 4 18.0 14.0 Heavy fuel 214
11 Diesel generator 5 18.0 14.0 Heavy fuel 214

Total 186.0
South Rhode thermal power plant

1 Diesel generator 1 17.1 8.5 Heavy fuel 205.8
2 Diesel generator 2 17.1 8.5 Heavy fuel 205.8
3 Diesel generator 3 17.1 8.5 Heavy fuel 205.8
4 Diesel generator 4 17.1 8.5 Heavy fuel 205.8
5 Diesel generator 5 17.1 8.5 Heavy fuel 205.8
6 Diesel generator 6 17.1 8.5 Heavy fuel 205.8
7 Diesel generator 7 17.1 8.5 Heavy fuel 205.8

Total 119.7
Total thermal generators’ nominal power 305.7

• Five wind parks with 49.15 MW total nominal power.
• A total of 216 photovoltaic plants, with 18.2 MW total nominal power.

The power production from photovoltaics is completely absorbed by the local grid,
without any curtailments. On the contrary, the wind power instant penetration percentage
is restricted at maximum 30% versus the current power demand.

The electricity production levelized cost is calculated at 218.48 EUR/MWh, configured by:

• The variable production cost (fuel and gas emission cost and unscheduled maintenance
cost), equal to 130.51 EUR/MWh.

• The fixed production cost (scheduled maintenance, amortizations and other fixed
costs), equal to 89.97 EUR/MWh.

3.2. The Wind Parks’ Installation Site and the Available Wind Potential

Rhodes, in general, is characterized with rather medium wind potential, unlike most
Aegean Sea islands [59–61]. In the most favorable onshore sites, the executed wind potential
measurements have annual average wind velocities of around 6 m/s, while in the Cyclades
islands (central Aegean Sea), the same feature is in the range of above 8.5 m/s in almost
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all mountainous ridges [3,62,63]. Additionally, Rhodes, being one of the most popular
tourism destinations in Greece and a major pylon of the Greek tourist industry, exhibits
considerable peculiarities and sensitivities regarding the installation of onshore large scale
RES projects, as far as the impacts on the natural landscape aesthetics are concerned [64].

For the above two essential reasons, in the current case study, an offshore wind park is
proposed, sited at the southwest coastline of Rhodes, which may be a unique area on and
around the island with remarkable wind potential according to certified measurements and
in a place with rather indifferent significance for tourism. The proposed area is depicted in
Figure 4. In the same figure, the small isle of “Karavolas” is shown, where the available
annual certified wind potential measurements were captured, with the installation of a
10 m height wind mast.
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Figure 4. Proposed area for the offshore wind park installation.

The annual fluctuation of the captured wind velocity time series is shown in Figure 5.
The annual average wind velocity is calculated at 8.1 m/s, while the Weibull parameters
are calculated at C = 8.8 m/s and k = 1.8. The above features reveal the availability of
remarkable wind potential in the area under consideration.
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In Figure 6, the Weibull probability density distribution of the wind velocity and the
wind rose graph are also presented. As shown in the wind rose graph, the prevailing wind
blowing direction is north–northwest, maintained constant for almost the whole annual
period, providing a highly qualitative feature to the available wind potential, crucial for
the secure wind power penetration in the autonomous insular grid.
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3.3. The PHS Installation Site

The PHS is going to operate with seawater, due to the inadequate availability of
potable water with regard to the needs of the storage plant. For this reason, the installation
site should be next to the coastline. The selection of an appropriate site for the installation
of the PHS system in Rhodes was not an easy task.

This was due to several parameters that considerably limited the available potential
locations, such as:

• The extensive touristic activities spread along almost the total insular coastline.
• The coverage of considerable part of the mountainous terrain with forests.
• The relatively mild land morphology found in the western coastline, unsuitable for

PHS installations.
• Several other restrictions and limitations relevant to cultural monuments, antiquities,

traditional settlements and existing land uses.

Eventually, after thorough searching, an appropriate site, most probably the only one,
free of any restriction and limitations, was found at the north-western coastline of the
island, as shown in Figure 7. The site combines all the essential features required for the
installation of seawater PHS plants [65], i.e.,:

• A hill next to the coastline with a flat top and adequate area at absolute altitude
between 250 m and 400 m for the installation of the upper reservoir with the minimum
possible excavation works;

• Mild mountainous slope from the hill towards the coastline, which enable easy access
and on-surface installation of the penstock (avoiding expensive underground tunnels);

• A mild coastline land morphology, with adequate area, for the installation of the hydro
power plant and the pump station.
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As seen in Figure 7, the installation site was digitized and the siting and the siz-
ing of the PHS components (upper reservoir, pipelines) was executed in detail on this
digitized terrain.

The results regarding the PHS features defined by the installation site are summarized
in Table 3.

Table 3. PHS features defined by the installation site.

Feature Value

Upper reservoir’s total capacity (m3) 5,383,740
Upper reservoir’s effective capacity (m3) 5,232,255
Upper reservoir’s maximum depth (m) 25

Absolute altitude of upper reservoir’s surface at top position (m) 358
Upper reservoir’s surface area at top position (m2) 288,027

Penstock length (m) 1620

3.4. Solar Energy Potential and Concentrating Solar Power Technology

The annual fluctuation of the direct normal irradiance (DNI) is shown in Figure 8.
The annual average DNI is calculated at 248 W/m2, while the maximum at 1010 W/m2

revealing suitable solar potential in the area under consideration. Among CSP technologies,
parabolic trough collectors (PTC) and solar power towers (SPT) have to date the highest
efficiency and lowest LCoE. More than 90% of a total of 4 GW solar thermal power plants
installed globally are based on PTC and SPT with some of them consisting of combined PTC
and SPT technologies that exhibit complementary energy generation with higher capacity
factors [66]. The major advantage of the SPT is a higher operating temperature, thus a
higher heat-to-power conversion. SPT plants can be installed in inclined land surfaces, such
as mountain slopes. Heliostats have a lower cost compared to parabolic collectors; however,
each heliostat requires dedicated tracking of the sun in both azimuth and elevation.
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For the CSP plant, the independent parameter is the nominal electrical power defined
by the number of heliostats and the surface of each heliostat. Heliostats of dimensions
of 12 × 12 m were utilized. Each heliostat tracker requires 25 Wh for startup and has
a nominal power of 55 W. For a nominal power of 120 MWe, the CSP plant requires a
reflective surface area of 787,000 m2.

The atmospheric attenuation was modeled based on the polynomial [67,68]:

0.67 + 10.46 S − 1.70 S2 + 0.2845 S3 (27)
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where S is the distance between heliostat and receiver in km and resulting in average
attenuation loss of 7.4%.

3.5. Economic Parameters

The sizing of the proposed systems was optimized according to the economic indices
of the investment, such as the payback period and the internal rate of return (IRR). The
sizing optimization was performed separately for the wind park–PHS plant (the hybrid
power plant, HPP) and the CSP plant. To this end, the essential economic features of the
proposed systems, such as the set-up and the operation–maintenance cost and the annual
revenues, should be approached. For both systems, this was performed based on the
experience of the authors of the study and the development of similar systems, either at
scientific research or technical consulting levels. In Table 4, the set-up cost parameters for
both systems are summarized.

Table 4. Examined power plants set-up cost approach.

Set-Up Cost Component Specific Cost

PHS

Offshore wind park (EUR/MW) 2,000,000
Hydro power plant (EUR/MW) 500,000

Pump station (EUR/MW) 600,000
Upper reservoir Excavation works (EUR/m3) 5

Bottom configuration and sealing works (EUR/m2) 20
Penstock Steel pipeline (EUR/kg) 1.2

Excavation works (EUR/m3) 4
Transportation—installation (EUR)

Concrete block breakwater at penstock’s lower intake (EUR) 3,000,000
CSP

Heliostat field (EUR/m2) 140
Site improvement cost (EUR/m2) 16

Balance of plant (EUR/kWe) 290
Receiver cost (EUR) 50 × 106

Common works
Access roads (EUR) 1,000,000

Communication—automation system—SCADA (EUR) 1,000,000
Grid connection (EUR) 20,000,000

Other works (EUR) 5,000,000
Consulting fees—licensing (EUR) 1,000,000

For the needs of this research, the following funding scheme was adopted:

• Equities: 25%;
• Bank loan: 75%.

Regarding the operation and maintenance cost for both systems, the following as-
sumptions were introduced:

• Public rates set by the Greek state: 3% of annual revenue;
• Wind turbine offshore maintenance: 0.020 EUR /kWh;
• PHS maintenance: 200,000 EUR;
• CSP maintenance: 9,000,000 EUR (5% of the capital expenditure);
• Loan payments, with a payback period of 10 years and 5.5% loan rate;
• Labor cost 500,000 EUR;
• Insurance: 0.4% of the project’s total set-up cost;
• Several other costs: 100,000 EUR;
• State taxes: 24% of net annual profits.

Finally, the produced electricity selling price was set equal to 0.25EUR /kWh for
both systems.
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3.6. Uncertainties of the Modeling

Uncertainties in the results are inherent in the predictability of the wind and solar
resource used for the estimation of annual energy yields of the wind and CSP power plants.
Spatial and temporal uncertainties are also inherent in the datasets of the weather data. An
aspect not applicable in this case study, but affecting PHS plants that rely on rainwater, is
the annual precipitation and detailed meteorological data exist to consider such predictions.
The variability in the annual generation can be 10% as reported in reference [18], which in
the year-to-year generation may drop to 20%. Uncertainties may occur due to variations in
the profile of demand, which depends on factors such as economic development. For this
kind of predictions, the models should additionally incorporate the relevant factors and
scenarios of different demand levels.

4. Results
4.1. Sizing Optimization

The operation algorithm of both systems, presented in Section 3.2, was executed
iteratively for both systems. For the HPP, the nominal power of the wind park was the main
independent parameter, starting from 100 MW, with 20 wind turbines of 5 MW nominal
power. The hydro power plant and the pumps station nominal power were calculated
accordingly, given the maximum required power production and storage as calculated
with the operation algorithm computational simulation. The PHS reservoir size and the
penstock length remained constant and common for all iterations, since they depend on
the land morphology.

For each executed iteration, the investment’s economic indices were calculated, given
the economic parameters and assumptions presented in Section 3.5. The sizing was opti-
mized for the scenarios with the optimum economic indices. The process was performed
separately for the HPP and the CSP plant. In Figure 9, the payback period and the IRR
fluctuation are presented for the HPP versus the offshore wind park nominal power, while
in Figure 10, the IRR of the CSP is presented as a function of its nominal power at a selling
price of 0.16 EUR /kWh.
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All the economic indices were calculated over the investment’s equities.
As seen in Figure 9, the HPP was optimized for a 200 MW offshore wind park nominal

power, consisting of 40 wind turbines of 5 MW each. The payback period and the IRR of the
CSP plant of nominal power 120 MW were calculated as 16 years and 15.3%, respectively.

In Table 5, the main sizing results of the introduced power production plants
are summarized.

Table 5. Main sizing results.

Component Value

Wind park nominal power (MW) 200
Hydro turbines nominal power (MW) 150

Pumps nominal power (MW) 150
Pipeline diameter (m) 4 double pipelines 2 m
Number of heliostats 5451

CSP reflective area 787,000

Corrosion-resistant materials were considered in the pumps, turbines, as well as the
penstock and the upper reservoir, thereby limiting possible environmental impacts. The
penstock will be made of X80 steel with an inner protective film of mixed phenol and
epoxy resin, while the reservoir will be made of glass-reinforced polyester. More details on
measures and techniques against the seawater corrosive impact can be found in [65].

In Table 6, the annual electricity production and storage results are presented. The PHS
efficiency was calculated as the ratio of the annual hydro turbines’ electricity production
over the annual electricity stored in the PHS (electricity absorbed by the pumps).

Table 6. Annual electricity production and storage.

Component Value

Initial available electricity production from the wind park (MW) 605,012
Wind park’s direct electricity penetration (MWh) 232,240

Hydro turbines production (MWh) 150
Electricity stored in the PHS (MWh) 334,287

PHS efficiency (%) 69.5
Thermal generators production (MWh) 218,174.9

Annual electricity percentage coverage from the HPP (%) 34.6
Annual electricity percentage coverage from the CSP (%) 11.6

Annual RES total penetration percentage (%) 79.1

From the results presented in Table 6, it can be seen that both the annual RES penetra-
tion achieved with both the investigated systems is 79.1%
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In Figure 11, the annual power production synthesis graph is presented. In Figure 12a,
the power production synthesis from 1 to 10 August is presented, hich corresponds to a
peak power demand period, while in Figure 12b, a low power demand period is shown
from 1 to 10 November.
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As seen in Figure 12b, extensive time intervals during which the power demand will
be fully undertaken by the wind park and the hydro turbines are expected. During these
periods, the system’s frequency will be controlled and regulated by the hydro turbines;
hence, their operation frequency should be equal to the system’s nominal frequency (50 Hz).
Of course, hydro turbines will be synchronous generators. Implemented dynamic security
assessment studies have indicated the adequacy of such systems to guarantee the dynamic
security and the stability of the newly configured electrical systems [47]. The response of
the PHS to the power demand fluctuations or any potential contingencies in the grid can
be further improved with the introduction of variable speed pumps, roughly 25% of the
total installed pump units.

The contribution of the CSP in generation is clearly seen especially during the much-
needed summer season, where the demand peaks. The annual savings from the CSP
generation equals 78,108 MWh.

Finally, in Figure 13, the annual electricity production percentage share graph is
provided for the different power production units of the examined plants.
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4.2. Siting of the Projects

The siting of the PHS is presented in Section 3.3. In Figure 14, the offshore wind park
siting is presented.

The siting was designed according to the following rules:

• Firstly, the wind turbines installation lines is formulated, perpendicular to the wind
blowing prevailing direction;

• A minimum distance of 5·D (D the wind turbine’s diameter) is kept for the wind
turbines being at the same line;

• A minimum distance of 7·D is kept between the wind turbines lines;
• Down-wind turbines are placed halfway between two wind turbines in front;
• A minimum distance of 300 m from the coast is kept;
• The maximum depth of installation is maintained at 60 m to avoid higher installation

costs related to increasing foundation costs;
• The installation of the wind turbines inside the neighboring GR4210005 Natura region

is avoided;
• The maximum and minimum heliostat-to-tower height ratio is 8.5 and 0.75, respec-

tively, while the maximum and minimum distance from the CSP tower was 1315 m
and 115 m, respectively;
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4.3. Economic Evaluation

The total set-up cost of the proposed systems is analyzed in Table 7.

Table 7. Total set-up cost analysis.

Component Cost (EUR)

Wind park–PHS plant
Wind park 400,000,000

Hydro power plant 75,000,000
Pumps station 90,000,000

Upper reservoir 3,050,000
Penstock 35,000,000

Concrete block breakwater—dock
configuration 3,000,000

CSP
Heliostat field 111,000,000

Site improvement cost 13,000,000
Balance of plant 34,800,000

Receiver cost 50,000,000
Common works

Access roads 1,000,000
SCADA—automation 1,000,000

Grid connection 20,000,000
Other infrastructure and unpredicted works 5,000,000

Consulting fees—licensing (EUR) 1,000,000
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The economic feasibility of the introduced systems is highly affected by the electricity
selling price. The sizing of the examined power plants was executed with the hypothesis of
the selling price being 0.25 EUR/kWh.

Table 8 presents the economic indices of the investment versus different electricity
selling prices. The sensitivity analysis was executed separately for the HPP and the CSP.

Table 8. Sensitivity analysis of the required investment versus the electricity selling price.

Electricity
Selling Price
(EUR/kWh)

0.16 0.18 0.20 0.22 0.24 0.26 0.28

Economic Index HPP CSP HPP CSP HPP CSP HPP CSP HPP CSP HPP CSP HPP CSP

NPV (EUR 106) 52.7 10.9 172.9 67.9 288.9 124.9 399.2 181.9 506.6 238.9 612.2 295.9 716.6 352.8
IRR (%) 1.6 7.6 5.2 15.34 8.8 28.16 12.5 50.1 16.2 89.4 20.1 174.4 24.0 465.4

Payback period
(years) 15.4 20.1 12.9 16.7 11.0 14.3 8.7 11.3 6.1 7.9 4.6 5.9 3.7 4.8

Discounted
Payback period

(years)
17.8 23.1 14.2 18.4 11.8 15.3 10.2 13.2 6.9 8.9 5.1 6.6 4.0 5.2

ROI (%) 33.1 8.52 51.7 52.8 69.6 97.17 86.6 141.5 103.2 185.8 119.5 230.1 135.6 274.4
ROE (%) 132.5 34.1 206.7 211.3 278.3 388.6 346.5 565.9 412.7 743.2 477.9 920.6 542.4 1098

5. Conclusions

The technical and financial requirements for a model hybrid power plant with Wind/CSP
generation and PHS were investigated in this article with a case study in the island of
Rhodes. The hybrid power plant consisted of 40 offshore 5 MW wind turbines and a
concentrating solar tower of nominal power 120 MW with PHS in suitable locations of the
island. The proposed system has a 79% RES penetration from the initial 16.9%. With a
25%/75% equities/bank loan, the payback period is 5.2 and 16 years for the Wind/PHS
and the CSP systems, respectively. Moreover, it was demonstrated that the peak demand
during the summer months of the island temporally overlaps with the generation of the
CSP plant. The shared annual energy generation of the CSP plant is 11.6%, which was
alternatively generated by thermal diesel engines.

The wind park–PHS plant exhibits a higher economic feasibility and capability to un-
dertake the electricity demand. The economic indices of the CSP plant, as a more expensive
system, are not very attractive. However, both plants are economically viable with reason-
able electricity selling prices, considering also the currently configured procurement prices.
The presented system design is supported by the suitable landscape of the island for the
development of wind and CSP power production, as well as storage systems that can aid
towards a wider utilization of the insular renewable resource, whilst offering savings in the
cost of energy. Together, they can guarantee a secure RES penetration for the investigated
island close to 80%.
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Abbreviations (Alphabetically)
CSP Concentrating Solar Power
HEDNO Hellenic Electricity Distribution Network Operator
HPP Hybrid Power Plant
IPTO Independent Power Transmission Operator
IRR Internal Rate of Return
PHS Pumped Hydro Storage
PTC Parabolic Trough Collectors
RES Renewable Energy Sources
SPT Solar Power Tower
Nomenclature (Alphabetically)
a Maximum RES power penetration percentage versus the current power demand
Hh Total water falling head
HP Total pumping head
j Current time calculation step
Pcsp Power produced by the concentrating solar power plant
Pcspp Power penetration of the concentrating solar power plant
Pd Power demand
Pdrem Remaining power demand
Ph Electricity power production from the hydro turbines
Pw Power production from the wind park
Pwav Available wind power for storage
Pwp Wind power penetration for the power demand direct coverage
Pst Power storage
Psur Wind power production surplus
Psp Power demand aimed to be covered by the solar thermal power plant
t Duration of the time calculation step
Vmax Upper reservoir’s maximum capacity

Vmin
Minimum water volume that is always contained in the reservoir, due to
constructive limitations

Vst(j)
Remaining water volume the PHS upper reservoir at the end of the current time
calculation step

Vst (j − 1) Remaining water volume the PHS upper reservoir at the end of the previous time
calculation step

VP
Water volume required to be pumped in the PHS upper reservoir, so that the available for
storage power Pwav for a time step of duration t can be stored

VT
Water volume required to be supplied from the upper reservoir, so that the remaining
power demand Pd − Pwp for a time step of duration t can be covered by the hydro turbines

α Absorptivity of the solar receiver
γ Water specific weight
ηh Hydro turbines’ average efficiency
ηP Pumps’ average efficiency
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