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The article presents the technical - economic details of a hybrid power plant, towards 100% electricity
production for the autonomous island of Sifnos, Greece, following the initiative of the Sifnos Island
Cooperative (SIC) to claim the island's energy independence and a sustainable future for the local
community.
In the case of Sifnos, energy independency is achievable given the high wind potential and the
availability of an appropriate site for the installation of a seawater Pumped Hydro Storage system.
Despite the low power demand (annual peak demand 6.5 MW), pumped storage remains the optimum
energy storage technology, with a set-up speciﬁc cost of 30 V/kWh of storage capacity. The project's
economic feasibility is ensured with a selling electricity total price of 0.29 V/kWh, given the production
speciﬁc cost (0.34 V/kWh) of the existing thermal power plant.
The hybrid power plant anticipates to constitute the kernel of the SIC objectives for a general social
and economic development for the local community. This can be approached with the re-investment of
the project's proﬁts for the development of essential technical infrastructure and the exploitation of the
electricity production surplus, combined with energy saving or smart-grid techniques, to foster new
professional activities.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Energy independency e democracy for islands
The involvement of the ﬁnal consumers in the energy production process is known as “energy democracy”. The coverage of the
energy needs of a community or a geographical territory exclusively from domestic primary energy sources is deﬁned as “energy
independency”. It is conceivable that “energy democracy” imposes
“energy independency”, while “energy independency” does not
necessarily implies “energy democracy” too.
The above concepts are not new. During the last 10e20 years,
they idea of autonomous energy communities has been frequently
emerged by active local community-based schemes or public energy companies. aiming to approach a sustainable developmental
pattern based on the exploitation of locally available primary
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energy sources. Through these initiatives, the local schemes actually try to claim their share on the exploitation of the domestic
energy sources against the currently prevailing centralized production from large size power stations. Most commonly, these large
power stations are owned by investors and multinational companies of corresponding size, usually leaving disproportionally
small beneﬁts for the local communities.
Energy independency has been so far achieved in several communities in Europe, USA and Australia. Perhaps one of the most
popular case is the one of the island of Samsø, in Denmark, with a
permanent population of 4000 inhabitants. After winning a relevant national competition posted by the Danish Government in
1997, the community of Samsø began the effort to reach the goal of
the competition, which was the 100% energy independency with
regard to electricity, heat and transport needs. It was ﬁrstly
approached with the installation of an onshore wind park with 11
wind turbines of 1 MW each in 2000. Nine of them belong to local
farmers and two to a local cooperative. Then the goal was further
approached in 2003, with the connection to the grid of a 23 MW
offshore wind park with 10 wind turbines of 2.3 MW each. Five of
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them are owned by the local Municipal company, three by local
investors and the remaining two by local cooperative schemes [1].
Small electricity production shares are coming from photovoltaic
stations. The goal of energy independency is integrated with the
installation of a number of biomass and solar based local district
heating networks. Today the residents of Samsø enjoy prosperity
and high standard of living based on the abundant, cheap and clean
energy they produce for themselves.
Another success story comes from the city of Güssing in Austria.
In the early ‘90s the Municipal Authority started an effort for the
development of the community, based on the exploitation of the
locally available energy sources, mainly forests’ products and residues. The plan was realized with the construction of a cogeneration
power plant, covering in total more than 70% of the city's electricity
and heating needs. The cogeneration engines operate with biomass
fuels, mainly wood wastes from the parquet factories in Güssing
and wood chips delivered from the nearby forest of Burgenland.
Most importantly, the cogeneration plant can be alternatively
powered by a synthetic natural gas (BioSNG) or synthetic liquid fuel
(gasoline or diesel) through an innovative wood gasiﬁcation technology developed by the Technical University of Vienna [2e4].
Following this innovation, the European Center for Renewable
Energy (EEE) was founded in Güssing in 1996. Today it is
acknowledged as the top research center in Europe in the ﬁeld of
wood gasiﬁcation and the production of second generation
biofuels.
Several beneﬁts have been gained for both the island of Samsø
and the city of Güssing. Thousands of new occupation positions
have been created and tens of new enterprises have been established in both locations for the exploitation of the forests byproducts, the development and the application of new biomass
heaters and cogeneration engines technologies etc.
The above two indicative success stories have been implemented in interconnected electrical systems. This feature certainly
facilitates the transition from conventional to alternative, renewable energy future. In case of autonomous energy systems, such as
non-interconnected islands, energy independency seems to be an
ideal prospect. The most frequently met features in such systems
are their geographical isolation, the low power demand, the high
existing electricity production cost, conﬁgured by imported fossil
fuels, and the long distances from the nearest electrical grids, which
most probably make a potential underwater interconnection
economically unfeasible. The above facts convert these insular
communities as ideal ﬁelds to apply energy independency patterns
and base their developmental prospects on the exploitation of
locally available energy sources, which, in most cases, are clean and
renewable.
1.2. Hybrid power plants in insular non-interconnected systems
Energy autonomy in non-interconnected electrical systems has
not been achieved so far with similar success as in interconnected
systems. The most usually met primary energy sources in insular
systems are wind energy and solar radiation. In some islands there
could be biomass potential as well or high/medium enthalpy
geothermal ﬁelds. This means that in most cases the only way towards energy autonomy in insular autonomous systems is through
the exploitation of wind energy and solar radiation, namely two
energy sources characterized by stochastic, non-guaranteed availability. To overcome this drawback, the Renewable Energy Sources
(RES) power plant should be supported by a storage power plant,
formulating, thus, as a whole the so-called “hybrid power plant”
[5].
Generally, a hybrid power plant consists of the following
discrete components:
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 a RES power plant (non guaranteed power production unit)
 a storage power plant
 back-up generators.
The RES unit constitutes the base production unit of the hybrid
power plant. The appropriate dimensioning and synthesis of a
hybrid power plant aims to maximize the exploitation of the
electricity produced from the RES unit. This means that the absorption of the power produced from the RES unit, either through
the direct penetration in the electricity grid, or through the storage
power plant, exhibits maximum priority.
The storage power plant aims to adapt the RES stochastic power
production either with the power demand, or with the predeﬁned
guaranteed power production from the hybrid power plant. Power
storage is performed whenever the power production from the RES
unit exceeds either the power demand or the maximum instant
wind power direct penetration.
Finally, the back-up units (most commonly diesel engines) are
ultimately dispatched only in cases where there is no possibility to
cover the power demand from the RES unit or the storage power
plant.
Currently, there is only one operating hybrid power plant
worldwide and two more under construction or development.
Speciﬁcally, these hybrid power plants are:
i. The hybrid power plant in El Hierro, in the Canary islands,
Spain, owned by a private ﬁrm. It consists of a wind park (RES
unit), a Pumped Hydro Storage (PHS) power plant (storage
unit) and thermal generators (back-up units), operative since
2015. In 2016 an annual penetration percentage of 50%
versus the annual electricity consumption was achieved.
ii. The hybrid power plant in Ikaria, in the Eastern Aegean Sea,
Greece, consisting of a wind park (RES unit), a PHS (storage
unit) and thermal generators (back-up units), which is in its
ﬁnal stage of construction. The project is constructed by the
State Utility company.
iii. The hybrid power plant in Tilos, in the Dodecanese islands,
Eastern Aegean Sea, Greece. It consists of a medium scale
wind turbine, a photovoltaic station and advanced NaNiCl2
batteries. The project is funded under the project TILOS,
acclaimed as the best energy island project as well as the
citizens' choice, winning two EU Sustainable Energy Awards
in 2017. Tilos is interconnected to a wider insular complex,
which, in total, remains autonomous.
Given the above facts, it is seen that there is no autonomous
energy system worldwide with 100% energy independency so far.
What's more, all the efforts accomplished so far have been undertaken by private ﬁrms or the State companies, without the
involvement of the local communities. Hence, the initiative of the
Sifnos Island Cooperative (SIC) anticipates to constitute a global
innovation, since, once its targets will have been fulﬁlled, Sifnos
will be the ﬁrst non-interconnected island in the world where
energy independency will have been combined with energy democracy as well.
1.3. Existing situation in Greek islands
More than 50 remote power systems, located in insular territories, are met in Greece. Currently all the energy needs in the
Greek islands are covered by imported fossil fuels, speciﬁcally
heavy fuel in larger islands for electricity production and diesel oil,
almost in all islands, for peak power production and transportation
sector. Annual speciﬁc electricity production costs range from 0.15
V/kWh in the larger islands to 0.30 V/kWh in smaller ones, while in
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some cases of very small islands, with some tens of permanent
population, this ﬁgure can exceed 1 V/kWh.
Another fundamental characteristic of the insular territories in
Greece is the rich R.E.S. potential, practically wind potential and
solar radiation. Annual average wind velocities higher than 10 m/s
are often measured in the insular territory [6,7], while the annual
global irradiation is recorded higher than 1900 kWh/m2 [8,9]. The
annually available R.E.S. potential in the Greek insular territory
outgrows the annual electric [10,11], thermal and mechanical energy demand and, additionally, can be a fundamental exportable
product, capable of becoming the locomotive lever for the recovery
of the Greek national economy, starting from the local ones.
Currently, not only the existing R.E.S. potential in the Greek
islands remains unexploited, but, in addition, an anarchic policy has
been adopted by large size investors since 2009. According to the
ofﬁcial records of the Regulatory Authority of Energy (the Authority
in charge for the licensing of the submitted R.E.S. projects applications), the total RES projects licensed power exceeds 30 GW,
while the annual maximum power demand in Greece ranges
around 11 GW.
Another impressive point is the large number of applications
and licenses for electricity production projects (mainly wind parks)
of very large size (thousands of MWs) in small Greek islands [12].
These projects also undertake the interconnection of the insular
systems with the mainland grid through underwater cables for the
transportation of the produced power.
In many of the above described applications e licenses there are
several violations of the restrictions deﬁned in the national siting
plan for the construction of electricity production power plants
from R.E.S. These violations refer to the protection of environmentally sensitive geographical regions and sites with special value
for the Greek history, civilization and development. Such sites can
be historical or cultural monuments and areas with distinguished
natural beauty and considerable contribution to the local economies (beaches, national parks etc).
Additionally, the siting of these large scale projects in small
geographical territories, such as the insular ones, often occupies all
the available hills and mountains. Consequently, it certainly affects
the existing human activities and turns the traditional insular
attitude into an electricity production industrial area, absolutely
affecting tourism, which, in most cases, constitutes the local
economies main pylon.
Finally, in case of the exploitation of these large R.E.S. projects
from a minority of investors, with the local communities totally
absent, all the huge potential social and economic beneﬁts that can
be gained from RES projects in favour of the national economy and
the local communities are simply lost [13e15].
2. Energy independency for the island of Sifnos, Greece
2.1. The initiative of Sifnos Island Cooperative
Sifnos is a small island in the Cyclades complex, in the Western
Aegean Sea, Greece, with an area of 74 km2 and a permanent
population close to 2500 inhabitants, which in summer may exceed
16,000. In total more than 100,000 tourists visit the island every
summer. A map of the island and its location in the Aegean Sea are
presented in Fig. 1.
Unlike the above described situation with regard to the development of wind parks in Greece, SIC was established in December
2013, aiming to claim the island's energy independency and to
create the prerequisites for a sustainable economic and social
development for the local community. The idea came straight from
the awareness gained by the SIC's founder members on the activities of the corresponding energy cooperatives in Europe.

Eventually, it was triggered to become a reality by their uncertainty
about the energy supply security and pricing in the island in the
approximate future, currently exclusively based on imported diesel
oil and subjected to the international oil prices ﬂuctuations. SIC set
its target very clear straight from the beginning: to achieve the
energy independency of the island by shifting from the existing oilbased energy production system to the exploitation of the local
primary energy sources, particularly wind energy and solar radiation. On a second stage, energy independency is anticipated to
constitute the vehicle towards a sustainable economic and social
development for the whole insular community.
The essential above objectives are approached with the
following distinct steps:
 First of all a centralized hybrid power plant will be installed. The
scope of this plant is to undertake the current electricity demand, on a ﬁrst approach. On a second stage, speciﬁc energy
loads will be transferred to the electrical grid, such as:
- the transportation energy needs, by shifting from internal
combustion engine cars to electric vehicles
- the heating requirements of indoor spaces, by substituting
conventional oil heaters to heat pumps.
Finally, the hybrid power plant should be capable to undertake
new electrical loads expected from the expansion of the local
economy in new sectors, apart from tourism. It will be the kernel of
the overall effort and the pylon which will guarantee energy supply
security and stability of the electrical system.
 Concurrently with the development of the hybrid power plant,
there will be a campaign for the introduction of energy saving
measures, especially in the existing tourist infrastructure. It is
estimated that through the introduction of passive and active
systems for the indoor spaces conditioning, energy saving percentages at the range of 40% can be achieved [16].
 Smart demand side management measures and dispersed production of small, decentralized scale (e.g. photovoltaics on roofs)
will integrate the active energy production and saving systems.
 A share of the economic proﬁts from the hybrid power plant will
be re-invested for the construction of the infrastructure
required for the development of new professional activities in
the island. These activities will enable the expansion of the local
economy in sectors other than tourism, on which more than 95%
of the local economy is based today. Such infrastructure could be
new desalination plants, for irrigation use for pilot biological
agricultural and stock farming, new water transportation networks etc. Today more than 90% of the annual water consumption in Sifnos is provided by desalination units, employed
exclusively for domestic water supply.
 The energy surplus from the hybrid power plant, along with the
achieved energy saving on the existing electricity consumption,
will create the margin for the introduction of additional electrical loads.
With the implementation of the above measures, the island is
anticipated to form a prototype of development for rural, insular
communities. The present article focuses on:
 The presentation of the technical and economic details of the
hybrid power plant, consisting of a wind park (WP), perhaps a
photovoltaic (P/V) station and a PHS power plant. In most cases,
the combination of a wind park and a PHS is the optimum selection among the alternative RES production and energy storage technologies, on the condition of abundant wind potential
and appropriate land morphology. Yet, in the case of Sifnos, the
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Fig. 1. Map of the island of Sifnos and its location in Greece.

installation of a supplementary photovoltaic station will be also
investigated.
 The analysis of the additional required measures and the new
perspectives for the community of Sifnos, towards the approach
of the sustainable development.

2.2. The installation site selection
The most astonishing thing with SIC, is that the founder members had already concluded on the RES and storage technologies
that should be employed for the integration of the hybrid power
plant, before the involvement of any expert (engineer or academic).
Namely, although without experience on this very speciﬁc,
advanced scientiﬁc e technical ﬁeld, after extended research, they
concluded that the target of energy autonomy in Sifnos should be
approached with a wind park, perhaps a photovoltaic station and a
seawater PHS, given the lack of adequate rainfalls. So, they directly
started looking for experts to design this very speciﬁc project,
instead of opinions and suggestions on alternative solutions and
approaches.
With regard to the selection of the employed technologies, the
following facts should be also considered:
 biomass or geothermal potential are not available in the island,
the ﬁrst due to low vegetation, the second due to the lack of any
remarkable high enthalpy geothermal ﬁeld
 tidal streams are not met in the area, while the available wave
energy potential in the southern Aegean Sea is estimated at
4e5 kW/m of wave length [17,18], a value relatively low with
regard to the minimum required potential for economically
feasible projects, estimated at 15e20 kW/m [19,20].

Yet, even with the optimum available technologies selected, the
target of 100% energy autonomy is neither obvious nor easy to be
achieved. Apart from the proper dimensioning of the components
of the hybrid power plant, the realization of the target depends on
two essential parameters that cannot be deﬁned or adjusted by the
designer: the available RES potential (wind potential and solar radiation) and the appropriate land morphology for the PHS installation. Fortunately, just like almost all Aegean Sea islands, Sifnos is
gifted with high wind potential, abundant solar radiation and
intensive land morphology is several sites, suitable for PHS
installation.
In the case of Sifnos, after a thorough investigation on maps and
on site, an excellent location for the installation of both the wind
park, the photovoltaic station and the PHS was found. The potential
installation of all required components at the same site constitutes
a fact of high importance, regarding the minimisation of the project's set-up cost and any potential impacts on the natural environment and the existing human activities. The site is located in the
north-east coast of the island, in an isolated location, too far to
cause any disturbance on the existing activities, without any optical
contact from any point of considerable interest in the island (settlements, beaches, historical, cultural or religious monuments). The
shortest distance from the nearest settlement is 4 km in a straight
line. A ﬂat top with 320 m absolute altitude and an area above
100,000 m2 offers an ideal location for the installation of the upper
reservoir. Given the gained experienced from previous works, it
was initially estimated e and conﬁrmed by the executed calculations e that the installation of an upper reservoir with total capacity higher than 1,000,000 m3 can be possible in the selected
location. Additionally, the mountains' mild slopes to the sea makes
them easily accessible and enables the installation of the penstock
on ground, avoiding, thus, expensive tunnel openings. Finally, the
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mild topography on the coast also facilitates the installation of the
pump station and the hydro power plant, minimizing the digging
works required for the appropriate coastline conﬁguration. For
space economy reasons, the selected installation site will be presented below with the siting of the project.
To minimize the project's set-up cost, the required land and any
potential impacts, the wind turbines were selected to be installed
around the bank of the PHS upper reservoir. This was decided given
the excellent features of this speciﬁc site with regard to the
expecting wind potential, namely:
 the lack of any physical or technical obstacles in the neighbouring area
 the site is entirely open to the sea towards the north direction,
which is expected to be the prevailing wind blowing direction
 the mild mountain land morphology, which favorites the
smooth wind potential, free of wind gusts and wind shear and
any abrupt wind velocity and direction ﬂuctuations.
The photovoltaic panels can be also installed at the same area,
e.g. in the available space between the wind turbines. More on the
siting of the project's components are given in a next section.

exhibited wind velocities higher than 25 m/s, namely outside the
wind turbine's operating range. These values were recorded in
November (0.9%) and December (3.9%) of 2016, namely during low
power demand period. This observation leads to the conclusion
that the high monthly average wind velocities were conﬁgured
with wind velocity ﬂuctuations within the operating range of the
wind turbines and correspond to totally exploitable wind potential.
In short terms, based on the above conclusions we can state that
the selected site exhibits excellent wind potential, with regard to:
 the magnitude of the available wind velocities
 equally importantly, to the concentration of the wind velocities
within the wind turbine's operating range
 the availability of high wind potential during the high power
demand season.
Wind regard to solar radiation, annual measurements were
available from the nearby island of Santorini, presented in Fig. 4.
The proximity of the two islands and the relatively low variability of
the solar radiation enable the use of this time series for the simulation procedure in Sifnos. The considerably high solar radiation is
clearly seen in Fig. 4, especially during summer period, when values
close to 1200 W/m2 are observed.

2.3. The available wind potential and solar radiation
All these of course should have to be conﬁrmed with the measurement of the available wind potential. For this reason, an 11mheight wind mast was installed in the under consideration site.
Indeed, after a sixteen-months measurement period (from May
2016 to August 2017), the average wind velocity was measured at
9.0 m/s and the Weibull distribution parameters were calculated at
A ¼ 10.1 m/s and k ¼ 1.76. The Weibull distribution and the wind
rose based on the 16-month wind measurements are presented in
Fig. 2. In this Figure it is seen that the wind blowing prevailing
direction is the northern one, as expected, with more than 40%
duration over the year.
Yet, the most important feature regarding the wind potential is
that during July and August, namely during the high power demand
period, the monthly average wind velocity was measured at 11.8
and 9.1 m/s respectively in 2016, and at 10.1 m/s and 12.0 m/s
respectively in 2017. Namely, there is a coincidence of high wind
potential with the annual peak demand period, conﬁrmed for two
consecutive years. The monthly average wind velocity ﬂuctuation is
presented in Fig. 3.
Another very important result is that during the 16 months
measurement period, only a 4.8% of the total measurement set

2.4. The operating algorithm of the hybrid power plant
The proposed hybrid power plant aims at the 100% annual
electricity production in the autonomous insular system of Sifnos.
To approach this target, the adequate dimensioning of the hybrid
power plant is achieved with the iterative execution of the
computational simulation of the system's annual operation,
following the operation algorithm described below for every hourly
calculation step:
1. For each time calculation step, the total available power production from the RES units PRES (wind park and photovoltaic
station) and the current power demand Pd are introduced.
Additionally, a maximum RES direct penetration percentage
pmax versus the power demand is deﬁned. In this case, in order
to adopt a conservative and secure approach, this percentage
was set at pmax ¼ 15%.
2. The RES direct penetration PRESp is calculated from the following
relationships:
a. If PRES  pmax∙Pd, then PRESp ¼ pmax∙Pd.
b. If PRES < pmax∙Pd, then PRESp ¼ PRES.

Fig. 2. Monthly average wind velocities ﬂuctuation in the selected site.
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Fig. 3. Monthly average wind velocities ﬂuctuation in the selected site.

Fig. 4. Annual solar radiation time series from the island of Santorini, employed for the simulation procedure for the island of Sifnos.

3. The available storage power PRESav from the RES unit will in any
case be:

PRESav ¼ PRES  PRESp :
4. The remaining power demand, after the direct penetration of
the RES unit will be:

Vp ¼ Pst thp =gHp
where Нp is the available head of the pumping penstock, g the
water speciﬁc weight and hP the pumps overall efﬁciency for the
current operation conditions.

Pd  PRESp :

6. The water volume Vh that must be removed from the PHS upper
reservoir to achieve a hydro turbines power production of Pd e
PRESp for a time calculation step of duration t is calculated by the
following relationship:

This remaining power of course will be intended to be covered
by the hydro turbines of the PHS system.

Vh ¼ ðPd  PRESp Þt=hh gHT

5. The water volume Vp that must be stored in the PHS upper
reservoir to achieve power storage Pst for a time calculation step
with duration t is calculated by the following relationship:

where НT is the available head of the falling penstock and hh the
hydro turbines overall efﬁciency for the current operation
conditions.
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Fig. 5. Operating algorithm of the hybrid power plant.

7. The water volume Vst(j) remaining in the PHS upper reservoir
after the current calculation time step j is calculated as:

Vst ðjÞ ¼ Vst ðj  1Þ þ Vp  Vh
where Vst (j-1) is the water volume remaining in the PHS upper
reservoir from the previous calculation time step.
8. Firstly it is checked whether the remaining volume Vst(j) exceeds the reservoir's maximum storage capacity Vmax:
a. If Vst(j) > Vmax, then:

Pst ¼ 0
Ph ¼ Pd  PRESp

production from the thermal generators remains constantly null for
every time calculation step.
b. If Vst(j)  Vmax, then we proceed to the next step.
9. Secondly it is checked whether the remaining volume Vst(j)
becomes lower than the minimum water volume Vmin that can
be contained in the upper reservoir:
a. If Vst(j) < Vmin, then:

Pst ¼ PRES  PRESp
Ph ¼ 0
Psur ¼ 0
Pth ¼ Pd  PRESp
Vst ðjÞ ¼ Vst ðj  1Þ þ Vp:
b. If Vmin  Vst(j)  Vmax, then:

Psur ¼ PRES  PRESp

Pst ¼ PRES  PRESp

Pth ¼ 0

Ph ¼ Pd  PRESp

Vst ðjÞ ¼ Vst ðj  1Þ  Vh

Psur ¼ 0

where Psur is the RES power surplus and Pth is the power production
from the thermal generators in the island's existing thermal power
plant, which will serve as the hybrid power plant's back-up units.
The scope of the dimensioning process is to ensure that this power

Pth ¼ 0
Vst ðjÞ ¼ Vst ðj  1Þ þ Vp  Vh:
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period and the N.P.V. are calculated on the investment's equities
and for a lifetime period of 20 years.
In Table 1 we can see that:

Fig. 6. Power demand annual variation in Sifnos' electrical system.

The above described operating algorithm is depicted graphically
in Fig. 5.
2.5. Simulation of the system's operation e dimensioning results
The simulation for the Sifnos electrical system was implemented
for the year 2020. For this year, the annual electricity consumption
in Sifnos is expected to be 18,858.01 MWh, while the annual demand peak is estimated at 6.37 MW. The corresponding power
demand time series for the year 2020 resulted from the one of 2015,
assuming annual growth of power demand equal to 1.55% for the
years 2016e2020. It is depicted in Fig. 6.
The dimensioning procedure follows the hybrid power plant's
operation algorithm presented in the previous section. More speciﬁcally, the simulation of the hybrid power plant's operation is
executed iteratively for annual time periods and with varied wind
park's and photovoltaic station's nominal power and storage
capacity.
The results of the iterative execution of the hybrid power plant
operation simulation are summarized in Table 1. For all the investigating dimensioning scenarios the upper reservoir's capacity is
1,100,000 m3 with a geostatic head of 320 m. The economic results
presented in this Table are based on the assumption of a funding
scheme with equities/bank loan of 12.75%/87.25% respectively, with
loan payback period of 15 years and a loan rate of 4%. The presented
set-up cost refers to the hybrid power plant as a whole, including
both the wind park and the PHS. The produced electricity selling
net price (excluding VAT, taxes etc) was set at 0.22 V/kWh, while
there is also a fee of 188 V/kW & annum for the availability of the
guaranteed power of the hybrid power plant, which was set at
7 MW. The economic analysis of the project is based on the
approach presented in previous research [21] and refers to the
overall hybrid power plant as a whole. The I.R.R., the payback

 The ultimate target of SIC, namely the 100% R.E.S. penetration in
the autonomous insular system is achieved alternatively with:
 3 wind turbines of 2.3 MW nominal power each (6.9 MW of
wind park) and 2 MW of p/v station
 4 wind turbines of 2.3 MW nominal power each (9.2 MW of
wind park) and 0.5 MW of p/v station
 5 wind turbines of 2.3 MW nominal power each (11.5 MW of
wind park).
 The economically optimum scenario is the installation of
6.9 MW wind park and 2 MW p/v station. This scenario also
exhibits the minimum set-up cost from the ones that satisfy the
100% R.E.S. penetration in the insular system.
 The last scenario, namely the installation of 11.5 MW exhibits
the worse economic efﬁciency.
 The last scenario exhibits the maximum wind energy production surplus. This result, at a ﬁrst glance, may also be considered
as another drawback. However, given the overall approach of SIC
regarding the future development of the insular community and
the possible introduction of additional electricity consumptions,
this scenario may feature as the more secure roadmap towards a
generalized development approach, without being restricted
exclusively to the cover of the currently existing power demand.
In Fig. 7 the annual variation of the water stored volume in the
PHS system's upper reservoir is plotted for the scenarios 2e6 of
Table 1. It is clearly seen that the stored water volume in the upper
reservoir is fully removed after a period of 20 days with low wind
potential during June for all scenarios. More speciﬁcally:
 In scenario 2 (no p/v available) the thermal generators are
employed to compensate for this wind power production drop.
 In scenario 3, the introduction of 2 MW of p/v station, given the
availability of high solar radiation during the summer period in
Greece, adequately supports the hybrid power plant and the
operation of the thermal generators is avoided.
 In scenario 4 (only 4 wind turbines, no p/v production) the 100%
R.E.S. is not achieved only for a slight time period. The thermal
generators contribution is as low as 0.40%. This can be corrected
by increasing the wind park's direct penetration maximum
percentage from pmax ¼ 15%e35%.
 100% annual RES penetration percentage can be alternative
achieved with 4 wind turbines and the introduction of only
500 kW of p/v station (scenario 5).

Table 1
Dimensioning procedure results.
Magnitude

Dimensioning scenario
1

2

3

4

5

6

Wind turbines number
Wind park (MW)
P/V station (MW)

2
4.6
2

3
6.9
0

3
6.9
2

4
9.2
0

4
9.2
0.5

5
11.5
0

R.E.S. penetration (%)
Wind energy surplus (%)
Wind energy surplus (MWh)

86.13
6.62
1,440

94.07
21.04
5,935

100.00
25.87
9,215

99.60
38.39
14,595

100.00
39.56
15,345

100.00
51.04
24,363

Set-up cost (million V)
Annual revenues (V)
I.R.R. (%)
Payback period (years)
N.P.V. (106,V)

32.165
5,116,132
14.56
8.13
9.07

32.195

34.695

34.725

35.225

37.255

23.38
4.20
14.71

21.30
4.71
14.49

19.82
5.11
13.29

19.16
5.35
13.03

14.38
8.36
10.01
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Fig. 7. Annual variation of the water stored volume in the PHS system's upper reservoir for the different investigating dimensioning scenarios.

 Finally, in scenario 6 the operation of the system is further
ensured with the installation of 5 wind turbines, however with
considerable electricity production surplus from the wind park
(more than 50%).
From the above analysis what is also highlighted is that for
autonomous systems and hybrid power plants aiming at 100% R.E.S.
penetration, the variability of the available R.E.S. potential during
the year and from year to year may be of high importance and may
signiﬁcantly affect the dimensioning, the operation and, eventually,
the economic feasibility of the project. Another crucial parameter is
the RES direct penetration percentage, which was set for the above
simulations at pmax ¼ 15% versus the current power demand, a
value which is doubtlessly rather low. As mentioned previously, in
case this percentage increases at 35%, the target of 100% R.E.S.
annual penetration can be also achieved with the installation of
only 4 wind turbines (scenario 4), avoiding, thus, the additional
installation of 500 kW of p/v panels (scenario 5).

2.6. Technical features e siting of the project
As mentioned previously, all the components of the hybrid power plant are going to be installed in a single site. A 3D wind potential map with the installation positions of the ﬁve wind turbines
with 2.3 MW nominal power and 82 m diameter each is presented
in Fig. 8.
The upper reservoir of the PHS will be constructed on a ridge
with a maximum absolute altitude of 344 m. It will follow the shape
of the contour of 332 m on which the free level of the water surface
will be when the reservoir is full. The upper surface, in accordance
with the available area and the general shape of the installation site,
will have a total area of roughly 97 ha. The maximum depth of the
reservoir will reach 20 m from the free maximum level of the
reservoir, i.e. the bottom of the reservoir will have an absolute
altitude of 312 m. These dimensions are derived from the
morphological characteristics of the area.
It is evident that the conﬁguration of the reservoir will be achieved completely through excavations. No dams are required.
Speciﬁc difﬁculties during excavations are not anticipated, given

the erosion and the karsiﬁcation of the present limestone. The
excavation volume above the 332 m contour and up to the 344 m
contour is estimated at 488,473 m3. The total excavation volume for
the conﬁguration of the basin of the upper reservoir is estimated at
1,106,057 m3. This volume is the capacity of the reservoir. The total
excavation volume is estimated at 1,594,531 m3. The water will be
taken from an altitude of 314 m. The volume of the water contained
between the contours of 314 m and 312 m is estimated at 42,178 m3.
Therefore, the effective capacity of the upper reservoir becomes
1,063,878 m3.
The siting of the upper reservoir with the ﬁve wind turbines
installation positions around its bank is presented on a Greek Coordinates Geodetic Geographical System topographic map in Fig. 9.
The pipelines route will start from the bottom of the upper
reservoir at an altitude of 312 m and will follow an underground
tunnel towards north-east to meet the north-eastern slope of the
hill. From this point, the routing of the pipeline will follow a path
towards north-east, along the slope of the hill. The proclivity of the
slope is in the order of 30e33% from the beginning of the routing of
the pipeline and is maintained as such all the way to the coastline.
The construction of the pipeline is described in Fig. 10, which
shows the proﬁle of the traverse. Analytically:
 A tunnel will be constructed from point A (above the tank bottom) to point B, on the slope of the mountain. The tunnel will be
189 m long. Over its entire length, the tunnel will have a height
of 2 m, width of 6 m and a gradient of 0 . The tunnel will be
opened from the bottom up, using explosives, according to the
design that will be proposed during the implementation phase
of the project. A spot cutting machine may be used. The proposed support is ﬁber-reinforced concrete with local anchors.
 The remaining section of the pipeline will be superﬁcial. This
section starts from the exit point of the tunnel (point B) and
reaches the sea (point C). Its length is 994 m.
The total length of the pipeline is 1183 m.
The diameter of the pipes will be 2  1.00 m for the water falling
pipes and 2  1.00 m for the pumping-up pipes, i.e. a double
pipeline will be used for pumping up and a double pipeline for the
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Fig. 8. 3D depiction of the wind turbines locations on a wind potential map background.

Fig. 9. Top view of the pumped hydro storage plant reservoir and the installation positions of the ﬁve wind turbines on a topographic map background.

hydraulic drop, in order to secure minimisation of hydraulic ﬂow
losses. For the superﬁcial routing of the pipes, a trench 5e6 m wide
and 1.5e2 m deep will have to be dug for the placement and
backﬁlling of the pipeline.
In the studied project, vitriﬁed polyester pipes (Glass Reinforced
Polyester - GRP) are selected for the installation. This material appears to be incorruptible in a corrosive marine environment and,

furthermore, it has a very low linear ﬂow losses factor (f < 0.030).
The GRP pipes are available in the market with a nominal diameter
of 1.0 m to nominal maximum pressure of 32 bar, with the
following rating: 6, 10, 16, 20, 25, 32 bar. Thus, they can meet the
installation requirements up to a maximum nominal pressure of
32 bar, i.e. the height difference of 320 m from the level of the upper
reservoir to the sea. For the remaining section of the
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Fig. 10. Vertical cross-section of pumped hydro storage plant pipeline routing.

interconnecting pipes with pressures above 32 bar, steel pipes with
internal anti-corrosive coating will be used. The proposed material
is a ready to mix two components paint, without solvent, based on
speciﬁc phenolic and epoxy resins. It is specially designed for
painting thick ﬁlms, on metal and concrete tanks and pipelines.
Fig. 11 provides a 3D depiction of the path of the pipeline, with
distinct colour per pipe section for each different nominal pressure.
Finally, a topographic map presenting the overall system's siting on
the Greek Coordinates Geodetic Geographical System is given in
Fig. 12. In this map, the PHS upper reservoir and the penstock route,
the installation positions of the ﬁve wind turbines, the locations of
the pump station and the hydro power plant and the new and

existing access roads are presented.
The upper reservoir effective storage capacity (1,063,878 m3)
and the absolute altitude of its installation position (320 m) impose
an effective storage capacity of 860 MWh in the form of hydrodynamic energy. The PHS set-up cost is estimated at 24,000,000 V,
while an annual maintenance cost of the PHS system of 100,000 V
is assumed. Based on the above assumptions, the PHS speciﬁc cost
per unit of storage capacity, including both set-up and maintenance
cost, is calculated at 30.23 V/kWh for 20 years life period. For longer
time periods, this cost will reduce. This Figure indicates the high
economic feasibility and competitiveness of the PHS systems
against the alternative energy storage technologies, which usually

Fig. 11. 3D depiction of the penstock routing.
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Fig. 12. Top view of the hybrid power plant on a topographic map background.

exhibits energy storage speciﬁc costs considerably higher.
Finally, the effective storage capacity of the PHS system
(860 MWh) can guarantee the operation of the system for 16 days,
with regard to the annually average daily electricity consumption,
starting for fully charged state and without any power storage
during this time period.
3. Economic and developmental extensions
3.1. Economic approach
The electricity selling price from the State Power Utility to the
ﬁnal residential users in Greece is set at 0.0946 V/kWh. This price is
the same for the mainland and the non-interconnected insular
systems, regardless the electricity production speciﬁc cost of each
electrical system.
At the same time, in the autonomous electrical system of Sifnos,
according to the ofﬁcial data provided by the insular grid's Operator, the electricity production speciﬁc cost in 2015 is analyzed in:
 the variable cost, which includes fuel consumption, maintenance and gas emission costs: 0.223 V/kWh
 the stable (or ﬁxed) cost, which includes the equipment amortisation, the staff salaries, the land or building rents and,

generally, any cost which is independent from the electrical
system's operation: 0.121V/kWh.
Adding the above, the electricity production overall speciﬁc cost
for the electrical system of Sifnos in 2015 was conﬁgured at 0.344
V/kWh. Yet, it must be noted that for the years before 2014, when
the oil prices used to be considerably higher, the overall electricity
production speciﬁc cost in Sifnos exceeded 0.4 V/kWh. Since the
electricity selling price for the ﬁnal consumers is ﬁxed at 0.0946
V/kWh, it is concluded that, for the case of Sifnos, the State Power
Utility had a loss of 0.344e0.095 ¼ 0.249 V/kWh in 2015. This loss
is actually subsidized by the mainland system's consumers, by
paying an almost twice higher electricity procurement price
(0.0946 V/kWh) than the electricity production cost (0.05 V/kWh)
in the Greek mainland electrical system.
With the proposed pricing of the electricity produced from the
hybrid power plant, the State Power Utility will have to pay to SIC:
 0.220 V/kWh for the pricing of the electricity produced from the
hybrid power plant
 an annual fee of 188 V/kW of available guaranteed power which,
for 7 MW guaranteed power and 18,858.01 MWh of annual
electricity production, corresponds to 0.070 V/kWh.
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Hence, the total electricity procurement price for the State Power Utility from SIC is conﬁgured at 0.290 V/kWh. This total price
leads to an economic beneﬁt for the State Power Utility of
0.344e0.290 ¼ 0.054 V/kWh, compared to the current situation.
This economic beneﬁt will increase in case of a possible future raise
of the fossil fuels prices.
Yet, a negative argument could be that even with the procurement price of 0.290 V/kWh, the State Power Utility still has an, even
reduced, loss of 0.290e0.095 ¼ 0.195 V/kWh. The mainland consumers will still have to subsidize for this loss.
However, there is a crucial difference between the procurement
price of 0.290 V/kWh and the existing electricity production cost of
0.344 V/kWh. Speciﬁcally:
 The currently existing electricity production cost of 0.344
V/kWh corresponds to money that is completely lost from the
local community, since it is mainly spent for the consumed
imported fossil fuel.
 With the introduction of the hybrid power plant, a share of the
0.290 V/kWh of the new electricity selling price will return to
SIC, as justiﬁed in the next bullets.

After the repayment of the bank loans, the electricity procurement price for the State Power Utility from SIC can be reduced,
since the operation and maintenance cost of the hybrid power plant
will have considerably dropped. A sensible total price could be at
the range of 0.20 V/kWh.
To conclude with, the hybrid power plant can give a direct
economic beneﬁt to the State Power Utility. On the other hand, the
most important thing is that the money spent from the State Power
Utility for the electricity procurement from SIC will remain in the
island, contributing to the payback of a major energy project and
the development of considerable technical infrastructure towards
the sustainable development of the island. The energy production
in the island will be totally independent on the availability and the
prices of imported fossil fuels. Energy dependency will have been
achieved.
It is underlined that the above analysis is based on the 6th
dimensioning scenario of the hybrid power plant, presented in
Table 1. Additionally, it is also based on a funding scheme of 12.75%
private capitals and 87.25% bank loan, with a payback period of 15
years and a loan rate constant at 4%. The above economic features
are expected considerably improved in case of:
 A State subsidy on the project's initial capitals. Table 2 summarizes the electricity production speciﬁc costs (including
repayment of bank loans), with and without the availability of a
State subsidy on the project's set-up cost, for the alternative
dimensioning scenarios presented in Table 1, which satisfy the
target of 100% RES annual penetration in the island.
 The sensibly expecting increase on the electricity consumption,
which will bring a subsequent increase on the project's revenues, because of:
- the fact that Sifnos will be an internationally popular tourist
destination as the ﬁrst “100% Green Autonomous Island”
- all the new electricity consumption activities (electric vehicles,
desalination plants, new professional activities) planned to be
developed in the island, based on the hybrid power plant.

The following calculations refer to the dimensioning scenario
No. 6 of the hybrid power plant, presented in Table 1:
 For the ﬁrst 15 years of the hybrid power plant's operation, the
annual average operation and maintenance cost is roughly
calculated at 4,800,000 V, including the repayment of the bank
loans. By dividing this annual average cost with the annual
electricity production from the hybrid power plant
(18,858.01 MWh), the annual electricity production speciﬁc cost
is calculated at 0.2546 V/kWh. After the ﬁrst 15 years, when all
the bank loans will have been repaid, this ﬁgure becomes 0.1006
V/kWh.
 The above ﬁgures imply that, from the income of 0.290 V/kWh,
SIC will have to spent 0.2546 V/kWh for the ﬁrst 15 years and
0.1006 V/kWh after this time period, for the overall maintenance and operation costs of the hybrid power plant, including
the repayment of the bank loans.
 The remaining amounts, namely 0.290e0.255 ¼ 0.035 V/kWh
for the ﬁrst 15 years, and 0.290e0.101 ¼ 0.189 V/kWh after the
ﬁrst 15 years, will return to the island, either directly through
the dividend payments to the SIC's shareholders, or through the
construction and development of technical infrastructure in the
island. The latter perspective will maximize the added value of
the hybrid power plant and will boost the local economy.
 The above means that with the introduction of the hybrid power
plant, a considerable share of the money spent by the State
Power Utility, especially after the repayment of the bank loans,
will remain in the island, contributing to the development of the
local economy.

3.2. Approaching a feasible development pattern
The construction and the operation of the hybrid power plant
will constitute the kernel for the overall effort of SIC towards the
approach of a sustainable social and economic development for the
whole insular community in Sifnos. This is anticipated to be
approached with [22e26]:
 the gradual improvement of the available technical infrastructure in the island, through the re-investment of a considerable
share from the hybrid power plant's annual proﬁts in new works
and projects of common beneﬁt (e.g. desalination plants, roads
networks, marinas etc)

Table 2
Electricity production costs, including repayment of bank loans and private capitals, for the alternative dimensioning scenarios and funding schemes.
Dimensioning Scenario

3

4 (*)

5

6

Funding scheme

a

b

a

b

a

b

a

b

Production cost/ﬁrst 15 years (V/kWh)
Production cost/after 15 years (V/kWh)
I.R.R. (%)
Payback period (years)
N.P.V. (106,V)

0.2355
0.0911
21.30
4.71
14.49

0.1852
0.0911
40.23
2.36
24.78

0.2405
0.959
20.19
4.99
13.54

0.1899
0.0959
39.30
2.39
23.84

0.2418
0.0957
19.16
5.35
13.03

0.1907
0.0957
38.15
2.46
23.47

0.2546
0.1006
14.38
8.36
10.01

0.2006
0.1006
32.92
2.84
21.06

 Funding scheme a: 12.75% private capitals, 87.25% bank loan (15 years payback period, 4% loan rate).
 Funding scheme b: 12.75% private capitals, 30% State subsidy, 57.25% bank loan (15 years payback period, 4% loan rate).
 (*): the scenario No 4 is introduced with 35% maximum direct RES power penetration, so as 100% annual RES penetration is achieved.
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 the gradual transition from the use of fossil fuels in heating,
transportation etc to renewables, through the introduction of
corresponding technologies in the island (e.g. heat pumps,
electric vehicles etc)
 the use of the electricity production surplus from the hybrid
power plant and the achieved energy saving to support the
newly introduced loads
 the development of new professional activities in the island,
through which the basis of the local economy will be expanded
in alternative productive sectors, apart from tourism, creating
the conditions for a robust and sustainable economic growth.
By re-investing a percentage of the annual net proﬁts of the
hybrid power plant on the construction of the required infrastructure, new trades and professions can be introduced in
currently unexploited sectors, creating thus serially new occupation positions and strengthening the local economy by introducing
additional alternative professional options, instead of the currently
economic structure, based almost exclusively on tourism.
Additionally, it was seen in the previous sections, that there is a
considerable amount of electricity production surplus from the
hybrid power plant. This electricity surplus, combined with the
energy savings achieved through a well-designed campaign on the
rational use of energy in the island, can provide the energy pool for
the introduction of the new electrical loads and the expansion of
the professional activities. An idea of this approach is depicted
graphically in Fig. 13. More speciﬁcally, depending on the adopted
dimensioning scenario of the hybrid power plant, an annual electricity production surplus from 9 to 24 GWh can be available (see
Table 1).
On the other hand, the electricity demand for the transportation
needs in Sifnos can be estimated as shown in Table 3, by assuming:
 an average energy consumption of electric vehicles in Sifnos of
20 kWh/100 km, due to the mountainous land terrain and the
curved and narrow roads
 an average daily covered distance by a vehicle from 5 km in
winter to 15 km in summer
 the cars number in Sifnos from 400 in winter to 3000 in
summer.
Furthermore, the heating consumption can be estimated for the
case of Sifnos with the following steps:
 Firstly, it should be underlined that, given the fact that above
95% of the economic activities in the island are based on summer tourism, it is conceivable that heating needs during winter
refer almost exclusively to the residential buildings sector.
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 A heating load annual proﬁle per m2 of indoor spaces is introduced, calculated for a typical residence in southern insular
Greece of energy performance rank B [27,28]. This annual proﬁle
exhibits the ﬁnal required thermal energy per m2, which should
be disposed in the indoor conditioned space to meet its heating
load. It is presented in Fig. 14.
 It is estimated that in the island of Sifnos with a permanent
population of 2500 inhabitants, there are 1000 residences, with
an average covered area of 100 m2.
 By multiplying the annual heating load proﬁle with the total
covered area of conditioned space, we get an approach of the
total annual heating loads of all the residences in the island.
 Given the relatively mild climate conditions and assuming an
average COP of 2.5 for air-to-air heat pumps, we calculate the
ﬁnally electricity consumption for the heating needs in the
island.
The results of the above calculation approach are presented in
Table 4 on a monthly basis.
In Table 5, the monthly ﬂuctuation of the electricity production
surplus from the hybrid power plant and the estimated electricity
consumption for the transportation [29,30] and the indoor spaces
heating needs in the island are presented. It is seen that, apart from
the summer season, the electricity production surplus is enough to
cover the increase in electricity consumption due to the electric
vehicles introduction. Moreover, the excess electricity needs for the
transportation sector in summer are expected to be covered with
the anticipating drop of the energy consumption from the energy
saving campaign and the relevant measures that are going to be
applied especially in the existing tourist infrastructure. The electricity production surplus is also enough to support the total
transfer of the heating needs in the island from oil to the electrical
grid.
Additionally, in Table 5 it is also seen that there is an electricity
production surplus during the annual period except for summer
which, depending on the dimensioning scenario of the hybrid power plant, varies from 5.1 to 17.7 GWh, considering also the annual
electricity consumption for heating and transportation needs. By
adopting an average speciﬁc electricity consumption for potable
water production through a reverse osmosis process of 4 kWh/m3,
it is estimated that this excess electricity production, once exploited in desalination units, will permit an annual potable water
production from 1.3 to 4.4 millions m3. These quantities of available
fresh water in a community of 2500 permanent residents will
create a huge potential for the development of new activities in the
island, based on the exploitation of the locally available sources and
the possibilities offered by the excellent local climate conditions.
These new professional activities can be the biological growth of

Fig. 13. Energy balance between energy saving, energy production from R.E.S. and newly introduced loads.
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Table 3
Estimation of the annual electricity consumption for the transportation needs in Sifnos.
Months

Number of cars

Distance per
vehicle & day (km)

Energy consumed
per day (kWh)

Total energy consumed
per month (MWh)

January
February
March
April
May
June
July
August
September
October
November
December

400
400
600
800
1.000
1.500
2.000
3.000
2.000
1.200
400
400

5
5
5
7
8
10
12
15
8
5
5
5

400
400
600
1.120
1.600
3.000
4.800
9.000
3.200
1.200
400
400

12.4
11.2
18.6
33.6
49.6
90.0
148.8
279.0
96.0
37.2
12.0
12.4
800.8

Fig. 14. Annual proﬁle of heating load levelized per m2 of covered, conditioned space, for a typical residence in insular Greece of energy performance rank B.

Table 4
Estimation of the annual electricity consumption for the indoor spaces heating needs in Sifnos.
Months

Monthly heating
peak (W/m2)

Monthly heating
loads (kWh/m2)

Electricity consumption
for heating (kWh/m2)

Electricity total consumption
for heating (MWh)

January
February
March
April
May
June
July
August
September
October
November
December
Maximum/annual totals

232,9
232,9
227,5
46,8
0,0
0,0
0,0
0,0
0,0
30,1
204,1
232,9
232,9

22,20
16,33
7,54
0,10
0,00
0,00
0,00
0,00
0,00
0,05
3,76
16,76
66,75

8,88
6,53
3,02
0,04
0,00
0,00
0,00
0,00
0,00
0,02
1,51
6,70
26,70

888,15
653,12
301,77
4,02
0,00
0,00
0,00
0,00
0,00
2,00
150,56
670,36
2.669,96

agricultural products, the implementation of pilot farms of biological husbandry, the beekeeping and the upgrade of the art of
ceramics, maybe the most characteristic occupation with a long and
old tradition in Sifnos. To this end, of course, considerable technical
infrastructure is required, such as water reservoir, hydraulic networks etc, which can be developed by re-investing a share of the
hybrid power plant's net proﬁts.
One ﬁnal major target of SIC is the procurement of a ship to
establish a regular transportation line from Sifnos to Athens, Crete
and the largest neighbouring islands (Milos and Santorini),

powered either by electrochemical batteries or fuel cells charged by
the central hybrid power plant. This will terminate the isolation of
the island during the winter period, when the scheduled ferries
routes from and to the island are not as regular as in summer, and
facilitate the expecting new developing activities, e.g. with the
regular, frequent and secure transportation of the produced and
exported goods.
All these actions can create the prerequisites for a secure and
sustainable social and economic development of the insular community, with infrastructure and activities based on the locally

D.A. Katsaprakakis, M. Voumvoulakis / Energy 161 (2018) 680e698

695

Table 5
Electricity production surplus compared to electric vehicles and heating consumption.
Months

January
February
March
April
May
June
July
August
September
October
November
December
Annual totals
Electricity surplus
except for summer

RES monthly surplus production (MWh)
5 WT

4 WT e 35%
penetration

4 WT e 0,5 MW PV

3 WT e 2 MW PV

3205.86
3435.73
1463.25
905.76
1148.89
85.16
2630.78
504.58
1944.41
1988.16
3003.71
4046.58
24,362.88
17,671.59

2231.83
2587.35
932.58
535.81
644.97
0.00
1420.46
104.59
1003.57
1373.39
2235.79
3041.25
16,111.57
11,115.76

2128.45
2523.46
892.29
510.83
621.10
0.49
1298.12
82.67
778.47
1356.41
2183.85
2968.67
15,344.82
10,492.78

1190.30
1760.89
547.13
300.59
386.32
0.00
610.37
26.45
0.00
830.55
1513.39
2049.61
9215.59
5108.01

available energy sources and works with maximized added value.
The above fundamental development layout is anticipated by SIC to
establish a pattern for all similar insular communities in Greece and
worldwide.
4. Dynamic security assessment
Another crucial issue of the examined hybrid power plant, is its
ability to guarantee the power production security of the autonomous insular system. This is determined by the adequate reaction
of the system after a fault on the power production or a contingency
on the electrical grid, which may result in considerable power
production loss. This section presents the dynamic security analysis
of the power system of Sifnos, as conﬁgured with the introduction
of the proposed hybrid power plant, for indicative operating scenarios. Due to the autonomous nature of the power system and its
low inertia, dynamic security refers mainly to frequency stability.
The system is more vulnerable under high wind power penetration,
since conventional plants are substituted. In order to ensure a
minimum level of inertia in the system, its load must be served at
least by 65% from the hydro turbines, while wind power penetration is limited to a maximum level of 35%. Wind generation that
exceeds this level is used to pump water in the upper reservoir of
the PHS. A special protection scheme shall be established in order
to disconnect pumps under disturbances that lead to low

Electric vehicles
consumption (MWh)

Electricity consumption
for heating (MWh)

12.40
11.20
18.60
33.60
49.60
90.00
148.80
279.00
96.00
37.20
12.00
12.40
800.80

888.15
653.12
301.77
4.02
0.00
0.00
0.00
0.00
0.00
2.00
150.56
670.36
2669.96

frequency. To this aim, an appropriately tuned system of underfrequency and Rate of Change of Frequency (RoCof) relays will be
used to protect the power system from frequency instability.
With regard to the dynamic models of the power system, the
following assumptions have been made:
 Hydro turbines: they have been modeled as synchronous generators with a constant of inertia H ¼ 4 MW s/MVA and 3%
droop. The governor model HYGOV [31] has been used.
 Pumps: they have been modeled as induction machines, each of
which has an underfrequency and Rate of Change of Frequency
(RoCof) relay with different settings so that they are gradually
disconnected.
 Wind turbines: they have been modeled as full rated converter
wind generators. Reactive power control of wind generators is
assumed to keep constant power factor.
The following scenarios are investigated:
 Scenario A: High power demand - High wind power penetration: In this scenario, the power demand is 6 MW, while the
available wind power is 5 MW. The maximum level of wind
penetration is 2.1 MW (35 %  6 MW), thus three hydro generators are operating to supply the remaining 3.9 MW of load

Fig. 15. Results of simulation of wind power loss under operating scenario A.
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Fig. 16. Results of simulation of hydro generator loss under operating scenario A.

Fig. 17. Results of simulation of wind power loss under operating scenario B.

(each one providing 1.3 MW). Wind power in excess is 2.9 MW
and is absorbed by the pumps.
 Scenario B: Low power demand e High wind power penetration: In this scenario, the power demand is 2 MW, while the
available wind power is 5 MW. The maximum level of wind
penetration is 0.7 MW (35 %  2 MW). Two hydro generators are
operating to supply the remaining 1.3 MW of load (each one
providing 0.65 MW). Wind power in excess is then 4.3 MW and
is absorbed by the pumps.

Two disturbances are simulated for each one of the above scenarios: the ﬁrst is the total loss of the wind power, while the second
is the tripping of one hydro generator. The simulation was performed using DigSilent Power Factory Software Package [32].
Figs. 15e18 illustrate the simulation results of frequency deviation (left plot) and the production of one hydro turbine, the wind
park's production and the pumps' absorbed power (in the right plot
of each ﬁgure). The most severe disturbance is the loss of wind

Fig. 18. Results of simulation of hydro generator loss under operating scenario B.
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power under the scenario A. This leads to a very low frequency,
close to 42.5 Hz, which is restored to its nominal value after a
minute. According to ЕN 50160, frequency in isolated power systems is allowed to vary between 42.5 and 57.5 Hz for a 5% of a week.
Under-frequency protection is activated and all pumps are
disconnected after the event of the wind power loss (Figs. 15 and
17). In the event of a hydro turbine loss, a number of pumps are
also disconnected due to the frequency protection relays (Figs. 16
and 18). A frequency drop at 49.25 Hz is recorded, which is fully
restored after less than 40 s. In both cases, the system is proved
capable to react successfully after the examined considerable
contingencies and ensure the dynamic security of the electrical
grid.
5. Conclusions
The present paper attempts to highlight:
 the potential contribution of Energy Cooperatives towards the
sustainable development of local communities
 the feasibility of energy independent communities, through the
exploitation of the local available primary energy sources.
Hundreds of Energy Cooperatives are currently active in Europe,
in USA and in Australia. Several of them constitute characteristic
successful examples with regard to the approach of the energy
independency for their communities and the development of the
local economies on the basis of the exploitation of the domestic
energy sources.
Sifnos Island Cooperative has initiated an effort to claim the
energy independency of the insular community in the autonomous
island of Sifnos, Greece. It anticipates to constitute the ﬁrst Energy
Cooperative worldwide which will have achieved this target for a
non-interconnected energy system.
It is proved that even in the case of a non-interconnected electrical system, of relatively low size, energy independency can be
achieved on the conditions of:
 adequate primary energy sources potential
 the possibility to develop an energy storage power plant with
large storage capacity, which can on its own guarantee the power production for the autonomous system for considerable
number of days, with low set-up and maintenance speciﬁc cost.
The above conditions are absolutely fulﬁlled for the case of
Sifnos. Remarkable wind potential, with regard to both its magnitude and its quality, was justiﬁed with the executed wind potential
measurements. Annual average wind velocity at the range of 9.0 m/
s was calculated, while, most importantly, during the high power
demand months (July and August) the monthly average wind velocity was calculated for two consecutive years higher than 10 or
even 11 m/s. Additionally, for the total 16-months measurement
period, only 4.8% of the recorded measurements were found to be
higher than 25 m/s, namely outside the operating range of the wind
turbines.
Additionally, the availability of an excellent site for the construction of a seawater Pumped Hydro Storage system, enabled the
design of a large and cost-effective storage power plant, capable to
guarantee the operation of the system for 16 days, starting for fully
charged state and without any power storage during this time
period. The total set-up and maintenance speciﬁc cost of the PHS
for 20 years life period was calculated as low as 30 V/kWh of
effective storage capacity.
With the above highly favourable conditions, the 100% RES
annual penetration in the autonomous system of Sifnos is
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technically and economically feasible.
The State Power Utility expects a signiﬁcant economic beneﬁt
from the introduction of the hybrid power plant, through the
reduced electricity procurement price from SIC, compared to the
current electricity production speciﬁc cost of the existing thermal
power plant. After the repayment period of the bank loans, the
electricity procurement price from the hybrid power plant can be
further reduced, leading to a highly competitive project, with direct
economic beneﬁts for both SIC and the State Power Utility.
Most importantly, the money spent by both the local consumers
in Sifnos and the State Power Company for the electricity procurement, will remain in Sifnos, for:
 the repayment of the hybrid power plant, a major energy project
which will constitute a long-term heritage for the local
community
 the realization of a cluster of projects and actions which are
anticipated to boost the local economy and set the foundations
for a feasible and sustainable economic and social development.
Sifnos Energy Cooperative anticipates to constitute a global
prototype for the approach of energy independent insular communities and their development on the basis of the locally available
primary energy sources exploitation.
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