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Abstract: This article aims to present the potential of energy transition in insular systems for social
and economic transition and development, when planned and implemented appropriately, with the
active involvement of local communities. To this end, the example of Sifnos Energy Community
is examined and presented as a pilot case. It proves that energy transition, apart from its obvious
energy conservation and climate necessity, can provide a strong contribution to the development
of remote areas and the remedying of crucial issues, especially in insular communities, such as
unemployment, low standards of living, isolation and energy supply security. Energy transition
on Sifnos has been undertaken by the Sifnos Energy Community (SEC), with the target to achieve
100% energy independency through effective and rational projects. The major project is a centralized
hybrid power plant consisting of a wind park and a pumped hydro storage system. It was designed
to fully cover the current electricity demand and the anticipated forthcoming load due to the overall
transition to e-mobility for the transportation sector on the island. Through the exploitation of the
excess electricity production with the production of potable water and hydrogen, energy transition
can facilitate the development of new professional activities on the island and reduce the local
economy’s dependence on tourism. Additionally, a daily link to the neighboring larger Cyclades
islands can be established with a hydrogen powered-passenger vessel, ensuring the secure and
cheap overseas transportation connection of Sifnos throughout the whole year. The overall energy
transition process is executed with the active involvement of the Sifnos citizens, ensuring wide public
acceptance and the minimization of the projects” impacts on the natural and human environment. At
the same time, the anticipated benefits for the insular communities are maximized, highlighting the
energy transition process on Sifnos as a new sustainable development pattern. For all this effort and
the already achieved results, Sifnos has been declared as one of the six pilot islands of the European
Community’s initiative “Clean Energy for EU Islands”.

Keywords: energy transition; hybrid power plants; energy communities; pumped hydro storage;
energy independency democracy

1. Introduction
1.1. The Sifnos Island

Sifnos is a small, so far non-interconnected island, either with the mainland system or
with a neighboring insular grid, located in the western part of the Cyclades complex in the
Aegean Sea, Greece (Figure 1), with a population of 2625 and a total area of 73.9 km? [1].

The economy on Sifnos is based on tourism. As shown in Figure 2, more than 75% of
the human resources on the island are occupied in jobs related to tourism [2,3] (apart from
human health, education and administration).
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Figure 1. The map of Sifnos and its geographical location in Greece.
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Figure 2. Percentage graph of the occupied employees on Sifnos per occupation category.

The energy consumption on the island is found in:

The coverage of the energy needs in the building sector (residential, commercial and
administrative facilities), which traditionally refer to heating and cooling, lighting
and mechanical power in motors. These energy needs are almost exclusively covered
by electricity, except a small contribution of diesel oil and solar collectors for heat
production [4,5].

The municipal public lighting and the water pumping, desalination and distribution
facilities, covered exclusively by electricity.

The transportation on the island, covered exclusively by liquid fossil fuels (diesel oil
and gasoline).

The overseas transportation from and to the island, covered by liquid fossil fuels
(heavy fuel and diesel oil).

The final energy consumption levels are analyzed in Table 1 [6]. These figures were

derived from the Clean Energy Transition Agenda (CETA) of Sifnos. The CO; emissions
were calculated following the factors given for each different energy source in the Greek
Directive for Buildings Energy Performance Upgrade [7].
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Table 1. Analysis of annual energy consumptions on Sifnos.

Annual Final Energy Percentage Annual Primary Energy CO; Annual
Consumption (MWh) Contribution (%) Consumption (MWh) Emissions (tn)
Electricity consumption
Municipal and public buildings 1571 9.0 4557 3558
Residential sector 4365 25.0 12,659 9883
Primary sector 175 1.0 506 395
Industry 0 0.0 0 0
Tertiary sector 10,477 60.0 30,382 23,720
Municipal facilities 873 5.0 2532 1977
Total 17,461 100.0 50,637 39,533
Transportations on the island
LPG 0 0.0 0 0
Diesel oil 8813 51.0 9695 2559
Gasoline 8468 49.0 9314 2329
Total 17,281 100.0 19,009 4888
Transportations from and to the island
Heavy fuel 0 0.0 0 0
Diesel oil 529,733 100.0 582,706 153,834
Kerosene (aviation) 0 0.0 0 0
Total 529,733 100.0 582,706 153,834
Heat
QOil heaters 2800 81.7 3.080 813
Wood /biomass 0 0.0 0 0
LPG 0 0.0 0 0
Solar collectors 628 18.3 0 0
Total 3428 100.0 3.080 813
Totals 567.903 655.432 199.068

In brief, the following conclusions may be drawn by observing these facts:

Electricity and diesel oil are the main energy sources on the island.

Apart from a low heat production from solar collectors for hot water domestic use,
there is not any other use of renewable energy sources (RES) for heat production.
e Diesel oil and gasoline are the exclusive energy sources used in the onshore transporta-

tion sector.

The tertiary sector, which on Sifnos actually means tourist facilities, exhibits the highest
percentage share (60%) regarding electricity consumption. It is also clarified that the last
part of Table 1 presents the energy sources used for heat production apart from electricity,
which are obviously consumed for both indoor space heating and hot water production,
accounted for in the electricity consumption presented in the first part of Table 1.

The data presented in Table 1 are also graphically summarized in Figure 3. Specifically,
the annual percentage contribution of the final energy uses is depicted in Figure 3a [6],
with the transportation sector from and to the island constituting the dominant energy
use. In Figure 3b, the percentage contribution of different sectors to the annual electricity

consumption is presented.
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Figure 3. Annual contribution of final energy uses to the total energy consumption on Sifnos (a) and
annual contribution of different sectors to the electricity consumption in the island (b).

Regarding the onshore energy consumption, Sifnos almost totally depends on im-
ported fossil fuels for onshore transportation and electricity production. Electricity produc-
tion is mainly based on the island’s autonomous power plant (APP), equipped with nine
diesel generators of 1.1 MW nominal power each. All of these generators are powered by
diesel o0il, with an average procurement price above EUR 950/kL. The total levelized elec-
tricity production cost on Sifnos was configured at EUR 344.07/MWh in 2015 [8]. This total
cost was formulated by the variable cost, calculated at EUR 222.62/MWh, and the fixed cost,
calculated at EUR 121.45/MWHh [8]. At the same time, the levelized electricity production
cost in the mainland electricity system in Greece was formulated at EUR 58.099/MWh on
average in 2020 [9]. This comparison reveals the extremely high production cost on Sifnos,
which is due to the consumption of expensive diesel oil and the necessity for spinning
reserve maintenance, which requires the diesel generators’ operation with partial loads,
leading to reduced efficiency [10].

Apart from the aforementioned thermal APP, power is supplementarily produced on
Sifnos by means of 335 kW of small, decentralized photovoltaic stations and a small wind
park of two wind turbines with a total nominal power of 1.26 MW, installed and connected
to the local grid in 2019.

The strong dependence of the economic activity on Sifnos on tourism inevitably leads
to annual power demand fluctuation, presented in Figure 4 for 2015. As seen in this figure,
the power demand is almost three times higher in summer (tourist season) than in winter,
revealing the power demand’s seasonality on the island. The annual peak demand was
configured at 5.90 MW in August. The peak demand during the winter period did not
exceed 2.5 MW, excluding the Easter period, during which a sudden and short demand
increase close to 4 MW is observed. The minimum demand is found in the winter months
at slightly lower than 1.0 MW. The annual electricity consumption in 2015 was 17,461 MWh.
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Figure 4. Annual power demand fluctuation on Sifnos in 2015.

Following the computational simulation of the annual operation of the autonomous
electrical system on Sifnos for the year 2021, executed on the basis of an annual time series
with hourly averaged values, the annual production contributions of all the involved power
generators are summarized in Table 2.

Table 2. Analysis of the annual electricity production on Sifnos in 2021.

Annual Annual Average Annual Average Diesel Oil Diesel Oil
. Electricity \veras Levelized Variable Annual Annual
Unit/Process . Total Efficiency . .
Production (%) Production Cost Consumption Procurement
(MWh) (EUR/kWh) (kL) Cost (MEUR)
Thermal generator 1 6097.63 40.51 0.2416 1540.753 1.473
Thermal generator 2 5459.16 40.30 0.2428 1386.532 1.326
Thermal generator 3 3543.60 40.16 0.2437 903.162 0.863
Thermal generator 4 1583.80 40.12 0.2439 404.049 0.386
Thermal generator 5 482.65 40.10 0.2440 123.184 0.118
Thermal generator 6 99.20 40.09 0.2441 25.327 0.024
Thermal generator 7 9.60 40.09 0.2441 2.451 0.002
Thermal generator 8 0.00 - - 0 0
Wind park 1339.52 - 0.0900 - -
Photovoltaic stations 242.85 - 0.2500 - -
Start-up process - - - 2.988 0.003
Total 18,858.01 *40.32 0.2321 4388.456 4.195

*: it refers to the total, annual average efficiency of the thermal generators.

The annual power demand has been adapted, assuming annual increase percentages
in the range of 1-2%. The annual electricity demand is estimated at 18,858 MWh. In total,
1582.4 MWh, namely 8.4% of this annual consumption, is covered by the already existing
electricity production plants from RES. Just for comparison reasons, in the whole country,
the RES contribution to the electricity demand coverage in 2021 was close to 49% [11]. It
is underlined that in Table 2, only the variable production cost is presented, as calculated
from the computational simulation process. As seen, the calculated figure is very close to
the official one supplied by HEDNO.

Finally, a forthcoming critical evolution regarding the insular grid on Sifnos is its
planned interconnection with the mainland grid. This will create new standards, new
perspectives and new opportunities as far as energy transition on the island is concerned,
as will be shown in Section 4.
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1.2. Prior Literature Regarding Energy Transition in Insular Systems

Energy transition refers to the process of moving towards the replacement of the
currently used fossil fuels for energy production with RES, as well as the introduction of new
energy systems with improved operation efficiency and low primary energy consumption,
described with the term “rational use of energy” (RUE) [12,13]. The necessity and the
essential guidelines of energy transition were set by the European Commission in the
Directives (EU) 2018/2001 [14] and (EU) 2018/844 [15].

In the technical and scientific literature, energy transition, particularly for islands,
constitutes a popular and widely studied topic. The relevant articles can be distinguished
into two main categories:

e  Articles studying the technical aspects of power production systems, including the lay-
out, the operation algorithm, the introduction of new technologies or the combination
of systems, etc.

e  Articles studying the social, environmental and developmental perspectives of energy
transition.

Energy transition on islands is mainly approached using electricity production tech-
nologies from RES, supported by storage plants, formulating in this way the so-called
“hybrid power plants” (HPP). For large islands, with a power demand higher than 5 MW,
the optimum storage technology has by far been proved to be the pumped hydro storage
(PHS) systems [14-19], due to their large storage capacity, their considerably long autonomy
operation period and the low specific cost of set up, which, under favorable land morphol-
ogy and appropriate placement, can be as low as EUR 30/kWh of storage capacity [10].
PHS systems can also contribute to the regulation of the electrical grid frequency, through
both the fast and flexible operation of hydro turbines and the management of the pump
loads [20]. Thus far, there are two integrated and operating wind parks—the PHS systems
in the islands of El Hierro, Canary Islands, Spain [21,22] and Ikaria, Eastern Aegean Sea,
Greece [23].

For smaller islands, with peak demand lower than 5 MW, normally the high infrastruc-
ture set-up costs of PHS systems cannot be compensated by the relatively low electricity
demand, although there can be cases with favorable land morphology and high existing
electricity production specific cost where PHS systems can be feasible [24]. However, such
cases should be considered as exceptions. Usually, small hybrid power plants are sup-
ported by electrochemical storage devices. The scientific literature on such small systems
usually deals with their technical and economic feasibility, under alternative operation
algorithms, involved technologies and insular conditions [25-27]. The essential feature
of these technologies is their considerably high set-up cost, caused mainly by the high
procurement cost of batteries (EUR 200-500/kWh, depending on the storage technology)
and their low lifetime period, which further increases the project’s set-up cost due to the
required regular replacements [28-30]. For this reason, such systems are usually proposed
with a small number of storage modules and, subsequently, low storage capacity. Aiming
to overcome this drawback, sophisticated solutions with additional storage alternatives
are often examined, with the most popular being hydrogen production via electrolysis
units [31-33]. Finally, in case of islands with extensive agricultural and stock farming
activities, the introduction of biomass-based systems has been proposed [34]. On Réunion
Island, for example, the available biomass sources can cover more than 50% of the annual
electricity demand [35,36].

The second type of article deals with the environmental, social and economic ex-
tensions of energy transition, such as the public acceptance of energy transition projects
and the maximization of their contribution to the social and economic growth of insular
communities. Both of these subjects can be approached by following the three main pillars
of research:

o The adequate and appropriate awareness of the local communities regarding the
energy transition process, its necessity and objectives, the risks undertaken and the
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potentially required projects and, finally, the perspectives and the anticipated benefits
for the local communities. All of these can be achieved through appropriate capacity
building campaigns [37,38].

e The minimization or even the elimination of any potential impacts from the imple-
mentation of the required energy transition projects on the natural environment and
human activities. These can be achieved with the selection of optimum technologies,
their appropriate sizing [39—-41] and the selection of the installation sites following a
predefined spatial planning, which will take into account, apart from the availability
of RES potential, all existing restrictions and sensibilities of environmental, cultural,
historical and economic interest.

e  The third pillar constitutes an essential prerequisite for the achievement of the afore-
mentioned targets. This is the active involvement of the local community in the
design, the implementation and the operation and management of the energy transi-
tion projects. The most effective way for citizens and local stakeholders to be involved
in these is through energy cooperatives or communities [10,42].

From the literature search presented here, the absence of articles which examine the
energy transition holistically as a pillar for social and economic development in insular,
isolated communities is revealed. This work, by presenting the overall effort is Sifnos, aims
to introduce in the scientific literature an integrated pilot case for how rational and effective
energy transition can be exploited in order to achieve the sustainable and fair development
of entire insular communities, without inequalities or discrimination. This is achieved by
introducing for the first time an integrated cluster of projects which operate in a combined
mode, with a hybrid power plant being the basic component. New operation algorithms
have been also introduced.

1.3. Energy Transition on Sifnos—The Sifnos Energy Community

The idea and the necessity for energy transition on Sifnos was transferred to the
islanders directly through their contacts with energy cooperatives from other countries,
given the following facts on Sifnos:

e  The strong dependence of the island on imported energy sources.

e  The high electricity production cost [10].

e  The fact that the final electricity procurement price for the final consumers is equal
everywhere in Greece, regardless of the differences in the levelized energy production
cost between the mainland and the insular grids. This means that the mainland
consumers subsidize the low electricity procurement price in the insular, autonomous
grids in Greece by paying a higher price than the levelized production cost in the
interconnected mainland grid.

e  The forthcoming liberalization of the electricity wholesale market, which will proba-
bly overturn the previously described status regarding the equal electricity price in
Greece [43,44].

e  The high investment interest from private investors for the development of electricity
production plants from RES on the Greek islands, revealing, on the one hand, the high
available wind and solar potential and threatening, on the other hand, to modify the
insular environments in decentralized industrial zones through the development of
disproportional large projects in these small and sensitive natural ecosystems [45].

e  The European Commission directives and what happens in Europe with the founda-
tion and the activation of hundreds of Energy Cooperatives.

Given the aforementioned facts, some few tens of Sifnos residents founded, in 2013,
the Sifnos Island Cooperative (SIC) [46], aiming to drive a rational, fair and effective energy
transition for their island, with the optimum possible benefits for their community. At that
time, the SIC was the first cooperative scheme among insular Greece communities. Today,
the SIC has transformed into the Sifnos Energy Community (SEC). More than 150 Sifnos
families, out of the 800 in total, together with the Municipality of Sifnos and a number of
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members outside Sifnos, participate in the SEC, making it the largest in Greece with regard
to its size per capita.
To date, the SEC has been active in the following initiatives and projects:

e  Capacity building of the local insular community based on the concept of energy
transition and the objectives of the SEC.

e  The design, the siting, the sizing and the submission for licensing of a hybrid power
plant, consisting of a wind park and a PHS system, with the target to undertake 100%
of the current and the future electricity consumption in the island, accounting also
for the transition to e-mobility and additional expected electricity loads [47,48]. The
project was designed and licensed despite the fact that the electricity selling price from
the HPP to the grid still remains unknown, due to revisions of the relevant legislation.

e In November 2018, the SIC joined the European Commission network of the “Clean
Energy for EU Islands” initiative and was declared as one of the six pilot islands of the
European Union. As a pilot island, the SIC undertook and fulfilled the obligation of
the design and the writing of the Clean Energy Transition Agenda (CETA) [6].

The distinction of Sifnos as one of the six pilot islands by the European Commission
constitutes a reward for the efforts of the SIC since 2013. At the same time, it reveals the
innovation and the challenges of the overall venture, while it designates the route towards
energy transition on Sifnos as a pilot for the whole of Europe. Indeed, the SEC’s initiative,
particularly through the design and the development of the hybrid power plant, has the
following innovative features at the global level:

e Itis the first project at the global level involving a hybrid power plant based on the
combined operation of a wind park and PHS system operating with seawater.

e Itis the first project at the global level with a sizing which aims at 100% electricity
demand coverage in an autonomous, non-interconnected insular electrical system.

o [t is the first project at the global level which aims at achieving 100% coverage of
the needs of all final energy forms in an autonomous, non-interconnected island,
implemented by a local energy cooperative scheme.

Given the above facts, the successful integration of the SEC’s targets and objectives
constitutes a pan-European target, and will act as a pilot for all European Islands.

2. Methodology

This article aimed to present the potential of energy transition in insular systems
for social and economic transition and development, once planned and implemented
appropriately, with the active involvement of local communities. To this end, the example
of the Sifnos Energy Community was examined and presented as a pilot case.

The article firstly presented the current energy consumption on the island, together
with social and economic features which outline the weak points and the clear growth
trend. Energy transition on Sifnos was designed on the basis of a major project, a hybrid
power plant consisting of a wind park and a PHS system, thoroughly presented in Section 2,
regarding its essential aspects: planning, operation algorithm and sizing. The sizing was
executed according to a single and clear criterion: the ability of the hybrid power plant
to fully undertake the electricity consumption on Sifnos. The goal was 100% real-time
and annual electricity coverage from the hybrid power plant. No other dimensioning
criteria were introduced. Once the operation algorithm was computationally simulated,
the application was executed iteratively, by alternating the wind parks” power and the
storage reservoir capacity, until the aforementioned target was met, with the minimum
possible set-up cost. The introduced hybrid power plant was finally evaluated with the use
of the Wind Farm R5 software versus its potential impacts on the natural environment and
existing human activities aiming at their elimination, so as to ensure public acceptance and
accelerate the licensing process period.

This article also made extensive reference to the development perspectives on Sifnos,
arising from the exploitation of the electricity production surplus from the hybrid plant. The
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excess electricity can support the full transition to e-mobility for the transportation on the
island, the increase in potable water production through desalination plants and hydrogen
production to power a daily voyage which will address insular isolation, especially during
winter. The annual operation of the hydrogen production and storage plant was also
computationally simulated, and it was designed to cover the annually required amount
of hydrogen for the execution of the voyage on a daily basis. Through this analysis, the
article proves the strong developmental perspectives created for the insular community via
energy transition.

Finally, the article was integrated with the analysis and discussions of two major
uncertainties, with regard to the implementation of the hybrid plant: the forthcoming
electrical interconnection of Sifnos with the mainland grid and the produced electricity
selling price, which has not been configured yet. By accomplishing an essential economic
analysis of the hybrid plant’s investment and by considering several failure events that
occurred in similar interconnected island cases, this article aimed to predict and set any
potential risks and thresholds (e.g., for the electricity selling price), in order to ensure the
feasibility and the economic viability of the proposed hybrid plant.

The present article aspired to constitute a reference document on the way that en-
ergy transition can be transformed into a pillar for social and economic transition and
development for insular communities.

3. The Hybrid Power Plant of Sifnos
3.1. Essential Features

The hybrid power plant on Sifnos was designed with the essential objective to fully
cover the electricity consumption on the island, as is expected to be formulated in the future
with the achievement of energy transition for all final energy needs in all sectors (residential,
tertiary, primary, municipal facilities, and transportation on the island). Aiming at the
construction of a project with the minimum possible set-up and operation cost, adequate
storage capacity and technical operational features appropriate to support the insular grid’s
requirements regarding stability, dynamic security and power quality, a wind park and a
PHS system were selected.

PHS was selected as the optimum storage technology, given the fact that it is the only
mature technology with which storage capacities in the range of hundreds of MWhs can
be achieved [49-51]. Additionally, the PHS system, under proper maintenance, exhibits
a life period of multiple decades, unlike the short life period of electrochemical storage
devices [49]. Given the lack of adequate potable water for the needs of the PHS, the use of
seawater was selected as the only available alternative [52-54].

A wind park was selected instead of a photovoltaic park, given the capacity factors of
wind parks in Greek islands being almost double those of photovoltaics. Additionally, the
large storage capacity of the PHS system ensures the long autonomy operation period of
the storage plant, without intermediate storage from the RES plant (e.g., in case of a long
period with low wind), making the parallel production of an alternative RES technology
unnecessary (e.g., photovoltaics).

The hybrid power plant’s sizing was established through the computational simulation
of its annual operation, executed with a relevant application designed and developed by
the project’s scientific team [10]. The hybrid plant’s operation algorithm is presented in the
following section.

3.2. The Hybrid Power Plant’s Operation Algorithm
The operation algorithm of the hybrid power plant is presented below.

1. The calculation data of the overall process are the power production Prgs from the
hybrid power plant’s RES unit (namely the wind park) and the power demand Py.
These data are introduced with the annual time series of hourly average values. For
every time step, the following calculations are executed.
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In order to ensure the dynamic security and the stability of the insular grid, the wind
power penetration Prgsp, for the power demand direct coverage is limited up to a
maximum percentage a, equal to 40% over the power demand. This means that the
wind park’s direct penetration Prgsp will be equal to:

i if Prgs > a-Pg, then Prgsp = a-Py 1
ii. if Pres < a-Pg, then Prgsp = PRres. 2
After the wind power direct penetration, the remaining power demand P ;e Will be:
Pirem = Pq — Presp- 3)

The power available for storage Prgs,y will be:
Presav = Pres — Presp. 4

The water volume Vp required to be pumped in the PHS upper reservoir, so that the
available power Prps,y for a time step of duration t can be stored, is given by the
following relationship (where v is the water specific weight, Hp is the total pumping
head and np is the pumps’ average efficiency) [55]:

Vp =Np-Presav-t/v-Hp. @)

The water volume VT required to be supplied from the upper reservoir, so that the
remaining power demand Pyq — Presp for a time step of duration t can be covered by
the hydro turbines, is given by the following relationship (where Hj, is the total water
falling head and 1, is the hydro turbines’ average efficiency) [55]:

V1 =(Pq — Presp)-t/nn-y-Hp. (6)

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

Vst(j) = Vst(j -+ Vp — Vh. (7)

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

i. If Vst(j) > Vimax, then (where Pg; is the power storage, Psyr is the wind power
production surplus, and P}, and Py, represent the electricity power production
from the hydro turbines and the thermal generators, respectively) [55]:

Py =Pq — Presp 8

Py =0 )

Pst =v-Hp*(Vmax — Vt(j))/ (tmp) (10)

Psur = Presav — Pst (11)

Vit(j) = Vimax. (12)

ii. If V&i(j) < Vmax, then the remaining water volume in the upper reservoir is

checked as to whether it is lower or not than the minimum water volume
which is always contained in the reservoir, due to constructive limitations:
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a. if Vgt(j) < Vmin, then the water volume contained in the upper reservoir
is not enough to undertake the remaining power demand coverage. In
this case [55]:

Pp = nn-y-Hi(Vst()) — Vmin)/t (13)

Py =Py — Presp — Pn (14)

Pst = PRrEsav (15)

Psur =0 (16)

Vst(j) = Vimin- (17)

b. if Vst(j) > Vmin, then the remaining power demand can be covered by

the hydro turbines, hence, the power produced by the hydro turbines
is calculated by using Equation (8) and the power produced by the
thermal generators is null (Equation (9)). Additionally, the power
storage is given by Equation (15) and the power production surplus
from the wind park is null (Equation (16)). Finally, the remaining water
volume in the upper tank is given by the Equation (7).

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.

3.3. Computational Simulation Data

For the computational simulation of the hybrid power plant’s annual operation, a
new power demand annual time series was developed, as the aggregate of the current
power demand and the electrical vehicles (EVs) charging load, anticipated due to the
full transition to e-mobility. For the estimation of the latter, according to the CETA [6],
the annual existing final energy consumption for the transportation on the island was
calculated at 17,281 MWh. Considering the lower calorific value of diesel oil and gasoline at
10.0 and 8.9 kWh/L, respectively [56], an average fuel-specific consumption in conventional
vehicles of 7.5 L /100 km and an average electricity-specific consumption of a corresponding
electrical vehicle of 20 kWh/100 km [57], the total electricity consumption for the full
transition to e-mobility for the onshore transportations was calculated at 1500 MWh.

The new power demand for charging EVs was developed by introducing a daily
charging profile, shown in Figure 5, based on existing literature approaches [58]. Different
charging load daily profiles were introduced for EVs charging at home, at work and at
public charging stations. The annual EV charging load time series was developed by simply
replicating the daily profiles for the whole year.
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Figure 5. Daily charging load profiles for the EVs.
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The newly developed annual power demand time series is presented in Figure 6. The
annual peak demand and the annual electricity consumption are calculated as being equal
to 6.71 and 20,357 MWh, respectively.
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Figure 6. Final annual power demand time series with the introduction of the EV charging load.

The wind potential at the wind park’s installation site was evaluated with certified
wind potential measurements accomplished over a period of 14 months, from July 2016
to September 2017, covering the summer months twice, namely the crucial peak demand
period. The average wind velocity during the measurement period was 9.89 m/s, classi-
fying the available wind potential among the highest in Europe [59]. Most importantly,
during July and August, namely during the peak demand period, the average monthly
wind velocity was measured at 11.8 and 9.1 m/s, respectively, in 2016, and at 10.1 and
12.0 m/s, respectively, in 2017, revealing concurrency between the availability of high wind
potential and the peak demand period. In Figure 7, the wind rose and the wind velocity
Weibull distribution (C = 11.2 m/s, k = 1.91) are presented, based on the available measure-
ments [60]. Another important feature revealed from the wind rose graph is the almost
constant wind blowing direction from the north-northeast, perpendicular to the mountain’s
ridge orientation. This feature, apart from the minimization of the wake shading losses,
is expected to provide an important contribution to the insular grid’s stability, due to
the stable, scarcely fluctuating northerly winds, enabling the more secure and constant
production of the wind turbines.

Weibull probability (%)
O =, N WA GO N ®

0 10 20 30 40
(@) 35% (b) Wind velocity (m/s)

Figure 7. (a) Wind rose and (b) Weibull probability density distribution based on the executed wind
potential measurements.

4. Results
4.1. Planning and Sizing Results

The annual operation of the proposed hybrid power plant on Sifnos was computation-
ally simulated, following the previously presented operation algorithm. The hybrid power
plant’s sizing was established through the iterative execution of the simulation for different
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dimensioning scenarios, until the essential objective was fulfilled, namely the 100% annual
electricity demand coverage of the hybrid power plant.
The size of the main components of the hybrid power plant is given below:

e  Wind park: four Enercon E-82/E4 wind turbines with a nominal power of 3000 kW
each and a rotor diameter of 82 m, giving a total wind park power of 12 MW.
e PHS:

- upper reservoir with a storage capacity of 1106,057 m® and an absolute altitude of
its free surface at its upmost position of 332 m

- hydroelectric power plant with four Pelton hydro turbines with a nominal power
of 2.185 MW each, providing a total plant capacity of 8.74 MW

- apump station with twelve centrifugal pumps with nominal mechanical power of
0.857 MW each, providing a total station nominal mechanical power of 10.28 MW

- two of pipelines exclusively for the transportation of water from the upper reser-
voir to the hydroelectric power plant and another two exclusively for the trans-
portation of the pumped water from the sea to the upper reservoir, constructed
from glass-reinforced polyester (GRP), with an inner diameter of 1 m.

The available storage capacity of the upper reservoir in combination with the absolute
altitude of its installation site offers a storage capacity of 860 MWh. Accounting for the
current daily average electricity consumption, this energy storage capacity imposes an
autonomy operation period of the PHS system for 16 days (full coverage of the power
demand), starting from a full charge level and without any intermediate storage during
this period.

The installation site of the hybrid power plant is located on the northeast coast of the
island and is depicted in Figure 8.
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Figure 8. The siting of the hybrid power plant.
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As seen in Figure 8, the wind park is at the same installation site as the upper reservoir,

a highly important feature for the minimization of the project’s set-up cost and the elimi-
nation of the project’s impacts on the natural environment and existing human activities.
The hydroelectric power plant and the pump station are sited on the northeast coastline of
the island.

The installation position combines a cluster of favorable features which make it ideal

for the specific project, such as:

the availability of a relatively flat area at the upper reservoir’s installation loca-
tion minimizes the required excavation works for the configuration of the upper
reservoir’s basin

the mild slopes of the wind park’s installation hill, without any abrupt changes in
the land morphology, favor smooth wind flow, without atmospheric boundary layer
detachment and shear effect (Figure 9)

the wind park’s installation position is free of physical or technical obstacles towards
the sea, thus allowing unobstructed wind flow from the prevailing blowing direction
(northeast) towards the turbines’ rotors, without any deterioration of its kinetic energy
the mild slopes of the penstock installation land provide easy and secure access for
the pipelines’ installation on the surface, avoiding the need for the construction of
expensive underground tunnels

the relatively flat area along the coastline enables its configuration for the erection of
the hydroelectric power plant and the pump station without excessive land works
the installation site is located far enough from all settlements on Sifnos and outside
of any site of cultural and historical interest, as well as the Natura 2000 region found
in the central and western part of the island, facilitating, in this way, the licensing
process and ensuring widespread acceptance from the local community and any
environmental organizations.

Figure 9. Siting of the wind park over a 3D annual average wind velocity background.
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The installation position was selected by the scientific team together with the founding
members of the SIC. The aforementioned positive features reveal the potential when the
technical expertise of experienced consultants is combined with the deep knowledge of
the available territory, supplied by the local citizens, and their interest in achieving the
optimum possible results of their initiative.

The results regarding the annual electricity production and storage, presented in
Table 3, were calculated by integrating the corresponding annual power production or
storage time series. As seen in this table, the fundamental objective of the hybrid power
plant, namely the 100% coverage of the electricity demand in real time and on an annual
basis, is achieved with the proposed sizing and synthesis.

Table 3. Analysis of the annual electricity production on Sifnos in 2021.

Magnitude Amount
Total initial annual production from the wind park (MWh) 44,9614
Annual direct electricity penetration from the wind park (MWh) 4627.8
Annual electricity production from the hydro turbines (MWh) 13,946.9
Annual electricity production from the existing wind park (MWh) 1524.7
Annual electricity production from the existing photovoltaics (MWh) 257.3
Total annual electricity production (MWh) 20,356.7
Annual electricity consumption coverage from RES (%) 100.0
Annual electricity storage (MWh) 21,649.9
PHS system total average annual efficiency (%) 66.0
Annual electricity production from the wind park surplus (MWh) 23,311.5
Annual electricity surplus percentage over the wind park’s production (%) 51.8

However, the wind park’s high electricity production surplus, calculated at 23,311 MWh
(51.8% of its initial electricity production), is also observed in this table. This annual
electricity surplus is the result of wind power production which can neither penetrate
for direct power demand coverage, due to the maximum instant penetration percentage
limit, nor be stored in the PHS system because of the fully charged upper reservoir. This
electricity surplus at a first glance features as a drawback due to the hybrid power plant’s
oversizing, meaning that it can cope with the increasing power demand during summer.
However, given the purpose and the objectives of the SEC, this additional electricity can
be turned into a lever for the development of new, developmental activities on the island,
thoroughly analyzed in the next section.

The annual power production synthesis graph is given in Figure 10a, while in Figure 10b,
a power production synthesis graph is presented focused on a 10-day time interval during
the peak demand period.

In Figure 11, the annual fluctuation of the water volume stored in the upper reservoir
is depicted. The upper reservoir is full for most of the time from October to May. In summer,
due to the increasing power demand, the water volume in the reservoir gradually decreases.
The reservoir is never empty, and hence there is always enough water in the reservoir to
address the power demand and achieve 100% annual electricity demand coverage.
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Figure 11. Annual fluctuation of the water volume stored in the PHS system upper reservoir.

4.2. Impacts on the Natural and Human Environment

The installation site of the hybrid power plant was selected after a thorough examina-
tion of all potential alternatives on the insular territory. This was the result of the common
effort of the project’s consultants and the founding members of the SIC. As already men-
tioned previously, the finally selected site combines several favorable features. It is outside
of any potential site of interest, such as NATURA 2000 regions, natural wetlands, natural
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monuments, archaeological zones, wildlife habitats, etc., as seen in Figure 12. Additionally,
10 out of the 13 of the total settlements on Sifnos are located more than 3000 m away from
the installation site. The nearest officially defined settlement (Agia Marina) is located
2.3 km away from the installation site. The nearest unofficial settlement (Troullaki) is
located 1.5 km away.

9)

f AN

BB

| |

N
- "|Hybrid power plant's '
installation site

lg, are

WOHES X N
ale

GR15

m\ L
N

o

\Siin

Wildlife habitat

& AL “
K503

\
\
)

1\
\ e V7
%2 . > 2] XA N\ Z
105 ) =5 2 = =
¥
ile
i

\
K
I
/
e/
/ e

i
w/ o\

Figure 12. Distance of the hybrid power plant’s installation site from the points of interest on
the island.

The installation site is located inside an Important Birds Area, as declared by the
Hellenic Ornithological Society (HOS), with the code number gr151 [61]. The area has not
been characterized as a Special Protection Area of the NATURA 2000 network, due to the
low concentration of the important bird species population (raptors) [62].

Thanks to the selected installation site, the project has negligible impacts on any
existing human activities and the natural environment. The zone of visual impact is
presented in Figure 13, while in Figure 14, the noise diffusion map is presented. Both
calculations were executed with the use of the Wind Farm R5 software. The wind park
will be visible only from the settlement of Troullaki, from a distance of 1.5 km. There is
also visual contact with Apollonia, but from a distance longer than 5 km, and hence the
impact is not considered important [63]. Additionally, maximum noise level calculated in
inhabited areas due to the wind turbines operation is lower than 30 dB(A), and hence this
impact is also negligible.
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Figure 13. Zone of visual impact map of the wind park on Sifnos.

Finally, in Figure 15, the annual optical shading of the wind park on the settlement of
Troullaki is depicted. The settlement, as shown in Figure 12, is located to the west of the
wind park’s site. Hence, any potential shading can only occur during sunrise. Indeed, as
shown in Figure 15, the shading periods are restricted solely to during the early morning
hours (the daily period on the y-axis, the annual period on the x-axis). Additionally, shading
occurs between the 90th and the 120th day (April) and between the 220th and the 250th
day of the year (August, September). In total, the settlement’s shading occurs for 37 days
during a year, with maximum shading time per day of 13.2 min and a total annual shading
time 6.3 h. These results were calculated for the worst case scenario, namely by assuming
clear sky and atmosphere (no clouds, fog or airborne particles) during the specific time
periods when the turbines’ shadow falls on the particular settlement. This optical shading
should be considered minor or even negligible, given that the wind turbine’s shade fades
with distance and for distances longer than 1.5 km, it is practically imperceivable [64].
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Figure 14. The wind turbines” aerodynamic noise diffusion map on Sifnos.
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Figure 15. Annual fluctuation of the wind turbines” optical shading on the settlement of Troullaki.

The scope of this analysis is to prove that RES projects can have negligible impacts on
the natural environment and human activities when once the installation site, the project’s
size and the optimum technologies are appropriately selected. Such results can be achieved
with the collaboration of experienced consultants with the local community.
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5. Extensions
5.1. Development Perspectives

The proposed hybrid power plant can provide a multi-level contribution to the social
and economic development of the local society, given that the project is implemented
by the local islanders themselves, through the cooperative scheme of the Sifnos Energy
Community. The tool for this multi-level contribution comes mainly from the electricity
surplus produced by the hybrid plant and, in particular, its potential exploitation for
specific activities which will enable full energy transition, on the one hand, and will create
strong development perspectives on the other.

First of all, a major problem on Sifnos is its maritime connection with the neighboring
islands, especially during winter, when the scheduled voyages are not executed on a daily
basis. This problem is further intensified given that Sifnos, being a small island, does not
have an airport. The produced electricity surplus can be exploited for hydrogen produc-
tion, in order to be used to power a small passenger ship, with which a daily maritime
transportation connection between Sifnos and the nearby islands can be established.

The hydrogen production process can be easily simulated following the steps described
below. Firstly, the annual power surplus time series Py is introduced as calculated by the
executed computational simulation. For every calculation step of duration t (hourly), the
following tasks are performed:

1. If Pg is the electrolysis device’s nominal power, then the absorbed power by the
electrolysis device Prgge) Will be:

i if Pgyr > Pel/ PRESel = Pel (18)

ii. if Psur < Pqp, Presel = Psur (19)

2. If epyq is the specific electricity consumption per produced hydrogen unit of mass
(typically 53.5 kWh/kg [65,66]), the produced hydrogen mass m,; will be:

P -t
Chyd

3. At the same time step, let mcons be the consumed hydrogen mass for the needs of the
passenger ship. For a passenger capacity of 100 people, an on the safe side assumption
regarding the hydrogen-specific consumption is 3 kg/nm [67].

4. The mass mg(j) of hydrogen which will remain stored in the storage tank at the end
of the current calculation time step j equals:

mgt(j) = mgt(j — 1) + Mg — Meons (21)

where mgt(j — 1) is the remaining hydrogen’s mass in the storage tank at the end of
the precedent time step j — 1.
5. The new pressure in the hydrogen storage tank is calculated with the relationship:

Ptank (]) :m%s(t]) ‘ReTiank (]) (22)

where Vy; is the volume storage capacity of the storage tank and Ty, (j) the hydrogen
temperature in the tank, which can be considered equal to the ambient temperature.
R is the hydrogen’s ideal gas constant, equal to 4124.2 J/(kgK).

6. It is examined whether the new pressure in the hydrogen tank is lower than the
minimum ppin (€.g., 5 bar) or higher than the maximum possible pmax value. The
following cases are distinguished:

i If Ptank(j) < Pmin, then:
Meons = 0 (23)
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mgt(j) = ms(j — 1) + mg. (24)
ii. If prank(j) > Pmax, then:
PRregel = 0 (25)
mg =0 (26)
mt(j) = Mgt (j — 1) — Meons. (27)
iii. If Pmin < P(j) < Pmax, then the magnitudes of Prgse], me), and mg(j) and are

calculated with Relationships (18)—(21).

A circular voyage from the marina of Platis Yialos on the southern coast of Sifnos, to
the marina of Pollonia on the northeast coast of Milos and then to the port of Paroikia in
Paros and the port of Ermoupoli in Syros (capital of the Cyclades Prefecture) and then back
to Platis Yialos (Figure 16) covers a total distance of 110 nm. Given the hydrogen-specific
consumption of 3 kg/nm, the daily amount of hydrogen required for this voyage will be
330 kg, which, for the needs of the simulation, can be assumed to be removed from the
hydrogen storage tanks at 12:00 every day.
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Figure 16. Map of the potential circular ship voyage for the daily maritime connection between Sifnos
and the neighboring islands.

The previously presented algorithm is executed iteratively for alternative scenarios for
the main components of the hydrogen production and storage plant, namely the electrolysis
unit’s nominal power and the storage tanks’ storage capacity and nominal power. The
results are summarized in Table 4.
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Table 4. Summary of results from the iterative calculation process of the hydrogen production and
storage plant.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Electrolysis nominal power (MW) 4 5 5 5
Hydrogen tanks storage capacity (m?) 500 500 400 500
Hydrogen tanks nominal pressure (bar) 300 250 300 300
Hydrogen annual demand (kg) 120,450 120,450 120,450 120,450
Hydrogen annual supply (kg) 118,800 118,800 118,140 120,450
Annual electricity consumption (MWh) 6767 6655 6597 6857

In Figure 17, the annual pressure fluctuation in the hydrogen storage tank is presented.
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Figure 17. Annual pressure fluctuation in the hydrogen storage tank.

It is conceivable that the potential hydrogen production from the hybrid power plant’s
electricity surplus is capable of fueling the regular, daily, cheap, secure and sustainable
maritime connection between Sifnos and the most important nearby insular centers of the
Cyclades Prefecture.

Another important contribution from the hybrid plant is the remedying of the major
problem regarding potable water availability, which is common for all small islands in
Greece. Assuming an electricity-specific consumption of 4 kWh/m?3 in the reverse osmosis
desalination process, 1,250,000 m? of potable water can be produced annually by exploiting
5000 MWh from the annual electricity surplus. This amount is roughly two times higher
than the current annual potable water consumption on the island. This increasing potable
water availability can be the basis for the development of new professional activities, such
as biological agriculture and stock farming, which today are not implemented precisely due
to the lack of water [68]. These new professional activities will expand the local economy
and will enable its disengagement from its high dependence on tourism.

The above perspectives demonstrate the multi-level contributions provided by the
proposed hybrid power plant on Sifnos for total energy transition, through the coverage of
the overall energy needs on the island and the establishment of significant developmental
perspectives. At the same time, the introduction of new electrical loads into the insular
grid will increase the electricity demand and will strengthen the economic viability of the
hybrid plant.

Obviously, the implementation of the aforementioned plans should be approached
with the construction of the required infrastructure and facilities: hydraulic networks,
water storage tanks, desalination units, electrolysis units, hydrogen storage tanks and a
hydrogen-powered passenger ship. All these facilities can be implemented by investing the
anticipated profits from the hybrid power plant’s operation, as well as by claiming funding
in response to national and European calls for new innovative and pilot projects.



Appl. Sci. 2022, 12, 2680

23 of 32

Finally, with regard to the hybrid plant’s contribution to local development, it should
also be mentioned that it is expected to strengthen the offered tourist product on the island.
The proposed project itself, acting as the main symbol of the island’s energy transition, will
potentially be a major tourist attraction, of course based on the condition of a proper and
focused promotion of Sifnos as the first “green island” at the global scale, while achieving
100% energy transition, energy independence and democracy, and a sustainable and fair
development pattern for all islanders.

5.2. Rational Use of Energy

The electricity production and storage from the hybrid power plant, as well as the
transition to e-mobility and the aforementioned accompanied activities, will inevitably
be combined with parallel energy saving actions, through calls for funding, periodically
available both for public-municipal and private properties.

In insular communities in Greece, for example, more than 80% of the existing building
stock is evaluated at energy performance rank D or lower [69-71]. This means that with
the introduction of the appropriate energy performance upgrade measures, annual energy
savings in the range of 40-60% can be achieved in buildings alone [4,5,72]. Equal energy
savings can be achieved in potable water production and supply facilities [73,74].

A crucial issue for the successful and adequate operation of the hybrid power plant
is the peak demand drop and the flattening of the daily demand profile. This can be
achieved with the introduction of demand-side management (DSM) essential strategies,
such as decentralized power production and storage, integrated within a new smart grid
layout [75,76]. In Figure 18, the outcome of the introduction of small photovoltaic stations,
for example in buildings’ roofs, and small electrochemical storage units is presented. It
was assumed that 200 families on Sifnos installed a 3 kW photovoltaic station each, while
100 families installed one storage device with a storage capacity of 10 kWh and a charge-
discharge capacity of 10 kW. Electricity storage during the low demand period is performed
with these decentralized storage devices, in order to be injected back in the grid during
the peak demand period. The result of this combined decentralized power production and
storage process is the so-called “peak demand shaving” (power demand transfer from the
peak period to off-peak periods).
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Figure 18. Peak demand shaving on Sifnos with decentralized electricity production and storage.

The decentralized electricity production from photovoltaics exhibits a payback period
of 5-6 years, calculated on the basis of the avoided electricity procurement cost (with an
assumed electricity price of EUR 0.17/kWh). However, the installation of decentralized
electricity storage devices for peak demand shaving does not today constitute an economi-
cally viable option, due to their high procurement price and short lifetime (for lithium-ion
batteries, indicatively USD 400/kWh of storage capacity and 10 years, respectively). Based



Appl. Sci. 2022, 12, 2680

24 of 32

on the assumption of a probable future drop in these prices in the range of EUR 100/kWh,
then if a profit of USD 0.09/kWh is gained for each injected kWh of electricity in the insular
grid during the peak demand period, and the investment will exhibit a payback period of
5 years, and hence it can be considered as an economic feasible perspective.

The overall energy transition plan with the developmental perspectives analyzed
previously are graphically summarized in Figure 19.
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Figure 19. The overall energy transition plan on Sifnos with the opening developmental perspectives.

6. Uncertainties
6.1. The Interconnection of Sifnos with the Mainland Grid

The Independent Power Transmission Operator (IPTO), namely the utility in charge
for the mainland grid in Greece, has scheduled the Greek islands’ interconnection with the
mainland electrical grid [77]. This inevitably raises concerns with regard to the necessity for
the construction of the hybrid power plant, as the insular grid will have been strengthened
as a part of a considerably larger interconnected network. The obvious question is if
the storage plant will still be required or, since the insular grid will be supported by the
mainland one, if a single wind park will be enough for the compensation of the electricity
demand on an annual basis. Firstly, although the necessity of the interconnection of Sifnos
with the mainland grid is doubtless, on the other hand, it cannot guarantee the dynamic
security and the energy supply safety, given the recorded failures and faults on islands
interconnected with mainland grids or with neighboring insular grids. Interconnection
cable faults in the Aran Islands, Ireland (5 August 2016) [78], in Menorca, the Balearic
Islands, Spain (23 May 2015 and in October 2017) [79], in Tilos, Greece (17 January 2016)
and in Kassos, Greece (25 July 2003) have led to total or partial loss for 1 day in Tilos, 3 days
in Aran Islands and 6 days in Kasos. It is thus concluded that the only way to ensure a
secure power supply in an insular system, regardless of whether it is interconnected or not,
is the maintenance of guaranteed power production on the island.

Guaranteed power production can be supplied either by keeping the thermal gener-
ators in stand-by operational mode, or with the installation of electricity storage plants.
The first alternative requires that the operator uses the fixed electricity production unit
(EUR 121.45/MWh on Sifnos) [8]. By accounting for the electricity production cost in the
mainland grid (EUR 58.099/MWh in summer 2021 [9]) and the transportation losses, the
total electricity production cost on Sifnos will be configured higher than EUR 200/ MWh.
Consequently, in this way, firstly the anticipated drop in the electricity production cost is
not achieved, at least to expected extent, while, secondly, the electricity production on the
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island will still be dependent on imported fossil fuels, and hence the major objective of the
energy transition objective for energy independence is not fulfilled.

At the same time, the necessity of the introduction of electricity storage plants even
in the Greek mainland grid has been assessed by the Greek Ministry of Energy and En-
vironment as an essential step for the secure integration of the continuously increasing
installation of RES projects. The Ministry has announced the forthcoming administrative
and licensing process for the installation of single electricity storage plants, namely not
necessarily as a component of a hybrid power plant. The enactment of the development
process for electricity storage plants, together with a relevant framework which will ensure
their economic viability through the assessment of a sensible and justified electricity selling
policy, will guarantee the technical feasibility and the economic viability of the hybrid
power plant on Sifnos, even in the case of a potential future interconnection of this insular
community with the mainland grid.

6.2. The Electricity Selling Price

A major parameter regarding the economic viability of the proposed project is the
selling price of the electricity produced by the hybrid power plant. The impact of selling
the electricity on the investment’s economic efficiency, expressed via typical economic
indices, is shown in Table 5. It is clarified that the total set-up cost has been estimated
at EUR 37,255,000, while the funding scheme is configured, given the gathered letters of
intent, at 13% private contributions and 87% banking loans, with a payback period of
15 years and a rate of 1.5%. The economic indices presented in Table 5 were calculated
versus private capital.

Table 5. Impact of the electricity selling price on the investment’s economic efficiency.

Economic Indices

Electricity Selling - -
Price (EUR/KWh) Payback Period Dlscou.nted Payback IRR (%) NPV (EUR) ROI (%) ROE (%)
(Years) Period (Years)

0.18 >20 >20 -1.3 —4,161,682 1.6 124
0.20 19.0 >20 1.6 —1,373,986 9.1 71.1
0.22 17.0 18.2 5.6 2,414,699 19.2 150.8
0.24 15.3 15.9 9.9 6,203,385 29.4 230.6
0.26 8.2 9.7 14.5 9,992,071 39.6 310.4

The strong influence of the electricity selling price on the investment’s economic
efficiency is obvious, as expected. Following a legislation revision in Greece, performed in
2020, the selling price for the electricity produced by hybrid power plants will be defined by
a relevant Ministerial Decision [80], without giving any references to the adopted algorithm,
the parameters and the criteria. It is therefore conceivable that the implementation of this
highly promising project on Sifnos, with all these developmental perspectives mentioned
and justified in this article, remains unsure as long as the electricity selling price has not
been defined.

According to the data presented in Table 5, the investment’s economic viability is
ensured with a selling price for the produced electricity in the range of EUR 0.26/kWh. This
price is 30% higher than the electricity production-specific cost of EUR 200/MWHh, which
refers to the operation of the interconnected grid of Sifnos in the future, assuming electricity
production cost in the mainland system in the range configured until summer 2021. This
scenario also imposes the maintenance of the existing thermal generators in stand-by
operation mode. However, given the abrupt and significant electricity production cost
increase recorded during the last months of 2021, the average electricity procurement price
for the final consumers in Greece was configured at 0.25 EUR/kWh in December 2021 [81].
This justifies the configuration of the electricity selling price at the aforementioned value,
which ensures the project’s viability.
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It must be also noted that it is adequate to maintain the aforementioned selling price
for as long as the payback period of the banking loans will last, namely for 15 years. Once
the banking monetary obligations have been fulfilled, the electricity selling price can be
reduced to the level of EUR 0.15/kWh.

It is thus proved that with the proposed hybrid power plant, the minimum possible
electricity production cost and selling price for the final consumer can be achieved, with
concurrent establishment of a guaranteed power production process on the island based on
RES and the total independence of imported energy sources. At the same time, a cluster of
developmental perspectives is offered for the local insular community. Finally, according
to the estimated set-up cost of the storage plant (EUR 25,800,000) and the achieved energy
storage capacity in the upper reservoir (860 MWh), the set-up levelized cost of the PHS
system is calculated at EUR 0.30/kWh of storage capacity.

A summary of the aforementioned uncertainties regarding the implementation of the
hybrid power plant is given in Table 6.

Table 6. Summary and evaluation of the uncertainties on the hybrid power plant implementation.

Uncertainty Probability Potential Risk Impact Proposed Risk-Mitigation Measures
Electrical High Unnecessary . The necessity of storage plants .
. . . . increases even for the mainland grid
interconnection of (given the IPTO plans construction of the Low . . . . .
- . with the increase in the installation of
Sifnos and announcements) hybrid power plant .
RES projects
Medium
Electricity selling (given the necessity for Effect on the The Greek state should realise the
price from the both cheap electricity ~ economic viability of High necessity of supporting these projects
hybrid power plant  and economic viability the project with guaranteed selling prices
of the project)

7. Conclusions

The Sifnos Energy Community, through its initiative for rational and effective energy
transition in the island, gained the distinction of the declaration of Sifnos as one of the
six pilot islands of the European Commission. The hybrid power plant presented in this
article features as the main symbol of energy transition on Sifnos. It exhibits three main
innovative points, which designate it at the global level as a unique pilot project:

e  Itis the first project involving a hybrid power plant based on the combined operation
of a wind park and PHS system operating with seawater.

e  ltis the first project with a sizing which aims at 100% electricity demand coverage in
an autonomous, non-interconnected insular electrical system.

e It is the first project which aims at 100% coverage of all final energy needs in an
autonomous, non-interconnected island, implemented by a local energy coopera-
tive scheme.

The selected technologies, namely the wind park and the PHS system, are the only
ones that can guarantee normal, secure and economically viable energy transition on the
island. The sizing of the PHS system offers a storage capacity of 860 MWh, which imposes
an autonomy operation period of 16 days, given the daily average electricity consumption.
It also exhibits remarkably low levelized set-up cost, calculated in the range of EUR 30/kWh
of storage capacity.

The annual operation of the examined hybrid power plant was computationally
simulated adopting an annual power demand time series, introducing the expecting power
demand for full transition to e-mobility on the island. Through this process, it was shown
that the hybrid power plant with the proposed sizing can fully address the electricity power
demand on Sifnos, while at the same time maintaining the power production from the
already installed and operating wind park and decentralized small photovoltaic stations.
All of these power plants together offer a clear 100% annual electricity demand coverage.
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The hybrid power plant’s impacts on the natural environment and the human activities
are almost eliminated. This is practically achieved with the proper siting of the system’s
components. The installation site was selected in cooperation between the scientific team
and the founding members of the Sifnos Island Cooperative. Through this collaboration,
both the technical parameters and the local environment sensitivities were considered,
leading to an excellent result, both regarding the achievement of the project’s objectives
and the elimination of any potential impacts.

Beyond its purpose as a power production plant, the project offers a wide range of
developmental perspectives for the local community. These perspectives can be mainly
approached through the exploitation of the remarkable annual energy surplus for potable
water production with new desalination plants and hydrogen production which can be used
for powering a new passenger vessel which will facilitate the daily maritime connection
between Sifnos and its neighboring larger islands. In this way, the main issue of insularity
with regard to the regular, secure and cheap transportation connection of Sifnos throughout
the year is once and forever solved using a sustainable and environmentally friendly
approach. The sizing of the hydrogen production and storage plant was established based
on the computational simulation of its annual operation, proving the feasibility of the
proposed perspective. The project is finally anticipated to provide a significant contribution
to the touristic visibility of the island, based on the condition of a proper promotion
campaign of the island as the first truly green island in the world.

Additionally, with the proposed project, the island will have a guaranteed power
production plant installed in the insular territory, based on the exploitation of RES, which
can ensure a secure energy supply and the improvement of the electrical grid’s dynamic
security and stability. The plant’s ancillary services will be further strengthened with
the anticipated implementation of parallel, accompanying activities and projects on the
island, such as the execution of peak shaving and load shifting with decentralized power
production and storage, supported by the development of a local smart grid, or the in-
troduction of energy-saving measures in all sectors on the island (residences, municipal
and tourist facilities, etc.). All of these measures will lead to the reduction in both the
electricity production and, more importantly, the power demand drop, offering the margin
for the more flexible operation of the hydro turbines and further strengthening the overall
electrical system’s stability.

The electricity interconnection of Sifnos with the mainland grid cannot ensure the
electricity supply’s security and the insular grid’s stability without the maintenance of
guaranteed power production on the island. The only way to do this in the frame of energy
transition, namely without the use of thermal power plants, is the proposed hybrid power
plant. At the same time, the necessity for electricity storage has been officially recognized
by the Greek state also for the mainland system. The relevant legislation framework is
already adapted, in order to support the installation and ensure the feasibility and viability
of storage plants on the Greek mainland and in insular grids.

A crucial parameter to ensure the hybrid power plant’s economic viability, which
will actually enable the construction of the project and the fulfillment of all of the above
objectives and perspectives, is the electricity selling price, which still remains unknown.
With a price of EUR 0.26/kWh, the investment’s payback period is calculated at 8 years.
Given the recent significant increase in the electricity production cost and its procurement
prices for the final consumers, this price has become highly competitive. This price can be
reduced to in the range of EUR 0.15/kWh after 15 years of normal operation, namely after
the payback of the banking loans.

Conclusively, the proposed hybrid power plant is the only way to achieve the two
fundamental objectives of energy transition, set also as essential targets of the scheduled
interconnection of the island with the mainland grid:

e the significant reduction in the electricity production specific cost
e the elimination of the dependency of the insular power system on thermal generators
and imported fossil fuels.
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Summarizing the above, this article proves that energy transition represents an ap-
proach for sustainable and viable development for insular communities, starting from local
citizens. It proves that energy transition can constitute the lever for social and economic
development for all, once the optimum technologies are utilized at the appropriate scale,
aiming to cover all alternative final energy uses (electricity, onshore and offshore trans-
portations), sited properly to avoid any impacts on and disturbances to the natural and
human environment and, most importantly, with the active involvement and participation
of the local community.

Sifnos anticipates undertaking a pioneering role regarding energy transition for all
European islands and beyond. The successful implementation of the proposed project
and all of the accompanying activities is a target for the global insular community. Such
initiatives from local cooperative schemes can be the basis for decentralized economic and
social development for insular communities, leading, eventually, to the sustainable and
stable recovery of national economies.
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Abbreviations

APP Autonomous Power Plant

CETA Clean Energy Transition Agenda

DSM Demand Side Management

EU European Union

EVs Electrical Vehicles

GRP Glass Reinforced Polyester

HEDNO  Hellenic Electricity Distribution Network Operator SA
HOS Hellenic Ornithological Society

HPP Hybrid Power Plant

IPTO Independent Power Transmission Operator
PHS Pumped Hydro Storage

RES Renewable Energy Sources

RUE Rational Use of Energy

SEC Sifnos Energy Community

SIC Sifnos Island Cooperative
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Nomenclature

a maximum RES power penetration percentage versus the current power demand

Hy the total water falling head

Hp the total pumping head

j the current time calculation step

Py power demand

Parem the remaining power demand

Py the electricity power production from the hydro turbines

Pres power production from the RES unit (wind park)

PrESav the available power for storage

PRresp RES power penetration for the power demand direct coverage

Pt the power storage

Psur the wind power production surplus

P the electricity power production from the thermal generators

t duration of the time calculation step

Vmax the upper reservoir’s maximum capacity

Vmin the minimum water volume which is always contained in the reservoir, due to
constructive limitations

Vst () the remaining water volume the PHS upper reservoir at the end of the current

time calculation step

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

Vp the water volume required to be pumped in the PHS upper reservoir, so as the
available for storage power Prgs,y for a time step of duration t can be stored

Vr the water volume required to be supplied from the upper reservoir, so as the
remaining power demand Py-PRgsp for a time step of duration t can be covered
by the hydro turbines

2% the water specific weight

Mh the hydro turbines” average efficiency

np the pumps’ average efficiency
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