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Abstract: Wind energy and photovoltaic solar energy (PV) are the most mature renewable energy
technologies and are widely used to increase renewable energy penetration in non-interconnected
Greek islands. However, their penetration is restricted due to technical issues related to the safe
operation of autonomous power systems, the current conventional power infrastructure and their
variable power output. In this framework, renewable energy curtailment is sometimes a necessity
to ensure the balance between demand and supply. The ability of autonomous power systems to
absorb wind and PV power is related to the load demand profile, the type and the flexibility of
conventional power plants, the size of power system and the spatial dispersion of wind farms. In this
connection, a probabilistic approach for estimating wind energy curtailment is thoroughly applied in
most of the autonomous power systems in Greece, using detailed information about load demand
and conventional power supply. In parallel, high resolution mesoscale model-based hourly wind
data for typical meteorological wind year are used to represent the wind features in all the sites of
interest. Technical constraints imposed by the local power system operator, related to the commitment
of conventional power plants and the load dispatch strategies are taken into account to maximize
renewable energy penetration levels. Finally, application for wide ranges of wind and PV capacity
and the thorough analysis of the parameters leads to the presentation of comparable results and
conclusions, which could be widely used to predict wind energy curtailment in non-interconnected
power systems.

Keywords: wind energy; photovoltaics; wind curtailment; mesoscale atmospheric model;
non-interconnected power system

1. Introduction

1.1. Background

In general, energy curtailment mainly occurs in the case of an energy surplus during hours of
low demand and transmission grid inadequacy [1]. It is considered as one of the many methods that
power system’s operators use to keep a balance between supply and demand [2]. Curtailment of
variable output renewable energy, especially wind and solar, increases for high levels of wind and PV
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penetration [2]. Energy curtailment could happen in large power systems [3–5], in local clusters [6]
and especially in isolated non-interconnected power systems [2].

Energy curtailment attracts the attention of the scientific community. A reference report on wind
energy curtailment has been produced by National Renewable Energy Laboratory (NREL) in 2009,
analyzing wind curtailment in several case studies in the USA and in Europe [1]. A more recent
publication [3] reviews the international experience with curtailment of wind and solar energy in eleven
countries in Europe, North America and Asia, providing a comparison of the level of curtailment,
the causes and the market’s operational and institutional issues to reduce renewable energy curtailment.
Similar works have focused on China [4,5], parts of China such as the Northeast [6], Germany [7] and
Great Britain [8]. The effect of the spatial dispersion of wind power plants on the wind curtailment has
been analyzed for the Greek power supply system using mesoscale wind data [9].

Due to the wide range of case studies in Greece, several publications focus on wind energy
curtailment in non-interconnected Greek islands [10–12]. The relative probabilistic methodology
for the estimation of wind power curtailment with application, resulting in a specific Greek island,
was presented in 2006 [10]. A similar algorithm based on time-series data is applied in Crete island with
a comparative analysis of the results with actual data of wind curtailment [11]. A parallel evaluation of
wind energy curtailment was presented for three representative Greek islands, Serifos (small island),
Lesvos (medium island) and Crete (large island), demonstrating the use of the annual mean load to
levelize wind installed capacity instead of the peak load demand [12].

A step further, there are many papers which focus on Greek islands as a preferable and privileged
area to analyze and implement innovative concepts for the large-scale integration of renewable
energy sources. On one hand, analysis of various scenarios for Crete accents the fact that higher
than 30% of renewable energy sources in electricity supply is not easy to achieve given the existing
technical infrastructure [13]. On the other hand, most of the Greek islands are characterized by
high current electricity production costs, and the upgrade of current infrastructure through hybrid
solutions—such as pumped hydro storage systems or electrochemical lead acid batteries—could be
proved cost-effective [14]. The sodium sulfur battery energy storage system is also considered as an
effective means to reduce wind power curtailment in Crete island [15]. Recently, some innovative
projects are realized in Tilos and Ikaria islands. The former has already been completed and concerns
the development and operation of a local smart grid with a wind turbine, PV and battery [16]. The latter
was inaugurated in June 2019 and constitutes the first wind hydro pumped storage hybrid system on a
Greek island [17].

1.2. Scientific Originality

Besides the abundant wind and solar resources, the effective implementation of wind and PV into
the Greek islands is restricted due to technical aspects related to the reliability of local non-interconnected
power systems and their ability to absorb variable output renewable power. In this connection, a steady
state probabilistic approach was used to recognize the technical limits, the conditions and the
consequences from wind and PV integration into autonomous Greek power systems. Renewable energy
absorption (or equivalently its complement, the renewable power curtailment) was initially associated
with the variability of wind and solar resources and the flexibility of local power systems. In larger
systems, the annual distribution of wind power, which is strongly affected by the size of the systems
and the spatial distribution of wind farms, could have a positive impact on the ability of the power
system to absorb wind power [9]. Conventional units’ commitment, power dispatch and technical
constraints were taken into consideration to increase renewable energy penetration and ensure safe
operation of the system. Maximum safe renewable energy absorption is of crucial importance for
non-interconnected power systems and obviously affects the annual revenues of projects and the actual
renewable energy contribution.

A contiguous methodology was applied in three non-interconnected Greek islands (i.e., Serifos,
Lesvos and Crete), considering the available wind potential as an unknown parameter [12] and
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comparative results for low, moderate and high average wind speeds were presented. However,
large differences among islands occurred in wind potential and load demand profile. The former
due to complex terrain in Greece and the latter due to different levels of touristic development,
local population, quality of life and climatic conditions.

In this connection, high resolution mesoscale data were used to introduce accurate information
about wind potential in each case study. Mesoscale modeling is considered as one of the methods of
wind resource assessment, summarized in the review of Landberg et al. (2003) [18], especially when
high resolution modeling is combined with long term measurements [19]. Additionally, actual data,
such as load demand and details of local conventional power plants, were used for all the examined
non-interconnected power system case studies. The objective of this work was to identify the effect
of the parameters on the results and draw comparative conclusions about wind and PV integration
in respect to curtailment. For this purpose, all the available information was used for the thorough
analysis of Greek island case studies. As a result, an overview of the Greek islands’ power systems is
presented with details about interconnections, current wind and PV integration, conventional power
units, wind and solar potential. It was a strategic choice of this work to provide a parallel comparative
presentation of data, application, analysis and results for many case studies, in order to increase the
compatibility of the results and draw conclusions which could be used in other similar cases worldwide.

1.3. Current Power System Situation in Greek Islands

Greece has a large number of islands with an estimation of about 3000, but only 124 are inhabited.
Their size varies from many small rock-islands, up to very big islands, such as Crete which is the fourth
largest Mediterranean island. Almost 16% of the population of Greece lives on islands, while the area
of islands represents 19% of the whole Greek territory.

More than one third of the Greek islands (35%) is electrified by local power stations or are
interconnected with other contiguous islands. Local power stations use exclusively diesel and heavy
fuel oil (HFO). Another significant part of Greek islands (36%) is interconnected with the mainland,
and finally, there are still some small rock-islands (29%) without local station or interconnection.

In Table 1, a classification of Greek islands in relation with their current power system situation is
presented. In Table 2, the most important Greek islands are presented with details on their location
and information about the current power system situation. Crete and most of the islands in Cyclades,
Dodecanese, North and East Aegean Sea are not interconnected with the mainland. On the other hand,
most of the Ionian, Sporades complex and Saronic Gulf islands are interconnected with the mainland.

Table 1. Overview of the current power system situation in Greek islands.

Current Power System Situation in 124 Inhabited Islands Number of Islands Percentage

Interconnected with the mainland 45 28%
Non-interconnected with local power stations 24 20%

Interconnected with other island through local grid 19 23%
Without interconnection or local power station 36 29%
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Table 2. Power system situation of the main Greek islands at the end of 2020.

Area Island Current Power System Situation

Crete Crete Non-interconnected with local power stations

Cyclades complex

Amorgos, Anafi, Donousa, Kythnos, Milos-Kimolos, Serifos, Sifnos, Thira
(Santorini)-Thirasia Non-interconnected with local power stations

Delos, Keros, Makronisos Non-interconnected without local power stations

Andros-Tinos, Kea, Mykonos, Syros,
Paros-Antiparos-Folegandros-Ios-Irakleia-Koufonisi-Naxos-Sikinos-Schinousa Interconnected with the mainland

Dodecanese complex

Agathonisi, Astypalaia, Rhores-Chalki,
Kos-Kalymnos-Lipsi-Nisiros-Pserimos-Telendos-Tilos, Karpathos-Kasos, Patmos,

Megisti, Simi
Non-interconnected with local power stations

Arkoi, Levitha Non-interconnected without local power stations

Ionian islands
Antikithira, Erikousa, Othonoi Non-interconnected with local power stations

Scorpios, Strofades Non-interconnected without local power stations

Antipaxoi, Kefalonia, Corfu, Zakynthos, Ithaki, Kalamos, Kastos, Kythira, Leukada,
Mathraki, Meganisi, Paxoi Interconnected with the mainland

Sporades Complex
Skyros Non-interconnected with local power stations

Adelfoi, Alatas, Kyra Panagia, Peristera, Piperi Non-interconnected without local power stations

Alonisos, Evoia, Palio Trikeri, Skiathos, Skopelos Interconnected with the mainland

Islands of North Aegean
Agios Efstratios, Lesvos, Lemnos Non-interconnected with local power stations

Agios Georgios Non-interconnected without local power stations

Ammoulianoi (Agio Oros), Samothraki Interconnected with the mainland

Islands of East Aegean Chios-Psara-Oinousses, Samos-Fournoi-Thymaina, Ikaria Non-interconnected with local power stations

Agios Minas, Samiopoula Non-interconnected without local power stations

Saronic Gulf
Dokos, Spetsopoula, Trikeri Non-interconnected without local power stations

Agkistri, Aigina, Hydra, Poros, Salamina, Spetses Interconnected with the mainland

Lybian Sea Chrisi, Gaudopoula, Gaudos Non-interconnected without local power stations
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1.4. Non-Interconnected Greek Islands

In this connection, the focus was on the non-interconnected Greek islands. The islands of Mykonos,
Syros and the former local power system of Paronaxia (consisting of Paros, Antiparos, Folegandros, Ios,
Irakleia, Koufonisi, Naxos, Sikinos and Schinousa), which were recently interconnected (end of 2018),
were included in the current connection and were analyzed as non-interconnected cases (Figure 1).
According to Public Power Utility data [20], in 2016, in non-interconnected Greek islands the electricity
consumption was 5571 GWh while the cumulative peak demand was 1230 MW. The maximum electricity
demand was reached in 2010, while the electricity consumption over the last six years decreased due
to the economic crisis. The cumulative conventional installed capacity in non-interconnected Greek
islands was 1714 MW.
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In Figure 2 and Table 3, a summary of local conventional power stations is presented. Figure 2
provides a comparative splintering of conventional capacity normalized by the peak demand of
each island. A succinct view of the number of conventional units and the relative size of each
unit are presented for each non-interconnected power system. This figure permits a comparative
visual assessment of the local power systems’ flexibility. Local power systems of Crete, Rhodes
and Paros consist of more, and relatively smaller, units, and they are more flexible for adjusting the
number of conventional units committed to the specific demand during the year. On the other hand,
local systems of Amorgos, Milos and Karpathos consist of less, and relatively larger, units, and a more
conventional capacity is generally committed than is required, drawing less flexibility and higher
technical minimums. Obviously, conventional units’ order of commitment is a critical parameter,
related to their cost, technical features, reliability and system operator’s decisions. A classification
of the islands in terms of their power system flexibility is presented in Table 4. Most local power
systems consist of typical diesel power units with technical minimums in the range 40% to 70%.
However, in some cases of larger islands, such as Crete and Rodos together with typical diesel units,
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low cost heavy fuel oil steam turbines and flexible expensive oil fuel gas turbines are also used with
technical minimums of 50–70% and 10–20%, respectively. In Table 3, details about the local demand
(peak load, mean load and load factor) and the structure of conventional power system (number of
units, minimum and maximum unit, range of technical minimums, fuel and cumulative conventional
capacity) are presented.
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High differences occurred in the normalized conventional capacity among the examined local
power systems. On one hand, the normalized conventional capacity covered 120–150% of the peak in
some large systems such as Crete, Rodos, Kos-Kalymnos, Thira, Paros and Chios. On the other hand,
it surpassed the 200% of the peak in some cases of smaller systems (Milos, Patmos, Astipalaia, Serifos,
Simi). This diversity was related to the antiquity, the reliability and the load factor of each conventional
unit and the ability of local maintenance staff to deal with presumable failures. In other cases, such as
Lesvos and Thira, there was a lack of capacity. In Lesvos, there were local reactions against the
installation of new conventional power plants. In Thira (Santorini), there were objective difficulties to
extend the local power station in addition to the increasing demand due to tourism development.

Greek autonomous electrical systems were classified by their peak demand to 8 “micro”
systems—with less than 1 MW maximum demand (Megisti, Anafi, Ag.Efstratios, Othonoi, Erikousa,
Donousa, Agathonisi, Anikithira), to 11 “small” of MW-scale—up to 10 MW (Karpathos, Ikaria,
Simi, Skyros, Sifnos, Serifos, Patmos, Milos, Kythnos, Astypalaia, Amorgos), to 9 “medium” of the
ten-MW-scale (Chios, Syros, Paros, Myconos, Lemnos, Lesvos, Samos, Kos-Kalymnos, Thira) and
to 2 “large” systems, Rodos and Crete, with a peak demand of more than 100 MW (195 MW and
645 MW, respectively). In Figure 3, Greek islands with more than a 1 MW peak were classified by
their load factor and wind potential. Load factor was defined as the ratio of the annual average by the
annual peak load demand of the island. For the wind potential assessment on each island, the wind
capacity factor was calculated given the analytical mesoscale wind data hourly timeseries at 50 m
height of the typical meteorological wind year [19] and using commercial indicative wind turbine
power curves. More specifically, the selection of the class of wind turbine was based on the average
wind speed of each island. The Vestas V100-2.0 MW IEC IIB was used for an average wind speed of
7.5–10 m/s, and type V110-2.0 MW IEC IIIA, for lower wind potential cases with an average wind
speed of 6–7.5 m/s. The dimensionless power curves used on the calculations are presented in Figure 4.
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Table 3. Overview of local conventional power stations (data 2016).

Island Peak (MW) Mean Load
(MW)

Load Factor
(%)

Number of
Conventional

Units
Minimum
Unit (MW)

Maximum
Unit (MW)

Techincal
Minimums

(Range)

Technical
Minimums
(Average)

Fuel
Total

Conventional
Capacity (MW)

Astipalaia 2.0 0.7 35.4% 7 0.15 1.28 47–69% 50% Diesel 4.4
Serifos 2.7 0.9 32.9% 7 0.40 1.28 47–66% 53% Diesel 5.8

Amorgos 3.0 1.0 33.9% 6 0.46 1.28 47–64% 52% Diesel 5.7
Kythnos 3.1 1.0 31.3% 7 0.40 1.28 47–66% 53% Diesel 5.4

Simi 3.4 1.5 43.0% 7 0.55 1.28 47–53% 49% Diesel 7.3
Skyros 4.1 1.7 42.7% 6 0.80 1.28 47–50% 48% Diesel 6.7
Patmos 4.8 1.8 37.0% 8 1.28 1.80 47–62% 52% Diesel 11.3
Sifnos 5.5 1.8 33.2% 7 1.28 1.80 47–61% 50% Diesel 9.4
Ikaria 7.4 3.1 42.4% 10 0.75 3.10 50–67% 58% Diesel 12.4

Karpathos 8.9 3.8 42.2% 5 0.80 5.33 50–52% 51% Diesel 15.7
Milos 10 4.5 45.9% 10 1.28 5.50 47–72% 54% Diesel & HFO 27.0

Limnos 14 7.3 50.7% 8 0.85 6.50 50–71% 54% Diesel & HFO 22.3
Syros 22 12 57.8% 10 0.90 8.25 40–67% 51% Diesel & HFO 42.9
Thira 33 12 36.9% 9 1.60 8.03 50–63% 53% Diesel & HFO 41.3

Mykonos 34 12 35.1% 27 1.28 9.00 40–64% 49% Diesel 61.1
Samos 35 17 50.6% 22 1.25 11.28 47–65% 53% Diesel & HFO 64.7
Chios 49 23 47.0% 9 3.50 14.47 40–70% 51% HFO 70.4
Paros 61 22 35.7% 21 1.28 11.20 47–62% 52% Diesel & HFO 75.2

Lesvos 63 31 48.9% 21 1.28 15.50 47–74% 53% Diesel & HFO 97.1
Kos-Kalymnos 87 38 43.9% 17 1.60 16.50 50–75% 52% Diesel & HFO 111.4

Rodos 195 87 44.5% 11 15.00 36.00 13–67% 33% Diesel & HFO 234.1
Crete 645 343 53.1% 25 12.28 59.37 17–53% 32% Diesel & HFO 782.8
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Table 4. Ranking of islands in terms of power system’s flexibility.

High Flexibility Moderate Flexibility Low Flexibility

Crete, Rodos, Lesvos, Paros Kos-Kalymnos, Ikaria, Syros,
Thira, Myconos, Samos

Chios, Serifos, Amorgos, Asipalaia,
Kythnos, Simi, Skyros, Patmos,

Sifnos, Karpathos, Milos, Lemnos
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1.5. Wind and PV Development in Non-Interconnected Greek Islands

The development of wind energy in Greece started on Kythnos island, with the first small wind
farm installed in 1982. Later, in 1999, taking advantage of the recently established law 2244/1994,
wind energy development was extended by private investors in Crete and other islands. Thanks to
the abundant wind potential, the relevant incentives set by legislation and the actuation of investors,
the limits of wind energy penetration were reached quickly in most of the medium and large
non-interconnected power systems. At that time, wind installed capacity was defined by law as up to
30% of the previous year peak demand. Although a general rule was not easy to draw, a wind installed
capacity more than 25–35% of the annual peak load demand was not considered economically feasible
due to the rapid increase in the wind curtailment rate [10]. In 2003, the Greek Regulatory Authority for
Energy (RAE) specified the limits per island. As a result, the maximum wind energy supply could not
exceed 15–20% of the annual needs given the current infrastructure [12]. At that period, a scientific
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and political debate started about the technical solutions to further increase wind energy exploitation.
Especially Hydro Pumped Storage was considered as a promising solution in this direction. The law
3468/2006 set the principles for the operation and the tariffs of these systems.

In 2008, the development of photovoltaics started with small-scale plants up to 100 kWp and
roof-top installations up to 10 kWp. From the early beginning of PV development, the Regulatory
Authority of Energy sets specific relative limits for the capacity to be installed per island.

Today, according to the official data provided by the Regulatory Authority of Energy, the cumulative
wind and PV capacity in non-interconnected Greek islands has reached 319.7 and 161 MW, respectively
(data end of 2018). In fact, half of PV capacity and the two thirds of wind capacity were installed in
Crete. Wind and PV capacity is presented per island in Table 5, while the normalized wind and PV
capacity by the annual mean load of each island is presented in Figure 5. The highest normalized
capacity was installed in the power systems of Kythnos, Crete, Rodos and Paros. In most of the islands
there is more wind than PV capacity. However, there are 7 out of 22 non-interconnected power systems
with only PV installations (Thira, Sifnos, Skyros, Simi, Amorgos, Serfios and Astypalaia). Thira is a
unique case of low renewable energy penetration due to the objective low availability of area which
makes any Renewable Energy development difficult. In smaller islands, the permitted wind capacity is
low, and this set back the realization of the projects. For example, in the island of Skyros the permitted
wind installed capacity is only 500 kW. Then, besides the abundant wind potential in the island, it is
rather a non-attractive project. The cost of high infrastructures and the small scale of the wind turbine
which is no longer offered by the wind industry were some of the drawbacks.

Table 5. Wind and PV installed capacity in non-interconnected Greek islands.

Non-Interconnected Power System
Installed Capacity (MW)—December 2018

Wind PV

Astypalaia - 0.32
Serifos - 0.10

Amorgos - 0.29
Kythnos 0.67 0.24

Simi - 0.19
Skyros - 0.32
Patmos 1.2 0.15
Sifnos - 0.20
Ikaria 0.99 0.40

Karpathos 1.23 1.16
Milos 2.65 0.62

Lemnos 2.88 1.89
Syros 2.84 0.99
Thira - 0.25

Mykonos 1.2 1.04
Samos 8.38 4.37
Chios 9.08 5.17
Paros 12.96 4.21

Lesvos 13.95 8.84
Kos-Kalymnos 15.2 8.78

Rodos 49.15 18.16
Crete 200.31 78.29



Fluids 2020, 5, 123 10 of 28
Fluids 2020, 5, 123 10 of 29 

 
Figure 5. Normalized wind and photovoltaic solar energy (PV) capacity by the annual mean load 
in non-interconnected Greek islands. 

Table 5. Wind and PV installed capacity in non-interconnected Greek islands. 

Non-Interconnected Power System 
Installed Capacity (MW)—December 2018 

Wind PV 
Astypalaia - 0.32 

Serifos - 0.10 
Amorgos - 0.29 
Kythnos 0.67 0.24 

Simi - 0.19 
Skyros - 0.32 
Patmos 1.2 0.15 
Sifnos - 0.20 
Ikaria 0.99 0.40 

Karpathos 1.23 1.16 
Milos 2.65 0.62 

Lemnos 2.88 1.89 
Syros 2.84 0.99 
Thira - 0.25 

Mykonos 1.2 1.04 
Samos 8.38 4.37 
Chios 9.08 5.17 
Paros 12.96 4.21 

Lesvos 13.95 8.84 
Kos-Kalymnos 15.2 8.78 

Rodos 49.15 18.16 
Crete 200.31 78.29 

2. Methodological Approach 

2.1. Probabilistic Consideration 

For the estimation of the annual wind energy, which can be absorbed safely or must be curtailed 
by the non-interconnected Greek islands, a probabilistic approach was applied. The first version of 
this methodology was presented by RAE in 2003 and systematically applied before drawing 
comparative conclusions to analyze wind energy integration in three representative Greek islands 
[12]. In the current connection, the methodology was adjusted in order to take into consideration PV 
integration, and high resolution data were used. The main principle was that load demand and PV 
production were highly time-dependent, so they were considered as fully dependent variables. Then, 
PV production was subtracted by the load demand and the remaining demand was resulted. From 

Figure 5. Normalized wind and photovoltaic solar energy (PV) capacity by the annual mean load in
non-interconnected Greek islands.

2. Methodological Approach

2.1. Probabilistic Consideration

For the estimation of the annual wind energy, which can be absorbed safely or must be curtailed
by the non-interconnected Greek islands, a probabilistic approach was applied. The first version of this
methodology was presented by RAE in 2003 and systematically applied before drawing comparative
conclusions to analyze wind energy integration in three representative Greek islands [12]. In the current
connection, the methodology was adjusted in order to take into consideration PV integration, and high
resolution data were used. The main principle was that load demand and PV production were highly
time-dependent, so they were considered as fully dependent variables. Then, PV production was
subtracted by the load demand and the remaining demand was resulted. From that, wind production
was accounted as an independent variable. The ignorance of the positive correlation between the high
demand period and seasonal strong North winds called “Meltemi”, which always flow in Aegean
Sea during summer, was considered as a safe side assumption for the produced results. In reality,
the positive correlation between summer peak demand and seasonal high winds will result in a higher
wind absorption rate than was estimated by the current probabilistic approach.

The flowchart of the methodology is presented in Figure 6. For each non-interconnected power
system, M different power load situations were identified. For each of them (i), the remaining power
load (after the subtraction of PV production from the load) in the specific island was P(L−PV)i and its
duration was hi hours annually. The corresponding probability of occurrence was f(P(L−PV)i) = hi/8760,
i = 1, M. Calculations for all power load situations resulted in the power load probability distribution
function and annual duration curve.
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For each situation i, the grid’s ability to directly absorb wind power P(Ability)i was estimated based
on the technical constraints imposed by the system operator. For this purpose, the remaining load
demand P(L−PV)i, the necessary conventional power plants to be committed, their technical minimums
and the dynamic wind penetration limit applied for stability purposes were taken into consideration.
The order of commitment of conventional units were defined by the strategy of the system operator on
each island. Different strategies in different seasons of the year could optimize the ability of the system
to absorb wind power. Additionally, the order of commitment could be modified due to unit failures.
In this connection, due to the lack of more detailed information, the order of commitment provided by
the system operator was used. The conventional power plants to be committed should have maximum
capacity P(Tmax)i:

P(Tmax)i ≥ P(L−PV)i (1)

Then, the required number of committed thermal power plants NTi and their technical minimum
P(Tmin)i could be derived, according to the scheduled order of commitment. The use of wind power
forecast tools could be used to reduce the required conventional spinning reserves, their technical
minimums and finally improve the ability of the power system to absorb wind power. Finally, the grid’s
ability to directly absorb wind power P(Ability)i was calculated with respect to the technical minimum of
the thermal power stations and the dynamic wind penetration limit applied for stability purposes δ
(defined as a percentage of the remaining load power demand) as

P(Ability)i = Minimum
{
P(L−PV)i − P(Tmin)i, δ ∗ P(L−PV)i

}
(2)

It is mentioned that this calculation referred to the grid’s ability to directly absorb wind power
and not to the actually absorbed wind power.

Similarly, N different situations of wind power production were identified. For each of them
j, the aggregated (aggregated means that wind power output is resulted from the consideration of
mesoscale data of more than one point in cases of larger islands or a complex of islands which consist
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of one local power system) wind power production was PWj and its probability of occurrence was
g(PWj), j = 1, N. The corresponding probability distribution and duration curve were calculated.

Convolution of f(P(L−PV)i) and g(PWj) resulted in a 2-D matrix M×N whose elements corresponded
to the probability of occurrence of every possible operational mode:

Πi j(P(L−PV)i, PW j) = f (P(L−PV)i) ∗ g(PW j),
{
i = 1, M, j = 1, N

}
(3)

Given the wind power production PWj for each situation j, the wind power absorbed PWA_ij and
the wind curtailment PWC_ij were calculated:

P(Wind_Absorbed)i, j =

{
PWi, i f PWi < P(Ability)i
P(Ability)i, i f PWi ≥ P(Ability)i

}
(4)

P(Wind_Curtailment)i, j = PWi − P(Wind_Absorbed)i, j =

{
0, i f PWi < P(Ability)i
PWi − P(Ability)i, i f PWi ≥ P(Ability)i

}
(5)

The probability of occurrence for every situation, the annual wind energy absorption and the
relative annual wind energy absorption rate were calculated.

The above procedure was elaborated and implemented within a computational tool, which foresaw
the wind absorption in Greek islands based on typical wind year data, developed and parametrically
applied for various scenarios of wind and PV integration in non-interconnected islands.

The necessary data for the application consisted of annual time-series of load demand,
characteristics of conventional power plants and time series of wind and PV generation.

2.2. Wind Data—Mesoscale Modeling

Analytical wind data were essential in all the examined case studies islands for this analysis.
Wind measurements were practically difficult to represent similar data series and cover every potential
area of interest. Existing wind monitoring networks are relatively large and can provide large spatial
coverage but not necessarily high resolution [21]. Wind potential maps can only provide an estimate of
the spatial distribution of the mean wind speed without any information about the temporal variation.
For all this, the application of a Numerical Weather Prediction (NWP) model effectively provided the
wind data timeseries required for this analysis.

In this connection, high resolution analytical wind data timeseries for typical wind year were
produced by the systematic application of the numerical weather prediction model MM5. An analytical
presentation and description of the approach were given in a recent publication [19]. An indicative
wind atlas of Greece is presented in Figure 7. High resolution results over Greece [19] were based on a
typical wind year simulation for grid boxes 2× 2 km2 in size. Each month was selected separated from a
10 year period. The typical year consisted of months selected from individual years. The criterion for the
selection was to have the most representative month among the 10 available months. The methodology
used in order to define the typical months has been analytically described [19] and has been introduced
and applied in the past [22]. The numerical weather prediction model (MM5) runs operationally at
the National Observatory of Athens since 2002 [23] and has been verified [24,25] for its forecast skill
over the area of interest. Based on this systematic application, wind data are available in two heights
of 10 and 50 m in the Greek territory. The first wind turbines installed in Greek islands at the end of
the 1990s has a rated power of 500–800 kW with a hub height of the order of 40–60 m. This is still
today an indicative height of wind turbines in Greek islands, due to the lack of new projects recently.
Additionally, in complex terrain the wind profile is not easy to predict, and the use of exponential or
logarithmic law is not recommended [26]. Then, taking into consideration the availability of data,
the height of wind turbines and the complex terrain, the wind data at 50 m height were considered as
the best approach in this connection.
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The selection of 32 representative points in the Aegean Archipelago was based on the location of
wind farms, as per the interest of the investors, and it is depicted in the RAE’s geographical information
system of wind farms application in the Greek territory (Figure 8). The specific number of selected
points depended on the size of each island and the spatial dispersion of wind farms. As a result,
one point was used in smaller islands, two points in medium islands (i.e., Lesvos), three points in a
group of islands with a local interconnection (i.e., Paros–Naxos) and nine points in Crete. The details
of the selected 32 points data are presented in Table 6. The target of this approach was to define
one timeseries of aggregated wind power output representative for each island or group of islands
to be used for the identification of N different situations of wind power production. By this way,
the correlation between different locations which host wind farms was taken into consideration.
For example, in Crete, 9 simultaneous hourly timeseries of wind velocity were used to develop the
probability distribution of the aggregated wind power output in the islands. The wind installed
capacity under examination was considered to be split equivalently into the 9 points.
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Table 6. Wind data based on mesoscale typical wind year data [19].

Point Name (Location) Latitude Longitude
Weibull Parameters

Power Density (W/m2) Average Wind Speed (m/s) Capacity Factor (%)
K C (m/s)

1 Lemnos 39.9833 25.0426 1.9 7.2 313 6.4 40%
2 Lesvos—Eressos 39.1831 25.9470 1.9 7.5 353 6.6 43%
3 Chios 38.4465 26.1259 1.9 8.0 431 6.4 41%
4 Ikaria 37.5586 26.0962 1.4 9.6 879 8.5 56%
5 Lesvos—Mantamados 39.3311 26.2282 1.9 7.8 406 6.9 45%
6 Samos 37.7239 26.8649 1.7 8.7 614 7.7 49%
7 Paros 37.0087 25.1784 1.8 7.9 436 6.9 45%
8 Ios 36.6638 25.3754 2.0 7.7 366 6.3 40%
9 Naxos 37.1169 25.5135 2.2 8.3 428 7.3 51%

10 Amorgos 36.7969 25.8732 2.0 8.5 495 7.2 51%
11 Astypalaia 36.5593 26.3540 2.1 7.8 369 7.1 49%
12 Rodos 35.9756 27.8395 2.1 7.6 337 6.7 45%
13 Kos-Kalymnos 36.7151 26.9718 2.2 8.0 380 6.6 42%
14 Karpathos 35.7177 27.1902 2.1 9.3 603 7.6 52%
15 Milos 36.6776 24.5251 2.1 7.2 283 6.3 40%
16 Serifos 37.1580 24.5203 1.8 7.8 436 7.0 47%
17 Kythnos 37.3470 24.4438 1.9 7.3 320 5.8 33%
18 Crete—Kissamos 35.4548 23.5865 1.8 7.6 391 6.7 43%
19 Crete—Sfakia 35.2575 24.2250 1.6 8.9 694 8.0 49%
20 Crete—Psiloritis 35.2495 24.6970 1.8 8.4 517 7.4 50%
21 Crete—Elounta 35.3120 25.7395 1.8 8.3 508 7.2 51%
22 Crete—Toplou 35.2387 26.2504 2.1 8.0 389 6.9 48%
23 Crete—Ziros 35.0777 26.1875 1.9 9.8 762 8.6 57%
24 Crete—Mochlos 35.0803 25.8956 1.7 10.3 933 9.0 57%
25 Crete—Heraklio 35.1169 25.0675 1.9 7.6 382 6.7 44%
26 Crete—Malia 35.0896 25.4918 1.9 9.2 662 8.0 52%
27 Skyros 38.7975 24.6659 1.9 8.0 425 7.1 48%
28 Syros 37.4680 24.9202 1.9 7.7 372 6.9 45%
29 Mykonos 37.4794 25.3409 2.1 8.7 495 7.2 51%
30 Thira 36.4266 25.3289 2.3 7.5 305 6.9 45%
31 Patmos 37.3762 26.5652 2.1 7.8 363 6.6 42%
32 Sifnos 36.9612 24.7346 1.9 8.2 462 7.2 51%
33 Symi 36.6235 27.8368 1.6 7.1 375 6.3 40%



Fluids 2020, 5, 123 15 of 28

In order to demonstrate the number of points that were necessary to consider in each island or
group of islands, the correlation of wind velocity versus the distance is presented for the selected
points (Figure 9). These two charts depict the necessity of more points to represent wind features in
larger islands, or on the other hand, justifies why one point is enough in smaller islands. In Lesvos,
the correlation factor between the two selected points in a distance of 29 km was 0.81. In the 9 points
of Crete, the correlation factor was positive besides the large area of the island. However, due to
the complex terrain, the high mountains in the center of the island and the diverse impact of the
Aegean and Libyan Sea, a rather moderate correlation factor (0.4–0.6) occurred between some points
located in a small distance (<100 km). In the case of Paros–Naxos, the three selected points in Paros,
Naxos and Ios, in a distance of 32, 42 and 52 km, resulted in high correlation factors of 0.87, 0.88 and
0.84, respectively, showing the adequacy of three points to describe the wind potential features in
this complex.
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The duration curves of aggregated normalized wind power output are presented in Figure 10.
Normalized wind power is defined as the ratio P/PR, where P was the wind power output and PR was
the rated wind power. Calculations are based on the mesoscale wind data used and the selected points
on each island. The smoothing effect on aggregated wind power output, thanks to the integration
of wind farms in the wider area, was also depicted in the cases of Crete (9 points), Lesvos (2 points)
and Paros–Naxos (3 points). The duration curve of wind power output was affected by the spatial
distribution of wind farms. The wind power production history of a single wind turbine typically
shows extended time periods with zero or rated production. However, as the spatial dispersion
is increased and more wind farms are introduced, the time periods with cumulative zero or rated
production are reduced [9,28]. Among the presented curves, the most convenient for the power system
operator was the duration curve in Crete which represented the smallest probability of zero or rated
wind power output. A classification of the duration curves showed that the best cases were Crete,
Paros, Karpathos, Lesvos and Chios. At the other side, the islands with a large probability of zero or
rated wind power output were Ikaria, Samos, Myconos, Sifnos and Skyros.
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2.3. PV and Load Demand Data

For the consideration of PV production, actual time-series provided by CRES (Centre of Renewable
Energy Sources) were used and adjusted. The adjustment was based on Photovoltaic Geographical
Information System (PVGIS) estimated annual output [29] for fixed ground PV panels (installed in the
optimal tilt angle), which is the most typical case in Greek islands. Table 7 and Figure 11 present the
information used from PVGIS and representative duration curves of PV power output for five cases.

Table 7. Adjustment of yearly sum of PV production based on Photovoltaic Geographical Information
System (PVGIS) [29].

Island Yearly Sum of Global Irradiation
(kWh/m2)

Yearly Sum of PV Production
(kWh/kWp)

Limnos 1950–2000 1450–1500
Skyros, Sifnos 2000–2050 1500–1550

Lesvos, Chios, Ikaria, Syros 2050–2100 1550–1600
Samos, Mykonos, Paros-Naxos,

Milos, Serifos, Patmos, Astypalaia 2100–2150 1600–1650

Simi, Amorgos, Thira, Kythnos,
Kos-Kalymnos, Crete, Rodos,

Karpathos
2150–2200 1650–1700
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For the consideration of load demand, actual time-series data of the non-interconnected power
systems were used (PPC data). The duration curves of normalized power load demand are presented
in Figure 12. In order to present comparable duration curves, the normalized power demand PL/PPeak

was used, where PL was the load power demand and PPeak was the annual peak demand in each island
(presented in Table 3).
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3. Application—Results

The application of the methodology in the autonomous Greek islands was carried out for
normalized wind capacity in the range of 10% up to 200% of the annual mean load. The aim of this
application was to identify the effect of the various parameters on the wind energy curtailment. In this
connection, load demand, wind and PV power output were considered as well-known input data.

The information about the technical minimums of conventional power plants were provided
by the islands power plants operation department of the Public Power Corporation [20]. However,
scenarios for lower technical minimums and different mixes of conventional units were examined to
identify the effect of power system flexibility on the wind energy absorption.

The instantaneous wind energy penetration limit was defined by the system operator. Higher
values could be used in islands with more flexible units and in larger islands or a complex of islands
where the wind installed capacity could be geographically dispersed resulting in a beneficial smoothing
effect on the aggregated wind power output for the system operator. Additionally, the instantaneous
wind energy penetration limit is related to the time response and the ramp rate of conventional units
in the specific local power system. Extreme variations of wind power output could occur especially
in the case that wind speed overcomes the cut-out wind speed. In this extreme case, wind power
collapses from the rated value to zero output. Then, conventional units in thermal reserve operating at
the technical minimum should increase their power output to keep the balance between demand and
supply. The basic value of δ per island is presented in Table 8.

Table 8. Instantaneous wind penetration limit δ.

Non-Interconnected Power System δ

Amorgos, Astypalaia, Thira, Kythnos, Patmos, Serifos, Sifnos, Simi 30%
Milos, Skyros, Karpathos, Mykonos 35%

Samos, Ikaria, Lesvos, Limnos, Paros, Syros, Chios 40%
Kos-Kalymnos, Rodos 45%

Crete 50%
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Before the results are presented, an overview of the following examined cases studies is presented:

• Initially, using the actual data for each island the effect of PV capacity on wind energy absorption
was analyzed. This scenario could be considered as the reference one.

• The second scenario analyzed the effect of instantaneous wind penetration creating comparable
results between islands for δ = 30% and δ = 50%, using real data for conventional units and their
technical minimums.

• The third scenario analyzed the effect of technical minimums, creating comparable results between
islands for TM = 20%, TM = 40% and TM = 60%.

• Finally, a last scenario examined the effect of power system flexibility. The cumulative conventional
capacity was taken equal to the 120% of the peak demand and comparisons were discussed for 2,
5, 10 and 20 units and technical minimums 30% and 50%.

3.1. Reference Scenario: Actual Data per Island and the Effect of PV Capacity

Initially, the combined integration of wind and PV was examined. The PV capacity was examined
in the range of 0% up to 120% of the annual mean load, while wind capacity was examined in the
range of 0% up to 200% of the annual mean load. Comparative conclusions were drawn.

The wind energy absorption was propitious in the power systems of Crete, Kos-Kalymnos,
Mykonos, Simi, Chios, Rodos, Patmos and Paros. The worst cases in terms of wind energy absorption
rate were the power systems of Astypalaia, Serifos, Karpathos, Ikaria, Limnos and Amorgos, Sifnos
and Thira. This classification occurred due to the different instantaneous wind penetration limit δ
(Table 8), the flexibility and splintering of conventional units (technical minimums, number and size of
units presented in Figure 2) and the smoothing effect of wind power (Figure 10) due to geographical
dispersion of wind farms especially in the case of Crete (Figures 8 and 9b).

The integration of PV did not affect wind energy absorption in all the examined islands in the
same way. In general, PV power output was considered fully predictable and PV integration affected
the necessary conventional units that should be committed. Less units were committed during the
day thanks to PV (Equation (2). Therefore, wind power absorption must deal with a less conventional
technical minimum (Equation (3). However, for higher PV integration the remaining load was lower,
and the ability of the system to absorb wind power could be lower due to the dynamic limit of
instantaneous wind penetration (Equation (3). Only if the predictable PV power output was combined
with a smart strategy on the commitment of conventional units, could this become the basic case.
Otherwise, as shown in most of the case studies in Figure 13, the integration of PV slightly declined the
wind energy absorption rate.
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Figure 13. Wind energy absorption rate for different normalized PV capacity: (a) 0%, (b) 40%, (c) 80%, 
(d) 120% (case specific instantaneous wind penetration δ—Table 8). 

At this point it is useful to distinguish PV energy curtailment from wind energy curtailment. 
From the point of view of the system’s operator, energy surplus is a surplus regardless of from which 
energy source it is derived. However, in the current analysis, there was a special interest to 
understand the effect of one resource to the other and the involved parameters. Based on the 
described methodology, PV energy curtailment will occur only in the case of high PV penetration 
and especially in the case that PV power output is greater than the load demand. Today, PV capacity 
does not surpass the 50% of the annual mean load in any non-interconnected power systems (Figure 5), 
and PV curtailment never occurs. Following the same concept, wind installed capacity does not affect 
the PV energy absorption rate. 

Figure 13. Wind energy absorption rate for different normalized PV capacity: (a) 0%, (b) 40%, (c) 80%,
(d) 120% (case specific instantaneous wind penetration δ—Table 8).

At this point it is useful to distinguish PV energy curtailment from wind energy curtailment.
From the point of view of the system’s operator, energy surplus is a surplus regardless of from
which energy source it is derived. However, in the current analysis, there was a special interest to
understand the effect of one resource to the other and the involved parameters. Based on the described
methodology, PV energy curtailment will occur only in the case of high PV penetration and especially
in the case that PV power output is greater than the load demand. Today, PV capacity does not
surpass the 50% of the annual mean load in any non-interconnected power systems (Figure 5), and PV
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curtailment never occurs. Following the same concept, wind installed capacity does not affect the PV
energy absorption rate.

In Figure 14, PV energy absorption rate is presented for all the examined islands. It is presented
to emphasize that high PV absorption rate occurred even for high PV integration. These results are
valid for any wind capacity, underlying that wind installed capacity does not affect PV absorption rate.
Given the specific profile of load demand and PV power output, for normalized PV capacity up to
110%, the absorption rate was 100% in all the examined cases. This happened, especially due to the fact
that there was a seasonal and diurnal positive correlation between PV power output and load demand.
For higher PV capacity i.e., 150% of the annual mean load, the absorption rate was still higher than
94%.
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wind capacity).

The parallel analysis of wind and PV integration drew a conclusion on the effect of one technology
on the integration of the other. Wind absorption rate could increase thanks to the parallel integration
of PV, while PV absorption rate was not affected by the wind integration.

3.2. Second Case: On the Effect of Instantaneous Wind Penetration Limit

In the previous section a case-specific limit δwas adopted. In this section, the effect of instantaneous
wind penetration limit was examined, using common values of δ = 30% and δ = 50% for all the
examined cases (Figure 15).
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Despite the common δ used in all the examined islands, Crete remained the best and Astypalaia
the worst case in terms of wind energy absorption. Actually, Crete had many reasons to be the best case
(i.e., geographical dispersion and the most flexible conventional power system) and Astypalaia was
still the worst case due to the non-flexible conventional power system (relatively large conventional
units and high technical minimums—Figure 2).

However, there were some small changes in the classification of the rest of the islands. At the top
side, for δ = 30%, the order was Crete, Kos-Kalymnos, Simi, Chios and Patmos. For δ = 50%, Skyros and
Mykonos were in the top 5 instead of Patmos. At the bottom, Astypalaia, Serifos, Limnos, Karpathos
and Ikaria were found in both cases. Additionally, in both cases (δ = 30% and δ = 50%) there were
some islands, such as Amorgos, Thira, Kythnos, Milos, Samos, Sifnos, Lesvos, Paros, Syros and Rodos
which had a moderate performance in terms of wind energy absorption rate. These islands could be
considered as typical islands in comparison with those that were included in the top 5 and bottom 5.
In these islands, there were no special positive or negative reasons in terms of their system’s flexibility,
geographical dispersion of wind farms and features of conventional units to differentiate their results.

In the case of δ = 30%, the instantaneous wind penetration constraint was the dominant constraint
which was activated more often. In the case of δ = 50%, this constraint was less likely to be activated
in comparison with the technical minimums which then became the dominant one. For this reason,
there were some differences in the top 5 between δ = 30% and δ = 50%. For the same reason, in the
latter case (δ = 50%), the resulted curves were widely spread. The case of Crete had by far the best
performance for δ = 50%, but for δ = 30%, the results were much closer to the other islands, because the
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constraint of instantaneous wind penetration was activated more often and overlapped the other
positive parameters.

3.3. Third Scenario: On the Effect of Conventional Units’ Technical Minimums

The effect of technical minimums is presented in this section. Previously, the real technical
minimums were used. Here, the results are presented for common technical minimums in all the
conventional units in the Aegean islands equal to 20%, 40% and 60% (Figure 16). Results are presented
for the case-specific instantaneous wind penetration δ of Table 8, without PV integration.
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The high technical minimum (60%) give rise to wind energy curtailment even for very low wind
installed capacity (10–20% of the average load).

For higher technical minimums (40–60%), the splintering of conventional power system became
more critical. This is the reason that the resulted curves were widely dispersed for technical minimum
60%. The opposite occurred for low technical minimums (20%).

In all the three examined cases, the worst case in terms of wind energy absorption was Astypalaia,
Serifos, Amorgos, Sifnos and Thira. The reason was the non-flexible power system in these islands due
to large power plants. The further decrease in the technical minimums (i.e., from 20% to 0%) did not
affect the results.

On the other hand, the best cases were Crete, Kos-Kalymnos, Rodos, Chios and Lesvos. Obviously,
in the case of Crete, the geographical dispersion of wind farms, the flexibility of conventional power
system and the higher instantaneous wind penetration determined the results.

3.4. Fourth Scenario: On the Effect of Conventional Power System Flexibility

Obviously, from the previous results and discussion, the effect of a system’s flexibility is critical.
As a“more flexible conventional power system” was defined a power system which consisted of more
conventional units with less technical minimums. In this section, the specific features and the details
of each case study related to the conventional system’s flexibility were ignored in order to detect the
effect of the rest parameters on the results. For this purpose, it was supposed that in all the examined
islands the conventional power system consisted of the same number of units and all of them had
the same technical minimums. The cumulative conventional capacity in all the examined islands was
considered equal to 120% of the peak demand and comparisons were discussed for 2, 5, 10 and 20 units
and technical minimums 30% and 50%.

Instead of an 8 plot presentation, the lower and upper values detected from the parallel analysis
on 20 power systems are presented for normalized wind capacity 50% and 100% (Table 9). Obviously,
more units with a low technical minimum was the ideal synthesis of the local power station and more
wind power could be absorbed. However, there were some limits on the impact of these parameters
on the results. For technical minimums of 50%, there was almost no improvement in the absorption
rate for the number of units above 10. For technical minimums of 30%, the saturation point of the
absorption rate was reached for 5 units. As a conclusion, the number of units is an important parameter,
but it is not independent from the technical minimums. The relative beneficial effect on the absorption
rate thanks to the number of units is more important when these units are characterized by higher
technical minimums.

Given the fact that today the technical minimum of diesel units in Greek islands is about 50%
(Table 3), local power systems of Amorgos, Astyplaia, Kythnos, Milos, Serifos and Karpathos, which
consisted of fewer and relatively larger conventional power units, represented a lower ability to absorb
wind power.

Table 9. Extreme values of the absorption rate (%) detected for different cases of conventional systems
flexibility (number of units 2, 5, 10 and 20 and technical minimums 30% and 50%).

Absorption Rate (%)
Number of Conventional Units

Technical Minimum
2 5 10 20

Normalized wind capacity 50% 25–64% 59–84% 70–92% 71–94%
50%Normalized wind capacity 100% 15–41% 36–57% 43–65% 43–68%

Normalized wind capacity 50% 63–94% 71–95% 71–95% 71–95%
30%Normalized wind capacity 100% 38–68% 43–70% 43–70% 43–70%
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3.5. Discussion

Obviously, in all the examined case studies, the increase in the wind installed capacity results in
more wind energy curtailment. The wind capacity factor is reduced consequently. Additionally, in this
connection, the parallel development of wind and PV was analyzed. Besides the prospective that more
variable power output renewables would lead to a lower absorption rate capability, a smaller increase
in wind energy curtailment occurs as far as PV capacity increases. In fact, wind power curtailment
may decrease thanks to the parallel integration of photovoltaics. This is justified by the fact that it
is preferable for the non-interconnected power system to absorb well predicted and distributed PV
generation instead of conventional power produced in conventional power plants with high technical
minimums which restrict wind power absorption. However, for higher PV capacity, extreme variations
on the sunrise and sunset impose special management from the system operator and could finally
reduce the ability of the power system to absorb wind power. Apart from that, a very high PV
integration (i.e., more than 80–100% of the annual mean load) may cause wind power curtailment,
even for rather low wind integration. This occurs due to the discrepancy of the load demand profile
and the solar generation availability (i.e., May and June are the months with the highest solar radiation,
but it is a low demand season).

A second point of discussion clearly indicates the positive impact of geographical dispersion of
wind farms on the wind energy absorbed. The analysis performed in this work shows that this impact
is more remarkable in larger power systems (i.e., Crete) or a complex of islands which comprise one
local power system (i.e., Paros–Naxos, Kos–Kalymnos).

In all the stages of this work, the technical constrain of the allowed instantaneous wind penetration
was proved critical. The role of this parameter is more important in medium and large size systems,
due to the fact that this is the dominant constraint against the constraint of the technical minimum,
which is rarely activated. This is due to the fact that larger systems are always more flexible with
more units and a relatively lower size of each unit. In this case, the use of higher instantaneous wind
penetration has a direct positive impact on the wind energy absorbed. Far from that, in the case of
inflexible power systems with large units and high technical minimums, wind curtailment is not
affected even when a higher limit was applied (i.e., Astypalaia). Additionally, the role of δ is more
critical for higher levels of wind penetration.

On the other hand, the technical minimum of conventional power units becomes the critical
parameter both in cases of lower levels of wind penetration and in cases of inflexible power systems.
Especially, in the case that technical minimums are above the level of 50%, this constraint is dominant
on wind energy curtailment. It was shown that the further decrease in technical minimums below
the level of 30% has almost no effect on the wind energy curtailment. At this low level of technical
minimums, the instantaneous wind penetration limit and the discrepancy between wind power output
and load demand define the wind energy absorption.

The splintering of the conventional part was proved as another critical parameter for the flexibility
of the local power system to absorb wind power. The number of units, together with all the technical
features of the units (type, fuel), set the limit of instantaneous wind penetration and definitely affects
the ability of the power system to absorb wind power. In most of the examined cases in Greek
non-interconnected power systems, the conventional power system consisted of old diesel units with
relatively high technical minimums (40–70%). However, in Crete and Rhodes, together with the typical
old diesel units, there are HFO units for the base loads and flexible newer diesel units with a much
lower technical minimum (10–20%). As a result, in these two islands more wind power can be absorbed.
In the case of Crete, the large number of units and the spatial dispersion of wind farms also has a
positive impact on wind energy absorption, nominating Crete as the champion in terms of wind energy
absorption among all the Greek islands.

In parallel with the analysis of the parameters which affect wind energy curtailment and the
relative comparative assessment in non-interconnected power systems, which is the main focus of
this connection, it is clear that for a considerable further exploitation of wind energy in Greek islands,
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the upgrading of the current infrastructure is required. In this framework, the alternatives of hydro
pumped storage and interconnections are discussed. Several applications of wind energy with hydro
pumped storage projects, especially in large non-interconnected islands (Crete, Rhodes and Lesvos),
are under consideration, but the implementation of such projects was low. Only the project “Naeras” on
Ikaria island which constitutes the Europe’s second hybrid wind hydro storage power plant, has been
completed in 2019.

The solution of hydro pumped storage is critical not only for non-interconnected power systems,
but also for large systems towards large scale non-dispatchable renewable energy penetration [30].
The policy framework for large scale electricity storage to recover wind energy curtailment will be
comparatively analyzed in France and Germany by 2020 and 2030 [31]. Hydro pumped storage has
been widely examined as a means to reduce wind energy curtailment in the cases of Ireland [32],
China [33,34] and Greece [35–37]. A special research interest on the combination of hydro pumped
storage with wind energy was shown for autonomous islands, such as Azores [38], Gran Canaria [39],
El Hierro [40], Crete [41,42] and other Greek islands [36,41]. Seawater pumped storage was analyzed as
a potential solution for the Greek island of Sifnos [43], as it has been implemented in the demonstration
plant of Okinawa Yanbaru Seawater Pumped Storage Power Station since 1999. A techno-economic
comparative analysis of different storage methods is performed for Crete [44].

On the other hand, the prospect of Greek island interconnections was always a priority for
the Greek energy policy makers. The use of fuel oil for electricity production, high current cost,
local pollution, conventional power capacity deficit, low reliability of the power systems and low
exploitation of abundant wind and solar potential in non-interconnected power systems are some of
the current challenges to be overcome in case of interconnection. Additionally, the recent technological
achievements on the cables, thanks to the extensive offshore wind energy development in North Europe,
makes, today, the accomplishment of these plans more realistic. In this framework, the feasibility of the
interconnections has been presented in recent studies and the first interconnections are realized. In 2018,
many islands in central Cyclades complex, such as Mykonos, Syros and the local system of Paros–Naxos
which also includes the small islands of Antiparos, Folegandros, Ios, Irakleia, Koufonisi, Sikinos and
Schinousa were interconnected with the mainland, setting local conventional power stations in a cool
reserve. Additionally, for the interconnection of Crete island, firstly an underwater connection via
Peloponesse is to be established by the end of 2020 and soon will supply the one third of electricity
load demand on the island. Then, a second one with a larger capacity will connect the island directly
to Athens by 2023. As regards the Dodecanese and North Aegean islands, the interconnections will
not be realized earlier than the end of the current decade. Wind power penetration will be improved
thanks to the interconnection, but still there are some restrictions related to power flows, stability and
the capacity of the cables.

Finally, over the last two decades, there have been several projects for large scale wind farms on
the Greek islands. Most of the Greek islands become fields of such applications and most of the local
populations display negative behavior against these projects. Since the implementation of underwater
interconnections is proved difficult and time consuming, the conclusions of this work could be used in
the meantime towards the increase in wind energy penetration.

4. Conclusions

In this connection, wind energy curtailment is analyzed in parallel in 20 local power systems
in Greece, and a discussion was made about the critical parameters, the effect of PV integration,
the geographical dispersion of wind farms and the design of the local power systems towards the
effective integration of wind energy. Recent detailed information and real data about non-interconnected
power systems in Greece were selected and presented. Especially an accurate wind potential
representation is provided in this analysis thanks to high resolution mesoscale wind data [19], in order to
apply a probabilistic methodology for wind energy curtailment assessment [12]. This work demonstrates
the value of mesoscale models to provide high resolution wind data to analyze renewable energy
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integration issues. Besides the similarity of Greek autonomous power systems, there are differences in
the wind potential, on the flexibility of their conventional power systems and on the conventional
units’ technical features which differentiate their performance. Towards the effective integration of
wind energy in non-interconnected power systems, it is essential to replace old conventional power
units with newer, modern and more flexible units. Additionally, the power system’s operator should
adjust the load dispatch and optimize the units’ commitment in order to ensure the maximization of
wind energy absorption.
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