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Figure 1. Electricity production cost in relation to island peak load
demand in Aegean Sea islands
Time Evolution of Monthly Oil & RES-based Production in the
Non-Interconnected Aegean Islands (2010-2014)
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Furthermore, autonomous electrical networks are subject
to additional constraints posed by the operation of diesel and
heavy oil units used, as well as the systems’ nature itself.
The impact of these constraints is illustrated on the
maximum penetration limits of renewable energy sources
(RES) power generation in the local energy balance [2].
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he electrification of autonomous electrical networks
(e.g. Aegean Sea islands), principally undertaken by
thermal power stations, is in most cases determined by
low quality of electricity available at very high production
cost that may in certain cases even exceed 1€/kWh [1],
especially for the smaller scale islands (e.g. Fig. 1). At the
same time, the specific power stations are determined by
quite low capacity factors that also reflect the intense
variation of the local demand profile during the year, largely
owed to the touristic character of island regions. Actually, in
most cases the summer peak load demand may be one order
of magnitude higher than the minimum winter electricity
consumption.
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Electricity Production Cost of Aegean Island Systems in
Relation to the Respective Grid Peak Load Demand
El. Production Cost (€/MWh)

I. INTRODUCTION

More specifically, the need to protect the operating
machines from fast wear and also ensure the dynamic
stability of the network requires the establishment of
technical minima and dynamic penetration limits
respectively [3], [4], posing serious limitations on the
absorption of RES-based electricity (see also Figs. 2, 3 and
4) and especially wind and solar power.

Energy Generation (GWh)

Abstract-- The present study is devoted to develop a
complete methodology to assess the energy storage needs of
representative island regions of the Aegean Sea, considering the
accomplishment of different levels of energy autonomy. More
precisely, emphasis is given on the determination of minimum
energy storage requirements as a result of combining different
RES energy sources. Implementation of hybrid RES
configurations, currently considering wind and PV power,
takes advantage of complementarity between the local wind and
solar potential, which if significant, allows minimization of
energy storage requirements in comparison to the cases of
wind- or PV-only based energy storage.
Index Terms--Wind energy, solar energy, energy storage,
hybrid systems, remote islands

Figure 2. Thermal and RES-based power generation contribution

To this end, installation of new RES power stations -after
exceeding a certain capacity limit- is gradually discouraged
(see also Fig. 3), owed to the fact that additional RES power
implies severe curtailments that also entail significant
financial losses for the RES power stations’ owners [5]. On
the other hand, the vast RES potential (see also Fig. 5) in the
island region of the Aegean Sea (appreciable solar potential
across the entire area -annually 1350-1850kWh/m2- and
wind potential that may even exceed annual average wind
speed of 10m/s for certain locations) encourages the
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installation of new RES power stations in order to obtain
maximum -and at the same time sustainable- exploitation of
the former, while also ensuring minimization or even
elimination of the fuel-based power generation.
Time Evolution of Monthly Wind and PV Installed Capacity in
the Non-Interconnected Aegean Islands (2010-2014)
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selection and design of RES and energy storage solutions,
often being extremely oversized in order to achieve
increased penetration of RES in the local energy balance. In
this context, the present study is devoted to develop a
complete methodology in order to assess the energy storage
needs of different, representative island regions of the
Aegean Sea, considering the accomplishment of different
levels of energy autonomy (or fuel-based power generation
dependence). More precisely, emphasis is currently given on
the determination of minimum energy storage requirements
as a result of combining different RES energy sources.
Implementation of hybrid RES configurations, currently
considering wind and PV power, takes advantage of
complementarity between the local wind and solar potential,
which if being significant, may allow minimization of energy
storage requirements in comparison to the cases of wind- or
PV-only based energy storage [9].

Figure 3. Time evolution of wind and PV capacity in Aegean islands

II. DATA AND METHODOLOGY

Time Evolution of Monthly Wind and PV Energy Production in
the Non-Interconnected Aegean Islands (2010-2014)

For the complete energy analysis of a typical
autonomous electrical network in order to encourage the
RES participation, one needs the following information:
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Figure 4. Time evolution of wind and PV production in Aegean islands

1) Electrical Load Demand:
For most remote islands (constituting representative
autonomous electrical micro-grids) there is a serious
seasonal electricity consumption variation, Fig. 6, since
during the summer period the electricity consumption is
more than twice the corresponding spring demand, highly
depending on the visiting tourists. In addition, there is an
important daily load demand variation, usually presenting
two distinct maxima, one around noon "Pp1" and the other
(which is normally the greater one) during late evening
"Pp2", Fig. 6.
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To deal with the situation encountered, two main
directions have been proposed during the recent years. The
first concerns interconnection of island grids to the mainland
[6] and the second suggests introduction of energy storage
solutions [7] that may support recovery of RES-based
generation curtailments. In this context, the optimum
solution depends on many factors and may equally well
support a combination of energy storage and
interconnection. Nevertheless, special attention must be paid
in the case of interconnections, in order to avoid the
possibility of overexploiting the local RES potential of a
given island area in order to export energy to the mainland
[8], at the expense of a more sustainable energy planning. At
the same time, special attention must be given in the
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Figure 5. RES potential across the Greek territory

Figure 6. Typical day hourly variation of load demand for representative
Aegean Sea islands

Due to the specific character of a PV-based hybrid
production solution, one should separate the electricity
consumption in two distinct day periods, i.e. one during
sunlight periods "Et1" and the other during the rest of the day
"Et2" [10].
According to the analysis of the available data [10], [11]
the "Et1" ranges between 15% and 45% of the total annual
consumption "Etot", while it is interesting to see the
"s=Et1/Etot" variation during a year, Fig. 7. Note also that:

Etot = Et1 + Et 2

(1)

3

and

required by an energy storage system (ESS) in order to
achieve the requested levels of fuel-based power generation
reduction.

Pp = max{Pp1 ; Pp 2 }

(2)

Electricity Consumption Seasonal Variation
for a Typical Small Island
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In this context, the exploitation of the available solar and
wind potential may significantly contribute to the fulfillment
of the local societies energy needs at minimum
environmental and macroeconomic cost. Another interesting
characteristic of the available solar potential is that its
annual variation almost coincides with the corresponding
load demand distribution of the local network, see for
example Fig. 11. Thus, more solar energy is available when
increased electricity consumption is encountered, i.e. during
summer. Therefore, seasonal energy storage techniques are
not necessary, thus one may use much smaller ESSs.
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2) Solar and Wind Potential of the Area:
At this point it is worthwhile mentioning that the entire
Greek island territory is characterized by high solar
irradiance and high wind speed, Fig. 5. For this purpose, one
may use hourly wind speed (e.g. Fig. 8) and solar radiation
(e.g. Fig. 9) measurements from representative Aegean
island areas taking also into account the possible
complementarity between the local wind and solar potential
(see also Fig. 10) and associate the result of this exercise
with the detailed variation of load demand (e.g. Fig. 11).
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Figure 7. Daytime electricity consumption ratio vs. total consumption
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Figure 10. Average monthly complementarity levels between wind and
solar potential for typical Aegean island cases
Relation Between Solar Potential and Load Demand
during Sunlight Period for a Typical Small Island
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Figure 8. Wind speed measurements from representative island areas of
the Aegean Sea

Figure 11. Solar potential and load demand seasonal distribution for a
typical remote island
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Figure 9. Solar radiation measurements from representative island areas
of the Aegean Sea

During this effort one can also determine the joint
probability of encountering periods of calm spells and
reduced solar radiation, where from one may calculate the
minimum energy storage requirements in relation to the local
RES potential and load demand, i.e. energy autonomy

3) Energy Storage Techniques Available:
An ESS is utilized in order to store energy during high
electricity production periods and deliver it to the
consumption at low RES potential periods, e.g. at nights
or/and during calm spells. This system is characterized by
the energy storage capacity "Ess" and the nominal input "Pin"
and output power "Pss" of the entire energy storage
subsystem.
One should also take into account some system
parameters, and, more specifically, the desired hours of
energy autonomy "do" of the installation, the maximum
permitted depth of discharge "DODL", the energy
transformation efficiency of the ESS "ηss", the power
efficiency "ηp", as well as its two initial cost components,
"ce" and "cp". In fact, "ce" (€/kWh) is related to the storage
capacity and type of the system, while the second parameter
"cp" (€/kW) refers to the nominal power and type of the
storage system. Note that the contribution of the ESS to the
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operation of the proposed integrated solution is expressed
via the energy contribution parameter "ε", defined as:

ε=

E stor
E
= 1 − dir
Etot
Etot

•

A hybrid power station consisting of one or more PV
generators based on the exploitation of the available
solar potential as well as one or more wind turbines
exploiting the local wind potential. The rated power of
the proposed installation components is "PPV" and
"PWT" respectively.

•

A number of energy storage devices (e.g. lead-acid or
Na-S batteries, a group of water reservoirs, etc.)
combined with their corresponding energy production
equipment (e.g. inverters, small hydro-turbines, etc.).
The energy storage capacity of the installation is equal
to "Ess" and the input and output rated power values are
"Pin" and "Pss", respectively. The selected ESS should
be able to cover the local network electricity
requirements for "do" typical hours without the
contribution of any other electricity generation device.

•

The existing thermal power units of the already
operating autonomous power station (APS), with rated
power equal to "Po", may contribute in covering the
local system electricity consumption under specific
circumstances by "δE". The main target of the proposed
solution is to minimize the contribution of the local APS
to the local system electricity consumption (δE→min).

(3)

where "Estor" is the total energy contribution of the ESS
to the annual electricity demand and "Edir" is the energy
demand covered directly by the existing power stations,
mainly PV and wind generators and complementarily by
thermal power stations.
Finally, in Fig. 12 one may find the most common
application range of all available energy storage
technologies. Taking into consideration the size and the
infrastructure of the examined islands as well as the target to
minimize the fossil fuel contribution, one may select the
Lead-acid, the Na-S and the Flow batteries (Regenesys) as
well as the Pumped-Hydro (PHS), the Fuel Cells (FC) and
the Flywheels as the most appropriate energy storage
configurations to be tested.

During the long-term operation of the proposed system
several operational situations may appear, i.e.:
i. During daytime, if the energy production of the hybrid
power station is greater than the local community
consumption, the energy surplus is stored at the existing
ESS. In case that the ESS is full the excess energy is
forwarded to low priority loads.

Figure 12. Application range of contemporary energy storage technologies

ii. During daytime, if the hybrid power station energy
production is lower than the corresponding electricity
demand and the ESS is not empty (i.e. DOD<DODL), the
electricity deficit is covered via the ESS.

B. Proposed Solution
iii. During daytime, if the RES production is lower than the
In order to face the pressing electricity requirements of
electricity demand and the ESS is practically empty (i.e.
all these autonomous electrical networks on the basis of the
DOD≈DODL), the electricity deficit is covered by the
available solar potential, an integrated solution comprising a
existing thermal power units, using diesel or heavy oil.
hybrid power station (i.e. PV generator and wind park) -able
to meet the electricity demand of the local community- as iv. At nights, if the energy production of wind turbines is
greater than the local community demand, the energy
well as an appropriate energy storage facility that guarantees
surplus is stored at the existing ESS. In case that the ESS
the local community energy autonomy for a desired time
is full the excess energy is forwarded to low priority
period, is evaluated.
loads.
Besides, the existing (usually outmoded) thermal power
stations may be also used either as a back up solution or in v. At nights, if the energy production of the wind turbines is
less than the local community energy demand and the
order to cover unexpected high load demand. More precisely
ESS is not empty (i.e. DOD<DODL), the electricity
the proposed configuration (Fig. 13) includes:
demand is covered via the ESS.
vi. At nights, if the hybrid production is lower than the
energy demand and the ESS is practically empty (i.e.
DOD≈DODL), the electricity demand is covered by the
existing thermal power units, using diesel or heavy oil.
vii. Finally, for practical reasons, the utilization of all
available power units may be required in order to face
unexpected energy production/demand problems or
situations related to "Force Majeure" events.
In the following, one should define the major dimensions
of the proposed integrated electricity production system and
accordingly estimate the corresponding first installation cost.
Figure 13. Proposed electricity generation configuration

In fact, taking into consideration that the PV energy
production is available only during daytime, one may also
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assume that the total night demand "Et2" is mainly covered
by the wind turbines and the ESS, while the ESS contributes
also during daytime, in case that the RES production is
inferior to the load demand (cloudy days, calm spells and
very high load demand). Accordingly, in order to describe
the contribution of the storage system to the total energy
consumption we define the parameter "ε" using (3). Taking
into consideration that the RES-based hybrid power station
should cover the major part of "Edir" and provide also the
necessary energy to the ESS (total energy efficiency ηss), the
corresponding minimum annual energy production "EPVmin"
should be expressed as:
E PV min = ( Edir − δE ) − EWT +

E stor

η ss

= (1 − ε ) ⋅ Etot − EWT − δE +

ε ⋅ Etot
η ss

(4)

At the same time the energy yield of the PV and wind
power installations ("EPV" and "EWT") are given by the
following relations:

E PV = CFPV ⋅ 8760 ⋅ PPV

(5)

case that the thermal power station contribution is set to
zero.
Recapitulating, the proposed methodology emphasizes
on the evaluation of the integrated wind and solar potential
in relation to the respective load demand profile for
representative Aegean Sea areas, aiming to the determination
of the respective energy storage requirements in order to
achieve different levels of energy autonomy. From the
results obtained, selection of the most appropriate energy
storage technologies is next achieved by also taking into
account their characteristics (see also Fig. 12), while also
providing information on the association between
complementarity levels of the local wind and solar potential
and the respective energy storage requirements.
For the implementation of the above described
methodology in a representative autonomous island network
and for a specific ESS technology used to guarantee the
energy autonomy of the consumption for "do" successive
hours without the contribution of any other power station, a
number of calculation steps should be executed:
i.

and

EWT = CFWT ⋅ 8760 ⋅ PWT

(6)

resulting by the combination of the available solar/wind
potential and the operational characteristics of the PV
panels/wind converters in use. Typical values of "CFPV" for
the area under investigation vary between 15% and 21%
[12], while the corresponding values of "CFWT" ranges
between 25% and 40% [2]. In cases that the hybrid power
station electricity production is greater than the minimum
demand, an amount of energy "Erej" will be rejected.

PPV + PWT ≥ (1 + SF ) ⋅ Pp1

Etot
8760 ⋅ Pp

Calculate the dimensions of the ESS on the basis of the
desired energy autonomy of the installation "do" and
the peak load of the network.

iii.

Using the solar irradiance, the wind potential and the
ambient temperature time-series along with the
characteristics of the PV panels and wind turbines
adopted, estimate the energy yield of the hybrid power
installation "EPV+EWT" via its capacity factor "CFPV"
and "CFWT", (5), (6).

iv.

On the basis of the local network electricity demand
during daytime and the corresponding energy
production of the PV-generator estimate the PV
production absorbed by the local network during
daytime and the total hybrid production directly
forwarded to the consumption "Edir".

v.

Estimate the RES-energy surplus stored at the existing
ESS. The exact value depends on the difference
between the hybrid power station production and the
energy absorbed by the local network as well as on the
storage capacity of the energy storage configuration.
Accordingly, calculate the value of parameter "ε".

vi.

Calculate the contribution "δE" of the local APS on the
coverage of the annual electricity consumption.

(7)

one may calculate the required nominal power of the
proposed PV-based power station as:



E PV
PPV = max(1 + SF ) ⋅ Pp1 ;

8760 ⋅ CFPV 


(9)

ii.

Accordingly, defining the capacity factor of the local
electrical network "CFp" using (7), i.e.:

CFp =

Select the peak (rated) power of the PV generator
"PPV" and wind park "PWT". For daytime peak-load
demand coverage the subsequent initial value may be
used:

(8)

where "SF≥0" is an appropriate safety factor in order to
guarantee that the hybrid power station can meet the local
consumption daytime power demand even in case that the
contribution of wind park is zero. However, in a second step
one should take into consideration the possibility of using
the wind park of the island to meet the power demand of the
local system.

vii. Estimate the initial investment cost of the entire
installation, taking into consideration the initial cost of
the hybrid power station and the ESS as well as the
corresponding balance of the plant.

Accordingly, the input nominal power "Pin" of the ESS
depends on the available power excess of the existing hybrid
power station and the corresponding probability distribution
as well as the desired charge time of the installation. On the
other hand the "Pss" of the ESS should be able to cover the
maximum power demand of the local network, especially in

The above calculation algorithm may be repeated for
various PV generator peak power/ wind park rated power
and energy autonomy "do" values, in order to examine the
"PPV", "PWT" and "do" impact on the autonomous network
energy balance as well as on the corresponding initial
investment cost value. Of course in the next step the
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contribution of the existing wind potential should be
explicitly taken into account, in order to further reduce the
dimensions of the PV generator and the energy storage
capacity.

For example, if do=12h (Ess=5.6MWh) the minimum
APS participation percentage is almost 20%. Only for
do=24h, there is a possibility to eliminate the fossil fuel (oil)
consumption, see also Fig. 15, realizing an exclusive RES
based (zero oil) electrification solution.

III. RESULTS AND DISCUSSION

As a preliminary result of the new developed model, the
proposed hybrid station is almost exclusively based on a PV
generator, in order to analyze the PV-ESS collaboration.
More precisely, in Fig. 14 one may observe the considerable
contribution of the PV electricity generation to the local
consumption, which increases almost linearly with the PV
generator’s rated power and is bounded only by the ESS
storage capacity. In fact, if the desired energy autonomy is
only do=2h (Ess=0.9MWh), the maximum PV contribution is
less than 40%, achieved for PPV=Pp.
PV Generator Contribution
PV-ESS Configuration for a Small Remote Island
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Figure 15. The contribution of the existing APS on the energy balance of a
hybrid-ESS based autonomous electricity generation system

Finally, in Fig. 16 one may find the contribution of the
ESS on the proposed system energy management. As it
results from Fig. 16 the ESS contribution is mainly
controlled by the hours of energy autonomy of the ESS,
while values up to 75% may be realized.
ESS Contribution
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The developed methodology is then applied to one
representative autonomous electrical network, e.g. a small
island case, with annual energy consumption (Etot) equal to
2GWh and peak load demand (Pp) equal to 0.6MW. The
seasonal and daily load energy demand distribution may be
described by Figs. 6, 7 and 11, while the corresponding solar
and wind potential is given in Figs. 8 and 9. In this context,
the target of the analysis described is to define the optimal
configuration of the integrated hybrid power station and
ESS-based electricity generation solution that maximizes the
penetration of the available RES in the local electricity
market without significantly increasing the corresponding
initial investment cost. In the present analysis the wellknown lead-acid batteries are adopted as a representative
mature energy storage technology.
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Figure 14. The contribution of the PV generator on the energy balance of a
hybrid-ESS based autonomous electricity generation system

In case that additional PV power is installed a
considerable PV energy surplus is encountered which may
exceed the 60% of the PV generator annual yield. Only for
do=24h no PV energy surplus is observed. Hence, if the
100% coverage of the local consumption needs is the target
of a similar solution one should use an electricity generation
configuration based on a PV generator of 3Pp (i.e. triple the
peak load demand of the local grid) and an ESS of do=24h
(Ess=11.2MWh) typical hours of energy autonomy.
However, the electricity production cost of a similar solution
should also be taken into account.
On the other hand, the contribution of the existing APS is
significantly decreasing as the PV generator rated power is
increasing, Fig. 15. The minimum APS participation
percentage is accordingly defined by the storage capacity of
the ESS.

Subsequently, in Figs. 17 and 18 one may observe the
energy balance analysis of the PV-ESS based installation for
representative combinations of the proposed configuration
(i.e. low PV rated power-high ESS storage capacity, high PV
rated power-high ESS storage capacity, low PV rated powerlow ESS storage capacity, high PV rated power-low ESS
storage capacity).
It is worthwhile mentioning that for do=24h (Fig. 17)
there is no PV energy surplus even for PPV≈3Pp, while the
direct contribution of the PV generator to the consumption
fulfillment is practically constant. On the contrary, the APS
participation is considerably decreasing as PPV increases in
favor of the ESS (using exclusively PV energy)
participation.
Similar to the do=24h case, the do=6h energy balance
analysis for PPV=Pp (Fig. 18) confirms the dominant APS
contribution, while the direct PV generator participation
remains around 30%. In cases of limited PV electricity
production (i.e. PPV=Pp) the contribution of the ESS is low,
not depending on the storage capacity of the ESS. Lastly,
one cannot disregard the considerable APS contribution for
do=6h and PPV≈3Pp, which is almost equivalent to the PV
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energy surplus, not absorbed due to the limited storage
capacity of the installation. The result of this unfavorable
configuration is the low direct PV contribution as well as the
fair participation of the selected ESS.
Energy Balance Analysis for do=24h and Np=600kW

Direct PV
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30,7%

ESS
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APS
Contribution
61,5%

Energy Balance Analysis for do=24h and Np=1700kW
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3,5%

Direct PV
Contribution
30,7%

ESS
Participation
65,8%

Figure 17. Energy balance analysis for representative PV-ESS based
autonomous electricity generation configurations (do=24h).
Energy Balance Analysis for do=6h and Np=600kW
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ESS
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Energy Balance Analysis for do=6h and Np=1700kW

APS
Contribution
44,3%

Direct PV
Contribution
30,7%
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25,0%

Figure 18. Energy balance analysis for representative PV-ESS based
autonomous electricity generation configurations (do=6h).

IV. CONCLUSIONS
In the present study one has analyzed the urgent
electrification problem of autonomous electrical networks.
For this purpose, an optimum sizing methodology able to
define the basic parameters of a combined hybrid-ESS
electricity generation configuration is developed from basic
principles. More precisely, the main parameters of the
proposed solution, including the hybrid power station rated
power and the ESS storage capacity, are calculated first.
Accordingly, one may estimate the contribution of the hybrid
power station and the local APS on the local network energy
balance as well as the ESS participation and the RES energy
production surplus. According to the calculation results
obtained, there is an optimum combination of the hybrid
power station rated power and ESS storage capacity that
minimizes the corresponding APS contribution without
excessive initial investment cost.
Recapitulating, one may clearly state that an optimum
sizing combination of a hybrid power station along with an
appropriate energy storage configuration may significantly
contribute on reducing the electricity generation cost in
several island autonomous electrical systems, providing also
abundant and high quality electricity for the local remote
communities without the environmental and macroeconomic impacts of the oil-based thermal power stations.
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