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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
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I. INTRODUCTION

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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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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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 RESbased electricity (see also Figs. 2, 3 and 4) and especially
wind and solar power.

Figure 2. Thermal and RES-based power generation contribution
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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
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locations) encourages the 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.

special attention must be given in the 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].

Time Evolution of Monthly Wind and PV Installed Capacity in
the Non-Interconnected Aegean Islands (2010-2014)
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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)
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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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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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Figure 4. Time evolution of wind and PV production in Aegean islands
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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

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,

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
2

(1)

local RES potential and load demand, i.e. energy autonomy
required by an energy storage system (ESS) in order to
achieve the requested levels of fuel-based power generation
reduction.

and

Pp  max{Pp1 ; Pp 2 }

(2)

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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Figure 7. Daytime electricity consumption ratio vs. total consumption

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 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

Annual Solar Potential Variation for the
Three Different Case Studies
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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.
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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

Hour of the Year

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
3

storage system. Note that the contribution of the ESS to the
operation of the proposed integrated solution is expressed
via the energy contribution parameter "ε", defined as:



E stor
E
 1  dir
Etot
Etot

Figure 13. Proposed electricity generation configuration



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.
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.

Figure 12. Application range of contemporary energy storage technologies

B. Proposed Solution
In order to face the pressing electricity requirements of
all these autonomous electrical networks on the basis of the iii. During daytime, if the RES production is lower than the
electricity demand and the ESS is practically empty (i.e.
available solar potential, an integrated solution comprising a
DOD≈DODL), the electricity deficit is covered by the
hybrid power station (i.e. PV generator and wind park) -able
existing thermal power units, using diesel or heavy oil.
to meet the electricity demand of the local community- as
well as an appropriate energy storage facility that guarantees
iv. At nights, if the energy production of wind turbines is
the local community energy autonomy for a desired time
greater than the local community demand, the energy
period, is evaluated.
surplus is stored at the existing ESS. In case that the ESS
is full the excess energy is forwarded to low priority
Besides, the existing (usually outmoded) thermal power
loads.
stations may be also used either as a back up solution or in
order to cover unexpected high load demand. More
v. At nights, if the energy production of the wind turbines
precisely the proposed configuration (Fig. 13) includes:
is less than the local community energy demand and the
ESS is not empty (i.e. DOD<DODL), the electricity
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
4

system and accordingly estimate the corresponding first
installation cost.

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 case that the thermal power station
contribution is set to zero.

In fact, taking into consideration that the PV energy
production is available only during daytime, one may also
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  ( E dir  E )  EWT 

E stor

 ss

 (1   )  Etot  EWT  E 

  Etot
 ss

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.

(4)

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:

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

i.

(5)

and

EWT  CFWT  8760  PWT

(6)

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:

PPV  PWT  (1  SF )  Pp1

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.

(9)

ii.

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".

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.

vi.

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

Accordingly, the input nominal power "Pin" of the ESS
depends on the available power excess of the existing

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

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

CFp 

Etot
8760  Pp

(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 


(8)

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.

5

"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
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.

percentage is accordingly defined by the storage capacity of
the ESS.
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
90

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 well-known lead-acid batteries are adopted as a
representative mature energy storage technology.
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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.

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.
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Figure 16. The participation of the ESS on the energy balance of a hybridESS based autonomous electricity generation system
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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).

2100

PV Peak Power (kW)

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.

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

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
6

do=6h and PPV≈3Pp, which is almost equivalent to the PV
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.

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.

Energy Balance Analysis for do=24h and Np=600kW

Direct PV
Contribution
30,7%

ESS
Participation
7,9%

APS
Contribution
61,5%

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 macro-economic
impacts of the oil-based thermal power stations.

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

Direct PV
Contribution
30,7%
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ABSTRACT
Improving energy efficiency in the transportation sector could significantly contribute to limit
the environmental impacts and decelerate the depletion of existing fossil fuels reserves.
Effective methods for increasing energy efficiency include adoption of eco-driving especially in urban areas, the utilization of more "efficient" vehicles and the shift to green
public transportation. In any case, for the development of a sustainable and efficient
transportation strategy in selected cases (e.g. smart cities), the usage of "clean" new
technology vehicles should be adopted.
The Laboratory of Soft Energy Applications and Environmental Protection (SEALAB) of the
Piraeus University of Applied Sciences (former TEI of Piraeus) has recently undertaken, in
the framework of its innovative activities, the development, construction and operation of the
first standalone Solar Electric-Vehicle (EV) Charging Station in the country, "CARPORT",
monitoring all energy data and supporting in this way the country’s effort towards the
infrastructure development and strengthening in the field of electro-mobility.
More specifically this innovative effort, described in the present paper, is targeting to
accelerate the implementation of a European-national electrification action plan through the
construction of EV charging stations based on PV generators. The proposed Solar EV
Charging Station is considered to be one of the most environmentally friendly solutions, able
to support the decarbonization of the European transport sector.
Keywords: Photovoltaic generators, Green Vehicles, Sustainable Development, Urban Areas.
1.

Introduction

The continuous dependency of the EU on imported fossil fuels (mainly oil and natural gas)
and the corresponding environmental degradation, despite the remarkable efforts of the last
thirty years, underline the necessity for additional measures being taken, especially in the
transportation sector. Actually, the transportation sector absorbs more than 30% of the EU-28
final energy consumption (figure (1)), while it is responsible for emitting more than 1000Mtn
of carbon dioxide equivalent annually, i.e. 20% of the entire CO2 production of the EU (figure
(2)). Moreover, the road transportation sector contributes by more than 70% of the entire
transportation sector’s carbon dioxide emissions [1].
The situation is almost similar in Greece, where the transportation sector is the second major
final energy consumer (almost 37%), following that of households and services (figure (3)),
being almost exclusively based on motor gasoline (61%) and diesel oil (37%) [1].
Improving energy efficiency in the transportation sector could significantly contribute to limit
the environmental impacts and decelerate the depletion of existing fossil fuels reserves.
Effective methods for increasing energy efficiency include adoption of eco-driving especially in urban areas, the utilization of more "efficient" vehicles and the shift to green
public transportation. In any case, for the development of a sustainable and efficient
transportation strategy in selected cases (e.g. smart cities), the usage of "clean" new
technology vehicles should be adopted.
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The systematic introduction of non-fossil fuelled vehicles and more specifically electric
vehicles (EVs), may significantly contribute on reducing the corresponding oil consumption
and on the limitation of air pollutants’ emissions, especially in the urban environment. This
almost obligatory option has been adopted by most industrial countries including China,
which is planning a very aggressive strategy in favour of EVs in the next years [2]–[5].

Figure 1: EU final energy consumption Figure 2: GHG emissions analysis by
analysis for 2012 [1].
economic activity in EU for 2012 [1].
According to the available data (figure
(4)) more than 700,000 EVs are operating
all over the world, while only during 2014
more than 300,000 EVs have entered the
market, figure (5) [6]. More specifically in
figure (6) one may find the annual EVs’
sales volume between 2013 and 2014
which is significantly increasing [7]. The
most active countries of the sector include
USA (with almost 120,000 cars), China
(50,000 cars) and Japan along with
several other European countries like Figure 3: Final energy consumption analysis in
Norway and Holland. Notable is also the Greece for 2012 [1].
contribution of Germany and France
being however not in accordance with their economic power.

Figure 4 Number of electric cars worldwide Figure 5 Annual registrations of new electric
by January 1st, 2015 [6].
vehicles during the period 2008 - 2014 [6].
A more detailed inspection of the official data [8] reveals (figure (7)) that the share of EVs in
the annual new vehicles sales is remarkably high in Norway and Holland, representing more
than 6% of the new vehicles sales for 2013. More precisely, Norway pays special attention on
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supporting clean EVs, which represent the vast majority of the new environmentally friendly
vehicles, including plug in hybrid cars.

Figure 6: The annual EVs sales for the major Figure 7: The annual market share of EVs in
markets of our planet (2013-2014), [7].
the total new vehicles sales for 2013, [8].
Considering this brief presentation of worldwide activities in the area of EVs one may note
that the EU plan is targeting 7.2 million of EVs in the countries members by 2020. This target
is definitely related with an integrated network of Electric Vehicles Charging Stations
(EVCSs) all around the Union. More specifically, 13000 new EVCSs have been planned for
Greece during the next years.
In order to contribute and support the clean-green transportation activities the present work
investigates the opportunities and any potential problems related with the development of one
or more EVCSs. In this context, one may first analyze the environmental performance and
accordingly the cost related issues of a typical EVCS. Furthermore, special emphasis is given
in order to support the totally green solution of Solar-based (powered) EVCSs in comparison
with the ones connected with the electrical grid. For this purpose the main technical
characteristics and the preliminary performance of an experimental solar-based EVCS created
by the Soft Energy Applications & Environmental Protection Laboratory of the Piraeus
University of Applied Sciences are also included in the current work.
2.

Proposed Solution

In order to define the main dimensions of a typical EVCS one should take into account the
corresponding energy and power demand, the environmental behavior and some preliminary
cost-benefit estimations.
2.1 Energy Balance of an EVCS-Preliminary Sizing
Based on available data, the specific volume fuel consumption "ε" (lt/km) of the
contemporary private vehicles varies between 6 – 8lt/100km, while one may expect values
even less than 4lt of fuel per 100km up to 2020. It has to be noted that the vast majority of
drivers in urban areas and in remote small islands seldom travel more than 50km per day. The
corresponding final energy consumption "Εf" at the vehicles wheels is given as:

E f    Hu f  t

(1)

where "Huf" is the specific calorific heat of the fuel used (in kWh/lt) and "ηt" is the total
efficiency of the entire power transfer process to the vehicle wheels (including engine
efficiency, gear box loss, etc.). Applying equation (1) one may estimate that the final energy
consumption of a modern private vehicle is approximately 10kWh per 100 km or 0.1kWh/km.
In any case, this specific energy consumption may be more than double for vehicles of the
former decade. Expressing the authors’ belief, values approximating 0.1kWh/km (Well to
Wheel – WtW) should be the target for future EVs. It has to be noted, though, that taking into
account the corresponding losses and self-consumption of the electrical system (e.g. battery
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losses, electrical generator efficiency, etc.), this figure has to be increased by at least 50%.
Furthermore accounting for charging/discharging and other electrical losses it is expected that
WtW consumption will surpass 0.2kWh/km. Finally if the required energy is provided by a
PV generator, via an appropriate charger or EVCS’s battery bank the corresponding
consumption may even exceed 0.3kWh/km, with the most plausible value of 0.25kWh/km.
In this context, in order for a PV-based EVCS to guarantee daily autonomy of an EV
(assuming 50 to 100km/day), the corresponding PV generator’s daily production "Ed" should
be approximately 12.5kWhe, accounting for 50km, value reaching up to 30kWhe for 100km
daily autonomy. The energy yield of a PV generator depends on the generator’s peak power
"Pmax", the installation’s capacity factor "CF" and the time period under consideration. Thus
for a typical day one may write:

Ed  Pmax  CF  t

(2)

Applying equation (2) one may estimate the PV generator’s peak power to vary between
2kWp and 5kWp, for the greater Athens (Greece) area (i.e. solar irradiance and ambient
temperature). Thus, applying equation (2) for a typical day in central Greece one ends up with
15 – 35kWh of electricity, able to support directly or via batteries the complete daily energy
needs of an EV covering up to 100km per day.
2.2 Environmental Performance of a PVbased EVCS
A solar (RES) based EVCS (figure (8))
is, expressing the authors’ belief, the
only almost entirely environmental
benign solution, since during its
operation it does not surcharge the
environment with any type of air or
water pollution. At this point one should
consider the embodied energy in the
proposed solution (including the PV
panels, the system batteries and
electronics as well as the BOS
components) [9], [10]. On top of these,
one should not disregard the severe
problem of batteries replacement
throughout the operational life of the
installation and their final disposal.
However, the proposed Solar EVCS does
not induce any air pollution which is one
of the main problems of the existing
transportation sector. More precisely, a
typical gasoline/diesel based private
vehicle emits 150-300gr CO2/km, 1-2gr
CO/km,
0.1-0.2gr
hydrocarbons
(HC)/km, 0.06-0.15gr NOx/km and
0.005-0.015
particulate
matters
(PM)/km) [11].

Figure 8: A small wind turbine and the
CARPORT at Piraeus University of Applied
Sciences.

On the other hand, utilization of the existing electrical grid to support the EVs fleet is also
related with remarkable air pollution since the electricity generation sector is dominated by
fossil fuel fired power stations. One important issue is that the air pollutants do not appear in
the EVs’ circulation region (i.e. urban areas) but at the power station sites. Generally speaking
the induced air pollution depends strongly on the current electricity generation fuel mix
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supporting the operation of the EVCSs. Theoretically, for countries that their electricity
generation is based on renewable energy sources the corresponding air pollution is also
minimal. However, this is not the case for Greece and for most EU countries members. For
example, in mainland Greece more than 40% of the electricity consumption is based on the
local lignite [12], while for the numerous islands of the country the electricity production is
almost exclusively produced (almost 90%) by imported diesel and heavy oil [13]. In this
context, utilizing some indicative air pollution data [14], [15] and by assuming electricity
consumption of approximately 0.2kWh/km, one may result in values similar to (see for
example) Table I.
Table I: Comparison of the main air pollutants emissions for various private vehicle options
in Greece
Air Pollutant
(gr/km)

ICEV

Mainland
Grid

Islands Grid

Solar EVCSs(*)

CO2

150-300

80-150

120-160

5-10

NOx

0.06-0.15

0.15-0.25

0.04-0.10

0.00001

HC

0.1-0.2

0

0.05-0.08

0.00002

SO2

0

0.2-0.35

n/a

0

PM

0.005-0.015

0.001-0.003

0.005-0.01

0

CO

1-2

0

0.1-0.2

0

(*) Mainly due to the system construction

Comparing the available data one may
state that in terms of atmospheric
pollution the EVs supported by the
existing electrical grids do not provide
the environmental benefits expected,
especially for the islands’ case.
Furthermore,
any
environmental
advantage of the EVs is strongly
questioned as far as the coal based
power stations constitute the majority
of the existing fuel mix. This is much
more obvious if one takes into account
the
continuous
environmental
performance improvement of the
corresponding internal combustion
engines used in the road transportation
vehicles.
On the other hand, the utilization of
solar energy (or any other RES as for
example wind energy) for supporting
the EVs (figure (8)) is the only
environmental
friendly
solution,
which may be integrated at large scale
in both urban and rural areas,
minimizing the environmental impacts
of the road transportation sector. As it
is obvious, for the commercial

Figure 9: The proposed Solar Electrical Vehicle
Charging Station (CARPORT) at the SEALAB of
the Piraeus University of Applied Sciences, the
charging point.
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application of the proposed solution a well-organized and reliable network of electrical
vehicle charging stations is a prerequisite. In this context, the encouragement of solar
powered EVCSs is at this moment considered to be the optimum choice towards the
decarbonization of the transport sector.

3.

Description of a Solar Based EV Charging Installation

Hitherto, and accounting for available data [16] in Europe there are more than 15000 nonresidential slow EVCSs and nearly 1000 fast ones (see also Table II). Unfortunately, one
cannot get reliable data about residential charging infrastructures. However, the existence on
purely PV-based EVCSs is minimal.
The Laboratory of Soft Energy Applications and Environmental Protection (SEALAB) of
Piraeus University of Applied Sciences (former TEI of Piraeus) has recently undertaken, in
the framework of its innovative activities, the development, construction (figures (9), (10))
and operation of the first standalone Solar Electric-Vehicle Charging Station in the country,
"CARPORT", monitoring all energy data and supporting in this way the country’s effort
towards the infrastructure development and strengthening in the field of electro-mobility.
Table II: Non-residential charging points installed (approximately) in Europe, end of 2013 [16]
Country

Slow EVCSs

Fast EVCSs

UK
France
Germany
Netherlands
Portugal
Spain
Sweden
Denmark
Norway

3000
1700
2800
6000
1000
800
1000
3800
1300

150
100
50
120
70
20
20
120
90

Essentially, the new CARPORT is a self-funded, stand-alone & grid connected solar-based
EV charging station (figure (10)), developed by the personnel of the SEALAB with the
contribution of Greek and foreign industrial partners. It is based on a 3kWp photovoltaic
generator (12x250Wp PV panels), equipped with a lead-acid battery storage bank with
nominal capacity of nearly 18kWh (DODmax=50%) and a charger of 5kW nominal power,
providing full (slow) charging in 6 to 8 hours.
3.1 Main Installation Cost Parameters of a Solar-Powered EVCS
One of the main drawbacks of similar integrated solar-based EVCSs is the remarkable first
installation cost. More precisely, the initial cost of a single CARPORT able to support one EV
on annual basis (100km/day) along with a motorbike ranges between 12000 and 20000 euro.
The exact value depends on the peak power of the PV generator, the energy storage capacity
and on the operational characteristics of the other major components of the charging station.
Obviously, in case of mass production of similar installations the expected initial cost should
be less than 10000 Euros and may even approach 8000 Euros, under favorable conditions.
Recently, net-metering technique has been introduced in Greece. Under this circumstance, the
solar-based EVCS does not need a large energy storage capacity since energy can be stored in
the central electrical grid. In case that the net-metering solution is adopted the initial cost (no
batteries are needed) may be further reduced to values ranging between 6000 and 8000 Euros,
while one is not obliged to replace the system batteries every predefined time period.
Moreover, in the commercial case of including multiple charging points for more EVs
charging the estimated first installation cost (per charging point) may be less than 5000 Euros.
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In the case of the CARPORT developed by the SEALAB the total turnkey cost may even
exceed the 25000 Euros, mainly due to the experimental-individual character of the installation
and the numerous used measuring equipments. Actually, the total amount spent is less than
4000 Euros (driven primarily by foundation work and auxiliary equipment), not accounting
however the manpower cost of the Laboratory personnel. This is due to the fact than all the
major components of the CARPORT have been provided (free of charge) by the components’
manufacturers in view of the research and demonstrating character of the installation.

Figure 10: The proposed Solar Electrical Vehicle Charging Station (CARPORT) at the
SEALAB of Piraeus University of Applied Sciences, general view.
What is interesting to mention is that in the majority of European countries new EVCS
installations are experiencing heavy subsidization [17]–[19], which in France approaches 50%
of the corresponding first installation cost. Additionally, in many European countries the
development of EVCSs is undertaken by the State (e.g. UK, Spain, etc.), such as in the case of
Italy where the State, in the support of ENEL, Italy’s largest power company, has under the
project E-Mobility, installed and monitors 400 EV charging points in Milan, Pisa and Rome.
Applying equation (2) for the 3kWp CARPORT the expected annual energy yield may
slightly exceed 5000kWhe/year, thus the corresponding annual income varies between 750
and 1000 Euros per year. Using a simplifying cost-benefit analysis the expected pay-back
period of a commercial PV-based installation is between 10 and 15 years, including regular
battery replacement and by excluding any initial cost subsidization. This pay-back period may
be drastically reduced in case that the electricity price is increased (especially in accordance
with the operational cost of the island local autonomous thermal power stations [13],
exceeding in several cases the 0.3€/kWhe) or the initial installation cost is minimized
including direct subsidization, [17]–[19].

4.

Conclusions and Proposals

Bearing in mind the firm decision of EU for sustainable development and energy autonomy,
the support for further development of RES-based applications is a strategic decision towards
2030. Since the transportation sector is by far the one with the minimum RES participation,
the significant encouragement of clean EVs is the most promising solution for the private
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road transportation. However, for the effective support of the EVs, promotion and expansion of
an integrated and reliable charging network is necessary. For this purpose, we propose the
adoption of solar-based, instead of simple grid connected, EVCSs, in order to maximize the
environmental benefits and to minimize fuel imports. Undeniably, the initial cost required is
acting as a serious obstacle at present. However, the gradual cost reduction of the EVCSs’
components and the economies of scale fashioned by massively installing EVCSs, are expected
to reduce the initial installation capital by as much as 50% in the near future. If considering the
excellent solar potential of the Mediterranean region and the volatility of the international oil
and gas prices the proposed solar-based configuration is, expressing the authors’ belief, the
optimum solution. More specifically this innovative effort described in the present paper is
targeting to accelerate the implementation of a European-national electrification action plan
for the construction of EV charging stations based on PV generators. The proposed Solar EV
Charging Station is one of the most environmentally friendly solutions, able to support an EV
fleet market all over Europe.
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Design of an Integrated Wind-based Energy
Storage and Desalination Solution
for the Island of Amorgos
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impact and low-intensity solutions that may adapt to the
local environment distinct characteristics.

Abstract-- The present work is devoted to the development
of an integrated methodology for the design of optimum windbased energy storage and desalination configurations, used to
encounter both electricity and water problems under the
prerequisites of cost-effectiveness and minimum fuel
consumption for the operation of the local thermal power
station. In this context, the developed methodology is
accordingly applied to a representative, medium-scale island of
the Aegean Sea, i.e. the island of Amorgos. According to the
results obtained, the proposed solution achieves increased
levels of energy and water autonomy.
Index Terms--Wind energy, energy storage, desalination,
remote islands

A

Application of renewable energy sources (RES) to a
certain, sustainable extent may align with both these ends;
i.e. satisfaction of local habitants’ energy and water needs
under more secure terms on the one hand and preservation of
the local environment on the other. In this context, although
there are certain island areas that have already adopted some
aspects of the proposed solution, progress met in the field is
yet discouraging. In fact, current patterns of energy and
water supply in most island regions largely restrict or almost
eliminate contribution of RES [1], [2], despite the mediumhigh quality of RES potential met across several areas. The
result of this strategy is the implementation of short-sighted
solutions, based almost exclusively on fuel imports for
covering energy needs (mainly electricity) [3] and the
operation of unorthodox water supply networks [4], [5] so as
to cover existing water deficits that may even reach 100% of
the local water demand for certain dry island regions.

I. INTRODUCTION

ccording to the Amsterdam Treaty, declaration No. 30,
"…insular regions suffer from structural handicaps
linked to their island status, the permanence of which
impairs their economic and social development". In this
regard, satisfaction of vital needs for most of these regions
relies on strong dependence bonds with supply networks
(normally being mainland-based) of questionable efficiency,
both in terms of supply security and costs. Of major
significance in this debate, energy and water resources
undergoing severe stresses on and off in many island
regions, produces volatile conditions in all aspects of every

II. DATA AND METHODOLOGY
Considering the above, the present work is dedicated to
the development of an integrated methodology for the
design of optimum wind-based energy storage and
desalination configurations, used to encounter both
electricity and water problems under the prerequisites of
cost-effectiveness and minimum fuel consumption for the
operation of the local thermal power station. In this context,
the developed methodology is accordingly applied to a
representative, medium-scale island of the Aegean Sea, i.e.
the island of Amorgos. Amorgos is a remote island region
found at the south side of the Aegean Sea, belonging to the
island complex of Cyclades. The local population of the
island reaches almost 2,000 habitants, although during the
summer period it may increase to reach even triple figures.

day life, damaging the local economy and development
prospects of these communities. At the same time,
vulnerability of the local landscape and the cultural heritage
in many of these areas dictates investigation of minimum
This study was supported by the European Union and the Greek
Ministry of Education through the Excellence II research framework

At the moment, the electrical needs of the islanders, i.e.
almost 10GWh per annum with a peak load demand of
approximately 3MW (see Fig. 1), are mainly covered by the
operation of the local autonomous thermal power station. To
this end, owed to the increased cost of oil imports required
to operate the local thermal power station, the respective
electricity production cost well exceeds 300€/MWh, having
also reached in the past approximately 380€/MWh. At the
same time, the island also encounters water supply stresses,
especially during the summer period, with the total water
consumption reaching approximately 140,000m3 per year
(Fig. 2). In the same context, if also including the small
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Cyclades islands (i.e. Koufonisia, Schinoussa, Donoussa
and Iraklia) the water demand rises to ~260,000m3.

[6], [7]. [8] coupled with a desalination facility is currently
elaborated (Fig. 4), in order to cover both electricity and
water demand of the islanders.

What is interesting to note is that for Amorgos and other
arid island areas found in Cyclades and Dodecanese
complexes, water consumption is mainly satisfied through
water shipments from the mainland, at an increased cost that
may even exceed 9€/m3. In fact, it is almost 2/3 of the
aforementioned water demand that is covered through water
transfers.

At the same time, the local thermal-based power station
is considered only as back-up and is used to cover any
energy deficits not satisfied by the operation of the proposed
wind-based solution. For this purpose, an integrated
computational algorithm is developed which simulates the
hourly operation of the system during an entire year (Fig. 5),
followed by an extensive parametrical analysis considering
the problem main parameters, e.g. installed wind capacity,
energy storage capacity, desalination capacity, water tank
size, etc.

Hourly Load Demand; Amorgos-2012
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Figure 1. Variation in hourly electricity load demand for Amorgos Island
during the year 2012
Annual Variation of Local Water Demand on a Monthly Basis
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Figure 4. The proposed wind-based energy and water supply
configuration
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Figure 2. Variation of the monthly local water demand for Amorgos and
Small Cyclades islands during the year 2012

On the other hand, current use of renewable energy on
the island is rather limited, despite the fact that the entire
region appreciates considerable wind and solar potential. In
fact, the local wind potential quality is determined by a
mean annual wind speed in the order of 10m/sec (see also
Fig. 3) which encourages investigation of wind-based energy
solutions.
Hourly Wind Speed Measurements; Amorgos-2012
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Figure 5. The developed simulation algorithm
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As far as the proposed configuration is considered, this
comprises of a wind park coupled with battery storage (leadacid batteries are currently considered), supported also by the
minimum contribution of the local autonomous power station
of Amorgos.

Figure 3. Hourly wind speed for Amorgos island - year 2012

In this context, based on the above described situation,
the idea of applying a wind-based battery storage solution
2

At the same time, the proposed configuration also
employs a reverse osmosis desalination unit [9], [10] and the
appropriate water storage tanks, destined to cover the local
water demand of the islanders, including costly water
transfers. With regards to the simulation algorithm, it gives
priority to the satisfaction first of electricity load demand and
then of sufficient energy stores, and then allows the operation
of the desalination plant as a secondary load. In this context,
by examining several configurations of different size, their
performance is accordingly evaluated based on the energy
and water autonomy results obtained. Furthermore, each of
the examined configurations is also economically evaluated,
through the estimation of the respective life-cycle production
cost. During this effort, both the energy and water production
costs are provided, while a weighted, overall production cost
is also estimated considering energy and water satisfaction
levels (€/kWh).

required diesel-based power generation contribution, which
drops to less than 100t of diesel oil per year even for the
50MWh case (Figs. 8 and 9).
Energy & Water Autonomy Levels for Different Wind-ESSDesalination Systems (ESS=50MWh)
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Figure 6. Energy and water autonomy results – 50MWh energy storage
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Figure 7. Energy and water autonomy results – 250MWh energy storage
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TABLE I
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Energy storage system capacity

80%
Vw=1000m3 - Energy
Vw=5000m3 - Energy
Vw=10000m3 - Energy
Vw=1000m3 - Water
Vw=5000m3 - Water
Vw=10000m3 - Water

90%

75%

Using the developed simulation algorithm, the proposed
methodology is accordingly applied for the island Amorgos,
considering additionally satisfaction of water demand for the
complex of Small Cyclades as well. To this end, problem
input parameters are gathered in Table I, while in Table II the
respective cost parameters of the problem investigated are
given.

Wind park peak power
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III. RESULTS AND DISCUSSION
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Figure 8. Diesel oil consumption results – 50MWh energy storage
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Furthermore, representative energy and water autonomy
related results are accordingly presented in Figs. 6 and 7, for
two different energy storage cases, i.e. 50MWh and
250MWh respectively. As one may see, the parallel increase
of wind power and available water tank volume maximizes
both energy and water autonomy. In fact, increase of energy
storage from 50 to 250MWh does not suggest as
considerable autonomy benefits, while use of 1000m3 of
water storage already achieves water autonomy at the levels
of 90%. The inverse behavior is as expected presented by the
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Figure 9. Diesel oil consumption results – 250MWh energy storage

3

Following the energy and water autonomy results, in
Figs. 10-13, the corresponding economic results are given for
the same two energy storage cases examined. More precisely,
in Figs. 10-11 the electricity and water production costs are
presented separately, so as to obtain a direct comparison with
current costs.

Total Life-Cycle Production Cost for Different
Wind-ESS-Desalination Systems (ESS=250MWh)
Total Production Cost (€/kWh)
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According to the results, an area of minimum electricity
production costs appears for wind power in the order of
6MW, which is found to be comparable with current
electricity costs, only in the case of 50MWh. On the other
hand, the production cost of water is significantly lower
when compared to the current water transfer cost.
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Figure 10. Energy and water cost results – 50MWh energy storage
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Figure 11. Energy and water cost results – 250MWh energy storage

Finally, in Figs. 12 and 13, the overall, weighted energy
and water cost is presented, validating the results of the
previous figures. To this end, the overall production cost is
found to minimize in the area of 4-6MW, reaching
approximately 350€/MWh and favorably comparing with the
current value of around 450€/MWh.
Total Life-Cycle Production Cost for Different
Wind-ESS-Desalination Systems (ESS=50MWh)
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In the present work, development of an integrated
methodology for the design of optimum wind-based energy
storage and desalination configurations was achieved, used
to encounter both electricity and water problems under the
prerequisites of cost-effectiveness and minimum fuel
consumption for the operation of the local thermal power
station. In this context, the developed methodology was
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also additional water demand of the Small Cyclades island
complex. According to the results obtained, the proposed
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production costs to the current ones. As a result, the
proposed combined configuration is found to provide energy
and water autonomy even for medium scale size islands such
as Amorgos, where the cost of energy is not as high (e.g.
>1€/kWh) as in smaller scale ones.
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