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Increase in global energy demand, depletion of fossil fuels and environmental issues related to current major
power generation patterns have proven to be highly effective drivers for a substantial shift towards renewable
energy applications. Renewable energy sources (RES) such as wind, solar and biomass can provide reliable energy
services and direct benefits at both national and local levels. Nowadays, in most non-interconnected islands the
electricity generation cost is extremely high due to the utilization of outdated autonomous power stations
(APSs) based on oil-fuel imports and diesel-electric generators. The objective of the present work is to investigate
the possibility of achieving energy autonomy in very small (tiny) islands based exclusively on the use of RES. For
that reason, a small Aegean Sea island (i.e. Agathonisi) which faces serious energy andwater shortage problems is
investigated. The proposed system configuration includes commercial wind turbines, photovoltaic panels, batteries
and an internal combustion-electrical generator consuming biogas. The excess electricity is used for fresh water
production via seawater desalination. Emphasis is givenona detailed energy analysis being the basis for sustainable
development. The results obtained highlight the feasibility and competitiveness of the proposed system configura-
tion in comparison to the current situation.

© 2012 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
Introduction

Small island communities all over the world face serious water
and energy infrastructure problems deteriorating the quality of life
of their permanent population (Duic and Carvalho, 2004; Michalena
et al., 2009; Konstantinos and Kolybiris, 2012). On the other hand,
several interesting island projects are underway or have already
adopted the exclusive use of renewable energy sources (RES) around
the world and notably in Europe (e.g. “100% renewable energy islands”
in Denmark, Spain, Greece, Sweden, and Germany) (Chen et al., 2007;
Mitra, 2006).

Greece is the country with the most extensive coastline (approx.
15,000 km) among all Mediterranean countries. The coastal area is
evenly distributed between the mainland part and many scattered
islands and island complexes (Fig. 1). There are more than 6000
Greek islands and islets, 227 of which are inhabited, with only 78 of
them having more than 100 inhabitants. The majority of the islands
are located in the Aegean Sea. The climate of this area is characterized
by the presence of two distinct periods, summer and winter, with
spring and autumn being relatively short and transitional. The principal
economic activities of the inhabitants are tourism, merchant marine,
agriculture, fishing and livestock farming. The electricity production in
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the region is mostly based on autonomous power stations (APSs)
(Patlitzianas et al., 2007) which consume imported diesel and heavy oil
for their operation and at the same time emit severe air pollutants. The
pronounced seasonality of electricity demand (see for example Fig. 2)
due to tourism is usually handled with difficulty by the Greek Public
Power Corporation (PPC), while the use of portable generator units
which are transferred from one island to another is a common practice.
Unfortunately, however, the load demand cannot be always satisfied
and insufficient generation problems arise on the basis of several
black-outs especially during the summer (Kaldellis and Zafirakis,
2007).Moreover, the current cost of electricity production using thermal
generators is extremely high (Oikonomou et al., 2009), i.e. exceeding in
many cases 200€/MWh, while in very small islands this cost may even
reach 1000€/MWh (Kaldellis et al., 2010; Kapsali and Kaldellis, 2010;
Kapsali et al., 2012). Besides, it should be noted that the majority of Ae-
gean Sea islands, including Crete, are characterized, during the last de-
cade, by a considerable annual increase of the electrical peak power
demand, exceeding 5% on an annual basis (Kaldellis et al., 2009).

From an economic perspective, both the very small size and the
remoteness of some islands located in the Aegean Sea seem to have
influenced local development opportunities substantially. As men-
tioned above, many small islands face inadequate energy infrastruc-
ture that significantly affects the local quality of living. In addition,
many island regions face long-term water shortage problems since,
quite often, available water resources are insufficient to meet demand
even for domestic use (Kondili and Kaldellis, 2006). In such cases, a
common strategy adopted is transporting water by ships from the
er Inc. All rights reserved.
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Aegean Sea
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Fig. 1. A map of the Greek islands and island complexes.
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mainland or other neighboring island regions to the islands without
fresh water supply (Kaldellis and Kondili, 2007; Karagiannis and
Soldatos, 2007). This is an expensive solution. Particularly, during the
summer, the population of the majority of the islands may be even
five times higher than the winter population, resulting in intense
water shortage problems as the demand for water increases consider-
ably (Fig. 2). As a result of the above, there are many Greek islands
(especially tiny ones) which have experienced considerable popula-
tion decline over the last years or have gradually been totally
abandoned.

Dodecanese is an island complex belonging to the South Aegean
Prefecture and located in the south-eastern region of Greece and the
European Union (Fig. 3). The region includes 163 islands, of which
only 18 are inhabited. Each island has its own special character.
There are areas with significant development rates (e.g. Rhodes,
Kos, etc.), owed mainly to tourism, as well as other small and rather
poor islands. Rhodes (i.e. the largest and most developed island of
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Fig. 2. Typical peak power demand and water consumption during one year for a
the region) has its own water resources and provides fresh water to
the other, smaller islands, which do not have sufficient domestic re-
sources. Specifically, water is transported, at an average cost of about
6€/m3 (see for example Fig. 4), to more than ten neighboring islands,
e.g. Agathonisi, Lipsi, Megisti, Nisyros, Patmos, Simi, Chalki etc.
(Fig. 5) (Secretariat General for the Aegean and Island Policy, 2011)
in order to be stored in reservoirs that cover demand for short time
periods.

Acknowledging the above, in the present work emphasis is put on
the very small remote islands (less than 500 inhabitants), since almost
all of them face serious energy and water supply issues. More precisely,
the present study intends to investigate the possibility of achieving
water and energy autonomy (electrical and thermal energy), by the
exploitation of local RES, as a contribution to the life quality amelio-
ration of the remaining inhabitants of these isolated small communi-
ties. To this end, a representative tiny Greek island, i.e. Agathonisi,
which belongs to the Dodecanese complex and faces serious energy
and water shortage problems, is investigated as an example case. A
RES-based solution is proposed, while emphasis is given on a detailed
energy analysis. HOMER simulation software is used to determine the
technical feasibility of the proposed system, while a preliminary eco-
nomic evaluation is also undertaken for obtaining initial cost estimates
and for illustrating the feasibility and competitiveness of the proposed
system configuration in comparison with the current situation.

Proposed solution

In order to ameliorate the current situation and to achieve energy au-
tonomy (independence from fossil-fuels) in a small non-interconnected
island, a RES-based system is investigated (Kaldellis et al., 2001), which
is able to cover the electricity, thermal and fresh water needs of the in-
habitants. Particularly, the system consists of:

• a number of wind turbines.
• a number of photovoltaic (PV) panels.
• an internal combustion-electrical generator consuming biogas.
• a reverse osmosis (RO) desalination plant.
• commercial batteries.

The above RES-based installation is operated as per the following
main conditions:

▪ The electricity produced serves demand (primary load) as the first
priority.

▪ The deferrable load (water pumping for desalination) is served
when the system produces excess electricity (in other words,
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representative Aegean Sea small island (with permanent population: 240).



Fig. 3. Dodecanese islands.
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there is some time flexibility as to exactly any power supply from
RES takes place), under the condition that the water storage tank
is not full. If the water storage tank is near the lower permitted
level and there is no excess electricity production, the deferrable
load is treated as primary load. The batteries or the generator feed
the water pumping system.

✓ In case that demand is satisfied and the water tank is full, the
excess electricity is used for charging the batteries.

✓ In case that demand is satisfied as well as the water tank and
the batteries are full of charge, the excess electricity serves
thermal loads.
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Based on data from (Secretariat General for the Aegean an
✓ In case that demand is satisfied as well as the water tank and
the batteries are fully charged and there is no additional ther-
mal load to cover, the excess electricity meets low priority
loads.

At this point it should bementioned, although it is not the case in the
present study, that apart from the above described RES-based system,
one could also include energy efficiency improvements (such as up-
grades to lighting system, insulation, appliances, windows etc.), into
the building sector for example, so as to decrease the load requirements
of existing and new buildings considerably (Nisson and Dutt, 1985).
However, any combination of interventions proposed for existing
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buildings must comply with the architectural identity of the region, the
existing laws and specific building constraints that may apply (e.g. tra-
ditional settlements).

Methodology

The steps of the methodology followed are analyzed below:

Step I) Estimation of energy (electricity and thermal) and water
needs:
• Electricity demand

– Typical monthly profile of electricity demand estimation
– Electricity consumption estimation for the next 20 years

(starting from year 2009)
• Water demand

– Water demand profile estimation and electricity con-
sumption for fresh water production

• Thermal load

– Estimation of thermal load for hot water production
– Estimation of thermal load for space heating

Step II) Estimation of RES potential (solar, wind and biomass).
Fig. 6. The Island o
Step III) HOMER simulation in order to ensure the energy autonomy of
the island. The input data include the typicalmonthly profile of
electricity demand, the monthly average electricity consump-
tion for fresh water production, RES potential and finally, the
system's main components (i.e. commercial wind turbines,
PV panels, internal combustion-electrical generator and com-
mercial batteries). The results are derived using HOMER's
feedback over several runs until the island's energy autonomy
situation is achieved.
Case study presentation and data analysis

General information

The Island of Agathonisi (Fig. 6) extends over a surface of approxi-
mately 14 km2, has a coastline of 35 km and has 105 permanent resi-
dents (Hellenic Statistical Authority, 2011). It is estimated that several
hundreds of tourists visit the island every summer. Residents are mainly
occupied with livestock, fish farming and tourism. The island comprises
the northernmost islet of the Dodecanese complex (Fig. 3) and has
f Agathonisi.
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Fig. 7. Annual electricity generation and peak load demand evolution in Agathonisi Island.
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three settlements (Agios Georgios, Megalo andMikro Chorio), which are
famous for their traditional architecture.

Island's electricity profile

The electricity production on the island is based on conventional
power sources. The installed capacity of the existing APS is 500 kW,
while the specific cost of energy production is quite high (exceeding
250€/MWh). The annual peak load demand is 150 kW and the annual
electricity consumption is 450 MWh (data for 2008) (Fig. 7). The mean
annual rate of increase of electricity consumption is estimated based on
historical data (from 1996 to 2008) and also taking into account the
deep economic recession that the country is currently experiencing.
Thus, the expected electricity generation is estimated to be around
550 MWh for the year 2028 with the peak load demand being approx-
imately 200 kW.

Island's water profile

The water needs (about 35 m3/day) on the island are currently
being covered exclusively by transported quantities. Taking into consid-
eration a typical daily water demand profile for a remote island
(Kaldellis et al., 2004), the water transport seasonality (Karagiannis
and Soldatos, 2007) and the mean annual (15 year period) demand of
water supply on the Island of Agathonisi (Ministry of Development,
2008), which is recorded equal to 12,400 m3, the resulting water de-
mand profiles have been estimated. The specific energy consumption
for fresh water production through a RO desalination plant normally
varies between 5 and 8 kWh per m3 of sea water (Ministry of
Development, 2005). Thus, the total annual electricity consumption
for fresh water production is 62 MWh. The monthly energy consump-
tion for desalination (average monthly deferrable load) is depicted in
Fig. 8.
Fig. 8. Monthly energy consumption for fresh water production.
Thermal load for the building sector

Thermal load for hot water production
In general, estimating domestic thermal load requirements is a

quite complicated task as this depends onmany factors such as occu-
pancy, usage, type of building, etc. However, taking into consider-
ation a typical daily hot water consumption profile (Kalogirou and
Tripanagnostopoulos, 2006) and the fact that the majority of the
buildings in Agathonisi are used as dwellings, it may be assumed
that the mean daily consumption of hot water (for residents with
normal requirements) varies between 20 and 50 l per capita. Thus,
the assigned value for the estimation of the daily hot water demand
is taken equal to 40 l per capita. Following this, onemay estimate the
thermal load for hot water production by the following equation:

Qhw ¼ N⋅q⋅ρ⋅Cp⋅ Tw−Tmð Þ ð1Þ

where “N” is the number of the days per month, “q” is the mean daily
hot water consumption in liters, “ρ” is the water density (in kg/m3),
“Cp” is the specific heat capacity of water (4190 J/kg °C), “Tw” is the
desirable temperature of water (≥40 °C) and “Tm” is the feed-in
temperature of the water mains (in °C). Finally, it should be men-
tioned that losses of the current distribution network are assumed
equal to 60% for non-insulated and rather aged networks (although
one may consider lower losses as an energy efficiency measure to
Fig. 9. Mean monthly energy consumption for hot water production.
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Fig. 10. A view of Megalo Chorio (left) and a view of the port (right).
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reduce energy demand). Thus, the total annual thermal load for hot
water production for the 150 inhabitants (100 permanent residents
and on average 50 seasonal visitors) is estimated at about 3 MWh.
Accordingly, the mean monthly energy consumption for hot water
production is depicted in Fig. 9.

Thermal load for space heating
In order to estimate the required space heating load of Agathonisi,

data such as the number of the buildings, their construction materials,
their size as well as climate data are necessary. For a preliminary es-
timation, the total loss coefficient “TLC” (in W/K) and the monthly
heating load “MHL” (in Whth) of the buildings may be expressed as:

TLC ¼ ∑ Ui⋅Aið Þ þ 0:33⋅ACH⋅V ð2Þ

MHL ¼ ∑TLCi⋅HDDmonthly⋅24 h⋅CF ð3Þ

with “HDD” (heating degree days) being the difference between a
base temperature (Tb) and the average ambient air temperature
(Tout) for one day. Accordingly, “HDDmonthly” represents the heating
degree days of one month. If the average ambient air temperature
for the day is higher than the base temperature, no heating is required
and it is considered as zero for the rest of the calculations. HDD values
are calculated based on typical temperature values for the climate
Fig. 11. A typical building in
zone of Agathonisi. The base temperature “Tb” is considered 18 °C.
“U” is the value of thermal resistance and thermal conductivity of
building construction materials, while “A” is the relative area. “V” is
the volume of the building and “ACH” represents the air changes
per hour (it is assumed equal to 1). Finally, a correction factor “CF”
for heavy buildings is taken equal to 1.

Based on satellite images of Agathonisi Island, existing buildings
present similar sizewhich is estimated at about 70 m2. A representative
part of the layout of one village and the island's port is presented in
Figs. 10 and 11. Subsequently, a typical classification of the buildings
is presented in Fig. 12.

According to official data (Hellenic Statistical Authority, 2011), the
total number of buildings is 141, from which only 19 are of one storey
and the remaining 122 are ground floor buildings. Concerning the con-
structionmaterials, 98 buildings are stone-masonry constructed and 40
are brick-masonry constructed. Only 2 buildings are constructed from
concrete and 1 building from metal. The existing buildings have two
main types of roofs, i.e. 129 have flat-roof, 9 have inclined roof with
roof tiles and the remaining 3 have covering leaves (Fig. 11). The con-
struction date of the buildings leads to some important conclusions
concerning their construction materials and their number of storeys.
Between the years 1991 and 2001, 19 buildings were constructed.
These buildings, which are the newest ones, are assumed to be the one
storey buildings. Furthermore, the buildings constructed between 1981
the Island of Agathonisi.
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Fig. 12. Classification of Agathonisi buildings.

482 J.K. Kaldellis et al. / Energy for Sustainable Development 16 (2012) 476–485
until today (total 36 including the one storey buildings) are assumed to
be insulated according to the Greek Thermal Insulation Regulation
(became effective in 1981) while the rest are assumed to be without
insulation.

The U-values used in order to estimate the total thermal load cor-
respond to typical ones (Papamanolis, 2011). Furthermore, typical
values are selected for the thermal resistances of the outer surfaces
to the outside air, of the inside air to the surfaces and of the inside
air to the floor (e.g. 0.04 W/m2 K, 0.12 W/m2 K and 0.17 W/m2 K re-
spectively). The estimation of the areas of the horizontal and vertical
parts of the buildings, the inclined roofs as well as the glazed areas is
presented in Fig. 12. The ventilation loads are estimated in relation to
the volume of the existing buildings. The total annual heating load for
space heating is estimated to be approximately 150 MWhth.

RES potential

The Island of Agathonisi presents opportunities for RES exploitation
that are quite interesting. Particularly, the annual average solar and
wind potential are estimated to be approximately 5 kWh/m2 per day
and 5.5 m/s respectively (PPC, 1985). Figs. 13 and 14 show the corre-
sponding mean monthly solar radiation and wind speed values, as
these resulted from the HOMER application. Biogas could be generated
from livestock manures, agricultural remains and local people's wastes.

image of Fig.�12


Fig. 14. Monthly average values of wind speeds (HOMER simulation).

Fig. 13. Mean monthly solar radiations values (HOMER simulation).
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Table 1 shows representative data of livestock farming for the Island of
Agathonisi.

Subsequently, based on the data presented in Table 1, the humid
manure generation per day is found to be 5 t (Haronis, 1989) (assuming
that 70% of the availablemanure (i.e. 7 t) may be eventually exploited).
Taking into account that the specific weight of manure to be 1.2 t/m3

and the mean COD (chemical oxygen demand) load is 0.0765 t/l, the
total annual energy production from livestock farming and people's
wastes (assuming that each person produces almost 0.5 kg of wastes
per day) is estimated to be 220 MWh (assuming that 0.3 m3 of biogas
are produced from 1 kg of COD and that the thermal potential of 1 m3

of biogas, with average methane content 65%, is 6.4 kWh) (Arceivala
and Asolekar, 2008; Haronis, 1989). By adding to the above amount the
calculated energy produced from agricultural wastes (around 20 MWh
per year, based on indicative agricultural waste production for specific
trees such as orange, tangerine and lemon trees which are commonly
met on the island) (Papazoglou and Kyritsis, 2002), the total energy gen-
erated from livestock manures, agricultural remains and local people's
wastes could reach approximately 240 MWhper year (or 660 kWh/day).
Table 1
Livestock farming data (annual figures) of Agathonisi. Based on data found from the Hellen-
ic Statistical Authority (2011).

Livestock-farming data Number

Sheep 380
Goats 1330
Pork 0
Horses 25
Poultry 1120
Cattles 30
The power of the biodigester and the pumps is selected to be 6 kW
and5 kW, respectively (Haronis, 1989). Thus, the daily energy consump-
tion (both thermal and electric) for the whole operational procedure
equals to 264 kWh and the daily energy production from biogas com-
bustion is approximately 400 kWh. Note that the energy produced
from the internal combustion electrical generator consuming biogas
meets both electrical and thermal loads.
Results and discussion

This study is based on the following assumptions/considerations:

• The rate of increase of electricity consumption of Agathonisiwill remain
the same for the next 20 years (life cycle of the RES-based station).

• The daily water demand profile follows the typical profile of a remote
island.

• The weekend profiles (electricity and water) follow the typical daily
trend. It is assumed that the daily habits of Agathonisi residents do
not undergo any significant change during weekends.

The proposed system configuration, arrived at after the HOMER
simulation, consists of the following main components (Fig. 15).

• three (3) wind turbines with nominal power of 100 kW each
• PV panels with total nominal power of 200 kW
• an internal combustion-electrical generator with nominal power of
60 kW for biogas combustion

• deferrable load (desalination plant) (44 kW peak, mean 99 kWh/day)
• thirty two (32) commercial batteries (3350 Ah of 96 V)

image of Fig.�14
image of Fig.�13
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Fig. 15. Schematic representation of the proposed system's components.
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It should be noted that apart from the fact that the proposed system
covers the electricity, thermal andwater needs through an RO desalina-
tion plant, it also guarantees security of supply (5 days of autonomy).

Proceeding to the results obtained after the HOMER simulation, the
thermal load demand for hot water production and space heating for
the projected year (2028) varies between 20 and 80 kW during winter,
while during the summer months it is assumed that the respective de-
mand is very low and is hence taken equal to zero. The required total an-
nual thermal load was estimated to be around 150 MWhth. Accordingly,
as already mentioned, the annual amount of 550 MWhe is directly
delivered to consumption, while another 62 MWhe serve the water
pumping system for desalination. The hourly electricity consumption
profile is presented in Fig. 16.

According to the proposed RES-based system configuration, the
required thermal load is successfullymet and the total annual electricity
generation is 990 MWhe, from which, almost 60% is consumed, 34% is
excess electricity and 6% are losses, see Fig. 17. The primary load
comprises 93% and the electricity consumed for desalination 7%. In
this context, Fig. 18 presents themonthly average electricity generation
by source, with wind power being the biggest contributor (approx. 50%
Fig. 16. Hourly electricity demand
of the total electricity is generated fromwind),while the respective per-
centages for PVs and biogas are about 30% and 20%.

The total initial cost of the proposed RES-based system is estimated to
be around €2,300,000 on the basis of indicative specific costs for PV gen-
erators, wind turbines and a biogas plant (i.e. €3000/kW, €1500/kW and
€3500/kW respectively), while other costs such as batteries, project
management and electrical works are assumed to be €1million.

At this point, it is worth obtaining an indicative comparison of the
calculated initial cost of the investment with the long-term energy pro-
duction cost of the conventional power plant. In this context, the energy
production cost of the latter is estimated at around €4,000,000 for
20 years (or about €200,000 per year), assuming for the next 20 years
an average value for both the current energy production cost in the island
(i.e. €400/MWh) and the annual electricity consumed (i.e. 500 MWhe). If
one also considers an average value for the money needed (approx.
€75,000/year) to be spent during this time period for transporting the
same water quantities as the proposed RES-based system provides to
the island, the total cost exceeds €5,500,000. This amount is much higher
than the initial cost (€3,300,000) of the proposed system, without taking
into account the avoided negative environmental consequences from the
combustion of fossil fuels. This preliminary economic evaluation under-
lines the feasibility and competitiveness of the proposed system in com-
parison to the current situation. However, a more detailed economic
analysis is necessary in order to obtain an accurate estimate of costs
and draw final conclusions.
Conclusions

In the present study, the possibility of covering the total energy
needs of very small non-interconnected islands exclusively with the
exploitation of the local RES potential is investigated. In this context, a
RES-based system consisting of 3 wind turbines (300 kW), PV panels
(200 kW) and an internal combustion-electrical generator (60 kW)
consuming biogas is proposed in order to exploit the wind, solar and
biomass potential of a representative tiny Aegean Sea island.

According to the results obtained, the proposed system is able to
completely satisfy the electricity and thermal (hot water and heat
space) needs of the island by the exploitation of local RES while at the
same time covering fresh water demand with the incorporation of a
ROdesalinationplant. On top of that, a preliminary economic evaluation
undertaken demonstrates that the investment is quite attractive in
comparison to the current situation especially from the local community
point of view. Nevertheless, an optimization procedure, also including
energy efficiency measures, is certainly required as a future work in
order to design the best available system configuration and obtain safe
conclusions. To this end, the socio-economic benefits of such energy pro-
duction solutions should not be neglected since they contribute to
profile (HOMER simulation).
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Fig. 18. Monthly average electricity generation (HOMER simulation).
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Fig. 17. Share of electricity consumption (left) and distribution of electricity production (right).
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regional sustainable development by creating local job opportunities and
by reducing harmful emissions related with the fossil fuels' combustion.
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