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a b s t r a c t

Water and energy supply are strongly interrelated and their efficient management is crucial for a sus-
tainable future. Water and energy systems on several Greek islands face a number of pressing issues.
Water supply is problematic as regards both to the water quality and quantity. There is significant lack of
water on several islands and this is mainly dealt with tanker vessels which transport vast amounts of
water from the mainland. At the same time island energy systems are congested and rely predominantly
on fossil fuels, despite the abundant renewable energy potential. These issues may be addressed by
combining desalination and renewable energy technologies. It is essential to analyse the feasibility of this
possibility. This study focuses on developing a tool capable of designing and optimally sizing desalination
and renewable energy units. Several parameters regarding an island's water demand and the de-
salination's energy requirements are taken into account as well as input data which concern techno-
logical performance, resource availability and economic data. The tool is applied on three islands in the
South Aegean Sea, Patmos (large), Lipsoi (medium) and Thirasia (small). Results of the modelling exercise
show that the water selling price ranges from 1.45 V/m3 for the large island, while the corresponding
value is about 2.6 V/m3 for the small island, figures significantly lower than the current water cost (7
e9 V/m3).

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The water scarcity on the Aegean islands is a long-standing
problem. Recently this problem became more intense due to
increasing population, tourism and the higher needs of the current
living standards. The Hellenic State has chosen as a temporary so-
lution to this issue the transportation of vast amounts of water with
tanker vessels, which results in significant expenditures that
burden the state [17]. At the same time, desalination technologies
have matured and several units have been installed on the Greek
islands [25]. Still, they are quite energy intensive. This adds to the
already autonomous island energy systems that are facing over-
loads -inadequate generation problems arise on the basis of several
black-outs especially during the summer [24]. Additionally the
electricity generation is mainly comprised by diesel generators
which run on imported fuel [11]. This paper considers the combi-
nation of desalination units running primarily on renewable energy
sources, which are abundant on the Greek islands.

The main objectives of this paper are:

� To develop a tool to design and size coupled desalination and
RET (renewable energy technology) units that will also provide
investment indicators;

� To apply the tool on three island cases and compare the water
production cost with the current costs.

� To quantitatively examine the impacts of a new legislative
framework for combining RES (renewable energy source) and
desalination functions;

Initially this paper describes the current water supply situation
on the arid islands of South Aegean Sea. Section 1 then considers a
proposal published by the Ministry of Infrastructure, Transport and
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Nomenclature

RET renewable energy technology
RES renewable energy source
HRES hybrid renewable energy system
RO reverse osmosis
PV photovoltaics
NPV net present value
PBP payback period
IRR internal rate of return
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Networks in 2010 and the new RES (renewable energy source)
legislation framework regarding desalination are analyzed
Refs. [51,52]. Then, in Section 2 a methodology is presented for
sizing desalination plants on the islands that will run on RET
(renewable energy technology) plants which will supply part of the
energy requirements of desalination. Moreover energy balances
and cost of the system as well as selling prices that would make the
investment viable for the Hellenic State and profitable for the in-
vestors are enumerated. This methodology is applied on three
characteristic islands (large, medium, small) in Section 3 and
several scenarios are constructed based on the legislation and the
potential for RES penetration. Finally the results of this work are
presented and compared with current water costs and conclusions
are drawn regarding the feasibility of such a project.
1.1. Previous assessments

There is a plethora of studies and projects performed recently
about the combination of desalination and renewable energy
technologies.

A remarkable approach regarding the provision of renewable
electricity andwater supply on islands is introduced by Ref. [41]. An
integrated RES system based on pumped storage and wind turbines
is proposed for Ios Island (another arid island of South Aegean Sea).
Generated electricity is used to cover energy requirements of the
island as well as to meet the demand of a desalination unit, which
will not only supply water to the island but also function as a
supplementary unit for supplying the tanks with water when
required.

The combination of desalination and renewable energy tech-
nologies is presented in a paper by Bennett [4] which demonstrates
the importance of integrating these two technologies. Solar and
wind energy are the major renewable energy technologies which
are used to power desalination worldwide. They hold the lion's
share with more than 80% of the corresponding generation [34].
However, biomass, hydro power, and ocean thermal energy are
utilized to a lesser extent to generate electricity that feeds smaller
desalination plants. Another substantial study is made by Eltawil
et al. [13] in order to review the current methods of integrating the
technologies, the corresponding costs and the potential environ-
mental impact. They conclude that a combination of these systems
is a technically mature option towards solving problems related to
energy and water scarcity.

Voivontas et al. [48] demonstrate also a significant techno-
economic tool for the optimal selection of the most applicable
RES and desalination technology. Several technical and economic
parameters are taken into account and the users of the tool can vary
these parameters according to the case study they are developing.
The energy balances are being done on an annual basis.
Koroneos et al. [32] developed an integratedmodel for the use of
wind and solar energy in the desalination of seawater, where they
couple the two technologies to achieve the lowest system cost.
Storage of the renewable electricity when necessary is imple-
mented. Also in this direction by Hossam-Eldin et al. [20], investi-
gate the use of hybrid renewable energy systems (HRES) in
desalination using reverse osmosis (RO). In this case, unit produc-
tion costs of both energy and desalinated water are compared for
two existing small and medium RO plants powered with conven-
tional electricity grid and electricity generated from the HRES. They
conclude that hybrid systems remain an expensive source of power,
which can be mainly used for remote power applications and are
nowadays cost-effective, whereas extension of grid supply is
expensive. Novosel et al. [38] have shown that a combined RE-
desalination configuration can increase the share of intermittent
renewables in the production of electricity up to 76% resulting in a
high reduction of fuel consumption.

The aforementioned sources as well as other useful “state of the
art” studies in (Refs [1,10,18,37]) are used to develop a methodology
on how to fulfil the objectives of this study. This study constitutes
the first approach to develop a techno-economic tool capable of
dimensioning and integrating renewable energy sources and
desalination units to the grid and carry out an overall analysis and
energy balance on an hourly basis throughout the year. There are
several parameters taken into account that have not been consid-
ered in the previously stated studies; such are the legislation
frameworkwhich allows a certain penetration of the renewables on
the islands, solar irradiation, wind regime, land availability and
others that are mentioned throughout the paper.

1.2. Current situation

While some water is supplied by private and municipal wells
(primarily water of very low quality and high salinity) supple-
mented by rainwater collection (unreliable due to the intermit-
tency of precipitation), the bulk is shipped to the islands by marine
based water shipments at significant expense. The cost for the
Hellenic Ministry of Shipping is significant, e.g., 7.3 V/m3 for
Dodecanese cluster of 26 islands and 9.3 V/m3 for the Cyclades
cluster of 33 islands [2], while the cost in Athens is less than 0.70V/
m3, which is the price of water for household consumption
5e20 m3 per month [14]. There are also several desalination units
in operation which absorb vast amounts of energy in already
overloaded island energy systems [28]. The desalination units are
predominantly operated by municipalities which, due to shortages
of a skilled workforce, face problems with their efficient and
effective operation.

So what are the alternatives to water shipments from the
mainland? Greek islands are endowed with abundant renewable
energy resources [42] with the potential tomeet existing and future
energy demands. Renewable energy supply and desalination can be
(and have been) combined/integrated. Their integration alleviates
in large part the energy intensiveness of seawater desalination [43]
and would burden already overload island energy systems.
Furthermore, renewable supplies avoid greenhouse gas emissions
since at least part, if not all, of the energy for desalinationwould be
supplied by renewable sources.

1.3. Practical implementation

Greece is a pioneer country in the field of combining these two
technologies. The University of the Aegean in cooperation with the
Region of South Aegean developed the first wind powered floating
desalination unit in the world, which provides electricity to the
island of Iraklia on South Aegean Sea, covers the desalination



Table 1
Comparison of main desalination technologies.

Method Production (m3/day) Type of energy Energy intensity (kWh/m3) Installation cost (V/m3/day)

Multiple stage flashing (MSF) 1000e60,000 Heat/Electricity 4e6 1000e2000
Multiple effect distillation (MED) 500e20,000 Heat/Electricity 2.5e3 850e1750
Vapor compression (VC) 25e2500 Electricity 8e15 1000e2350
Sea water reverse osmosis 0.4e70,000 Electricity <5 650e4400
Brackish water reverse osmosis (BWRO) 2.5e50,000 Electricity 0.5e3 300e2000
Electrodialysis (ED) 15e50000 Electricity 1.5e4 1000e5000
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energy requirements and supplies electricity to the grid. The
desalination unit's capacity reaches 70 m3/day, which is enough to
supply high quality water for approximately 300 people [44].

Another substantial project is undertaken on Milos, another
island in South Aegean Sea with 150.6 sq. km area and more than
5000 inhabitants. There are three desalination units installed with
total capacity of 3360m3/day which cover the entire water demand
of the island. The electricity input to the desalination unit is sup-
plied by a wind turbine with an installed capacity of 850 kW
derated at 600 kW1 [7]. The trade-off between the electricity input
to the desalination units and the electricity generated by the wind
turbine is balanced on an annual basis.
1.4. Desalination and renewable energy technology options

There are two main techniques of desalinating water. Industrial
desalination technologies use either membranes to separate the
solvent and some solutes (membrane) or phase change (thermal).
The membrane ones are single phase processes and utilize elec-
tricity for driving high pressure pumps. The most common tech-
nology in this category is Reverse Osmosis [8,15]. The thermal ones
may be obtained from a conventional fossil-fuel source, nuclear
energy or from a non-conventional solar energy source or
geothermal energy [27]. Multiple stage flashing constitutes the
most established thermal technology [30]. Multiple effect distilla-
tion, vapor compression and electrodialysis are some of the desa-
lination technologies used nowadays [3].

A comparison is performed in terms of installation and O&M
costs, water quality, energy requirements and water production
range and it is demonstrated in Table 1 and in Ref. [36]. The desa-
lination method that has a prominent position on applications is
reverse osmosis [16]. This technique presents a remarkable flexi-
bility as it allows the construction of devices and systems in a great
range in terms of water that can be produced per day; starting from
the construction of the smallest device intended to meet the water
needs of a family to the most extensive facility for water supply of a
community or a town (Table 1).

Most of the Aegean Sea islands demonstrate highwind and solar
potential2 [31,49], and there is a well-established market of these
two technologies [35]. Hence, these two technologies are chosen
for further economic evaluation.

There are two possible ways of combining the two technologies,
the fully autonomous systems and the systems connected to the
grid. The first ones do not require connection to an electricity dis-
tribution network and are capable of generating the necessary
electricity on their own. However, this combination leads to over
dimensioning of the system due to the intermittency of RES and
require energy storage and a complex design [33]. Also there is a
siting and spacing problem since it is not always the case that both
1 It is derated to 600 kW to reduce dumping of generated energy on the island.
2 The established solar power technology is solar photovoltaics in Greece. No CSP

power plants have been introduced.
units can be placed spatially close to each other. As a result the
water production cost is high [46].

On the other side, if both the RET and the desalination unit are
connected to the grid there is a trade-off between the energy
consumed by the desalination unit and the energy produced from
the RET unit through a central remote monitoring system (SCADA)
which coordinates all the functions of the subsystems [6]. This
leads to higher renewable energy penetration and to lower water
production cost. For this study, the second method of combining
the two technologies proceeds in order to elaborate with and
address the issues raised by the public consultation and the new
RES legislation framework as mentioned hereinafter.
1.5. Public consultation and new legislation framework RES/2010

In response to the water supply situation, the Hellenic Ministry
of Transportation published a proposal regarding the construction
of desalination units on the Greek islands that are currently sup-
plied by tanker vessels. The main points of the proposal are the
following ones:

� A private sector investor and operator should undertake the
construction and operation of each unit. The Hellenic State is
supposed to subsidize the islands for covering their water cost
needs.

� The Hellenic State suggests that wherever possible the desali-
nation units should cover their energy requirements from
Renewable Energy.

The new legislation framework for RES is also moving in this
direction and states that the applications for RET installations
combined with desalination unit installation are a top priority as
long as the RET nominal capacity does not exceed 125% of the
desalination unit's power capacity. The electricity from RET is
balanced on an hourly basis with the electricity demanded by the
desalination unit. The electricity surplus is supplied to the grid at a
maximum 20% of the produced power on an hourly basis.

There are 3 different ways one can interpret the law-or in other
words there are certain legislative margins, that can be evaluated
through different lenses:

1 Priority to desalination

First a part or all the electricity requirements of the desalination
unit are covered. The renewable energy surplus can be supplied to
the grid at maximum 20% of the electricity output on an hourly
basis.

2 Priority to selling 20% of renewable energy to the grid

20% of renewable energy is always supplied to the grid and the
rest is supplied to cover a part or all of the desalination electricity
needs.



D. Mentis et al. / Energy 94 (2016) 262e272 265
3. Priority to desalination, but also selling photovoltaic electricity
up to 20% to the grid

First the desalination energy requirements are covered. Then
the renewable energy surplus is supplied to the grid. Due to higher
FIT (feed-in-tariff) for PV electricity, the operator chooses to sell PV
electricity as priority in case both wind turbines and solar PVs are
installed and in operation.

There is also a 4th case considered in this study, which assesses
conventional desalination without utilizing renewable energy to
assess how the renewable energy penetration affects the water
production cost.

1.6. Way forward

The policy options mentioned in the previous section need to be
evaluated and compared in terms of economic terms and renew-
able energy penetration. This asks for the development of a
methodology, the creation of a model as well as an extensive data
collection and analysis. Then, three representative islands (small,
medium, large in size and water demand) are selected for
assessment.

2. Methodology

The methodology and the main steps followed in this study are
illustrated in the subsequent flow chart (Fig. 1). Based on this
flowchart, the model is programmed. The essential model specifi-
cations include different desalination plant capacities sufficient to
supply the islands’ entire water demand3, selection of RET plants
and capacities supplying the electricity for desalination and to the
grid, energy balances of the system (desalination system connected
to the grid using RES and fossil fuels only when necessary), calcu-
lation of the desalinated water production cost and electricity
generating costs. Ultimately the water selling price will be
enumerated to ensure the viability of the investment for the Hel-
lenic State and the profitability for the investor.

The multiparameter dimensioning tool is created using Visual
Basic and there is an Excel based (user friendly) interface, where
the user adds the necessary input data and runs the model. This
methodology is applied on 3 characteristic islands (large, medium,
small in size and water/electricity demand) and several scenarios
regarding the RES penetration are constructed and carried out.

2.1. Data requirements and demand analysis

Key input data required for the analysis are:

� Tourism and demographic developments to project the annual
electricity and water demand (with load variation over the year)
for a 20 year time horizon. These data are provided by the
Aegean Energy Agency.

� Wind availability and solar irradiation time series, techno-
economic performance characteristics of RET, desalination
technologies and other infrastructure and storage components
(investment, conversion efficiencies, intensities, O&M costs,
etc.). Capacity factors are subsequently calculated and used to
identify the potential generation from RES and the corre-
sponding costs on an hourly basis.

� FITs, fuel prices, subsidies and taxes, electricity and water tariffs,
discount rate
3 Groundwater and rainfall should not be considered as a source for potable
water, rather than water for irrigation.
The experience gained from other islands (e.g Milos) indicates
that the comfort of having desalinated water increases the demand
[5]. Thus it is assumed that the future demandwill be 1.5 4 times the
present per person in order to have a reserve margin. The distri-
bution of the tourists throughout the year, the annual growth of
tourism as well of the population are taken into account.

In order to dimension the desalination unit properly, the water
demand should be distributed throughout each hour of the year in
order to come up with the estimated peak daily demand. To do this,
a non-dimensional demand for water and electricity is introduced
(see Equation (1)). This is a factor that considers the distribution of
electricity demand. Based on that the water demand is distributed.

Equation (1)

fw=e ¼
Hourly Electricity Demand ðHEDÞ
Peak Electricity DemandðPEDÞ (1)

The mean hourly water demand is being calculated as:
Equation (2)

Mean Hourly Water Demand ðMHWDÞ ¼ Annual Water Demand
8760

(2)

And the hourly water demand:
Equation (3)

Hourly Water Demand ðHWDÞ ¼ MHWD*fw=e

mean fw=e
(3)

From the hourly distribution of the electricity demand, the
hourly water demand is calculated (Equations (1)e(3)). From this
the minimum water demand is being subtracted. Thereafter a 50%
increase is considered. Then the minimum is added again. This is
done in order to create a time series where the hours with higher
demand get higher increase as compared to those with lower de-
mand. This is introduced because peak water demand during the
touristic period is more intense than the distribution of the elec-
tricity demand. Thus a different distribution is followed. To illus-
trate this, the increased hourly water demand is calculated as
shown in the Equation (4):

Equation (4)

Increased HWD ¼ ½HWD�min HWD�*1;5þminHWD (4)

Tourism plays major role in the distribution of the water de-
mand. Increasing tourism causes a strong and seasonal water de-
mand [29]. To validate the relation of electricity demand and
tourism, monthly data regarding the number of rooms and their
usage are gathered for each island. Tourism distribution and elec-
tricity variation are then plotted in the same graph. If these two
match, the electricity distribution can be used to calculate the
water distribution. If there is no match, the distribution of another
island's electricity demand that gives a better match is used [53].

Another important factor in the dimensioning of the desalina-
tion unit is the capacity of water storage tanks. These are 15.800 m3

on Patmos, 1000 m3 on Lipsoi and 2050 m3 on Thirasia [53]. Based
on technical characteristics and reserve margins, it is assumed that
the minimum storage should be 20% of the tank capacity [5]. This
criterion is used for all islands in order to ensure the same reliability
of the desalination unit. The tool calculates the percentage of the
maximum daily water demand to ensure a minimum 20% storage.
4 50% increase is based on the experience gained from similar dimensioning on
Milos Island. This value is also used in agreement with the Hellenic Ministry of
Energy, Environment and Climate Change.



Fig. 1. Flow chart methodology.
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Table 3
Main economic parameters.

Wind energy feed in tariff 0.09945 (V/kWh)
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This means that it is not necessary that the unit is designed to
produce the peak water demand, as this would lead to over
dimensioning of the unit and inherently increased costs.
Solar PV Feed in tariff 0.26485 (V/kWh)
Grid electricity price 0.08785 (V/kWh)
Discount rate 6%
Desalination and RET lifetime 20 years
2.2. Technology characteristics

The costs of key technologies and basic economic parameters
are summarized in Tables 2 and 3 below Refs. [5, 21e23]. Wind
turbines’ costs range from 1500 to 4000 V/kW. The larger the wind
turbine the smaller the cost per installed kW. According to the PV
market in Greece, PV costs do not vary for these kind of small scale
installations. The capacity factors of the RET vary from one island to
another and thus not included in the report.
2.3. System considerations

Based on the minimum required capacity of the desalination
unit, 4 sub units of the same capacity are chosen to be installed
since not all of the units are needed to be operating throughout the
year. This guarantees that technical problems can be solved and
maintenance carried out in different stages; thus higher technical
availability of ca 85% can be achieved [50]. The desalination units
chosen for this study are operating at standard points which are:

Subunit 1 function : 0:25*min required capacity
�
m3

.
hr
�

Subunits 1and 2 function : 0:5*min required capacity
�
m3

.
hr
�

Subunit 1; 2and 3 function : 0:75*minrequiredcapacity
�
m3

.
hr
�

Subunit 1; 2; 3 and 4 function

: min required capacity
�
m3

.
hr
�

It should be stated that the desalination units can be operating
nonstop. To avoid producing water that cannot be stored, an upper
limit of water production is introduced. This limit is set by the
water tank storage. If the storage exceeds 90% of the capacity, the
desalination unit is set in a “stand by”mode until the storage levels
decrease below 90%. In the case that storage is lower than 90%, a
comparison is made between daily water demand and the capacity
of the desalination unit and:

� if the daily demand is lower than (0.25*capacity of the unit),
(0.25*capacity of the unit) m3 will be produced

� if the daily demand is greater than (0.25*capacity of the unit)
and lower than (0.5*capacity of the unit), (0.5*capacity of the
unit) m3 will be produced

� etc.
Table 2
Costs of technologies.

Technology Investment cost O&M costs

Desalination
unit

1000 (V/m3/day) 0.3 (V/m3) þ workforce
20e60 kV depending
on the capacity

Wind turbine 1500 e 4000 (V/kW) 0.015 (V/kWh)
Solar

photovoltaics
3500 (V/kW) 5.9 (V/kW/year)
The total energy requirements of the RO units proposed are
4 kWh/m3 [9,50]. It should be noted that the actual energy con-
sumption depends on the pumping distances and thus this may
vary from one island to another. Based on the desalination's energy
requirements, the RET unit is dimensioned. The RET unit power
capacity is 25% more than the power capacity of the desalination
unit. Solar irradiation and wind speed time series for each island
are used to calculate the energy yield on an hourly basis using
commercial wind turbine models and solar PVs. The renewable
energy time series are provided by the Aegean Energy Agency5.
Efficiencies and power curves of different RET are introduced in the
model in order to estimate the yield [45]. Based on the availability
of the RES and the commercial availability of RET units, the selec-
tion is based on least cost solutions over the time of the project.

2.4. Synopsis of scenarios

The tool developed accounts for several parameters and runs
several case studies for various factors. Here all the significant pa-
rameters are synopsized. 3 islands are considered (large, medium,
small), 4 scenarios regarding the interpretation of the legislation
framework for renewables, various scenarios regarding the RET
penetration.

� 3 islands (size and water demand)
➢ Patmos (large)
➢ Lipsoi (medium)
➢ Thirasia (small)

� 4 scenarios regarding the RES law interpretation
➢ Priority to desalination
➢ Priority to selling 20% of renewable energy to the grid
➢ Priority to desalination, but also selling photovoltaic elec-

tricity up to 20% to the grid
➢ Conventional desalination without utilizing renewable

energy
� Scenarios for RET (Relation between the installed capacity of
wind turbines and solar PVs). The installed RET capacity consists
of:
➢ 100% WT,
➢ 75% WT-25% PV,
➢ 50% WT-50% PV,
➢ 25% WT-75% PV and
➢ 100% PV

3. Results

The following sections show a set of graphs summarizing the
results for the three legislative scenarios and a business-as-usual
scenario based on conventional desalination for each of the three
representative islands and for various level of renewable electricity
generation. Critical figures are generated from the model runs.
These include the desalinated water production cost, the percent-
age of desalination energy requirements covered from RET, the
5 Aegean Energy Agency: http://www.aegean-energy.gr/en/.

http://www.aegean-energy.gr/en/
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percentage of unused energy produced from RET and economic-
investment indicators, such as IRR (internal rate of return), NPV
(net present value) of the investment and PBP (pay-back period).
Based on the economic indicators, a suggested selling price is
proposed so as the investment is both sustainable for the Hellenic
State and profitable for potential investors. A selection of those is
presented.

The graphs on the top show the percentage of desalination's
energy requirements covered by RE, while the bottom graphs
present the water selling price. In the x-axis the penetration of
renewables in terms of installed capacity from the left to the right
goes from 100%WT to 100% Solar PVs. Section on techno-economic
findings of the study and on sensitivity analyses conclude the
Results.
Fig. 3. Water selling price e Scenario 1.
3.1. Scenario 1 e priority to desalination

From the first graph, it can be seen that the higher the wind
power penetration, the higher the percentage of the desalination
energy requirements supplied by RES. This percentage reaches 60%
if the renewable energy is only generated by wind turbines whilst
this figure does not exceed 30% if it is only solar PVs (Fig. 2). This is
of course attributed to the higher capacity factor of the wind tur-
bines per installed kW.

Regarding the economics, it should be highlighted that a higher
wind power penetration implies lower selling price to achieve a
certain IRR. The selling price ranges from 1.45 V/m3 for the large
island while the selling price is about 2.6 V/m3 at the smallest is-
land (Fig. 3). This is mainly because of the higher cost per installed
kWas the wind turbine size is getting smaller. It is noteworthy that
the selling price on Thirasia does not vary significantly from the
100%wind to 100% solar penetration scenario. This is due to the fact
that specific investment costs (per kW) are inversely related to unit
sizes (smaller turbines signify higher costs per installed kW) Thus,
solar photovoltaics are a competitive power source in such cases.
3.2. Scenario 2 e priority to selling 20% of renewable energy to the
grid

Compared to the first scenario, the energy covered by RES is of
course lower since the energy is first supplied (actually sold) to the
grid and the remaining energy is provided to cover the energy
required by the desalination unit. In fact, if the RET is a WT, the
desalination requirements covered by the RET do not exceed 55%
Fig. 2. Desalination requirements covered by RES e Scenario 1.
on all islands, whilst in the first scenario the same value reached
approximately 60% Fig. 4. The selling price is slightly lower because
the investors are making some profit from the Feed-in tariff scheme
Fig. 5.

3.3. Scenario 3 e priority to desalination and solar PV up to 20%

The contribution of RET in covering desalination energy demand
is the same as in the first scenario since the desalination is priori-
tized Fig. 6. However, the selling price is lower since the PV energy
is prioritized in case both PV andWTare installed since PVs Feed-in
Tariff is higher Fig. 7.

From the above, it should be highlighted that the higher the
wind power penetration, the higher the percentage of the desali-
nation energy requirements covered from RES. Also, higher wind
power penetration implies lower selling price to achieve a certain
IRR. The selling price ranges from 1.45 V/m3 for the large island
while the selling price is about 2.6 V/m3 at the smallest island.

3.4. Scenario 4 e conventional desalination

If the desalination uses energy based on fossil fuels, the selling
price of the water is lower than the previous scenarios. This is due
to the high installation costs of WT and PVs. Another reason is the
Fig. 4. Desalination requirements covered by RES e Scenario 2.



Fig. 5. Water selling price e Scenario 2.

Fig. 6. Desalination requirements covered by RES e Scenario 3.

Fig. 7. Water selling price e Scenario 3.

Fig. 8. Water selling price based on fossil fuelled desalination.
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hidden costs in the fossil based generation which are not being
accounted in this comparison. The selling price of water is lower
due to the fact that the electricity price is the same as on the
mainland despite the higher generating costs on the islands which
consume mainly diesel and heavy oil for their operation [26].

To illustrate, the use of portable generator units which are
transferred from one island to another is a common practice. The
current cost of electricity production using generators is extremely
high [39] ranging from 200 V/MWh to 1000 V/MWh on very small
islands [24]. Also, environmental costs from burning fossil fuel are
not considered (e.g. imported diesel and heavy oil emit severe air
pollutants). Hence, the electricity price on the islands and its actual
production cost are not related.

For the analysis, 3 different IRRs are chosen6. The tool is able to
indicate at which selling prices the IRR becomes 12%, 16% and 20%.
12% is an Internal Rate of Return satisfactory for the public sector,
20% for an investor to have a very profitable investment, while 16%
6 Both IRR and Net Present Value are enumerated by the tool. According to [19],
the IRR gives the private investor's point of view and the NPV the society's point of
view. Thus, the tool gives the possibility to the user to choose which indicator he
wants to consider.
is an average so that the investment is both sustainable for the
Hellenic state and profitable for investors Fig. 8.

3.5. Techno-economic results

In order to prioritize the desalination but also give the possi-
bility to investors to prioritize PV production in case they have
installed both wind and solar power, the third scenario proceeds for
further evaluation. The final results after dimensioning desalination
and RET units are depicted in the following tables. Table 4 synop-
sizes the capacities of both technologies. The water quantity that is
transported annually to the islands as well as the water quantity
(such as to cover present and future water demand as explained in
themethodology) that is predicted by the tool are depicted inwhile
Table 5 displays the suggested water selling price7.

3.6. Sensitivity analysis

A sensitivity analysis is carried out by the tool for the large is-
land in order to assess how the different parameters influence the
7 As mentioned the water selling price is calculated to achieve an IRR equal to
16%. The Payback Period is about 6.5 years for all the cases.



Table 4
Proposed techno-economic characteristics of desalination and RET units for the selected islands.

Selected islands Transported water
quantity (m3)

Predicted capacity
(m3)

Desalination unit
capacity (m3/day)

Total capacity
(m3/day)

RET units

Patmos 253 600 419 736 4 � 500 2000 1 WT 330 kW and PV 86 kW
Lipsoi 40 900 88 168 4 � 100 400 1 WT 50 kW and PV 33 kW
Thirasia 18 000 23 276 4 � 25 100 PV 20.8 kW

Table 5
Proposed water selling price for the suggested islands.

Selected
islands

Desalinated water
production cost (V/m3)

Water selling
price (V/m3)

Patmos 1.17 1.59
Lipsoi 1.41 1.88
Thirasia 2.18 2.57
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water production cost, as shown in Fig. 9. These parameters are the
investment costs for RET units, the desalination investment cost,
cost of the chemicals, cleaning and operating costs of the desali-
nation unit, predicted water demand, fuel price and life time of the
project. The impact of each parameter to the water cost is
enumerated by varying it ±10%while keeping the rest constant. The
most significant ones are predicted water demand, electricity price,
lifetime of the investment, and O&M costs of the unit (chemicals
etc.) since a minor change in their values alters notably the water
production cost.

4. Discussion

From Fig. 9 one may observe that the water selling price is
significantly lower than the current water supply costs (referred to
cost for marine transportation of water to the islands) which is
being transported from the mainland and this would subsequently
save a great deal of the budget allocated for water supply on the
islands by the Hellenic State Fig. 10.

The methodology and the tool developed for this study
contribute to the sizing of desalination and RET which can be in-
tegrated to minimize water and energy costs as well as environ-
mental impacts. This tool considers and introduces various crucial
parameters -when it comes to the sizing of desalination and RET
units-that have not been considered in previous studies; tourism
and demographic variation and growth and detailed projection of
Fig. 9. Water selling price e Sensitivity analysis.
the water demand, water tank capacities, electricity load variation,
legislation framework, actual wind and solar time series, hourly
energy balance, sustainable water pricing and land availability.

It constitutes a planning and design tool for the Hellenic Min-
istry of Environment, Energy and Climate Change as well as the
Hellenic Ministry of Shipping. Themodel is used to dimension units
on 3 characteristic islands. Likewise, it can be implemented on
other arid islands to provide capacities, energy balances and eco-
nomic and financial indicators.

More than that, it is a tool that can be used by governments,
energy agencies and utilities that consider investing in desalination
units using renewable energy technologies around the world in
regions that face water scarcity and at the same time have abun-
dant renewable energy potential.

It should be mentioned that the siting criteria for setting up a
desalination plant and the RET units should be followed in order to
comply with the legislation framework and to diminish environ-
mental impact. Apart from the high energy consumption of the
desalination technologies, there is also the brine disposal which is
recognized as the other major environmental impact [47]. Thus
environmental impact assessments (EIA) should be carried out
before setting up a plant.

The size of the desalination units does not exceed 2000 m3/day
on the larger island studied. To give an order of magnitude, the size
of Dhekelia RO desalination plant in Cyprus reaches 60 000m3/day.
According to the EIA of the Cyprus Department of Fisheries and
Marine Research, it is observed that the marine environment is
affected within a radius of 200 m of the outfall point [40]. Hence, a
proper EIA includingmathematical modelling for the brine disposal
would diminish the adverse impact of the discharged concentrated
salt water [12].
5. Conclusions and next steps

To conclude, the water scarcity problem on the Greek islands is
severe. The transportation of water from the mainland burdens
economically the Hellenic state and in many cases it deteriorates
the quality of life on the islands and affects tourism negatively.
Fig. 10. Comparison between desalination price and price of transported water.
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Desalination technology is a suitable solution to this problem. At
the same time, the renewable energy potential of the islands should
be utilized in order to provide clean energy and avoid overloading
the already congested autonomous systems. The proposed desali-
nation units are not designed to only replace the water shipments
but supply the entire water demand of the islands as projected
within 20 years’ time perspective.

The analyses suggest that for larger islands the installation of
WT is the preferred solution while solar PVs can be installed
additionally. In smaller islands the RET unit selection is not that
clear since the installation cost per kW of smaller WT is signifi-
cantly higher in comparisonwith the larger ones. In that case, solar
PVs are competitive and siting criteria play an important role in the
RET selection.

The water selling price is significantly lower than the price of
transported water in all cases and the implementation of such a
project would be beneficial for all involved stakeholders; the Hel-
lenic State, investors, and of course islanders and tourists who will
be able to drink potable water without being obliged to spend a
significant amount of money on bottled water. The latter is an
important issue often ignored in discussions related to water value
and costs. The over-consumption of bottled water on the islands
due to the lack of potable water from the local water supply system
network is a major issue and the amounts of money being spent
annually are paramount.

Another critical matter is the legislation framework that con-
cerns the siting of the units. Land availability and suitability is often
an issue on these arid islands as the framework adds several con-
straints on the siting of the units. On-site studies of the suitable
locations constitute the next step that follows this techno-
economic pre-feasibility analysis. Moreover, the externalities of
fossil fuel generation as well as those of RETs should be evaluated.
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