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ABSTRACT

The coupling of renewable energy sources (RES) with desalination has the potential of pro-
viding a sustainable potable water source, especially in arid areas with limited water
resources. During the design stage a RES-desalination process combination suitable for the
particular application needs to be selected. The factors that should be considered for such a
selection include the local RES potential, the compatibility of the desalination process with a
certain renewable energy source, its effectiveness with respect to energy consumption, the
amount of fresh water required in combination with the range of applicability of the various
desalination processes, the seawater treatment requirements, the capital cost of the equip-
ment, the land area required or could be made available for the installation of the system.
The main aim of the present research is to find out how RES can optimally be combined
with desalination technologies in small and medium size islands, through the development
of a suitable selection methodology. To that effect a multicriteria analysis model is developed
with special attention to the selection of the evaluation criteria and the weighting factors of
these criteria in the final evaluation of the various alternative combinations of RES with desa-
lination technologies. The criteria include technological, environmental, economic and loca-
tion specific aspects of each alternative desalination—RES application scenario.

Keywords: Wind/PV /geothermal desalination; Reverse osmosis; Pair-wise criteria compari-
son; Aegean Sea islands

1. Introduction—scope and objectives of the work

Water shortage in the world is one of the most
crucial social and environmental issues of our time.
Many regions of the world have serious discrepancies
between water demand and supply and one of eight
people in the world has no access to safe drinking
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water. Among the solutions being suggested, many
world countries are increasingly turning to desalina-
tion of brackish and sea water in their effort to match
the increasing demand with the available natural
resources. The desalination industry has responded
well to the increasing demand and is constantly evolv-
ing by reducing the costs and reliably producing
water of very high quality (Figs. 1 and 2, [1]).
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Fig. 1. Global contracted desalination capacity [1].
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Fig. 2. Contracted and commissioned desalination capacity
[1].

Most innovations in desalination technology focus
on reducing the energy demand, since this is associated
with high operating costs. However, desalination pro-
cesses will always require considerable amounts of
energy. If conventional energy sources are used, they
contribute to climate change, which, in turn, affects the
water cycle and intensifies the original problem that
desalination was intending to solve [2].

Desalination techniques may be classified into: (i)
phase-change or thermal processes and (ii) membrane
or single-phase processes. Either way, seawater desali-
nation processes require significant quantities of
energy to achieve separation of salts from seawater.
Apart from satisfying the energy demand, if desalina-
tion is accomplished by conventional technology,
environmental pollution would be a major concern as
burning of substantial quantities of fossil fuels would
be required. Therefore, renewable energy sources

(RES) coupled with desalination offer a promising
prospect for covering the fundamental needs of power
and water, especially in remote regions.

The objective of the present work is to develop a
methodology based on Multicriteria Analysis for the
most appropriate RES—desalination combination selec-
tion for small islands, especially in cases where there
may be more than one alternative feasible options.

2. RES-based desalination: state of the art
2.1. Analysis and design issues

The use of renewable energy sources for the opera-
tion of desalination plants is a feasible and environ-
mentally compatible solution in areas with significant
RES potential. The main driving forces for applying
RES in desalination plants are:

¢ the continuous technological advancements in RES
systems and their cost reduction,

e the seasonal variability in water (and energy)
demand, usually occurring in areas with high
renewable energy availability, e.g. the islands,

e the limited availability of conventional energy sup-
ply in remote areas,

¢ the technological advancements being achieved in
desalination systems,

e the need for elimination of the environmental
impacts of conventional desalination systems, and

e the relative easiness of the plant’s operation and
maintenance compared to conventional energy ones.
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Renewable energy based desalination has been
under intensive research in recent years. A significant
number of various units for seawater and brackish
water, employing different technology combinations
have been installed worldwide. Commercial desalina-
tion systems (MED, multi-effect distillation; MSF,
multi-stage flash; RO, reverse osmosis; VC, vapor
compression) driven by renewable energies have been
built. Most of them are small capacity systems and
have been developed within the framework of R&D
or international cooperation projects. Among the
renewable energies suitable for driving a seawater
reverse osmosis (SWRO) system, wind energy is the
most cost-effective option. If adequate wind resources
are not available, the use of solar photovoltaic energy
is recommended for small capacity plants and solar
thermal energy is recommended for the medium-large
capacities. If electricity generation is not demanded, it
is recommended to drive the SWRO by means of a
solar organic Rankine cycle [3].

The thermal energy sources are most often used
with distillation desalination, while wind and photo-
voltaic solar energy are commonly paired with reverse
osmosis desalination. The combined choices of energy
and process take advantage of matching the type of
energy with the type of process (thermal vs. mechani-
cal). The RO systems can use seawater or brackish
water as the feed source and are typically small to
medium plants. Overall, the energy source most often
being used has been solar energy (70% of market) and
RO holds the majority (62%) of the renewable energy
desalination market. Solar-powered desalination is
possibly the most promising alternative energy choice
and both distillation and membrane plants have been
designed and operated. In particular, countries
already advanced in conventional RO desalination,
such as Spain, Italy, and Saudi Arabia, have success-
fully implemented solar photovoltaic energy and sea-
water RO, with a permeate production capacity in the
range of 0.5-120m’/day. In Spain a large scale plant
has been built; a wind farm (four wind generators)
has been combined with a seawater RO plant
(5000m>/day) in Gran Canaria, Canary Islands [4].

EU is very much interested in the implementation
of RES in desalination and the implementation of
these technologies. To that effect, there are funded
projects that attempt to promote these ideas, such as
the PRODES that promotes the market development
of renewable energy desalination in Southern Europe
(Promotion of Renewable Energy for Water produc-
tion through Desalination) [5] (ProDes Project, 2010).

Various criteria should be taken into account for
the best coupling of RES with desalination, related to
the specific location characteristics, the expectations
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and needs that the unit is intended to cover, the infra-
structure and, in particular, energy availability in the
specific area as well as other economic parameters
that need to be considered.

In fact this is a major decision-making issue, part
of the wider problem of infrastructure planning. The
selection of the most promising solution not only will
solve a particular problem under consideration but
will also create good prospects for the further imple-
mentation of this approach to the water and energy
needs satisfaction.

2.2. Energy use in water desalination

All desalination processes use energy, which is the
largest cost component in the operation of a desalina-
tion plant and offers the greatest potential for further
efficiency improvement and cost reduction. In fact,
energy consumption is considered as the main reason
that desalination has not yet been as widely applied
as it would be expected. The share of energy cost in
the overall cost varies with the plant, its operation
parameters and location, as it is shown in Figs. 3 and
4, for thermal and membrane processes, respectively.

In any desalination process, the energy consump-
tion depends on a variety of factors, including:

¢ the technology being used,

* the seawater salinity,

e the ability of the system for energy recovery,

* the operation temperature for membrane processes,

¢ the performance ratio,

¢ the temperature difference etc., for thermal pro-
cesses.

Table 1 evaluates the combinations of desalination
and RES according to certain energy-related criteria.

In Table 2, the possible combinations of RE with
desalination technologies along with their most impor-
tant characteristics are indicated [2].

Typical cost structure for a typical thermal
desalination of SW

Electrical

energy , 9%\

Thermal
energy, 50%

Capital , N
32% Chemicals, \ personnel,
3% 6%
Fig. 3. Typical cost structure of thermal seawater

desalination [6].
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Fig. 4. Typical cost structure of RO seawater desalination
[6].

3. Examples and applications of RES based
desalination in small islands

Desalination using renewable energy is undergoing
a rapid development nowadays. The most likely market
for coupling renewable energy with desalination is for
small communities in remote locations where there is
no power grid connection or where energy is expensive.
In the context of the utilisation of the more established
renewable energy sources, i.e. the sun (thermal and
PV), and the wind, stand-alone desalination systems
have been widely discussed. Even if one focuses on one
particular renewable source and a specific desalination
method, there may still be many options available in
terms of the final system configuration (Fig. 5). There is
very strong research interest in this specific area. Many
research teams work in specific technical issues or in
integration and optimisation aspects of the combination
between RES and desalination [7-15]. However, as far
as implementation is concerned, many small scale and
rather experimental projects have been installed but
there is no serious experience from industrial scale
projects.

An innovative RES Desalination Application: The Floating
Autonomous Environmental Friendly and Efficient
Desalination Unit (FAEFEDU)

The Floating Autonomous Environmental Friendly
and Efficient Desalination Unit (FAEFEDU) is sepa-
rately described as a distinct and interesting applica-
tion of RES based desalination. It is designed to
produce potable water from sea water by generating
its own power through wind turbines on board. The
unit sits on a special floating 20 x 20 m platform with
a height of 8m for a cylinder and a 22-m tower and
can adapt to any weather conditions (Fig. 6, [9]). The
maximum water production is more than 70m> per
day (at rated wind speed)—enough for the needs of
about 300 people. In addition, because the unit is
autonomous, it is not required to be connected to the
national electrical grid. Since the unit is portable, it
can be stationed away from populated centres and be
placed wherever needed, on a seasonal basis for
instance, to service the needs of islands that have an
enlarged population during summer months. In addi-
tion, the unit can be repositioned to take advantage of
changing weather conditions. The unit has been co-
financed by the European Fund for Regional Develop-
ment and domestic national funds.

4. Criteria for the selection of RES based
desalination technology combination

4.1. RES—desalination technologies: general issues

In this section, the criteria that guide either explic-
itly or implicitly the selection of the optimal RES-
desalination system are extracted and classified in
groups. This classification will in fact determine later
on the evaluation of each different proposed solution.

Table 1

Evaluation of various RES in desalination applications [2]

Criterion Solar thermal energy Photovoltaic

Suitability for Well suited for Well suited for
powering desalination plants desalination plants
desalination requiring thermal power requiring electrical
plants (€)] power (3)

Site Typically good match Typically good match
requirements  with need for with need for
and resources  desalination (3) desalination (3)
availability

Continuity of
power output

Predictability of
power output

Output is intermittent

(energy storage
required) (1)
Output is relatively
unpredictable (2)

Output is intermittent
(energy storage required)

o))
Output is relatively
unpredictable (2)

Wind energy

Well suited for
desalination plants
requiring electrical
power (3)

Resources is location-

dependent (2)

Output intermittent

(energy storage required)

)

Output is very stochastic

/ fluctuates (1)

Geothermal energy

Well suited for
plants requiring
thermal power (3)

(1) Resources
limited to certain
location

Continuous power
output (3)

Output is
predictable (3)

Marking index: 3: excellent compliance with criterion, 2: good compliance with criterion, 1: poor compliance with criterion.
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Table 2
Possible combinations of RES with desalination technologies, main characteristics [2]
Typical capacity Energy demand Water generation cost Technical
(m®/day) development stage
Solar Still <0.1 Solar passive 1-5€/m? Applications
Solar MEH  1-100 Thermal: 100kWh/m®  2-5€/m® Applications/
advanced R&D
Electrical: 1.5kWh/m°®
Solar MD 0.15-10 Thermal: 100 kW h/m? 8-15€/m° Advanced R&D
Solar CSP >5,000 Thermal: 100kWh/m?®  1.8-22€/m? Advanced R&D
Electrical: 1.5kWh/m°®
PV-RO <100 Electrical: BW: 0.5~ BW 5-7€/m° Applications/
1.5kWh/m? advanced R&D
SW: 4-5 kWh/m® SW: 9-12€/m’
PV-EDR <100 8-9€/m> Advanced R&D
Wind-RO 50-2,000 Electrical: BW: 0.5— <100m>/ day BW 3-5€/ m® Applications/
15kWh/m? advanced R&D
SW: 4.5-5kWh/m’ SW 5-7€/m>>1,000m>/day
1.5-4€/m>
Wind-MVC <100 Electrical: SW: 11— 4-6€/m° Basic research
14kWh/m?
Upper Reservoir

(hy}

Water

[

Lower Reservoir (h ;)

Reversible
Hydraulic
Machines

Fig. 5. Possible configuration of wind-based desalination plant [8].

As discussed earlier, some of the factors to be con-
sidered for selecting desalination process and the cor-
responding energy source for a particular application

include [10]:

e The amount of fresh water required in a particular
application (i.e. the plant’s capacity) combined with
the applicability of the various desalination-processes.

¢ The seawater treatment requirements, i.e. the feed’s
water salinity.

® The technical infrastructure of the area (e.g. road

access, network).

The local regulations concerning the land use and
the land area required, or could be made available,
for the installation of the integrated energy and

desalination unit.

The remoteness of the area and the availability of

grid electricity.

The suitability and effectiveness of the process with
respect to energy consumption.
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[

Fig. 6. Floating desalination unit [9].

* The capital cost of the equipment.

* Robustness criteria and simplicity of operation.

* Low maintenance, compact size and easy transpor-
tation to site.

* Acceptance and support by the local community.

¢ Organisational capability at local level with rela-
tively simple training.

The geographic location of a final site where an
autonomous desalination system unit can be installed
has a strong influence on the success of such a project.
If the desalination unit is not located in the most
favourable position, the competitive advantages of the
process may be wiped out. Considerable care must be
exercised in selecting the unit site and many different
factors must be considered. Collection of the basic
data and evaluation are the essential steps for the
identification of sites [11].

Table 3

E. Kondili et al. | Desalination and Water Treatment 51 (2013) 1205-1218

Table 3 makes a synthesis of the most critical
parameters and choices that affect the feasibility and
financial attractiveness of a RES-based desalination
project. In parallel, the implications of the economic
and environmental criteria are discussed in more
detail in the following sections.

What is important and the added value of the
present work is that there are two different problems
concerning the selection of a RES-desalination system
for a certain area. One is the technical problem of suit-
ably combining a certain type of renewable energy
with a desalination technology, independently of the
location and specific demands (e.g. PV is combined
with RO, wind energy can be used efficiently on con-
dition that the average wind velocity is above 5m/s
and, for stand-alone wind energy driven desalination
units with a reported cost of fresh water produced
ranged from 1.5 to 3.5 €/m’ [9]). The other problem
is whether such a combination provides a good
solution for a certain and specific application. These
considerations are the origin of the criteria classifica-
tion as they are presented in Section 4.4.

4.2. Criteria—economics: parameters affecting economics of
desalination

Concerning the economic evaluation and the deter-
mination of the main parameters for basic RES based
desalination plants, a conclusion of all the efforts
being made is that there is no specific and generally
applicable tool for determining the cost of such a unit.
Many parameters, being technical, environmental and
social are very site-specific. As a general rule, a

Parameters affecting economics of RES-based desalination plants

Parameters affecting economics of RES-based
desalination plants

The desalination technology (thermal, RO)

Comments

In general, RO units have lower investment cost but high

operation and maintenance costs

The plant’s capacity
lower
The energy requirement of the desalination plant

Large capacity units are more expensive but the water unit cost is

This is determined by (1) the water supply salt concentration; (2)

the coupling of the energy and the desalination system

The feed water salinity
The location that the RES system and the
desalination plant will be installed
The configuration of the energy system
unit
The water storage capacity
The distribution of the available power (e.g. the

wind speed distribution, solar radiation, etc.) cost

BWRO is generally cheaper than SWRO
Required siting, altitude, infrastructure preparation costs

Main design decision determining the operation and the cost of the

Design parameter determining the operation of the unit
It affects the size, the configuration and, therefore the investment
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seawater RO unit has low capital cost and significant
maintenance cost due to the high cost of the mem-
brane replacement. The cost of the energy used to
drive the plant is also significant.

A detailed financial analysis leading to the estima-
tion of detailed and precise financial indices should be
carried out in case private investments are attempted.
In this case, the investor will possibly undertake the
cost of the project expecting to benefit from the selling
of water, either in the free market or in the municipal-
ity it belongs to (e.g. case of a Greek island Milos
desalination plant, [9]). It is expected that many such
private investments will take place in the next years,
especially in areas with water shortage and financial
activities in the field of tourism.

Example of a private RES Desalination investment in
Milos island, Greece [9]

In the general case, the factors that are taken into
account in water production cost include the investment
cost (i.e. cost of land, cost of the energy system, cost of
the desalination unit, cost of the energy storage system)
and the operating cost, including the manpower, chemi-
cals and energy costs (the latter being usually the most
important component) as well as the maintenance,
spares and membranes replacement costs.

A wind-based desalination unit has been installed
in a Greek island called Milos and belonging in the
Cyclades complex (Fig. 7). The plant has been operat-
ing since summer 2007. The unit has a capacity of
3,000m>/day. At the moment it operates in a daily
production of 2,000m> of potable water. This is a pri-
vate investment that has been subsidised by the state.
The water is sold to the municipality of Milos, in a
continuous effort to solve the urgent water shortage
problem, especially during the summer months. The
contract that has been signed between the private
company and Milos Municipality refers to a water
selling price of almost 1.8€/m’ The entire plant

Fig. 7. Milos wind-based desalination plant.
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includes the desalination unit, a wind turbine of
600 kW, the storage tanks (capacity 3,000m®) and the
remote control system.

The siting of the unit in a very touristic island as
Milos could be a major problem, mainly because of
the optical and noise disturbance. Therefore, the unit
has been located on a hill that is not apparent from
most of the island’s villages.

4.3. Criteria—environmental impacts of RES-based
desalination plants

Desalination plants cover the needs of remote
areas in water. Usually they are implemented as a
result of an analysis and alternative solutions evalua-
tion amongst various possible solutions for water sup-
ply. For example, in several Greek islands, fresh water
requirements are covered by the construction of large
dams or ground reservoirs or desalination plants. In
smaller islands, the only available solution is the
transport of fresh water by ship, with high costs and
improper hygienic conditions. All these water supply
methods cause a spectrum of environmental impacts,
more or less serious depending on the type of the pro-
ject, its location and scale.

The main environmental impacts of an RO desali-
nation plant are the following:

Noise disturbance.

Optical disturbance.

Land use.

Interference with public access in the coast.

¢ Discharge of brine—a concentrated salt solution that
may be hot and may contain various chemicals on
coastal or marine eco-systems or, in the case of inland
brackish water desalination, on rivers and aquifers.

* The intensive energy use and the consequent emis-

sions of greenhouse gases in the production of elec-

tricity and steam needed to power the desalination

plants in case the energy provided is from the grid

and fossil fuels are used to generate it. Certainly

this last environmental impact is eliminated in most

cases when the energy source is renewable.

e o o

Furthermore, concerning the siting of the desalina-
tion units, their location definitely needs to be very
close to the sea. The area required is minimal for
Reverse Osmosis units; however, it is quite big in
cases of thermal desalination methods.

Given that the remote areas mainly requiring desa-
lination plants are the islands that have very limited
land availability, this last issue may become a serious
obstacle for favouring desalination in the selection of
a water supply method. However, other infrastructure
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projects such as dams and ground reservoirs are even
worse in the environmental impacts and the land use.
As an approach to face land use problems, an innova-
tive project has taken place a few years ago in Greece,
namely the development of a so-called Floating Desa-
lination Unit described above.

4.4. Synthesis of criteria groups for the optimal RES based
desalination plant

According to all the above considerations, the cri-
teria may be classified into various different catego-
ries/groups, each group including a number of sub-
criteria. More specifically the groups of criteria for the
selection of the most suitable RES-desalination combi-
nation in each specific case and their corresponding
attributes are as follows:

1. Technological availability and suitability

* Simplicity of operation

* Energy demand and the effectiveness of the process
with respect to energy consumption

* Robustness and reliability

¢ Maintenance needs

¢ Compact size

¢ Commercial availability of the technology

¢ Site characteristics required

¢ Infrastructure required

¢ Requirements for specialised personnel

® Produced water quality

¢ Easy transportation to site

2. Environmental/Land use

¢ Effluents/waste produced

* Visual impact

* Noise

¢ Land requirement

¢ Compatibility with other land uses (recreation and
tourism)

3. Economic issues

¢ Investment cost

e Operation/maintenance cost (€/m’> water pro-
duced)

4. Location specific characteristics

¢ Demographic and geographical characteristics

e Tourist activity-water seasonal demand-need for
continuous water availability

E. Kondili et al. | Desalination and Water Treatment 51 (2013) 1205-1218

¢ Personnel availability and organisational structure

e Harmonisation with the natural and human envi-
ronment

¢ Funding opportunities

e Private investors interest

5. Energy—RES availability and quality

* Specific RES potential—availability

* RES cost

¢ RES operational requirements and characteristics
¢ Local power availability from the local network

5. RES-based desalination in the Greek small
islands

For the vast majority of Greek islands, water
resources are quite restricted, thus deteriorating the
quality of life of the habitants. Besides, in several
islands salt water intrusion into the aquifers has been
observed. In fact, the water reserves are not adequate
to cover the needs of the islands, especially during
summer, when the population may be even ten times
more than the normal. For these reasons the majority
of small- and medium-sized Aegean Archipelago
islands have a significant clean water deficit, espe-
cially during the summer, while in several cases
almost 50-80% of the fresh water needed is trans-
ferred by boat at a very high cost [12].

The best solution for the islands’ water supply
problem depends on a number of parameters, such as
the water needs and their time and quantity distribu-
tion during a year, the infrastructure of the island, its
size and morphology, economic activities, population
and its seasonal fluctuation, as well as the extent of
the water shortage. A solution that has already been
implemented in various cases is the construction and

Geographical distribution of existing
desalination plants

6%

m Cyclades
M loanian Sca
' Dodecanesse

m North-Eastern
Aegean Sea

Fig. 8. Geographical distribution of the island desalination
plants.
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operation of desalination plants. A significant number
of desalination plants have already been developed
and operate in the Greek islands for the solution of
water shortage problems. Their geographical distribu-
tion is shown in Fig. 8. The significant renewable
potential of the area, which is up to now partially
exploited, can substantially contribute to meet the
energy requirements of appropriately designed desali-
nation plants at reasonable cost [12-16].

The small Greek islands, with less than 1000 inhab-
itants, have also serious water deficit problems. In
these cases, major water supply projects such as dams,
ground reservoirs are not justified and, on the other
hand, the islands do not have the infrastructure
required for their constructions. These islands expand
all over the Aegean Sea (mainly) in the complexes of
Cyclades, Dodecanese, in the North Eastern Aegean
Sea region and are the following: Agathonisi, Agios
Efstratios, Anafi, Chalki, Donoussa, Folegandros, Her-
aklia Inousses, Kasos, Kimolos, Koufonissia, Lipsi,
Nisiros, Schinoussa, Sikinos, Symi, Tilos, Psara (Fig. 9).

Selection of the most appropriate RES-desalination
combination should be made in any case such a sys-
tem is planned but in particular when:

* There is a serious interest for investments in the
specific area. In this case, the suitability of the
selected energy and desalination system will need
to be evaluated in terms of profitability.

e When funding schemes are designed, in many
cases the development and implementation of these
innovative water supply solutions is encouraged

. Andros
Tincs
Kea (Tzig) <
Giaros
Mykonos
Kythnos Sy, e 0
Dios
CYCLADES ISLANDS
Sertfos Naxos Donousa
Paros 5 y )
Sitoos )
A Koutonis:
Kimoios ’ Heros .
L {ios
IMilos.
Folegandros
-, “Gantorini
Arafi

Fig. 9. Many small islands belong in Cyclades Island
complex.
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with partial financial support from national or
European programmes. In this case it is also very
important to identify the most appropriate
schemes.

6. The implementation of multi-criteria analysis

The method being used in the work is the classical
weighted sum multicriteria analysis. In this simple
multiobjective optimization method, a set of criteria is
escalated into a single objective by multiplying each
criterion with a user supplied weight being deter-
mined by its relative importance. The innovative ele-
ment of the multicriteria optimization in the present
work is that groups of criteria are considered instead
of single criteria. This means that each criteria group
includes many other considerations and the grade
given in each criterion is in fact the synthesis of many
sub-criteria.

The method consists of five steps:

1. Defining the decision context: In the present case the
most suitable RES—desalination combinations for a
certain island are defined.

2. Identify the options: This means that the possible
alternative solutions that will be evaluated need to
be identified. In the wider context of the problem
under consideration, all the RES—-desalination alter-
native combinations could be examined. However,
as a matter of fact not all of them are appropriate;
therefore, a selection of three of them will be made
in the present case in order to indicate the method-
ology; namely, the PV-RO combination, the Wind-
RO and the Geothermal-based desalination. In the
general case, in this step all the feasible and prom-
ising combinations are considered. The methodol-
ogy may be used for any island. In the present
case, the method will be applied in three small
Aegean islands, namely the islands of Agios Efstra-
tios, Anafi and Kimolos. All of them are very small
and have limited or no water resources.

3. Identify the objectives and the criteria that reflect the
value associated with the consequences of each option:
The groups of criteria and the corresponding sub-
criteria have already been defined above. The other
important issue of the method is the determination
of the relative weight of each subcriterion.

4. Scoring the alternative scenarios against the criteria:
The first step when applying a Multi Criteria Anal-
ysis is to assess the consequences of a scenario for
each criterion. This is accomplished by describing
the consequences and scoring on a scale from 1 to
10 against each criterion, either by using a function
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between a physical quantity (parameter) and the
corresponding consequences, or by using a matrix
which converts the verbal judgments into numeri-
cal measures on a scale 1-10. In some cases one
criterion can be further analysed to sub-criteria
(decision tree) as it happens in the present study.
Sub-criteria are used in the same way as criteria.
This aspect of the model allows the possibility to
assess interactions between various different attri-
butes of the problem.

5. Calculating the relative importance weights of the crite-
ria: The overall preference score for each alterna-
tive is given by a function that multiplies its score
on a criterion by the weight of the criterion, then
does the same for all the criteria and finally sums
the products. For better understanding of the scor-
ing process, criteria are categorised into five
groups. The relative importance of these groups is
expressed by weights. In this case, Table 4 shows
the weight factors that have been assigned to the
groups of criteria.

The above weights have been suggested since it is
believed that the technological considerations have
already been taken into account straight from the
beginning, since the combinations to be examined will
be relevant to these specific applications.

On the other hand, implementation success is
mainly dependent on the compatibility of the unit
with the specific location and the possibility to afford
the investment and the operation of the unit. Finally,
energy issues are very significant as well, since the
whole installation and idea relies on the RES suitabil-
ity and availability in the certain place.

Table 5
Matrix comparing technological/operational criteria
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In parallel, the results’ sensitivity in the values of
the above weights should be analysed in the “sensitiv-
ity analysis”, where different values will be given to
these weights.

Assigning weights to the sub-criteria within each
group is another critical success factor of the proposed
method. In many decision-making problems, we may
find that all criteria do not equally contribute to reach-
ing the overall objective. Weights, which express the
relative importance of criteria, may be derived by:

¢ Pair-wise comparison of the criteria and formulat-
ing a matrix showing the values generated by the
pair-wise comparisons.

The method of pair-wise comparison of the sub-
criteria within each group has been applied in the
present work [17,18]. The relative weights of each
sub-criterion compared to the others are determined
according to the relevant importance of one criterion
as thought by the designer. Definitely all these
weights have a subjective element; therefore the sensi-
tivity analysis plays a very important role.

Table 4
Weights of the groups of multicriteria analysis

Suitability Weight (%)
I Technological / operational 10
1I Environmental/land use 20
III Economic 20
v Location characteristics 30
\Y% Energy use 20
Total 100

Technological /operational criteria 1
1  Simplicity of operation 1
2 Energy demand and the effectiveness of the 2
process with respect to energy consumption
3 Robustness, maintenance needs 1
4  Reliability 0.5
5 Compact size 0.5
6  Commercial availability of the technology 2
7 Site characteristics required 2
8 Infrastructure required 2
9  Requirements for specialised personnel 0.5
10 Produced water quality 1
11 Easy transportation to site 0.5
Total

2 3 4 5 6 7 8 9 10 11 Total Weight
(%)
05 1 2 05 05 0521 2 13 9.5
1 2 1 2 1 1 2 2 1 2 17 12.5
05 1 1 2 1 05 1 2 05 2 125 92
1 1 1 1 1 1 2 21 2 135 99
05 05 1 1 05 1 1 2 05 1 95 7.0
1 1 1 2 1 1 1 2 1 2 15 11.0
1 2 1 1 1 1 1 2 05 1 135 99
05 1 05 1 1 1 1 1 05 1 105 77
05 05 05 05 05 05 1 1 05 1 7 5.1
1 2 1 2 1 2 2 2 1 2 17 12.5
05 05051 051 1 1051 8 5.9

136.5 100
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Table 6
Matrix comparing environmental/land-use criteria
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Environmental/land use criteria 1 2 3 4 5 Total ~ Weight (%)
1 Effluents/waste produced 1 2 1 2 8 28.6
2 Visual impact 0.5 1 2 0.5 1 5 17.9
3 Noise 0.5 0.5 1 0.5 1 3.5 12.5
4 Land requirement 1 2 1 1 7 25.0
5 Compatibility with other land use (recreation and tourism) 0.5 1 1 1 1 4.5 16.1
Total 28 100
Table 7 Table 9

Matrix comparing economic criteria

Economic criteria 1 2 Total Weight
(%)

1 Investment cost 1 2 3 66.7
Operation/maintenance 05 1 15 33.3
cost
Total 45 100

The following Tables 5-9 show the relative weights
of each of the subcriteria for each criterion group. The
weights have been determined, as mentioned above,
by considering each pair of subcriteria separately and
assigning value expressing the significance of one sub-
criterion related to another one that it is compared
with.

1. Combining the weights and scores to derive an overall
value (Weighted Scores) for each alternative scenario for
the calculation of the total objective function: The sum
of the weights of each criteria group is multiplied
by the relevant weighting factor of the correspond-
ing criteria group.

2. Ranking alternative scenarios: The alternative with
the highest overall weight is the most favourable
one. Finally, the alternatives are ranked in a rele-

Table 8
Matrix comparing location specific characteristics

Matrix comparing energy use characteristics

Energy demand- 1 2 3 4  Total Weight

availability (%)

1 RES potential- 1 2 2 2 700 352
availability

2 RES cost 05 1 033 05 233 117

3 RES operational 0.5 3.03 1 2 653 329
characteristics

4 Local power 05 2 05 1 400 201
station adequacy
Total 19.86 100.0

vant order of preference from the most suitable to
the least suitable one.

7. Example for the implementation of the
method—case study

The method wil be applied for three Aegean Sea
islands, namely the islands of Agios Efstratios, Anafi
and Kimolos (Fig. 10). Anafi and Kimolos belong to
the Cyclades complex, while Agios Efstratios is in the
Northern part of the Aegean Sea.

Agios Efstratios (Fig. 11) is in the Northern part of
the Aegean Sea. It has a permanent population of 400
inhabitants and an area of almost 45km? Very good

Location specific criteria

Total Weight

(%)
1 Geomorphology of the island 1 05 1 21 1 6.5 16.0
2 Tourist activity—seasonal demand—need for continuous water 2 1 2 05 05 8 19.8
availability
3 Personnel availability and organisational structure 1 05 1 2 1 1 6.5 16.0
4 Compatibility with the local human and natural environment 05 05 05 1 05 05 35 8.6
5 Funding opportunities 1 2 1 2 1 8 19.8
6 Private investors interest 1 2 1 21 1 8 19.8
Total 40.5 100
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Fig. 10. Map of Greek islands indicating the islands of Ag.
Efstratios, Anafi, Kimolos.

Fig. 11. The Island of Agios Efstratios.

wind potential exists in the island. Furthermore, Agios
Efstratios has been suggested to become “Green
Island”, with energy autonomy and local production
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Fig. 12. The Island of Anafi.

of potable water and a series of projects in this direc-
tion have already started to be designed.

Anafi is in the Southern part of Santorini (Fig. 12).
It has almost 300 permanent inhabitants. There are no
local water resources and most of the water demand
is covered through water transfer by boats. Its total
area is 383km” and the total coast line is 38km. In
general the island is mountainous and has a warm
desert climate (in fact it is the only island along with
Santorini in Europe with such climate). During the
summer there are many tourists and the water needs
are increased. Anafi, as most of the Aegean islands
has very significant solar energy potential.

Kimolos is very close to Milos Island (Fig. 13). It
has almost 770 permanent inhabitants and area of
375km? During the summer this number gets at least
two times an as much. Kimolos has medium enthalpy
geothermal. It mainly covers its water needs with ship
water transfer and water transfer from the adjacent
island of Milos.

Fig. 13. The Island of Kimolos.
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Table 10
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Most appropriate combination of RES-desalination systems in the selected Aegean Sea islands with the corresponding

weights of the criteria groups, case 1

Criteria groups Weights (%)

Scores of the solutions, case 1

Agios Efstratios Anafi Kimolos
Technological /operational 10 Wind-RO 6.9 5.6 6.5
Environmental 20 PV-RO 51 6.0 51
Economic 30 Geothermal 0 0.0 7.7
Location 20
Energy 20
8 islands of Agios Efstratios and Anafi since there is not
2l i such an energy available in these two islands.
mpvRo Most of the Aegean Sea islands have very good
ol o wind and solar potential. The difference may be
51 made according to the peculiarities of the specific
4 location (visual impact, land, etc.). In case another
i form of RES is available, ie. geothermal fields in
Kimolos, then the specific RES is the most prominent
21 solution.
14
oA
Agios Efstratios Anafi Kimolos

Fig. 14. Scoring of three islands for three alternative RES-
desalination combinations (case 1).

The evaluation of the three suggested solutions
(Wind-PV, Solar—PV and geothermal desalination) is
done with the implementation of the method as
described above.

Table 10 and Fig. 14 show the results of the meth-
od’s implementation. The scoring of each sub-criterion
has been done according the characteristics of each
specific technology along with the special features of
the island under consideration. In fact the geothermal
desalination option has not been considered for the

Table 11

-~

o

=

w

P

Kimolos

Agios Efstratios

Fig. 15. Scoring of three islands for three alternative RES-
desalination combinations (case 2).

Most appropriate combination of RES-desalination systems in selected Aegean Sea islands with the corresponding

weights of the criteria groups, case 2

Criteria groups Weights (%)

Scores of the solutions, case 2

Agios Efstratios Anafi Kimolos
Technological /operational 10 Wind-RO 7.22 5.3 6.7
Environmental 20 PV-RO 5.25 6.4 5.2
Economic 10 Geothermal 0 0.0 7.5
Location 30

Energy 30
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Furthermore, Table 11 and Fig. 15 show the
results of the method in case the relevant weights
between the criteria groups change and both, the
location characteristics and the energy get the high
percentage of 30% and the economic are reduced to
10%. The ranking between the solutions though does
not change.

The method provides the tool to analyse many dif-
ferent cases by changing the scoring of the criteria, the
marks in the pair-wise comparison and the weights of
the criteria groups. Furthermore, the analysis may be
extended to investigate the impact of the pair-wise
comparison values in the solution obtained. In addi-
tion, the (subjective) scoring of each sub-criterion also
influences the value of the objective function and,
potentially, the ranking of the solutions. Again the
sensitivity analysis will reveal these impacts and the
robustness of the suggested solution.

8. Conclusions and significance of the results

A Multicriteria Analysis model for the selection of
the most appropriate RES-desalination combination
has been developed, taking into account a set of criteria
and estimating the corresponding weighting factors
including technological, operational, environmental
and social and specific location specified criteria.

The proposed work could result in a decision sup-
port system for the selection of the appropriate energy
desalination system in each specific case, taking into
account the basic parameters determining this selec-
tion (plant size, capacity, energy availability, infra-
structure, investment and operational cost, operation
and maintenance capabilities in this specific site).
Therefore, it could make a significant contribution in
the progress and the successful implementation of
RES based desalination systems.

At a later stage of the work, the multicriteria anal-
ysis will also be extended to include other water sup-
ply solutions, in addition to the desalination, since the
desalination may not be the most appropriate water
supply solution for some of the islands under consid-
eration and other solutions may be more effective and
sustainable. Furthermore, the method will be suitably
adapted to include specific considerations for other
islands (size of units) by adapting the selection criteria
and the corresponding weighting factors.
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