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ABSTRACT

The use of renewable sources is definitely an important solution to replace or to integrate the energy
supply from fossil sources, that applies notably to desalination plants. The selection about the tech-
nology to use and the energy source to resort depends at first on a technical analysis (is it possible?)
and then on an economical evaluation (is it worthwhile?). As alternative choice to the mere tech-
no-economical comparison among different plant layouts the implementation of a multi criteria anal-
ysis is proposed in order to encompass a wide range of aspects of the relevant categories (technical,
environmental, social etc.) and to develop a more general approach. The method has been applied to
the Asinara Island, whose area is subject to peculiar environmentally protective restrictions, due to
the presence of the Asinara national park and the preservation of an historical and cultural heritage,
apart from water scarcity. In such a background the need for multi criteria methods to analyse a proj-
ectis conspicuous. The procedure to take into account aspects that are difficult to quantify otherwise
is described and applied, pinpointing strengths and drawbacks.
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1. Introduction

Desalination of seawater or brackish water is one of the
most important unconventional sources of drinking water in
many parts of the world and plays already an important role
in solving fresh water scarcity in areas where other water sup-
ply alternatives are not available. Seawater can be desalted
and supplied in large quantity, and with a very high quality,
but this requires a great amount of energy, which is mainly
obtained from fossil fuels. The efficiency of desalination plant
improved steadily in recent years but the dramatic increase
of desalinated water supply creates a series of problems: the
most significant are those related to energy consumption and
environmental pollution caused by fossil fuels.

*Corresponding author.

The exploitation of renewable energy sources has to be
considered to satisfy the energy needs, with the perspective
of enhancing the environmental sustainability of desalina-
tion. Desalination matched to renewable energy sources
(RES) stands for an essential chance to all those geograph-
ical areas which are characterized with a shortage of con-
ventional water resources. Such a problem is particularly
intensified in coastal areas and islands that are subject to a
tourist anthropic pressure focused into the summer period.
However matching a desalination plant with a renewable
energy conversion system involves a further set of prob-
lems due to the site specificity and to the stochastic avail-
ability of any renewable source [1].

The selection of the renewable technology depends on
several factors, including plant size, feed water salinity,
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remoteness, availability of grid electricity, technical infra-
structure, and the type and potential of the local renewable
energy resource [2]. Furthermore, some combinations are
better suited for large size plants, whereas some others fit
better to small-scale applications.

In the kind of analysis which is needed it is not easy
to assess the weight of all those aspects which are related
to the territory as the environmental protection, preser-
vation of the landscape and of the social-historical pat-
tern even if they can prove to be fundamental to achieve
a correct integration of the plant into the territory and
an actual sustainability. The implementation of a multi
criteria analysis can be proposed in order to take into
account a wide range of aspects through a more general
approach [3].

The present work aims at developing a method that can
be used as effective support tool in the preliminary deci-
sion phase of a feasibility study. It sets itself forward as a
decision making aid for the policy makers and stakeholders
involved in the production, supply and management chain
of the water resource. The main classes to be referred to
the analysed aspects were picked out, as the environmen-
tal, the economical and the technological ones, as well as
those related to the features of the site and to the energy
consumption (compared to the RES capacity). Each class is
formed with homogeneous factors which contribute to the
definition of the specific aspect. Such a subdivision enables
to award in a simpler way the weight to all single factors
within each class. Setting a scale for weights allows to calcu-
late a unique number which characterizes the investigated
scenario and enables to compare alternative configurations,
other things being equal.

The present study is included in the concluding phase
of the project “Models for energy and environmental impact
reduction of fresh water supply from sea source, and gov-
ernance modelling for alternative technologies integration
in the coastal territory in harmony with landscape con-
straints” [4]. Here the application to a case study, namely
the Asinara Island, of the multicriteria analysis is presented
in order to select the most suitable desalination technology
and RES technology after obtaining the same result with
a more traditional engineering evaluation. Prescriptive,
environmental, economic, technical, energetic aspects are
included into the selection criteria as well as the specific
features of the site.

2. Desalination: critical and potential issues

At present desalination is a still contentious issue.
Two are the main reasons: desalinating is expensive (the
energy cost affects expenditure to the highest extent,
as continuously increasing) and it has an impact on the
environment as any other industrial plant [5,6]. Such an
impact weighs in terms of land, visual, living space occu-
pation. Opinions about the convenience of building such
plants are different and/or divergent, and that occurs
even in those backgrounds where the matter of water sup-
ply is ancestral, enduring with the probability of further
worsening.

Desalination, carried out on a commercial basis start-
ing from the fifties, is a mature technology, spread all over
the world. It is a market geared towards innovation with

investments into research and development by manufac-
turers which aim at increasing their field of action by pat-
enting systems which lead to the efficiency improvement.
The most ambitious goal lies in making desalination more
affordable than traditional systems, since the cost is just the
main hindrance to its widespread diffusion, in spite of its
main source of strength: providing fresh water available
immediately, made drinkable just in the location where its
need is the greatest.

On the demand side the total need of fresh water grows
with a speed higher than the capacity of exploiting the
fresh water available in nature. For that reason the indus-
trial desalination of sea or brackish water plays a key role
in providing fresh water to a large number of communities
all over the world [7]. In the period 1950-1990 the world’s
water consumption has been trebling while the world’s
population attained, at October 31st 2011, 7 billions of
inhabitants. It should reach, by 2100, 10.1 billions with an
intermediate amount of 9.3 billions of inhabitants in 2050
[8]. The worldwide capacity of fresh water production from
desalination plants has been increasing steadily in nearly
linear way for the period 2000-2014.

Specialists of desalination have always agreed on a fact:
some conditions make it cheaper to use desalination than
other systems to get water [9].

¢ In the case of islands far away from mainland (the
construction of underwater pipelines uneconomical)
where, because of geomorphologic and meteorolog-
ical features, the water storage in reservoirs is not
possible(a very costly alternative would be the use
of tankers).

e In the areas that are rich in fossil fuels, in turn sources
of energy for thermal desalination plants where
vapour recovery is possible to generate power.

¢ There is no other option.

® The cost of all other resources is high.

e Standard of living is high.

2.1. Desalination in the Mediterranean area

Desalination, for a long time, is one of the main sources
of fresh water in many parts of the Mediterranean basin,
is marked out by a steady growth. On the base of informa-
tion drawn from the 19th IDA worldwide desalting plant
inventory [10] for the aforementioned Mediterranean
area, the all-out volume of desalinated water amounts to
11,650,467 m3 d-1. The 70.46% of the total desalinated water.
ie., 8,207,979 m3 d™, originated from seawater desalination.

The greatest producers and their shares are:

® Spain (40,94%)
e Algeria (15%)
e Israel (10%)
Libya (6.95%)
e [taly (6%)

There are desalination plants in really hot climates, in
areas with lacking rainfalls [11] but also in areas where con-
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Fig. 1. Percentage for desalinated water use by sectors.

ventional water resources are not able to fulfil the seasonal
peak of water need due to tourist demand [12].

Desalinated water is mainly used in the Municipal sec-
tor as shown in Fig.1.

2.2. Desalination and governance: from the rationalised use of
water to finding the technology

In the Mediterranean area various examples of inclu-
sion of desalination techniques into the overall water sys-
tem can be found [13,14].

However a desalination plant can have to face a strong
resistance to its achievement because of a set of problems,
namely:

e thermal effect: atmospheric emissions;

¢ chemical effect: discharge of brine with a double
saline concentration with respect to sea water and
resulting modification of the marine ecosystem;

e landscape effect: volumes and contours are imposing.

The pre-treatment processes and the brine disposal
management have been considered in detail and modelled
as essential in the desalination system achievement. In
[15,16] and in [17] pre-treatment and post treatment con-
cerning desalination systems are considered with special
emphasis on membrane systems.

The engagement of communities and stakeholders in
decision-making processes that concern the integrated
management of water resource is essential to get through
the problems. It is also the opportunity to awaken citizens
to a rational and appropriate use of water, which must be
underlying any decision-making choice.

2.3. State of the art for matching of RES and desalination
technologies

Renewable energies stand as the new frontier for desali-
nation, particularly in areas endowed with a high RES
potential [18]. As one of the main obstacles for wide-spread-
ing desalination plants is related to a high energy cost of
operation, the use of RES may be a solution in order to keep
such a cost low.

Among a variety of water purification technologies, there
are two main categories of desalination technology compati-
ble with different renewable energy sources as follows:

e Thermal: multi-stage flash distillation (MSF), multi-
ple effect distillation (MED) and vapour compression
distillation (VC);

® Membrane : electrodialysis (ED) and reverse osmosis
(RO).

Solar thermal energy (STE) is suitable for thermal based
technologies of desalination (MSF, MED) while photovol-
taic and wind power, as they immediately produce electric
power, are suitable for membrane technology (RO and ED)
as well as for mechanical steam compression (MVC).

Solutions integrating the technologies mentioned above
with RES are in the experiment, not yet in commercialised
phase. Anyway several engineering systems to exploit wind
and solar energy have been devised and realised at various
complexity and size levels.

Wind and photovoltaic systems can be matched to meet
the requirements of isolated systems [19], the design of the
combined system takes into account the user features and
economic objects. On the same concept a hybrid desali-
nation system, including an hydro turbine and a storage
device, has been designed and studied with emphasis on
demand and supply seasonal fluctuations [20]. A multi-
ple-objective optimisation has been carried out to take into
account technical, economical and management param-
eters. The mechanical vapor compression desalination
system (MVC) are adapted for remote areas, in [21] the elec-
trical and mechanical system is interconnected to the local
electrical grid in an Egyptian site characterized by a high
shortage in water resources.

Examples of demonstrative plants have been reported
in recent years, the SDAWES project in Canary islands is
quite well known [22]; a tested desalination system proto-
type, specifically intended to be powered exclusively by
wind energy is capable of generating a grid similar to con-
ventional ones, without the need of diesel sets or batteries
to store the energy generated and meet the loads.

Different layouts can be obtained by matching different
energy sources, as wind and sun, and desalination tech-
niques, so that comprehensive computational models have
been implemented and applied to obtain a reliable eco-
nomical assessment [23]. The sector of renewable sources
and desalination matching is continuously developing; as
the desalination driven by the wind resource is concerned
an overall scenario is sketched in [24] while in [25] the sys-
tems fed with solar energy are reviewed in a worldwide
perspective.

3. Case study: the Asinara island

The Asinara island has been the subject of a previous
work [26] dealing with an energy analysis and a feasibil-
ity study about different plant configurations, designed to
provide for the needs of water dependent systems in a sus-
tainable way.

The area of the small island, shown in Fig. 2, nearby
Sardinia mainland, is 53.2 km? Asinara island becomes
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Fig. 2. Map of Asinara island with its temporary villages (cour-
tesy of Google).

National Park by a Presidential Decree on 3rd October 2002.
The current and future activities on the island are described
in the “plan of the park” (PPA), a document that has proac-
tive but non prescriptive value and “constitutes the guid-
ance, discipline and management framework for the actions
of individuals and institutions that operate in the territory
of the park”. The cultural options provided in the PPA are
all united by a vision of preservation of the natural, envi-
ronmental and historical heritage in its physical, biological,
ecological, human, social and economic integrity through
an organization of the territory functional for this purpose.

The consequent development policies proposed in the
PPA include not only the restoration and maintenance of
natural, ecological and environmental structures, conserva-
tion of plant and animal species, emerged and submerged
landscape protection but also the promotion of educational,
training and scientific research as well as tourism activities
compatible with the purposes of protection and restoration
of ecological and hydrological balance and maintaining the
memory heritage.

After evaluating the water demand based on two differ-
ent scenarios for park developments, a possible equipment
has been dimensioned to satisfy water needs using desali-
nation as an integration of the natural fresh water availabil-
ity from rain [26].

To satisfy the energy needs of the communities in the
island, with the perspective of enhancing the environ-
mental sustainability of desalination the use of renewable
energy sources has been considered.

Since the plant operation is intermittent, it has been
estimated that an off-grid solution would bring higher
installed power and the need for a storage system, while
the possibility of local exchange makes the on-grid solution
more interesting. The solution investigated includes the use
of solar and wind energy. Such a choice could be further
discussed but here is assumed as starting point for the fol-
lowing development.

Two different desalination technologies were investi-
gated, namely mechanical vapour compression (MVC) and
reverse osmosis (e RO): both of them can be fed with alter-
native sources. Matching two renewable sources with two
desalination devices gives rise to four configurations:

e MVC + PV

e MVC + WIND
e RO+ PV

RO + WIND

The calculation of the radiation incident on the PV mod-
ules was evaluated according to the common geometrical
correlations which take account the relative motion between
sun and earth as a function of time and the position rela-
tive to the earth of the module. The yield of the modules,
needed for the calculation of electricity from a given inci-
dent radiation, was calculated according to the equation
proposed in [27].

The prediction of the energy output from wind source
has been obtained with reference to the hourly samples of
wind speed, temperature and absolute pressure, extracted
by mean of a reanalysis through a commercial software [26].
The prediction of the annual energy production has been
assessed on a monthly basis following the theoretical set-
ting expounded in [28].

In calculating the specific energy cost the subsidiza-
tions for the use of RES, promoted by the Italian manag-
ing authority of the energy services, have been taken into
account. In detail, for both photovoltaic and wind systems
the net metering option has been considered; it allows to
get an economic compensation, i.e. a trade-off between the
value of the produced energy which is given to the grid and
the value of the energy which is drawn and consumed in a
period different from that when the production occurs. As
the wind energy production is concerned, there is the possi-
bility of exploiting the subsidization of an all-inclusive rate
for medium and small size plants.

As for the MVC technology, the plant behaviour was
simulated by a stationary model developed in Matlab envi-
ronment on the base of the work proposed by El-Dessouky
et al. in [7]. The performance of the reverse osmosis (RO)
plant was obtained through a computer code, implemented
in Matlab environment, based on the mathematical model
proposed by Avlonitis [29].

The overall desalination costs are shown in Fig. 3 for the
different plant configurations and, just for wind source, for
two alternative subsidizations.

The best combination is the RO + WIND match, as the
histogram in fig. 3 shows : it is the result of a techno-eco-
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Fig. 3. Overall cost of desalinated water by various RES systems
(SP net metering, TO all-inclusive rate).
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nomic analysis. The RO technology proved to have lower
capital and energy costs but higher management costs if
compared with MVC [26].

The multicriteria analysis, which takes into account
these elements, since technical and economic criteria are
included in the procedure, extends the range of survey and
allows to obtain a different but not conflicting evaluation.

4. Multicriteria analysis

In land-use planning an effective method to use as aid
to the selection among different options could be the mul-
ticriteria analysis [30,31]. Also known as MCDM (Multi
Criteria Decision Making) it is an useful evaluation method
to compare different scenarios, which takes into account
various criteria, sometimes conflicting and difficult to place
side by side. It is an instrument to lead after simulations the
decision-making process by policy makers.

The basic elements that form MCDM are:

¢ Objective to be achieved;

¢ Decision-makers, subjects who are interested to the
assessment of alternatives and to the final choice;

e alternatives, objects of assessment and choice;

e criteria, estimation elements which contribute to set
the assessment of alternatives;

¢ the weighing system, to measure the importance
given to the different criteria by the decision-maker.

4.1. The implementation of the method

Criteria have to be as general as possible in order to
apply them to cover the many specific situations that are
encountered. The weights to each macroriterion have a gen-
eral character too, while the scores in the following calcu-
lation depend on the application with its specific features.

4.1.1. Setting of macrocriteria

The first step consisted of setting macrocriteria, directly
related to the classes of the problem which are involved in
decision-making. Such criteria are ultimately determined
by the bodies that deal with these issues that can be politi-
cal or technical.

The macrocriteria have been identified by the authors
taking into account discussions with local authorities,
during a summer school dealing with the set of problems of
the park, and the gaming simulation [32].

¢ Legislation/policies for the management of the inte-
grated water system.

e Social characteristics.

e Characteristics of the location.

e Technical criteria.

¢ Environmental impact.

¢ Energy criteria.

e Economic criteria.

¢ Financial criteria.

Each of these macrocriteria is made up of several spe-
cific criteria (subcriteria). Because of the numerousness of
the criteria and the complexity of the problem it has been
decided to apply the analytic hierarchy process (AHP)
method [33] in two steps: it will be described in detail in the
next subparagraphs.

4.1.2. Assessment of the values (weights) to assign to criteria

For each macro criterion comparison matrices have
been created in order to ease the comparison among sub-
criteria, by means of the “pair-wise” method. The result of
such a method enables to assign a weight to each criterion.
Even though we intend to deal with a general matter and
presenting an evaluation procedure we will hint at a spe-
cific case of desalination plant in the context of a nature
conservation area. The comparison matrices for all the eight

Table 1
Matrix comparing legislations and policies

Legislations/ 1 2 3 4 Total Weights
policies for the (%)
integrated water

system

1 Integrated 1 2 2 2 7
management of
different sectors

2 Clients and 05 1 2 1 4.5
management by
third parties

37.84

24.32

3  Techniquesand 05 05 1 05 25 13.51
rules to follow
drawing up a

contract
4 Production 05 1 2 1 4.5

and supply by
private sector

24.32

Total 18.5 100

Table 2
Matrix comparing social characteristics

Weights

Total
ota %)

Social characteristics 1 2 3 4

Awareness of the

rational use of water 33:3

Techniques and
rules to follow
drawing up a
contract

33.3

Bargaining/
decision-making
power of the
supplier/manager

05 05 1 1 3 16.7

Bargaining/
decision-making
power of users of the
service

Total

05 05 1 1 30 16.7

18,0 100
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macrocriteria listed above are now analyzed entering into
detail. Each column of them picks on the numbers of sub-
criteria so that as many pair-wise comparisons as the boxes
of the resulting grid can be made.

Neutrality, i.e. the situation where the compared subcri-
teria have the same weight is worth 1, 2 denotes a subcrite-
rion prevailing on its opposite, 0.5 a subcriterion losing to
its opposite.

The sum of points gained by each subcriterion in all its
pair-wise comparisons is put at the end of each line, exactly
in the second to last column.

The method has a general substance but the attribution
of scores depends on the specific case study, in particular as
some comparison matrices are concerned (definitely matri-
ces in Tables 2, 3 and 6).

279

A point to be underlined is the one that the macrocri-
teria of Tables 1-8 include inter-disciplinary assessments
that usually are dealt with separately. Really comparison
matrices range from legal /social aspects (Tables 1, 2), geo-
graphic/environmental (Tables 3, 5), technical (Tables 4,
6), economic (Tables 7, 8). Usually engineering proposals
and feasibility studies are developed in terms of a cost
benefits analysis neglecting some of the above mentioned
aspects.

4.2. Calculation of scores concerning different plant configurations

Once weights are defined by means of the comparison
matrices, the calculation or assessment of the regarding
score is taken for each technological matching; in the fol-

Table 3
Matrix comparing location characteristics
Characteristics of the location 1 2 3 4 5 6 7 8 Total We(z(l);g)h ts
o
1 Geomorphology 1 1 1 05 05 1 1 2 8.0 11.35
2 Accessibility/Mobility/Transport system 1 11 05 1 1 1 2 8.5 12.06
3 Demand of civil sector (resident population) 1 1 1 05 05 1 1 1 70 993
4 Demand of tourist activity (seasonal) 2 2 2 1 1 2 2 1 13.0 18.44
5 Demand of farming activity 2 1 2 1 1 2 2 1 12.0 17.02
6 Demand of industrial activity 1 1 1 05 05 1 05 1 6.5 9.22
Environmental/ecological systems ((Parks, Special
7 Protection Areas -Zps, Sites of Community Importance-Sic) toroes s 212 20 1277
8 Specialised personnel availability and organisational 05 05 1 1 1 1 05 1 6.5 902
structures
Total 70.5 100
Table 4
Matrix comparing technological and operational criteria
Technical/operational criteria 1 2 3 4 5 6 7 8 9 10 11 Total We((l);%)h ts
o
1 Simplicity of operation 1 05 10 05 2 05 05 05 1 1 2 10.5 77
Energy demand and effectiveness of
2 the process with respect to energy 2 1 2 1 2 1 1 1 2 2 2 17.0 124
consumption
Robustness, maintenance needs 1 0.5 1 1 2 1 1 1 2 05 13.0 9.5
Reliability 2 1 1 1 1 1 2 2 1 16.0 11.7
Compact size of the plant 05 05 05 1 1 05 1 1 05 05 1 8.0 5.8
6 Commercial availability of the 2 1 1 1 2 1 1 1 > 05 2 145 106
technology
7 Site characteristics required 2 1 2 05 1 1 1 1 2 1 1 13.5 9.9
8 Infrastruc.ture .requlred (roads, hydro ’ 1 1 05 1 1 1 1 1 05 1 110 8.0
and electric grid ...)
9  Requirements for specialised personnel 1 05 05 05 2 05 05 1 1 05 1 9.0 6.6
10  Produced water quality 1 05 2 1 2 2 1 2 2 1 2 16.5 12.0
11  Easy transportation to site 05 05 05 05 1 05 1 1 1 05 1 8.0 5.8
Total 137.0 100
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Table 5
Matrix comparing issues for environmental impact

Er}v1r.onmenta1 1 2 3 4 5 Total Weights
criteria (%)

Effluents/
1 waste 1 2 2 1 1 7.0 25.5
produced

2 Visualimpact 05 1 2 05 1 5.0 18.2

3 Noise 05 05 1 1 1 4.0 14.5
g Land 1 2 1 1 05 55 200
requirement
Interaction
5 withnatural 1 1 1 2 1 6.0 21.8
environment
Total 275 100
Table 6
Matrix comparing energy use characteristics
Energy Criteria 1 2 3 4 Total W(Zi/g)h ts
p RESpotential =y 555 70 368
availability
o RES cost for 05 10 05 05 25 132
desalination
RES
3 operational 05 2 1 2 55 289
characteristics
g lLoaalpower 55 5 o5 1 40 211
grid adequacy
Total 19.0 100
Table 7
Matrix comparing economic criteria
Economuic criteria 1 2 Total Weights (%)
1 Investment cost 1 2 3.0 66.7
Operation/ 05 1 15 333
maintenance cost
Total 4.5 100
Table 8
Matrix comparing budgetary criteria
Financial criteria 1 2 3 Total W?,/g? ts
1  Public financing 1 1 2 4.0 40
2 Private financing 1 1 2 4.0 40
3  Self-funding 05 05 1 2.0 20
Total 10.0 100

lowing four combinations of renewable sources and desali-
nation technologies are considered as deduced from the
technical analysis carried out in the previous section. Such
a score, as stated above, can range from 0 to 4 for each sub-
criterion.

When it is not possible to attribute a scoring through
a procedure based on computable quantities, the score is
given on the basis of how much the subcriterion can affect
the selection among the submitted combinations. The high-
est score, in the aforementioned scale, is attributed to the
combination, which, with respect to the specific subcrite-
rion, responds in the most effective manner.

For the sake of explaining the multicriteria procedure
just one of the 8 matrices where each technological com-
bination is evaluated with respect to subcriteria, is shown
and discussed (Table 9). If we take into account the starting
numbering of macrocriteria in Table 9 for instance the W4
weights are concerned. A single column is up to each of the
different technological combinations, where the weights
obtained for each subcriterion are present. In the present
case, taken as example, various subcriteria belong to the
technical class (macro criterion). Where possible the attri-
bution of the score, in the range from 0 to 4, has been drawn
from the comparison of results obtained in the analysis
described in [26] and summarized in the previous section.

The score has to be multiplied by the corresponding
weight of the subcriterion; the sum of all products allows
to define the result for the macro category (macro criterion)
and for the technological matching, as we can infer from the
following formula:

Ryc =ZW, S, 1

where R denotes the result, W the weight, S the score,
k the subcriterion and C the technological combination
(matching).

As a matter of fact different technological combinations
(Des + RES) enjoy the same score for some subcriteria and

Table 9
Matrix of assessment of different technological combinations
as regards technical criteria

Technical criteria MVC - MVCr RO+ RO+
+PV  WIND PV  WIND
Simplicity of operation 3.0 3.0 2.5 2.5
Energy demand etc 19 19 4.0 4.0
Robustness, maintenance 3.0 3.0 2.7 2.7
Reliability 3.0 3.0 3.0 3.0
Compact size of the plant 3.0 3.0 3.0 3.0
Commercial availability 2.0 2.0 4.0 4.0
fé?uci};:;“terisms 32 27 30 25
Infrastructure required 3.0 2.7 3.0 2.7
Specialised personnel 3.0 3.0 2.7 2.7
Produced water quality 4.0 4.0 2.0 2.0

Easy transportation to site 4.0 3.0 4.0 3.0
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macrocriteria. Such an aspect on the one hand would bring
us to judge macrocriteria inconsequential as far as the choice
among different submitted alternatives is concerned but on
the other the same macrocriteria represent factors that have
to be taken into account in the more general issues where
the assessment includes, among the possible alternatives,
water supply from conventional sources.

Once again one of the 8 composed tables that belong
to the procedure is shown in Table 10 as an example. It
has been obtained by juxtaposing the grid concerning the
weights attribution for each technological combination with
the grid where the score gained by each technological com-
bination is multiplied by the subcriterion percent weight.
Table 10 shows micro criteria and the respective weight sum
for the different technological combinations.

This step consists of finding an all-out result for each
technological combination, deducible from the weighing of
values referring to the weights defined in Table 11, accord-
ing to the following expression:

T-=2Py Ry ()

Table 10
Extended matrix of the weight sum for macrocriteria and
technological combinations

MVC+ MVC+ RO+ RO+
PV WIND PV  WIND
Legislation/policies for
the integrated water 3.03 3.03 3.03 3.03
system
Social characteristics 2.67 2.67 2.67 2.67
Char.acterlstlcs of the 318 935 338 255
location
Te.chr‘ucal /operational 30 28 31 29
criteria
Environmental criteria 1.9 1.8 2.2 2.6
Energy Criteria 2.3 2.2 39 3.7
Economic criteria 1.7 1.7 3.7 3.7
Financial criteria 3.0 3.0 3.0 3.0
Table 11
Matrix of suitability weights PM
Suitability Weights (%)
1 Legislation/policies for the integr. water 5.00
system ’
2 Social characteristics 10.00
3 Characteristics of the location 15.00
4  Technical/operational criteria 10.00
5 Environmental criteria 15.00
6 Energy Criteria 20.00
7  Economic criteria 20.00
8 Financial criteria 5.00
Total 100

where T. denotes the final result for the specific tech-
no-logical combination, P the weights associated to each
macro category (macro criterion).

The suitability weights are set on the basis of several
evaluations and are susceptible to the point of view of pol-
icy makers. Here their frame is the case study of the Asinara
island considered in some detail before. The definitions of
weights is a particularly complicated matter and in turn can
emerge from a direct debate among the various stakehold-
ers and players in the decision making process.

The purpose of the multicriteria analysis consists of
rationalizing the decision-making process as well as facil-
itating selections and guidelines of the part of those who
commission the same analysis, however the multicriteria
analysis has its own drawbacks, as the limitation of provid-
ing less transparent results. This is due mainly to its more
free approach that is susceptible of a greater margin of dis-
cretion by the decision maker. Indeed macrocriteria and
weighing levels are assumed through a political process by
those who are taking part to the decision-making/evalu-
ating procedure [34]. Judgments and choices therefore can
depend on the purpose which one aims to achieve, in other
words they are affected by it and by the scenario but, above
all, by the subjects just involved in the process. Identifying
the alternatives, choosing the selection criteria and associ-
ating to them values and weights, through a pairwise com-
parison, is anyway the product of a balanced compromise
among views that can be divergent too. Thus if the choice is
not made by one single decision-maker but the involvement
of more stakeholdersis is required using a multidisciplinary
approach, then resorting to the gaming simulation could be
helpful.

The gaming simulation (GS) plays an important role in
the participatory processes, being an efficient method of
comparing alternatives or divergent approaches [35]. It is
an efficient instrument to study and analyze a set of prob-
lems pertinent to any branch of knowledge and could play a
major supporting role to the multicriteria analysis, in terms
of method understanding and characterization of process
phases, from the selection of criteria to the attribution of
weights by policy makers. The game, conceived in order to
simulate the dynamics of multicriteria analysis, could find
a wide potential use: for approach and knowledge, training
and implementation of results.

In Table 11 the suitability weights (P) for each macro
sector (M) are shown: they refer to the case study consid-
ered in the following section.

In order to further understand the procedure and the
method taken in selecting micro criteria and awarding
weights it is worthwhile to specify how branches of knowl-
edge interact.

The research group, comprising different expertise
areas which range from mechanical engineering to urban
planning, from architecture to economics, simulated what
can occur in the decision-making process, when technicians
of different background, that are represented in the political
sphere, confront each other at a round table.

Each macro criterion and the weight awarded to it, is
the result of the mediation among remarks, evaluations and
choices on the part of the single different members of the
research group, according to the rules determined by com-
mon accord.
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Table 12
Matrix of results for technological combinations
MVC+ MVC+ RO+ RO +
PV WIND PV WIND

Legislation/policies for
the integrated water 0.15 0.15 0.15 0.15
system
Social characteristics 0.27 0.27 0.27 0.27
Char.acterlstms of the 048 0.35 051 0.38
location
Technical/operational 57 g8 031 029
criteria
Environmental criteria 0.29 0.27 0.33 0.39
Energy Criteria 047 043 0.77 0.75
Economic criteria 0.33 0.33 0.73 0.73
Financial criteria 0.15 0.15 0.15 0.15
Total 243 2.24 3.22 3.11

The suitability matrix is particularised for the different
technological solutions in order to find out a final crite-
rion to decide among different alternative solutions. The
percent weights of Table 11 must be multiplied by the PM
of Eq. (2).

Table 12 stresses the final result for each technological
combination and shows the partial results referred to the
macrocriteria.

4.3. Comparison among different technological solutions

Bearing in mind that in the previous section the crite-
ria and weights have already been referred, at least in part,
to the Asinara island case, the comparison among the dif-
ferent technological solutions is finally presented. On this
occasion we achieve an evaluation which is no more merely
economic (in currency terms) but is based on scores that
account for mixed criteria.

The technological combination that gains the highest
score is reverse osmosis desalination coupled with photo-
voltaic production system. The RO + WIND combination is
the second best while the combinations with MVC have a
similar lower performance (Fig. 4).

Tc - score results

0 T T T 1
MVC+PV MVC+WIND RO+PYV  RO+WIND

Fig. 4. Comparison of final results of multicriteria analysis con-
cerning technological combinations for Asinara Island.

The fact that such a result differs from that obtained by
the techno-economic analysis proves that the multicrite-
ria analysis, even in a relatively simple scenario, provides
useful guidelines to designers, stakeholders, policy makers
etc., which are linked to the environmental, economic and
social context and not just to the technological product.

5. Conclusions

A multicriteria analysis for the selection of the most
convenient matching of renewable sources and desalination
technologies has been developed with reference to an area
of special environmental interest and vulnerability. The list
of considered criteria includes legal, social, environmental,
operational, economic aspects as well as the specific loca-
tion features. The application to a case study emphasized
the limits and problems that the awarding of weights and
scores to criteria concerning not calculable or estimable
quantities involves. Therefore the participation of as many
as possible stakeholders provided with a decision-making
power acquires a special significance.

The application of the method to a small island water
systems allowed to show its potential usefulness as a deci-
sion support system for the selection of a proper desalina-
tion system beyond a more usual cost/benefits analysis. A
previous technical study, which actually has been used to
implement the multicriteria analysis together with other
instruments, had provided a different rank among tech-
nological solutions Des-RES. The application to a quite
simple case restates the complexity of the project and
development of desalination fed with renewables that has
to be faced taking into account many issues in order to be
admissible.

Acknowledgement

The present work is an integral part of a research proj-
ect financed by Sardinia Region Law 7/2007 — annuity
2010 — entitled “Models for energy and environmental
impact reduction of fresh water supply from sea source,
and governance modelling for alternative technologies
integration in the coastal territory in harmony with land-
scape constraints”.

References

[1] A. Alcolea, P. Renard, G. Mariethoz, F. Bertone, Reducing the
impact of desalination plant using stochastic modeling and
optimization techniques, J. Hydrol., 365, 3-4(2009), 275-288.

[2] E. Mathioulakis, V. Belessiotis, E. Delyannis, Desalination by
using alternative energy: review and state of the art, Desalina-
tion, 203 (2007), pp. 346-365.

[3] S.D.Pohekar, and M. Ramachandran, Application of multi-cri-
teria decision making to sustainable energy planning- A
review, Renewable and Sustainable Energy Reviews, 8 (2004),
pp 365-381.

[4] C. Palomba, P. Rizzi, A. Marcia, M. Paderi, Seawater desali-
nation powered by renewable energy sources for sustainable
fresh water supply construction of a partaken process in a
marine protected area, in Proceedings of Fifth International
Symposium, Monitoring of Mediterranean coastal areas: prob-
lems and measurement techniques, Livorno June 17-19 2014.



(5]

(6]

(7]
(8]
(9]
(10]
(11]

(12]

[13]

(14]

(15]

[16]

(17]

(18]

[19]

[20]

M. Marini et al. / Desalination and Water Treatment 61 (2017) 274-283

A. Subramani , M. Badruzzaman, ]. Oppenheimer , J.G. Jaca-
ngelo, Energy minimization strategies and renewable energy
utilization for desalination: a review, Water Res., 45 (2011)
1907-1920.

J.E. Blank, G.F. Tusel, S. Nisan, The real cost of desalinated
water and how to reduce it further, Desalination, 205 (2007)
298-311.

HT. El-Dessouky, and H.M. Ettouney, Fundamentals of salt
desalination, Elsevier Science BV., 2002, Amsterdam.

IDA Desalination Year Book, Water Desalination Report,
DesalData, 2014-2015.

J. Ribeiro, Desalination Technology: survey an prospects,
Report EUR 1634 EN, Institute for prospective technological
studies, 1996.

19th IDA Worldwide Desalting Plants Inventory, 2006.

B. Sauvet-Goichon, Ashkelon desalination plant — A success-
ful challenge, Desalination, 203 (2007) 75-81.

E. Garcia-Castello, J. Garcia-Garrido, N. Laguarda-Miro, A.D.
Rodriguez-Lopez, ]. Pascual-Garrido, The water problem in
a tourist emplacement in the Mediterranean Spanish coast.
Water consumption overview and selection of an alternative
supply, Desalination, 200 (2006) 349-350.

A. Lopez, A. Pollice, A. Lonigro, S. Masi, A.M. Palese, G.L.
Cirelli, A. Toscano, R. Passino, Agricultural wastewater reuse
in southern Italy, Desalination, 200 (2006) 349-350.

H. Mahmoudi, O. Abdellah, N. Ghaffour, Capacity building
strategies and policy for desalination using renewable ener-
gies in Algeria, Renewable and Sustainable Energy Reviews,
13 (2009) 921-926.

M. Beery, G. Wozny, J-U. Repke, Computer-Aided Model-Based
SWRO Pre-treatment Process Design: A Multidisciplinary
Approach, IDA Journal, Fourth quarter 2012 18-14.

E. Casti, M. Marini, Energetic and environmental assessments
about the possible use of different intake systems for desalina-
tion plants, in Proceedings of Fifth International Symposium
Monitoring of Mediterranean coastal areas: problems and
measurement techniques, Livorno (Italy) 17-19 June 2014.

H.H. Al-Barwani, A. Purnama, Simulating brine plumes dis-
charged into the seawaters, Desalination, 221 (2008) 608-613.

S. Kalagirou, Seawater desalination using renewable energy
sources, Progress in Energy and Combustion Science, 31 (2005)
242-281.

S. Mohamed, G. Papadakis, Design, simulation and economic
analysis of a stand-alone reverse osmosis desalination unit
powered by wind turbines and photovoltaics, Desalination,
164 (2004) 87-97.

LD. Spyrou, J.S. Anagnostopoulos, Design study of a stand-
alone desalination system powered by renewable energy
sources and a pumped storage unit, Desalination, 257 (2010)
137-149.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

283

A. Karameldin, A. Lofty, S. Mekhemar, The Red Sea area
wind-driven mechanical vapor compression desalination sys-
tems, Desalination, 153 (2002) 47-53.

J.A. Carta, J. Gonzalez, V. Subiela, The SDAWES project: an
ambitious R&D prototype for wind powered desalination,
Desalination, 16(1) (2004) 33-48.

C. Koroneos, A. Dompros, G. Roumbas, Renewable energy
driven desalination systems modeling, J. Clean. Prod. 15
(2007), 449-464.

Q. Ma, H. Lu, Wind energy technologies integrated with
desalination systems: Review and state-of-the-art, Desalina-
tion, 277 (2011) 274-280.

A. Ghermandi, R. Messalem, Solar driven desalination with
reverse osmosis: the state of the art, Desal. Water Treat., 7
(2009) 285-296.

M. Marini, C. Palomba, P. Rizzi, E. Casti, A. Marcia, M. Paderi,
Sustainable desalination: integration of power supply with
renewable energy sources, Renew. Energy Power Qual. ],
RE&PQJ, 1(13) 272-277.

D. Cocco, C. Palomba, P. Puddu, Tecnologie delle energie rin-
novabili (Technologies for Renewable Energies), SGE Pub-
lisher, Padua, 2008.

R. Pallabazzer Sistemi eolici (Wind Systems), Rubbettino Pub-
lisher, 2004.

S. Avlonitis, WT. Hambury, M. Ben Boudmar, Spiral wound
modules performance. An analytic solution. Part 1, Desalina-
tion, 81 (1991), 191--208.

R. Ramanathan, Multicriteria Analysis of Energy, Encyclope-
dia of Energy, vol. 4, 77-88, Elsevier 2004.

Kondili, K. Kaldellis, M. Paidousi, A multicriteria analysis for
the optimal desalination-RES system. Special focus : the small
Greek islands, Desal. Water Treat., 51 (2013) 1205-1218.

P. Rizzi, S. Careddu, A. Marcia, Gaming simulation applied
to water supply from marine source and governance model-
ling. San Pietro and Asinara islands case studies, Proc. of the
Fifth International Symposium Monitoring of Mediterranean
coastal areas: problems and measurement techniques, Livorno
(Italy) 17-19 June 2014.

T.L. Saaty, The Analytic Hierarchy Process. McGraw-Hill, New
York, (1980).

P. Beria, Il ruolo e gli strumenti della valutazione, Analisi
Costi Benefici e Analisi Multicriteria per la valutazione di pro-
getti e politiche(The role and the instruments for evaluation,
cost-benefit analysis and multicriteria analysis to evaluate
projects and policies), (2005), Laboratorio di Politica dei Tra-
sporti, Politecnico di Milano

P. Rizzi, Giochi di citta. Manuale per imparare a vivere in una
comunita equa e sostenibile (City games. A handbook to learn
how to live in an equitable and sustainable community), La
Meridiana Publisher, 2004.



