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Water is a constrained natural resource and inmany areas of the planetwater shortage is considered to be one of
the most important issues to be resolved. This is certainly true for many Greek islands, where there is serious
water shortage especially during the summer, thus hindering the development of the islands. The aim of the
present work is to propose a method for the optimisation of water systems, i.e. the optimal water supply and
distribution under conditions ofwater shortage, as they appear in theAegean islands. In thewater systemsunder
consideration, the total demand as expressed by the users may exceed water availability. In this case, priorities
between conflicting demands need to be taken into account. More specifically, the work describes the math-
ematicalmodel that has beendeveloped for theoptimal allocationofwater to varioususers fromdifferent sources
with varying supply costs and water use values. Technical and environmental parameters are taken into account
in the optimisation problem. Special emphasis is given to the implementation of the method in specific Aegean
islandswithwater shortage. Thenovel feature of thework lies in the fact that it proposes an integrated framework
for the solution of water resources optimisation, taking into account various problem parameters and thus
resulting in important conclusions concerning supply sources, required infrastructure projects, water cost and
value creating from the exploitation of water resources.
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1. Introduction

Water is a constrained natural resource and in many areas of the
planet water shortage is considered to be one of themost critical issues
to be resolved. More than 25% of the world population lives in dry or
semi-arid areas and water supply chain management and optimisation
is evolving as one of the most difficult and urgent problems, since the
water's demand and availability vary significantly from year to year,
seasonally and even daily. Furthermore, the environmental dimension
of thewater resourcesmanagement should be taken into account in order
to assess and avoid any unsustainable water supplies and allocations.

The aim of the presentwork is to propose the optimisation approach
for the operation of water systems. The novel features of the work are
that thewholeoperation of thewater system is expressedwith a generic
mathematical optimisation model and that cases where water demand
exceeds water availability can be taken into account by assigning
priorities to the users. The underlying idea is that the optimal allocation
of the available water is an issue of crucial importance in the overall
water resources management problem and should be determined
according to the needs and the expected use of water.
During the last decades severalmethodologies have been developed
in the design and operation ofwater systems, in thefield of engineering.
Optimisationmodels [1,2] aswell as decision support systems [3,4] have
been implemented either for the optimal allocation of water resources
or for the optimisation of water systems. In spite of the interest that has
been shown in the water resource optimisation problem from various
researchers and practitioners, there are still open methodological
questions about the operation of water systems and so there is room
for applied research in developing tools that match local needs and take
into account the specific characteristics of the area under consideration.

2. Water resources management in the Aegean islands

Cyclades and Dodecanese are island complexes belonging to the
SouthAegean prefecture and located in the Southeastern part of Greece,
a region which is characterized by special architecture and interesting
cultural tradition. The climate of the above-mentioned area is of Medi-
terranean type with wet, mild winters and hot dry summers, during
which many tourists visit these islands. The Mediterranean climate is
characterized by rainfall deficiency during the warm period of the year.
Therefore, from the average annual rainfall that is 365 mm in Syros,
361 mm in Naxos, and 380 mm in Mykonos, most occurs during the
winter months [5]. However, the temporal increase of population in
combination with the local activities, mainly agricultural, commercial
and rarely industrial, the lowprecipitation amounts, the geomorphology
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of area and over-exploitation of groundwater resources, have led to
extended water shortage problems.

The water resource availability in the Aegean islands is time
depended and specifies thedevelopment rates and the living conditions.
The local water resources are relatively limited, especially in the small
islands. Theproblembecomesextremely imperative during the summer
months, when tourism practically doubles the population of the islands
thus increasing the domestic water needs and, at the same time, due
to climatic conditions, the irrigation needs also increase significantly. In
many cases, where the water scarcity is extensive, the needs are par-
tially or totally covered through ship transfer, which is a temporary
solution, because it does not form any infrastructure for the long-term
solution of the problem.

Cyclades in particular is an island complex including many, arid in
their majority, islands. The medium–large size islands, such as Syros,
Naxos, Andros, Myconos, with high development of residential and
tourist rates, have partially solved their water shortage problem with
infrastructure projects, such as desalination plants, water dams and
ground reservoirs. However, the smaller ones are forced to adopt short-
term solutions i.e. water transfer by ships and the storage of it in water
tanks.

It must be pointed out that during the last decade a water volume
of 1,620,000 m3 has been transferred to Cyclades Islands with an
overall cost of 12,524,000 € [6] (Fig. 1).

Accordingly in Dodecanese Islands only the large-size ones, like
Rhodes and Kos have their own water resources, while the majority
of the rest acquire the demanded quantity through transfer from the
larger ones, even though during the last years some desalination
plants have been constructed. The corresponding imported quantity
in Dodecanese Islands for the period 1997–2005 was 4,508,000 m3

with an overall cost of 18,739,000 € [6] (Fig. 1).
Due to the acute character of water shortage, in many cases the

supply cost is not seriously taken into account. Although the price of
water usage is respectively high, its financial price does not reflect its
worth neither its real cost, because it is considered as a renewablewater
resource and a social good and its cost is heavily subsidized by the
government. However, it is believed that a rational approach of the
water-pricing problemwill effectively contribute into the sustainability
of any implemented solution concerning the water shortage problem.
The water price reaching the final consumers has to reflect its real cost
and its usage value.

In some of the Aegean islands, belonging to the Cyclades or
Dodecanese Complexes, the water supply problem is solved either
partially or completely with the operation of local desalination plants,
based on the Reverse Osmosis technology. The desalination plants that
are located in South Aegean prefecture are presented in Table 1 [7]. In
fact, many more desalination units are planned to be installed in the
islands, to solve the acutewater shortage problemof the last years, with
Fig. 1. Cost of imported water in Cyclades and Dodecan
serious considerations for the implementation of Renewable Energy
Sources (RES) to cover their energy needs.

In general, the cost ofwater fromdesalination plants ismuch smaller
than the corresponding cost of transferredwater. In any case, in the pro-
posed model the water cost from each different supply source is taken
into account.

3. The rationale of the proposed mathematical model

3.1. Basic characteristics and structure of the proposed model

The mathematical model that is proposed in the present work
identifies the optimal solution in the operation of the water system,
taking into account:

• Various supply sources, each one with an associated possibly time
varying water cost and a certain and possibly time varying capacity.

• Various users, each one associated with a time varying demand and
a benefit for the use of water (expressed as a monetary value per
cubic meter of water).

The objective of the model is to determine the appropriate water
quantities allocated to each user and the input flows from each supply
source, keeping in mind that the total water availability may be less
than the total demand. Therefore, there may be time periods that not
all the demands will be satisfied. The allocation of the available water
quantities will be made following the more sustainable principle that
the real and most urgent needs must be satisfied first. In parallel,
possible inefficiencies of the water system will be identified, such as
serious shortages at certain time periods, inadequate supply from some
sources, extremely high cost solutions etc. Fig. 2 shows a schematic
representation of the system under consideration.

The supply sources provide water in a real or virtual storage tank;
the storage tank has a specific capacity (upper limit) and a low limit
that should never be violated. In case there is no real storage tank, the
lower and the upper capacity limits are set equal to zero.

3.2. Water supply

The usual supply sources taken into account in the present work
are:

• Desalination units
• Ground reservoirs
• Dams
• Water transfer by ships
• Own water resources (e.g. wells).

In fact the model can accommodate any type of water supply.
The information that is required is its cost, capacity and any existing
ese Islands throughout the period 1997–2004 [6].



Table 1
Desalination plants in South Aegean prefecture, as per 2007 [7].

Island Site Water capacity (m³/day) Constr. year

Syros Ano Syros 120 1993
250 2000
500 2002

Ermoupoli 800 1992
800 1997
250 (2 units) 2001
800 (4 units) 2002
744 2006

Poseidonia 750 (3 units) 2002
500 2005

Ios Mylopotas 1000 2001
Pounta 1000 Planned

Mykonos Korfos 2 units⁎1200 each
500 1989
3units⁎800 each 2000
700 2000
2000 2001
3 units⁎1500 each Planned

Paros Naousa 1200 2002
Paroikia 2 units⁎1200 each Planned

Sifnos Kamares 500 2001
Platys Gialos 250 2007

Tinos Ag Fokas 500 2001
500 2005

Santorini 380 1995
Oia 210 1999

270 2001
320 2002

Private Nomicos Center 63 1995
Kimolos 110 2001
Megisti Megisti 50 1990

Mantraki 200 Prediction
Leros 200 2001
Nisiros 1.5 km from the port 300 1991

350 2002
500 Planned
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operational constraints. The supply limits are determined from the
capacity of each specific source that possibly varies with time.

The supply costs may simply be considered as linear terms multi-
plying the corresponding water quantity or may follow more compli-
cated economic functions. For example, the desalted water cost may be
calculated as the sum of a fixed term, expressing the depreciation of the
unit and a variable cost term or be expressed with a more complicated
economic function, taking also into account various parameters of the
unit's operation [8]; the same is valid for the ground reservoir and the
dam. On the contrary, the water transferred by ships has only a rather
high variable cost term.
Fig. 2. Schematic representation of the water system.
3.3. Water allocation

The users take water from the storage tank. The upper limits of the
quantities being delivered to the various users are the corresponding
time varying demands. The water users are:

• The agriculture (irrigation).
• The urban use (including permanent and seasonal domestic and
commercial use).

• The industry and, possibly, some other secondary uses.
• Other surrounding places that have serious water shortage and need
to be supplied by the water supply sources under consideration.

If the required water quantity exceeds the available, not all the
requirements will be satisfied. This will definitely cause some
consequences to the users (e.g. cancellation or limitation of expansion
plans, losses etc.). The allocation of water to users will be determined
by optimisation. However, it should be emphasized that the model
will allow the water demands to exceed the total availability, and,
therefore, some users' demands will be partially satisfied, since the
water allocation will be done following certain and predetermined
priorities.

In any case, the discrepancy between the allocated quantity and
the demand should be penalised. These penalties are expressed as
‘cost terms’ in the objective function, caused by the water shortage for
a certain user at a time period. The penalties reflect in some way the
losses and difficulties caused by the water shortage and must be
varying with time, since the consequences of the water shortage are
not all the time the same for a user.

4. Mathematical model development

4.1. System parameters and variables

Thevariables and theparameters of the systemare shown in Tables 2
and 3 respectively. The optimal planning problem will be solved in a
predetermined timehorizon. The length of the timehorizon depends on
the specific problem under consideration, the time period of the year
and the desired use of the results [9].

4.2. Optimisation criterion

The optimisation criterion that expresses the efficiency of the water
system is themaximisation of the totalwater ‘Value’, taking into account
all the benefits from thewater use, including environmental benefit and
costs.

Thus, for a predetermined time horizon H:

Maximize Total Value of Water = Maximize ðTotal Benefit–Total CostÞ
Table 2
Model parameters.

Parameter Magnitude

Index i Denotes the supply source, i.e. dam, ground reservoir, desalination
unit, water transfer

Index j Denotes the user, i.e. irrigation, urban sector, industry, other
t Time interval, for which the problem is solved
Bjt Benefit for the use of the water from user j at time interval t (in €/m3)
Djt Demand of water from user j at time interval t (m3)
Q jt
min Minimum water flow to user j at time interval t (m3)

Sit Capacity of the supply source i (m3) at time interval t
Pjt Penalty for not satisfying the demand of user j at time interval t (€/m3)
Cit Cost of water from supply source i at time interval t (€/m3)
Vmax Maximum volume of water that can be stored in the storage tank (m3)
Vmin Minimumvolume ofwater that should be stored in the storage tank (m3)



Table 3
Model variables.

Variable Magnitude

Fit Flow of water from supply source i at the time interval t (m3)
Q jt Water flow allocated to user j at time interval t (m3)
Vt Water volume stored in the reservoir at time interval t (m3)

Table 4
Case study data.

Time horizon 12 months, time step 1 month

Water supply sources 1: desalination, 2: ground reservoir, 3: water transfer by ships
Water users A: urban use, B: irrigation
Water demand As shown in Fig. 3
Benefits As shown in Table 5
Vmax, Vmin 1,000,000 m3 and 10,000 m3 respectively
Capacity of water
supply

S1=300,000, S2=200,000m3/month, S3=1,000,000m3/year

Water supply cost C1t=3 €/m3, C2t=4.4 €/m3, C3t=7 €/m3

Table 5
Benefits from the water use (€/m3).

Months 1 2 3 4 5 6 7 8 9 10 11 12

BAt 5 5 5 15 20 25 25 25 10 5 5 5
BBt 5 5 5 5 5 5 5 5 5 5 5 5
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where:

Total Benefit = ∑
t
∑
j
BjtTQjt

and

Total Cost=Supply Cost+Penalties for the discrepancy between
demand and real supply to the users including environmental costs.

Hence, the Total Cost term in the objective function is expressed
as:

TotalCost = ∑
t
∑
i
CitTFit + ∑

t
∑
j
pjtTðDjt−QjtÞ:

Therefore, the optimality criterion that maximises the total
benefits and, at the same time, attempts to minimise as much as
possible the costs and the differences between the quantities supplied
to the users with their real requirements, is expressed as follows:

Max∑
t
∑
j
BjtTQjt−½∑

t
∑
i
CiTFit + ∑

t
∑
j
pjTðDjt−QjtÞ�: ð1Þ

As shown in the objective function (1), the Benefits from the
allocation of a water quantity in user j vary with time. For example, the
Benefits for theallocationofwater in theurban sector (e.g. tourism)may
be much more significant during summer, while the irrigation water
will have a larger Benefit in another time interval. Therefore, the values
of the Benefits for each user at its time period should accommodate the
following issues/concepts:

▪ The potential outcomes from the water use, either as revenues or
profits from this specific use.
▪ A quantification of the regional development and welfare of the
local community attributed to the water availability.
▪ An environmental benefit resulted from the water waste and the
resource depletion elimination.

On the other hand, the Penalties for not satisfying part or all the
demand should accommodate:

• The priorities among various competing user.
• The losses caused by the corresponding water shortage.

It may be emphasized that the Penalties caused by the water
shortage do not express the same concept with the corresponding
Benefits from the water use. The proper and rational quantification of
the Benefits, Penalties and Costs could comprise the basis of rational
water pricing.

4.3. Model constraints

The model constraints impose limits on the problem variables and
include:

The continuity equation in the water storage tank:

Vt = Vt−1 + ∑
i
Fit−∑

j
Q jt ð2Þ

Upper and lower bounds of the water in the reservoir:

Vmin≤Vt≤Vmax ð3Þ
Capacity limitations of each water supply source:

Fit≤Sit : ð4Þ

Flows allocated to each user should not exceed the corresponding
Demands. Furthermore, it may be desirable to assign a minimum
water quantity to some users.

Qmin
jt ≤Qjt≤Djt : ð5Þ

The resulting mathematical model is an LP problem. Development
of the model in the direction of choosing water reservoir or of pro-
ducing more than one different water qualities will have as a result its
complication to a Mixed Integer Linear Programming problem. In any
case the problem is modelled and solved in the GAMS optimisation
software.

5. Application results

The mathematical model is applied in a simple case study, in order
to highlight the type of the results that could be expected from this
work. For the problem under consideration, three water supply sources
are considered: namely, the desalination, the ground reservoir and the
water transport by ships. In parallel, two users are considered, i.e. the
urban sector and the irrigation. The problem is solved for a year's time
horizon and a monthly time step. However, more detailed time sched-
ules can be taken into account. The basic problemparameters are shown
in Tables 4 and 5 and the water demand pattern is shown in Fig. 3.

As shown in Fig. 4, the water is allocated mainly to the users with
the highest benefits. Therefore, the water quantities being stored are
big for the winter and non-existing for the summer (Fig. 5).

6. Conclusions and significance

In the present paper an optimisation model has been proposed for
the optimal planning of complex water systems with multiple supply
sources and multiple users, taking into account environmental con-
siderations. The current model sets the fundamentals for a Decision
Support System able to support the allocation of the water flows from
each supply source, compromising the demands and priorities that are
assigned to each user.

This approach of water systems planning provides the capability
of an integrated study and investigation of the role of all the system
parameters and gives a better insight to the problem of the optimal



Fig. 4. Estimated water allocation quantities in the users.

Fig. 5. Calculated water storage quantities.
Fig. 3. Monthly water demand.
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allocation of water resources, considering the value and priorities of the
water usage.

The novel feature of the work lies in the fact that it proposes an
integrated framework for the solution of water resources optimisation,
taking into account various problem parameters. Various conclusions
can also be drawn from the results of the method's applications. For
example, continuous water shortage may indicate the need for a new
infrastructure project or exclusion of a certain supply source due to its
high cost. Furthermore, ideas may be taken for the water-pricing
patterns, based on the available detailed analysis of its value.
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