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ABSTRACT 

Due to the increasing significance of the water short-
age problem, water supply chain management is evolving 
as one of the most difficult and urgent problems on a 
global basis. Furthermore, sustainability issues should be 
taken into account in water resources management in order 
to assess and avoid any unsustainable water supplies and 
allocations. 

The problem of the optimal water systems planning is 
imperative in cases where water may be supplied from 
various different sources, the demand may exceed avail-
ability and the users have conflicting requirements. The unit 
cost of water is different for each supply method, and its 
value varies for each specific allocation, therefore there is a 
clear optimisation scope in water resources management.  

The present paper investigates the need for the devel-
opment and operation of a Decision Support System (DSS) 
for the optimal allocation of water resources to various users 
with conflicting demands. More specifically, the proposed 
system is able to evaluate different scenarios for various 
issues of the water system operation. Results of the DSS 
include the evaluation of different water supply and allo-
cation scenarios, the water quantities that should be allo-
cated to the each user and the quantities that should be 
supplied from each source.  

The system’s core is an optimisation model that maxi-
mises the total value of the water use, assigning a time-
varying priority to each user and taking into account the 
resources capacity, and the possibility (cost) of not satis-
fying the demand. The basic principle of the system is 
that the existing resources are optimally allocated, even in 
cases that not all the demands are satisfied. 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 islands 
with water shortage.  

 

Furthermore, the present work analyses the various 
technical and operating issues of the decision support sys-
tem and investigates the circumstances under which such a 
system can be a valuable tool for the solution of water man-
agement problems in areas with water scarcity.  
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INTRODUCTION  

Water is a constrained natural resource and in many 
areas of the planet water shortage is considered to be possi-
bly the most critical issue to be resolved. Water supply chain 
management and optimisation are evolving as the most 
difficult and urgent problems, since the water demand and 
availability vary significantly with time.  

The aim of the present work is to propose the devel-
opment and operation of a Decision Support System (DSS) 
that will facilitate the optimal operation of water systems. 
The system is based on a generic optimisation model that 
takes into consideration the whole set of problem features 
and parameters. Even cases where water demand exceeds 
water availability can be taken into account by assigning 
priorities to the users. The underlying idea is that the op-
timal 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 several methodologies have 
been developed in the design and operation of water sys-
tems in the field of engineering. Optimization models [1, 



© by PSP Volume 17 – No 9b. 2008   Fresenius Environmental Bulletin    

1413 

2] as well as decision support systems [3, 4] have been im-
plemented either for the optimal allocation of water re-
sources or for the optimization of specific components 
of the water systems. In spite of the interest that has been 
shown in the water resource optimisation problem from 
various researchers and practitioners, there is always a scope 
for applied research in the development of tools that match 
local needs and take into account the specific characteris-
tics of the area under consideration. 

Water Decision Support Systems are a very interesting 
issue dealing with various aspects of water resources man-
agement problems, such as supply safety, quality and quan-
tity management, costs and benefits. More formally, a Deci-
sion Support System is an integrated, interactive computer 
system, consisting of analytical tools and information man-
agement capabilities, designed to aid decision makers in 
solving relatively large, unstructured water resource man-
agement problems [5]. 

Integrated water resources management requires the 
consideration of a wide scope of social, economic and en-
vironmental aspects of resource use and protection. Usu-
ally, water DSS have one of the two following approaches: 
They either simulate water resources behaviour in accor-
dance with a predefined set of rules governing water allo-
cation and infrastructure operation, or they optimize and 
select allocation and infrastructure based on an objective 
function and accompanying constraints. The DSS proposed 

in the present work relies on the optimisation approach, as 
it will be described in the next sections.  

 
 
WATER RESOURCES MANAGEMENT  
IN THE AEGEAN ISLANDS  

Cyclades and Dodecanese are island complexes be-
longing in the South Aegean Prefecture and located in the 
Southeastern part of Greece, a region which is character-
ized by special architecture and interesting cultural tradi-
tion, pleasant climate, especially during summer and attracts 
many tourists. However, the temporal increase of popula-
tion in combination with the local activities, mainly agri-
cultural, commercial and rarely industrial, the low precipi-
tation rates, the geomorphology of area and over-exploita- 
tion of groundwater resources have led to extensive water 
shortage problems.  

The water availability in the Aegean islands varies 
with time and definitely plays a critical role in the regional 
development and the living conditions of these islands. 
The local water resources are relatively limited, especially 
in the small islands. In many cases, where the water scar-
city is extensive, the needs are partially or totally covered 
through ship transport, which is a temporary solution, be-
cause it does not create any infrastructure for the long-term 
solution of the problem. 

 
 

 
 

FIGURE 1 - Map of the Cyclades and Dodecanesse islands. 
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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 par-
tially solved their water shortage problem with infrastruc-
ture projects, such as desalination plants, water dams and 
ground reservoirs. However, the smaller ones are forced to 
adopt short term solutions i.e. water transport by ships and 
the storage of it in water reservoirs. It must be pointed out 
that, during the last decade, a water volume of 1,620,000m3 
has been transported to Cyclades Islands with an overall cost 
12,524,000 € [6]. 

 
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 quan-
tity through transport from the larger ones, even though 
during the last years some desalination plants have been 
constructed. The corresponding imported quantity in Do-
decanese islands for the period 1997-2005 has been 
4,508,000 m3 with an overall cost 18,739,000 € [6]. 

 
In some of the Aegean islands, the water supply prob-

lem is solved either partially or completely with the op-
eration of local desalination plants, based on the Reverse 
Osmosis technology. Table 1 shows the present status as 
far as desalination units in the islands are concerned. In 
fact, many more desalination units are planned to be in-
stalled in the islands, to solve the acute water shortage 
problem of the last years, with serious considerations for 
the implementation of Renewable Energy Sources (RES) 
to cover their energy needs. In general, the cost of water 
from desalination plants is much smaller than the corre-
sponding cost of transported water. In any case, in the pro-
posed model the water cost from each different supply 
source is taken into account.  

 
The other interesting characteristic of these island com-

plexes (Cyclades and Dodecanesse) as far as their water 
resources are concerned is their geographical structure. In 
fact, in each complex, the islands are very close to each 
other. Therefore, when the water availability is constrained 
in some small islands while at the same time there is wa-
ter surplus in a large island quite close to the small ones, 
the whole water resources management design should 
consider the possibility of the large island to be the supply 
source for the smaller ones. This will simplify complicated 
and difficult situations of considering each island sepa-
rately and, at the same time, make an optimal use of the 
available financial resources for water infrastructure pro-
jects.  

 
Therefore, it becomes obvious that the problem of wa-

ter resources management becomes difficult and calls for 
the use of a reliable and well structured DSS, since a large 
number of alternatives should be considered, the problem 
has area and time dependent characteristics and many pa-
rameters affect the problem solution.  

TABLE 1 - Desalination plants in Greece, as per 2007. 

Island Site Water capacity 
(m³/day) 

Year 

120 1993 
250 2000 

Ano Syros 

500 2002 
800 1992 
800 1997 

250 (2 units) 2001 

Ermoupoli 

800 (4 units) 2002 
 744 2006 
Poseidonia 750 (3 units) 2002 

Syros 

 500 2005 
Ios Mylopotas 1000 2001 
 Punta 1000 planned 

2*1200, 500 1989 
3*800 2000 

Mykonos 
 

Korfos 

700 2000 
  2000 2001 
  3*1500 planned 

Naousa 1200 2002 Paros 
Paroikia 2*1200 planned 
Kamares 500 2001 Sifnos 
Platys Gialos 250 2007 

Tinos Agios Fokas 500 2001 
  500 2005 
Santorini  380 1995 
 Oia 210 1999 
  270 2001 
  320  2002 
 Nomicos  

Conf. Center 
63 ~1995 

Kimolos  110 2001 
Megisti Megisti 50 1990 
 Mantraki 200  planned 
Leros  200 2001 

300 1991 
350 2002 

Nisiros 1.5 km  
from the port 

500 planned 
 
 
THE CORE OF THE DSS,  
AN OPTIMISATION MATHEMATICAL MODEL  

Basic Characteristics and Structure of the Proposed Model  

As mentioned above, the proposed Decision Support 
System relies on an optimisation model that identifies the 
optimal solution in the operation of the water system, tak-
ing 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 vary-
ing demand and an also time varying benefit created 
from the use of water (expressed as a monetary value 
per cubic meter of water).  

The objective of the model is to determine the appro-
priate 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 de-
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mands will be satisfied. The allocation of the available 
water quantities will be made following the more sustain-
able 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 a certain time period, inadequate supply from some 
sources, extremely high cost solutions etc. Figure 2 shows 
a schematic representation of the system under considera-
tion.  

 

 
 

FIGURE 2 - Schematic representation of the water system. 

 
The supply sources provide water in a real or virtual 

storage tank; the storage tank has a specific capacity (up-
per 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 and the water goes 
directly from the supply source to the user.  

 
Water Supply 

For the islands, the most common water supply sources 
are the following:  

• Desalination units  

• Ground Reservoirs  

• Dams 

• Water transport by ships  

• Other own water resources (e.g. wells)  

In fact the model can accommodate any type of water 
supply. The information that is required is the cost, capac-
ity and any existing 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 multiplying the corresponding water quantity or may 
follow more complicated economic functions. For exam-
ple, 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 compli-
cated economic function, taking also into account various 
parameters of the unit’s operation [7]; the same is valid for 

the ground reservoir and the dam. On the contrary, the water 
transported by ships has only a rather high variable cost 
term that is multiplied by the corresponding transported 
quantity.  

 
Water demand 

The most common water users are:  

• The agriculture (irrigation).  

• The urban use (including permanent and seasonal do-
mestic and commercial use).  

• The industry and, possibly, some other secondary uses.  

• Other surrounding places that have serious water short-
age and need to be supplied by the water supply sources 
under consideration and can be considered as discrete 
users with their own demand.  

The upper limits of the quantities being delivered to the 
various users are the corresponding time-varying demands. 
In case the total water demand exceeds the available 
quantities, not all the requirements will be satisfied. This 
will definitely have some impacts to the users (e.g. can-
cellation or limitation of expansion plans, direct economic 
losses, decreased agricultural production etc.).  

The allocation of the available water to users will be 
indicated by the optimization, following the priorities that 
will be set to the model. It should be emphasized that the 
model will allow the water demands to exceed the total 
availability, and, therefore, some users demands to be par-
tially satisfied, since the water allocation will be done fol-
lowing certain and predetermined priorities. In fact, this is 
one of the most interesting parts of the work, since the 
priorities that are set follow the value or the expected bene-
fit from the corresponding use of the water and these 
‘benefits’ are the parameters that multiply the quantities 
allocated to each user in the optimization criterion.  

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

 
 
MATHEMATICAL MODEL DEVELOPMENT  

System  parameters and variables 

The variables and the parameters of the system are 
shown in Tables 2 and 3, respectively. The optimal plan-
ning problem will be solved in a predetermined time hori-
zon. The length of the time horizon depends on the specific 
problem under consideration, the time period of the year 
and the desired use of the results [8].  
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TABLE 2 - Model parameters. 

Parameter  Magnitude  
Index i Supply source, i.e. dam, ground reservoir, desalination unit, water transport 
Index j User, i.e. irrigation, urban sector, industry, other adjacent places 
t Time step in the horizon under consideration 
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) 
Qjt

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 Minimum volume of water 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) 
Qjt Water flow allocated to user j at time interval t (m3) 
Vt  Water volume stored in the reservoir at time interval t (m3)  

 
 
 

Optimisation Criterion  

The optimisation criterion that expresses the efficiency 
of the water system is the maximisation of the total water 
value, taking into account all the benefits from the water 
use, including environmental benefit and costs: 

Maximize Total Value of Water = Maximize (Total 
Benefit – Total Cost)  

Total Benefit = ∑∑ *
j

jtjt
t

QB ,  

Total Cost = Supply Cost + Penalties for the discrep-
ancy between demand and real supply to the users. 

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

Total Cost =  

∑∑
i

itti
t

FC * + ∑∑ −
j

jtjtjt
t

QDp )(*  

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 require-
ments, is expressed as follows:  

Max ∑∑ *
j

jtjt
t

QB -[ ∑∑ *
i

iti
t

FC + 

∑∑ −
j

jtjtj
t

QDp )(* ]  

(1) 

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 the allocation of water 
in the urban sector (e.g. tourism) may be much more sig-

nificant during summer, while the irrigation water will have 
a larger benefit at another time interval. Therefore, the 
values of the benefits for each user at each time period 
should accommodate the following issues / concepts:  

 The potential results / impacts from the water use, either 
as revenues or profits from this specific use (e.g. in-
come increase attributed to the water availability from 
the tourism sector or from the increase in agricultural 
production). 

 A quantification of the regional development and wel-
fare 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 users. 

• The losses caused by the corresponding water short-
age.  

 
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. Due to the acute 
character of water shortage, in many cases the supply cost 
is not seriously considered. Although the price of water 
usage is respectively high, its financial price does not re-
flect its worth neither it’s real cost, because it is consid-
ered as a renewable natural resource and a social good. How-
ever, it is believed that a rational approach of this problem 
will effectively contribute into the sustainability of any im-
plemented solution concerning the water shortage problem. 
The water price reaching the final consumers has to reflect 
its real cost and its usage value. The proper and rational 
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quantification of the benefits, penalties and costs could 
comprise the basis of rational water pricing.  

 
Model Constraints  

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

The continuity equation in the water storage 

tank: ∑+= 1
i

ittt FVV - ∑
j

jtQ  

(2) 

Upper and lower bounds of the water in the 
reservoir: maxmin <=<= VVV t  

(3) 

Capacity limitations of each supply 
scheme: itit SF <=  

(4) 

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.  

jtjtjt DQQ <=<=min  
(5) 

 
 
DECISION SUPPORT SYSTEM OPERATION  

The need for a “Decision Support System” for the op-
timal water allocation in the islands originates from the fact 
that the availability almost never is able to satisfy demands, 
especially during summer. In practice, in most Greek areas, 
the responsibility for the allocation of water quantities to 
various users lies in the Municipalities. In periods when the 
users put competitive demands on the available water re-
sources, the authorities are called to solve a complex and 
urgent problem of resolving these conflicts, possibly on a 
daily basis. Therefore, there is a need for a system that will 
support the solution of the problem in a rational and well 
justified way and will also protect the sustainability of the 
resource.  

 
The problem that the system will be called to solve is 

defined as follows:  

• For a certain geographical area that the system has been 
designed for 

• For a certain planning horizon  

• For given water supply (per source) and demand (per 
user)  
 which are the optimal quantities that should be sup-

plied from each different source of water? 
 which are the optimal quantities of water that should 

be distributed to each of the users (water system re-
sponse)? 

In order to:  
 satisfy the demand according to a certain set of 

priorities 

 respect all operational and environmental constraints  
 maximize the expected total benefit from the use 

of the water 
 minimize the total operational cost of the system.  

The architecture of the system consists of the follow-
ing components: 
• Data measurement and collection, 
• Data processing – the tasks involved in registration of 

measurements into databases and their subsequent 
processing, retrieval, and storage; 

• The optimisation model that has been previously de-
scribed and is the core of the system  

• A mathematical library / optimiser for the solution of 
the optimisation problem (LP, MILP, MINLP solver) 

• An interactive graphical user interface for the interac-
tion with the users, data input and gathering of the 
conclusions from the optimisation. 

• Decision implementation – the formulation of actions 
to be implemented in solving a specific problem. 

The design and the operation of the proposed DSS are 
determined by the area that will be implemented in many 
facets. For example, the number and type of users, the 
supply sources, the priorities that should be followed are 
area depended. Therefore, it is much preferable to develop 
a simple system adapted to the needs of a certain area 
rather than making it very generic, that it not going to be 
of any use.  

Definitely, the implementation of the system’s results 
is a much more complicated issue and is affected by the 
water policy and strategy followed in a place. However, 
the assessment of various scenarios is facilitated with the 
use of the DSS.  

 
 
APPLICATION RESULTS 

The mathematical model is applied in an island com-
plex belonging to the Cyclades islands, in order to high-
light the type of problems that can be solved and the type 
of the results that could be expected from this work. The 
basic problem parameters are shown in Table 4.  

More specifically, the case study under consideration 
is the island complex of Naxos province. Naxos is the larg-
est of the Cyclades islands, with a population of almost 
20,000 inhabitants and an area of 448 km2. Naxos is sur-
rounded by a number of smaller islands, called Mikres Cy-
clades (Small Cyclades) that belong to the same province, 
namely the islands Heraklia, Schinousa, Donousa, Kou-
fonisi, Amorgos. A map of the area is shown in Figures 3 
and 4 and their water demands per user are shown in Fig-
ures 5 and 6.  

Naxos has significant own water resources and rarely 
suffers from water shortage. However, in periods with low 
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precipitation, the problem of acute water demand causes 
conflicts and decisions on the water allocation should be 
taken on a rational and consistent manner. The main water 
supply sources are a dam with a capacity of 3 million m3 
water and a water ground reservoir with a capacity of 
1,500,000 m3. There is no water transport by boats and 
there is no water desalination unit on the island.  

 

 

FIGURE 3 - Cyclades islands. 

 
TABLE 4 - Case study data. 

Time horizon 12 months, time step 1 month 

Water Users 
Urban Use- Naxos, Irrigation Use-Naxos, Small 
Cyclades (Heraklia-Schinousa, Koufonisi, 
Donousa, Amorgos)  

Water Demand (Figure 5, Figure 6)  
Water supply cost  C1t= 3 €/m3, C2t= 4,4 €/m3, C3t= 7 €/m3 

Naxos has a significant agricultural sector as well as 
stock raising activities. The total water demand for irriga-
tion and stock raising is almost 10 million m3 per year. In 
addition, Naxos has significant tourism and some indus-
trial activities. The total water demand of the domestic/ 
urban users of the island is almost 2 million m3, while the 
distribution of the demand in the agricultural and the 
urban sector are shown in Figure 5.  
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FIGURE 5 - Water demand, Naxos island. 

Water Demand (Small Cyclades)
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FIGURE 6 - Water demand, Small Cyclades area. 
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FIGURE 7 - Results of water allocation in Naxos compared to demand. 



© by PSP Volume 17 – No 9b. 2008   Fresenius Environmental Bulletin    

1419 

The type of results that the system will give is shown 
in Figure 7. 

Depending on the relative values of the benefits and 
penalties for each user, the DSS may choose to fully satisfy 
the needs of the small surrounding islands and only par-
tially those of the large island, at least as far as irrigation 
is concerned. Actually, this seems more rational, since the 
needs of the small islands are rather small and the water 
availability is very critical for their development.  

However, in other circumstances, there may be a par-
tial and uniform satisfaction of water needs for all the us-
ers. In the results of the case study, all the demands of the 
Small Cyclades have been satisfied, as well as all the de-
mands in the urban users of Naxos (Figure 7) and the irri-
gation demand has been partially satisfied, mainly because 
of the relative values of the benefits and penalties that have 
been set in this particular problem.  

 
 
CONCLUSIONS AND SIGNIFICANCE 

In the present paper a “Decision Support System” is 
proposed for the optimal allocation of water quantities in 
Aegean islands with limited water resources. The core of 
the DSS is an optimisation model that takes into account 
complex water systems with multiple supply sources and 
multiple users and the possibility of total demand exceed-
ing water availability. The water allocation is based on the 
new idea of assigning benefits to the water use, express-
ing the value that the water has to each user in a certain 
area and time period.  

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 allocation of water resources, 
considering the value and priorities of the water usage. 

Critical success factors for the implementation of the 
proposed DSS for water resources management are its sim-
plicity, easiness to be used, its clear and unambiguous re-
sults and its ability to evaluate area and time specific alter-
native scenario. Furthermore, the most important aspect 
may be the reliability of the data provided and, in conflict 
resolution cases, their ability to embed criteria and priority 
rules. The usefulness of these systems is obvious, since 
they will recommend sustainable use of the water, or, at 
least, they will facilitate the decision making process by 
providing quantitative performance measures for the sig-
nificance of each alternative solution.  
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