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ABSTRACT

Over the last four decades Lake Koronia, part of the Mygdonia Basin, operates under a nega-
tive water balance due to poor resource management and planning decisions. Lake Koronia
is a Ramsar site in northern Greece that has experienced pronounced ecosystem degradation
over the past 30 years associated with water level reduction and nutrient loading from agri-
cultural and industrial activities. The objective of the present study is the optimal design of
an environmental policy for theoretical and potentially in practice return to a sustainable
state of the watershed of Lake Koronia and recommend a rational water resource manage-
ment plan for the area to promote and support development. The use of mathematical mod-
elling tools can assist in making the right decisions with respect to the water management.
The increased complexity of simply managing ecosystems, due to many overlapping factors
that affect the water balance, impedes the derivation of the optimal policy to address the
problems. This paper presents an optimisation model that takes into account all potential
investment options that will allow the restoration of the lake and surrounding area to a sus-
tainable level, and determines the optimal operating policy to allow the ecosystem to recover
while maintaining the financial stability of the area. Investment options include the transfer
of water from larger water sources, creation of irrigation networks and canals, provision of
subsidies to promote alternative land use for agriculture and others. The restoration of a sus-
tainable positive water balance for the basin is possible even if future climatic conditions
become more arid than the current. Critical aspects are crop manipulation, irrigation net-
works and a policy to manage water as a commodity rather than an unlimited resource.

Keywords: Hydrological modelling; Mathematical programming; Water management; Lake
Koronia; Sustainable development

1. Introduction

Lake Koronia (Fig. 1) is located in northern Greece
at latitude 40˚41´ and longitude 23˚09´ about 75m

above sea level (Fig. 1). It is located approximately
15 km north-east of Thessaloniki. Along the north-east-
ern shore of the lake is the town of Lagkadas, the
major centre of urban development. There are about
20 small villages spread throughout the watershed.*Corresponding author.
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The watershed is about 350 km2 and comprises the
western part of the Mygdonia Basin, which has an
east-west axis of 60 km. Mountains of 900–1,200m ele-
vation define its northern and southern boundaries
and hills of 600m elevation define its western bound-
ary. The eastern part of the Mygdonia Basin consti-
tutes the watershed of Lake Volvi, one of the largest
lakes in Greece. Tectonic activities and major earth-
quakes created both the Mygdonia Basin and its lakes.
Koronia is about 35m higher than Volvi. Besides
underground water discharge, Lake Koronia can
potentially overflow to Lake Volvi through a canal.
The Richios River is located in the eastern part of the
Mygdonia Basin and connects Lake Volvi with the
sea. Lake Koronia receives water from five creeks and
a ditch initially constructed for flood protection. There
is a shallow (0–50m) and a deep aquifer (60–500m).
The whole area is protected by the Ramsar Conven-
tion, as a site of international importance for its value
as wetland habitat.

The climate of the region is transitional between
Mediterranean and temperate. It is characterised by

a large annual temperature range (>20oC), a rela-
tively even distribution of rainfall compared to the
rest of Greece and a dry season lasting about two
months. Annual precipitation during the last century
ranged between 262 and 722mm, while the mean
annual value is 455.8mm (Figs. 2 and 3). There are
two precipitation peaks, first one in December and
second one in June. Minimum monthly rainfall is
during August. Temperature varies from 0 to 40˚C,
reaching the minimum in January and the maximum
in July.

The current state of this lake is significantly altered
from conditions at the beginning of the twentieth cen-
tury. According to the first available data in 1977,
Lake Koronia was eutrophic. Currently, it is hypereu-
trophic [1].

Management of the water resources of Mygdonia
basin is a matter of research and strong interest by
state and private organisations due to its importance
for the economy of the area. Failure to provide a sus-
tainable approach to manage the water resources of
the Lakes and the surrounding environment will

Fig. 1. Lake Koronia.
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result in a downgrade of the quality of living stan-
dards and in economic downturn.

Knight Piesold Ltd. & Karavokyris and Partners
[2] within the development of the MASTER PLAN for
the restoration of Lake Koronia study the basin and
propose a number of alternative solutions to reverse
the trend. They also provide an in-depth analysis of
the hydrological conditions that affect the water bal-
ance and basin. It is a work of high quality that
includes a lot of data to be used as reference. This will
be examined in detail within the literature review and
throughout the work.

Zalidis et al. [3] re-visited the Master Plan and
suggested a number of actions to partially restore
Lake Koronia to a state that can support the local
communities and wildlife. These actions are a subset
of the Master Plan and more focused on point solu-
tions that need to be applied to restore the lake in a
sustainable manner.

In their work, Tzimopoulos et al. [4] presented the
results of their study to estimate the water balance of
Lake Volvi as part of the entire hydrologic Mygdonia
basin. Turc’s method was employed to calculate the
water reserves and suggested measures to restore
water resources. In another work, Tzimopoulos and
Pliatsika [5] study Lake Koronia and the management
of water resources providing an analysis of the water
balance and its impact on the area suggesting meth-
ods to reverse the situation.

Gantidis et al. [6] present a work where quality
parameters were determined in the water of Volvi
and Koronia Lake during sampling period of one
year. Physicochemical parameters (pH, conductivity
and DO) did not show remarkable differences neither
between sampling sites nor between sampling peri-
ods. Nutrient concentrations (nitrogen and phospho-
rus compounds) were higher in Koronia Lake than in

Fig. 2. Basin view with flows.

Fig. 3. Volume and coverage related to surface contour.
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Volvi showing relatively small temporal and spatial
variations that were attributed to agricultural and
municipal activities.

WWF [7] reports that Lake Koronia is consid-
ered biologically dead. There are no fish since 2004,
while thousands of birds recorded dead in three
major incidents (1995, 2004 and 2007). Some minor
restoration projects have started but scientists do
not expect a complete restoration till 2017 the earli-
est.

The research and approaches suggested by the
community are focusing on point solutions to restore
Lake Koronia and the surrounding environment and
they fail to include or integrate all decisions under a
single model that will allow quantification of the
impact and interactions amongst multiple stakehold-
ers. In addition, due to high investment required to
develop the solutions and the high uncertainty of the
decisions it is imperative to understand the interaction
of more than one measure that may be taken in
parallel. The mathematical programming model
suggested in this work considers:

• time periods,
• hydrological basin and the lake as part of it,
• investment strategies and
• scenario analysis.

The mathematical programming model suggested
in this work considers a management model of deter-
ministic nature to restore the water balance as a first
step to a sustainable state for the Lake. It is a holistic
model in the sense that covers the basin and not only
the lake or aquifer. The model parameters are static in
nature to allow a mixed integer linear model to be
built. In addition, this work does not consider annua-
lised flows, but follows a discrete time modelling
approach that captures the weather aspects and their
impact on the water balance of the basin. It also inte-
grates the financial and sustainability aspects of the
problem. Very quickly, it allows quantification of the
impact of various decisions by changing certain
parameters of the resulting optimisation problem.

Section 2 reviews the past efforts made in the area
of lake restoration and available methods. Section 3
continues to present the problem statement and
description, while Section 4 presents a mixed-integer
linear programming (MILP) formulation of the prob-
lem for the optimal planning of water management
and Section 5 examines potential restoration scenarios,
while quantifying the impact of decisions. Section 6
concludes by summarising the results and highlights
directions for further research.

2. Literature review

The wetland of Lake Koronia embraces a large
number and important natural habitat types such as
fresh water marsh, lacustrine and riverine forests,
scrublands, as well as agricultural landscapes. The
area provides an ideal habitat for a variety of flora
and fauna species. It is a significant habitat of struc-
tural and species diversity (fishes, invertables, reptiles,
birds and mammals) and also provides an important
roosting and nesting site for many endangered bird
species [6,8]. The whole area (Lakes Koronia and
Volvi) is protected by the Ramsar Convention on Wet-
lands as a site of international importance for its value
as wetland habitat since 1975, and has been proposed
as a site of community interest within the Natura 2000
network. In recognition of its ecological importance, it
is protected by a number of national and local legal
frameworks.

In the 1970s, the lake was considered to be one of
the most important and productive lakes in Greece,
presenting an exceptionally ecological, social and eco-
nomic interest. It occupied an area of approximately
46.8 km2 with a maximum depth of 8.5m [9]. Since
then, it has suffered from a massive decrease in lake
volume, with dramatic decrease in surface area and
maximum depth. In the 1990s, the lake occupied an
area of about 36 km2 and in 2000 about 17 km2 and it
almost disappeared in 2002 when the maximum depth
dropped to 0.8m. The phenomenon was proved pro-
visional, as the intense rainfalls during the winter
months (beginning of 2003) had as a result the water
accumulation again in the lake. Finally, to date, the
maximum depth is >1m. The main sources for these
changes are intensification of agricultural and indus-
trial activities. The challenges for survival that Lake
Koronia is facing are not unique and many
approaches can be adopted from the most reductionis-
tic to the most holistic. The former type is based on
analytic procedures, while the latter type is based on
synthetic ones. Vollenweider [10] uses a matrix
approach which combines in a realistic way reduction-
ism and holism to exemplify the underlying ideas of
analysis and synthesis in limnological research. Both
types adopt specific steps, measures and planning
efforts to overcome the problem of lake’s degradation.
Individualistic approaches follow the trajectory of a
single “problem-solution” dipole, and can be success-
fully applied in one-issued cases. Such approaches
have been applied on point-sources problems for the
lakes Baikal—Russia [11], Toba—Indonesia [12] and
Ohrid—Albania, FYROM [13]. However, the need for
an integrated approach for the sustainable manage-
ment of the aforementioned lakes was suggested.
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Although these lakes have different characteristics
from Lake Koronia is the approach followed that is
relevant.

Integrated water resources management is consid-
ered to be the means by which the general concept of
sustainable development becomes operational for the
management of water recourses [14]. An integrated
lake management approach must be based on the
watershed approach as the health of a lake is inte-
grally related to its watershed and to the extensive
changes man has made to the lake as well as the sur-
rounding ecosystem [15]. According to the US Envi-
ronmental Protection Agency [16], the watershed
approach is rather a framework for environmental
management that activates public and private sector
efforts to deal with highest priority problems within
hydrologically defined areas, taking into consideration
ground as well as surface water flow. Three key ele-
ments are suggested according to the watershed
approach: (a) stakeholders should be involved
throughout the process and shape key decisions, (b)
the geographic focus of activities should be directed
within the watershed and (c) sound management tech-
niques should be based on science and data. The same
approach is applied in EU countries as Water Frame-
work Directive requires [17].

According to Jørgensen [18], the models are distin-
guished in various pairs of types depending on their
characteristics and scope.

Haefner [19] distinguishes models according to
their forms into:

• Conceptual or verbal (descriptions in a natural lan-
guage),

• Diagrammatic (graphical representations of the
objects and relations),

• Physical (representation of a real system) and
• Formal (mathematical).

The latter are further distinguished into process-
oriented or mechanistic, descriptive or phenomenolog-
ical, dynamic or static, continuous or discrete, spa-
tially heterogeneous or homogenous and stochastic or
deterministic.

In general, during recent decades, many different
water models have been developed by researchers.
Most of them address specific water quality problems.
Such examples are those of Jorgensen 1995 [20] and
Krivtsov et al. 2001 [21]. This work focuses on the
quantitative problems rather than the qualitative prob-
lems of Lake Koronia as the writers believe that the
peripheral measures will improve the water quality of
the lake.

Changes in water quantity are very common in
lakes. Thus, water balance is used for a large number
of scientific purposes [22]. The water balance of a lake
and its watershed can be determined by the changes
in water level, where the link between level and out-
flow is stable. Therefore, the water balance can be
reached by the calculation of each single element sep-
arately, or the watershed supply can be calculated
through the study of the variations in level [23]. The
water balance approach is originally developed to
give a basic understanding of the physical water flow
system. Thornthwaite was the first to introduce the
term of water balance and it referred to the balance
between the inputs of the water, expressed by precipi-
tation and the outputs, expressed by evapotranspira-
tion, stream flows and groundwater recharges [24,25].
Water balance is a valuable tool in the analysis of
water problems in a regional scale.

The use of hydrological models on water balance
is deemed necessary for lake’s management purposes.
Hydrological models are expressed either by partial
differencial equations of mass and energy conserva-
tion or by empirical equations. The complicated nat-
ure of the hydrological modelling systems and the
detailed data they need to run make their application
limited in the study of watershed budget model.
Instead of detailed hydrological model, the changes of
water use are applied within this study on Lake
Koronia.

Until today, there have been more than 20 studies
concerning the hydrology, water quality and environ-
mental restoration of Lake Koronia. The current
review concentrates on the most important studies
that are based on water budget models. These
researches did not describe in detail the hydrology of
the underground water resources.

In 1998, after cooperation between Greek and Eng-
lish private companies, the Master plan of Lake Koro-
nia was created. Master plan is considered to be the
most important work concerning the environmental
restoration of the lake. It was the first attempt to
improve both the quantitative and the qualitative
characteristics of the lake and suggested various alter-
natives for achieving the objectives of the study. The
main objectives of the Master Plan were to improve
water quality of the lake, strengthen water capacity
and propose measures to achieve environmental resto-
ration of the whole area. It is regarded as a high-qual-
ity study, which presents an in-depth analysis of
hydrological characteristics that affect the water bal-
ance of the basin. Concerning the water budget of
Lake Koronia, Master Plan estimated a water shortage
of 30mm3/y. It was believed that a water volume of
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45mm3/y can be achieved by the measures presented
in Table 1.

Based on the suggested measures of the Master
plan several researchers carried out their works.
Delimbasis et al. [26] presented a critical assessment
or the Master plan of Lake Koronia. Mylopoulos [27]
carried out a study for the exploitation of the deep
aquifer of Lake Koronia based on measure eight of the
Master plan. The study presents the development of a
mathematical simulation model of the aquifer systems
of the lake and its application for the study or alterna-
tive management scenarios of the aquifers. In parallel,
the Institute of Geological and Mineral Exploration of
Thessaloniki carried out a work to define the hydroge-
ology of the study area. In addition, Mylopoulos et al.
[28] presented their study for the increase of water
storage of the lake from additional exploitation of the
deeper aquifer. According to the researchers, the mea-
sures proposed by the Master plan cannot adequately
improve the water system of the lake, unless sustain-
able practice is used.

In 2004, following up the Master plan, the prefec-
ture of Thessaloniki assigned to Zalidis et al. [3] the
creation of a revised restoration plan of Lake Koronia.
In this study, a series of actions for the gradual resto-
ration of the functions of the lake and the reversion of
the causes of degradation have been proposed. These
actions are a subset of the Master Plan and focus more
on solutions which will restore the lake in a sustain-
able way (Table 2).

This work follows up these recommendations to
define the optimal mix of decisions to restore the eco-
system (lake and aquifer), while it minimises the
social impact of the solution. In the past, certain
measures have been disregarded based only on poten-
tial social impact without quantification. In this work,
a model is created to obtain an integrated view of the
basin and to quantify the impact of decisions.

3. Problem description

The literature review combined with the best prac-
tice indicates that a holistic integrated model is
required to allow for the development of an efficient
management model which will help to take the neces-
sary decisions and quantify the impact. The problem
is formulated as a deterministic mixed integer linear
programming problem. Although deterministic, the
model is dynamic or transient as it take into account
the time and defines periods.

Certain elements of the model are treated as black
boxes using lumped parameters to model their behav-
iour. These are the storage capacity and underground
flow of water, which in detailed studies can only be
described using distributed dynamic high order non-
linear equations. This part of work is outside the
scope of the present study as it requires investment
into exploring the underground watershed and it is a
research area on its own merit.

The resulting MILP model is a conceptual
approach of physical representation of the Lake Koro-
nia basin and its mathematical (formal) nature intro-
duces the quantitative element to decision-making
(Table 3).

The model includes material mass equations for
the lake and aquifer as an integrated system which
interacts under the changing environment conditions,
namely population, irrigation practice and any other
decision, which may have an effect on the water
resources of the basin. A number or continuous and
integer variables are used.

4. Optimal management of water resources

The above problem is formulated mathematically
as an MILP optimisation problem. We aim to obtain
an optimal design of this system.

Table 1
Measures for the water budget restoration of Lake Koronia
suggested by Master Plan [2]

1 Water transfer from Axios river

2 Water transfer from Strimonas river

3 Water transfer from Aliakmon river

4 Water transfer from the wastewater treatment plant of
Thessaloniki

5 Water diversion of Scholari and Lagkadikia torrents

6 Transfer of run-off water from storms from
Asvestochori area

7 Water pumping from lake Volvi

8 Water pumping from the deep aquifer

9 Interventions on existed irrigation networks

Table 2
Relationship between volume and surface of the lake

Contour Volume
(mm3)

Surface
(km2)

Type of coverage

69.5 33.8 31.31

70 47.9 32.65

70.5 56.5 33.48

>71 79.9 35.71 Permanent coverage

>71.5 96.6 37.30 Seasonal coverage

>72 117 39.25 Temporary coverage

>72.5 136.7 41.13 Transient coverage

>73 156.7 43.03 Saturation

<73.5 176.7 44.94
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4.1. Notation

The notation to be used in this section is described
below:

Indices/sets

i – product type for agriculture

k – irrigation option for agriculture where
applicable

t – time period

e – design option available

Parameters

AS – area of the aquifer, in m2

AL – area covered by the lake, in m2

Ai – area allocated for crop i, in m2

CW
P

– capacity of wastewater treatment plant
for option p

CWRi – crop water requirements for crop i in
mm per month

DCWRi – deficit of crop water requirements for
crop i in mm per month

DA
it

– water demand for agricultural use for
crop i over period t, in m3

DA
i

– water demand for crop i, in mm per
month as calculated

DM
t

– water demand for all other human use
over period t, in m3

Et – evaporation mm of water per month

EAR
e

– maximum amount of water allowed to
be pumped from Aliakmon River under
option e over period t, in m3

EWT
e

– maximum amount of water to be
supplied by the wastewater treatment
plant under option e over period t, in
m3

EVL – maximum amount of water allowed to
be pumped from Lake Volvi over
period t, in m3

fR – effective rainfall coefficient

fCi – crop coefficient for crop i

HS – thickness of the aquifer, in m

HRS – thickness of the permanent reserves of
the aquifer, in m

nS – porosity of the aquifer that determines
the amount of water can be stored

QAI
t

– water pumped from the aquifer for
industrial purposes during period t, in
m3/month

QAM
t

– water pumped from the aquifer for
domestic consumption purposes during
period t, in m3/month

QE
t

– evaporation from the lake over period t,
in m3/month

(Continued)

QR
t

– direct rainfall in the lake over period t,
in m3/month

QRW
t

– reclaimed water arriving from the waste
treatment plant during period t, in m3/
month

QSL
t

– water from the lake towards the aquifer
during period t, in m3/month

QS;in
t

– water entering the aquifer due to
rainfall or precipitation during period t,
in m3/month

Q
SW – maximum amount of water allowed to

be pumped from a well in shallow
aquifer, in m3/month

Q
DW – maximum amount of water allowed to

be pumped from a well in deep aquifer,
in m3/month

Pit – total crop i during period t, in m2

RFt – rainfall mm of water per month

WWA
t

– agricultural waste produced during
period t, in m3/month

WWI
t

– industrial waste produced during
period t, in m3/month

WWM
t

– municipal waste produced during
period t, in m3/month

VL;min
t ; VL;max

t
– minimum and maximum volume of

water in lake during period t, in m3

VS;min
t ; VS;max

t
– minimum and maximum volume of

water in aquifer during period t, in m3

Continuous variables

Ot – overflow water leaving Koronia to Lake
Volvi during period t, in m3/month

QA
t

– water pumped from the lake for
agricultural purposes during period t,
in m3/month

QAA
t

– water pumped from the aquifer for
agricultural purposes during period t,
in m3/month

Rt – run-off water collected from the plain
and upland catchments areas arriving to
the lake during period t, in m3/month

SINt – water arriving in the lake from other
sources during period t, in m3/month

SVLt – water arriving in the lake from –Lake
Volvi during period t, in m3/month

SARt – water arriving in the lake from River
Aliakmon sources during period t, in
m3/month

SLRt – water arriving in the lake from Scholari
and Lagkadikia streams during period t,
in m3/month

SWT
t

– water arriving in the lake from
Thessaloniki wastewater treatment plant
during period t, in m3/month

(Continued)

2962 V. Manakou et al. / Desalination and Water Treatment 51 (2013) 2955–2976



SAWt – water arriving in the lake from wells
during period t, in m3/month

VL
t

– volume of water in lake during period
t, in m3

VS
t

– volume of water in aquifer during
period t, in m3

Binary variables

Nkt – 1 if investment option k is operating at
period t, 0 otherwise

YA
ik

– 1 if irrigation option k is selected for
crop i, 0 otherwise

YVL – 1 if transferring water from Lake Volvi
is selected, 0 otherwise

YAR
e

– 1 if option e of transferring water from
River Aliakmon is selected, 0 otherwise

YWT
e

– 1 if option e of supplying water from
Thessaloniki wastewater treatment plant
is selected, 0 otherwise

YLR – 1 if diverting water from local streams
is selected, 0 otherwise

Integer variables

ND – number of wells in operation from the
deep aquifer

NS – number of wells in operation from the
shallow aquifer

4.2. Mathematical formulation of the deterministic
problem

The mathematical model proposed for this prob-
lem is an MILP problem as described below.

4.2.1. Basin water balance

4.2.1.1. Koronia lake material balance. A water bal-
ance that includes all inflows and outflows gives the
volume of the water stored in the lake during a period
t. The water balance does not account for the quality
or concentration of materials in the various streams,
but assumes that the quality is within limits as per
regulations prior to disposal to the lake. This will be
ensured by the operation of appropriate treatment
plants and other initiatives as described in the intro-
duction and in the following sections. The overall
water balance is:

VL
t ¼ VL

t�1

þ ðSIN
t �Ot �QE

t þQR
t þ Rt �QA

t �QSL
t þQRW

t Þ
� Dt; 8t

ð1Þ

where Dt= 1month.

The supply of water (SINt ) into the lake from other
sources which currently do not contribute towards the
lake’s material balance is modelled in Section 4.2.4.

During wet periods, the overflow of Lake Koronia
towards Lake Volvi is modelled using variable Ot. Its
value strongly depends on the requirements by other
sources.

The rainfall results to direct contribution to the
lake (QR

t ) and surface flow or run-off water (Rt) from
plain and upland catchments area which ends to the
lake through various streams in the basin area. The

evaporation parameter (QE
t ) accounts only for direct

evaporation from the lake. All other evaporation and
perspiration from the ground has been taken into
account while calculating the run-off water as part of
the rainfall.

We use the model of Thornthwaite and Mather
[29] to calculate the soil moisture which determines
the amount of water withheld by the soil and allows
the calculation of excess and run-off water. According
to the model, the amount of water stored in the soil
depends on its nature and it cannot exceed a certain
limit which is based on the soil moisture capacity So.
This parameter depends on the soil and has different
values for different areas around the Koronia basin.
The amount of soil moisture St each month depends
on the precipitation Pt if it is higher or lower than the
corresponding evapotranspiration PEi.

In the case where Pt � PEt, the soil moisture is
given by the equation:

St ¼ minfðPt � PEtÞ þ St�1; Sog; Pt � PEt ð2Þ

While in the case where Pt\PEt, the soil moisture
is given by the equation:

St ¼ St�1e
�PEt�Pti

So ; Pt\PEt ð3Þ

The actual evapotranspiration (AEt) is determined
based on the monthly soil moisture in comparison to
the previous month’s value:

ifDS ¼ St � St�1\0 then AEt ¼ Pt � DSt; ð4Þ

ifDS ¼ St � St�1[0 then AEt ¼ PEt: ð5Þ

In the case where the precipitation is higher than
the potential evapotranspiration and the soil moisture
St is equal to the soil moisture capacity So, then the
water excess is given by the equation:

DQt ¼ ðPt � PEtÞ þ St�1 � So; St � So ð6Þ
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otherwise

DQt ¼ 0; St\So ð7Þ

The run-off water results from the excess water as
a flow on the surface of the catchment area. There is a
percentage of the excess water that returns to the
ground. This is modelled using a coefficient k. There-
fore, the run-off water each month is determined by
the following equation:

Rt ¼ ð1� kÞðQt�1 þ DQtÞ ð8Þ

where the excess water each month is given by the
equation:

Qt ¼ kðQt�1 þ DQtÞ ð9Þ

The value of coefficient k used in our model is
0.65, as reported in the literature.

Although direct pumping of water from the lake
for irrigation (QA

t ) is not encouraged, it may be advis-
able during extremely wet periods to allow the recov-
ery of the aquifer which is currently the main source
for irrigation.

The lake also acts as a source of replenishment to
the shallow aquifer (QSL

t ), but the amount of water is
restricted by the permeability of the bottom, examined
in Section 4.2.2.

The lake is directly supplied by Bogdana River
from the north, whose basin covers an area approxi-
mately 212 km2. The streams of Kolhico and Analipsi
gorge supply the lake with the run-off water of areas
86 km2 and 53 km2, respectively [28]. These are the
main sources of water to the Lake, mainly during
winter months.

Based on the recovery plan for the lake, we are tar-
geting a maximum volume during the wet periods
(winter) and a minimum volume during dry periods
(summer) as per Master Plan, in order to support life
and allow lake functions restoration.

VL;min � VL
t � VL;max ð10Þ

Based on the report by Zalidis et. al. [3], the pro-
posed restoration plan suggests for the lake to cover
approximately 35,000,000m2 with a total volume of
water of 83.8mm3. The plan suggests that 90% of the
lake surface will be covered permanently, while sea-
sonal coverage will exist depending on weather condi-
tions. More specifically, using analysis of previous
data the relation between volume and surface is given
below.

Based on given values in the literature, we calcu-
late using linear extrapolation the volume of the lake
as shown in Fig. 3.

4.2.1.2. Agricultural use. The water used for irriga-
tion and other agricultural activities for each geo-
graphical area may come from the lake (QA

t ) during

extremely wet periods or the aquifer (QAA
t ).

The demand of water strongly depends on the
actual crops in terms of surface and their require-
ments of water per surface unit they occupy, which
are season and more specifically monthly dependent:

QA
t þQAA

t �
X

i

PitD
A
it ; 8t ð11Þ

Each crop has a different profile of water require-
ments which depend on the type of crop used in the
area.

In addition, the irrigation method used for each
results in higher or lower demand as given in the
equations below:

DA
it �

X

k

DA
ikY

A
ik; 8i; t ð12Þ

X

k

YA
ik � 1; 8i ð13Þ

The model will determine the best irrigation
option based on water demand and cost. Not all avail-
able irrigation options are suitable for all crops, there-
fore variable YA

ik will be set to zero for the option that
is not suited for that crop. This does not limit the
model as any new technological development that
might become available for use can be activated.

In order to define the requirements of the crops
for watering, the model considers the water deficit
resulting from the rainfall on that period and the cal-
culated evaporatranspiration for the same period. The
requirements are different for each crop which results
in different total requirements based on the crop mix.

In order to quantify the impact of land use
changes on the hydrology of Lake Koronia, a simple
model is constructed as follows, to account for
changes in vegetation (crops), due to the different
crop water requirements (CWRs). The demand is:

Dit ¼ DCWRi � Ai; 8i; t ð14Þ

where i= crop and Ai= the area allocated for each
crop. To accurately calculate the actual requirements,
the model needs to incorporate the evaporatranspira-
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tion, rainfall and evaporation to determine the deficit
that needs to be covered by other resources.

The method to calculate the deficit uses an effec-
tive rainfall coefficient which adjusts the rainfall and
compares with the actual evaporatranspiration for
the month to determine the deficit. There is also a
crop coefficient which is used to adjust the water
requirements of the crop as part of the CWRs

CWRi ¼ fCi � Et.

This coefficient depends on the crop and the
month as well as the stage of the crop’s maturity.

If fR � RFt � CWRi[0 then DCWRi

¼ 0 otherwise DCWRi ¼ CWRi � fR � RFt

The wastewater produced is mainly from animal
farming activities and is considered similar to munici-
pal waste and needs to be treated or disposed accord-
ing to the regulations.

4.2.1.3. Industrial use. The water used for industrial
purposes (QAI

t ) needs to be of high quality due to spe-
cific production requirements of the industry. Water
used for the food industry needs to have high quality
standards, therefore only potable water can be used.
In order to minimise the environmental impact of
industrial operations, the wastewater requires exten-
sive treatment. This can potentially be a source of
water to the lake once treated and had all toxic or
other substances removed.

The demand of water for each industry is given
based on their capacity, which effectively determines
the amount of wastewater produced. The capacity of
the plants is considered to be constant for this study
and no variation is expected except seasonal varia-
tion due to the nature of some operations.

4.2.1.4. Domestic use. The water used for domestic
purposes (QAM

t ) needs to be of high quality due to the
health restrictions applying to the use of water by
humans. Furthermore, the municipal wastewater pro-
duced need to be treated in order to minimise the
impact on the environment, due to its contents in
organic material. The population variation in the area
is very small which means that consumption require-
ments are constant over time. The only variation
expected in consumption is between summer and
winter months. Based on studies, there is an increase
of water consumption during summer months of
approximately 25–40% [30]. This will be reflected in
the annual demand profile.

4.2.2. Modelling of aquifer water reserves

The hydrological basin of Lake Koronia as mod-
elled in Fig. 2 needs to account for the water flow
from the lake to the aquifer and vice versa. This has
been done in detail using simplified Darcy equations
taking into account all the parameters affecting the
water balance.

It is important to understand the connection that
exists between the amount of the water in the aquifer
and the amount of water in the lake as the reservoirs
are considered as an interconnected system.

The confined aquifer is supplied directly by rain-
fall and by surface streams. In many cases, the shal-
low and confined aquifers are united as the clay
layers disappear.

In the case of Lake Koronia, hydrogeologically
there are two water-bearing systems [2]:

(a) A shallow unconfined aquifer (from the lake’s
surface until 40–50m down) consists of thick
elastic material, mainly of gravels and sands
with intermediate small clay unions. The aqui-
fer is expanded to 269 km2 into the catchment.
Its hydraulic conductivity ranges from
5.1� 10�2 to 9.2� 10�2 m2/sec and the storage
coefficient ranges from 1.2� 10�2 to 6.1� 10�3.
The system is hydrologically connected with
the Lake Koronia that provides to the aquifer
through its surface exposures a water volume
of 30mm3/y. The slack underground water
table is charged by rainfall percolation and by a
number of surface streams that are crossing the
catchment area.

(b) A deep confined aquifer is developed 60–500m
down from the lake surface. It consists of sand-
stone, slack conglomerates, deposits, etc. with
intermediate clay–sand layers. These formations
are supplied with water from the rocks that are
located at the edging of a tectonic crack and
they communicate hydrologically through rifts
and gaps. It was found from hydrological and
isotope tests that the age of the water is not
more than 50 years old and it is not signifi-
cantly affected by the shallow water table.

Based on those, we can calculate the volume of the
aquifer using average values as presented in section

4.2.2.1. Aquifer water balance. The amount of water
pumped from the aquifer is mainly used for public
and industrial use and irrigation. The contributions to
the aquifer are directly from the lake and other
sources as run-off water.
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VS
t ¼ VS

t�1 þ ðQS;in
t þQSL

t �QAM
t �QAA

t �QAI
t Þ

� Dt; 8t ð15Þ

where Dt= 1month.
The aquifer has a depth between 40 and 60m and

covers an area of approximately 270 km2. Again its
capacity is limited. Based on the recovery plan for the
area, current wells are not allowed to pump any dee-
per; therefore, a minimum quantity will exist even
during draught periods.

VS;min � VS
t � VS;max ð16Þ

4.2.2.2. Calculating the aquifer bounds. Not all the
water in the aquifer is available. The water available
for use will be characterised as regulating reserves,
while the minimum water is characterised as perma-
nent reserves and depends on the depth of the well,
which is usually a few metres within the depth of the
aquifer:

VS;min ¼ ASðHS �HRSÞns ð17Þ

The amount of water strongly depends on the per-
meability of the aquifer. In this work, we are not
going to model in detail the physical phenomena tak-
ing place and we will use approximate values from
the literature.

4.2.2.3. Calculating the aquifer inflow. Both shallow
and deep aquifers are being replenished annually at a
rate which depends on the hydrological conditions of
the year.

The shallow aquifer of the basin is directly replen-
ished by the catchment area around the lake and
directly from the lake. In order to calculate the
amount of water entering the aquifer, the percolation
theory is used, where a different coefficient is applied
for each of the distinct catchment areas around the
lake.

For the discharge to the shallow aquifer from the
lake, we use Darcy’s theory and a simple calculation
based on hydraulic conductivity K and corresponding
area A:

QSL
t ¼ K � A ð18Þ

The replenishment of the deep aquifer is more dif-
ficult as the water quantities reaching, there are much
smaller than those reaching the shallow aquifer. These
are calculated using Darcy’s theory based on experi-
ments performed in the area.

4.2.3. Management of wells

One of the biggest impacts on the resources is the
use of wells which draw water from the aquifer for
irrigation purposes, affecting the water balance. This
creates a negative water balance as pointed out by
many studies.

As pointed out by the Master Plan, a combined
use of the deep and shallow aquifer can improve the
water balance and help restore the ecosystem to a sus-
tainable state.

The number of wells in the shallow aquifer in
operation will be optimised to satisfy the needs for
agriculture as part of the overall management of water
resources. This might require the upgrade of certain
facilities to allow supply of irrigation networks rather
than individuals.

QAA
t � NSQ

SW
; 8t ð19Þ

The number of wells in operation pumping from
the deep aquifer should be sufficient to cover the
demand to supply the lake if that restoration option is
selected and to cover the demand by the population
and industry. Again this assumes that necessary mea-
sures will be taken to ensure that water use is maxi-
mised and sustainable usage is practiced.

QAM
t þQAI

t þ SAW
t � ND Q

DW
; 8t ð20Þ

Based on the Master Plan, the total amount should
not exceed an upper limit as defined by the capacity
of the aquifer.

X

t

ðQAM
t þQAI

t þ SAW
t Þ � SQ

DW ð21Þ

4.2.4. Transferring water from other sources

One of the options suggested by the original plan
in order to restore the amount of water in the lake is
to transfer water from other nearby sources. They are
Lake Volvi, River Aliakmon, local streams Scholari
and Lagkadikia and wastewater treatment plants of
Thessaloniki.

SIN
t ¼ SVL

t þ SAR
t þ SLR

t þ SWT
t þ SAW

t ; 8t ð22Þ

We will examine the options and limitations of
each of the suggested solutions next. The best option
or combination of options will be decided based on
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cost and sustainability of the solution and taking into
account the constraints imposed.

4.2.4.1. Transferring water from Lake Volvi. Lake
Volvi is much larger than Lake Koronia and holds
approximately 940mm3 compared with Koronia that
currently holds 58mm3. The amount that will be used
will be bounded to 2% of the total volume.

In order to implement this solution, the following
should be made available:

• Pumping station;
• Piping network; and
• Discharge facilities.

The amount of the water transferred will be
bounded by the capacity of the pumping station and
installations as per the constraint given below:

SVL
t � EVLYVL; 8t ð23Þ

Also we need to mention that the operation of this
solution will be available only during wet seasons
when Volvi is saturated.

4.2.4.2. Transferring water from River Aliakmon. The
case of transferring water from Aliakmon was sug-
gested, taking into account that the river already sup-
plies with water the city of Thessaloniki. There are
two alternative options for this case, use existing
infrastructure with the necessary upgrades and modi-
fications to allow higher volume of water through the
network or construct a completely new independent
network that will accommodate the needs of the plan.

The amount of the water transferred will be
bounded by the capacity of the pumping station and
installations as per constraint below, depending on
the option selected:

SAR
t �

X

e2RAR

EAR
e YAR

e ; 8t ð24Þ

X

e2RAR

YAR
e � 1 ð25Þ

Although both options are of similar nature, the
infrastructure and the operational costs are different
and this needs to be taken into account in the overall
model. We need to highlight that the operation of this
scheme is seasonal and strongly depends on the mete-
orological conditions.

4.2.4.3. Transferring water from Streams Lagkadikia and
Scholari. Both streams end up in the area between
Lakes Koronia and Volvi and due to the morphology
of the area end up in Volvi. They cover an area of 144
and 137 km2, respectively, and they collect approxi-
mately 44.6mm3 of water on average. After losses to
aquifers and evaporation, 50% ends up as surface
water flowing towards Lake Volvi. With necessary
modifications of the existing canal between Koronia
and Volvi, part of the water can be diverted to Koro-
nia. The amount of the water is limited by the techni-
cal characteristics of the canal.

SLR
t � ELRYLR; 8t ð26Þ

In our approach, we do not use the annual average
amounts, but we use the approach described in Sec-
tion 4.2.1.1 to calculate the monthly flow.

The environmental impact of such a solution is
small and the impact to Lake Volvi by reducing the
amount of water flowing is not significant with
respect to its hydrology if the scheme is operated for
a limited period of time. Its operation strongly
depends on each season and the amount of rain,
therefore subject to high uncertainty.

4.2.4.4. Transferring water from the wastewater treatment
plant of Thessaloniki. One option considered would
be to use the effluents from the treatment plants to
support the water balance towards the restoration of
the ecosystem. Current practice in areas with arid con-
ditions allows the use of treated effluents for irriga-
tion. The wastewater treatment plant in the area
should be capable of processing 300,000m3/day
within strict quality criteria. Due to the configuration
of the processing plant and the area of disposal, direct
pumping will not meet the restrictions for irrigation
and disposal to the lake. Therefore, modifications are
required to further treat the effluent to reduce its
salinity and bring it within the acceptable limits.

In order to implement this solution the following
should be made available:

• Additional treatment using a desalination plant;
• Pumping stations to allow the transfer of water

through altitude;
• Pipe network;
• Canal to allow discharge in Kavalari stream with

the necessary facilities; and
• Works to avoid flooding due to additional water

load.
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The amount of the water transferred will be
bounded by the capacity of the pumping station and
installations as per the constraint below:

SWT
t �

X

e2RWT

EWT
e YWT

e ; 8t ð27Þ

X

e2RWT

YWT
e � 1 ð28Þ

As the effluent is currently disposed to the sea by
river, the environmental impact of the solution is min-
imal. This solution will guarantee a constant flow of
water to the Lake during all periods.

4.2.5. Objective function

The objective is to restore Lake Koronia to a sus-
tainable situation within 5–10 years from present,
while the investment is kept to a minimum with
respect to its hydrological balance. Therefore, the opti-
misation problem is defined as a minimisation cost
problem for the investment and operational costs
required to restore the lake and achieve a sustainable
state while the water usage is rationalised and man-
aged effectively.

4.2.5.1. Agriculture costs. In order to minimise the
cost of waste it is suggested to charge for both operat-
ing a well and watering the crops. The price charged
will be determined by other factors which will be ana-
lysed separately.

There should be two basic charges for the water
used. One will be a licence to operate a well and will
be charged per area and well. This is given by:

CAW;fixedNS

The second contributing cost is the charge per unit
of water used irrelevant where it comes from. This
will be enforced by using metres on every pump in
operation (electric or diesel).

CAW
X

t

ðQA
t þQAA

t Þ

4.2.5.3. Transferring water from Volvi. There is the
infrastructure cost which has been annualised based
on certain investment criteria. Maintenance and other
fixed costs are included here, since they will occur, if
the idea materialises.

CVLYVL

The operational costs are related to the operation
of the equipment which is directly related to the
actual flow. Therefore, the costs are calculated as
euro/m3 and apply whenever the plant is in opera-
tion:

X

t

OVLSVL
t

4.2.5.3. Transferring water from Aliakmon River. In a
similar fashion, there is the infrastructure cost which
has been annualised based on certain investment crite-
ria. Maintenance and other fixed costs are included
here since they will occur, if the idea materialises.

X

e2EA

CAR
e YAR

e

The operational costs are related to the operation
of the equipment, which is directly related to the
actual flow and the option selected.

OAR ¼
X

e

OAR
e YAR

e

The costs are calculated as euro/m3 and apply
whenever the plant is in operation:

X

t

OARSAR
t

4.2.5.4. Transferring water from Streams Lagkadikia and
Scholari. As in the case of transferring water from
Volvi, there is an infrastructure cost which has been
annualised based on certain investment criteria. Main-
tenance and other fixed costs are included here since
they will occur, if the idea materialises.

CLRYLR

The operational costs are related to the operation
of the equipment which is directly related to the
actual flow. Therefore, the costs are calculated as
euro/m3 and apply whenever the plant is in opera-
tion:
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X

t

OLRSLR
t

4.2.5.5. Transferring water from the wastewater treatment
plant of Thessaloniki. As in the case of transferring
water from Volvi, there is an infrastructure cost which
has been annualised based on certain investment crite-
ria. Maintenance and other fixed costs are included
here since they will occur, if the idea materialises.

CWTYWT

The operational costs are related to the operation
of the equipment which is directly related to the
actual flow. Therefore, the costs are calculated as
euro/m3 and apply whenever the plant is in
operation:

X

t

OWTSWT
t

4.2.5.6. Supplying the Lake from the Aquifer. As an
alternative to the method of supplying from rivers or
diverting the flow of other sources, the use of wells
from the deep aquifer is suggested for a limited per-
iod.

There are two basic costs, should this option is
used. One will be an investment cost to modernise
existing wells or will be to create a new well. This is
given by:

CDW;fixedND

The second contributing cost is the annual opera-
tion cost per unit of water produced.

CDW
X

t

SAW
t

4.2.5.7. Overall objective function. The overall objec-
tive function is to minimise the investment and oper-
ating cost while maximising the amount of water in
the lake.

min

CAW ;fixedNS þ CAW
X

t

ðQA
t þQAA

t Þ þ CVLYVL

þ
X

t

OVLSVL
t þ

X

e2EA

CAR
e YAR

e þ
X

t

OARSAR
t

þ CLRYLR þ
X

t

OLRSLR
t þ CWTYWT þ

X

t

OWTSWT
t

þ CDW;fixedND þ CDW
X

t

SAW
t ð29Þ

5. Creating a policy to restore Lake Koronia

The proposed model was developed specifically
for the case of Lake Koronia and uses some of the
proposals of the Master Plan and its later revisions to
arrive to a sustainable situation.

The Master Plan completed in 1998 with its major
revision completed in 2004 and approved in 2005. The
plan was to bring the lake to an acceptable state
within 5 years, but both failed to materialise. In our
problem definition, we start from 2011 (hypothetical
year) and we aim by 2015 to bring the lake into a self-
sustainable state with no additional intervention and
no additional investment. We are going to look into
10 years in the future aiming to have the basin operat-
ing under a sustainable water balance. This approach
does not examine the biological aspects, but assumes
that any sources of water to the lake are treated and
managed accordingly to minimise any biological dis-
turbances.

The model looks into a discrete representation of
time at monthly intervals. This results in a MILP with
120 time periods.

In this problem, the options of transferring water
from Thessaloniki wastewater treatment plant to Volvi
will not be included as the data available is not suffi-
cient and further studies are pending. This will be
part of future work.

5.1. Data description

5.1.1. Hydrological data

There have been many studies on the hydrological
basin of Lake Koronia which cover many areas, such
as geothermal and seismic activity, hydrology and
hydrogeology mapping of the area.

The height of rainfall, as it is recorded in the sta-
tion of Lagkada, is used for the purposes of this
study. If the total height of rainfall per year is plotted
in a graph (see Fig. 4), we can see that there is a con-
siderable variation and only one extreme dry period
over 20 years and two extreme wet periods, while the
rest range from 450 to 650mm per annum.
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Based on Fig. 5, the evaporation rate presents a
reasonable periodic value that will allow projection of
those values in the future without major error. The
data are based on the measurements of the average
evaporation rate (mm/d) in an area close to the basin.

Table 3 presents the data will be used for our
planning model. The height of rainfall is in mm per
month, while the evaporation is in mm/day.

Using the above values for evaporation and rain-
fall, we can calculate the direct evaporation and rain-
fall to the lake. The planned area to be permanently
covered by water as per restoration plan is approxi-
mately 35,000,000m2. Based on this and the height of
rain and pan evaporation per month (30 days), the
monthly volume of direct rainfall and evaporation can
be calculated. The basic assumption of the model is
that the lake will have a permanent coverage that cor-
responds to 83mm3 of water volume and a surface of
approximately 35 km2.

For the evaporation, we use the “pan” coefficient
to adjust the observed evaporation rate.

In order to calculate the run-off water (Table 4)
from the catchment area (see Table 5) to the lake, the
method outlined in Section 4.2.1.1 is used. We distin-
guish three main catchment areas as per Table 5.

The percolation coefficient for the north upland is
0.04, the south upland is 0.005 and the lowlands is
0.07. Based on those the amount of water entering the
aquifer can be calculated.

The effective porosity value for the aquifer is 0.08
[31].

The hydraulic conductivity of the layer between
lake and aquifer has been calculated to be K= 10�9m/
s [28]. This is in line with observations on clay beds.
Based on an average coverage of 35,000,000m2, it
results to a monthly flow between the Lake and the
aquifer of approximately 91,000m3 and annually
1,092,000m3.

This is in addition to the replenishment happening
as part of the percolation which is given in Table 6.

5.1.2. Agriculture use

Amount of water used for agriculture is calculated
based on the deficit for each of the crops selected for
the specific year. The water requirements for irrigation
per period are given in Table 7. For reasons of econ-
omy of space certain data is not provided here, but is
available upon request.

5.1.3. Industrial use

The amount of water used by the industry is rela-
tively constant as a total demand, but the profile of
water requirements is different per industry and
month. As some of the companies operate seasonally
and especially during summer and autumn months
an average annual profile will not provide a true
reflection on the strain posed to the water resources of
ecosystem and the requirements to support these
demands. For this case there is no sufficient data to
use, therefore it is omitted from the study. In any case
the volume is relatively small compared to other uses.
The annual consumption by the industry was 1mm3.
This is now significantly smaller, as many of the pro-
duction units are now shut-down.

5.1.4. Municipal use

Water usage by general population is estimated to
be 250,000m3 per month for the period October to
April and 325,000m3 per month for the rest of the
year. The increase during the summer months is
based on research performed internationally. The
amount of 250,000m3 per month is based on an aver-
age consumption of 108m3/year per person. Total
population is assumed to be 27,834. This results to an
approximate 3,275,000mm3 per year.
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5.1.5. Aliakmon River

Water supply from Aliakmon if selected as one of
the options can start only after 2 years when the nec-
essary works are completed. This will supply the lake
with a maximum of 2,592,000m3 per month only dur-
ing the wet period, when the water levels are high
and is not required upstream for irrigation or other
uses.

As per Master Plan [2], there are three options for
the construction and operation of the necessary infra-
structure to provide this water supply. The three
options have a fixed cost of investment of e1.37,
e1.73 and e1.77m, while their operational costs are
e1.80, e2.45 and e1.80m, respectively.

These figures are calculated for the maximum
available capacity.

5.1.6. Diversion of Scholari and Lagkadikia streams

Another option to support the restoration of Lake
Koronia is the partial diversion of streams Scholari
and Lagkadikia [2] for a period of time. Currently, the
water collected by those two streams runs-off to Lake
Volvi. The proposal is for a limited diversion of their
water till Lake Koronia reaches a sustainable state.
The volume of the water collected is summarised in
Table 8. The method to calculate the run-off water is
the same as the one used for the streams currently
supplying Lake Koronia.

As the infrastructure already exists there are only
operational costs estimated to be e24 k. The cost is
significantly lower due to lack of pumping stations as
the canal connecting Koronia to Volvi and gravity will
be used.

5.1.7. Management of wells and irrigation methods

In addition to the diversion of rivers or streams, a
measure to support the restoration of Lake Koronia is
the use of underground water resources, using either
existing wells or by constructing new ones [2] that
will pump water from a depth of approximately
150m depth. During extremely dry periods between
May and October, the use of wells to top-up the water
balance of the lake is suggested. Currently, there are
more than 1,000 wells mainly tapping the shallow
aquifer and used for irrigation purposes. The sugges-
tion is to use 110 wells to supply a maximum of
40,000,000 m3 annually to support the Lake’s water
balance during the dry season. This is for a maximum
period of 4 years to avoid irreplaceable damage to the
aquifer and allow its partial replenishment.
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This, together with improvement in irrigation
methods, can reduce the water consumption.

The cost to deliver is estimated at e3.23m to
repair or construct a total of 110 wells capable of pro-
ducing 1,000m3/day each.

Assuming effective uniform porosity of the aquifer
0.08 and 50% recoverable water assets, the volume is
estimated at 1,656mm3. Other studies set the porosity
higher to 0.09.

5.2. Results

The results suggest that a combination of measures
is the preferable way forward with the leading inter-
vention to be the diversion of water from river Aliak-
mon during extremely dry conditions. This will assist
the Lake to maintain its volume and support the local
irrigation network. Additional water may be supplied
easily by partial diversion of local streams Lagkadikia
and Scholari. As the diversion exists the operation of
the canal depends strongly on the climate conditions.

Fig. 6 shows the volume profile of the lake over
the total horizon. Assuming an initial volume of
approximately 56mm3 and taking advantage of nor-
mal to wet weather conditions, the lake can recover
within a few years to a sustainable position assuming
that water is not pumped from the lake for irrigation
or if it is pumped is strictly monitored. Significantly
high amounts of water mean that there is an outflow
to Lake Volvi, but this is not maintained as excess
water is used for agriculture.

The model also takes into account the water levels
of the aquifer and tries to maintain them above a
safety level which ensures that the volume can be
replenished as shown in Fig. 7. The initial volume of
the aquifer is calculated to be 1,661,700,000m3.

One of the complimentary measures suggested by
the model is the reduction of water usage for irriga-
tion by introducing certain irrigation technologies for

the crops that can use them. Table 9 shows the water
demand for irrigation if new techniques are adopted
and an integrated approach for management of water
resources is in place. Irrigation will be supported
using networks of canals which translate to a reduc-
tion of the wells operated within the basin to a much
smaller number of the current 1,000. It is estimated
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Fig. 6. Volume of Lake Koronia.
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Table 9
Agriculture demand (m3)

Net Agriculture
requirements

Water supplied
by aquifer

Water supplied
by Lake

2011 25,920,000 25,920,000

2012 36,641,880 36,641,880

2013 25,942,120 15,660,000 10,282,120

2014 29,992,960 29,460,000 532,960

2015 38,102,990 31,907,180 6,195,810

2016 41,766,610 41,733,530 33,080

2017 25,254,980 15,910,190 9,344,790

2018 29,550,600 27,540,000 2,010,600

2019 37,323,380 29,024,410 8,298,970

2020 32,253,850 23,460,000 8,793,850
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Fig. 8. Ouflow to Lake Volvi and supply to the Lake from
other sources.

2974 V. Manakou et al. / Desalination and Water Treatment 51 (2013) 2955–2976



that the number of active wells may be reduced by
half at least, so that the necessary modifications to
agriculture practices take place.

From Figure 8, it is clear that the lake will require
support to respond to the dry conditions expected as
part of the water cycle.

6. Conclusions

The proposed model in general has been adopted
specifically for the case of the basin of Lake Koronia
and examines the proposals of the Master Plan and its
later revisions to arrive to a sustainable state for the
Lake. The inputs to the model are various hydrological
data such as forecasted rainfall in the area, evaporation,
current water balance which is not at steady-state,
estimates of water usage, technical innovations
regarding irrigation, investment and operational cost
associated with the measures and others. These can be
modified to capture the initial state without an impact
to the model structure. Thus, the results presented here
are not marketed as the only solution, but as an indica-
tion of the capabilities that this approach offers to the
decision and policy-makers.

The initial results suggest that the optimal mix
of solutions is diversion of the local rivers Scholari
and Lagkadikia for short periods of time to support
the volume of the water arriving to the lake and
use of deep wells to supply water for extremely dry
weather and periodical diversion of Aliakmon River
during wet periods. In addition, the investment on
better irrigation methods to reduce the water con-
sumption significantly is recommended. The model
aims to restore the lake to a sustainable water bal-
ance within 5 years as seen on the graph below. The
volume of the Lake follows the hydrological pattern
of the area. Initially, the Lake will need the support
of measures taken to bring it at a steady-state. After
the period of 5 years and with the measures enabled
the Lake will need support only during extreme dry
periods. The restoration of the Lake is beneficial to
the area and the basin as excessive water during
wet periods can be used to support the local econ-
omy (irrigation). Critical to say that such a model
may be used on monthly basis to derive a short-
term policy of water usage combined with a strate-
gic sustainable view.

As per the volume of the lake reaches the desired
level of 83.8mm3 within the first year, but due to
weather conditions and lack of support, as most of the
measures require at least 1–2 years before they are
complete, the permanent coverage required is only
sustained after 5 years.

The model proposed is deterministic but can be
easily turned into a stochastic scenario-based model to
allow simultaneous study of multiple options under a
weighted average model. Climate conditions in terms
of rainfall and evaporation directly connected to tem-
perature have been statistically analysed to improve
on missing or distorted data.

The results presented here are not conclusive and
further analysis and fine tuning is required to extract
valuable information from the model. The next steps
are to validate all data used for input and statistically
verify any disturbances, review and refine cost param-
eters and add more social factors to the model to
drive the decision-making.

The most important reason for the low-quality
data available in hydrological and limnological studies
in Greece is unambiguously the non-existence of cen-
tral planning and administration at the watershed
level. Recently, the Greek Government adopted this
kind of management scheme and there is a huge effort
at the central and local scale to establish such initia-
tives. In addition, it is now widely admitted that
water management is better achieved by the combina-
tion of skills from many disciplines with similar inter-
est [32,33].
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