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Abstract: Several hydrological factors that affect agricultural water use in the Mediterranean region have recently emerged. The 
financial crisis focuses on production, efficiency and profit, but all these should be achieved under environmental 
constraints. This requires a shift in policy towards more sustainable and efficient solutions. This research presents 
optimization problems related to the broader water resources management. The study area is Lake Karla basin 
(Central Greece). The problems aim to maximize production, productivity, water-use efficiency, net profit, and to 
minimize irrigation and production costs, by using linear programming in GAMS software. The final goal is to 
propose to the stakeholders the optimum crop distribution, suggesting different policy options. This approach can be 
used for further research (e.g. decision-making techniques) in order to combine the economic growth with the 
protection of the environment. 
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1. INTRODUCTION  

In Greece, the lack of rational water management, especially of the irrigation sector, has led the 
research into finding solutions through technical optimization techniques. A typical example is the 
basin of Lake Karla, which faces serious problems of shortage of water and financial resources 
(Ministry of Environment, 2013). The above are creating constraints to the coverage of the water 
needs and the agricultural production. Therefore, the optimal use of water in the basin of Karla 
requires immediate priority, especially now that the reservoir’s operation is expected, and the 
optimization is the most widely used method (Salvatici et al., 2000). 

Optimization is a basic tool in the water resources management and has wide application in the 
rural economy (Hall and Dracup, 1970). In the study area there is no experience of such 
implementations, so an applied research case is performed on the optimization of agricultural water 
use which has not been yet scrutinized. In a previous work (Alamanos et al., 2016), a hydrological 
model of Lake Karla basin was developed evaluating the water balance and the irrigation water cost 
under several management and climatic scenarios. This paper focuses in finding the optimum 
solution to problems with multiple objectives under economic, environmental and production 
constraints, aiming to the investigation of alternatives and policies. 

2. STUDY AREA 

The basin of Lake Karla is located in the southeast of the Thessaly, between Volos and Larissa. 
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It is an agricultural basin of 1660 km2. An intensified irrigation was practiced for water demanding 
crops for many years. The intensification was increased the pumping with devastating results to the 
local ecosystem (Sidiropoulos et al., 2013). 

The water demand of the basin is covered by the surface network of Pinios Local Administration 
of Land Reclamation (LALR) and from the aquifer (the biggest supply source) of Karla basin. In 
particular, The future situation (and the suggested methodology) is referring to the operation of the 
reservoir and the new Karla network. At the time, the Karla’s new network irrigation areas are 
served by the aquifer (with everything it entails for the ecosystem).  

The basin is facing a lot of water resources management and policy problems. The current 
technical practices (losses, inefficient irrigation) deteriorate agricultural water use in the region. 
There is also an underpricing of the surface irrigation network, while the pricing is four times 
higher for groundwater irrigation. The last decades, through subsidies and high product prices, 
water demanding crops such as cotton were preferred over water resistant ones. With such policies 
and indirect subsidies, the actual productive abilities of the region are significantly reduced. Finally, 
regarding the area pricing system, it was revealed (Alamanos et al., 2016) that the water 
consumption was not correlated at all with the water consumption levels. 

3. METHODOLOGY 

3.1 Linear programming on GAMS 

The methodology is an optimization process with linear programming, where the objective 
function and constraints are linear functions of the decision variables:                 

maximize (or minimize)  F (x1,x2 ,x3,.....,xn , e)   (1) 

where (x1, x2, x3,….,xn), are the decision variables (data of the system), and the variable e is the 
error–risk, (uncertainty) which was tested in this way as a whole, due to insufficient data. In 
addition, it must satisfy a set of constraints (acceptable range of values): 

ui  (x1,x2 ,x3 ,....,xn ) ≤  ai   (2) 

where ai: known values. The optimum solution of the system has to meet all the constraints and the 
objective function. The problems were solved through a linear approach due to the straightforward 
and clear cut solutions that linearity functions can offer. Also, they lead to the solutions more 
quickly, without great demands of computational time. Another essential advantage of linear 
functions is the development of global optimum solutions through expanded modeling. 

The software tool applied for our study was the General Algebraic Modeling Systems (GAMS), 
designed for linear programming, non-linear, integer and mixed optimization problems (Rosenthal, 
1998). 

The constraints used on each problem are all the factors that were available, while their exact 
number in each problem has been determined after tests, except of the cases that were deliberately 
chosen to study some specific parameters. Each function was examined separately because some 
were minimization problems, some were maximization problems, and without the same variables in 
all of them. The goal is to propose technically acceptable, economically sustainable and 
environmentally friendly solutions that result in issues of change of the following policy. 
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3.2 Materials and Methods 

Τhere are some data that were collected or calculated for the purposes of the study, and are 
characteristic for the current situation in the basin: Most of them have already been calculated 
(Alamanos et al., 2016) for the four main crops cultivated in the area which are alfalfa, corn, cotton 
and wheat. The rest of them were collected from databases of OPEKEPE (Greek Agency of 
Payments and Control).  

For the calculations of requested on the optimization technique main variables were introduced. 
In principle, the net income (profit) for each crop was adopted which was considered to be the sum 
of the Gross Margin and the subsidy amount. Gross Margin is the revenue earned from the sale of 
the average estimated production based on the local market price. The total production cost of each 
crop was considered to be the sum of the expenditure incurred for producing one unit of product 
(Agrenda, 2014). 

Furthermore, the efficiency of use of irrigation water (IWE) was calculated, as the ratio of the 
Actual Annual Water Requirements of each crop, by the Final Water Requirements, as they were 
calculated in Hydromentor (2015). Also, the Crop Water Productivity (CWP) was estimated, to 
combine the irrigation water with the efficiency to show the value of a "unit" of water. According to 
Faramarzi et al. (2010), with the appropriate modifications, it is the ratio of Crop Production to the 
Water Required. 

The optimization analysis was formulated through the objective functions and constraints 
described in Table 1. 

 
Table 1. Description of the seven studied problems 

OBJECTIVE CONSTRAINTS 
i. Optimum crop distribution for the following two 

objective functions: 
a) Irrigation cost (min) 
b) Irrigation water losses (min) 

• maximum exploitation of the total available land 
• maximum possible net profit 
• maximum possible productivity in kg/km2 

ii. Production Cost (min) with the optimum crop 
distribution 

• the maximum exploitation of the total available land 
• the maximum coverage of the water needs from surface 

water resources,  
• the maximum possible net profit 

         + the maximum IWE 
+ the maximum possible productivity in kg/km2 

iii. Farmer’s Problem (max net profit+ max production) 
with the optimum crop distribution 

• the total available arable land 
• the total available Units of Man Labor (UML) – labor 

hours 
• the total fertilizers required (total requirements of each 

crop in Nitrogen (N), Phosphorus (Ρ2Ο5), Potassium 
(Κ2Ο) and Zinc (Zn)) 

• the minimum possible total water requirements and its 
coverage from surface water resources 

 + the minimum possible groundwater pumping, 
+ the minimum possible irrigation water cost 

iv. Productivity (max yield for the maximum production 
output). The variables are three crops (cotton, winter 
wheat and maize), because of the absence of more 
and more detailed data on the alfalfa crop in the 
basin. 

• the total available arable land 
• the minimum UML 
• the minimum water requirements for these crops 
• the minimum possible production cost 

4. RESULTS AND DISCUSSION 

The solution gave the following results for the optimum crop distribution and the constraints of 
each problem (Figure 1). 
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Figure 1. The results of crop distribution as percentages of the total area 

Table 2. The constraints’ values after each optimization. The highlighted values present the optimized objectives 

Constraints Existing 
values Problem i.a Problem i.b Problem ii Problem iii.a Problem iii.b 

Area (km2) 399.62 399.62 399.62 399.62 399.62 170.92 of 
alfalfa 

Production (tons) 277100 368147.2 368147.2 274600 - 196561 
Irrigation Water Cost 
(103 €) 

1934500.5 673649.8 - - - - 

Irrigation Water Losses 
(hm3) 

17101.4 - 3558.9 - - - 

Labor Hours (103 h) 5014.5 - - - 3876.1 2102.3 
Fertilizer (tons) 10977 - - - 10977 3931.2 
Water Requirements 
(hm3) 

252.34 - - 144332.9 252.34 - 

Irrigation charge for 
groundwater (106€) 

15.4 - - - - 9.4 

Production Cost (103 €) 81276 - - 80736 - - 
Groundwater 
Requirements (hm3) 

70.16 (only 
for iii.b) 

- - - - 0 

Net Profit (103 €) 8869 8869 8869 7963 10875.3 4700.36 
 

In more detail: 
i. a) Irrigation Water Cost 

The production increased by 32.86% while the irrigation water cost decreased by 65.18%. The 
problem would be more complete and stable with more constraints and more competitive variables 
between the crops. 

    b) Minimization of irrigation water losses, 
This example supports the above, and the importance of the constraints and the limits of the 

variables are shown. 
The effect of the reduction of the losses by up to 79.19%, is in line with the results of previous 

work (Alamanos et al., 2016), and showing that the irrigation losses in the basin are immense.  
ii. Production Cost 

The areas of the crops that should be cultivated to satisfy these constraints and minimize 
production cost resulted almost the same with the existing crop distribution. 

The total area and production values are within the constraints given in the linear functions, but 
the profit is 906.000 € less than the current level. The water needs can be hardly covered only by 
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surface water sources. The production cost results almost equal to the existing values and it shows 
that with the available land and under these constraints, there cannot be lower production cost. 
These results illustrate the reality of Karla basin. The water needs are covered mostly by the aquifer 
and the production cost is already minimized under the given conditions. This crop distribution 
seems to be formed by farmers based on the minimum production cost, the factor that they 
eventually understand more directly. 

At this point, another production cost minimization problem was developed with additional 
constraints of the maximum IWE and yield. 

The optimum crops’ areas under the additional constraints are 216.64 km2 of wheat and 
182.98 km2 of corn. The total Crop Water Productivity is the same before and after this 
optimization, because the new total production and the final water requirements have not changed. 
However, a lower production cost is achieved (by 18 million €), and this is only due to the influence 
of the Water Efficiency in Irrigation. So, the production cost can be further reduced after all, if we 
consider some constraints that had not been examined or have not taken into account by 
stakeholders, so far. 

iii. a) Farmer’s Problem 
The areas of these crops that should be cultivated to satisfy these constraints and maximize the 

net profit, as resulted, are more ‘shared’ now, because of the more competitive nature of the 
constraints. 

This profit is increased by 22.62% for the entire basin in this scenario, but the larger scale 
introduces an uncertainty itself, in terms that the main variables used to find the net profit (objective 
function), such as production, production costs, etc., are records considered to be applicable in the 
basin, not controlled recordings by a farmer for his farm. 

b) 
The same problem was examined with two additional constraints (minimum irrigation cost and 

groundwater requirements) in order to maximize the Net Profit. The same problem was solved for a 
different objective function, the Production maximization. The results are shown in Table 2. 

Regarding the Net Profit, the charges of using groundwater for irrigation is the same for all crops 
(according to the relevant departments-LALRs) and so there is no difference between the cost of 
most water consuming and less water consuming crops, such if there was a volumetric pricing 
policy. 

Regarding the Production, the constraint’s results are the same. Again, the solution does not 
exploit all the available arable land. According to these problems, if we cultivate more than 170.92 
km2, there will be no feasible solution due to the constraint of groundwater pumping limit (i.e. it 
requires more than 70.16 hm3 and if so, then the constraint will not be satisfied). The net profit and 
the production do not exceed their current value, because it is impossible for the total area of 399.62 
km2 with the available of 70.16 hm3 of water. Even if there were fewer constraints, the result would 
be exactly the same because the constraint of the water requirements reaches quickly its limit and 
the results practically are based on that. We can understand now more clearly how specialized are 
the results of each optimization, as a direct function of their constraints. 

iv. Productivity 
This problem is more 'stable' than the previous ones, as it uses four variables (one less than the 

others), but mainly because it has a large number of constraints, as a result of the division of the 
total production cost into components, something that was impossible in previous problems due to 
lack of data and recordings. The reduction rates of the constraints are shown in Figure 2. 

This total production which was resulted from this linear programming problem, under these 
constraints is much larger than the current one, which is estimated at 126.11 tons. Their difference 
is 164658.3 tons (i.e. 130566% increase!). Of course, the results are based mainly on the 
production, that is why there is no cotton in the solution and the maize crop is coming first, because 
its yield (in kg/km2) is much more bigger and it has lower costs. For maybe more realistic results, 
there could have set an additional constraint – goal for the desired final annual producible quantity 
of each crop in the basin. 
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Figure 2. Percentage of the effects of the optimization of the productivity on the production costs  

The inability to collect data and to simulate every farm of the basin, leads to the assumption that 
the basin operates as a single farm. This assumption introduces by its nature the uncertainties in the 
results and makes it difficult to be implemented, unless if there was a common plan-policy that 
would be followed by every farmer in the basin. Also, if someone wants to speak with certainty 
about the total agricultural income an exhaustive research on land property schemes should follow 
(e.g. land tenure and lease, co-sharing etc.). 

All the results are referring to the basin’s cultivated area by the studied crops. The study is based 
on a yearly data by confining the results to a more static than dynamic modeling approach. Also, the 
entire basin is considered as a single farm unit which cannot address many details and precise data 
on basin level.  

5. CONCLUSIONS AND REMARKS 

The current study has attempted to propose policy measures for agricultural water saving and 
cost-effectiveness in Lake Karla basin. Different scenarios focusing on the technical, agronomic and 
economic efficiency of the current irrigation and agricultural practices were tested.  

An important stage in solving management mathematical models is the formation of the problem 
and the choice of the most appropriate expression of the management objectives. The difficulty of 
the simulation mainly lies in the fact of the involvement of many factors-parameters, which are not 
comparable to each other, without the same units and under conditions of incomplete or non-
existent data. It is recognized that the results are based only on selective constraints in a basin scale 
while mean values were calculated. Furthermore, all the cost variables refer to a specific year. 

There is much room for improvement in research, which will attempt to be studied. This study 
was not intended to simulate the situation in the basin or to create a new methodology-approach 
based on optimization. The goal was to examine some policy scenarios through objective functions 
of maximization and minimization approaches. 
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