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ABSTRACT 

 

This capstone project tackles the issue of using water for irrigated fields in the most efficient way by means 

of linear programing. The objective behind rising the efficiency of water application is attained through a 

minimal use of irrigation water, granted that it satisfies all the possible -or at least the most important- 

constraints, such as the required quantity of water needed by the plant, using the soil water as much as 

possible, taking rainfall into account if it applies, and so on. The most accessible software for this operation 

is Excel, however, whether or not it is practical, depending on the nature of the problem, can be questionable. 

Therefore, Xpress IVE would be a good software to apply the mathematical model on because it is 

specifically designed for LP. Despite of all the variables I use in this project, there will always be room for 

error, because I will be dealing with chaotic variables at times, such as rate of precipitation, and other 

variables I cannot necessarily obtain the data for because they differ from one field to another. It is therefore 

more of a stochastic approach that I will work on to optimize systems of irrigation, using all possible 

resources. Finally, this paper will encompass the STEEPLE analysis where I will mention the implications 

of this project of different aspects of society, in order to assess its readiness and quality of delivery, if applied 

in real life. 

 

Keywords: Irrigation - Linear Programming – Water efficiency – Crop  
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RESUME 

 

Ce projet de fin d’étude s’adresse au problème que l’on vit en rapport avec le gaspillage de l’eau, en ayant 

comme objectif de maximiser l’efficacité des systèmes d’arrosage en se basant sur un modèle mathématique 

de la programmation linéaire. Par conséquent, en minimisant l’utilisation de l’eau selon le modèle 

mathématique, on peut atteindre une plus grande efficacité, tout en respectant les besoins nécessaires et les 

contraintes qui permettent le développement progressif de la plante, en prenant en compte par exemple la 

quantité d’eau indispensable pour la plante à un tel niveau de développement, le taux de précipitation, la 

quantité d’eau stocké au sol que la plante peut utiliser, et ainsi de suite. Le logiciel le plus basic pour ce 

modèle est l’Excel, mais ce dernier n’est pas exclusivement conçue pour la programmation linéaire, ce qui 

peut le rendre incommode. Ceci dit, il est bien meilleur d’utiliser un autre logiciel plus spécifique pour 

l’opération en question, qu’est le Xpress IVE. Le résultat de cette étude va représenter une approximation 

stochastique seulement à cause du nombre de variable qui peut fluctuer et aussi leur nature qui ne peut 

jamais être prédite avec certitude. Finalement, ce projet aborde aussi les analyses STEEPLE, qui reflétera 

l’impact réel du modèle afin de donner une touche réaliste au projet. 
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1 - Introduction 

1.1 - Project Incentive 

Water has always been the most valuable resource we possess as living beings because it allows us to 

accomplish all our activities, indirectly for the most part, simply by keeping us alive, along with our crops, 

trees, plants, and all the other animals, not to mention the direct application of water in industrial and 

manufacturing sectors or for the general public. Therefore, we cannot omit the fact that opting for saving 

water is always a safe option to go for, because it allows for the sustainability of our planet and all our 

societal and personal activities. Morocco is placed among top 25 for the most water-stressed countries in 

the world [1] which justifies even more the need for a concern on water loss prevention and efficient water 

application. The country is located in a semi-arid region, which is characterized primarily with low levels 

of precipitation. Furthermore, global climate change and severe fluctuations in the rate of precipitation over 

the last decade have led to several droughts, which elevated the frequency of their occurrences, compared 

to the previous century [2], and potentially serious water shortages in regions that cannot operate without 

water, mainly the agriculture based lands. Many actions have been launched as a governmental initiative, 

such as the “Green Morocco Plan” or PMV and the “National Irrigation Water Saving Program” [3] to tackle 

the rising issue of water scarcity in the country, by ensuring the enhancement of the regular irrigation models 

in place to a more advanced and efficient system that relies much less on water with regards to irrigating 

crops, cereals, fruits and vegetables. Drip Irrigation is one of these innovative techniques that is highly 

emphasized in PMV, because it allows the water to flow at a controllable rate, to the exact plantation of 

whatever the subject plant is, thus reducing the amount of water loss, which usually happens via evaporation 

and surface runoff. The other important objective of the initiatives is to promote investment to both local 

and foreign investors, to help revitalize the sector of agriculture, since it accounts for almost 20% of the 

GDP [4]. 
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Figure 1: Freshwater availability status in countries of the world 

1.2 - Problematic 

Now the focus in this project will not be about drip irrigation because it is already efficient enough, so any 

modification on the system would require a greater and more advanced knowledge, which is not the point 

of this research. Instead, I want to try and focus on the regular sprinkler irrigation because it is used widely 

for fields where the plantations are very close to one another (such as turf grass or cereal crops), 

consequently not allowing for a drip irrigation system to be practical nor economical. The persisting problem 

with sprinkler irrigation is that a lot of water is used and renders the water application inefficient due to 

losses. Ultimately, it is better to always come up with a better design for the sprinkler’s nozzle and use more 

tools to evaluate the soil’s moisture (such as tensiometers) and establish a better plan for irrigation 

scheduling. The downside of that is that it would require a serious investment to optimize the systems in 

place in such a way because of all the technical equipment that would need to be replaced or calibrated to 

fit a certain standard, hence the need for a cheaper and more feasible model, such as Linear Programming. 

 

1.3 - Methodology 

The way how the optimization of the irrigation systems using Linear Programming would work is by 

defining all the variables that can be taken into account that somehow relate to the development of the plant 



10 

 

and involve a relationship with water. Defining more variables means a better approximation for solving the 

problem so throughout the project, in coming section related to the illustration of LP, I will choose specific 

variables that suit the problem. What follows is the objective expression which we either need to maximize 

or minimize in order to find the optimal solution, which in our case is irrigating with minimum quantity of 

water to meet all requirements. These requirements would eventually be defined as constraints that need to 

be fulfilled to avoid any compromise of the plant development at any stage depending on its needs, while 

making sure all possible resources are used to the limit. 

2 - Literature Review: 

Irrigation in general has been a technique used since ancient times, which means that there have been a lot 

of advancement in the field. Today, we still rely heavily on in to feed the crops, as only in Morocco for 

instance, there is around 1.4 million hectares of crops grown purely under irrigation systems [6], which uses 

about 85% of fresh surface available water in the country [1][6].  

In the framework of optimizing irrigation systems, there has been a study that related the efficiency of water 

used for irrigating crops to more than just the types of the system, encompassing also the hydrological 

characteristics of the soil [7]. In that paper, the authors talked about how modern irrigation systems enhanced 

over the past years, to the point where there has been methods that assess the plant status in terms of water 

stress, by measuring its water status and observing its xylem cavitation as well as seeing the openness of its 

pores to assess the level of respiration via stomatal openings [7]. This study did not stop here only. In fact, 

they observed noticeable positive results in a better irrigation system when combining this aspect of 

measuring plant water stress with another technique that they called VRI, which stands for Variable Rate 

Irrigation. This latter simply surpasses the regular systems by taking into account the variability that occurs 

in the soil properties, from one field to another, as well as the time factor, which they considers to play a 

role in creating more variability [7] in plants’ needs. Furthermore, they put the available water content on 

line as a criterion for determining the water use efficiency. The way how they identify the water content (or 

PAWC for plant available water content) is by taking the difference between the wilting point θwp   and the 

capacity of the concerned soil, which they call θFC (which stands for Field capacity, or the maximum amount 

of water the soil can hold), which simply represents the available water for the plant to use for its 

development, as shown in the figure below [8]. 
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Figure 2: Percentage of available water for the plant as a difference between field capacity and wilting point 

There has been a mention of sensors specifically designed for this task of measuring water moisture in the 

soil, such as the tensiometers, however, their usage can be very difficult because of the required amount of 

technicality for them to operate. Nonetheless, they remain very effective tools for measurement in order to 

keep track of whether or not the water is in the region of available water for the plant to use.  

 

Figure 3: casual tensiometer to measure soil moisture 

This being said, it is important to keep in mind that the method of linear programing we will use requires 

inequalities that will represent our constraints, which in our case could be the water available for plant to 

use. Since this value is depend on the variation of the soil type, it is better to implement the study on a field 

with a distribution of soil that’s fairly homogeneous, in order to avoid wide variability at the level of the 

constraints. 
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Another paper tackles the problem of uniformity of the irrigation system, stating that it is very important to 

assess the system with respect to its performance in terms of uniformity distribution of water through nozzles 

[9]. This study was done in golf course fields where the main irrigation system is the sprinkler irrigation 

through nozzles, as the main plant subject was the turf grass. They found that the higher the value of 

distribution uniformity of water, the more water they could save because of high yields of the grass. 

Therefore, it is better to keep in mind that water uniformity distribution is also important when optimizing 

an irrigation system because the run time of water application would be shortly, which would significantly 

reduce the amount of water used in the field, thus leading to a higher water use efficiency. 

Another important information to account for while laying an irrigation system is the rate of evaporation of 

water. Drip irrigation doesn’t have to deal with this issue due to its nature of delivering water directly to the 

root of the plant, therefore avoiding any potential loss of water due to evaporation because the water flows 

directly from the tubes to the soil without any prolonged direct contact to the sun. Sprinkler irrigation on 

the other hand, (which will be the subject of my study) does have to lessen the evaporation rate in order to 

be viable and increase water use efficiency. One study have shown that the evaporation rate can be reduced 

simply by reducing the pressure of the water coming out through the nozzle of the sprinklers. This is because 

higher pressure leads to smaller particles of water in the air, which first, take a lot of time to reach the ground 

(therefore more exposure to the sun), and also because they break into small water droplets, they become 

extremely vulnerable to the effect of heat and easily evaporate [10]. Another downside of increasing the 

pressure at the nozzle is that the wind can play a major role in drifting the small water droplets away from 

the targeted plantations, which would lead to accumulated water loss over time [10]. The surface covered 

by sprinklers with low pressure nozzles would in fact be much smaller. However, the application of water 

would be of greater efficiency, along with the lower cost of application because of the smaller pumps in use. 

3 - Analysis 

3.1 - Mathematical model formulation 

This part of the project deals with the mathematical formulation of the problem, in order to make it fit the 

standard model that’s applicable for a linear programming method. The main goal of the analysis using 

linear programming is to assess the objective we decide to set, then find the optimal solution to reach it, 

respecting all the constraints that represent the limits of the available resources we have to reach our goal. 

Decision making is therefore enhanced using this method and it also helps save time and resources, by 

making the best possible combination of all the assets.   
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First, I need to illustrate the main three components of the linear programming method, which are the 

decision variables, the objective function, and finally the constraints. Below is a representation of what it is 

about: 

a) Decision Variables: These variables represent the quantitative value of the components of our model 

that we can play with, in order to come up with a perfect and optimal solution to the problem. They 

can range anywhere from one variable to more than three, granted that they are all following a path 

of linearity, otherwise, It will breach the main rule of the method, which is in fact linear in its 

essence. 

b) Objective function: This objective function is always expressed in terms of the decision variables 

and it allows us to reshape our decision on the real problem either by maximizing the outcome (in 

case we want to gain profit or increase the efficiency of a resource) or minimizing it (such as 

reducing the cost while fulfilling all the requirements that are expressed as constraints). Linear 

programming problems always strive to find the optimal solution with regards to the objective 

function, using decision variables previously declared. 

c) Constraints: these constraints are a representation of what the objective function is subject to, while 

trying to maximize or minimize its value by variations in the decision variables. These constraints 

are always important in the linear programming method in the sense that they set the limit for what 

we can achieve and clearly trace the boundaries of reality. Therefore, it is critical to set constraints 

that fit the requirements for our problem and find the limits that will define the range of how far we 

can go into optimizing the objective function. 

Normally, if it is only two variables that we are dealing with (two-dimensional problem), it becomes possible 

at times not to use any software to solve the problem, since we use the graphical model to formulate the 

problem by setting one variable to the x-axis and the other to the y-axis, then drawing constraints as lines 

that limit our degree of freedom in a two dimensional way, and finally find the region where both the 

variables can meet, respecting all the constraints. The region that represents the solution for the problem is 

called the feasible region. These feasible region is bound under lines that meet in corner points, which one 

of them is the final and optimal solution for the chosen model. Below is a brief representation of a graphical 

linear programming model:  
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Figure 4: Graphical representation of the general linear programing model with two decision variables 

 

For the case of the project however, we will surely have more than two decision variables because we are 

going to be dealing with a field that may encompass more than just one or two types of plants. For that we 

will use what’s known as the Simplex Model. This method is basically an algorithm designed in the 

twentieth century and was used during World War 2 to for the military to allocate the optimal number of 

troops for a mission in order to maximize the inflicted losses on the enemy.  

3.2 - Water Use Optimization Model 

In order to apply the linear programming method for irrigation problems, I faced many problems along the 

way, especially when I was trying to deal with the water use model where I was trying to optimize irrigation 

water use by keeping irrigation water to a minimum while using all the other water sources, such as the rain 

water (precipitation), soil moisture that’s within the boundaries of the available water use, and tracking lever 

of runoff water, drainage water. 

Now to illustrate this, I will declare the variables used in the proposed model (as shown in the study done 

using the same variables) [11].  
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First the plant water needs were to be determined in order to know how much water is required for the plant 

to grow. For that, the following estimation formula was developed from the general formula of Penman-

Montheith for Evapotranspiration of a certain plant: 

 

 

ET0 =
0.408∆(Rn−G)+γ(

900

T
)u(es−ea)

∆+γ(1+0.34u)
                [11] 

 

Where:  

- ET0 represents the general evapotranspiration for all plants ranging between more or less the same 

parameters (in terms of height and status of development or growth) 

- Rn is the net value of radiation per day 

- G represents the Soil heat flux density 

- T is the average temperature at the standard height ()which was set to 2 meters in in generalized 

formulation) 

- (es-ea) is the difference between the saturated and the actual vapor pressure 

- ∆ is the slope that represents the rate by which pressure changes over temperature 

- U is the wind speed at the same standard height 

- γ is the Psychrometric constant  

Now if we want to target the Evapotranspiration of a specific plant, we need to determine first something 

that’s exclusively related to that plant. Since there are many variables taking places during the development 

of the plant, the agricultural coefficient remains constant and is represented by Kc, which will allow us to 

approximate the Evapotranspiration of an exact plant by the following formula [11]: 

𝐸𝑇 = 𝐾𝑐 × 𝐸𝑇0                 [11] 

Where ET is the specific Evapotranspiration of a plant under controlled parameters.  

Now with this, we can easily approximate how much water is needed for the plant in mm per day, by looking 

at how much of the water provided for the plant is volatilized by means of Evapotranspiration.  

Other variables to build the model are the efficient rain, which should reach the depth of the roots of the 

plant subject to the optimization (or the area known as the useful water reserve). It is represented by variable 

R. 
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Useful water reserve is calculated by the having the length by which the roots are planted vertically in the 

soil, or the depth of the roots, as well as the difference between the field capacity and the wilting point. For 

reference, field capacity is the maximum percentage of water that can be held in the soil after full drainage 

(which means that the matric potential would be the main force acting on holding water, instead of gravity 

while draining) and the wilting point is the minimum percentage of water required for the plant not to wilt, 

that is not to lose its watery parts (useful as a defensive response by the plant against heat or radiation by 

minimizing the surface exposed to the harmful source, in order not to lose all the energy generated by 

photosynthesis for the expensive maintenance of these exposed parts).  

     [12] 

Figure 5: Wilting state progression in a plant 

 

The equation used for the computation of useful water reserve is the following: 

𝑈𝑊𝑅 = (𝜃𝑓𝑐 −  𝜃𝑤𝑝) × 𝑍               [11] 

Where: 

- UWR is the useful water reserve expressed usually in mm as a representation of the depth of water 

to be used by the plant 

- 𝜃𝑓𝑐 represents the field capacity, measured in metric cube by metric cube (volume of remaining 

water in soil on the volume of the total soil) 

- 𝜃𝑤𝑝 is the wilting point, also expressed as a percentage that refers to the minimum amount of water 

(lower limit for the plant water needs in the soil) 

- Z is simply the depth of the roots, or how far they reach vertically down in the soil 

 

Now for the soil moisture represented by S and efficient rain, represented by R, we can build a flowchart 

that will refer to the general idea behind this optimization technique, that will represent the ideal case where 

we are going to have the highest efficient for water application. 
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Figure 6: Flowchart representing the decision making process leading to irrigation 

 

To explain this diagram, it is first important to say that it is very hard to apply this algorithm in real life, 

although it seems pretty easy, simply because there are way more aspects to the parameters used (such as 

soil moisture gradient or the soil matric variability) in order to determine the outcome of the decision making 

process.  

The final objective function for the linear programming model would therefore incorporate the two binary 

variables multiplied by the value of efficient rain and soil moisture, respectively. The values would take 1 

in the positive case where their respective events occurs, or 0 otherwise. As for the variable of the amount 

of irrigation water to be applied to the field, it will be bound by the time of plantations, as each stage of the 

development process of the plant would require a certain amount of water. 

This model would be impractical in real life because of the following reasons: 

- Difficulty to trace the value of soil moisture and rain at all times 

- Impossibility to use the model for future decision making because we cannot control the values of 

efficient rain and soil moisture, thus making the objective function volatile  

- The constraints used for the problem would need to take into account the fact that we use all other 

resources to the fullest (granted that we respect the other requirements), which is difficult to do 

because of the chaotic nature of the other variables in use in the objective function, which are rain 

and soil moisture 
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- Any infinitesimal change in the rate of one of the variables would certainly cause an infinitesimal 

change on the rate of the other variables, thus creating more uncertainty as we go through the 

problem over a long period of time 

This model was to show that it is possible to theoretically come up with a perfect plan for irrigation simply 

by means of linear programming modeled to fit the problem. However, realistically, it meanders far from 

the spectrum of feasibility, especially in Morocco where we don’t have access to tools for rapid and accurate 

measurements of the different parameters in place. 

The next section will establish a more realistic model for linear programming that will help increase the 

overall efficiency of water use by formulating an objective function that incorporates irrigation water use, 

with the prices and yields of crops and the cost of their production. 

3.3 - Optimizing efficiency by increasing the profit 

Irrigation is ultimately an intentional and systematic way used in agriculture in order to compensate for the 

lack of efficient rain water or precipitation a field may face, which could potentially affect the final crop 

production and lead to a reduced yield at the end of the season. However, irrigation by itself has a variety 

of problems that could also eat off from its efficiency, which is not very good because it would not be 

economical for the system in place (since it costs money to be installed and operate and to be maintained), 

consequently reducing the potential maximum gross income from a given crop plantation. 

One way to avoid this loss is by applying linear programming to maximize the profit generated from the 

crop (or crops) plantation, while preserving water used for irrigation to the bare minimum in order to satisfy 

the crops needs in terms of water, all while respecting all the constraints regarding the other concerned 

requirements of the plantation. In the coming section, I will go on and formulate a model inspired from a 

study done on optimizing water supply and the area of crops (H. Symum, M.F. Ahmed, 2015). 

4 - Linear programming: 

4. 1 Implementation phase 

4.1.1 - Decision variables declaration 

For the model I am going to use, I chose to base it on the paper I previously mentioned in the prior section. 

There are two decision variables that we want to optimize: 

X: This variable represents the value of the area taken by a given crop  

W: This variable refers to the depth of water used for irrigating the given crop  
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Now these two variables are what I am going to present for the mathematical model that will end up giving 

an optimal solution for the data I enter as constraints, granted they will follow the expression of the objective 

function. 

4.1.2 - Objective function 

Now this objective function will be established with the variables chosen before, along with other 

parameters, which would lead to a net amount of profit, which ideally I will be striving to optimize, thus 

increasing the efficiency of water and irrigation system, since the main goal behind irrigation is to generate 

more crops that would yield more promising results in terms of money. 

The Objective function would look like the following based on the model chosen: 

 

𝑀𝐴𝑋 𝑍 =  ∑ 𝑃 × 𝑌 × 𝑋 − [∑ 𝐶𝑝 × 𝑋 +  ∑ 𝐶𝑖 × 𝑊 × 𝑋]        [13] 

 

Where: 

- Z is final result of the function that we want to optimize and it represents and net profit (which 

equals the difference between the gross profit of a crop and the cost to produce this latter) 

- X is the decision variable for the area of the plantation 

- W is the decision variable for the depth of water to be used for irrigation (equivalent to the amount 

of applicable irrigation water for each crop) 

- P is the selling price of the concerned crop 

- Y represents the rate by which the concerned crop is produced 

- Cp refers to the cost required to produce the crop 

- Ci refers to the cost required to irrigate one unit of land area using irrigation water 

Now we have our decision variables, as well as our objective function, with the aim to maximize it using all 

the included resources in the model. The next section is where we would put a list of constraints but first, I 

want to mention that the formulation of this linear programming mathematical model is only achieved using 

the following assumptions: 

- The crops used in the model are chosen arbitrarily, because the goal behind this is to illustrate the 

promising results of linear programming, rather doing a case study on a specific concrete field. The 

calendar is also arbitrary to see that we can apply this model for more than one crop at a time 

throughout the year 
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- Some of the value for the used parameters are merely an approximation of the real value, due to 

lack resources in the data gathering phase 

- Water sinks in different types of soils at a different rate, so for our variable W to be applicable to 

all crops, I assumed the simulative field is a uniform distribution of the same soil type 

4.1.3 - Constraints 

The objective function is always subject to constraints to draw limits with respect to how far we can exploit 

our resources. I also followed in this case the constraints that were established in the paper [13]. 

The list includes the following (and can always be modified in real life to fit the needs of the required 

specifications): 

- ∑ 𝑊 × 𝑋 ≤  𝜎 × 𝑉     where the volume of irrigation water should not exceed the total available 

water calculated by the product of the efficiency (based on the irrigation system in use) and the 

volume of available water 

- ∑ 𝑋 ≤ 𝐴 meaning that the area to be used for crops should be confined within the boundaries of the 

available total area  

- 𝑊𝑚𝑖𝑛 ≤ 𝑊 ≤ 𝑊𝑚𝑎𝑥 Where the depth of applicable irrigation water should be set to match the 

needs of each crop  

- Finally the non-negativity requirement where obviously, we don’t want any of our decision 

variables to be smaller than zero, because then It would contradict the principles of reality where 

the absolute value of an area or a quantity cannot be below zero 

4.2 - Application phase 

First, I thought about using the official data from the website of the ministry of agriculture and fisheries, 

and I did collect it from their online platform ASAAR [15], but that’s only as far as the selling prices are 

concerned. For the other data, I tried a the official website of the united nations for food and agriculture, or 

FAO, and what I found was the data of the rates of production and the harvested areas, as well as the fixed 

cost of production. However, the issue I had with collecting that data was related to the fact that they 

incorporated the whole country’s data into a cumulative number, which would not suit my simulation since 

I need to choose a specific area where presumably, the crops would be growing together under a schedule. 

The solution that I thought was best was to extrapolate the data so that it can be applicable to the fictional 

area that I will set. This would lead to think that everything is uniformly grown and crops are harvest 

uniformly (which is not the case in real life), but I intend to show the process of linear programming more 

than what I can realistically achieve by it. 
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This table below summarizes the values for the chosen crops’ parameters during the year 2018 in Morocco, 

region of Meknes [6] [14] [15]:  

Values\Crops Wheat Barley Artichokes Potatoes Dry Onions 

Sale price P in Dh/Kg 3 2,6 1,5 2,5 2,8 

Yield Y in Kg/ha 2575 1822 13619 30131 25993 

Production price in Dh/kg 3,04 2,27 4,46 2,3 1,46 

Fixed production cost Cp in 
Dh/ha 7828 4135,94 60740,74 69301,3 37949,78 

Fixed Cost of Irrigation Dh/mm. 
ha 5 5 5 5 5 

Figure 7: table of data about the indicators used in the model for different crops (Wheat, Barley, Artichokes, Potatoes, and Onions) 

These values are components of the objective function, so now we need to put the constraints.  

- The efficiency would be considered to be around 75% since not all systems are equipped with a drip 

or trickle irrigation tools, which would drastically increase the efficiency had they been installed 

everywhere. Also, the nature of the crops I chose for the most part, are planted very close to each 

other, so we can only rely on other systems than drip system ()such as sprinkler irrigation).  

- The total area A would be estimated at 2500 ha since I kept it within the limits of the actual land in 

Meknes region that’s equipped for surface irrigation (which is nearly 23 500 ha) [16]. I also wanted 

to keep the limit relatively small so it can be more practical for calculations and rational enough for 

the number of crops I chose. 

- Water depth requirements for each crop type is essentially determined by the relation of 

evapotranspiration that I mentioned in the section of analysis. As an estimation from FAO [17], 

Wheat requires 450 mm to 650 mm of water depth. Barley requires 390 mm to 430 mm. Artichokes 

require 600 mm to 900 mm. Potatoes require 500 mm to 700 mm. Onions require 350 mm to 550 

mm. 

- Barley, Potatoes, and Wheat overlap in their schedule for growth and harvest, therefore the sum of 

their cropping area should be smaller than the total estimated 2500 ha. For Onions and Artichokes, 

we can assume their schedule overlaps so we can build a simulative second constraint. 

- The total area of irrigated land in the country is about 1 400 000 ha, then we can come up with an 

estimated volume capacity of water equal to about 22 000 000 mm. ha of water volume capacity (as 

an approximation). 

- Also to meet the markets demands, we can assume that we need to plant at least a certain area of 

wheat and potatoes.  

- The final constraint is the non-negativity of all the values for the area to be irrigated 
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The model has been built at this point. Now using excel, I will illustrate all the steps of this linear 

programming model in the next section. 

5 - Launching the solver 

The first step in excel was to establish the list of the parameters I was going to include in the model. This is 

similar to a variable declaration and initialization in computer programming languages (such as C language). 

 

Figure 8: Excel data about the parameters used in the model for different crops (Wheat, Barley, Artichokes, Potatoes, and Onions) 

All values of the parameters have been initialized in a respective cell. This step leads to the next one which 

is the decision variables declaration, where I put all the variables in their respective cell, and set them to 

null or 0. 

 

Figure 9: Representation of decision variables prior to running the excel solver 

The following step is the objective function which is constructed using the function SUMPRODUCT for 

reasons of practicality, which incorporates all the necessary parameters as stated in our model formula, and 

of course the decision variables that will dictate the value of the objective function. At first it is also 

initialized to 0. 

 

Figure 10: Representation of the objective function prior to running the solver 

Now this objective function is subjected to specific restrictions that I mentioned prior sections. Constraints 

in excel include the left-hand side (LHS) that has the variables clustered together to meet the requirements, 

the inequality that sets the operation to be performed, and the right-hand side (RHS) that has the value of 

the limits, whether that’d be an upper or a lower limit. 
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Figure 11: List of constraints for the chosen mathematical model 

Everything after this step is set ad ready to be launched, however, because of the two variables that would 

be multiplied together in the same term, excel cannot use the Simplex algorithm to find the optimal solution. 

The expression is linear in its nature because the units cancel out with each other, but excel cannot process 

that under this formulation, so I thought I would use the other algorithm which is called GRG non-linear, 

that’s capable of dealing with non-linear expressions. My expression is a linear one but disguised otherwise.  

After running the solver, the final objective result looks like the following: 

 

Figure 12: Representation of the objective function after running the solver 

The values of the decision variable also change into the following:

 

Figure 13: Representation of decision variables after running the excel solver 

6 - Interpretation and discussion 

The results delivered using the GRG non-linear excel solver are the goal of linear programming method, 

which in its essence is aiming to find the optimal solution for a given problem, under certain constraints 

(resource shortage, fulfilling the demand…). 



24 

 

Now, for this simulation, the maximum income that can be reached is equal to 13 270 966.01 DH using all 

the possible resources in every possible way. The values of the decision variables would need to take certain 

numbers to achieve the optimality of the objective function. 

To a certain degree, the linear programming model offers the best potential outcome, thus allowing us to 

make better decision for other impeding tasks. For instance, taking this simulation, we can be confident into 

saying that we need to 1200 ha for Wheat, 500 ha for Barley, 900 ha of Artichokes, 800 ha for potatoes and 

1600 ha for onions. This decision could be taken as fast as the time it takes for the solver to find the optimal 

solution. We can also determine the optimal amount required for each crop that will lead in generating a 

maximum net income, since we put the depth of water as a decision variable too.  

The gained time would be valuable into finding better ways to increase irrigation efficiency for instance, by 

switching from sprinkler to drip irrigation if it’s possible, that way we can have a wider range for the 

constraint of water availability, thus offering more freedom that translates to less restriction and eventually 

more profit. 

Many of the constraints were put as part of this simulation, but in real life, they are the limiting factors of 

the problem, therefore investing on tackling them is always a good option to optimize the objective function. 

A last thing I want to add regarding the linear programming results is the slack we got after running the 

GRG solver and retrieving the slack of each function. The slack is only different from zero when the 

constraints of the inequality on the left hand side are not binding, which means that the constraints are not 

adjacent to the corner point that holds the optimal solution for the maximization of the objective function. 

The figure below illustrates the existing slack for some of the constraints. 
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Figure 14: Answer report in the excel sheet after running the GRG solver (Displaying the slack for each constraint) 

 

This figure is obtained from the answer report offered in excel data sheet after running the solver. We can 

see for instance the first constraint related to the amount of available water is a not binding constraint, hence 

the value of the slack is different from 0. The report shows that the slack is equal to 14 265 000 mm. ha, 

which is the amount of unused resource of the available water, under the efficiency coefficient of 0.75. This 

value translates to about 86% of the total efficient available water, so it’s a good indicator that we don’t 

need to mobilize that much amount of water and use it somewhere else where it is most needed. The same 

logic applies for the other constraints with a less or equal sign, except for the constraints with a more or 

equal sign, where the slack represents the value by which the right hand side of the inequality was surpassed. 

Constraint of the area for dry onions in the simulation was set to at least 1400 ha, and the results of the 

solver have shown that an amount of 1600 ha was required for the area of dry onions in order to reach the 

optimal solution, which led to a negative slack of 200 ha. 

This is mainly important in decision making for mobilized resources, so focusing cutting of the slack is also 

very helpful into leading to a more optimized system of irrigation in an indirect way. 
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7 - STEEPLE Analysis 

7.1 - Social Impact 

Improving irrigation systems will definitely have an impact on society since 40% of total employment of 

the country is classified within the agricultural sector, and knowing that the frequency and intensity of 

droughts have severely increased over the past years, it is inconspicuous that this sector will rely on more 

irrigation to generate satisfying needs with regards to the demand, which can only be done by improving 

the efficiency of water used in irrigation. Furthermore, increasing the profit at some point, on a national 

scale, would require for aggregation, which would impact the society by allowing people to find better 

opportunities, after enhancing all the outdated technologies relied on for irrigation. 

7.2 - Technological Impact 

Optimizing systems of irrigations, on a deeper level, will definitely require the country to invest in foreign 

technologies that proved to be efficient at irrigation water usage, by minimizing water consumption, and 

increasing profit at the same time. 

7.3 - Economic Impact 

It is known that about 15% of Morocco’s GDP accounts for the agriculture sector. The country is one of the 

main exporters of some vegetables and fruits (tomatoes, citrus fruits…) to the European Union consumer’s 

market. Therefore, increasing the efficiency of water irrigation directly impact the economic sector by 

meeting all the domestic and international demands.  

7.4 - Environmental Impact 

This aspect will definitely be enhanced by extenuating irrigation systems since one of the main goals of 

such an optimization is to actually reduce water depletion, which fights against water scarcity in the country 

and thus, protecting the environment. Also, thanks to the results of the solver, we can see that the amount 

of resources to be mobilized for the irrigation system can be released, which would reduce the maintenance 

requirements for that action, leading to less menace on the environment. 

7.5 - Political Impact 

Morocco has political agreements with many foreign country, as long as we supply them with enough 

products that match their demands. 
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7.6 - Legal Impact 

Optimizing irrigation system on a bigger scale will engender new laws on what technologies are permissible 

and what not, as some of the methods of using water for crops and plants is simply exacerbating water 

scarcity in Morocco. 

7.7 - Ethical Impact 

One of the priorities of this project is to create an impact that matches the ethics we abide by, and one of 

them being not wasting any type of resources, especially water, which can be considered the most essential 

and limited resource we have on the planet, to some extent.  
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8 - Final thoughts and Conclusion 

This capstone project tries to tackle the main challenges of the current Moroccan society, which is facing a 

future threat regarding the water reserves, partly due to the increasing demographic, and also to the recent 

climate change phenomena. Since it is impossible to stop people from giving birth and also climate change 

is a worldwide topic that concerns all countries of the world (which scales up the problem), I thought I could 

participate into stopping the rapid depletion of water reserves by finding a way to optimize the systems of 

irrigation. At first I thought of coming up with a technology (besides drip irrigation) that could replace the 

current inefficient systems in use. The challenge however was the fact that the capital cost for any 

technology with a much higher efficiency, would in fact be very high, and knowing the situation of the 

general population of land owners and farmers, it would be impossible to implement because the investment 

would be too critical. Another idea was to try and tackle the issue of water efficiency by optimizing soil 

properties, using experiments in the lab, but since we have been confined due the current pandemic, I found 

myself obliged to cancel it. Finally, I thought about using linear programming as a model to optimize the 

use of water by optimizing its allocation, thus leading to increased profits. Although at first, I had the idea 

to implement a linear programming model directly on the plant water needs, but that would have required a 

deeper understanding of the plants composition and metabolism in order to come up with a formulation that 

would be both linear and fit the exact features of the plant, which was very difficult for me, so I decided on 

the topic tackled in this project. 

I believe this capstone has taught me a lot about my capacities as an engineering student because I was able 

to apply my knowledge and understanding of many of my courses material. This is also the final step for 

me in order to graduate, and hopefully find a master’s degree, related to the same premise of saving resources, 

since they are all limited ones. 
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APPENDIX A 

Input of the linear programming simulation model on Excel 
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APPENDIX B 

Prices of Irrigation water in Morocco per region 
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APPENDIX C 

Water stress damage on Wheat 
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APPENDIX D 

Data collected from FAO 
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APPENDIX E 

Data collected from ASAAR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


