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Abstract
According to the United Nations report, the world population is estimated to be 9.6 billion people by 2050. As a result,
there must be an increase in food production by 70 % to meet the world’s growing demand. Food supply chains expand
from agriculture activities, production, transportation to consumption. The efficient management of agricultural
activities is indispensable to secure food production. The main challenges faced in this respect are the limited
availability of natural resources (land and water). In this study, we applied an integer linear programming model to
solve the crop planning problem in a small farm while considering limited water availability. The crop planning model
relies on the delineation of rectangular management zones to identify the optimum crop pattern based on the physical
and chemical properties of the land. The model has been applied to a small farm in Egypt. The results help the decisionmaker in identifying the optimum crop pattern for maximum profit and also to decide on the economic feasibility of
different irrigation systems.
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1. Introduction
Securing food for the growing world population is among the highest priorities for governments and international
organizations. Managing agricultural activities given the limited land and water resources is challenging. Hence,
optimizing crop pattern for maximum yield and profit is a problem attracting the attention of practitioners and
researchers. Limited water availability in arid and semi-arid areas calls for efficient use of irrigation water. The
requirement for irrigation water varies according to soil properties. Hence, the delineation of rectangular management
zones ensures the homogeneity of the land characteristics and, thus, irrigation requirements.
This research considers a case study for a crop planning problem in an old agriculture land for a command canal
area located on the north coast of Egypt. This planning problem aims to help the farmer to identify the right crop pattern
to maximize profit. To this end, the approach proposed by Cid-Garcia et al. 1 is adopted. The approach calls for
identifying crop pattern based on the chemical and physical soil properties which affect yield and irrigation requirement,
respectively. The model aims to achieve maximum profit while considering various cost elements (sowing cost, seed
cost, and irrigation cost).
The remainder of this paper is structured as follows: Section2 presents a literature review. Section 3describes the
adopted methodology and mathematical models. A case study is presented in Section 4. The results obtained are
presented and discussed in Section 5. Finally, conclusions are drawn, and future research directions are indicated in
Section 6.

2. Literature Review

Nestor M. Cid-Garcia and others, ‘Rectangular Shape Management Zone Delineation Using Integer Linear
Programming’, Computers and Electronics in Agriculture, 93 (2013), 1–9
<https://doi.org/10.1016/j.compag.2013.01.009>.
1
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Several models have been developed to study the crop planning problem and the efficient utilization of water and
land resources.
Sarker et al.2 developed a linear programming model to solve the crop planning problem in Bangladesh for three
different types of land, by using a set of constraints that considers land type, a combination of crops, demand, and
capital. The results have shown that there will be a more significant contribution if they minimize the allocated area for
cereals and plant fruits since the import cost for cereals is lower than its production.
Integer Linear Programming Management Zone (ILPMZ) delineation method 3 directly divides the cultivated area
into rectangular management zones based on a given soil property. Cid-Garcia et al. 4 have presented two mathematical
models that took into consideration the physical and chemical soil properties in cultivated land in Mexico. The first
model addressed the crop planning problem, which based on the site-specific chemical and physical properties to
determine the optimum crop mix to sow for maximum profit. This optimal crop mix is used as an input to the second
model, which is a real-time irrigation model that studies the effect of water variability on total net profit. The study has
proven that the proposed method was economic efficient compared to traditional methods used in agriculture.
Rahmany et al. 5, proved that analyzing the physical properties of soil can lead to better irrigation efficiencies and
decreases water losses as soil analysis helps to determine the optimum irrigation method. Singh 6 proposed a linear
programming model to solve the crop planning problem for a farm of a canal command area in India to maximize the
farm profit by adding groundwater constraint, which regulates the water irrigation problems of shortages and
salinization. The model results showed a decrease in the total cultivated area for mustard, rice and gram and an increase
in sorghum, millets, and wheat crop’s cultivated area. Accordingly, the net annual profit increased by 18 % compared
to the traditional method and the current irrigation system.
Osama et al. 7 formulated a linear optimization model to solve the crop planning problem in three regions in Egypt
(lower, middle and upper Egypt) to maximize the profit from the total cultivated area for 28 crops using a set of data
provided by the Ministry of Agriculture and Land Reclamation for 28 crops from period of 2008 to 2012. They studied
specific crop inputs like water requirements, crop yields, and total cultivated area for each crop. Their results showed
an increase in the total net profit if they changed the allocated area for specific crops. Alabdul Kader et al. 8 applied
mathematical modeling to solve the crop planning problem in Saudi Arabia, targeting a maximization of the total annual
profit and the utilization of scarce water resources. Their study results achieved a 53 % saving of water and a 48%
reduction in the total cultivated area scoring a net profit worth 2.2 billion (USD /year ).

3. Methodology
The approach used in this research consists of two stages. First, the selection of field chemical and physical
management zones by using Cid Garcia algorithm and integer linear programming model proposed in 9 which is
explained in detailed in 10 to generate the number of potential quarters based on our samples, to find the optimum
number of management zones with a high level of homogeneity which will be discussed in the next part. Second, the
solution found in the first model is used as an input to solve the crop planning problem developed in (11 and 12.
2

(1997)
Cid-Garcia and others.
4
‘A Crop Planning and Real-Time Irrigation Method Based on Site-Specific Management Zones and Linear
Programming’, Computers and Electronics in Agriculture, 107 (2014), 20–28
<https://doi.org/10.1016/j.compag.2014.06.002>.
5
‘Determination of the Appropriate Irrigation Methods Based on Soil Analysis for Upland Fields in Mie Prefecture
of Japan’, International Journal of GEOMATE, 15.48 (2018), 28–33 <https://doi.org/10.21660/2018.48.41868>.
6
‘Optimal Allocation of Water and Land Resources for Maximizing the Farm Income and Minimizing the
Irrigation-Induced Environmental Problems’, Stochastic Environmental Research and Risk Assessment, 31.5 (2017),
1147–54 <https://doi.org/10.1007/s00477-016-1326-3>.
7
‘Optimization of the Cropping Pattern in Egypt’, Alexandria Engineering Journal, 56.4 (2017), 557–66
<https://doi.org/10.1016/j.aej.2017.04.015>.
8
‘Optimization of the Cropping Pattern in Saudi Arabia Using a Mathematical Programming Sector Model’,
Agricultural Economics, 58.2 (2012), 56–60.
9
Cid-Garcia and others.
10
Esteve Nadal-roig and LM Pla-Aragonnes, Handbook of Operations Research in Agriculture and the Agri-Food
Industry, International Series in Operations Research & Management Science, 2015, CCXXIV <https://doi.org/DOI
10.1007/978-1-4939-2483-7_7>.
11
Osama et al. 2017)
12
Nadal-roig and Pla-Aragonnes, CCXXIV.
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3.1. Delineation of Chemical and Physical Management Zones
The chemical properties help the farmers to manage their fertilizers cost by knowing which zones need to be
fertilized. The essential chemical properties are PH, Organic Matter (OM), Nitrogen, Phosphorus, and Potassium (13. In
our study, we selected the sum of bases of these minerals, which defines the saturation level of these minerals to evaluate
the overall condition of the soil. While the physical properties of the soil helps the farmer to manage their irrigation
cost and the optimum type of irrigation system that must be used to utilize the water resources depending on the soil
type, for example, if the soil type is sandy soil or has high percentage of sand, then the farmer must use drip irrigation
or sprinkles rather than surface irrigation to ensure that each drop of water is going to the plant root and vice versa if
the soil has high percentage of clay thus, surface irrigation will be the best irrigation system (14. In this study, we used
soil texture in particular as it is one of the essential physical soil properties to find the physical management zones. The
soil texture defines the nature of the land type as it states the percentage of sand, silt, and clay in the soil. The delineation
of rectangular shape physical and chemical management zones has been accomplished following the integer
programming model developed in 15.
Minimize ∑𝑖∈𝐼 𝜎𝑖 𝑋𝑖

(1)

subject to
∑𝑖∈𝐼 𝑐𝑖𝑗 𝑋𝑖 = 1

∀𝑗 ∈ 𝐽

(2)

∑𝑖∈𝐼 𝑋𝑖 ≤ 𝐿𝑆

(3)

∑𝑖∈𝐼 𝑋𝑖 ≥ 𝐿𝐼
(1 − 𝛼)

𝜎𝑇2 [

𝑋𝑖 ∈ {0 , 1}

(4)

𝑁 − ∑𝑖∈𝐼 𝑋𝑖 ] −

∑𝑖∈𝐼 𝑛𝑖 𝜎𝑖2 𝑋𝑖

≥

∀𝑖 ∈ 𝐼

0

(5)
(6)

Let I be the set of potential management zones and J the set of soil samples of the field. Each management zone i
has ni soil sample points. The total number of soil samples points is N. A correspondence matrix C is populated with
binary values indicating whether a specific management zone covers a specific sample or not. If cij is equal to one, then
the ith management zone covers the jth sample. σi is the relative variance of all samples covered by the ith management
zone. σ2T is the sum of variances of all management zone. It is required to delineate homogeneous rectangular
management zones that minimize the relative variance. The number of management zones is bounded by LS and LI,
which is the maximum number of zones and the minimum number of zones, respectively.
The objective function represented in (1) minimizes the sum of the relative variances of each chosen management
zone. Equation (2) guarantees that every sample is not assigned to more than one management zone. Equations (3) and
(4) indicate the upper and lower bounds on the number of management zones. Equation (5) ensures the level of
homogeneity in each management zone is higher than α. Authors in 16 have studied the value of α and have
recommended it to be higher than 0.5 to ensure a minimum level of homogeneity among management zones. Finally,
Equation (6) limits decision variables to a binary value.

3.2. Crop Planning Problem
The crop planning problem aims to identify the crop pattern taking into consideration the capital, total available
water, physical and chemical soil properties, irrigation cost, amount of seeds to buy, and fertilizers needed in each
allocated area in order to maximize the total net profit.
The parameters of this model is a set of crops i ϵ I to be planted in a field j ϵ J. The field has a total area Haj measured
in Feddan (1 Feddan is equal to 0.42 Hectare) which is divided into a number of chemical and physical management
zones having an area of Hacj and Hapj, respectively. The expected water requirement for the ith crop in the jth parcel
and management zone z ϵ Zph (j) is denoted by (Wijz ) and measured in meter cube. Each crop has a specific demand Di
and an expected yield Yi. The cost of planting crop i is comprises three cost elements, Cplantijz the cost of planting a
13

Osama et al. 2017)
Osama et al. 2017)
15
Cid-Garcia and others.
16
Cid-Garcia and others.
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feddan of crop i in parcel j and chemical zone z ϵ Zch (j) , Cseedi the cost of buying a unit of seeds of crop i, and Cirrjz
the cost of irrigating one cubic meter (m3) of water in parcel j and physical zone z ϵ Zph (j). Selling one ton of crop i
generates an expected benefit Gi . Iseedi is the amount of seeds available in farmer stock. W denotes the available
water in m3. This problem has been formulated in 17 to obtain the optimum crop pattern by identifying which crop i to
be planted in each field j ( Xij ), and the amount of seeds to purchase ( Si ).
Maximize ∑𝑖∈𝐼 ∑𝑗∈𝐽[ 𝑋𝑖𝑗 . 𝐺𝑖 . 𝑌𝑖 . ℎ𝑎𝑗 – 𝑋𝑖𝑗 ∑𝑧∈𝑍𝑐ℎ (𝑗) 𝐶𝑝𝑙𝑎𝑛𝑡𝑖𝑗𝑧 . ℎ𝑎𝑐𝑗𝑧
−𝑋𝑖𝑗 ∑𝑧∈𝑍𝑝ℎ (𝑗) 𝐶𝑖𝑟𝑟𝑗𝑧 . 𝑊𝑖𝑗𝑧 . ℎ𝑎𝑝𝑗𝑧 ] − ∑𝑖∈𝐼 𝑠𝑖 . 𝐶𝑠𝑒𝑒𝑑𝑖

(7)

s.t.
∑𝑖∈𝐼 𝑋𝑖𝑗

≤

1

𝑗∈𝐽

∑𝑗∈𝐽 ∑𝑧∈𝑍𝑐ℎ (𝑗) 𝑌𝑖 . ℎ𝑎𝑐𝑗𝑧 . 𝑋𝑖𝑗

≥

𝐷𝑖

∑𝑗∈𝐽 ∑𝑧∈𝑍𝑐ℎ (𝑗) 𝑆𝑒𝑒𝑑𝑖 . ℎ𝑎𝑐𝑗𝑧 . 𝑋𝑖𝑗 ≤ 𝐼𝑠𝑒𝑒𝑑𝑖 + 𝑠𝑖

(8)
𝑖 ∈ 𝐼0
𝑖∈𝐼

(9)
(10)

∑𝑖∈𝐼 ∑𝑗∈𝐽 [ ∑𝑧∈𝑍𝑝ℎ (𝑗) 𝑊𝑖𝑗𝑧 . ℎ𝑎𝑝𝑗𝑧 ] 𝑋𝑖𝑗 ≤ 𝑊

(11)

𝑠𝑖 ≥ 0 , 𝑋𝑖𝑗 ∈ {0 ,1}

(12)

𝑖∈𝐼, 𝑗∈𝐽

The objective function represented in (7) seeks to maximize profit. The first term represents the total net profit of
crop i that will be sown in parcel j, and the second term corresponds to the sowing cost for crop i in parcel j. The third
term is the total irrigation cost that needed to plant crop i in parcel j, and the last term is for the cost of seeds needed.
The first constraint (8) restricts planting more than one crop in the same parcel j. The second constraint (9) is to make
sure that the yield will be greater than or equal to the demand. The third constraint (10) ensures that the farmer’s stock
covers the required amount of seeds. The fourth constraint (11) assures that the total water needed for the whole
production cycle is within the total amount of available water. The last constraint (12) is the non-negativity and binary
constraints on the decision variables.

4. Case Study
The Egyptian population is expected to increase to 160 million people by 2050. Subsequently, food production
should increase as the demand will increase. Moreover, decision-makers in Egypt face challenges due to the
construction of the Grand Ethiopian Renaissance Dam (GERD) in 2011. The GERD filling policies reduces the share
of Egypt in freshwater to 82 % of Egypt's previous freshwater share, according to the Egyptian Ministry of Water
Resources and Irrigation 18 . Therefore, alternatives solutions must be present to maintain food supply chain
sustainability.
The Agribusiness in Egypt withdraws 80% of water. The water irrigation efficiency is around 40-60% 19. The
water shortage in Egypt was around 13.5 billion cubic meters per year (BCM/yr) in 2016 and is expected to be to 26
BCM/yr in 2025 20. Currently, this water gap is compensated by wastewater reuse, which subsequently affects the water
quality by increasing its salinization level, which eventually harms the soil and the groundwater. On the other hand, the
available water used in the agricultural sector in Egypt is lost due to two leading causes; the widening of canals’ crosssection and the low efficiency of pumping stations and control gates 21.
The methodology described in previous sections is applied to farmland in Borg Alarab, 45 kilometers far from
Alexandria, Egypt ( https://maps.google.com/?q=30.942125,29.771383). The total land area is around 100 feddan (1
feddan =0.42 Hectares). The current case study considers a sample of nine feddans. The area is divided into two parcels,
as shown in Figure 1. This area was selected as it had the best yield of wheat in the previous winter season. Seven soil
17

Cid-Garcia, Bravo-Lozano, and Rios-Solis.
Noha Donia and Abdelazim Negm, ‘Impacts of Filling Scenarios of GERD’s Reservoir on Egypt’s Water
Resources and Their Impacts on Agriculture Sector’, in Handbook of Environmental Chemistry, ed. by A. M. Negm
(Springer International Publishing AG, part of Springer Nature 2018, 2006), V, 1–12 <https://doi.org/10.1007/698>.
19
M. A. Mahmoud and A. Z. El-Bably, ‘Crop Water Requirements and Irrigation Efficiencies in Egypt’, in
Conventional Water Resources and Agriculture in Egypt, ed. by A. M. Negm (Springer International Publishing AG
2017, 2017), pp. 471–87 <https://doi.org/10.1007/698>.
20
Mohie El Din M. Omar and Ahmed M.A. Moussa, ‘Water Management in Egypt for Facing the Future
Challenges’, Journal of Advanced Research, 7.3 (2016), 403–12 <https://doi.org/10.1016/j.jare.2016.02.005>.
21
Omar and Moussa.
18
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samples were taken from different field locations around 50 m between each sample. Samples are labeled S1 to S7 as
indicated in Figure 1. The samples were tested to find out the soil texture, PH, percentage of Phosphorus, Nitrogen,
Potassium, Organic matter, Sum of bases… etc.). The chemical and physical test results are shown in Table 1.

Figure 1. Parcel and samples locations
Chemical and physical soil tests were analyzed to choose the appropriate crops that can be sown in allocated land
with the available amount of water. Based on a field survey with the farmers, crops like (wheat, barley, broad bean,
sugar beet, tomatoes, chickpeas, and Tahreesh clover) are the traditional crops that grow up best in the current soil
condition and total available water in a regular winter season.
The Ministry of Agriculture and Land Reclamation database and Central Agency for Public Mobilization and
Statistics (CAPMAS) provide a set of data related to crop yield Yi, water requirements Wijz, amount of seeds Seedi and
their costs Cseedi, as well as the sowing cost Cplanti , and the expected benefit Gi of selling one ton of crop i. The
collected data is summarized in Table 2. In this study, two potential irrigation systems exist; surface irrigation and
drip irrigation. Thus two scenarios were generated. Scenario A solves the crop planning problem using the surface
irrigation system, which is the current irrigation system implemented on the farm. The water used for irrigation
originates from a small branch of Alnoubria canal.
Table 1 Chemical and physical test results for seven samples
Sample
1
2
3
4
5
6
7

(lat., long.)
30.9433,29.7772
30.9425,29.7770
30.9423,29.7774
30.9430,29.7756
30.9417,29.7752
30.9421,29.7755
30.9418,29.7753

PH
7.25
7.38
7.4
7.77
7.3
7.49
7.62

OM %
1.01
0.78
1.12
1.41
0.99
1.11
1.26

SB %
22.61
25.55
26.35
60.09
23.49
32.46
45.42

Sand %
49.6
41.4
35.4
24
32.1
19.2
33.6

Silt %
40
46.6
50
60
52.9
62.6
58

Clay%
10.4
12
14.6
16
12
18.2
8.4

Table 2 Crop information based on the Ministry of Agriculture and Land Reclamation in Egypt and 22
Crop
ID

1
2
3
4
22

Crop type

Yi
(ton/feddan)

Seedi
(unit/feddan)

Cplanti
(EGP/feddan)

Cseedi
(EGP/unit)

Gi
(EGP/ton)

Wijz
(m3/feddan)

Wheat
Barley
Broad bean
Sugar beet

3
1.6
1.5
21

75
40
30
5

5,055
1,730
4,300
6,890

5.7
4
10
1000

4,600
4,200
14,000
6,000

1,735
1,337
1,308
2,145

Osama, Elkholy, and Kansoh.
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5
6
7

Tomatoes
Chickpeas
T. Clover

18.5
0.8
12.8

20
4
24

17,880
3,360
3,260

250
62.5
33.3

10,000
3,500
1,200

2,175
1,884
1,005

There are seven irrigation periods for the winter season. The total available water in every production cycle is
between 1,400-1,800 m3/feddan based on the information obtained from the Ministry of Water Resources and Irrigation
(Al Noubria Station 3) 23. Scenario B solves the crop planning problem using a drip irrigation system depending on
groundwater. The total system cost is considered based on real prices assuming total water available in every production
cycle is 25,000 m3/feddan.
The cost of irrigating one cubic meter of water in scenario A is 3.02 EGP/ m3. It mainly comprises the cost of field
operation to improve canal efficiency for irrigation and drainage processes and a fixed cost for a desalination station
for water treatment to improve irrigated water quality. The station is worth 20,000 EGP/ Feddan and has an expected
lifetime of 15 years. Since it is a command canal area, therefore, the water supply is free.
In Scenario B drip irrigation system depending on groundwater will be installed. The fixed cost of the system
(installation and operation of generator and pump) is worth 268,000 LE/nine feddans for a useful lifetime of 15 years,
which is equivalent to 45 production cycles. The variable cost includes the price of gas used by the electricity generator
used by the irrigation pumps. Hence, the cost of irrigation Cirrjz is chosen between 16.1 to 16.5 EGP/ m3 depending
on the management zone location. Finally, the initial stock level of seeds Iseedi is assumed to be zero in both scenarios.

5. Results and Discussion
The integer linear programming model to find the physical and chemical zones as proposed in 24 and the crop
planning problem developed in 25 has been implemented using the above data and solved using the Simplex algorithm
on the Microsoft Excel Solver. After generating the potential quarters using the algorithm developed in 26, 20 potential
quarters were identified. Based on the chemical and physical test results and the application of the integer programming
model, the two parcels have been divided into a set of chemical and physical management zones. Cid-Garcia et al. 27
stated that it would be impractical to have more than five management zones per parcel. Specifically, the total area has
been divided into five chemical management zones, one zone for Parcel1 and four zones for Parcel2, as illustrated in
Figure 2a. Five physical management zones have resulted from the model, three management zones for Parcel1 and
two management zones for Parcel2 as depicted in Figure 2b. Based on the delineation of the management zones, the
optimization model from Eq.7 to Eq.12 has been implemented and resulted in 17 constraint functions and 21 decision
variables. Although, the size of the problem considered in our case study is of small size, however, it can be expanded
without increasing the computational complexity due to the linearity of the model.
Table 3 summarizes the results for the two irrigation systems. If the traditional surface irrigation system is applied
for the whole field, then the optimum crop pattern is to plant tomatoes in Parcel1 and Broad beans in Parcel2 to get a
total profit of 749,191 EGP. For Scenario B, the optimum crop pattern would be to sow tomatoes in both parcels to get
a total profit of 1,117,926 EGP. Comparing the individual net profit for each parcel under different irrigation systems,
it can be observed that the highest profit for surface irrigation is attained when Parcel1 is planted with tomatoes.
Similarly, when using drip irrigation, the highest profit is achieved when tomatoes are sown in Parcel2. Hence,
combining both irrigation systems while planting Parcel1 and Parcel2 with tomatoes and using surface irrigation for
Parcel1 and drip irrigation for Parcel2 will result in a total profit of 1,250,074 EGP. This represents an improvement of
11.82% over Scenario B.

23

Nadal-roig and Pla-Aragonnes, CCXXIV.
Cid-Garcia and others.
25
Cid-Garcia, Bravo-Lozano, and Rios-Solis.
26
Cid-Garcia and others.
27
Cid-Garcia, Bravo-Lozano, and Rios-Solis.
24
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Figure 2. Chemical (a) and physical (b) management zones delineation

Table 3 Results of Scenario A and B

Parcel
j
1
2

Tomatoes
Broadbeans

1
2

Tomatoes
Tomatoes

Crop i

Scenario A (Surface Irrigation)
water consumed Irrigation cost
Sowing cost
(m3)
(EGP)
(EGP)
10005.00
30215.10
93748.00
5755.20
17380.70
28545.00
Scenario B (Drip Irrigation)
10005.00
162363.80
93748.00
9570.00
157665.80
88297.00

Seed Cost
(EGP)
23000.00
1320.00

704036.90
45154.30

23000.00
22000.00

571888.30
546037.30

Profit (EGP)

6. Conclusion and Future Research
In view of limited water availability in arid and semi-arid areas, optimizing crop planning is one way of efficient
utilization of land and water resources. This work has presented the application of a crop planning model based on the
delineation of rectangular chemical and physical management zones to a small farm in Egypt. Apart from the model’s
capability to identify optimum crop patterns to maximize profit, it is used to compare different irrigation systems. This
latter use of the model will aid farmers in identifying the more economically viable irrigation system. In the current
case, a combination of surface and drip irrigation leads to the maximum total profit over the planning horizon. The
application of the model gives insight into the different cost components and gives the decision-maker the flexibility to
choose an adequate irrigation system. The model is generic and applicable in arid and semi-arid areas.
The study of the economic feasibility of the use of modern irrigation systems and smart water and moisture sensors
using the internet of things for data acquisition to collect data from the field for the optimization model is suggested to
be investigated in the future.
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