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ABSTRACT

Aim of the study

The scarcity of water resources is a global problem, particularly acute in arid and semi-arid regions. As
a semi-arid country, Egypt faces significant challenges due to its limited water resources. This study aimed
to provide insight into the current and future water situation in the East Nile Delta in Egypt. It sought to illu-
minate the policies and strategies used to reduce water consumption and increase water supply. Additionally,
the study aimed to identify gaps in knowledge that require further research and to illustrate the different types
of models used to optimize water resources management and maintain food security.

Material and methods

The study analyzed the status of water resources availability, water demand, and other influencing factors in
the East Nile Delta. To address water scarcity, the study employed optimization models, specifically using
linear optimization programming. This model was applied to the Eastern Delta area, focusing on the region
supplied by the Ismailia Canal. The model aimed to balance the limited supply of freshwater with the increas-
ing demand by proposing changes in cropping patterns.

Results and conclusions

The study found that the best way to secure water supply and minimize water scarcity is by using optimi-
zation models. In the Eastern Delta, the area supplied by the Ismailia Canal had a water deficit of about
789.81 MCM. By changing the cropping patterns, the water deficit could be reduced. The results indicated
a decrease in the cultivation of non-strategic crops such as onions, garlic, fruit trees, peanuts, sesame, and
soybeans. Conversely, there was an increase in the cultivation of strategic crops such as wheat, cotton,
maize, and corn, as well as crops with high net yields like tomatoes and potatoes. These changes would
help balance water demand and supply, ensuring a more sustainable water management strategy for the
future.
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INTRODUCTION

Anthropogenic factors such as over-pumping and nat-
ural events such as earthquakes impact coastal aqui-
fers by reducing freshwater recharge, aquifer water
budgets, and increasing saltwater intrusion (Kuriqi
and Abd-Elaty, 2024). The optimization of cropping
patterns has a positive effect on the preservation of
the environment and economic growth in agriculture,
which contributes to the long-term development of ag-
riculture. Cropping pattern optimization is the process
of adjusting cropping patterns to achieve certain goals,
such as achieving economic benefits, reducing the con-
sumption of water resources, and improving water use
efficiency, taking into account all real-life situations
(Li et al., 2020a, 2020b). Modern irrigation systems
are valuable for managing agricultural water resourc-
es, particularly in arid and semi-arid regions. Still, they
also affect the degree of groundwater salinity for drink-
ing and irrigation purposes (Abd-Elaty et al., 2024a).

Optimization models for cropping patterns are of-
ten categorized as single-objective programming or
multi-objective programming models, depending on
their optimization objectives. (Jain et al., 2021). Sin-
gle-objective programming models consider the impact
of cropping pattern changes on purpose, and previous
research has shown that the economic benefit was the
primary consideration (He et al., 2021). However, the
single-objective programming model focuses only on
one purpose and neglects the trade-off between the en-
vironmental impacts, economic benefits, and associated
social impacts of cropping pattern changes. Therefore,
multi-objective programming was successively used
for the optimization of cropping patterns, considering
contradictions between the coordination of multi-objec-
tives and trade-offs between these objectives in order to
make all objectives as optimal as possible.

A multi-criteria crop planning model was devel-
oped to optimize cropping patterns in the Indian state
of Telangana (Jain et al., 2021). The multi-objective
heuristic algorithms SPEA2 and NSGA-III were used
in a multi-reservoir and multi-objective system prob-
lem to predict short-term optimal crop patterns in
Iran’s Karun basin. The results show that NSGA-III
performs better than SPEA2.

In the eastern Iranian province of Lorestan,
a multi-criteria programming model was used to se-
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lect a cropping pattern to evaluate the reduction of
water consumption, the possibility of increasing net
profit, and the reduction of environmental impact si-
multaneously in a life cycle assessment (Nikouei et
al., 2022). The results showed that the multi-center
cropping pattern reduced environmental indicators
such as non-renewable energy use by 14%, water use
by 1% and global warming potential by 14%. At the
same time, farmers’ net profit remained unchanged
compared to the region’s current pattern. The cropping
pattern that farmers currently use is only focused on
achieving short-term profit targets. A novel approach
to land allocation was important to achieve harvests
with the use of non-renewable energy, lower water
consumption, and lower greenhouse gas emissions in
the region. This proposed planning model could serve
as a basis for long-term cropping plans in other irrigat-
ed and rain-fed agricultural systems around the world.

The Economic-Ecological Synergistic Optimization
for Climate Change and Cropping Patterns model was
developed in Fujin City, Heilongjiang Province JXID,
for the optimization of cropping patterns (Chen et al.,
2022). By combining multi-objective programming, an
input and output model for a model of one-dimensional
water quality, non-point source pollution, and Bayes-
ian with interval multi-linear regression was used.
Cropping patterns for different regions are optimized
under different climate change scenarios, and conflicts
between increased economic benefits and reduced eco-
logical pollution (i.e., in surface runoff and subsurface
infiltration) were balanced. The results showed that the
best acreage for reducing ecological pollution tended
to decrease, with a reduction of 3% for soybean and
24.7% for maize. In contrast, the acreage for rice hard-
ly changed compared to the existing condition.

A dynamic model was developed to simulate the
factual situation in the Iranian Kermanshah plain in
order to determine the best cropping pattern for this
region (Barati et al., 2020). The simulation model
was used stochastically with the time series method to
predict the future values of climate parameters. After
ensuring the performance of the time series and dy-
namic models, the cropping pattern was optimized us-
ing the current optimization software in addition to the
multi-objective mathematical programming approach.
The results showed that the ratio between the benefits
gained, and the amount of water extracted from the

www.acta.urk.edu.pl


http://dx.doi.org/10.15576/ASP.FC/193864
http://acta.urk.edu.pl/pl

Abdelwahab, H.F.,Negm,A.M.,Ramadan, E.M., Kuriqi,A.,Abd-Elaty, . (2024). Mitigating water shortages and enhancing food security
through crop optimization... Acta Sci. Pol., Formatio Circumiectus, 23 (4), 61-76. DOI: http://dx.doi.org/10.15576/ASPFC/193864

wells was always greater under improved conditions
than under the existing conditions.

A surrogate-based optimization framework for
high-resolution, large-scale landscape management
optimization using irrigated corn cropping systems
was developed in eastern Colorado, USA (Nguyen
et al., 2019). A surrogate simulation model and a bio-
geochemical model were employed using a synthetic
neural network. The results showed that, for our anal-
ysis, the surrogate was 6.2 million times faster than the
DayCent model and captured more than 99% of the
variation in DayCent’s simulated results. Compared
to a ‘business-as-usual’ scenario, farm-level optimiza-
tion increased farm income by 83%—150%, grain yield
by 10.1-11.3%, SOC by 16%—53%, and GHG emis-
sions by 19%—55%.

On the other side, a multi-criteria optimization
model was presented by Dhanraj et al. (2021) to build
regional biomass-to-energy systems that take these
considerations into account. The goal is to create a bio-
energy system that is constrained by the availability of
regional water, the availability of land at the county
level, and the demand for competing water. The re-
sults showed that there is a major trade-off between
the cost of ethanol and the demand for irrigation water.
The model selected wheat, cotton, and sorghum as the
most important crops in different regions.

In order to increase the efficiency of irrigation wa-
ter use and regulate soil salinity, an optimization model
for irrigation and drainage was developed in Hetao in
northwest China (Li et al., 2020c). The model was built
by combining simulations with field water-salt physical
equilibrium adjustment processes and a genetic algo-
rithm optimization model. The results showed that the
developed model could provide appropriate field irri-
gation monthly and drainage decisions by considering
field hydrology, especially the contribution of ground-
water to crop water demand and the effects of ground-
water on soil salinity. Abd-Elaty et al. (2024b) studied
the impact of sea level rise and SLR and Grand Ethio-
pian Renaissance Dam (GERD) reservoir filling with
increasing pumping rates, especially during the filling
periods on water resources management in the Nile
Delta, Egypt. The GERD reservoir filling could alter the
freshwater, in which the aquifer groundwater resources
decreased, and the salinity increased by nearly 4.5%,
11.5%, and 30% for the three scenarios, respectively.
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The approach of imprecise interval programming,
which was also used in a case study in the Jinghui ir-
rigation region in Shaanxi Province, China, was fur-
ther developed for the optimization of irrigation water
resources (Gong et al., 2020). The greatest economic
gain was achieved when effective precipitation, sched-
uling objectives, and crop evapotranspiration were
considered, which had a significant impact on the best
water resources for irrigation allocation. According to
the results, the scarcity of water resources was serious
and had a significant negative impact on the develop-
ment of the Jinghuiqu irrigation region. In addition, by
including effective precipitation in the model, a consid-
erable amount of water could be saved, such as 47.36%
of the total water consumption of corn when P =25%.

The main objectives of this study are to:

1. Evaluate the status of water resources availability
and demand in the East Nile Delta, focusing on the
impact of water scarcity in the region.

2. Develop and apply optimization models using li-
near programming to propose improved cropping
patterns that reduce water consumption while ma-
intaining or enhancing crop yield.

3. Identify crop patterns that contribute to food se-
curity by prioritizing the cultivation of strategic
crops with high net yields, ensuring a sustainable
approach to water resources management.

4. Use mathematical models to predict future water
deficits in the Eastern Nile Delta and propose me-
asures to maintain long-term food security in the
region.

5. Finally, propose strategies to balance the limited
freshwater supply with the increasing water de-
mand in arid and semi-arid regions, specifically in
areas fed by the Ismailia Canal.

MATERIALS AND METHOD

Study area

The study area is in the region of the eastern Nile Delta
and stretches along the length of the Ismailia Canal,
which flows from the Nile to Port Said (Figure 1a). It
lies between longitudes 31° 15° 0 and 32° 15° 0” E
and latitudes 30° 15°0” and 31° 0’ 0”’ N, surrounded to
the west by the Nile and the Damietta Arm and to the
south by structural ridges, desert plateaus and foothills
(Figure 1b).
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Fig. 1. Study area a) Land use (source: after Sakr, 2005); b) irrigation canal distribution (source: Ramadan et al., 2021)
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Freshwater boundary changes accelerate coastal
areas due to over-pumping and decreasing aquifer re-
charge and sea-level rise (Abd-Elaty et al., 2021; El
Shinawi et al., 2022). The eastern part of the Nile Delta
has incredible importance as one of the most important
areas recently developed in Egypt, as many industrial
projects and land developments are being carried out
there. It is considered an important center of progress
for the densely populated regions of the Delta and the
Nile Valley (Arnous and Green, 2015).

CLIMATE

Rainfall

Egypt lies in a semi-arid zone where the average an-
nual rainfall ranges from 0 mm per year in the desert
to more than 360 mm per year in the northern regions.
In comparison, the average rainfall in the Nile Delta
ranges from 26 mm per year in the south and part of
the center to more than 200 mm per year on the north
coast (Nashwan et al., 2019). Precipitation increases in
the north and west and decreases in the south and east
as drought increases in the summer season, and pre-
cipitation peaks in winter, where the average rainfall
is about 14 mm per year and does not exceed 220 mm
(El-Nahry and Doluschitz, 2010).

The study area is characterized by a short rainy sea-
son, with most of the precipitation falling between No-
vember and March, while the rest of the area is almost
dry. The average annual rainfall is between 20 mm at
Shubra al Khaymah and about 220 mm at Port Said.
Currently, there is a plan to utilize rainfall for agricultur-
al purposes, where the total amount of rainfall is estimat-
ed at 1.3 billion m? year™!, divided as shown in Table 1.

Table 1. Rainwater quantities that could be used in various
parts of Egypt (source: after Abdel-Shafy et al., 2010)

Rainwater quantities

Purpose of use Billion m* year™!

As a supplement to the Nile Delta’s

irrigation system 0.38
In Sinai 0.45
On the coast of the Red Sea 0.20
In Marsa-Matrouh and Alexandria 0.27
Total amount of rainwater 1.30

www.acta.urk.edu.pl

Evaporation and evapotranspiration

Agriculture consumes water through infiltration and
evapotranspiration. The losses due to the transfer
from the canals are estimated at around 2.0 billion
m’year! for the entire country. Evapotranspiration is
dependent on cropping patterns. Cropping patterns
are an important factor in the management of water
resources, especially in the context of a market-based
policy. The best estimate of the cropping pattern is
used to predict future water demand. The combined
effects of rapid population growth and rising living
standards have increased the demand for food (Al-
naggar, 2003).

Evaporation rates in Egypt range from 7 mm
per day in the south to about 4 mm per day on the
Mediterranean coast in the north. Table 2 shows the
monthly average annual potential evapotranspiration
in eight Egyptian regions, as reported by the Wa-
ter Management Research Institute of the National
Water Research Center in 2002 (Gado and El-Agha,
2021).

Table 2. Monthly average annual potential evapotranspira-
tion in Egypt (source: Gado and El-Agha, 2021).

Regions Mean annual ETo (mm/year)
South Upper Egypt 1722
North Upper Egypt 1610
Middle Egypt 1531
South Delta 1485
East Delta 1522
West Delta 1457
Middle Delta 1417
North Delta 1266

A temperature increase of 1°C can increase evapo-
transpiration by (4-5) %, while a temperature increase
of 3°C can increase evapotranspiration by 15%. This
means that if the Egyptian agricultural sector con-
sumes 41 billion cubic meters, an increase of 1°C
would require an additional amount of about 2 billion
cubic meters to maintain the same production level
(Gado and El-Agha, 2021).
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Crop and agriculture

The canal currently irrigates about 588,638 feddan

(1 Feddan = 0.42 Hectare) (400,468 feddan are irrigat-

ed by traditional surface irrigation and 118,170 fed-

dan by modern irrigation systems), which is about 9%

of Egypt’s agricultural land (Aboel Ghar et al., 2004;

AfDDb, 2016). The types of crops irrigated by the Is-

mailia Canal:

1. Winter crops: barley, winter vegetables (i.e., straw-
berries, greens, tomatoes, melons, lettuce, cucum-
bers, and zucchinis), wheat, sugar beet, flax, do-
mestic beans, onions, garlic, and clover.

2. Summer crops: yellow corn, sugar cane, sesame
seeds, vegetables (i.e., green beans and green peas),
onions, rice, watermelon, peanuts, and cotton.

The model was fed with data after CAPMAS (2017)
such as the water demand in Table 3, the current crop-
ping pattern and the cultivated area in Figure 2. The to-
tal net yield was about 3626.47 million L.E. for winter
crops, 4649.61 million L.E. for summer crops, and Nili
crops for the current cropping pattern (CAPMAS, 2017;
Osama et al., 2017). Cotton, rice, wheat, and maize are
among the strategic crops that have remained relatively
stable or increased in meeting the actual food demand.

Table 3. Water requirements for winter, summer, and Nili crops in Egypt (source: after CAPMAS, 2017)

Crops WT;; rfz(clll;i;zfnl)em Crops Wazt;:lrs ;Zizi:z?)ent Crops reqz\i/jt:frrlent
(m® feddan™)
Summer crops Winter crops Nili crops

Clover 1920 Maize 3908 Maize 3122
Barley 1835 Rice 6972 Tomatoes 3127
Alfalfa 2747 Corn 2705 Other vegetables 3127
Lupine 1646 Peanuts 3559 Other crops 2606
Orchards 1920 Sesame 3554

Onions 2592 Soybeans 4198

Sugar beat 3959 Onions 4005

Tomatoes 1713 Potatoes 2581

Tahreesh 1920 Tomatoes 2581

Wheat 2153 Cotton 3908

Broad beans 1475 Other vegetables 2581

Fenugreek 1646 Other crops 2705

Garlic 2592 Sugar cane 8189

Potatoes 1713

Palms 1920

Wood trees 1920

Other crops 1920

Other vegetables 1713
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METHODOLOGY

Objective functions

The objective function of the cropping pattern model
of optimization is to maximize the total net profit by
determining and selecting the optimal cropping pat-
tern. In a theoretical result, the objective of the model
is to maximize the profit from each crop in different
seasons, Eq. 1 (Osama et al., 2017).

Maximize Z, = Max [Z£X,, NRy, + ZX(NR + ZX NR, |
(1)

where:

Z, — the net benefit from the winter, summer,
and Nili crops in Egyptian pound (L.E.),

NR,, NR,, and NR,, — the net benefit from Winter,
Summer, and Nili crops (L.E./Fed.) repre-
sentatively,

Xy, X, and X, — the areas of winter, summer, and
Nili crops (Fed.) representatively.

Model constraints

1. Water availability: this restriction reduces irri-
gated water use. Water supply: For different crops,
the total water consumption should be less or
equal to the total available water in the field during
the year.

S(WRy ) Xy <Z(Wy ), )
S(WRs)Xg <Z(W5), 3)
(4)

where:

ZWR,, ZWR, and ZWR,, — the ratio of the require-
ment of water for Winter, Nili, and Summer
crops in (m?/ fed) representatively,

Wy Z(W), and Z(W)), — the total water de-
mand for irrigation for Winter, Summer,
and Nili crops m?.

2. Land area limits in agriculture during different
seasons: During the season, the total area assigned
to the plant must be equal to or less than the total
area cultivated.
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22Xy < Awyy (5)
32X < Agr (6)
Xy < Ayr (7)

where:
AV,VT’ Agr and A, — th.e.total cpltlvatlon areas for
winter, summer and Nili crops in Feddan.

3. Area of crops: This requirement is to restrict the
crop’s growing area from being too large or too
small to meet the food needs of the study popula-
tion.

AWMin < Z‘)(W z< AWMax (8)
ASMin < z“‘/‘(S < ASMax (9)

Aypgin S EX y < Ay (10)
where:
Aygins Ay a0d A4 NMin the mlnlmum arecas of win-
ter, summer, and Nili crops in feddan representa-
tively,
AWMW Ag,.. and ANMax’i. the maximum areas of
winter, summer, and Nili crops in Feddan repre-

sentatively.

Model development

With the help of the LINDO software and by maximiz-
ing the total net yield, the linear planning model for
these acreages is developed, and the optimal operating
pattern is calculated until 2017. The application of the
Linear Programming (LP) model resulted in an optimal
cropping pattern. The model was compared with the
current case. The increase and decrease in acreage are
the up and down arrows (Table 4) (CAPMAS, 2017).

Table 4. Name and area served of each agriculture demand
node (source: CAPMAS, 2017)

Demand area Area served (Feddan)
Al-Qalyoubia governorate 61367
Ismailia governorate 382271
Port Said governorate 85000
Total 588638

www.acta.urk.edu.pl
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RESULTS AND DISCUSSION

The analysis of the model was carried out; the net
yield is 5011.42 million L.U. for winter crops, 4775.13
million L.U. for summer crops and Nili crops after
optimization, and is not comparable with the existing
cropping pattern. The water shortage of the current
cropping pattern is 789.81 MCM (Ramadan et al.,
2021), but by changing the cropping pattern, the total
unmet demand is 549.52 MCM.

Optimization of winter crops

The wheat harvest changed from 18655.6 feddan to
19882.9 feddan, an increase of 7%, the onion harvest
from 4357.1 feddan to 3129.7 feddan, a decrease of
4%, garlic from 147.3 feddan to 128.87 feddan, a de-
crease of 14%, the sugar beet harvest from 325.25
feddan to 257.7 feddan, potatoes from 797.8 feddan
to 1297.8 feddan, representing an increase of 62%,
tomatoes from 110.46 feddan to 926.64 feddan, rep-
resenting an increase of 39%, and orchards from
14973.6 feddan to 13746.2 feddan, representing a de-
crease of 9%, as shown in Figure 3a, Al-Qalyoubia
Governorate.

Sugar beet changed from 10321.3 feddan to 9365.6
feddan, potatoes from 14526.3 feddan to 19113.6 fed-
dan, an increase of 31.6%, tomatoes from 10321.3
feddan to 33410.5 feddan and orchards from
238154.8 feddan to 207420.3 feddan, a decrease of
15%, as shown in Figure 3b for Ismailia governorate.
Barley changed from 3400 feddan to 2082.5 feddan,
potatoes from 59.5 feddan to 192329 feddan, toma-
toes from 680 feddan to 3280 feddan, and sugar beet
from 29189 feddan to 25687 feddan, a decrease of
13.6%, as shown in Figure 3c, and for Port Said gov-
ernorate.

Tables 5—6 show the optimization of winter crop-
ping patterns (feddan) in the study area for cities in
three governorates.

The finding agrees with Khare et al. (2007), who
used LINDO 6.1, an optimization package for the
potential and feasibility of conjunctive use planning
for one of the proposed link canals, Krishna (Nagar-
junasagar)-Pennar (Somasila) canal under Peninsular
rivers development as a part of India’s ambitious riv-
er linking program. The results showed that the con-
junctive use planning is beneficial and feasible for the
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proposed canal command. Hove-Musekwab (2013)
developed an LP model that helped to determine the
optimal cropping pattern for an irrigation scheme
in Masvingo, Zimbabwe. As a result of the optimal
solution, a farmer’s income could be increased by
87%. Osama et al. (2017), who used a linear opti-
mization model, was developed to maximize the net
annual return from the three old regions of Egypt.
The results showed that the developed model propos-
es a change in the cropping pattern in the old lands of
Egypt to increase the gross net return without adding
any further expenses. Abd-Elaty et al. (2023a) stud-
ied the optimal location of rice cultivation in the Nile
Delta, Egypt, based on the groundwater recharge.
The finding showed that placing rice cultivation in
the northern region resulted in the highest reduction
of salt volume (19%) compared with 0.50% and 15%
in the central and southern regions, which produced
a 15% increase. Wael et al. (2024) indicated that wa-
ter-efficient irrigation techniques result in reduced
recharge intensity, which consequently leads to a de-
cline in groundwater levels. Specifically, the ground-
water table was observed to decrease by between 10
and 50 cm.

Optimization of summer and Nili Crops

Corn from 6995.8 Feddan to 5707.2 Feddan (-23%)),
peanuts from 245.5 Feddan to 61.4 Feddan (-25%),
soybeans from 61.37 Feddan to 36.82 Feddan (—67%),
potatoes from 3497.92 Feddan to 4461.4 Feddan
(+27.5%), tomatoes from 398.8 Feddan to 1245.8 Fed-
dan, Other vegetables from 2147.9 Feddan to 3129.7
Feddan, an increase of 45.7%, and Other crops from
22656.7 Feddan to 213616 Feddan and Nili crops;
Tomatoes from 2884.3 Feddan to 4228.2 Feddan and
Other vegetables from 58482.6 Feddan to 57138.8
Feddan, as shown in Figure 4a, and Al-Qalyoubia
Governorate.

In addition, peanuts fell from 36698 Feddan to
31384.5 Feddan, a decrease of 17%, sesame from
9250.7 Feddan to 5875.4 Feddan, a decrease of 36.5%,
onions from 1529.1 Feddan to 1146.8 Feddan, an
increase of 33%, potatoes from 9939.1 Feddan to
13914.7 Feddan, a rise of 40%, tomato from 16437.7
Feddan to 22133.5 Feddan, an increase of 34.7%, and
cotton from 4205 Feddan to 6269.3 Feddan, a rise
of 49%. Nili Crops: Maize from 271412.4 Feddan
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Fig. 3. Optimization of winter crops of Governorate a) Al-Qalyoubia, b) Ismailia, and c) Port Said (source: Authors’ own
elaboration)
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Table 5. Optimization of winter Crops in the study area (Feddan) (source: Authors’ own elaboration)

Al-Qalyoubia Governorate Ismailia Governorate Port Said Governorate

Crops Existing ~ Optimal Crops Existing Optimal Crops Existing Optimal
area area area area area area

Clover 14421.25 14421.25 Clover 20260.36  20260.36  Clover 37400 37400
Wheat 18655.57 1988291 Wheat 41285.27 4128527 Wheat 12325 12325
Beans 73.64 73.64 Barley 2675.9 2675.9 Barley 3400 2082.5
Flax 30.68 30.68 Broad beans 1911.36 1911.36 Broad beans 680 680
Onions 4357.06  3129.72  Alfalfa 382.27 382.27 Sugar beet 29189 29189
Garlic 147.28 128.87 Fenugreek 38.23 38.23 Potatoes 59.5 2329
Sugar beat 325.25 325.25 Lupine 38.23 38.23 Tomato 680 2380
Potatoes 797.77 1294.84  Wood trees 1146.81 1146.81 Other vegetables 34 34
Tomato 110.46 926.64 Onion 3440.44 2675.9 Orchards 340 340
Other vegetables 4295.69  4295.69  Garlic 38.23 38.23
Tahreesh 2884.25 2884.25  Sugar beet 10321.32  10321.32
Other crops 104.32 104.32 Potatoes 14526.3 19113.55
Orchards 14973.55 13746.21 Tomato 10321.32  33410.49
Palms 190.24 190.24 Other vegetables 23700.8 23700.8

Tahreesh 12232.67  12232.67

Other crops 229.36 229.36

Orchards 238154.83  207420.24

Palms 1529.08 1529.08

to 279057.8 Feddan, Tomatoes from 36698 Fed-
dan to 32875.3 Feddan, and other vegetables from
74160.6 Feddan to 70337.9 Feddan, as shown in Fig-
ure 4b. For the Governorate of Ismailia, as shown in
Figure 4, and for the Governorate of [smailia sesame
varies from 2380 Feddan to 1402.5 Feddan, decreas-
ing by 40%, and potatoes from 8.5 Feddan to 986
Feddan, as shown in Figure 4c for Port Said Gover-
norate.

The optimization of summer cropping patterns
(feddan) in the study area for cities in three governor-
ates is presented in Table 6.

Moreover, Divakar et al. (2011) developed a model
for optimal bulk allocations of limited available water

www.acta.urk.edu.pl

based on an economic criterion to competing use sec-
tors such as agriculture, domestic, industry, and hydro-
power in the Chao Phraya River Basin, Thailand. The
results indicated that the water allocation module can
improve net economic returns compared to the cur-
rent water allocation practices. Molinos-Senante et al.
(2014) used an optimization model to maximize the
value of water use. The model considered the water
distribution efficiency and the physical connections
between water supply and demand points. Subsequent
empirical testing using data from a Spanish Mediter-
ranean river basin demonstrated the usefulness of the
global optimization model in solving existing water
imbalances at the river basin level.
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Fig. 4. Optimization of summer and Nili crops of governorate a) Al-Qalyoubia, b) Ismailia, and ¢) Port Said (source: Au-
thors’ own elaboration)
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Table 6. Optimization of summer crops and Nili crops in the study area (Feddan) (source: Authors’ own elaboration)

Al-Qalyoubia Governorate

Ismailia Governorate

Port Said Governorate

Crops Existing ~ Optimal Crops Existing Optimal Crops Existing Optimal
area area area area area area
Maize 2129435 21294.35 Maize 87157.79  87157.79 Maize 6205 6205
Rice 4050.22  4050.22  Rice 24847.62  24847.62 Rice 36210 36210
Corn 6995.84 6995.84 Corn 71484.68  71484.68 Corn 10625 10625
Peanuts 245.47 61.37 Peanuts 36698.02  31384.45 Sesame 2380 1402.5
Soybeans 61.37 36.82 Sesame 17202.2 13226.58  Potatoes 8.5 986
Potatoes 3497.92 4461.38  Soybeans 114.68 114.68 Tomato 1190 1190
g : Other
Tomatoes 398.89 1245.75  Onion 1529.08 1146.81 5100 5100
g vegetables
' Other
2147.85 3129.72  Potatoes 9939.05 13914.66  Cotton 4590 4590
vegetables
Cotton 12.27 12.27 Tomato 16437.65  22133.49  Other crops 18700 18700
Other crops 226567 2136185 Other 69955.59  69955.59
vegetables
Maize 2129435 21294.35 Cotton 4204.98 6269.24
Other crops ~ 42432.08  42432.08
Tomato 2884.25 4228.19 Maize 271412.41 279057.83
. Other 58482.75 57138.81 Tomato 36698.02 3287531
iz vegetables
Other 74160.57  70337.86
vegetables

Abd-Elaty et al. (2023b) showed that changing
the irrigation method has increased the groundwa-
ter drawdowns of 2.60 m, 4.20 m, and 6.50 m using
sprinkle, sub-surface, and drip irrigation, respective-
ly. At the same time, the maximum land subsidence
reached 26 cm, 44 cm, and 65 cm. Abd-Elaty et al.
(2024b) investigated the replacement of traditional
surface irrigation methods with modern irrigation
systems (MIS), including horizontal sprinkler, cen-
tral pivot, surface drip, and subsurface drip aimed at
improving water efficiency in the Nile Delta, Egypt.
LINDO software was employed to optimize land al-
location for each irrigation method. The transition
from traditional surface irrigation to MIS resulted in
significant water savings, reaching 2.15 x 1079 m?,
However, groundwater modeling indicated a decre-
ase in groundwater levels, leading to an 8% increase
in aquifer salinity due to reduced infiltration of re-
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charge water. Gabr et al. (2024) investigated irriga-
tion water management strategies in a water-scarce
environment under the influence of climate change.
The study recommended the use of crop patterns
involving wheat, barley, potato, and sugar beet to
conserve irrigation water. Overall, the findings from
this study have far-reaching implications for water
management in agricultural regions reliant on irriga-
tion. As demonstrated by the significant reductions in
water shortage through optimized cropping patterns,
there is a clear need to shift towards more sustainable
crop planning models. This is particularly important
for areas like the Ismailia Canal system, where water
resources are already stretched. As indicated by Wael
et al. (2024), water-efficient irrigation techniques
must be complemented by optimized cropping pat-
terns to mitigate declining groundwater levels and
other water-related challenges.
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CONCLUSIONS

The results of this study highlight the significant im-
pact of optimizing cropping patterns on both water
demand and agricultural productivity. By altering
the cropping structure in the study area, particular-
ly for winter, summer, and Nili crops, the net water
yield and overall crop output have improved. Specif-
ically, after optimization, the net yield increased to
5011.42 million L.U. for winter crops and 4775.13
million L.U. for summer and Nili crops, which rep-
resents a noticeable increase compared to the exist-
ing cropping pattern. Different constraints represent
the availability of water, which reduces irrigated
water consumption, and land area constraints in the
various growing seasons; during each growing sea-
son, the total area allocated to the crop must be less
than or equal to the sum of the area cultivated and
the area of the crops. This requirement is intended
to limit the area under cultivation so that it is not
too large or too small to meet the food needs of the
population in the study area. Wheat, rice, maize, and
clover, which are considered the strategic crops in
Egypt, occupy most of the available area according
to the data collected.

In contrast, non-strategic crops such as onions,
garlic, fruit trees, peanuts, sesame, and soybeans
occupy limited areas and have a low net yield com-
pared to other crops. Most irrigation water is needed
for sugar cane and rice. The results of the optimiza-
tion model have shown that it is possible to increase
the net yield of crops by reducing the cultivation of
onions, garlic, fruit trees, peanuts, sesame, and soy-
beans, increasing the cultivation of wheat, cotton,
maize, and corn to achieve self-sufficiency and in-
creasing the cultivation of tomatoes. The total net
yield was increased by 38% for winter crops and by
2.7% for summer and Nili crops. While this study
has made substantial progress in optimizing water
use and crop yield, it is important to note that short-
term predictions regarding water demand and crop-
ping success remain complex due to the variability
in climatic and environmental factors. Future re-
search could benefit from the integration of machine
learning models to further enhance prediction accu-
racy and create adaptive cropping strategies based
on real-time data.
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LAGODZENIE PROBLEMU NIEDOBORU WODY ORAZ ZWIEKSZENIE BEZPIECZENSTWA
ZYWNOSCIOWEGO POPRZEZ OPTYMALIZACJE UPRAW: WNIOSKI Z BADAN WE WSCHODNIEJ

DELCIE NILU

ABSTRAKT

Cel pracy

Niedobor wody to palacy problem na skalg globalng, szczegodlnie w regionach pustynnych i polpustynnych.
Egipt — kraj klasyfikowany jako potpustynny — zmaga si¢ ze znacznymi ograniczeniami w dostepie do za-
sobow wodnych. Niniejsze badanie dotyczy obecnych i prognozowanych warunkéw wodnych w egipskiej
wschodniej delcie Nilu oraz ma na celu wyjasnienie obecnej polityki i strategii dotyczacych oszczedzania
wody i zwigkszania jej podazy. Ponadto badanie ma pozwoli¢ na zidentyfikowanie zagadnien, ktore wyma-
gaja dalszych badan, oraz na przedstawienie przegladu roznych modeli stosowanych w celu optymalizacji
zarzadzania zasobami wodnymi i ochrony bezpieczenstwa zywno$ciowego.

Materiat i metody

W badaniu przeanalizowano stan dostgpnosci zasobow wodnych, zapotrzebowanie na wodg i inne czynniki
istotne na obszarze wschodniej delty Nilu. Aby rozwigza¢ problem niedoboru wody, w pracy zbadano roézne
modele optymalizacji, w szczegdlno$ci programowanie liniowe. Model ten zastosowano w obszarze wschod-
niej delty, skupiajgc si¢ na regionie zaopatrywanym przez Kanal Ismailijski. Model miat na celu zrbwnowa-
zenie ograniczonej podazy wody pitnej ze wzrastajagcym zapotrzebowaniem, umozliwiajac wprowadzenie

zmian w schematach upraw.

Wyniki i wnioski

W badaniu ustalono, ze najlepszym sposobem na zabezpieczenie dostaw wody i zminimalizowanie jej nie-
doboru jest zastosowanie modeli optymalizacji. Niedobor wody w obszarze zaopatrywanym przez Kanat
Ismailijski we wschodniej delcie wynosit okoto 789,81 MCM. Zmieniajac schematy upraw, mozna byto
zmniejszy¢ niedobor wody. Wyniki sugerowaty ograniczenie uprawy roslin niestrategicznych, takich jak:
cebula, czosnek, drzewa owocowe, orzeszki ziemne, sezam i soja. ROwnoczes$nie intensyfikacje upraw stra-
tegicznych, takich jak: pszenica, bawela, kukurydza i zboza, a takze upraw o wysokich plonach netto,
np. pomidory i ziemniaki. Zmiany te pomoga zrownowazy¢ popyt i podaz wody, zapewniajac bardziej zrow-

nowazona strategi¢ zarzadzania nig w przysztosci.

Stowa kluczowe: schematy upraw, Kanat Ismailijski, optymalizacja, wschodnia delta Nilu, uprawy strate-

giczne
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