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Abstract: The purpose of the study was to find the optimal cropping pattern, in Egypt, which maximizes the net
income return per water cubic meter. Our aim is to achieve the efficient utilization of the scarce water resources.
Previous studies revealed the diversion of the current cropping pattern from the efficient utilization of
resources. The fractional programming model was applied in two possible future scenarios for the prices of the
Egyptian crops. The first scenario was associated with the continuation of the local prices; while the second
one was associated with the dynamic global conditions, like applying the regulations of free trade agreements,
which is expected to make the prices of the Egyptian crops approach their corresponding international prices.
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INTRODUCTION importing wheat as, in fact, importing virtual water.

The Egyptian cropping pattern was mainly controlled states have been vexing, over the 1929 River Nile treaty.
by Egyptian government for a long period (1961-1986). A Recently, Kenya's members of parliament have expressed
lot of studies, which were conducted to analyze the their concern over the legality of the treaty as it bars
cropping pattern during this period (1961-1986) revealed countries from using water from Lake Victoria for
the deviation of the prevailing cropping pattern from the irrigation; with droughts becoming a familiar phenomenon
optimal one that could achieve economic efficiency in in East Africa, Lake Victoria water is seen as a possible
allocating resources and increasing agriculture way of solving region's food requirements.
production . Hence, the problem under consideration is that[8,9]

Starting from 1987, an agriculture liberalization policy current cropping pattern is not economically efficient in
was implemented in Egypt. Under this liberalization policy, the utilization of the available water resources. We
the government gave the farmers the freedom to choose suggest that the target of the agriculture policy ought to
the crops to plant, and to decide the area planted by each be the best economic utilization of the available water
crop. Naturally, the farmers plant the most profitable resources, taking into consideration the freedom of the
crops. They also plant the essential crops, which satisfy farmer in choosing the crops to plant. This target is critical
their domestic consumption needs like wheat, maize, rice, in order to achieve sustainable agricultural development
broad beans and clover. Some studies  have for our future generations.[10,14,25]

indicated just slight improvement toward achieving In this study we have conducted two scenarios. In
economic efficiency as a result of the changes that the first scenario, local prices for crops were used, and in
occurred in the cropping pattern after the liberalization the second one, international prices were used. With the
policy. implementation of general agreement for trade and tariff,

The agricultural sector consumes around 81% of the and other free trade agreements, the local prices of the
annual water resources in Egypt. The importance of the agricultural goods are expected to approach their
water issue, in Egypt, has increased recently due to corresponding international prices.
several reasons. One of the main reasons is the
exponential growth of the population, which made Egypt MATERIALS AND METHODS
skip the water poverty line set by the UN at “1000 cubic
meter per capita annually”. Egypt imports around 50% of The prime sources of data for this research were the
its wheat domestic consumption; scientists consider published and unpublished data available in the statistical

Moreover, since independence, East and Central African
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department and Economic Affairs Sector, Ministry of It is important to state that, in the local prices
Agricultural and Land Reclamation. Also data from other scenario, f1(x) is a complex nonlinear function (as
relevant sources e.g. Ministry of irrigation, Central explained in the next section); for this reason we used
Agency for Public Mobilization and Statistics were used Evaluation Strategy1 (a powerful heuristic technique) to
when needed. find the optimal solution. After obtaining the optimal

To achieve the research objectives, several results, we verified that the optimal solution satisfies
operations research methods were used (as explained in Kuhn-Tucker conditions for stationary points. Moreover,
details later). These methods include: nonlinear because f1(x) is strictly concave and the solution space is
programming, fractional programming, multiobjective convex (all constraints are linear), these conditions are
programming, Evolution Strategy (an advanced Heuristic also sufficient for a global optimum .
search method), Kuhn-Tuker theorem, post optimality
analysis. Problem Formulation: In order to find the optimal

The work in this paper was organized as follows: solution for the cropping pattern problem, we first need to
Section 1 introduces the theoretical foundation, which develop a mathematical model of the problem. Essentially,
includes the two proposed algorithms. Section 4 is the
problem formulation. Section 5 introduces the case
application. Section 6 conducts post optimally analysis.
Finally, the conclusion and future research is in Section 7.

Theoretical Foundation: Finding the optimal cropping
pattern, in Egypt, which maximizes the net income return
per cubic metering water can be classified as a fractional
programming problem FPP . FPP has become of great[4,7]

interest in recent years; as the optimization of ratios of
criteria gives more insight into the problem situation than
the optimization of each criterion. In a real situation, a
decision maker DM is sometimes required to evaluate
output/capital or profit/employee etc… with respect to
some constraints in different areas. The cropping pattern
problem can be formualted in the following FPP form:.

where f (x): "net agricultural income", f (x): "irrigation1    2

water"
f (x) isstrictly concave and belonging to C  1

1

f (x) & g(x) are linear and belonging to C  2
1

C  : class of all continuous function which possesses1

first order partial derivative
f (x), f2(x): R2 6 R and g(x): R  6 R1

n  m

f (x), does not vanish at any point in M(x). 2

The above FPP is equivalent to the following Bi-Criterion
Programming Problem BCP.

(BCP) : Max {f (x), -f (x)}.1  2

subject to 
x 0 M (x) 
Note that if * x is an optimal solution for a FPP, then

* x is an efficient solution for the equivalent BCP .

[22]

the three main components of the mathematical model are:
the decision variables, the objective functions, and the
constraints. Below, we will describe each component, in
details.

First: Decision Variables: The decision variables, "x " ú ,j  j

j = 1, ..., n, are the target areas, which will be planted by
each of the predetermined crop (units: fedans).

Second: Objectives: The second step in the model
formulation is the definition of the objective functions,
which are as follows:
1. f1(x): the net agricultural income generated from the
cropping pattern.

where
n  : represents the net profit per fedan for each crop inj

the cropping pattern (units: Egyptian pounds per
fedan) n  = (p .y ) + s  – c , ú , j = 1, ..., nj  j i   j  j  j

p  : represents the price per ton for each crop (units:j

Egyptian pounds per ton).
y  : represents the yield per fedan for each crop (units:j

tons per fedan).
s  : represents the value of the secondary products perj

fedan for each crop (units Egyptian pounds per
fedan).

c  : represents the value of the total costs per fedan forj

each crop (units: Egyptian pounds per fedan).

In the international prices scenario crop prices are
constant and exogenously determined from the outside
world. However, in the local prices scenario, crop prices
are endogenously determined, according to Adam Smith’s
invisible hand famous metaphor. Smith realized that free
market creates powerful negative feedback loop that
causes prices to be self-regulatory; i.e. when the land
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cultivated by a certain crop increases, the supply of the cropping pattern. This set of constraints implies the target
crop increases, which induces the prices to fall beyond its
natural price (similarly when the land decreases, price
increases). To model this nonlinear process we assumed
that price of a crop has a negative constant elasticity (,)
to the land cultivated. i.e.:

Solving the above equation yields:

Where:
p is the reference price (average price in the last years)j

*

x  is the reference land (average land in the last years)j
*

2. f (x): the water consumption used in irrigating the2

cropping pattern.

Where:
W : represents the water requirements per fedan for eachj

crop (m3/ fedan).

Third: Constraints: The “system of constraints” is
represented by the following two sets of constraints

The first set is associated with the two aspects: the
limited physical land available for planting the crops, and
the duration of each crop in land. In this regards, we have
divided the year into m periods. This set of constraints
implies that the sum of target areas for the crops “decision
variables”, which are planted in each period, must not
exceed the limited land available b (units: fedans).
Mathematically, the formal definition of this set is as
follows:

where
a  = 1, if crop j is planted in the period i; otherwise a  = 0ij            ij

Note that formulating the first set of constraints as
illustrated above, may yield extra redundant constraints
(which will not affect the solution space); however this
formulation is the most convenient for agricultural experts.

The second set of constraints is related to the
minimum land bound b  associated with each crop in thej

L

areas of the crops must exceed (or equal) their associated
minimum b L . Mathematically, the formal definition of thisj

set is as follows:

Note that in the international prices scenario, as crop
prices are held fixed i.e. f1(x) is a linear function __ an
extra set of constraints had to be imposed to specify the
maximum bound for each crop. However, in the local
prices scenario as crop prices are self regulatory  i.e. f1(x)
is a nonlinear function  those maximum bounds were not
imposed.

To summarize this section, the considered model can
be rewritten in the following BCP form:
BCP : Max {f (x), - f (x)}1   2

Subject to

 The Case Application:
Overview: In this case, we have selected the twenty seven
most important crops in Egypt, which are as follows:
Wheat, barley, broad bean, chick peas, fenugreek, lupine,
lentil, sugar beet, winter clover, flax, winter onion, garlic,
winter tomatoes, winter potatoes, maize, sorghum, rice,
peanut, sesame, soya bean, summer onion, sunflower,
summer potatoes, summer tomatoes, cotton, sugar cane,
summer clover. 

The set of constraints {b  < x  új, j = 1, …, 27} reflectsj   j
L

the minimum bounds associated with the various crops.
Note that the Egyptian farmer must produce minimum
amounts of certain crops, e.g. wheat, maize, sorghum,
clover, which are needed for their own domestic
consumption.  Also  the  Egyptian  government  has its
own  agenda  of pertaining minimum amount of certain
crops;  either  because these crops are strategic “e.g.
wheat and maze”, or as these crops are renowned
Egyptian export crops “e.g. cotton, onions, and
potatoes”.
Regarding the set of constraints 

pointed out in the introduction). Moreover, we set m = 24;
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i.e. we have divided the year into twenty four periods. of our original fractional objective function. In the local
Each period is a half-month; the first period starts at the
first half of October, and the last period starts at the
second half of September. 
So, in this case, the mathematical model takes the
following form:
Max {f (x), - f  (x)}1   2

Subject to

and n w as defined before
The values of the model parameters (see Appendix I) were
obtained from the “Agricultural Statistics” bulletins .[16 ]

RESULTS AND DISCUSSIONS

Applying the proposed algorithms on the above
model according to the two
scenarios “local prices scenario” & “international prices
scenario” yield the following results:

First: Frontier Bounds Tables: Each of tables I&II mark
the two points at the bounds of each frontier associated
with each scenario. These two points are considered as
the bounds of a “frontier” which includes the entire set of
efficient points. In the local prices scenario, the ideal
point, is 25.4 billion cubic meter for water, and 15.3 billion
pounds for net income; while, in the international prices
scenario, the ideal point is 25.4 billion cubic meter for
water, and 55.3 billion pounds for net income. However,
the ideal point is infeasible because the objectives are in
conflict.

Figures I & II below, show the frontiers associated
with both scenarios. In plotting the frontiers, we
considered the water as the input of the “agricultural
system”, and net income as the output. Consequently,
one can divide each frontier plot into two stages
according to the law of variable proportions, also known
as the law of diminishing returns . In the first stage, the[12]

FPP objective function “average returns” is increasing;
while in the second stage, “average returns” is
decreasing. As indicated, in the figures, the transitional
point between the two stages is the point of maximum
average returns, which corresponds to the optimal point

scenario, at the optimal point, average returns is equal to
0.51 (L.E./m ) While, in the international scenario, at the3

optimal point, average is equal to 1.88 (L.E./m ).3

Note that, in each frontier, we have plotted the
associated ideal point; moreover, in the local frontier (i.e.
figure I), we have plotted the present point associated
with the present cropping pattern (described in table III),
which is based on local prices. 

In Table III, we outline the optimal results, associated
with the FPP, in the two scenarios, and compare them
with the present cropping pattern according to the
agricultural data of year 2002 .[16]

Table 1: Frontier Bounds Table _ Local Prices Scenario.
f1: Net Agricultural f2: Irrigation Water

 Income (billion pounds) (billion cubic meter)
Point 1 15.3 35.7
Point 2 12.4 25.4

Table 2: Frontier Bounds Table _ International Prices Scenario.
f1: Net Agricultural f2: Irrigation Water

 Income (billion pounds) (billion cubic meter)
Point 1 55.3 35.9
Point 2 30.4 25.4

Scenario Comparison: Table IV compares the optimal
values of the water and net income objectives in
the two scenarios vs. the present cropping pattern “in
year 2002”.

It is crystal clear that the international scenario yields
better returns for the “Egyptian Agricultural Sector”.
Now, comparing the results of the local scenario relative
to the present situation reveals that implementing the
optimal cropping pattern in the local scenario has the
following advantage: it would save around 3.2 billion
cubic meter of irrigation water; moreover, the net
agriculture income would increase by 900 million pounds.

The 3.2 billion cubic meter water saved can be used to
cultivate new reclaimed agriculture land, which in turn will
generate an additional agriculture income. This newly
reclaimed land can be planted by wheat, in the winter
season, and by maize, in the summer season. Wheat and
maize are considered essential food crops; both wheat
and maize can be mingled together to produce bread, the
number one food item for the Egyptian people. A large
portion of these crops are imported to satisfy the
domestic consumption. Table V illustrates the results
associated with the newly reclaimed lands, which would
be irrigated by the water saved. In computing table V, we
assumed that average water requirement per fedan in a
year is around 3200 cubic meter (using modern irrigation
system); the yield for newly reclaimed is 2 tons per fedan
for wheat, and 2.8 tons per fedan for maize; average import
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Table 3: Optimal Results of the FPP (thousand fedans).
Crop Land planted Optimal Land indicated

in year 2002 --------------------------------------------------------------------------------
Local Scenario International Scenario

1 wheat 2450 2400 2400
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 barley 79 72 72
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 broad bean 303 165 165
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 chick peas 17 11 11
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
5 fenugreek 16 3 20
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
6 lupine 9 6 6
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
7 lentil 5 4 4
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
8 sugar beet 300 300 300
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
9 winter clover 1960 2634.5 1800
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
10 flax 21 21 21
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
11 winter onion 64 25 80
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
12 garlic 21 80.934 30
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
13 winter tomatoes 173 385.45 173
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
14 winter potatoes 77 60.896 77
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 maize 2078 2078 2078
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
16 sorghum 382 251 251
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
17 rice 1340 811 811
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
18 peanut 151 78 82.957
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
19 sesame 68 52 52
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
20 soya bean 13 9 9
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
21 summer onion 24 15 30
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
22 sunflower 46 32 32
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
23 summer potatoes 113 97.363 130
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
24 summer tomatoes 273 170.3 300
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
25 cotton 731 600 600
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
26 sugar cane 312 222 222
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
27 summer clover 44 17 17

Table 4: Optimal vs. Present Cropping Pattern.
Present Cropping Pattern Local Scenario International Scenario

Net Agricultural Income (billion pounds) 13.8 14.7 50
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Irrigation water (billion cubic meter) 32 28.8 26.6

price   of   wheat   (cif)   is   150   dollars  per  tons,  and As indicated by the above table, the water saved by
that   average   import   price   of   maize  (cif)  is  120
dollars per ton.

implementing the local scenario can reduce Egypt’s trade
balance deficit by more than 635 million dollars. An 
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Fig. 1: Frontier plot_local prices Scenario.

Fig. 2: Frontier plot_international prices Scenario.
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Table 5: Utilization of the Saved Water in the Local Scenario.
New reclaimed land 
(million fedans) 1
Extra quantity of wheat produced (million tons) 2
Extra quantity of maize produced (thousand tons) 2.8
Reduction of wheat imports (million dollars) 300
Reduction of maize imports (million dollars) 336
Reduction in trade balance deficit (million dollars) 636

economist can argue that another alternative to planting
wheat and maize, in the newly reclaimed land, is to plant
exportable “cash crops”; this will provide more than the

foreign currency needed to sustain importing the essential
food crops with the same rate. However, the “national
food security” perspective adopted by the Egyptian
authorities is to plant essential food crops in the newly
reclaimed land.

Post-optimality analysis: To enhance the applicability of
the model, in practice, we need to add a dynamic
perspective that investigates the impact of possible
changes in the model   parameters on the optimal solution.

Fig. 3: Effect of changes in Total Land Available on Optimal Value of the FPP.

Fig. 4: Effect of changes in minimum bound of land for sugar cane on optimal value of the EPP.

Fig. 5: Effect of changes in minimum bound of land for rice on optimal value of the EPP.
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 In this section, we will focus on the local prices scenario, suggested that farm prices approach the border
and we will study the effect of changes on the right-hand prices, which are derived from the international
side of several constraints on the optimal value of the prices. 
FPP (i.e. the optimal net income return per water cubic 2. Create an insurance agricultural system against
meter), in this scenario.

Figure III plots the optimal value of the FPP against
several values of the total agricultural land available. As
indicated by the figure, in the beginning, increasing the
total land  from the current value of 7 million fedans
slightly enhances the optimal value of the FPP; however
the optimal value of the FPP saturates after that. This
implies that, in future, as the total land increases (due to
cultivation) the results of the model will still be valid.

We have also studied the effects of decreasing the
minimum bound of lands for the two crops that consume
the biggest amount of water, which are the sugar cane and
rice. Figure IV & V plot the optimal value of the FPP
against several values of the minimum bound of lands for
sugar cane and rice, respectively. As indicated by the
figures, decreasing the minimum bound of lands, from
their current values, enhances the optimal FPP; if we did
not plant sugar cane and rice at all, this would be better;
however this is impractical in reality.

Conclusion and Future Research: This study concludes
with the necessity to modify the current cropping pattern,
in Egypt, in order to achieve the efficient utilization of
water resources available. Two scenarios for the cropping
pattern have been investigated. The first scenario is
associated with the continuation of the local prices of
crops; while the second one is associated with the
dynamic global conditions, like applying the regulations
of free trade agreements, which is expected to make the
prices of the Egyptian crops approach their
corresponding international prices. Comparing the result
of the two scenarios, reveals that the second scenario
yields better returns for the Egyptian agricultural sector;
this indicates that pricing the Egyptian crops with
international prices is indeed in favor of the agriculture
sector in Egypt.

In this study, we have provided the DM with a
comprehensive vision of the frontier, in both scenarios;
and via the concept of “opportunity cost”, demonstrated
the trade-offs between the water and net income
objectives, associated with traversing the frontier around
the optimal point. 

Regarding the implementation aspects, for this study
to beneficial, the following three essential points have to
be considered by the authorities:

1. Adopt a pricing policy that induces framers to
implement the recommended cropping pattern. It is

various risks that faces agricultural production. Such
a safety net will facilitate the implementation of the
recommended cropping pattern. 

3. Develop a strategic national plan to capitalize on
the irrigation water saved from implementing the
recommended cropping pattern, through cultivating
additional new reclaimed land. This in turn, can
increase the net agricultural income, create new job
opportunities, and increase the production of
essential food crops like wheat and maize. As
indicated by this study, the water saved by
implementing the local scenario can reduce Egypt’s
trade balance deficit by more than 635 million dollars.
Finally, based on the essence of this study, we
recommend that the authorities allocate more budget
to the following two vital polices:

1. Subsidize the introduction of modern irrigation
systems in the Delta and the Nile basin.

2. Finance scientific research in the area of genetic
engineering in order to generate new types of crops,
which have enhanced features like: high yield, less
water requirements, less duration in land, etc 
Such policies could radically modify the model
parameters, and consequently push the frontier into
new promising realms. This is an exciting topic for
future research. 
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