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Abstract

A procedure is presented for determining the optimum reservoir
size for supplemental irrigation using Linear Programming technique.
The volume of water stored depends on the available runoff during the
time interval considered along the rainy season, and the water demand
which also varies depending on stage of plant growth. The runoff
amount is estimated using the well-known Soil Conservation Services
(SCS) curve number method. The required input data for the model are
the daily rainfall depth for each time interval, soil type, construction
cost per unit volume of reservoir, loss of economical return per unit area
of land left as a catchment, and the maximum allowable catchment area
which depends on total available area of land considered. The
computerized model consists of two parts; in the first part, the program
formulates the input data in the form of Linear Programming problem,
while in the second part the program solves the problem by the Simplex
method. The model is applied using data for Al-Hader area in Nineva
Governorate. The long-term mean annual rainfall of the selected site is
about 150 mm.  The results showed that the most economic design is
the one in which the required harvesting area is about three quarters of
the total area under consideration. In this case the yield is sub-maximal,
but most economical, and the irrigation depth is only about 87.5% of the
case that gives the maximum yield.  The required reservoir volume for
the most economic design is about 111 m3/ha of the land area
considered.

Keywords: linear programming, modeling and simulation, reservoir
sizing, supplemental irrigation, water harvesting.
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مدرساستاذ

كلیة الھندسھ، جامعة الموصل، الموصل ـ العرققسم ھندسة الموارد المائیھ، 

الخالصھ

تم تقدیم نموذج محاكاة إلیجاد الحجم األمثل للخزان الالزم الغراض الري التكمیلي 
اعتمد مبدأ الموازنة ألحجمیھ في تتبع حجم الماء المخزون . بأعتماد طریقة البرمجھ الخطیھ

وقد تم اعتماد طریقة رقم . سب مراحل النموخالل موسم المطر، ومقدار الطلب وھو متغیر ح
تتضمن البیانات الالزمة أعماق . المنحني ألمقدمھ من قبل خدمات حفظ ألتربھ االمریكیھ

األمطار ألیومیھ لكل فترة، تتبع االحتیاجات المائیة، ألكلفھ السنویة لوحدة حجم الخزان، 
السنوي من المساحھ المستغلھ، الخسارة السنویة لوحدة ألمساحھ غیر ألمستغلھ، والوارد 

، في الجزء االول یتم صیاغة البیانات الالزمھ نیتضمن النموذج جزئیی. ومساحة الحقل الكلیھ
تم تطبیق . السلوب البرمجھ الخطیھ، وفي الجزء الثاني یتم حل المسألھ بطریقة السمبلكس

ألواقعھ قرب ) ملم ١٥٠یبلغ المعدل السنوي ألمطارھا بحدود (النموذج على منطقة الحضر 
أظھرت النتائج أن التصمیم االقتصادي االمثل ھو الذي ). محافظة نینوى(مدینة الموصل 

یتطلب مساحة جابیھ تعادل ثالثة ارباع مساحة الحقل الكلیھ وفي ھذه الحالھ تكون نسبة تجھیز 
حة أي ان إنتاجیة وحدة المسا، من الحد األقصى للطلب% ٨٧.٥الماء للمحصول بمقدار 

وان حجم الخزان . للتصمیم االمثل للخزان تكون اقل من االنتاجیھ العظمى لوحدة ألمساحھ
.ھكتار من المساحة الكلیھ للحقل/ ٣م١١١المطلوب ھو بحدود 
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Introduction

Most areas with low rainfall suffer from low and unstable crop
yield. In these low rainfall areas, the water use efficiency is extremely
low since most of the rainwater is lost by soil surface evaporation and/or
runoff to salt sinks. Therefore, the productivity of the land and water are
both low. By intervening, via water harvesting, the productivity of the
rainwater can be significantly improved, through concentrating the
rainwater on part of the land. Often, one life- saving irrigation to rainfed
crops at the most critical growth stage could substantially improves yield.

Water harvesting can be defined as the process of collecting runoff
water and storing it for future beneficial use, [1,2]. This use may includes
domestic (drinking and other home uses), irrigation (crop use), and even
industry. Generally, storage of rainfall in the soil profile for crop use is
cheaper and more efficient than storage of runoff in excavated tanks.
However, the major limitation of storage in the soil profile is its limited
capacity. In most of the rainfed areas, rain-water conservation measures
cannot conserve all the rain- water and a certain amount of runoff is
bound to occur. This runoff can be harvested (collected and stored) in
tanks for a life- saving irrigation to rainfed crops.

Use of water harvesting tanks in rainfed areas has come into vogue
only recently. A simulation model combining a watershed runoff model
and a corn grain model to determine the reservoir site necessary to ensure
the availability of water on a probability basis of irrigation was
developed, [3]. Return period calculations are made on yields to obtain
probability curves of yield as a function of reservoir size for the
simulation period. This information enables users to make better decision
regarding selection and design of irrigation water supply reservoirs.

A procedure for determining the optimal reservoir size, based on
economics, for supplemental irrigation was presented, [4]. The procedure
can also be used to evaluate the risk involved in investing supplemental
irrigation.

A model of rainfall-runoff response from spatially varied storage
dominated watershed was developed, [5]. The framework of the model is
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flexible in that it has previously been used to describe rate controlled
watershed.

A procedure to design a tank for water harvesting and compute its
benefit-cost ratio for a region in northern Punjab was developed, [6]. It
was observed that the total cost of tank per unit of capacity decreased
with increasing tank capacity. The results show that tanks designed on the
basis of seasonal runoff and used for pre-sowing irrigation of wheat, are
the most beneficial with a benefit-cost ratio ranging from 1.6 to 4.5 for
catchment are varying from 1 to 100 ha.  The probability level of the
lowest assumed runoff corresponding to the lowest annual cost per unit of
available water increased with increasing tank capacity and varied from
40 to 80%.

A desktop method to analyze or size detention ponds and outlet
facilities was presented, [7] . Different initial conditions are allowed
when used for design purposes. The method determines the size of the
outlet facility for a given pond. However, if the pond is inadequate to
meet the design criteria set, the method determines the required storage
stage relationship. The method is based on the usual reservoir-routing
technique that couples the hydrologic-storage equation with an expression
describing the flow through the outlet structure. A computer model is
used to solve the governing equations using a finite difference scheme.
The numerical results obtained in terms of systematically chosen
combinations of the governing dimensionless parameters are generalized
based on the concept of similarity.

A  simple simulation model containing few parameters for a water
harvesting strip farming system was described, [8] . The model includes
runoff – threshold functions for different soil types and for different
initial soil water contents. The evapotranspiration component of the
model accounts for dynamic root water extraction using regression
equations. The model is simple to operate and uses readily available
inputs. It can work with several crops when leaf area indices and crop
stage coefficients are provided. The agreement between simulation
outputs and field observed data indicates that the model accurately
describes the water balance within the system. The model is
recommended for obtaining preliminary design of water harvesting
systems.
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The small water harvesting reservoirs are a viable option in the dry
areas, [9]. If properly planned, designed and implemented, they improve
rainwater use efficiency, agricultural development, and environment.
However, unless selection is based on maximizing water use efficiency,
they might not be the best option. Making water available for agriculture
may not necessarily mean good agriculture. Several problems both
technical and socioeconomic need to be solved before water use
efficiency is maximized.    In the mid eighties, they initiated a research
site in a typical area of the Jordan Badia (Muaqqar) to investigate the
potential use and improved management options of small farm reservoirs
and followed up on it since then. Three small earth dams were built
across a wadi creating farm reservoirs. The reservoirs are used to irrigate
research plots of field crops and trees at the Jordan University Station.
The experiences gained from this work are immense.

A model to predict the optimum size of the on-farm reservoir so as
to provide supplemental irrigation to rice in monsoon season, pre-sowing
irrigation to mustard in winter and to support fish cultivation in rainfed
farming systems in Eastern India was developed, [10]. The model is
based on water balance approach for both the crop field and the reservoir,
where hydro-meteorological parameters and the irrigation management
practices are input to the model.

The objective of this paper is to develop a simulation model for
water harvesting and to find the optimal size of the reservoir of the
system that maximize the net economical return.

The Simulation Model

A mathematical computerized model based on Linear
Programming technique has been presented here to optimize the size of a
storage tank or reservoir for supplemental irrigation depending on runoff
volume. It is assumed that all the runoff coming from the catchment area
enters the reservoir. Figure (1) shows the basic parameters considered in
the model.
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The model described here analyzes the relationship between
moisture added to the soil, through precipitation and runoff that is
required for crop growth. The daily rainfall data available for the record
years are used in estimating the value of runoff volume for rainy days.
Daily runoff occurs when the daily rainfall exceeds threshold depth value

which in turn depends on the characteristics of the catchment area, mainly
slopes and surface conditions.

Figure(1):Conceptual and basic parameters of the proposed
simulation model.

The decision input for water harvesting is runoff water that can be
harvested in the site. To calculate the runoff amount, the Soil
Conservation Services (SCS), Curve Number (CN) methodis chosen,
[11]. It calculates the runoff ( oiR ) in millimeters induced by daily rainfall
through the following equations:

SRif
SR
SRR i

oi 2.0
8.0

)2.0( 2







..…...…………………………(1a)

Planting (Target) areaHarvesting (catchment) area
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SRifRoi 2.00 

...………………………….....(1b)

Where:

oiR = Daily runoff amount in millimeters,

iR = Daily rainfall amount in millimeters, and

S = Storage or retention of the soil in millimeters.

If rainfall is small )2.0( SRi  , all water goes into the storage of the soil and
no runoff takes place. If rainfall is high enough )2.0( SRi  , runoff takes
place according to equation (1a). The curve number ( CN ) simplifies all
these influences into one parameter and determines ( S ) by the following
equation:





  101000*4.25

CN
S

………….………..…….…..….…(2)

in which:

S = Storage or retention of the soil in millimeters, and

CN = Curve number.

The total daily runoff volume can be then computed using the following
equation:

ARV oii 

……………………………..……(3)

where:

V = Volume of runoff water for ith day, and
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A = Catchment area.

In areas where surface water must be stored for later uses in
irrigation and other purposes, a system for determining a reservoir water
balance and reservoir’s size must be employed. The proper sizing of this
reservoir must start by considering all inflows to and outflows from it.

The inflow to the reservoir is equal to the runoff volume:

ii VI 

……………………………...……(4)

where:

iI = Volume of inflow water to the reservoir for the ith day. and

iV = Volume of the runoff volume of ith day.

The outflow from the reservoir includes (a) the irrigation demand
that depends on the actual evapotranpiration EVP, (b) the evaporation
from water surface area of the reservoir and (c) surplus water (spill).

Supplemental irrigation is assumed to  take place whenever, the
soil water depletion reaches a level close to a predefined  depletion level,
which is usually taken at 50% depletion of the total available water in the
root zone of the crop.

In order to determine the reservoir size, an initial storage ( OS ) is
assumed. The outflow ( iO ) from the reservoir is equal to the demand rate
of irrigation, evaporation loss from reservoir water surface area, and
spilled water. The seepage losses from the reservoir is assumed zero
because of lining the bottom and reservoir sides with plastic material. For
the purpose of model formulation, the area of the water surface and the
total wetted surface area of the reservoir are expressed as functions of the
antecedent water storage, and reservoir volume, respectively. Therefore, a
certain shape for the reservoir is assumed.  The reservoir shape
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considered in this study is inverted truncated pyramid with a square base,
and a side slope if 1V:1.5H.

The objective function is to maximize the total return by
considering the benefit per unit mass of yield per unit of planting area,
losses for not cropping (harvesting) area under rainfed conditions, and
reservoir cost per unit volume. The total cost of a reservoir includes its
construction, lining cost and cost of inlet and spillway structure, therefore
the objective function in terms of benefits will have the following form:

Maximize total benefit ………..… (5)

in which:

TBC = Net yearly benefit,

= Yield per unit area,

= Return per unit mass of yield,

= Cropped area (Target),

aC = Cost per unit harvesting area, reflects yearly loss of rainfed
production per unit area of catchment,

cA = Catchment area,

rC = Cost per unit volume of reservoir, includes its construction,
lining cost and cost of inlet and spillway structure.

rV = Volume of reservoir.

This function is subject to a number of constraints that must be
considered. The first constraint in the reservoir routing (volume balance
in cubic meter) equation, for five-day intervals which can be expressed as
follows:

yC

rA

rrcaryTB VCACACYC .... 

Y
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1 jjjj SOIS

…….…..………………………(6a)

in which:

jS = Storage volume at the beginning of time interval ( j )

jI = Inflow volume to the reservoir during the time interval ( j )

jO = Outflow volume (supplemental irrigation water volume plus
evaporation loss from reservoir, and spill water through the
time interval, j )

1jS = Storage volume at the end of time interval ( j ) which is the
same at the beginning of time interval ( 1j ).

and

VS j  ……………. j = 1,2,3,…. n
…….…………..………….(6b)

in which:

V = reservoir volume, and

n = number of time intervals.

The outflow volume jO at the time interval j can be expressed by
the following form:

jjjj SPEVDRO 

….………………………………………….(7)

In which;
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jDR = volume of demand rate at time interval j ;

jEV = volume of evaporation loss from the reservoir; and

jSP = spilled water volume through time interval j .

The evaporation loss during each time interval is estimated based on
available data of Class-A pan evaporation of and water surface area of the
reservoir, RSa (m2), which can be estimated by the following relation:

21. XSXRSa i 

…………………,,…………………………….(8)

In which;

1X and 2X are constants based on reservoir shape, side slopes, and base
dimensions

Also the lining area, LA (m2), can be estimated based on reservoir volume,
V (m3), by the following form:

43 . XVXLA 

………..…………...…………………………..(9)

In which;
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3X and 4X are constants based on reservoir shape, side slopes, and base
dimensions.

In this study, it is assumed that complete runoff resulting from the
catchment area treated with an in-situ water conservation procedure,
enters the reservoir, and suitable inlet and spillway structure are provided.
The reservoir capacity for silt accumulation is considered which is equal
to (S1), the volume of dead storage or the minimum required volume at
the beginning and end of rainfall seasonal. This volume is to provide a
minimum required depth for pumping and operation of the system.

The constraint in Equation 6b is applied for each time interval,
therefore, the number of this constraint is equal to the number of time
intervals considered. Another constraint regarding the limitation on the
total area of land  is also added to the set of constraints of equation (6).
The land area constraint is in the following form:

frc AAA 

…………………..……………………………...(10)

cA = The catchment (harvesting) area,

rA = Irrigated area, and

fA = total area considered in the problem, given as a limited value.

Model Application and Results

The simulation model is run for different degree of water
availability to crop by supplementing the rainwater to different levels
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varying from only rainfed to 100% crop water requirement. As the level
of water availability to crop is increased, the catchment (harvesting) area
increases while the cropped area decreases.

The model is applied for the Al-Hader area (35° 35′ 47″ N,
42° 40′ 00″ E), Nineva Governorate in northern Iraq. The location of the
selected site, which is meant to be suitable for water harvesting
implementation is shown in Figure (2). The soil of the study area is
generally  silty clay loam. Barley crop which is suitable for low rainfall
areas is selected for model application. The growing season is six months
long (November to April, therefore n=36 in Equation 6b) with mean
annual rainfall of 142 mm. This quantity of mean annual rainfall is
usually not enough to grow any economical crop.

A number of trial runs are conducted in which the evaporation
losses from the reservoir and lining cost are neglected. The results of
these trial runs indicated that the required reservoir volume is about
950m3/10 ha of land area. Based on this result, suitable dam reservoir
dimensions with a square reservoir base of 12.5m*12.5m, and side slope
of 1V:1.5H are selected. Depending on these dimensions, the values of
the constants ( 321 ,, XXX and 4X ) of equations (8), and (9) are 0.3132,
176.987, 0.376, and 181.173 respectively.

Location of

Study area
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Figure (2): The location of the study area at Al-Hader, Nineva
Governorate, Iraq.

The input data required to formulate the model is the rainfall data,
evapotranspiration, cost (loss of rainfed production) per unit catchment
area, cost per unit volume of reservoir, sale price per unit mass of yield,
and total field area. The current market prices in the study area are
adopted in the model application. In this study, the field area is taken as
10 ha of land.    An average year (close to the long term mean rainfall
year) is used in the application of the model. Table (1) presents data used
in the linear programming formulation.

The results showed that the most important factors that determine
the required harvesting area and reservoir size are the unit cost of
catchment area and unit cost of reservoir volume. For the maximum
demand rate (100% crop water requirement satisfaction) ,  the results
showed  that  the   required harvesting area is  about  80%  of the total
catchment area and the required reservoir volume is about 1175 m3/10
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(ha).  These results mean that the ratio of the harvesting area to the
cropped area is around 4.0, (i.e. 80% divided by 20%). The  demand rate
is gradually decreased to about 62.5% of crop water requirement to study
its effect on harvesting area, cropping area, reservoir volume, and the
objective function value. As a result,  Figure (3) shows the variation of
relative net benefit due to decreasing of demand rate. The variation of the
ratio of catchment area to cropped area due to variation of demand rate is
also studied. Figure (4) shows this ratio against different levels of demand
rate. The optimal benefit is obtained for the demand rate of 87.5%
satisfaction of the maximal value of demand rate (which is usually called
the crop water requirement). The harvesting area is about 75% of total
area, This means that the optimal ratio of harvesting area to planting area
is about 3, and the reservoir volume is about 1110 m3/ 10 ha of the total
land area under consideration.

Table (1): The input data (1982-1992) for Al-Hader (Nineva
Governorate) area as a case  study  for  the  simulation
model.

Time from
planting date

( Days )

Eto
( mm/day

)
Etc

(mm/day)
5-day total rainfall at 50%

probability
( mm)

5 1.47 0.41 9.9
10 1.47 0.41 15.8
15 1.47 0.41 6.6
20 1.47 0.41 5.3
25 1.47 0.45 3.0
30 1.47 0.61 13.5
35 0.7 0.37 12.3
40 0.7 0.45 8.5
45 0.7 0.53 3.6
50 0.7 0.61 7.6
55 0.7 0.69 14.5
60 0.7 0.77 6.0
65 0.79 1.1 13.4
70 0.79 0.91 3.2



Hachum : Optimal  Reservoir Sizing for Small Scale  Water Harvesting System

Figure (3): Variation of relative net benefit with decreasing
percentage of supply of maximum demand rate.

75 0.79 0.91 11.7
80 0.79 0.91 10.0
85 0.79 0.91 8.8
90 0.79 0.91 5.5
95 1.17 1.35 13.4
100 1.17 1.35 8.8
105 1.17 1.35 9.4
110 1.17 1.35 12.9
115 1.17 1.35 11.7
120 1.17 1.35 5.6
125 2.15 2.43 13.9
130 2.15 2.43 11.8
135 2.15 2.43 16.5
140 2.15 2.34 9.0
145 2.15 2.34 21.8
150 2.15 2.34 4.9
155 3.33 2.63 4.1
160 3.33 2.30 3.7
165 3.33 1.96 4.5
170 3.33 1.63 3.5
175 3.33 1.29 6.3
180 3.33 0.96 3.5
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Figure (4): Variation of catchment area to planting area ratio versus
percentage of supply of maximum demand rate.

For the analysis of the reservoir water balance using five-day
intervals,  Figure (5) shows the water stored in the reservoir, probable
runoff volume, required supplemental irrigation volume (water pumped
from reservoir), and evaporation loss for a 10 ha  total land area. The
results show that the maximum harvested runoff volume is about 825
m3/10 ha, and the maximum stored runoff volume during the growing
season is 1110 m3/10 ha of land, which represents the required reservoir
volume.

The results also showed that if the reservoir is designed at a lower
probability level of assured rainfall and runoff, it will have a larger
capacity and lower chance of being filled up to its full capacity. On the
other hand, a reservoir designed on a higher probability level of assured
rainfall will have a lower storage capacity but chances of being filled to
full capacity will be greater and thus the expected cost of reservoir will be
higher.

Conclusion
A simulation model for determining the optimum reservoir size for

supplemental irrigation under rainfed farming conditions based on linear
programming technique is presented.  The volume of water stored in the
reservoir depends on the available runoff water and the water demand for
each interval during the growing season.
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The most important factors that govern the required harvesting
(catchment) area and reservoir size are the unit cost of catchment area and
unit construction cost of the reservoir. By implementing the proposed
model, on an average rainfall year using the current market prices,   and
average year rainfall, the results showed that the required harvesting area
is about 75% of the total area of land, and the required reservoir volume
is about 1110 m3 per 10 ha of the total field area (111 m3/ha). These
optimal values occur at a 87.5% fulfillment of the maximum demand rate.

Figure (5): Stored water in the reservoir, runoff volume, required
supplemental irrigation volume and evaporation volume for

each 5-day time interval.
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