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ABSTRACT

This study investigates the use of linear programming to determine waters

distribution schedule from different sources to different water-demanding

sectors as well as to determine the scheduled priority use of different types

of water resources. For this purpose, the transportation and mixed integer

programming algorithms are used. The formulation of both algorithms were

analyzed using LINDO program. The method of linear programming (LP) is

adopted to optimize water delivery schemes for Icbid City, the second

largest city in Jordan. This city as well as the whole country depends

mainly upon surface water, and groundwater resources which are scarce and

expensive to exploit. The result of the study shows a reasonable argument

where all surface water from all sources (Mukhaiba, Wadi Arab and Local

supply) is used and none of the groundwater supply is diverted for

agricultural purposes due to'its higher cost.

INTRODUCTION

Due to the increasing water scarcity around the globe, great attention has

been given to water resources planning and management. It involves the

concepts of examining ways to meet the short and long term needs and

requires an understanding on how to use the available resources to meet the

demand. Providing adequate water supply from various limited resources is

becoming a problem of serious concern to meet increasing demands. The

problem of supplying an adequate amount of water to meet the different

water-demanding sectors is of utmost important to a country which has a

limited resources like Jordan. It is reported that the current water demand in

Jordan is about 660 MCM denominated mainly on irrigation requirement.

This demand will triple in the next 20 years with a projected population

growth of 3.5%. Oordan Water Resources Report, 1985).
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Remedial action should be taken in order to meet the demand in future in
which the present water production cannot meet peak demands without using

storage water. The response to this shortage has been develQped by

identifying various possible resources to meet future demands.

OBJECTIVE

To furnish water planner a quick reference of the idea on how the existing

water supply is distributed, a linear programming method is adopted to

optimize water delivery schemes for Irbid. the second largest city in Jordan.

This city as well as the whole country depends mainly upon surface water

and groundwater resources which are scarce and expensi,;e to exploit.

Taking the advantage of mixed integer programming (MIP), this problem is

first formulated using this algorithm to determine the priority of use of

different type of water resources from different cities (sources). The MIP is

used rather than pure integer programming (lP) or normally is referred to

integer linear programming because the IP algorithm uses the integer value

of zero and one to determine the 'yes-or-no' decision (Hillier & and

Lreberman, 1990). In such decisions, the only two possible choices are

either yes or no. In this study some of the variables are required to have

integer value and therefore MIP algorithm is adopted. The determination of

priority of use can be applied using the MIP in order to first evaluate the

sources of water supply to be delivered to Irbid City as well as scheduling of

those sources.

Then the transportation algorithm is formulated to optimize the delivery of

the available water supply from different parts of resources to satisfy the

demand of various water users. The optimizing objective is to minimize

costs and these parameters are required by water planners to assist their

planning and decision making. An early action is necessary for water

planners to avoid an inadequate waler supply for the City to meet a future fast

growing demands.

STUDY AREA

The city of Irbid is located at the northernmost part of the Country of

Jordan. According to the 1985 population census, this city has a

population of 750,000 and expected to have an annual increase of 3.5%

population growth. The pattern of settlement in most part of the country is

influenced by water availability and it happened that Irbid has become a

focus of population concentration settlement due to its adequate water

supply and water availability. The water resources for this city depend our

surface and groundwater systems. The groundwater supply to the city comes

from Wadi Aqib and Samaya.

,
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Figure 1 : Location map of study area

Mukhaiba and Wadi Arab supply surface water to the city. The supply of

surface as well as ground water also comes from local resources with a

limited amount. Due to high cost of exploiting ground water, it is served

only for municipal and industrial demands. Surface water supplies the

irrigation demand. Figure 1 shows the general location of the study area and

the city of Irbid.

Problem Formulation
The mixed integer programming is formulated according to the priority

arranged in descending order as shown in Table 1. In this. arrangemen.t.

ground water goes last where previously explained that thIS .reso~rce IS

expensive to be exploited. In addition, the supply from WadI Aqlb was

arranged at the least priority because it is the most expensive ground water

resource in due to its geographic location.

Year 1985 1990 1995 2000

Source MCM MCM MCM MCM

Surface Local 5 5 5 5

Water Wadi Arab 11 20 20 20

Mukhaiba 5 5 5 5

Local 2 2 2 2

Samaya 5 6.5 65 6.5

Wadi Aaib 7 7 10 10

Table 1 : Total distribution of sources of water for MIP

The figure summarized in Table 1 was abstracted from the Jordan Water

Resources Report 1990.
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As explained earlier, the objective of this algorithm is to determine the

scheduled priority of use of different types of water resources from different

places as a guideline and comparison to the formulation of transport1ition

algorithm. Then after conforming the priority of used resulted from MIP.

the transportation algorithm is formulated to solve the water distribution

from different sources to different water-demanding sectors.

J

I
Taking an advantage of an attractive and straight forward transportation

algorithm from linear programming, the water supply for the Irbid City can

be generalized us in the matrix of Table 2.

The transportation programming model is capable to give an optimal

solution to the objective function of this distribution operation. In a

general transportation problem. a homogeneous source is available in the

amounts of Si (i = 1,2•.... m) for each of m shipping origins and is required

to distribute to n destination with the required amount of dj U = I. 2, ...• h).
The structure 'of.this problem can be summarized in Table 3 shown below.

I 2 3
.erru.

..... n

2
LII LI2 LJ3 :'n ~I

Source C2I C" C2J C2n 82
(Origin) ,

CJ 1 CJ2 Cn C3n 8,

m
CmI Cm2 CmJ Cmn s",
aI a2 nJ nn

The primary resources of water supply. which are surface water and ground

water are the row headings in the matrix. and the demand requirements are

grouped into three general sectors of domestic. agricultural. and industrial

are the column headings. Even though ground water is more expensive to be

used for irrigation compared to surface water. restriction is not being made

for that resources as an entry in the matrix of Table 2 into that category of

distination. It allows all possible combination Jjy which the total available

supply may satisfy the demand regardless the cost of the source.
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Table for the transportation algorithmTable 3

omestlc gncu lura n uscna ategory
Availabilit

're 0'= ,
"Water Source 2 (swface)

Source 3
roun Duree ,

"Water Source 2 (GJwarer)
Source J

,m~ eqUirement mestlc gncu rur n ustna
R uirement R uirement Re uirement

Table 2 : Matrix of water resources system
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The objective of this problem is to detennine the amount of Xij (i = 1,2, "0'

m ; j = l. 2, .... n) to be distributed over all possible routes so as to
minimize the total cost z. The term Xij denotes the amount of water

delivered \from city i to jth water demanding sector. The cost coefficient Cij

represents the cost of distributing a unit of water from ith origin to jth

destination. This coefficient should be known for all combinations as
previously summarized in Table 3.

Unlike the asignment problem in linear programming. the TP has a

restriction to have a feasible solution is that the row sums equals to the

column sum, i.e supply equal demand. that

m n
L S. L d].

i=l' )=1

where dj and Sj are demand requirement and supply respectively. With this

restriction, a dummy constraint should be introduced in formulating the

problem.

The cost element in the matrix, Cij, which can be translated as the cost of

delivering one unit of water from ith source to jth destination involve three

components namely :

I. Raw water cost: This includes the cost of getting (buying) the Water

Rights and transmission costs.
2. Treatment cost: To provide a safe and clean water, the raw water should

be treated to meet the standards set by local environmental agency. It

is the cost of treating one unit of water to meet the standard required by

different water demanding sectors.

3. Distribution cost: This cost includes the cost of storage, pipe laying

and pumping from a source to a destination.

As reported in the Jordan Water Resources Report (1990), a lump sum

approach was adopted in the prediction of the cost incorred to deliver water

supply. Due to this approach the same cost appears each time and are not

necessary to be discounted to a present value.

Having all the basic required data, the problem can be solved by linear

programming technique so called the transportation problem algorithm

after it is first solved by MIP to evaluate and assess the supply of water

according to its priority of use.



56

Au",L
SUPPLY (MCM)

1985 5.0
1990 5.0

Mukhaiba 1995 783 .•• 460 783 5.0
2000 5.0

SURFACE

WATER

1985 1l.0
Wadi 1990 20.0
Amb 1995 783 460 783 20.0

2000 20.0

1985 5.0
Local 1990 5.0

1995 500 350 500 5.0
2000 50

1995 5.0
Samaya 1990 783 800 783 6.5

1995 6.5
2000 6.5

GROUND
WATER Wadi 1985 7.0

Aqib 1990 70
1995 783 800 783 10.0.
2000 10_0

1995 2.0
Local 1990 500 350 2.0

1995 500 2.0
2000 20

Demand 1985 11.0 14.0 7.0
1990 12.6 16.4 7.0
1995 14.5 19.2 80
2000 16.6 22.4 8.5

* Thousand Dollars per MCM

Table 4 : Transportation problem table for Irbid city

Result and Discussion

The application of MIP and transportation problem algorithms is illustrated

by using the available data of water supply and demand for the city of Irbid,

Jordan. The data used on these formulations are based on the 1985 data with

the projection to the year 2020. It is estimated that the annual population

increase is 3.5% with the 1985 population of 143,042. The water demand

requirement for each sectors appears in the bottom row of the matrix and the

availabilities are recorded in the right hand column of the matrix as

summarized in Table 4. The cost incurred to convey the water supply from

each source to different sectors appear in the matrix element in the table. In

this study, the cost function was assumed constant. The cost function could

have been non-linear which has a function of distance from the supply

delivers to water-demanding ssectors which could look like the illustration
in Figure 2.

j

j

I

,

j
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I
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Figure 2 : Illustration of cost variation

The mixed integer programming is formulated as -:

Ma.."t Z

subject to;

\ $

III

I Ci Xi
1=1

u.,

X
j
~

X
j
~ 0

Xi Vi Xj :2: 0

+ U. + 1 X. ~ 0, . }

III

I
i=l

demand

for 1,2, ,5

7,8, ,11, and

m = 6 [number of sources]

Non-negativity

All Xi 2: 0 for all j's

where

Ci denotes cost of delivering water from source i

Xi for i l. 2, ... , 6 denotes the source from city I

Xj ~ I if Xi > 0

== o otherwise for j::: 7,8, ... 12

Vi denotes total amount of available supply from source

(city) i.
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The results of this formulation for 1985. 1990. 1995 and 2000 is
summarized in Table 5. The figures in table show the supply from each

available source to meet the required total demand and-figures in bracket are

the available supply.

YEAR 1985 1990 1995 2000

SOURCE MCM MCM MCM MCM

SURFACE Mukhaiba 5(5)' 5(5) 5(5) 5(5)

WATl'R Wati Arab 11(11) 20(20) 20(20) 20(20)

Local 5(5) 5(5) 5(5) 5(5)

GROUND Samaya 5(5) 4(6.5) 6.5(6.5) 6.5(6.5)

WATER Wadi Aqib 4(7) 0(7) 3.2(10) 9.0(10)
Local 2(2) 2(2) 2.0(2) 2.0(2)

Total

Demand 32 36 41.7 47.5

, Total supply (available supply)

Table 5 : Supply of water from different sources as resulted

from MIP

The transportation problem algorithm was then formulated to determine the

amount of water taken from sources to supply the demand to different water

demanding sectors in Jrbid City. This problem is formulated as follow:

•

~

I

Demand Constraints

Min Z

Subject to;

m

L
i ;:: 1

n

L
j = 1 j

I
m
L x .. ~ d.
i=1 IJ }

Supply Constraints

Non-negativity

Xij > 0 for all i and)

for
= 1,2 •....• 6

j 1.2,3,4
m;:: 6 [number of sources]

n ;:: 4 [number of water-demanding sectors]

I,

j

I
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where

Gij denotes the cost to deliver water from source

(city) i to jth water-demanding sectors,

Xij denotes the amount of water delivered from source

(city) i tajth water-demanding sectors

In this formulation city (source) i = 1, 2, and 3 are for surface water source

from city of Mukhaiba, Wadi Arab and local supply respectively; and i =

4,5, and 6 are for ground water source from city of Samaya, Wadi Aqib and

local supply respectively. The transportation algorithm as well as MIP

were analyzed using LINDO. The results obtained from the transportation

problem formulation are summarized in Table 6. The matrix elements in
Table 6 show that the amount of water required from each sources to be

supplied to the water demanding sectors. From this results it shows that all

surface water from Mukhaiba should be supplied to agricultural use. It also

shows a reasonable argument that all surface water from all source is used as

well as ground water from local supply. Due to a higher cost of ground

water, no amount is diverted for agricultural purposes as shown in the result.

From MIP result, it also shows that surface water should be used up first-

before utilizing ground water supply. Looking at ground water supply, it

can be seen that the cheapest-sources 5 first-utilized as explained in Table 5.

uomesnc Agnc In<l.ustnaJ Uummy AVaJJa,ble
suooly

1985 0 , 0 0 '.0
1990 0 , 0 0 '.0

Mukhaiba 1995 0 , 0 0 5.0
2000 0 , 0 0 5.0

SURFACE Wadi :~~~3"6 ,'i"4 50 0 20:0
WATER Amb 1995 .2.8 14.2 3.0 0 20.0

2000 1.1 17.4 1.5 0 20.0

:m '"0 ~ '0" ~ l~
Local 1995 0 0 5.0 0 5.0

2000 0 0 5.0 0 5.0

1995 5 0 0 0 5.0
Samaya 1990 0 0 0 6.5 6.5

1995 65 0 0 0 6.5
GROUND 2000 6.5 0 0 0 6.5

WATER
:::6 :~ ~ ~ ig jg

Wadi

Aqib 1995 J .2 0 0 6.8 10.0

2000 90 0 0 1.0 10.0

:~~O '0" 0 2~0 0 20
Local 1995 2.0 0 0 0 2.0

2000 0 0 2.0 0 2.0

1985 11.0 14.0 7.0 3.0
Demand 1990 12.6 16.4 7.0 9.5

1995 14.5 19.2 8.0 6.8
2000 16.6 22.4 85 1.0

Table 6 : The results of linear programming formulation using transportation algorithm for
IrbKl City (MCM)
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From the projected figures for water use in future years, it can be explained
that the city of Icbid should have found other alternative means of water
supply to cater the future needs as well as planning the development of the
city with respect to water availability. From the estimated figures, the city
will only have one MCM extra of water supply by the year of 2000.

In conclusion, the fonnulation of the problem discussed in this paper gives
the results or alternative on how to meet the water demands from the
available sources at the least cost. The linear programming method seems
to be a powerful tool in handling water supply problems and at the same
time guiding the decision makers in planning a short and long terms water
demand. These two algarithms from linear programming discussed here can
be a useful tool to examine the water supply in a total context.

REFERENCES

[1] ANDERSON, c.L., et al. Water Analysis: A System Approach
Incorporating Linear Programming. Growth and Change. Winter
1989.

(2] BISHOP, A.B., et al. Assessment Analysis for Water Supply
Alternatives. Water Resources Bulletin. June 1971.

[3] DRIEBEEK, N.J. Applied Linear Programming. Addison-Wesley
Publishing Company. 1969.

[4] FUJIWARA, O. et aI. A Modified Linear Programming pradient Method
for Optimal Design of Looped Water Distribution Network. Water
Resources Research. 1987.

[5] HILLIER, F.S., and LIEBERMANN, G.J. Introduction to Operation'
Research. McGraw Hill Publishing Company. 1990.

[6] WORLD BANK. Unpublished Report. Jordan Water Sector Report.
1985.

4

J

j


