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ABSTRACT 

Water resources management is becorning more and more important. The need for 

fresh water is increasing as the world population expands. Most human activities require 

water. Water is used for domestic consumption, agicultural supply, industrial supply, 

electric power generation, navigation, etc. The competition for available water resources 

is very strong. The need for wise planning and management is emerging. Water resources 

planning and management decisions are based on several issues. The economic, political, 

social, and environmentai consequences of any decision must be clearly identified before 

implementation in order to rninimize h-1 impacts that rnight not be reversible. 

Mathematical models are the tools used to support decision making. They allow 

the simulation of system performance and the evaiuation of the effects of management 

policies. The benefits of using mathematical models are numerous. They include the ability 

to test a wide range of policy choices, and the ability to give protection fiom unfavorable 

situations that might be unforeseen at the present time. The current development trend in 

the field of computer prograrnming languages aims at facilitating the modeling process and 

creating programs which are easy-to-understand and use. The object-oriented 

programming languages are among the latest outcomes of this trend. Object-oriented 

programming introduces a new way of thinking that envisions a system as interacting 

components with distinctive identities. The main advantages of using object-oriented 

programming are the transparency, flexibility, and reusability of programs developed using 

this approach. 
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The objective of this research is to develop a new framework for water resources 

policy analysis. The new framework utilizes object-oriented prograrnrning, as a state-of- 

the-art methodology. The research addresses the usefùlness and advantages of using an 

object-onented approach over traditional prograrnming. The framework has a feedback 

component which allows the system to make necessary modifications to the tested policy 

dong the simulation process. The framework developed in this research is tested in the 

field of water resources, An interpretation of each of the fiamework stages is introduced 

using the most common cases. The framework is then implemented to produce a general 

model using STELLA II as an object-oriented prograrnrning environment. The general 

model is used for water resources policy rnodeling. The analysis of Egypt's water 

resources policy has been selected as a case study. More emphasis was given to 

agriculture as the main water demand sector, and the River Nile as the main water 

resource. 

The process of developing a policy anaiysis model using the object-onented 

approach has proven to be efficient. Using the developed framework allows complex 

components of water resources system structure and functional relationships arnong the 

system components to be clearly identified and to be easily implemented. Adaptation of 

the general model to accommodate the Egyptian water resources policy analysis was an 

easy and straightforward task. 
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policies pnor to implementing them in the real world. A policy analysis model is a tool in 

the hands of decision maker to help them create a policy that is convenient to water users, 

and appropriate in terms of ecosystem conservation. 

Currently, most of the decision makers are reluaant to use cornputer models. One 

of the main reasons is that most of the models are complicated to such a degree that the 

decision maker cannot follow the Iogic of the model. Another reason is that most of the 

models are tailored for specific cases making it almost impossible to include components 

that are not in the model in the first place, or even to rnodie one of the existing 

components. 

1.2 RESEARCH OBJECTIVE 

The objective of this research is to develop a new framework for water resources 

policy modeling. The new framework introduces and utilizes an object-onented rnodeling 

approach, as a state-of-the-art methodology, and applies it to the modeling of water 

resources policy. The research addresses the usefùlness and advantages of using object- 

onented modeling over traditional modeling approaches. Among the recognized 

advantages of object-oriented methodologies are the transparency, flexibility, and 

reusability of the models. Application of an object-oriented modeiing fiamework to water 

resources system management can make decision makers Iess reluctant to use policy 

analysis models, can give them more confidence in the model results, and can allow them 

to manipulate the system components with much less programming knowledge. 



1.3 SCOPE 

The scope of the research revolves around the use of object-oriented 

methodologies to create a modeling framework that is capable of assisting decision- 

makers in identifjhg an efficient water resources policy. An eight-stage framework is 

developed to translate the basics of object-oriented modeling into a water resources 

system domain. The suggested framework is not limited to a specific case. Rather, it c m  

be used to model any water resources system under a varïety of conditions. Also, the 

framework is not limited to a particular objecâ-oriented programming language and cm be 

used with most languages as long as they support the object-oriented modeling approach. 

The work done in this thesis begins in Chapter 2 with a review of the previous 

modeling activities and the different modeling techniques. Chapter 3 gives a review of the 

object-oriented modeling approach, terminology, and programming languages. The 

description of the object-oriented modeling Framework starts in Chapter 4 by defining its 

stages, and explaining in detail the procedure to be followed to impiement each stage. 

Chapter 5 introduces a practical implementation of the framework to produce a çeneral 

model based on the h e w o r k  using one of the object-onented modeling environments. 

STELLA II. The model created is considered as a general base for application to any 

water resources system. In Chapter 6, the general model is modified to be used to study 

the water resources system in Egypt. Chapter 7 summarizes and concludes the work done. 

and Chapter 8 gives some suggestions for possible future development. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 SYSTEM APPROACH TO WATER RESOURCES 

Water resources planning and management has gained a lot of attention al1 over 

the world. This increasing attention has arisen due to the rapidly increasing demand for 

water within the limited, and uncertain, supply of water. Water demands are increasing 

due to rnany factors such as population increase, industrial development, and urbanization. 

Moreover, the available resources are suffering from the declining water quality that may 

Iimit their use. 

Water resources planning aims at making the most effective use of avaiiable water 

resources to meet a11 the foreseeable short- and long-tenn needs of the nation (Kuiper, 

1965). The most effective use of water resources requires the maxirnization of the 

benefits, not only economic but social and environmental as well. This definition also 

implies that water resources planners should consider both the current and future needs as 

the next generations also have the right to enjoy sufficient clean water. 

One of the main objectives of water resources development is considered to be the 

maximization of regional welfare. This primary objective can be interpreted in different 

ways such as (Buras, 1972): 



1. the attainment of economic efficiency 

2. the generation of distributed income in the region. 

3. the stimulation of &ll employment. 

4. the promotion and support of economic growth. 

5. the achievement of certain intangible andor non-quantifiable objectives. 

In order to achieve the above mentioned objectives simultaneously, an integrated 

way of thinking must be employed. Water resources systems should be studied as one 

system with interacting subsystems rather than as separate cornponents of resources and 

demands. 

The pressure on water resources is continuing to increase. The only solution 

available at hand is to introduce better means of planning and management for the system 

and to utilize al1 technology in discoverhg the most effective strategy to combat the water 

shortage problem now and in the hture. 

Water resources systems are usually complex in nature. The involvement of several 

interest groups in water resources planning and decision making makes it harder to reach 

what can be called "the optimal plan". In order to obtain a clear understanding of any 

water resources system, a well-defined procedure must be followed. System thinking is the 

way to see the whole picture of the system rather than concentrating on details. 

System anaiysis, also known as operation research, can help define and evduate, in 

a rather detailed manner, numerous alternatives that represent variable possible 
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compromises among conflicting groups, values, and manasement objectives (Loucks et 

al., 1981). 

First we need to identify an acceptable definition of a system. One definition says 

that a system is "a regularly interacting or interdependent group of items forming a unified 

whoie". Another definition says that a system is "an organized set of doctrines, ideas, or 

principles usually intended to explain the arrangement or working of a systematic whole" 

(Deutsch, 1969). Findly, Chorafas, 1965, defines the system as "a group of interdependent 

elements acting together to accomplish a predetermined purpose". He also defines system 

analysis as "an attempt to define the most feasible, suitable, and acceptable means for 

accornplishing a given purpose". System analysis seeks the determination of the best 

course of action, or decision, for a problem under the restriction of limited resources 

(Taha, 1995). This term quite often is associated with mathematical techniques used to 

mode1 and analyze decision problems. 

Systems can be either static or dynamic. Static systems are those whose current 

outputs depend only on the current inputs. Dynamic systems are those whose current 

output depends on both current and past inputs (Auslander et al., 1974). This definition 

might be confused with an active system. A static system can be active, changing with 

time, if the inputs change with time. A dynamic system can be active if it is not in a state 

of static equilibrium. 

Two major types of systems can be identified. The first is an open system. This 

type depends on a set of inputs in order to produce a set of outputs in a linear and 
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irreversible manner. This means the outputs produced in a previous tirne fiame do not 

have any effect on the current system inputs or on future system performance. The second 

type is a feedback system. For this type of system a rneasurement of the system output is 

used to regulate the system input in such a manner that the output stays close to some 

desired value (Auslander et al., 1974). Other references suggest two types of feedback 

systems; negative and positive. The negative feedback system is a system with a desired 

value for the outputs that the system is airning to reach. The positive feedback system is 

defined as a growth systern where the actions build results that generate greater action and 

so on. 

Open Systcm Fecdback Systcm 

INPUT OUTPUT OUTPUT 

Figure 1 : Types of Systems 

2.1.3 SYSTEMS MODELING 

SYSTEM , 

The modeling of complex systems c m  take many forms. Among these forms are 

physical models and mathematical models. Physical models simulate the system to be 

examineci on a smaller or larger d e .  These models were the most common type before the 

invention of high speed cornputen. In the water resources field, physical models can be used 

efficiently for smaller, specific problems which c m  be found in river engineering and hydraulic 

stmctures design. Aithough the physicd model can provide good results and a visual 

representation of the system's behavior, the ailocated cost for brulding a physical model is 
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relatively hi& due to space requirements, and construction, operation, and maintenance costs. 

Moreover, physical models are neither t l d e  nor reusable for cases other than those for which 

they are designed. Modeling complex systems on the policy Ievel using physical models is not 

appropriate. 

2.1.3.1 Mathematical Models 

Mathematical models sirnulate the system's behavior using the relationships between 

the system components and the way they interact with each other. High speed cornputers allow 

modeler's to deal with large complex water resources systerns such as natural watersheds and 

river basins. The sirnplicity of the mathematical formulation faciiitates creating veq detailed 

models capable of integrating dinerent aspects of economy, environment, society, likelihood of 

success, associated nsks of implementation, and political Mability (Fahmy and Aboelata, 1995). 

The success of a model depends on its clear purpose, data reliability. and an 

appropnate description of the system's dynarnics. Unfortunately, lack of information and 

ineffective communication among modelers and users create many probiems. The first 

problern is the lack of reliable data that gives the model its credibility and tnithfulness. 

Consequently, planners are hesitant to use it unless they have complete confidence in its 

data. The second problem is the inability of modelers to understand the real needs of the 

users for whom the model is developed. The consequence of this problem is that the 

model produced is not satisfactory for the users and its use becomes Iimited. 

In order to create a model that can be usefùl, Mohammadi et d. (199 1) suggests 

the following eight guidelines: 
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general purpose models should be small to cover a limited range of local decisions, 

while models with well defined objectives cm cover an entire river basin; 

models output should be amctured to provide the multi-level users with only the 

information t hey need; 

during the modeling process, joint and continuous cooperation between modelers and 

potential users must be established; 

data collection and documentation is a continuous process; 

high level management suppon, funding, and effective communication are very 

important issues for the success of the modeling process; 

the model must be open for evaluation and review; 

marketing the model through govemment agencies and political users is very 

important. A good documentation can help in marketing; and 

exchange of ideas in the field of water resources management must be encouraged. 

Mathematical modeis can be hrther divided into two main categories: optirnization and 

simulation models. 

2- 1.3.1.1 Optitnization Models 

Optimization models assume that the objective funaion and the constraints of the 

model can be expresseci mathematicdy as hctions of the decision variables (Taha, 1995). 

Results of optimization models always represent the optimal solution for the modeled problem. 

In some cases, the problem to be modeled c m  be very complicated so that its representation in 

an optimization mode1 wiI1 not be complete. Developing an optimization model requires great 

attention to the nature of the problem and the interactions arnong al1 components of the system. 
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Mmy solution algorithrns have been developed to solve optimization models dependinç on the 

nature of the objective funaion and the constraints. Optimization models are used widely in 

water resources problem sokng. They can use a single objective such as maxirnization of 

hydropower generation or multipie economic, environment& and social objectives. 

Many techniques are available for formulathg and s o l h g  an optimization problem. 

Linear programing (LP) has been one of the most widely used mathematical programing 

technique for optimization of water resources systerns (Sr in ivm 1996). This technique 

requires the objective b a i o n  as wel1 as al1 constraints to be in a Linear form. The advantages 

of this technique include the ability to iden* a global optimum solution and the availability of 

ready-made software packages that help the plamers concentrate on problem formulation. 

Some problems which have noniinear objectives or constraints cm be linearized using some 

approxmation methods such as piecewise linearization. The major uses of LP in the field of 

water resources management are reservoir planning and operation, water supply networks 

design and operation, hydropower generation, water quality modeling, and reservoir sizing as 

in D o h a n  ( 1962) and Meier and Beightler ( 1967). ûther examples of LP application in water 

resources syaems can be found in Daellenbach and Read (1 976), Takeuchi and Moreu ( 1974), 

Draper and Adarnowski (1976), Gygier and Stedinger (1985), and Remicek and Shnonovic 

( 1990) sited by Srhivasan (1 996). 

Another cornmonly used technique in solving water resources optimization problems is 

the dynamic programing. This technique is comrnonly used with multistage decision processes. 

The advantages of dynarnic programing include the ability to inciude nonlinear relationships 

which charaaerize a large number of water resources systerns, and the abiiity to handle 
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problems with large numbers of variables by decomposing them into a series of subproblerns to 

be solved recunively (Yeh, 1985). The drawback of dynamic programing in the water 

resources field is the inability to hande large scale water reources problems. The cune of 

dirnensionality, as aated by Toebes et al. ( 198 1 ), is a strong function of the number of aate 

variables causing the number of possible combinations for the solution of a problem to increase 

exponentially so that it requires computers with much greater computational capabilities. 

Dynamic programing is popularly used in the field of reservoir operation for both short- and 

long-term planning and management. Some of the applications can be found in Allen and 

Bridgeman ( 1  986). Kelman et al. (1990), Saad and Turgeon (1988), and Turgeon (198 1) sited 

by Yeh (1 985). 

2.1.3.1.2 Simulation Models 

Simulation is perhaps the most widely used method for evaluating alternatives in 

water resources systems. Mathematical simulation involves the construction of a working 

mathematical mode1 presenting properties or relationships similar to the natural or 

technological system under study (Chorafas, 1965). The reason for its popularity lies in its 

mathematical simplicity and versatility. Although simulation models are easier to develop 

than optimization models, they can introduce more complexity in the problem description 

than optimization rnodels. Simulation models break down the modeled system into basic 

or elemental modules that are linked to one another by well-defined functions. The process 

in simulation models starts at the input module and continues through the interactions 

arnong other modules ending with the output results. Unlike optimization models, 

simulation models do not give the optimal solution for the studied problem. Rather, they 
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give the chance to analysts and planners to conduct a more thorough and detailed 

investigation of the system's behavior. Simulation models are considered an excellent 

means for evaluating the expected performance resulting fiom any design operating policy 

(Loucks et al., 198 1 ). 

In the water resources field, many simulation models have been developed for 

water resources planning, management, operation, and policy analysis. In the field of 

planning and management, a number of generic programs have been developed to sirnulate 

water resources systems such as HEC-3 and HEC-5. The HEC-3 model (Reservoir system 

analysis for conservation) and the HEC-5 model (simulation of flood and conservation 

system), developed by Hydrauiic Engineering Center, US Army Corps of Engineers, are 

both used for the simulation of the response of the water resources systems designed to 

satisfy simultaneously a variety of water-based needs (Yeh, 1985). There have been many 

applications of these two models in many cases of multi-purpose water resources systerns 

management. In water resources policy modeling, the WEAP model (Water Evaluation 

And Planning System) is a program for evduating policies and developing sustainable 

resource plans (Raskin, 1996). IWRMSD (Integrated Water Resources Mode1 for Egypt's 

Sustainable Development) was developed using an object-oriented approach to simulate 

the effects of future econoniic developrnent policies on the water resources systcm, as well 

as the social, economic, and environmental effects. Later in this chapter, bief 

documentation of both WEAP and W S D  is given and compared to the work done in 

this thesis. 



2.2 DYNAMIC NATURE OF WATER RESOURCES 

One of the most important characteristics of water resources systems is that they 

are dynamic in nature. Water resources and demands behave in a way such that the 

interactions between them as well as among resources and among demands themselves 

create the overall performance of the system. Any slight change in one resource or 

demand might have some effect on other system components. In order to secure 

satisfactory real representation of the system, studies prior to model design must be 

carried out to grasp the dynarnics of the water resources system under study and to 

identify al1 possible interactions among the system components. 

Dynarnic behavior in water resources systems can take many forms. Independent 

dynarnic behavior of water resources systern components occurs due to an interna1 

variation within the component with no effect fiom an extemal agent. Resource variation 

with time such as river flows or groundwater storage are examples of independent 

dynamic behavior. Other forms of dynarnic behavior such as the interaction between 

surface and groundwater, retum flow fiom demand sites to resources, and water recycling 

in more than one demand are forms of dependent dynamic behavior. In these cases, there 

is always one or more factors that affect the water resources system component and 

causes the change. 

2.3 OBJECT-ORlENTED MODELING 

SkiIIhl modeling in any field requires achieving two conflicting objectives. The 

first objective is to create a model that is complex enough to have an accurate 
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representation of the real world. The second is to make the mode1 as easy as possible to 

use. Object-oriented modeling is a methodology which descnbes reai-world system by 

identifjmg system components, component behavior, and relationships among components 

(Tisdale, 1996). The basic element in object-oriented modeling is the "Object." The 

dictionary definition of an object is: "Anything perceptible by one or more of the senses, 

especially something that cm be seen or felt; a material thing" (Morris, 198 1- sited by 

Bourne, 1992). However, in object-oriented terminology an object can ais0 represent a 

conceptual abstract. Objects are arranged into classes. An object class is a generalization 

of a group of objects that inherits some properties. 

The object-oriented modeling has four basic characteristics; abstraction, 

encapsulation, inheritance, and polymorphism. Abstraction is the act or process of 

separating the inherent qualities or properties of something from the actuai physical object 

or concept to which they belong. Encapsulation refers to capturing the state and behavior 

of an object entirely within the object. Inheritance is the ability of an object to obtain 

information about its internal States and methods fiom more abstract ancestors. 

Polymorphisrn refers to the capability for different objects to respond to the same meaning 

of a message sent by another object (Boume, 1992). 

Object-onented modeling has many advantages over traditionai modeling 

approaches. It facilitates creating a code that is transparent, reusable and extendible. 

Complex systems representation is easier using object-oriented decomposition of a system 

into its basic cornponents and identi@ng the properties of each. A detailed discussion of 

object-oriented modeling is presented in Chapter 3. 
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Applications of object-onented methodologies in the field of civil engineering are 

still limited. Foo and Akhras, (1994) used an object-oBi:nted methodology for creating a 

prototype for the purpose of maintenance of timber tmsses. Turk et al., (1  994) also used 

the methodology for designing reinforced concrete buildings. Fewer applications are 

available in the field of water resources and hydrology. Behrens, (1991) developed an 

object-oriented artificiai intelligence approach for river basin operation. Palmer, (1993) 

suggested making use of object-oriented modelling environrnents in water resources planning 

and management. He tried to demonstrate the advantages of the STELLA II object-oriented 

modeling environment over traditional p r o I ; ~ i n g  languages such as FORTRAN using the 

High Aswan Dam in Egypt a s  an example. Solomatine, ( 1996) introduced an object-onented 

modeling architecture for hydraulic systems. The South Florida hydrologie system was 

also analyzed by Tisdale, 1996, using object oriented methodology. Finally, the Nile Water 

Strategic Research Unit in Egypt developed an integrated water resources model for the 

whole country using an object-oriented approach (NWSRU, 1996, Simonovic and Fahmy, 

1997, and Simonovic et al., 1997). 

2.4 WATER RESOURCES POLICY MODELING 

Modeling activities conceming water resources systems are among the leading 

applications of computer modeling for system management problems. Analytical and 

computer based models cm be of great value for the decision making process. Suggested 

policies for future system management of water resources systems can be simulated using 

models and al1 the unfavorable consequences that rnight tum out to the system in the real 

world can be foreseen and thus avoided. 
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The main concern of water resources policy models is to test the short and long 

term effects of the decisions taken, or to be taken, by water resources decision makers. 

The scope and level of detail of each mode1 Vary according to the system under 

investigation. Not too many water resources policy models are documented in the 

Iiterature. However, one of the most known models, the WEAP, presented in detail below. 

concentrates only on the water quantity and quality with insignifiant focus on 

environmental and economic aspects. Other models, such as IWRMSD, also presented in 

this chapter take an approach similar to the one used in this thesis which includes 

economic, social, and environmental aspects of water resources policy modeling. 

2.4.1 WEAP (WATER EVALUATION AND PLANING SYSTEM) 

This review of WEAP is based on two publications. The first by Raskin et al. 

(1996) provides an explanation of each of the components of the program, inputs. and 

calculation algorithms used. The second publication is an application of WEAP to the 

Upper Chattahoochee River Basin in Georgia by the US Army Corps of Engineers 

(USACE, 1994). This publication illustrates the capability of the WEAP program to 

account for al1 supplies and demands in a water balance system, and provides WEAP users 

with a document to illustrate how the program is applied to a multi-use watershed with a 

major river and reservoir and, to offer observations on the application. 

The WEAP system is a generic program for evaluating water policies and 

developing sustainable resource plans. WEAP aims to incorporate other values in water 

development plans such as emphasizing resource conservation, demand management. 
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water use efficiency, and social, cultural, and environmental impacts of  water resources 

development . 

WEAP operates on the pnnciple of water balance accounting. For both demand 

and supply components alternative sets of conditions can be tested and evaluated. The 

program gives the picture of the whole system according to the decisions taken, which 

allows the investigation of the impacts of present and future proposed actions. 

The design of WEAP is guided by a number of methodological considerations. 

These considerations are: 

1. Integrated Planning Framework: WEAP evaluates the water resources system as an 

integrated system. It integrates demands and supplies, water quantity and quality and, 

economic development and environmental constraints. 

2. Scenario Approach: It is possible to include scenarios for different policies starting 

From the Base CTuse, which represents the current conditions. This technique can help 

answer What-If questions and can evaluate the effects of different policies on the 

economy and the environment. 

3.  End-use and Demand-Driven: WEAP allows the disaggregation of water demands 

to the degree that the data availability permits. Moreover, the program gives the 

Freedom to choose the hierarchy for disaggregation. 

4- Environmental Effects: WEAP provides a surnmary of the environmental pressures, 

like water quality degradation, for each scenario based upon loading coefficients. 
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S .  Ease o f  Use: One of the main objectives in developing WEAP is to introduce a user 

fiendly, easy-to-use mode1 that can assist the decision making process. This objective 

is achieved by providing an interactive user interface that support the user with 

guidance. 

6 .  Modular Structure: WEAP consists of a set of linked modules that interact together. 

Figure 2 shows the main modules in WEAP. The next section includes an explanation 

of each of these modules. 

2A.l.l W EAP Modules 

1. Setup Module: The setup module characterizes the application by defining the study 

area, the time horizon, and the physical components of the system dong with their 

spatial relationships. Four basic types of physical components are available: 1) demand 

sites, as water use locations; 2) local supplies, defined as the independent water 

supplies that can be operated separately; 3) rivers and nodes, that represent the river 

basin system with al1 control structures and; 4) wastewater treatment plants, which 

process wastewater Frorn dernand sites before retuming water to local supplies or river 

nodes. 



1 SETUP 1 1 
A - r 

DEMAND NETWORK SUPPLY 

l 
Figure 2: ModuIar Structure of WEAP (Raskin et al., 1996) 

2. Demand Module: The demand module simulates the annual water demands for 

various final water seMces defined in the study. It also tracks pollution loads 

generated fiom demand sites, In order to define the demand tree, four levels of 

demand disaggregation are available, narnely: sectors, subsectors, end-uses and. 

devices. WEAP does not require a rigid form of data. Rather, t he  structure of the 

demand tree can be adapted to the nature of the problem and the available data. 

Future demands must be defined in the demand module. Three methods for 

forecasting future demands are available; interpolation, growth rate, and drivers and 

elasticities. 

3. Network Module: The network module has three main functions; 1) preparation of 

the annual water demands at demand sites developed by the demand program for the 

monthly allocation in the supply program, 2) description of the wastewater flows, 

including pollution, fiom the demand sites and, 3) specification of the capacities of 

transmission links, and allocation of demand sites and wastewater treatment plant 

outflow links. 
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The network module accepts the monthly variations in water demands in order to 

convert annual demands to monthly demands. This module also accounts for Iosses of 

water either due to the efficiency of water use at demand sites or losses in the distribution 

network. 

4. Supply Module: The supply module allocates available supplies to demand sites. The 

prograrn calculates rnonthly water supplies over the planning period and simulates 

monthly river flows. In this module, the characteristics of each of the water supply 

sources are defined, and interactions between surface and groundwater are set up. 

Pnonties have to be set in case there are multiple sources for one demand or 

multiple demands to be filled fiom the same source. In the first case, the source that has 

the highest priority is selected for water supply until it is exhausted then the next in 

pnority is chosen and so on. In the second case, complete satisfaction of the highest 

pnority demand is fulfilled followed by the next in pnority. 

Operation and maintenance costs are arnong the possible entries to the supply 

module. Aiso, costs for improving resources can be included as capital costs- It is 

recornmended to use only the costs that Vary with different scenarios so that the 

comparative analysis cm demonstrate the change in costs for scenarios. 

5. Evaluation Module: The evaluation module compares physical and econornic 

indicators between any two scenarios based on the results obtained fiom the demand, 

network and, supply modules. WEAP is designed so that it can produce various means 

of comparisons. The first type is the physical anaiysis of the system which is concemed 
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with water quantities used from each source dong with water qudity analysis. The 

second type introduces the cost streams. It compares the annual strearns of cost 

incurred in both scenarios. The third type of evaiuation is the benefit-cost analysis. It 

calculates the net present value (NPV) for both scenarios which are discounted 

according to a specific rate. 

(Integrated Water Resources Model for Egypt's Sustainable Development) 

The main objective for developing IWRMSD is to create a flexible cornputer-based 

tool for Egypt's water resources management and strategic planning. The economic 

developrnent and rapid population growth that the country is facing are putting pressure on the 

existing water resources. The need for this kind of model has become necessary under the 

current conditions of increasing water demands. This review of W S D  is based on many 

publications about the model such as NWSRU (1994, 1996). Sirnonovic et al (1997). and 

Simonovic and Fahmy ( 1997). 

in order to overcome the shortcomuigs in water rwources planning and management in 

Egypt, The Ministry of Public Works and Water Resources, MP- initiateci the Nile Water 

Strategic Research Unit, NWSRU, in 1994. The task assigneci to NWSRU was to carry out a 

research project that tries to establish a new way of looking at the water tùture. The objective 

of this research is to develop strategic water planning methodology for Egypt's development in 

the 2 la century. This methodology should account for different, non-traditional, aspects such as 

the following: 



wntinuity of water dernand and nippiy projection over the.  

uncertainty of natural phenornena, and technicd developrnent. 

possible dernand scenarios 

possible supply scenarios 

econornic impacts 

environmental impacts 

social impacts 

politid impacts 

water shortage mitigation strategies. 

high flood mitigation strategies (NWSRU. 1994). 

2.4.2.1 Modeling Framework 

The modeiing process for IWRMSD is based on three main pnnciples: object-onented 

modeling, water-use-onented approach and, hierarchical decomposition approach. 

i) 

ii) 

O bj ect-oriented modeling: The corn plex water resources system in Egypt requires an 

interdisciplinary and muiti-sectord approach. An object-onented approach is weil suiteci for 

addressing corn plex management problerns with multiple inputs and outputs. This approach 

allows considerat ion of al1 relevant issues without preventing future modifications. 

Water-usesriented approach: The h e w o r k  uses the water-usesrienteci approach by 

building the mode1 around main water use categories such as agriculture, domestic, 

Uidustry, etc. This approach is recommended because of the intensification and 

development in the water use sector in order to respond to increasina po~ulation needs. 
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iii) Hierarchicai decomposition approach: Egypt's water resources syaem requires an 

organized and focused researcti effort to deal efficiently with the wmplexity of the dornain 

knowledge. This approach divides the effort into several tasks. Five water use categories 

form five sub-models to be integrated into one model. 

2.4.2.2 Model Description 

The result of the research activities carrieci out by NWSRU is the IWRMSD mode1 

'htegrated Water Resources Mode1 for Egypt's Sustainable Development.' The model 

presents a flexible planning tool for Egypt's water resources system. Five water use sectors 

namely agriculture, industry, domestic, navigation, and power generation are rnodeled 

separately in sub-models and integrated and connecteci together in a single model. 

1. Agriculture Sector: Regadess of the variations in agricultural water requirements from 

one region to the other, this secior considers Egypt's old a~cultural land as one region 

with weighted average values for crop water requirements. New land to be used for 

agriculture is considered as a separate sub-mode[. The reason for this distinction between 

old and new land is the ciifference in inigation efficiency which depends on the soi1 type and 

imgation techniques. The main output of this sub-mode1 is the water required for 

agriculture for both old and new land. This sub-mode1 also calculates some necessary 

indicators such as altivation costs, revenues, required employment, and the rate of 

sufficiency tiom the main crops of wheat, rice, and vegetables. 

2. Domestic Sectoc This sector calculates the net water withdrawal to be used for domestic 

purposes. The caldations take into account the opportunities to expand the distribution 
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network and possible increase in per-capita water requirements due to an increase in the 

standard of living. Losses fiom the distribution network are also considered. Rehimed 

sewage flow can be either treated for recychg or disposed of in drains to the sea. Costs, 

revenues, and employment for this sector are estimated. Pollution loads for ten types of 

sewage water pollutants are calcuiated for the untreated sewage water. 

Industrial Sector: Ten major industries are included in the industry sub-model. Water 

requirements For each type are estimated according to the production level. In addition. 

revenues and employrnent are calculated. EWuent water pollution loads are estimated to 

calculate the annual pollution load fiom industry. 

Power Generation: This sector is not considered arnong the major water consurnption 

sector. Two divisions are available: hydropower and thermal power. Hydropower is a 

water consumptive use as there is no water released oniy for hydropower. Thermal power 

stations use water for cooling purposes and r e m  it with no significant change in quantity 

or quality. 

Navigation Sector: This &or is also considered a non-consumptive water use seaor as 

it uses the water released for other purposes The navigation sector consists of two main 

types: transponation and tourism. For each type, water consurnption, employment, and 

economic retums are caicuiated. 

Water Baiance Sector: The water balance sector aggregates al1 water sources on one side 

and water demands on the other side. Priorities are given to water demands acwrding to 
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importance. Domestic water has the highest priority followed by industrial and agriculture. 

Return flows to be recycfed fkom all uses are carried to the sources side. 

2.4.3.1 Comments on WEAP 

The WEAP program offers a remarkable degree of flexibility for water resources 

policy analysis. It facilitates the process of testing various water management policies and 

estirnates their effects in terms of economic indicators such as the NPV or environmental 

indicator such as water quaiity. The program is able to hold cornparisons between 

scenarios and show the advantages of one to the other. The variety in the output forms 

available gives the most cornmon foms for output for evaluation. 

WEAP deals with water resources systems in a dynamic manner. It considers 

future changes in the system for dl supplies and demands. The interaction between 

supplies and demands is also represented in different foms. One type of interaction is the 

retum flow from demand sites to either local supplies or river nodes. Another example is 

the possibility to identify the reiationship between the surface and groundwater. 

WEAP is not designed to give solutions to water resources problem. Rather, it 

gives the decision maker the chance to introduce hidher own ideas into the system and 

test their effects. Although the output is detailed to some extent, the flexibility to arrange 

exactly what is needed in an output report form is not possible. Finally, WEAP is 

considered one step towards the new perspective of water resources modeling of having 

transparent and interactive models for policy analysis. 



2.4.3.2 Comments on WRMSD 

This model creates a general picture for the country throughout the planning 

horizon. Due to the nature of integrated models, it was necessary to aggregate many 

components into one component. For example, the agriculture sector considers Egypt as 

one region while the total area cm be divided into five different regions based on water 

consumption and crop productivity . Although the techniques used in aggregation gave 

good results when tested for available data, results could not be very reliable for future 

conditions. Another problem which arose when developing the mode1 was the lack of 

reliable data. For some of the model components it was almost impossible to access the 

required data due to either a high level of bureaucracy, unreliability of available data, or 

unavailability of data. For these components, some arbitrary values were reasonably 

assumed to fiil the data gap. Future developrnent of the model shodd consider finding 

these data items and incorporating them into the model. 

The IWRMSD presents the statu of the water resources system in the future due 

to the application of suggested development plans for both resource and demand sides. 

The model does not consider any modification of the development plans while mnning. 

Rather, it shows the final result as the variation of water balance for the region throughout 

the planning period. The model shows whether the plans tested are applicable or not. The 

role of decision-maker is to make modifications to plans showing water deficit in the 

future and to re-mn the simulation in order to make sure that ail problems encountered by 

the system are elirninated. 
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The IWRMSD mode1 presented here can be considered the first serious trial 

incorporating sustainable development criteria in the field of water resources planning and 

management in Egypt. Previous water resources models have concentrated oniy on water 

demand and supply and some of them bave looked at water quality. This model is the first 

to consider socio-economic aspects as well as water quantity and quality. In addition, the 

dynamic look to the future gives more credibility to this model over previous ones. 

Dynamic simulation shows gradua1 change in system making the simulation more 

convincing and reliable. 

2.4.3.3 The New Framework 

The concepts used in developing the new framework do not differ much from 

those used for both WEAP and IWRMSD. The objective of analyzing water policies on an 

aggregate Ievel is common among the three approaches. The object-oriented approach 

used for IWRMSD is considered the blue print for the new framework. In other words, 

this approach tries to fix some of the problems encountered using the IWRMSD approach. 

The major difference is the use of a feedback technique that enables the system to check 

the water balance in each time step and to apply some modifications to either resources or 

uses development plans in order to keep the water balance on the positive side. 



CHAPTER 3 

OBJECT-ORIENTED MODELING APPROACH 

3.1 INTRODUCTION 

Recent advances in computer hardware and software systems have contributed to 

the development of technology which is more easy-to-understand and utiiize. One of the 

recent advances is the invention of Object Oriented Technology (00T.)  The OOT 

encompasses object-oriented programming languages (OOP), object-oriented 

developrnent methodoiogies (OOD), object-oriented analysis (OOA), management of 

object-oriented projects, etc. This chapter presents an introductory explanation of the 

OOT basics and terminology. The concepts that should be used in designing an object- 

oriented application will be explained. 

The term object-oriented is used to denote that a particular activity is done using a 

particular manner of thinking and organization that combines data and the processes which 

modiQ that data together into a single, functional unit. Object-oriented programing is a 

way of programming in which independent objects which contain their own data and 

processes interact to perforrn the operations of the prograrn. 

Object-onented software is ail about objects. An object is a black box which 

receives and sends messages. A black box actually contains codes (sequences of computer 

instructions) and data (information on which the instructions operate). In traditional 

programming languages, codes and data have been kept apart. For example, in the C 
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language, units of code are called fùnctions, while units of data are called structures. 

Functions and stmctures are not formally comected in C. A C function cm operate on 

more than one type of structure, and more than one function can operate on the same 

structure. This is not so for object-oriented software. In OOP, code and data are merged 

into a single indivisible thing, an object. 

3.2 SOFTWARE SYSTEMS 

Software systems can be divided into two categones: simpie systems and complex 

systerns. Simple systems can be conceptuaiized, designed, and implemented by the same 

person. The level of complexity of such a system can range from very simple to relatively 

complex depending on the experience of the responsible person. In complex systems 

however, it is much more difficult for one person to handle al1 the problem solving 

requirements alone. Usually, a team of software developers and programmers work 

together toward achieving the final objective. Moreover, complex systems need good 

communication among developers and prograrnmers. 

In order to b h g  an order to a complex system, Booch suggests the following 

three techniques (Booch, 1994): 

i) Decomposition: Complex system can always be decomposed into smaller parts 

(subsystems) which are easier to handle individudly. Decomposition of corn plex 

systems facilitates the clear identification of the behavior of each of the subsystems. 

lnterrelationships among subsystems of the main complex system must be defined as 

well. 
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ii) Abstraction: Depending upon the problem at hand, some inessential details of a 

complex system can be ignored. This technique must be used with great care in 

complexity handling. Ignoring some of the system details may cause the application to 

give misleading results. 

iii) Eierarchy: It can be usefùl to define the complex systern components in the fom of 

hierarchy. Two types of hierarchy are defined: object structure and class structure. 

Object stmcture defines objects as "part of' the whole system. Class structure assumes 

that each object "is a" specific kind of a more generai group of objects. 

3.3 DEFINITIONS 

i) 

ii) 

iii) 

Object-Oriented Analysis (OOA): Object-oriented analysis is a method of analysis 

that examines requirements from the perspective of the classes and objects found in the 

vocabulary of the problern domain. 

Object Oriented Design (OOD): Object-oriented design is a method of design 

encompassing the process of object-oriented decomposition and a notation for 

depicting both logical and physical as well as static and dynamic modeis of the system 

under design. 

Object-Oriented Programming (OOP): Object oriented programrning is a method 

of implementation in which programs are organized as cooperative collections of 

objects, each of which represents an instance of some class, and whose classes are al1 

members of a hierarchy of classes united via inheritance relationships. 
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OOA is the first task toward developing an object-oriented model. The output of 

the OOA is used to start an OOD. Output from the OOD stage can be used as a blueprint 

for implementing a system using any of the OOP methods. 

3.4 ELEMENTS OF THE OBJECT MODEL 

The object model is the collection of principles that form the foundation of object- 

oriented design. The object model has four basic elements: abstraction, encapsulation, 

modularity, and hierarchy. 

An abstraction denotes the essential characteristic of an object that distinguishes it 

from al1 other kinds of objects and thus provides crisply defined conceptual boundaries, 

relative to the perspective of the viewer (Booch,1994.) An abstraction focuses on an 

outvïew of an object and separates an object's essential behavior from its implementation. 

The core of object-oriented design step is deciding on the right set of abstractions for the 

problem dornain. 

Encapsulation is the process of compartmentalizing the elements of an abstraction 

that constitute its structure and behavior. It serves to separate the contractual interface of 

an abstraction and its implementation. Abstraction and encapsulation are complementary 

concepts. While abstraction focuses on the observable behavior of an object, encapsulation 

focuses on the implementation that gives rise to this behavior. 



Modularity is the property of a system that has been decomposed into a set of 

cohesive and loosely coupled modules. For large applications. it is better to use a number 

of separate modules which, when connected, form the overall system's physicai structure. 

Moduluity allows the reduction of soflware development time and cost, as it enhances the 

development and revision of each module independently. 

Hierarchy is the ranking or ordering of abstractions. In any system, the set of 

abstractions always foms a hierarchy. Identifjmg these hierarchies helps greatly in 

understanding the problem. Two basic types of hierarchies are identified: the class 

structure and the object structure. Class structure considers the objects as a subclass of a 

more general class. CIass stmcture highlights common structure and behavior within a 

system. Object structure considers the more general class which consists of more 

specialized classes. Lt illustrates how different objects coilaborate with one another 

through patterns of interactions (mechanisms). 

3.5 TERMWOLOGY OF AN OBJECT-ORIENTED MODEL 

Objects are the physical and conceptual things that cm be found al1 around the 

universe. Every single entity can be defined as an object. The selection of objects to be 

considered for a mode1 depends on the nature of the system under consideration. Each 
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object has a state. The state of an objea represents its conditions or set of circumstances 

describing the object. In order to eliminate the complexities that might appear when trying 

to find a state for one cornplex object, only possible states of the object that have some 

relevancy to the model are considered. 

Most of the objects have a static state which can never be changed by itself This 

kind of object requires an extemal factor to request the object to change its state. On the 

other hand, objects capable of changing their states spontaneously are called "Active 

Objects." A clock object c m  be considered a good example of an active object. Each 

object in an 00 mode1 should have an identity. Object identity is the property that 

distinguishes it from al1 other objects. The identity of an object should be reserved for the 

whole Iifetime of the object even if its state is changed. 

An object's behavior depends on many variables such as its state and the operation 

perfonned upon it. Thus, the objea state represents a cumulative resultant of its behavior. 

Operation performed on an object can be in the form of modifjmg of the model state, 

accessing the state, initializing the state, or nullifjmg the state of the object. In order for a 

static object to change its state, a message from another object should be sent through a 

link. Links are defined as the physical or conceptuai connections between objects. An 

object can be categonzed according to its links as follows: 

actor : an object that can affect other objects but never afTected by any object, 

server : an object that cm never affect other objects, but affected by other objects, 

agent : an objeci tnat can affect and be afEected by other objects. 



As defined by Booch ( 1994), the class is a set of objects that share a common 

structure and a common behavior. In another definition, the class is a pattern, template, or 

a blueprint for a category of structurally identical items (Berard, 1996.) Using classes, 

complex problems can be decomposed into smaller elements by partitioning them into 

different elements of design. 

Each class has an outside and inside view. The outside view of a class is called "the 

class interface." The class interface provides an abstraction of the class while the inner 

structure and behavior are hidden. The interface of a class consists of three parts 

public : a declaration that is accessible to al1 clients, 

protected : a declaration that is accessible only to the class itself and its subclasses. 

private : a declaration that is accessible only to the ctass itself 

The inside view of a class is cailed "the class implementation." The class implementation 

contains ail the behavior "secrets" of the class. Usually, it encornpasses all the operations 

defined in the class interface. 

Classes can be c o ~ e c t e d  through many types of relationships. The most important 

relationship arnong classes is called ''msociatior~." Structuring associations among classes 

begins at an early stage of analysis and design. The process of identifjmg class' 

associations shows the interdependencies among mode1 abstractions. I&ri/ance is 

another relationship where one class shares the stmcture or behavior of one or more other 

classes. Inheritance is a sort of hierarchy where subclasses inhent the charactenstics of 
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more generalized classes. Another type of relationship is polymorphism. Polymorphism is 

a concept in type theory wherein a name may denote instances of many different classes as 

long as they are related by some common superclass (Booch, 1994.) Polymorphism can be 

usefil! when there are many classes sharing the same protocol. Many u~ecessady 

repeated statements can be eliminated £Yom the mode1 as each object implicitly knows its 

own type. 

3.6 QUALITY OF THE ABSTRACTION 

The quality of an abstraction is the measure of goodness and completeness of a 

modeling process. Booch, (1994) suggests the following five metrics for measuring 

abstraction quaiity: coupling, cohesion, sufficiency, completeness, and primitiveness. 

Coupling is defined as the measure of the strength of association established by a 

connection from one class to another. Strong coupling complicates a system since a class 

is harder to understand, change, or correct itself if it is highly interrelated with other class. 

Compiexity can be reduced by designing a system which has the weakest possible coupling 

between classes. However, there is tension between the concepts of coupling and 

inheritance, because inheritance introduces significant coupling. On one hand, weakly 

coupled classes are desirable; on the other hand, inhentance, which tightly couples 

superclasses and their subclasses, helps users to exploit the cornrnondity among 

abstractions. 



Cohesion measures the degree of connectivity among the elements of a single class 

or object. The most desirable form of cohesion is Functionai cohesion, in which the 

elements of a class al1 work together to provide some well-bounded behavior. Thus, the 

class reservoir is fùnctionally cohesive if its semantics embrace the behavior of a reservoir, 

the whole reservoir, and nothing but the reservoir. 

Sufficiency rneans that the class captures enough characteristics of the abstraction 

to permit meaningfùl and efficient interaction. For example, if one is designing the class 

Set, operations both to remove as well as add an item should be included. Neglecting one 

of them violates the sufficiency. 

Whereas sufficiency implies a minimal interface, a cornplete interface is one that 

covers al1 aspects of the abstraction. A complete class is thus one whose interface is 

general enough to be commonly usable to any client. Cornpleteness is a subjective matter, 

and it can be overdone. 

Since many high-level operations can be created from Iow-level ones, It is also 

suggested that classes should be primitive. 



3.7 OBJECT-ORIENTED MODEL DEVELOPMENT 

A model is a representation of a red system for the purposes of understanding and 

testing the system before implementation in the reai world. Real world systems are 

represented physically by models which are scaled down or up, or mathematically by 

using hnctional relationships. Object-oriented modeling abstracts the components from 

the real world and simulates their interactions. Methodologies for developing an object- 

oriented mode1 have been an attractive subject to cornputer programming specialists. 

Rumbaugh et al. (199 1)  developed a methodology cailed "Object Modeling Technique" 

(OMT). Dillon and Tan (1993) proposed a methodology called "The Process Of 

Development Of An Object-Oriented Conceptual Model -- Object-Oriented Analysis." The 

following subsections briefly introduce both. 

3.7.1 OBJECT MODELWG TECHNIQUE (RUMBAUGH ET AL, 1991) 

The object modeling technique (OMT) divides the modeling development process 

into three main stages; the object model, the dynarnic model, and the functional modei. 

The interconnections among these three models should be lirnited and explicit in order to 

create a good design in which the coupling introduced in the model is minimal. 

3.7.1.1 The Object Model 

The object model describes the structure of objects in the system. It represents the 

static, structural data aspects of the system. The object model is the base for the other two 

models, the dynarnic and fùnctional. The process of developing the object model begins 

with the identification of the objects and their arrangement into classes within the problem 
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domain. The selection of objects and classes is very dependent on the problem at hand so 

that real world components are present in the model. This step must address al1 objects' 

properties such as their attributes, operations, and methods. The second step consists of 

establishing the refationships arnong objects and classes. Links are the physical or 

conceptual connections between objects. Links cm be grouped into associations that 

describe a group of links with a comrnon structure. The next step in developing the object 

model is the identification of the generalizations and inheritances among the objects and 

classes. Generalization is the process of relating a class to a more general ciass of the same 

type. The more generalized class is called a superclam, while the less generalized is a 

szibclms. Subclasses are said to iitherif features from their superclasses. Generalization 

facilitates the modeling process by stmcturing classes capturing the similarities and 

differences among them. The final step is grouping the object model classes into srnaller 

modules. This technique enables the programmer to partition the object mode1 into 

manageable pieces. 

3.7.1.2 The Dynamic Model 

The dynamic model is concemed with the changes in the model objects' states 

overtime. Two major concepts that cause dynamic changes in the mode1 are events and 

states. An event is an external stimulus that forces objects to change their states. A state is 

the value of the object. The object's response to an event received from another object 

depends on the state of the receiving object. In response to an event, the receiving object 

may change its state or send another event to the sending object or any other object. For 

every class, a state diagram representing the states, events, and state transitions should be 
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represented. The dynarnic mode1 consists of a collection of state diagrams for al1 classes 

that work together to perform the dynarnic behavior of the systern. 

3.7.1.3 The Functional Mode1 

The functional model contains al1 the computations and fùnctional derivations of 

the data values. The fùnctionai model describes what happens to the objects regardless of 

the time or sequence of computations. Specifjmg the tirne and sequence in computations 

is directly related to the dynamic model. The basic fùnction of this model is to show the 

transformation of the input and stored data into the model output. The functional model 

consists of multiple data fiow diagrams (DFD) showing the fùnctionai relationships of the 

values computed by a system. The DFD is a graph showing the flow of data values from 

their sources in the objects through processes that transform them to their destinations in 

other objects. 

3.7.2 DEVELOPMENT OF AN OBJECT-ORIENTED CONCEPTUAL MODEL (DILLON 

AND TAN, 1993) 

This methodology consists of three major tasks. The first task is the development 

of the natural Ianguage for the problem under consideration. Usually this first 

identification of the problem does not address al1 the details of the problem or the system 

being analyzed. It is useful in narrowing the area to be considered and in focusing 

attention. 

The second task introduces six major steps to be followed in order to create an 

object-oriented conceptuai model. These steps are: 



identification of concepts, classes, and objects; 

identification of the structurai relationships and constraints for the classes and objects; 

identification events and messages and their allocation to particular classes and 

O bjects; 

identification of the required extemal behavior and their association with particular 

objects and classes; 

identification of the intemal static structure of objects and classes, narnely attributes 

and static constraints; 

identification of the intemal dynamic structure of objects and classes, namely 

actions/methods and dynamic constraints. 

The third and final task is design and implementation. The process of design and 

implementation is highly dependent on the software language to be used in the mode1 as 

well as the system's designer. In some cases, the designer is restncted to use the existing 

systems and software tools. 

3.8 OBJECT-ORLENTED PROGRAMMING LANGUAGES 

Dunng the last decade there has been tremendous advancement in OOP languages. 

Some of the languages have been developed from traditional prograrnming languages, 

such as Ct+ as an 00 version of C, and others are brand new as OOP languages. This 

section gives a brief overview of some of the most popular OOP languages. 



C++ is an object-oriented version of C. It is compatible with C (it is actuaily a 

superset), so that existing C codes cm be incorporated into C* programs. C++ programs 

are fast and efficient, qualities which have helped make C a very popular programming 

language. C++ sacrifices sorne flexibility in order to remain efficient. However, C++ uses 

compiie-time binding, which means that the programmer must specify the specific class of 

an object, or at the very least, the most general class to which an object can belong. This 

makes for high mn-time efficiency and small code size, but it trades off some of the power 

to reuse classes. 

Smailtalk is a pure object-oriented language. While Ctt- makes some practical 

compromises to ensure fast execution and smail code size, Smalltalk makes none. It uses 

mn-time binding, which means that nothing about the type of an object need be known 

before a Smalltalk program is mn. Smalltalk programs are considered by most to be 

significantly faster to develop than C++ prograrns. A rich class library that can be easily 

reused Ma inhentance is one reason for this. Another reason is Smdltalk's dynamic 

development environment. It is not explicitly compiled, like C H .  This makes the 

development process more auid, so that "what if' scenarios can be easily tried out, and 

classes' definitions easily refined. However, being purely object-oriented, programmers 

generally need longer to master Smailtalk than C++. Most of this tirne is actually spent 

learning object-oriented methodology and techniques, rather than details of a particular 
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programming language. In fact, Smalltalk is very simple, much more so than either C or 

CH. 

Java is the latest, flashiest object-oriented language. It has taken the software 

world by storm due to its close ties with the Intemet and Web browsers. It is designed as a 

portable lanpage that c m  run on any web-enabled computer via the computer's Web 

browser. As such, it offers great promise as the standard Intemet and Intranet 

programming language. Java is a curious mixture of C++ and Smalltalk. It bas the syntax 

of Cu, making it easy (or difficult) to leam., depending on one's experience, but it bas 

improved on C++ in some important areas. 

3.8.4 STELLA II 

Recently a number of commercial generic simulation tools that can be readily used for 

object-oriented rnodeling have been developed. Among these tools are STELLA Un' (High 

Performance Systems, 1992) and vensirnR (Ventana Systems, 1993). These tools provide 

decision makers with lirnited computer training iike water resources planners with a graphical, 

object onented envionment that aiiows them to quickiy constnict, and easily interact and 

perform system simulations, then present results clearly to wider audiences. In gened, mode1 

developing through such environments takes l e s  effort, computer knowledge, and time, since 

the intemal consistency of the simulation models is checked automatically. The use of object- 

onenteci programming modeling environments has aiiowed better understanding of the 
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potential advantages and disadvantages created by the develo prnent of wat er resources projects 

or their operation (Fahmy and Aboelata, 1995). 

3.8.4.1 STELLA U Basic Mode1 Building Blocks 

STELLA II gives a variety of building blocks to be used in model development. 

Each of these building blocks is designed to perform a specific function. The main building 

blocks are stocks, flows, and converters. Links between model components are denoted as 

"connectors". The following section explains the functions and usage of each building 

block. 

a) Stocks: Stocks represent acummdation processes in models. One type of stock object, 

called Reservoir, has its own built-in mas-balance equation. Along with the flows 

associateci with any stock object, it can represent any system that has a cumu1ative nature 

such as a dam or a reservoir. Stocks can serve as resources. Such resources can be finite if 

they don? have an idow nippiy or, limiteci if there are timited supplies in the form of an 

infiow object. ûther types of stock objects, such as conveyor, ovens, or queue, do not have 

signifiant use in the water resources field. 

b) Fiows: The flow icon is used to represent the physical components whose values are 

expressed as rates for a given time period. The t h e  types of flow icons are ùiflow, 

outflow, and biflow. The flow rates may be constants, a fùnction of time, a hnction of any 

other component of the system, or a p p h  (discrete or continous time series). ïhe  fiow 

icons may represent finite or infinite flow dependhg on the way they are hooked to the 

stock. If the flow icon lies between two stocks then it is considered as a finite flow icon or 
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a controlled linking charnel. If the flow icon is connecteci to a stock icon from only one 

end, the other end is considered either infinite s u i k  or source and in this case, the free end is 

displayed as a cloud. It should be noted that al1 flows withiri Figure 3 are of an infinite 

nature. 

c) Connectors: Connectors are the means of illustrating dependency among rnodel 

components. They connect any two objects in a way such that the value of the object at the 

connecter head is directly affècted by tbat of the object at the comector tail. When 

appearing in a model, the independent object should include, in its defining equation, al1 the 

dependent objects. 

d) Converters: Converten can be considered as the extemal objects that can afkt ,  or be 

affected by, the mode1 performance. Converters represent either a model's parameter as an 

input or, an indicator as an output. These converters are connecteci to the model's main 

components using connectors. 

STOCK 

Figure 3: STELLA II Mode1 Building Bloch 



3.8.4.2 Data Entry 

Three different types of data entry are avaiiable through the STELLA 11 environrnent. 

The fht type of data entry assigns a constant value to a variable represented by an object. The 

value of the constant is entered directiy through the configuration window of the object and 

c m  be changed each time through the configuration window or through setting the required 

value using the slider object that appean in the display. Siiders are objects in STELLA II that 

allow the user to move the scalar value of a variable or parameter between minimum and 

maximum values. 

The second type of data entry is actudy coding or prograrnming the object's behavior 

during the simulation through a form of data enûy. The object's behavior is the equation of the 

physical law that govems the variable value and defines its relation with other variables. The 

ciifference between coding in the STELLA LI environrnent and coding with any other 

traditional language is the sirnpiicity. AU the users have to do is write a mathematicai equation 

and in some cases an "IF . . . THEN . . . ELSE" statement. On one side of the configuration 

window of the each object, one can h d  the object or variables that ought to be included in 

expressing the right-hand side of the equation. In other words the user does not need to know 

or remember what the topology of the mode1 is. On the right side of the window. a list of built 

in mathematical fkctions in the STELLA II environrnent is provided to the user to facilitate 

the coding process. Another list of nurnbers and operators is provided in the sarne wuidow. 

The object's configuration window is self containeci. it presents ad the syntax tools needed to 

help the user to code with almost no information about the programming language. 
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The third type of data entry is in the fonn of graphical fùnctions or relationslip. This 

type c m  be carried out in two different ways. One way is to enter the data manuaily into the 

gaph data entry window. In this case, the user must speciw the number of data points as well 

as the maximum and minimum values for the independent variable of the relationslip which can 

be t h e  or any other system's variable. Based on the number of data points the model divides 

the range of the independent variable equaliy. Then, the user should enter the correspondhg 

values of the dependent variable manually. Another method is to import the dependent 

variables' values Eom a database or from a spreadsheet software. In this case, the user is 

required to spec* the range of the independent variable. It should be noted that in both cases 

the interval between data points is equal. 

3.8.4.3 Model Output 

One of the shortcomùigs in traditional programming is the inability to custornize the 

model's output in the fom required according to the purpose of the model usage. Once the 

output fonn is defuied within the rnodel structure, it is very difficult for ordinary model usen or 

decision makers to rnake any changes in the specifkd output format without fully 

understanding the rnodel code. This shortcoming is avoided in STELLA II. The program 

enables the ordinq model user to customize or even mate a form for the model output and 

to change these formats as required. 

The output fiom the simulation model can be presented using graphs, tables, or both. 

Graphs representing the model's output can be dehed for STELLA LI as a fùnction of the,  

i-e., showing the change of the selecteci variable of the model as the simulation tirne proceeds, 
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or piotting the relation between any two wmponents of the model. The model user can also 

spe* the sale of the graph. Creating a table is even easier. The table is defined by selecting 

variables, their precision, and the tirne intervai between successive readings. 

3.8.4.4 Sensitivity Analysis 

Sensitivity @sis can be performed using STELLA II by specifjmg the range that the 

selected parameter might take dong with the number of required rwis needed in order to 

compare the model results. When running the mociel, STELLA [I plots the different runs on 

one graph for the selected variable. This capability fàcilitates the decision-making process of 

choosing different alternatives and showing the effect of changes in the model parameters on 

different model variable. This option may be used during model calibration as wili be explaineci 

later. 

The STELLA LI environment offers a number of features that dlow the user to make 

any necessary changes in the simulation model. These changes can be made to the model's 

structure itself. to the mathematicai formulation, or to the input data. Mer making the required 

modifmtions, the program checks for the consistency of the equations and the relations 

between al1 mode1 components. If the program discovers any logical error in the equation 

relations or fùnctions, a message declaring that error is displayed at the bottom of the 

configuration window. 

if it is necessary to mod@ input data values or a mathematical equation, the user 

should double click on the object that contains such data to open up the configuration window. 
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Once the configuration window is open the user can start to edit the data or the mathematical 

formulation of the required variable. If a new object must be added to the model stmcture, the 

relation (connectors) of this object to other model objects must be estabiished and defineci. 

When removing an old object from the modei, ail its connections to other model objects are 

destroyed automatically and question marks appear on the objects that need modification in 

order to eliminate the removed object tiom their equations. 

3.8.4.6 Model CaIibration 

in the STELLA ï I  environment, only cornmon trial and error calibration procedure can 

be carrieci out. Nevertheless, the sensitivity anaiysis feature in the STELLA II environment can 

facilitate and accelerate the trial and error calibration procedure. Users can speciQ a range and 

number of runs for a calibration parameter to check the sensitivity of the model output to the 

change of this parameter. 

3.9 ADVANTAGES OF OBJECT-ORLENTED MODELING APPROACH 

Object-oriented modeling is among the first modeling approaches to consider the 

flexibility and reusability of the developed code. Object-onented modeling minimizes the 

effons required to change a mode1 either by additions or deletions. These characteristics of 

flexibility and reusability facilitate the model creation process and save both time and 

effort. Object-oriented programming also helps manage complexities within the modeled 

system by simplifjmg the process of stmcturing relationships among model components. 

Programmers cm easiiy transfer objects from the real world into interrelated components 

of the model. If programming is viewed as simulation, it is much easier to pick objects out 
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of the simulated world than it is to develop a programrning solution based entirely on 

procedures and actions (Voss, 199 1). Major advantages of object-oriented approaches can 

be summarized as follows(Berard, 19%): 

object-oriented approaches encourage the use of modem software engineering 

technology. 

object-oriented approaches promote and facilitate software reusability. 

when done well, object-oriented approaches produce solutions which closely resemble 

the original problem. 

when done well, object-oriented approaches resuit in software which is easily 

modified, extended, and maintained. 

there are a number of encouraging results reported from cornparisons of object- 

oriented technology with more-commonly-used technologies. 

The complexity of water resources systems has been a great obstacle for water 

resources planners in developing a clear understanding of the modeling process and in 

having confidence in the model's results. Object-oriented modeling gives water resources 

planners and decision rnakers the chance to participate in the modeling process without 

extensive cornputer programming expenence. More concentration can be directed towards 

conceptualizing the mode1 and understanding its embedded relationships, rather than 

trying to accommodate the mode1 into the stmctured type of programrning. The use of 

object-oriented programming in water resources planning and management produces 
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models that are flexible to accommodate any changes within the system configuration or 

its operation policies. Representing real systems by interiidceci components through grap hical 

user interface, which is usudy an inseparable part of any object-oriented environment, d e s  

the mode1 structure and its underlying assumptions transparent to any user (Fahrny and 

Aboelata, 1 995). 



CHAPTER 4 

THE DEVELOPMENT OF WATER RESOURCES 

POLICY MODELING FRAMEWORK 

4.1 INTRODUCTION 

Water is one of the most important factors for human welfare in developing as well 

as developed societies. Sensible management of water resources has to satisfy an ever 

increasing demand, driven by population growth and changes in lifestyle, and at the sarne 

time meet an increasing set of constraints and concems regarding environmental impacts 

and resource depletion and degradation. 

Ail these driving forces of development, acting in concert and ofien reinforcing 

each other, require better and more efficient tools for decision support in planning and 

management. The management of water resources requires the integration of very large 

volumes of information fiom numerous sources, the coupling of this information with 

efficient tools for assessment and evaluation that allow broad, interactive participation in 

the planning7 assessment, and decision making process, and effective communication of 

the results and findings to a broad audience. 

Water resources management problems usually involve a mumire of natural science 

and engineering aspects, as well as socio-politicai and economic elements. While 

rneasurable phenornena and causal relationships characterize the former domain, the latter 
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is better characterized by subjective or collective values and judgments, preferences, 

perceptions and expectations, and plural rationalities rather than a universaily agreed upon 

guide. In the scientific and engineering domain, assessrnent aiso involves forecasting, 

designing and analyzing 'what - if scenarios, which is an inherently difficult problem in 

almost any domain. Environmental and water resources management problems are 

complex and multi-disciplinary in nature. They invoive the need to forecast future States of 

complex systems which are often undergohg stmctural change and are subject to 

sometimes erratic human intervention. This in tum requires the integration of quantitative 

science and engineering components with socio-political, regulatory, and economic 

considerations. Finally, this information has to be directly usehl for decision making 

processes involving a broad range of actors. It seems obvious that no single method can 

address credibly and satisfactorily dl these requirements. 

However, methods that are based on modem information technology offer at least 

some of the necessary ingredients of effective information and decision support systems. 

The integration of techniques such as data base management, geographical information 

systems, simulation and optimization models, expert systems, as well as interactive, 

symbolic and graphical user interfaces, animated graphies, hypertea, and multi-media 

systems, seem to have the necessary power and flexibility to support water resources 

planning and management in practical applications. 

The ultimate objective of computer based water resources management 

applications is to improve planning and decision making processes by providing useful and 



53 

scientifically sound information to the public officiais, planners and scientists, and the 

general public involved in these processes. 

4.2 A NEW FRAMEWORK FOR WATER RESOURCES POLICY 

MODELLNG 

The development of a new framework for water resources policy modeling using 

an object-oriented approach includes a number of interrelated tasks. These tasks can be 

summarized as folIows: 

1.  abstract water resources system components (objects. classes, etc.) 

2. identify interrelationships among system components. 

3. develop future forecasts for the system (resources projections and demand scenarios.) 

4. identiQ water resources system indicators. 

5 .  identifi types of problems that might affect the system in the future. 

6. develop the problem solving mechanism. 

7. design and create an object-oriented model. 

8. apply the model to a case study. 

The above mentioned tasks are the headlines for the framework. Within every task, 

sub-tasks that incorporate more details should also be carried out. Figure 4 shows 
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Figure 4: Water Resources Policy Modeling Framework 

the modeling framework. The first task of the mode1 is the identification of the water 

resources system components. Links between system components are identified. The 

dynamic behaviors of water sources and demands are described. The water balance 

between water resources and demands is checked for every time step. In the case of a 

positive water balance, the process proceeds to the following time step. In the case of a 

negative water balance, possible actions to overcome the shortage problem are checked 

and applied to the system. The following sections descnbe each of the framework stages. 



4.2.1 GENERAL DESCRIPTION 

4.2.1.1 Abstraction of Water Resources System Components 

Water resources systems are complex in nature. Complexity cornes from different 

sources such as the large number of interconnected physical processes, socio-economic- 

environmental impacts, dynarnic change in quantity and quality of water resources system, 

spatial variability of characteristics, and the high level of uncertainty of input variables. 

Components of water resources systems can be classified into two superclasses; 

the resources and the demands. The demands specifL the needs for water while, the 

resources supply enough water to meet the demands at the pre-specified time and place. 

Water resources and demands can be grouped in a variety of classes depending on the 

characteristics of each water resource or use. 

a) Water Resources 

Water resources can be categorized into conventional and non-conventional water 

sources. Conventional sources are those which have been known and used for a long time 

such as surface water, groundwater or min. Non-conventional water sources include those 

sources which have been newly developed to obtain water to overcome water shoriage 

problems. Examples of non-conventional sources are drainage water reuse, sewage 

treatment, or desalination of brackish or sea water. 



b) Water Demands 

Water demands seaor considers the integration of al1 water use sectors. Water 

uses can be categorized into two basic types; consumptive and non-consumptive uses. 

Consumptive water uses are those which consume water ive. part of the water supplied is 

not returned to the system. Non-consumptive uses require that water be available in the 

Stream while the sarne water can be used for other purposes. 

4.2.1.2 Identification of Links 

In order for the abstracted system components developed in the previous step to 

form a system, the links among components should be clearly defined. Links, as defined 

previously, are the physical or conceptual connections between objects. A link from one 

component of the system to another component denotes a specific function that cannot be 

canied out without the participation of both components. In water resources, links can 

represent the interdependencies of resources such as surface and groundwater interaction. 

They also represent the relationships that connect the supply and demand components in 

order to either control the distribution of water from resources to uses or to convey the 

retum flow fiom uses in the resources sector. 

4.2.1.3 Development of Future Forecasts 

Water resources systems are dynamic in nature. Changes over time apply to both 

resources and uses sectors. For water resources, water quantities to be avaiiable from 

either surface water or rain are not constants. Forecasts using well-known methods such 

as regression can facilitate the expectation of the water quantities to be received. Water 
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demands depend on the level of development in the region under study. The higher the 

rate of development, the more water needed to satise expansion requirements. New 

techniques to reduce the water consumption rate for different uses is also one of the 

factors that affects future water demands. 

Future water demand scenarios can be developed by integrating the developrnent 

plans for water use sectors and by estimating the required quantity of water for each use. 

Water demand scenarios should continuously show the change of the demand pattern for 

the planning period. 

4.2.1.4 Identification of Water Resources System Indicators 

One of the most important steps in this framework is the development of the 

system indicators. Indicators represent the state of the system and enhance judgments. As 

water is the back bone for development, water resources indicators can be social. 

economic, or environmental as long as the relationships of water to these sectors are well 

defined. 

4.2.l.S Identification of Types Of Problems 

One of the objectives of developing a water policy mode1 is to solve problerns 

already existing within the system as wefl as problems that rnight develop in the future. 

Present problems can be identified by the expenence gained throughout the history of the 

water resources systems, while future problems need a deep vision into the expected 

system behavior. Early identification of the type of problem makes it easier to find an 

immediate suitable solution for the problem without sacrificing system reliability. 



4.2.1.6 Development of Problem Solving Mechanism 

Mer  finding the type of problems that rnay be encountered, a mechanism for 

solving these problems should be developed. The mechanism should clearly address ail 

possible solutions to potential problems as well as the critena by which one solution is 

chosen for impiementation. 

4.2.1.7 Design and Development of the Object-Oriented Model 

The next step in the Framework is integration of tne results fiom al1 previous 

activities into an operational model. The process of design and development of a model 

depends on the person or tearn developing the model as well as the modeling tool selected 

for development. In some cases, the choice of the modeling tool is limited by budgetary 

constraints. 

The model design and development process requires great attention and 

cooperation arnong system analysts who conceptualize the system model, the system 

designer who is responsible for code development, and the decision-makers who may be 

the potentiai users of the model. Cooperation among these three groups must be 

established throughout the modeling process so that the system is correctly represented by 

the model, and decision makers' requirements are satisfied through the model results. 

The final stages in the model development are the calibration and validation 

processes. The purpose of the calibration process is to adjust the rnodel parameters so that 

they reflect realistic system behavior. Validation process is used to ensure that the model 

is achieving appropriate results with different data sets. These processes are implemented 
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by testing the rnodel performance using historical data sets Le. processing historical data 

through the model and cornparing its output with the observed outcornes. The length of 

these processes depends on the nurnber of parameters included in the system. The larger 

the number of parameters, the longer the time required for model caiibration and 

validation. 

4.2.1.8 Mode1 Application 

M e r  making sure that the model is working properly, it can be applied to a 

particular problem domain case study. One of the advantages of the object-oriented 

modeling technique is its flexibility which allows for some modifications to the mode1 to 

be able to accommodate any system conditions that were not available in the original 

model. 

4.3 LMPLEMENTATION OF THE WATER RESOURCES POLICY 

MODELING FRAMEWORK 

4.3.1 STAGE 1 : SYSTEM COMPONENTS 

4.3.1.1 Water Resources 

Water resources can be categonzed into conventional and non-conventional water 

resources. Conventional water resources are the most common water sources. They can 

be classified into surface water, groundwater, and rainfàll. The need for additional water 

sources has led to use of non-conventional sources. The main classes of non-conventional 

water sources are drainage water reuse, sewage water treatment, and salt and brackish 
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water desdination. The following sections descnbe conventional and non-conventional 

water sources. 

a) Surface Water: Surface water can be defined as the water flowing, or stored, above 

ground level. Surface water constitut es the greatest percentage of the water accessible al1 

around the world. In most countries, surface water, due to its low cost, has the first 

prionty of use unless contamination levels prohibit its use for consumption purposes. 

Figure 5 shows an example of the hierarchy to be used in identimng the components of 

surface water classes and objects. In this Figure, surface water is divided into three 

classes: rivers, lakes, and control structures. Each of the three classes is hrther divided 

into more detailed sub-classes. 

1 Surface Water 1 

Control Structures ,++, ,,+] ,jVI 

Figure 5: Surface Water Hierarchical Decomposition 

Lakes and rivers are the sources of surface water. Natural and artificial Iakes act as 

water storage areas during rain (high flow) seasons to be used during dry (low flow) 

seasons using control structures. Dams are water control structures that are able to store 

and release the required amount of water according to a well-defined operation policy. 



6 1 

Designing the operation policy of a dam requires a great arnount of knowledge about 

characteristics of the system to be regulated using that dam. Other important elements to 

be considered for design are water requirements downstream the dam, forecasts for the 

coming years for both demand and supply, and the expeaed side effeas of the designed 

policy. 

Classes of Sudace Water: Surface water can be represented by three main classes: rivers, 

lakes, and control structures. The following sections aim at disintegrating the basic classes 

of surface water into subclasses and pointing out the characteristics of each class or 

subclass. Then, the identification of objects under each class, or subclass, is introduced. 

a-1) Class: Rivers: Rivers are the natural streams that convey fiesh water either from 

lakes or fiorn the accumulations of rain runoff through smaller channels. The nature of a 

river depends on: 

topography, 

climatic conditions, and 

geological conditions. 

Subclass-Reach: The nature of a river itself rnight change from one stretch to another as 

it passes through different regions. In order to facilitate dealing with nvers, it is better to 

divide rivers into reaches. A river reach is a segment of the river that has the same 

characteristics conceming topography and climate, and bordered by either natural of 

artificial boundaries. Rivers may also be divided into reaches according to their use in each 

region. 



Attnbutes of a River Reach: 

boundaries (start, end), 

inflow, 

slope, 

dimensions (length, average width, maximum and minimum water depth), 

stage-discharge curve, 

intakes, 

tributaries, 

local flows, and 

sediment load. 

a-21 Class: Lakes: Lakes are the water storage elements in a water resources system. 

Lakes can be natural because of climatic and topographic conditions, or ar t i f id by 

building control structures in water streams. Usually, artificial lakes are easier to control 

than natural lakes as their sites are pre-selected for optirnizing water loss as well as 

minimizing the cost of control structures 

Subclass-Natural Lakes: As mentioned above, natural lakes occur due to topographic 

conditions. 

Attributes of a Natural Lake: 

water content, 

recharge rate, 

storage-elevation curve, 



storage-surface area curve, and 

water surface elevation variation range. 

Subdass-Artificial Lakes: Artificial lakes are those which are created by building a 

control structure on a water Stream. Blocking the water path causes the water level 

upstream the structure to rise and spread over an area which is dependent on the 

topography of the site. 

Attributes of an Artificial Lake 

maximum capacity, 

storage-surface area curve, 

storage-elevation curve, 

losses (evaporation, seepage), 

storage zones (dead, live, flood control), and 

environmentai conditions (water levels). 

a-3) Class: Control Structures: Control structures are the man-made intervention to 

natural streams built in order to perform different functions. Usually, control stmctures 

have three basic functions; flood control, water discharge regdation, and power 

generation. The class-control structures can be divided into three subclasses; dams, 

barrages, and locks. 

Subclass-Dams: Dams have a wide variety of functions to perform. Among the functions 

associated with dams are (Warren, 1968): 



flood controt 

water supply 

imgation 

seasonal storage 

over-year st O rage 

power generation 

fishing 

recreation. 

Dams can be a single- or multi-purpose i-e. sorne dams may be constructed for 

only one of the above mentioned purposes, while others can serve more than one purpose. 

The selection of the dam site and type is highly dependent on the geological nature of the 

site, its geographical location, and the dam's purpose(s.) When the decision to build a dam 

is considered, economic, social, and environmental impacts must be evaluated. Economic 

benefits can take many forms such as the development of agriculture or industry, or the 

creation of new communities. The basic characteristic of the subclass-dams is: 

The mus-balance equation: The operation of the reservoir behind the dam requires the 

knowledge of the reservoir storage. The estimation of reservoir storage at any time 

period (t) for al1 dams can be adequately obtained by using the mass-balance equation 

in its general fom: 



Attributes of a Dam: 

name-location, 

maximum allowable release, 

minimum required downstrearn release, 

electric power generation head difference requirements, 

spillway elevation, 

spillway capacity, 

discharge-elevation curve, and 

operation policies. 

Subclass-Diversion Structures: The basic f'unction of diversion structures is to raise the 

water level in a channel so that water can be diverteci without pumping. Barrages are defineci 

as open type weirs or dams where water flows though the vents and does not spiil over the 

crest. The vents reduce the chance of sedimentation upstrearn the barrages and scour 

downstrearn them, a cornmon feature associateci with the construction of weirs on alluvial 

channels. In addition, low head power generation plants may be installed. Another use for 

barrages can be short-tem water storage. 

The mass-balance equation for barrages has an extra term which represents water 

diversions: 



Attributes of a Diversion Structure: 

name-location, 

intake levels, 

intake capacity, 

maximum water head difference between the upstream and the downstream, and 

maximum release. 

Subclass-Locks: The function of locks in a surface water system is to facilitate 

navigation. Locks are types of stmctures that enable navigational units to pass through 

other control structures such as dams or barrages. They are also usehl where a sudden 

change in water Ievel occurs. The design of a lock depends on the type of navigational 

units to pass through as well as the trafk loads. 

For the purpose of water resources management, locks are considered as a source 

of national income because they make navigation through regulated nvers possible. 

Transportation of goods and passengers using water strearns is easy and inexpensive. 

Navigation through water ways is also used for tourism and recreation. 

Attributes of a Lock: 

name-location, 

dimensions (length, width, depth), and 

transition time. 
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b) Groundwater: Groundwater is one of the most important fresh water sources. The 

amount of stored groundwater is huge. However, the cost of pumping groundwater varies 

greatly according to the water table depth under the ground surface. Figure 6 shows the 

hierarchical decomposition for groundwater. 

Figure 6: Groundwater Hierarchical Decomposition 

b-Il Class-Renewable Aauifers: Renewable groundwater aquifers are those which have 

a replenishment source of fiesh water. Renewable aquifers are recharged by seepage from 

local surface water streams, or fiom rain. Water withdrawal fiom a renewable aquifer 

must lie within the safe yield. The safe yield of an aquifer is the maximum water 

withdrawal that does not lower the water table in the aquifer. The safe yield depends on 

the ability of the aquifer to replenish (substitute) the water withdrawn fiom other sources. 

Attributes of Renewable Aquifers 

water table Ievel, 

characteristics of the water carrying layer (aquifer dimensions, soi1 type, etc.), 

safe yield (replenishment rate), and 

recharge sources. 
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b-2) Class-Non-renewable Aauifers: Non-renewable groundwater aquifers are those 

aquifers having no source for replenishment. Such aquifers Vary in size and depth so that 

sorne of them can be used for much longer penods of time as long as the water use rate 

does not rapidly exploit the aquifer contents. 

Attnbutes of Non-renewable Aquifers 

water table level, 

characteristics of the water carrying layer (aquifer dimensions, soi1 type, etc.), and 

aquifer water content. 

c) Rainfall: Rainfall is the natural water recycling mechanism. Water evaporates from 

oceans, as well as fresh water lakes and strearns, forming clouds that generate rain. 

Rainfdl is measured by the depth of rain water accumulated during a specific penod. The 

quantity of rain water varies greatly from one location to another. Factors affecting the 

quantity of rainfall in a region are: 

climatic conditions, 

topography, and 

geographic location. 

Attributes of Class-Rain 

rain depth (quantity), and 

duration. 

d) Drainage Reuse: Drainage water reuse is considered one of the non-conventional 

water resources. Recycling drainage water into the water resources system adds more 
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available water to the system by using the same water more than one time. A problem that 

may be encountered in reusing drainage water is the level of pollution or salinity. For 

example, each crop has a maximum limitation for the salinity of imgation water above 

which, the crop will not be able to use the water. Some other crops rnight have lower 

productivity due to the low quaiity of imgation water. Treatment of drainage water before 

reusing it is one solution. Another solution for this problem is rnixing the drainage water 

with fresh water to enhance the water quality up to the permissible limits. 

Attributes of dass-drainage reuse 

available drainage water quantity, and 

quaiity of drainage water. 

e) Sewage Reuse: Unlike drainage water, sewage water cannot be used directly without 

treatment. The treatment process for sewage water varies from very preliminary treatment 

to remove harmfùl viruses and bacteria, to complicated processes to puri@ water from al1 

pollutants. 

Attributes of class-sewage reuse 

sewage water quantity, 

treatment facilities' capacity, and 

treatment level (recycled water quality). 

f') Desalination: Nthough the quantity of water available for desalination is unlimited, the 

cost of the process is very high. A number of techniques are being developed in order to 

minimize the cost of sea water desalination. The capacity of sea water desalination plants 
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depends, most importantly, on the economics of the project. Water produced using 

desalination is usually used for domestic or industrial purposes. 

Attributes of class-desalination 

desalination plants capacity, and 

cost of desalination. 

The water demand class considers the integration of al1 water use sectors. Water 

uses c m  be classified into two basic types: consumptive and non-consumptive uses. 

Consumptive water uses apply to water which is used but only a portion of which is 

returned to the system. Non-consumptive uses require the availability of water in the 

Stream while the same water can be used for other purposes. Water uses are: 

consumptive uses 

- agriculture, 

- domestic, and 

- industry. 

non-consumptive uses 

- navigation, 

- hydropower generation, and 

- environmental conservation. 

a) Agricultural Water Use: The agriculture sector is the biggest water consumer. 

Increasing population and thus the need for increasing food supply put an even greater 
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demand on this sector. In order to estimate the amount of water needed for the agriculture 

sector it is necessary to identifL the types of irrigation methods used and the water 

requirements of the main crops under each method of use. Subclasses of the agriculture 

water use class can be represented either by sub-regions, by crops, or by imgation 

method. In the case when the change in water consumption per crop is high depending on 

the location, it is better to sub-classi@ the agriculture sector into regions and to deal with 

each region separately. Figure 7 shows three types of hierarchical decomposition for the 

agriculture water use. The main attribute for this class is the equation of water 

requirement : 

Field Water Requirement = Crop Requirement * Irrigation Efficiency (3 ) 

The crop water requirement, called also crop evupoirat~~~piru~io~~, is the amount of 

water to be consumed by the crop. This number depends on many factors such as crop 

type, soil type, and climatic conditions. The imgation efficiency is the ratio of the arnount 

of water the crop actually needs to the amount that should be given to the crop in order 

for it to be capable of extracting its needs. Imgation efficiency depends on the method of 

irrigation and the soil type. 



1 Agriculture Sector 1 

Figure 7: Hierarchical decomposition for agriculture water use. 

- 

Single Region 
& 

a 4 1  Class-lrri~ation Method: As mentioned above, the irrigation efficiency depends on 

the method of imgation. Old agricultural techniques usudly depend on submerging the 

field in water. These methods have very low imgation efficiency, even lower than 50%. 

Modem imgation techniques give more attention to reducing the arnount of water given 

to the field by increasing the imgation efficiency. For example, sprinkler imgation can 

raise the efficiency to 75%, while drip imgation can raise efficiency to more than 90%. 

Crops 

L l 

Choosing an imgation method depends on many factors. The cost of installing an 

advanced imgation system is much higher than traditional ones. However, when the water 

supply is insufficient or the cost of water is high, advanced systems may be preferred. 

r 

irrigation 
Met hods 

Attributes of irrigation method 

imgation efficiency, 

capital and operation costs, and 

retum fiow quantity and quality. 

irrigation 
Mcthods 

1 
Crops 
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a-2) Class-cro~: Classification of crops in a region is a ciifficuit process. The classification 

criteria differ greatly from one person to the other. For example, water resources planners 

classify crops according to water requirements, agronomists classi@ crops according to 

species, and agroeconornists classify crops according to the expected economic return or 

the econornic importance. 

Attributes of crop 

crop group name, 

cultivated area, 

water consumption (evapotranspiration), 

costs (seeds, employment, equiprnent, etc.), 

employrnent required (number of man-days), 

productivity, and 

economic return. 

b) Domestic Water Use: Domestic water use is the amount of water required to be 

treated to satisQ specific needs such as (Khouzam, 1995): 

domestic use, e.g., in-house drinking, cooking, ablution, sanitation, etc., 

industrial needs for treated water, 

commercial uses: shops, offices, restaurants, etc., 

institutionai uses: schools, hospitals, universities, governent offices, and 

public uses: watering public gardens, sewer flushing, fire fighting. 
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Domestic water demand c m  be classified into two subcIasses: urban and rural. 

Differences between these two subclasses arise fiom population density and thc standard 

of living. Urban regions are more densely populated and the standard of living is higher 

than in rural areas resulting in an increase of the per-capita water requirements. 

Attributes of class-domestic 

per-capita water requirements, 

population, 

percentage of population served, 

distribution network capacity, 

distribution network efficiency, 

cost of water treatment, and 

retum flow (sewage system characteristics). 

c) Industrial Water Use: Water is one of the main basis for development of the industry. 

Water is used in many processes in industry such as cooling and washing. Most of the 

water needed for industrial purposes is returned to the system. The hierarchical 

decomposition of the industrial water demand sector is shown in Figure 8. 
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Figure 8: Industrial sector hierarehical decomposition 

c-1) Class- Industrv: The water demand for a specific type of industry depends on the 

water required to produce one unit of the final product. The range of variation of water 

demand for industrial use is great. Moreover, the quantity as well as qudity of the return 

flow fiom each industry varies according to the use of water. When used for cooling, 

some water is lost due to evaporation while the quality is usually good. When used for 

washing, the water quantity consumed is much less but the water quality detenorates. 

Attributes of lndustry 

industry type, 

production, and 

economic return. 

c- 1 -1)Subclass-Technology : The rate of water use can also differ within the sarne 

industry type depending on the technology used. Technology, for exarnple water recycling 

programs in industry, c m  affect the efficiency of water use. 



Attributes of subdass-technology 

water requirernent, 

water consumption rate, and 

retum flow quantity and quality. 

d) Navigation Water Use: Navigation is one of the non-consumptive uses of water. It 

requires a certain amount of water to be in the water Stream in order to maintain a suitable 

water depth. Usually water released for other consumptive purposes is used for 

navigation. Two main subclasses can be identified within this class; recreation and 

transportation. The differences between these two subclasses corne fiom the number of 

users for each type, which affects the quantity of water used, and the econornic criteria. 

Attributes of Navigation 

Number of ships, 

Minimum water dep th requirement, 

Water requirement for consumption, and 

Econornic retum. 

e) Power Ceneration Water Use: Power generation depends on the availability of water. 

This class can be divided into three subclasses: hydro, thermal, and nuclear power 

generation. The water use diflers fiom one subclass to the other. Figure 9 shows the 

hierarchical decomposition for power generation water use class. 



77 

e-1) Clnss-Hydro: Electric power is generated when the water passes through the 

turbines of a hydropower generation facility usually installed in water control stmctures. 

Power Generation I 

Figure 9: Power Generation Eierarchical Decomposition 

Regardless of the capital costs of building a hydropower generation projea, its operation 

cost is much less than other types of electric power generation as there is no fuel used. 

Attributes of hydro 

turbines capacity, 

design water head, 

operation cost, and 

operation policy. 

e-2) Class-Thermal & Nuclear: Although thermal power plants use other fuel such as 

charcoal and oil, water is needed for cooling purposes. Part of the water used for cooling 

evaporates due to high temperature, and the rest is usually conveyed into water channel 

which might cause some local effects on the environment. 

Attributes of thermal & nuclear 

power production capacity, 



operation cost, 

water withdrawai, and 

water consumption rate. 

The dynamics of water resources systems consist of two main components: object 

states and links. The object state describes the possible variation in an object either 

internally or externally. Internai variation of an object is not dependent on any other object 

in the model while, extemal variation is caused by object interactions within the model. 

System links denote the physical as well as non-physicai relationships arnong model 

objects. 

4.3.2.1 Object States 

Creation of a high quality model requires great attention in identifjmg al1 possible 

states that an object might take. Then, to elirninate some of the unnecessary complexities, 

the states that have relevancy to the mode1 purpose must be selected. Table 1 illustrates 

the dynamics for important components of the system. The states column shows the 

attributes of the object that have a dynamic nature. The classification column indicates 

whether these states are affected by other objects based on the definitions rnentioned in 

Chapter 3.  The last column, Time step dependency, shows the effect of the mode1 time 

step selection on the dynamic behavior of the objects. Some objects are sensitive to the 

time step so that they might have dynamic characteristics with shorter time steps and static 

characteristics with longer time steps. For exarnple, crop water consumption can be 
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considered a dynamic object if the time step is weekly or monthly. The same object is 

static if the tirne step is seasonal or yearly. It should also be noted that some of the classes 

are themselves objects as shown in the table. 

The objects' states show in Table 1 represent the driving factors for the model. 

The dynamic behavior of the model depends on the combination of initiai as well as 

instantaneous states of objects. 

4-3.2.2 Links 

As mentioned previously, objects do not exist in isolation. Links among model 

objects rnimic relationships in real life. The dynamic behavior of the model is generated 

through the interaction of mode1 objects using the defined links. Links can represent 

physical and non-physical relationships. For example, water conveyance fiom one object 

to another requires a physical relationship. The effect of domestic water quantity on public 

health is an example of non-physical relationship. Table 2 and Figure 10 represent the 

most cornmon physical links among objects of water resources models. 





Object States Classification Tirne step Dependency 

Sewage 

treat ment 

Sewage 

t reat ment 

Quantity 

Treatment level 

Server 

Actor 

Desalinat ion Actor Desalinat ion Quantity 
.. . 

Irrigation 

-p 

Crop pattern 

Crop water consumption 

lmgation eficiency 

Agriculture Actor 

Actor 

Agent 

No 

Yes 

No 
- 

Domestic Population served 

Per capita requirement 

Network Efficiency 

Domestic Agent 

Actor 

Actor 

No 

Yes 

No 

lndustry 

Navigation 

lndustry Yes Production Actor 

Navigation Possibility (Availability of 

sufficient water depth.) 

Yes Server 

Server Hydropower 

generation 

Hydropower 

yeneration 

Water head 



Table 2: Physicai Links Among Objects of Water Resources Systems 

Object 

Groundwater 

Power generation 

Navigation 

Rain 

Drainage reuse 

Drainage reuse 
- - 

Sewage reuse 
--- - 

Water balance 

Ail uses 

Link 

Naturai or artificial aquifer recharge. 

Conjunctive use. 

Seepage. 

Runoff accumulation 

Water head for turbines 

Sufficient water depth for navigation 

Recharge 

Agriculture drainage water 

Industrial waste water 

Treatment sewage water 
- - 

Accumulation of available water supply 

r Distribution of available water to uses 

4.3.3 STACE 3: FUTURE FORECASTS 

Water resources systerns are dynamic in nature. Mode1 dynamics require estimates 

conceming changes which may occur in the future. The amount of water available in the 

future depends on factors such as ciimatic changes and the current level of water 

consumption. Demand changes can be based upon specific targets for demographic or 

economic growth, or upon econometric analysis of future trends (Raskin, 1996). Two 
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types of future scenarios c m  be used: the demand-driven or  the supply-driven scenario 

(Simonovic et al., 1997). 

Dom 

Figure 10: Water Resources System Links 

4.3.3. 1 Demand-Driven Scenario 

Demand-driven scenarios assume the future levels of development for al1 demand 

secton. For example, agriculture expansion plans can be translated into water 

requirements which add to the future water dernand. Similarly, develepments in industry 

or domestic water supply are aiso converted into water quantities to form the overail 

future water requirements. The sufficiency of the water supply is tested and in the case of 

a shortage, development plans to increase the supply should be studied and implemented. 



4.3.3.2 Supply-Driven Scenarios 

Supply-driven scenarios look at the current states of water sources, find the 

potential quantity of water to be used fiom every water source and ail the limitations for 

attaining this potential value including economic and ecological cnteria, and the time 

required for implementation of resources deveiopment. The quantity of water available is 

then allocated to meet projected demands. In the case where water resources exceed the 

demands, the excess water is allocated to an expandable sector such as agriculture. 

4.3.3.3 Water Resources Forecasting 

The arnount of water available in the fùture should be based on the current status 

of the various types of water resources as well as on studies and analyses. These studies 

should be conducted for each individual resource as well as for the conjunctive use of al1 

resources. The uncertainty as to the availability of rnost of the water resources adds 

complexity to the generation of water supply scenario. In order to overcome this problem, 

a set of scenarios including al1 the possible combinations of resources states must be 

prepared. Extra care must be given to this process in order to eiirninate unexpected 

situations in the fùture. 

Methods for estimating the future water supply vary. Simple methods using 

historical records or simple statistical estimations, as well as very complicated methods 

using statistical models to generate synthetic data such as multiple regression models or 

neural networks can both be used. 



4.3.3.4 Water Demands Forecasting 

Water demands depend on the level of development in the region under study. The 

higher the rate of development, the more water is needed to satisfi expansion 

requirements. Future forecasting for water demands is usually based on the independent 

development policies for each of the water demand sectors. 

Methods of estimating water demands differ from one model to another. The main 

cnteria for establishing accurate predictions of water demands are: i) the availability of 

past reliable data and ii) the stability of the region under study. These methods are based 

on the assumption that the possibility of having sudden or extreme changes in the future is 

not substantial. Some of the forecast methods for water demand are (USACE, 1994): 

Interpolation: Demand values are specified for future years and demand values for 

intermediate years are computed by linear interpolation between the specified years. 

Growth Rate: This method specifies a percentage for increasing the demand of the 

base year to be applied to future years. The water demand growth estimation using this 

method is non-linear. 

Drivers/Elasticities: This method considers that the water demand is driver? by other 

factors in the model. The elasticity is the effect of the dnver on water demand. For 

example, domestic water demand depends on population. The dnver in this case is the 

population and the elasticity is the rate of increase in domestic water according to an 

increase in ~o~ulat ion.  In case of direct ~ro~ortionalitv between the demand and the 
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driver, the elasticity value is 1 .O. One water demand may have more than one driver 

with different elasticities. 

Indicators are measures of conditions, processes, reactions or behaviors which 

provide reliable shorthand for complex systems. If relationships between indicators and the 

full sets of responses of such systems are known, the indicators can predict the status of 

the system. Where the relationships between components of a system and their 

symptomatic responses (indicators) are not well established, the status of the indicator is a 

poor predictor. This is the problem for indicators of sustainable water resources, 

particularly where the effects of human actions on the environment are being assessed. 

Measurements of some attributes of a systern may show a change over time, but 

explaining the reasons for the change is often speculative. Quality indicators should have 

the following: 

1. applicability, which relates to the suitability and the usefulness of an indicator, 

2. significance, which refers to the meaningfulness of the indicator as a measure, 

3. data quality, which examines the accessibility of data including the costs and difficulty 

involved in collecting data, 

4. scientific validity, which means that indicators should be theoretically sound, 

dependable and credible, and 
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5. complexity, which means that indicators should be relatively easy to measure, predict, 

monitor and understand. 

Indicators cm be developed by combining mode1 outputs to show the impact of 

development plans on each water sector (NWSRU, 1996). It is favorable to choose 

indicators which are global in nature to be used for cornparisons with the present status as 

well as with international values such as levels of pennitted concentration of pollutants in 

water. One of the basic indicators in water resources management is satisfaction of the 

water needs for al1 uses. It shows the adequacy of water supply development plans to meet 

total water requirements throughout the planning penod. Tables 3 through 6 present the 

most effective indicators for the policies applied to the water resources system that cm be 

combined in order to forrn meaninml indicators. (Source: NWSRU, 1994) 

4.3.4.1 Environmental Indicators 

Environmental indicators reflect the impact of water use on the state of the 

environment. For each of the water use sectors, the size of the pollution load conveyed to 

waterways cm be calculated together with pollutant concentrations. Comparisons between 

different development plans cm be made according to the pollution guantity or 

concentration. 

4.3.4.2 Social Indicators 

One important social indicator is the employrnent created in each water use sector. 

Job creation is a direct reflection of development in each sector. For example, land 
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reclamation plans in agriculture create employrnent. The number of people who must be 

resettled to new areas can be used as a social indicator. 

4.3.4.3 Economic Indicators 

Economic indicators are used to show the effect of different development plans on 

the national economy. The value added to the GDP from each water use sector is the 

economic indicator that can be chosen to be modeled for agriculture and induary. The 

accumulated retum from power-generation and domestic sub-models constitutes the 

added services value. 

4.3.4.4 Political Indicators 

Politicai indicators show the effect of the tested policy on some issues that might 

be considered of strategic political importance. Reducing the dependency on imports for 

some of the basic crops such as wheat or maize can be considered a politicai objective. 



Category 

1 

1 5 l~o ta l  cultivated area 

Environmental Impacts Indicators 

Decrease in water quality (increased water salinity) 

3 

4 

I 7 1 ~ ~ u i f e r  depletion (long term impacts) 

Heaith hazard (air and land pollution) 

Water Iogging (water table rise) 

I 8 1 Soi1 erosion/sedimentation 

2 

1 9 l ~ e a  water intrusion 

Soi1 degradation (increase in soi1 salinity) 

1 10 (~roundwater pollution 

12 1 surface water savings 

1 1  Increase of aquatic weeds 

13 Effect on wild life population (vegetation, birds, trees,. .) 

14 Fresh water released to sea or stored in lakes 

15 

16 

Category 1 Social Impacts Indicators 

Drainage water released to sea 

Effect on weather patterns 

17 

- -- 

Ï T ~ a r m e r s  adaptability to new stratezes 

Effect on fish population 

2 1 Effect on individuais' income 

3 1 Land reclamation and expansion 

4 1 ~ a t e r  users cooperation 

T ~ ~ u i t ~  in wzer distribution 

6 Considering fmer ' s  ideas 

7 Imposed prices by the govenunent 



1 CateWV 1 Economicll Impacts Indicators 1 

1 2  inan an ci al anaiysis (individual) 1 
1 Economical analysis (national) 

3 Crop yield 

4 Costs (investment, operation, and maintenance) 

5 

6 

1 9 l ~ r a i n a ~ e  water reuse (-ve) (pumping costs) 1 

Water savings 

Agricultural expansion 

7 

8 

Equity (supply/demand) 

Drainage water reuse (+ve) (saving water) 

1 1 1 l ~ a t e r  pricing I 
10 

TABLE 6: POLITICAL IMPACTS IMIICATORS 

Category 1 Political Impacts Indicators 

Tounsm (navigation), power generation, & fishing 

1 1 l ~ood  self sufficiency and strategic crops import and export 

I 

1 Surface and groundwater use regdations 

2 

3 

4 

Govemment intemal policies (prices) 

Water users associations involvement 

Reclamation projects 

6 

7 

8 

Surface water saving 

Coordination between agficultural & irrigation policies 

impact on extemal policies (neighbonng countries) 



Most water issues revolve around three factors: water quantity, water quality, and 

the establishment of pnorities to deal with the limitations on quantity and quality. Regional 

and local agencies face increiwd fnistrations as they attempt to plan for tùture community 

needs and try to implement their water supply, water quality, and wastewater management 

responsibilities. Environmental awareness and ecological system conservation add more 

complexity to the problem. 

The process of problem identification requires great attention fiom system analysts 

as well as from decision-maken. Heuristic expenence with the system under investigation 

must be employed to be aware of al1 possible problems which might occur when operating 

the system under different operation policies. 

4.3.5.1 Types Of Water Resources System Probiems 

Water resources system problems on a regional policy Ievel can be categorized into 

two groups. The first group is concemed with water quantity and the availability of 

sufficient water at the time of need. Poor management of the system cm create water 

shortage problems even with adequate quantities. The second group focuses on the issues 

of water quality and environmental protection. This section discusses sorne of the most 

comrnon water resources system problems. 

a) Water Quantity Problems: Problems concerning water quantity are the most common 

problems in both developed and developing regions. Problems of water shortage may 

occur naturally due to changes in weather patterns or artificidy because of increasing 
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demands. Increasing pressure on available water resources from various competing users 

makes it more laborious to satisfy al1 needs of water supply for al1 users at the appropriate 

time. Water shortage may have several effects. It may affect the economy by lirniting 

agricultural or industrial expansion, or it may cause social drawbacks such as increased 

unemployment rates or deteriorating public health. The ecosystem rnight also be afEected 

by a water shonage which dries wet lands and endangers some species. 

b) Water Quality Problems: The awareness of water quality problems is gaining more 

importance among water resources planners and decision-makers. Water quality problems 

come from the increased use of chernicals in agriculture, and the return flows fiom 

industries to water resources. Heavy water pollution may cause some sources to be 

hazardous to use. This affects the total water balance for the region. Categorization of 

water pollution problem depends on factors such as the types of pollutants emitted, 

pollutants concentrations, and disposal methods used. 

Problem identification and solution require a collaborative effort between the 

system analysts and the decision makers. Involvement of decision-makers in this stage 

should be even greater. The previous stage has identified possible problems that might be 

encountered by the system in the future based on past experience. In this stage, possible 

solutions for identified problems should be found. Moreover, critena for pnoritizing one 

solution to the other must be cleared. Possible solutions for the previously identified types 

of problems, conceming water quantity and quality, are discussed in this section. 



4.3.6.1 Water Quantity Problems 

Water shortage problems are very common in both developed and developing 

regions. The methodology to be followed for solving such problem depends on many 

factors such as the availability of alternative resources, the availability of funding to 

support new water resources development projects, and other social and environmental 

factors. Some water resources development plans, such as the constmction of dams, 

require relocation of people while other projects might have harmfid effects on the 

ecosystem. In order to find an appropriate solution for a water shortage problem, planners 

must take into consideration ail the consequences that follow the implementation of the 

selected solution. Figure 1 1 suggests a methodology to be followed in deciding on one 

solution, or a combination of solutions, to be taken and implemented into the system. This 

methodology assumes that the mode1 is going to test the future effects of the solution on 

the system. 

4.3.6.2 Water Quality Problems 

Unlike water quantity problems, the variety of parameters of water quality that 

cause pollution problems is broad with different effects on humans and the environment. 

Another important aspect in water quaiity problems is that most pollution problems cause 

local effects which are not very well represented on the regional scale. Water quality 

problems usually happen due to lack of law enforcement regarding the use and disposal of 

hazardous materials in water ways or in groundwater aquifers. The solution in this case is 
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to strengthen the authorities that enforce water quality regdations in order to prevent any 

hazardous waste disposal in water sources. 

Supply Side fl 
/ Water Shortage 

Study possible 
deveioprncnt 
to incrcase 

SUPP~Y Li 
\ 

for case under 
consideration 

Study possible r - i  

1 Apply solutio~to the sysaem 1 
1 at required tune 1 
[ and check water halance again 1 

Figure 11: Water Shortage Solving Mechanism 

4.3.7 STAGE 7: GENERAL MODEL DEVELOPMENT 

The next stage in the framework is developing a water resources policy object- 

oriented model using the analysis done in the previous stages. The purpose of developing 

the model is to illustrate the applicability of the framework. The general mode1 is a base 

model that can be used for any water resources system. The flexibility of the object- 

oriented modeling approach aiiows for quick modification of the base model for 
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application on existing systems. Chapter 5 descnbes the process of general model 

development . 

Practical application of the general model is the final stage of the fhnework. 

Egypt's water resources system is chosen for the application. This choice is based on 

many factors. One factor is data availability. Another factor is that an object-oriented 

model, IWRMSD, has already been developed which makes the application easier by 

transfemng some sub-models of IWRMSD to this application. Chapter 6 describes 

Egypt's water resources system, its problems, and the modifications applied to the general 

model. Results of the application for four different scenarios are presented and discussed. 



CHAPTER 5 

GENERAL MODEL DEVELOPMENT 

5.1 INTRODUCTION 

The objective of this chapter is to use the predefined framework from the previous 

chapter to build a water resources policy model. The function of the model is presently 

lirnited to testing the effect of various strategic water policies on the water balance. The 

policy variables of the model are divided into two groups. The first group includes the 

development of economic sectors such as agriculture, industry, and services. Development 

in these sectors is translated into water requirements which are added together to form the 

overall water demand for the region. The second group of policy variables includes the 

development required in the area of water resources to accommodate al1 current and 

future requirements. For illustration purposes, the application of the framework stages is 

implemented through development of a general water resources system model with two 

resources and two demands. The description emphasizes the application of the 

methodology using the selected object-onented modeling environment, STELLA II, and 

the modifications necessary to adapt this methodology to fit STELLA II's limitations. 



5.2 MODEL DEVELOPMENT 

Following the framework, the model consists of four basic components; water 

sources, water dernands, water balance, and time control. 

5.2.1.1 Water Sources 

Water sources in this model consist mainiy of two sources. The first source is an 

infinite resource that has an unlimited capacity. This source can represent a rechargeable 

groundwater aquifer and its capacity is the safe yield beyond which the water level in the 

aquifer will be endangered. The second source is time dependent i.e. its value changes 

according to the tirne change. There are many examples of such source, some of which 

include natural, uncontrolled, rivers, or rainfall. It's assumed that both sources are not yet 

fully utilized. The model allows the flexibility of adding to each source with the limitation 

of its own potential value. 

Resource 1 Resource 2 

( Resource 1 Develo ment 1 1 Resource 2 Development ] 

Figure 12: General Mode1 Water Sources 



5.2.1.2 Water Demands 

Two different water demands are identified. Both demands are considered dynamic 

as hnctions of time. This assumption dows for future developments such as agriculture 

expansion. industrial development, or drinking water supply enlargement. For each of the 

demand secton. the mode1 aiso ailows for cutbacks in the demand as a percentage of the 

demand. The cutback is considered one of the decisions to be taken in order to overcome 

a water shonage problem. 

1 Demand 1 1 1 Demand2 1 

1 Dernand 1 ~ e d u c t n ~ a ~ ; o ; 1  

Figure 13: General Mode1 Water Demands 

5.2.1.3 Water Balance 

The water balance component is concemed with the augmentation of the water 

resources system in order to form the final conclusion about the system's status. This 

component's fùnction is to check the availability of water to satisQ al1 demands. At this 

point, the decision about proceeding to the next time step or backtracking to try to find a 

suitable solution is made. The water baiance component contains the time control unit. 

The tirne control unit is responsible for the regulation of the model's time m e s .  Based 

on the decision made by the water balance component, messages are sent to this unit to 



WATER 
BALANCE 

Figure 14: General Model Water Balance 

either proceed to the next time fkme or to send a message to the development plans 

component to make the necessary adjustments to the operation policies. 

5.2.1.4 Deveiopment Plans 

This component is responsible for finding suitable solutions to water shonage 

problems. Messages are relayed from the water balance component to indicate the 

existence of a problem. Two techniques which are used for the development of this 

component will be discussed later in the system dynamics section. 

1 DEVELOPMENT 1 

- Demand 1 Reduction Factor 

J~ernand 2 Reduction ~ac tod  

Figure 15: General Model Development Plans 



The system dynamics step is concerned with the identification of the states of each 

object in the model and the discovery of the interrelationships that connect the model 

objects together to simulate the real world. The level of complexity used in achieving this 

step is highly dependent upon the available sources of data, the modeling time limitations, 

and the required level of complexity and accuracy of the model. Table 1 shown in stage 2 

in the rnodeling fiamework depicts most of the commonly used objects dong with their 

possible states. For this application, a lirnited number of objects will be considered. Table 

2 in the sarne section identifies al1 possible connections among objects. Table 7 shows the 

classification and states of the model objects dong with the interdependency among them. 

Figure 16 shows links among the four basic sectors of the model. 

Figure 16: System Links 



Table 7: Dynamic Characteristics of the Mode1 

I Object CIassificatioo 1 States Actors 

1 Source 1 Actor 1 Water Quantity NIA 

I Source 2 Actor 1 Water Quantity NIA 

Source 1 

Source 2 I Sources 

Demand 1 

Agent 

Actor 1 Water Quantity 

Water Quantity 

1 Demand 2 Actor 1 Water Quantity N/A 

Demand 1 

Demand 2 

Demands 

Water Balance 

Agent 

Agent 

Water Quantity 

Water Quantity Sources 

Demands 

Time Step Agent 1 Time System Status 

Development Plans 1 Time Control 
- - 

Agent Time 

I System Status Agent Satisfied 

Not Satisfied 

- - -  

Water Balance 

1 Development Plans Agent 1 Selected Plan System Status 

1 Source 1 Development Agent 1 Yes / No 
l 

~ Development Plans 

Source 2 Developrnent Agent 1 Yes 1 No Development Plans 

Development Plans 

1 Demand 2 Reduction Factor Agent 1 Yes / No Development Plans 

Possible future scenarios for both resources and demands components are 

considered among the mode1 inputs as decision variables. For water resources, future 

utilnation of each resource is dependent on the decisions to be taken by the development 

plans sector. Limitations for future use of resources depend on the studies that estimate 
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the current and potential amount of water to be consumed from each resource. Water 

demands should be considered as input data to the model. The numbers can be estimated 

using any of the methods such as extrapolation or growth rates mentioned in Chapter 4. 

Water demands can also be estimated using data from other specialized models and 

comected to the model. 

Because this is a general and basic model, the only indicator included is the water 

balance indicator which shows the adequacy of water to meet al1 demands. In applying this 

general model to real world problems, more indicators may be incorporated into the 

model. The selection of indicators is highly dependent on the study case. Furthexmore, 

data availability plays a great role in deteminhg the indicators to be used. 

The major and most common problem in water resources system management is 

water shortage. Hence, this model considers this problem to be the core of the model. 

Other problems such as water quality degradation, salt water intrusion, or water logging 

can be dealt with in applications as well. 

The main concept of this procedure is to identiQ the existence of a problem and try 

to solve, or help the decision maker solve it. The implementation of this step is achieved 

by two different feedback mechanisms. The first mechanism is manual feedback using an 
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interactive method that allows the decision maker to impiement his or her own ideas. The 

model stops as soon as it encounters a problem, prompts the user that some problems 

have occurred in the system, and waits for the user's response and decision in solving the 

problem. The simulation then continues until encountering either other problems or until 

the end of the simulation penod. 

The second feedback mechanism is an automatic method that depends on a set of 

alternatives that are ready to be implemented whenever a problem is encountered. Some 

preparatory steps rnust be taken into account before using the model. The first step is the 

identification of al1 possible solutions to the problems and the ranking of them in order of 

priority . Pnorities cm be ranked according to many economic, social, environmental, and 

politicai factors. 

The four main components mentioned above namely, water resources, demands, 

balance, and development plans are represented as sectors in STELLA II object-oriented 

modeling environment. A sector is a group of objects that foms a larger component to 

achieve a specific task in the model. Classification of the mode1 tasks using sectors allows 

elaboration on every task independently with minor considerations for other model tasks. 

Figures 17 through 20 show the implementation of the model in STELLA II. The prograrn 

equation listing and details of each of the model objects c m  be found in Appendix 1. 



fmrc p a m d  

Figure 17: Water Demands Sector 

.. . 

R e s  1 uu 

reso urta 2 
a m 2  

Res 2 DdoPlaa 

Figure 18: Water Resources Sector 
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Figure 20: Water Balance Sector 
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The four sectors s h o w  in Figures 17 to 20 represent the components of the 

general model. The resources sector is responsible for delivering the water into the system, 

and the demands sector is responsible for estimating water requirements for the system. 

The overall water bafance is checked in the water balance sector. The decision to be taken 

in each time step originates from the information obtained from the water balance sector 

as a result of the water balance. In the case of a positive water balance the decision is to 

proceed to next time step. In the case of a negative water balance the decision is to consult 

the development plans sector for alternatives. The development plans sector has 

predefined alternatives to be implemented in the case of a water shortage. This sector can 

either command the water resources sector to develop one of its water sources, or ask the 

water demands sector to reduce the requirements. The ranking of alternatives is dependent 

on the decision-maker's preference and is considered outside of the scope of this research. 

For each of the decisions taken in the development plans sector, the time required for 

implementation is taken into consideration by the '%me back" object that causes the model 

to go back in time and start implementing the development plan at a suitable time so that 

the water shortage problem is eiiminated. 

Some objects are shown in doned lines on the map. These objects onginate in one 

sector and are used in other sectors. The doned object represents a link between two 

sectors. AI1 sectors links are presented in Figure 16. 
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In order to correctly represent the water resources system using STELLA II rnodeling 

environment, additional objects had to be used. As the types of objects in STELLA II 

are limited, some combinations of objects are used. For exarnple, in order to implement 

the resource developrnent plan, the structure aven in Figure 18 takes the decision from 

the "plan" that originates from the development plans sector and takes the arnount of 

water to be added to the water sources from "Res 1 Dev Plan". The gradual increase in 

the water quantity supplied by this source is achieved using the stock-flow stmcture 

show in Figure 18 which finally adds water to "resource 1 " object. 

The main time control object in the model, Tirne Period, is responsible for the 

identification of the time fiame that the model uses for resources and dernands. The 

development plans time control object. T3, is the one responsible for the adjustrnents 

in time required for the implementation of development pians and affects only the 

periods of time that require implementation of resource improvement or demand 

management plans. The overdl model time frame control is the "Time Period object. 

It should be noted that STELLA II has its own time control system that only proceeds 

in a fonvard direction. Using the set of time control objects is necessary in order to 

implement the feedback process that takes results from the water balance and sends 

the rnodel back in time to start implementing the alternatives before the estimated year 

of shortage. 

The model assumes gradual implementation of development plans. The total outcome 

of each plan is divided equally into the number of time fiames required to implernent 

the plan. This assumption sounds reasonable especially in the area of demand 



108 

management as well as for most resources development prograrns such as 

groundwater or water reuse. 

One of the advantages of STELLA II is its ability to design an interactive user 

interface without expending an excessive amount of time and effort. The environment 

ailows the designer to custom-build a user interface that satisfies the user's needs with the 

ability to be changed according to the needs. 

The model user interface is divided into three main areas. The first area enables the 

user to change the values of the decision variables in the model. The second area displays 

messages generated from the mode1 which inform the user of the system status. Finally, 

the third area displays graphitai output that shows the dynamic changes in the system's 

status over time and provides a wide range of model's objects selections to be displayed 

on the screen while the simulation is mming. Figure 21 shows the general model user 

interface. 



Figure 21: General Mode1 Graphical User Interface 



CHAPTER 6 

CASE STUDY 

The objective of this chapter is to demonstrate the capabilities of the object- 

oriented programrning technique by applying the general mode1 developed in the previous 

chapter to a real water resources system. The application is intended to illustrate the 

advantages of using object-oriented programmirtg over traditional languages. The regional 

water resources systern selected for the application is Egypt's water resources system. 

This system was chosen mainly because of the data availability and the presence of 

previous trials to simulate the system. In this chapter, the water resources system in Egypt 

is briefiy presented along with the risks that face its management, modifications applied to 

the general mode1 are descnbed, some scenarios for operation are tested, and results of 

simulations are presented and discussed. 

6.2 SYSTEM DESCRIPTION 

Egypt covers an area of approximately 1 million sq. km. (386,662 sq. mi.) in 

northeastem Africa. Its northem coastline along the Mediterranean Sea and its eastern 

coastline is the Red Sea, touching the State of Israel in the Sinai. Libya shares its western 

border, and Sudan its southem border. Egypt is ovenvhelmingly a desert country bisected 

by the River Nile. Over 90% of the land area is formed by a convergence of deserts. There 
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are oases scattered across this wasteland as well as a swathe of land dong the Suez Canal 

which is cultivated but it is mainly the land fed by the River that is both habitable and 

arable. The Sinai Peninsula is formed of sand desert and spectacular mountains rising as 

high as 2,637m (8,652 fi) above Red Sea level. The capital city is Cairo located on the 

Nile Delta apex. 

The population of Egypt stands at around 62,000,000, with projections placing the 

population at 65 million by the end of 1998. Although the birth rate has decreased slightly 

(from 2.8% annually in the 1980s to 2.3%), ongoing population growth is Egypt's 

greatest and most intractable problem, exacerbated by the sheer lack of habitable land 

area. Almost the entire population lives in the Delta and in the Nile Valley which is only 

about 4% of the country's land area, making this land one of the most densely populated 

areas in the worl J. 

Egypt's water is m d y  derived from the River Nie and from a tirniteci fossil 

groundwater. in the hture, other sources such as desalinized sea water, harvested mnoff fiom 

the scarce rainfd on the northem sea coast or Sinai, and the water saved by the Upper Nile 

conservation projects may be added to the system. Table 8 shows the avaiiable resources as 

they are ment iy  used dong with their potentiai values. It should be noted that supply sources 

are listeci in an ascending order based on the associateci costs of each resource. 



Table 8- Current and Potential Values for Water Resources in BCM' (billion cubic meters) 

Resource 

River Nile 

Shallow Groundwater 

Deep Groundwater 

Drainage Reuse 

Sewage Reuse 

Desalinization 

Current 

55.5 

2.5 

0.5 

4.7 

O. 1 

O 

Potential 

58 

4.5 

3.1 

7.1 

2.0 

UnIimi ted 
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Some water uses are consumptive while othen are not. The consumptive uses are 

agriculture, domestic, and industry. Although navigation is usually a non-consumptive use, it 

requires maintaining a sdficient water depth in the river which lads to about 1.8 billion cubic 

meters per year being loa to the sea Current studies are undenvay to make use of this amount 

and to study its &kct on coastal encroachment. Nonansumptive uses are limited at the 

present time to power generation. Enviromentai public awareness may adci, in the future, to 

the traditionai water demands. Table 9 shows water demands for each sector for yean 1990, 

2000, as weU as three scenarios for the expected demands for the year 2025. Scenario A 

represents the most optimistic case, B represents the most kely case, and C represents the 

most pessimistic case. It should be noted that all scenarios assume that the Mgation efficiency 

will increase in the fùture causing the agriculture water demand to decrease. 

Table 9- Current and Future Main Water Demands in BCM 

Due to the low efficiency of imgation practices and seepage losses, a large amount of 

water supplied for irrigation either goes to the drainage system or becomes stored in the 

shdiow aquifers in the Nile Delta and Vaiiey. The Ministry of Public Works and Water 

Resources (MPWWR) has started programs to recycle drainage water and to use shallow 

groundwater to increase overall system efficiency. At present, it is MPWWR7s policy to 

Water Use 

Agriculture 

Industrial 

Domestic & Municipal 

Navigation 

1990 

50 

4.1 

3.1 

1.8 

2000 

60 

6.1 

3.2 

0.3 

2025 

44 

9.6 

0.3 

A B C  

47 

1 1  

0.3 

50 

15 

0.3 
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expand already existing rewe programs and to initiate new ones such as the reuse of treated 

waste water. 

6.3 WATER POLICY PROBLEM DEFINITION 

There have been great efforts to study in detail and understand most of the elements of 

the water system. Stiil, there have been shortcomings in the aggregate-level midies that adopt 

a long t m  global integrated approach in water resources planning and management. One 

shortcorning is the failure to recognize the interrelationships among difEerent sources of water 

supply, and the Mure to incorporate these interrelationships into future-looking analyses. The 

potential of some supplies is him dependent on other supplies. For exarnple, shdow 

groundwater, which is cowidered a water supply source, is usuaily recharged by both river 

water and agricultural drainage. Thus, the actud total potential of water is not equd to the sum 

of potentials listed in Table 8. The actual value of total potential water supply is less than the 

sum. Simulation models are needed to recognize and incorporate these interrelationships 

among supply sources. 

The second shortcorning is that water policies in the past have fded to look at the 

demand-supply system in a sufEciently iterative manner. Past policies have simply considered a 

f d y  large time horizon (e.g. 10 or 25 years into the tiiture), projected what water demands 

wiil be at the end of that period, and then tried to plan for a supply to meet that demand. These 

policies have failed to incorporate a more iterative approach that looks at supplies and demands 

more fiequently over tirne, thus allowing for dynarnic adjustrnents that codd significantly affkct 

supply and demand figures in the longer t e m  In addition to the f a  that numbers used were 
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uncertain, no scemrios were generated on the two sides of the supply-demand equation. The 

dynamics and uncertainty in each element of the dernand-supply equation make the decision 

maker veiy reluctant to adopt nich policies 

To dmft a water policy that can account for the uncertainty in the fùture demand- 

supply equation, dierent s c e ~ o s  should be generated for demand and supply on an 

aggregate level throughout the planning horizon. The scenarios have to couple the 

development plans and growth of al1 the demand sectors with potential development of water 

supply sources. They must aiso reflect the interrelationship arnong various nipply sources. For 

each scenario, alternative solutions for supply-dernand rnatching problems should be derived. 

To develo p a corn plet e comprehensive water management strategy, the environment ai, 

economical, and socio-political impacts of the alternative solutions have to be evaluated for 

each scenario. A water management strategy in this sense will provide the decision rnakers with 

a full decision tree that has many alternatives ffom which they can choose. 

The W S D  model explaineci in detail in Chapter 2, was designed to tackle some of 

the above mentioned problems. The approach used in developing this mode1 incorporates 

sustainable development criteria in water resources management in Egypt. The mode1 

represents the fùture of water resouces system in Egypt as a function of economic 

development and gives a wide range of social, environmental, and econornic indifaton. A 

detailed dixussion about the IWRMSD and the work done through this thesis is also given in 

Chapter 2. 



6.4 MODEL APPLICATION 

6.4.1 MODELING ASSUMPTIONS 

6.4.1.1 Water Sources 

Since the River Nie is the main source of water for Egypt, the application assumed that 

the River Nile is the oniy source to be presented in detail. ûther water sources nich as 

groundwater, rain, drainage r ew ,  and desalination are aggregated in one object given a value 

qua1 to the mm of these sources. Natud river infiows are taken from historicai records for 

the River Nile at h a n  upstream the High Aswan Dam (HAD). The water storage in the 

HAD resexvoû is sirnulated considering different losses such as  evaporation and seepage. 

Limitations regarding water released from the dam are taken from previous repons about the 

HAD reservoir rnodel such as WMP ( 198 1). 

6-4-1.2 Water Demands 

As show in Table 9, agriculture is the major water use sector in Egypt. 

Agriculture consumes more than 84% of the total water demand. Therefore, agricultural 

water demand is given higher emphasis in the model. The agriculture sector is divided into 

two main regions; old land and new land. Cropping pattems for the old land consists of 

the most comrnon ten crops, while new land cropping pattems consists of five main crops. 

For each of the crops, the water requirements, costs of cultivation, and average benefits 

per unit area are included in the model. Other water demands are summed into one object 

and given a time dependent function. The values of other water demands are interpolated 

from future forecasts. 



6.4.2 MODIFICATIONS TO THE GENERAL MODEL 

6.4.2.1 Water Resrlurces 

The water resources sector in the application uses the same number of resources 

available in the generai model. However, the River Nile as the main water source is 

modeled into a separate sector so that some details of the river's status could be 

introduced. The main control unit on the river is the High Aswan Dam (HAD). The lake of 

the dam has a maximum capacity of about 163 billion cubic meters. The HAD sector is 

capable of simulating the variations in the lake storage and controlling the dam releases in 

the case of a critical storage stage. The model used to simulate the reservoir is taken fiom 

a previous mode1 in Fahmy and Aboelata (1995). The original lake simulation model has 

been slightly modified to fit into the application and to comect it to the resources sector. 

Figure 23 shows the High Aswan Dam Sector in the application. 

6.4.2.2 Water Demands 

The water demands sector in the application has two sources of water demands. 

The first and most important source is agriculture. The agriculture sector is the major 

water consumer in the system. Due to the dry climatic conditions which prevail in the 

region, agriculture depends mostly on irrigation. The irrigation network was initiated quite 

a long time ago. Nowadays, the network is very complicated. Other water demands such 

as domestic, industry, navigation, and power generation are summed together in one 

object cailed 'other demands.' 



Figure 23: High Aswan Dam Sector 

The flexibility obtained by using object-oriented prograrnrning makes it possible to 

reuse already existing models when building new ones. The agriculture sector was neatly 

introduced in the IWRMSD model. Hence, the same sector has been copied in this 

application. The total agriculture requirements are divided into two major units; old land 

and new land. This separation is necessary in order to differentiate between the efficiency 

of the types of imgation used in each unit. Old land agriculture areas use flood imgation 

which require large arnount of water while new land agriculture areas use modem, more 

efficient irrigation techniques such as drip or sprinkle irrigation. For the old land, the crops 

are divided into ten major groups that can effectively represent the cropping patterns in 

the region. The area to be cultivated by each crop is among the decision variables of the 
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model. Sirnilarly for the new land, five major groups of crops are present. The decision 

variable concerning new land is the land reclamation plan to be implemented over the 

planning period. In this sector the total water requirement for both divisions is calculated 

according to the specified imgation efficiency for each. 

The agriculture sector in WRMSD considers other values such as the fertilizers 

and pesticides used in agriculture to be calculated and are linked to the drainage water 

quaiity to be included arnong environmental indicators. Unfortunately, not enough data 

were collected about either the use of fertilizers and pesticides or their effect on the 

drainage water qudity . Therefore, the objects concerning t hese calculations have been 

eliminated from the agriculture sector in the application. Figure 24 shows the first five 

groups of agriculture crops dong with the associated parameters to be calculated such as 

Figure 24: Agriculture Sector 
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the total water requirements for each crop, costs, and expected benefits. It should be 

noted that the only crop that is exposed to modifications in its cultivated area is rice as it 

has the highest water requirements arnong aii crops. Figure 25 shows the new land sector 

in the model. Calculations originate from the planned increase in new land and proceed 

similar fashion to that of the old land. The total water required for agriculture consists of 

two components. The first sums up al1 the water requirements for old land crops after 

adding the effect of imgation efficiency. Similarly, the second component adds up the 

water requirements for new land crops while taking into account the irrigation efficiency. 

Figure 25: New Land Sector 



The graphical user interface is designed to  give most of the necessary information 

about the system on  one screen. Figure 26 shows the appearance of this screen during the 

simulation process. The upper lefi corner displays messages from the model to the user to 

indicate that the water resources system has encountered a problem. it also displays the 

resource development plan to be implemented to overcome the problem. The screen 

shows a graphitai representation for the water balance simulation over time. As s h o w  on 

the graph, the simulation process stops at the 27& year and displays the message indicating 

that there is a need to develop groundwater. A numericai display for the exact value of the 

water balance at this point is also available above the graph. 

Decision variables in the model are shown on the right side of the screen. The 

upper part shows the values chosen for resources development plans and gives the user 

the capability to change them. The lower part is used to display the economic development 

plans, scenarios. to be tested. 



Figure 26: Application Graphieal User Interface 



6.5 SCENARIO GENERATION 

Scenario generation process in the application is completely demand-dependent. 

Decision variables in the scenarios are the driving factors for water dernand. Among these 

driving factors are the cropping pattern for old land, expansion plans for new land, and 

developments in both the domestic and industrial sectors. Scenarios generated for testing 

the future of a region must cover the whole range of possible developments. Extreme 

cases should also be tested to explore their effect on the systern. Comparisons among 

scenarios results must be carried out according to a variety of indicators using one of the 

known multi-criteria analysis techniques. Although this step of policy analysis exceeds the 

scope of this research, it should be mentioned for fbture consideration. 

Building scenarios for this application takes into consideration the expected 

developrnent in Egypt. Four scenarios are suggested. The first scenario considers stable 

conditions with no development in agriculture or industry. The only development in this 

scenario is in the need for more domestic water as the population increases. The second 

scenario suggests increases in the water requirements over time due to average 

development in al1 economic sectors. The third scenario represents a case with a large 

increase in water demands due to an ambitious development plan in industrial and 

domestic water, while scenario 4 assumes a higher rate of land reclarnation with moderate 

developments in other sector. 

Decision variables in the application are dependent on the level of development 

planned in the main economic sectors; agriculture, domestic, and industry. Table 10 lists 
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the decision variables for the application dong with their levels for each of the developed 

scenarios. It should be noted that the values for domestic and industrial water demands are 

estimated using the detailed results in IWRMSD in NWSRU (1996). Aiso, other 

publications such as Khouzam (1995), and El-Shibini (1994) were used for agriculture 

development plans. 

Table 10: Application Decision Variables Values for Scenarios 

Decision Variable 

6.6 DEVELOPMENT PLANS 

New Land (Feddans) 

Domestic Water 

Industry Water 

In order to make econornic development in water use sectors possible, a set of 

water resources developrnent plans must be prepared to combat any problem which might 

occur regarding the water sufficiency. Water resources development plans must depend on 

detailed study of the available resources in order to estimate their potentid capacities. 

Then, studies measuring their various effects on the economic, social, political, and 

environmental levels should be conducted. Sening prionties of usage for development 

plans requires decision-makers to be aware of the implications of each plan. Using 

simulation models for water resources policy analysis helps planners identi@ the positive 

and negative impacts of each plan. 

Scenario 1 

current 1.2 M 

Low 

current 

Scenario 2 Scenario 3 

Max. 2.8 M 

Med. 

Med. 

Max. 2.2 M 

Med. 

Med. 

Scenario 4 

Max. 2.2 M 

High 

High 
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The role of the development plans seaor in the application starts when a water 

shortage problem arises. This sector is responsible for providing the mode1 with an 

alternative that is capable of solvhg the problem. A set of alternatives should be defined in 

this sector dong with the priorities of implementation. The development plans sector, in 

its current form, is not capable of making a selection. Rather, it applies a given series of 

development pians for water sources and uses sequentially as defined by the decision- 

maker. For each of the development plans, the tirne required for implementation is 

considered and the mode1 is sent back the number of time steps equal to the time required 

to implement the plan. Using this technique gives a continuous positive water balance 

throughout the whole simulation period. 

The water resources development plans used in this application depend on many 

publications such as El-Qousy (1995) concerning the possibilities of water resources 

development for Egypt. Table 1 1 Iists some of the recognized development possibilities in 

water resources and the expected water quantities to be added to the system. 

Table 1 1 : Possible Water Resources Develo~ment Plans 

I Type of Developrnent I Outcornes 1 
1 Plan No. 1 Description 1 Current 1 Potential 1 
1 1 1 Drainage Water Reuse (BCM) 1 4.7 1 7.7 1 

2 

3 

4 

5 

6 

5.1  
1 

Reduction of Rice Area (Feddan) 

Groundwater ( K M )  

Irrigation Efficiency Improvement 

Domestic Network Improvement 

Upper Nile Projects (BCM) 

3.1 

Ptanned 750,000 

7 1.2% 

50% 

0.0 

80.0% 

60% 

3.0 



6.7 RESULTS 

Scenario 1 represents the current condition of the system without any further 

development in the tùture except for an increase in domestic water requirements due to 

population growth. The idea behind ushg this scenario is to create a base which can act as 

a reference for comparison purposes with other scenarios. 

Results obtained from the model shows that for the 30 year simulated penod, no 

water shortage problem wiil occur. However, there will be econornic problem as the 

increased population requires more food and jobs. The economic balance of the country 

will tend to tilt towards payment rather than eaming. The agriculture economic sector 

estimates the net present value (NPV) for the net revenues from agriculture to be 154.5 

billion LE (Egyptian Pound). Figure 27 shows the simulated water balance under scenario 

1 conditions. 

Scenario 2 represents the most likely case scenario for Egypt. The numbers used in 

this scenario portray the future situation as most decision makers' envision it. Average 

levels of development in agriculture, industry, and a moderate level of population growth 

according to statistics cmied by local and international agencies are used estimating water 

requirements during the planning period. 
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Results obtained from the simulation indicate that the system requires the 

implementation of the development plan which was first suggested; increasing the drainage 

reuse water quantity fiom the present 4.7 BCM to the potential value of 7.7 BCM per 

year. The results aiso show that there wil1 be a need for more development by the end of 

the planning penod as the water balance in the last year tends to move to the negative 

side. The results obtained From the mode1 conceming the econornic net revenues fiom 

agriculture are higher than that of scenario 1, the base case, with 8.56 billion LE making 

an NPV of 163 billion LE. Figure 28 shows the water balance under scenario 2 conditions. 

In this Figure, The water balance fails below zero to the negative side in year 2015. The 

decision of irnplementing the drainage reuse increase plan is taken so the rnodel goes back 

to year 2013, two years before the problem, and starts to increase the water supply 

throughout this two-year period. The final result in the sarne year, 20 15, is that the water 

6.7.3 SCENARIO 3 

Scenario 3 presents an extrem 

balance is increased by the planned quantity of three billion cubic meters. 

e case. The purpose of testing wch cas e is to identify 

the dangers that might face the system under unexpected conditions in the future. This 

scenario suggests that the industrial sector is going to develop at a high rate (10% 

annually). Consequently, the water requirements for industry are going nse. Domestic 

water supply is expected to expenence a potential increase as well. The agriculture sector 

conditions are similar to those of the previous case, scenario 2. 
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As expeaed when developing the scenario, the water resources system could not 

handle the excessive water demands fkom the domestic and industrial sectors without 

initiating multiple water resources developrnent prograrns. The simulation mode1 had to 

assume the implementation of the first four development plans, according to the sequence 

in Table 11, in order to satis& the increasing need for water. Aithough the expected 

revenues ffom the excessive industrialization plans are very promising, sorne other aspects 

should be taken into consideration. One aspect is the cost of implementing the four 

suggested plans. Another aspect is the effects of these plans on the ecosystem. The 

simulation results for the water balance using scenario 3 are shown in Figure 29. The 

Figure shows an earlier start for development than in the previous scenario. In the years 

2006 and 2008, the first two plans are required. However, in the year 20 13, the third and 

fourth plan are required. The results show that in the year 2014 it was decided that the 

third plan has to be implemented in 2012, two years earlier. However, the water shortage 

problem reoccurred in the year 2016 meaning that the fourth plan, taking 4 years for 

implementation, must begin at the sarne time with the third plan, year 20 12. 

Another extreme case is presented in scenario 4. An ambitious plan for land 

reclamation is to be implemented dong the planning period. Newly introduced land 

reclamation plan increases the current 1.2 million Feddans to 2.8 million at the end of the 

30 year period, year 2020. 
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The results also show an ample increase in the NPV 6om agriculture of about 14.5 

billion LE over the planning period to reach 169 billion LE. Figure 30 shows the simulated 

water balance for scenario 4. 

6.8 DISCUSSION 

The object-oriented water resources policy model is tested on the water resources 

system of Egypt. The whole country is considered as one region. The main water source, 

the River Nile, and the major controlling structure, the High Aswan Dam, are presented in 

detail. Other sources such as groundwater, drainage reuse, and sewage treatment are 

summed in a single object. This assumption is rationalized on the basis that these sources 

constitute less than 20% of the total available water resources. Agriculture, as the highest 

water consumption sector, is also presented in detail while other demands such as 

domestic and industq are sumrned in one object. 

Four scenarios are tested. The first scenario assumes that the current conditions 

goveming the water resources system will prevail for the 30 year planning period. A slight 

increase in domestic water use occurs due to a population increase. Other sectors such as 

agriculture and industry remain the same without any development. The second scenario is 

a 'most-Iikely' case with moderate development in both agriculture and industry to 

accommodate the population increase. The last two scenarios introduce some extreme 

conditions concerning water requirements. The third scenario considers a potential 

increase in industry which translates into higher water demands. The last scenario assumes 

an expansion of land reclamation plans. 



Figure 27: Water Balance - Scenario 1 

1992 1994 1996 1998 2WO 2002 2ûû4l 2006 MOB 2010 2012 Ml4 2016 2018 2020 
Year 









Results obtained from the four scenarios reflect the need to expand the existing 

water resources system. Although the base-case scenario did not require the 

implementation of any development, ail other scenarios required that sorne additions to the 

available resources be made in order to satisfi tiiture needs. The level of required 

development differed from one scenario to the other according to water consumption rates 

required for the sector to be developed. The econornic indicator used in the model, NPV, 

reflected the effects of agriculture expansion on the economy. Results show a potential 

increase in the value of the NPV for both scenarios 2 and 4 when compared to the base 

case. Unfortunately, data availability limited the calculations of the NeV to agriculture 

only . 

The model results for scenarios 2 through 4 prove that the Feedback technique 

described in the framework is applicable. The simulation model is capable of adjusting the 

water balance according to water requirements throughout the planning period in a 

dynamic manner using the predefined alternatives. The feedback technique facilitated the 

process of water policy analysis as it continuously investigated the system status and 

identified the necessary actions to be taken to protect the system frorn any water shortage 

problem by introducing a suitable alternative. 

This application for water resources system policy analysis in Egypt shows that the 

use of the object-oriented approach is very useful. The modifications applied to the 

general model, although they are many, do not take much effort. The reusability factor 

associated with the object-onented techniques makes it possible to take previously 
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developed components from existing models and connect them to this one. Finally, the 

flexibility which allows the model specifications to be changed to accommodate a special 

case or to include new components that were not available in the original model facilitates 

applying the mode1 to this case study. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 GENERAL 

The work presented in the thesis is an attempt to introduce one of the up-to-date 

modeling approaches, the object-oriented approach, into the world of water resources 

systems policy anaiysis modeling. An eight-stage modeling h e w o r k  is developed and 

explained within the water resources system context. Then, one of the object-oriented 

modeling environments is used to deveiop a general water resources policy analysis model. 

Finally, the generai model is applied to a case study, Egypt's water resources system, to 

investigate the advantages of using an object-oriented approach over traditional 

prograrnrning approaches. The application denotes a great potential for using this 

approach rat her t han traditionai ones. Among the advantages are the clearer understanding 

of the behavior of each of the modeled components, ease of model modification to 

accommodate certain aspects of the modeled system, and reusability of previousiy 

modeled cornponents. 

7.2 THE MODELING FRAMEWORK 

The modeling framework developed describes in detail the steps to be taken in 

order to develop a water resources system policy analysis model. The approach begins by 

identifying the system 's components and categorizing them into super-classes, classes, and 

subclasses according to a specified hierarchy following the object-oriented analysis d e s .  
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Then, the dynamic behavior of ûach component as well as the dynamic interaction among 

system components are identified. Great attention must be given to these steps as they 

constitute the base upon which the whole modeling procedure depends. The next aeps 

represent the policy aspects of the model such as developing future forecasts for demands. 

and identifjing possible problerns dong with suggested actions to be taken to overcome 

these problems. Effects of water resources policies on the system are studied through a 

group of indicators. The selection of indicators is highly dependent on the characteristics 

of the system studied, as well as data availability. 

The object-oriented framework for water resources policy analysis can be 

considered of great benefit to water resources planners and decision-makers. This 

approach offers transparency into the syaem rather than stntctured top-down approaches. 

The process used in developing a model in an object-oriented environment allows for 

understanding the behavior of the system, as it creates a clear picture of the components. 

The class-categorizing process makes it more convenient to deal with a model by 

introducing the characteristics of similar objects only once. The dynamic behavior of each 

of the model components is explicitly established within the component. 

7.3 MODEL DEVELOPMENT AND APPLICATION 

The developed modeling framework is implemented. The mode1 development 

process using an object-oriented environment is carried out through the use of STELLA 

II. This kind of tool provides decision-makers or water resources planners with a graphical, 

object oriented environment. Mode1 development using STELLA LI does not require extensive 
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howledge of prograrnming languages. Therfore, users are able to quickiy constnict, and easily 

interact with simulation rnodels, and presents r d t s  cleariy to a wide audience. in general, 

model development through such environmems takes les effort, l e s  cornputer knowledge, and 

l e s  time, since the internaI consiaency of the simdation models is checked automatically. The 

use of object oriented programming rnodeling environments has ailowed plmers and decision- 

makers to have a better understanding of the potential benefits and damages created by water 

resowces projects or their operating policies. The application shows that the use of o b j a -  

oriented environrnents in water resources planning and poiicy analysis is p o w e f i  enough to 

create a transparent and flexible model. It is aiso clear that the rnodel use is not limited to a 

rigid set of alternatives. Rather, the model is able to a m e r  a wide range of 'what-if' questions 

with minor modifications in the model such as modification or addition of rnodel components- 

The transperancy of the model d e s  it easy to strengthen in the tiiture without the need to 

refer to the original model developer. 

The general model application to the case study of Egypt's water resources system 

proves the applicability of the fiarnework. For this case study, components of the water 

resources syaem in Egypt are sidateci and the overd water balance is the main concem of 

the application. The feedback technique used in the model is responsible for continuousiy 

checking the water balance an4  in the case of a water shonage, to introduce one of the 

possible aitematives to prevent its ocamence. 

Results obtained Eom the model for the case study based on Egypt's water resouces 

system shows that lack of water can place constraints on the economic development of the 

country. Population increase is one of the major facors affecting water requirernents. Food, 
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drinlong water, and jobs for the increasing nurnber of people strain the existing available water 

resources. Econornic development of the country is possible only by increasing water resources 

or by hcreasing water use efficiency. Out of the four scenarios tested, three scenarios require 

the implementation of certain development projects. The level of the water resources 

development required is highly dependent on the suggested development in the economic 

sectors. The results also show the eEect of agricultural expansion on the economy. The 

caldateci NPV for the agriculture production potentially inmeases with uicreasing reclarnation 

plans. 



CHAPTER 8 

FUTURE WORK 

The work presented in this thesis c m  be considered a starting point for an organized 

object-onented modeling in the field of water resources poticy modeling. The hmework 

addresses the basics of using object-oriented technology in this field. Severai additions can be 

made to h e w o r k  as well as the general model. 

It would be advantagous to Uiclude water quality analysis in the model development 

process. Many previous models have studied locai water quality problems on a highly detailed 

level. However, the aggregate level for water quality studies is not yet developed. The model 

can include a water quality component which identifies water quality problerns and suggests 

different methodologies to soive the problems. 

The application of the general model to Egypt's water resources system proved the 

usefulness of the general model. However, lack of data put some limitations to this application. 

This appication can be expanded to include more decision variables in al1 economic sectors. 

Addition can also be made to the indicators in order to reflect a more realistic picture of the 

water resources system status as well as the economic, sociai, and environmental conditions. 
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APPENDICES 



GEXERAL MODEL CHART 



BALANCE 
0 T3(t) = T3(t - dt) + (Tl - T2) ' dt 

INlTT3 = O 
INFLOWS: 
8 T l  = if (plan>O) then (Tirne-toddevelop+l) else O 

OUTFLOWS: 
T2=1 

O tota-ime-back(t) = total-tirne-back(t - dt) + (tirne-back) * dt 
INlT totaltime-back = O 
INFLO WS: 
d tirne-back = IF (Tirne-to-develop>O) then (Tirne-to-develop+l ) else O 

n Water-Balance(t) = Water-Balance(t - dt) + (in - out - Balance) ' dt 
INlT Water-Balance = O 
INFLOWS: 

in = Resources 
OUTFLOWS: 
ij3 out = Demands 

Balance = Water-Balance 
O beep = if time-bade0 then SOUND(1) else O 
O TERMINATE = if tirnegeriod>=30 then 1 else O 
O timejeriod = ROUNDVIME-total-tirne-back) 
0 Tirne-to-develop = GRAPH(plan) 

(0.00, O.OO), (1 -00, 3.00), (2.00, 2.00), (3.00, 2-00), (4.00. 2-00), (5.00, 0-OO), (6.00, 0.00) 

DEMANDS 
D3(t) = D3(t - dt) + (DM-1-RED - RF-1-INC) * dt 
INlT 03 = O 
INFLOWS: 

DM-1-RED = IF PLAN* THEN Demand-1-RF ELSE O 
OUTFLOWS: 
9 RF-1JNC = D3K3 

D4(t) = D4(t - dt) + (DM-2-RED - RF-2-INC) dt 
INlT 04 = O  
INFLOWS: 

DM-2-RED = IF PiAN=3 THEN Demand-2-RF ELSE O 
OUTFLOWS: 

;gP RF-2JNC = D4m3 
DM-1-RF(t) = DM-1RF(t - dt) + (RF-2-INC) * dt 
!NIT DM-1-RF = O 
INFLOWS: 



0 DM_2_RF(t) = DM-2_RF(t - dt) + (RF-1-INC) * dt 
INlT DM-2-RF = O 
INFLOWS: 

RF-1-INC = D3n3 
O Demands = dernand-l*(l-DM-1-RF)+demand-2*(1 -DM_2_RF) 
O Demand-1 _RF = O. 1 
O Demand-2-RF = .l 
0 demand-1 = GRAPH(tirnegeriod) 

(1.00. l8.3), (422. 19.5). (7.44.21.0). (10.7.22.6). (13.9. 24.3). (17.1. 25.6). (20.3. 26.5). (23.6. 27.6) 
(26.8. 27.9). (30.0, 28.0) 

0 dernand-2 = GRAPH(timegeri0d) 
(1.00. 17.0). (2.00. 17.0). (3.00, 17.0). (4.00, 17.0), (5.00. 17.0). (6.00. 17.0). (7.00, 17.01, (8.00, 17.0) 
(9.00, 17.0). (10.0, 17.0). (11.0. 17.0). (12.0. 17.0). (13.0. 17.0). (14.0, 17.0). (15.0, 17.0). (16.0, 17.0) 
(17.0. 17.0). (18.0. 17.0), (19.0, 17.0). (20.0. 17.0). (21.0. 17.0). (22.0, 17.0). (23.0. 17.0). (24.0. 17.0) 
(25.0, 17.0). (26.0. 17.0). (27.0. 17.0). (28.0, 17.0). (29.0. 17.0). (30.0. 17.0) 

PLANS 
0 PL(t) = PL(t - dt) + (Plan-chg) * dt 

INlT PL = O 
INFLOWS: 

Plan-chg = if (Water-Balance~O) AND ((T3=0) OR (tirne-back>O)) AND((DS1 >=O) or 
(DS3c0)) then 1 else O 

O Dem-1-RF = if PL>=3 theo 0.1 else O 
O Dem-2-RF = if P b = 4  then 0.1 else O 
O DP1 = DELAY(PL.1) 
0 DS1 = DELAY(Water-Balance, 1 ) 
O DS3 = DELAY(WaterJalance.3) 
O plan = if NOT(PL=DPI) then (PL) else O 

RESOURCES 
0 resource-ladd(t) = resource-ladd(t - dt) + (add-to-1) dt 

INlT resource-ladd = O 
INFLOWS: 
8 add-to-1 = Res-1-in03 

[7 resource-2(t) = resource_2(t - dl) + (add-to-2) ' dt 
INlT resource-2 = 25 
INFLOWS: 

add-to-2 = Res-2-indT3 
O Res-1-inc(t) = Res-1-inc(t - dt) + (Resource~l~Development - add-to-l ) * dt 

INlT Res-1 -inc = O 
INFLOWS: 
ij3 Resource-1-Development = if plan=l then Res-1-Dev-Plan else O 

OUTFLOWS: 



9 add-to-1 = Res-1-indT3 
[7 Ras-2-inc(t) = Res-2-inc(t - dl) + (Resour~e~2~Development - add-to-2) ' dt 

l N lT Res-2-inc = O 
INFLOWS: 

Resource-2-Devalopment = if plan =2 then Res-2-Dev-Plan else O 
OUTFLOWS: 
g add-to-2 = Res-2-ind-3 

O Resources = resource-2+Resour-1 
O R e s o u - 1  = resourceJ -add+ln-Resource-1 
O Res-1-Dev-Plan = 3 
O Res-2-Dev-Plan = 2 
0 InResourceJ = GRAPH(timegeriod) 

(1.00, 14.8). (3.90. 14.8). (6.80, 14.4). (9.70, 12.9). (12.6, 11.7). (15.5, 11.2). (18.4. 11.0). (21.3, 12.1). 
(24.2, 14.4), (27.1. 16.6). (30.0, 17.2) 



APPENDIX 2 

CASE STUDY MODEL CHART 

























APPENDIX 3 

CASE STUDY MODEL CODE 



Agriculture 1 
Costqer-fed-1 = 435.9 
DOCUMENT: Cultivation cost per feddan of wtieat 
Unit: t. UFeddan 
Source : "Agricultural income estimates at govemrate level". Agr Research Center, MOA. 1993 

Costjer-fed-2 = 309.6 
DOCUMENT: Cultivation cost per feddan of barely 
Unit: L. E/Feddan 
Source : "Agricultural incorne estimates at govemrate level". Agr Research Center. M O 4  1993 

Costger-fed-3 = 461 -5 
DOCUMENT: Cultivation cost per feddan of maize and corn 
Unit: L. EfFeddan 
Source : "Agricultural incorne estimates at govemrate level". Agr Research Center, MOA, 1993 

Costger-fed-4 = 564.6 
DOCUMENT: Cultivation cost per feddan of rice 
Unit: L. EfFeddan 
Source : "Agricultural income estimates at govemrate level". Agr Research Center. MOA. 1993 

Costqer-fed-5 = 392.6 
DOCUMENT: Cuftivatjon cost per feddan of legumes and oily 
Unit: L. ElFeddan 
Source : "Agricultural income estimates at govemrate level", Agr Research Center. MOA. 1993 

Net-Return-1 = Wheat-Area9(Returnger-fed-1 -CostgerJed-1) 
DOCUMENT: Economic net retum for wheat 
Unit: L.E 

Net-Return-2 = Barely-Area'(Returnje-d-2-Costpemd-2) 
DOCUMENT: Economic net retum for barely 
Unit: L.E 

Net-Return-3 = Maire-Area'(Retumger-fed-3-Costger-fed-3) 
DOCUMENT: Economic net return for maize and corn 
Unit: L E  

Net-Return-4 = Rice-Area'(Returnger-fed-4-Cost~er-fed-4) 
DOCUMENT: Economic net return for rice 
Unit: L.E 



O Net-Relum-5 = Legumes_Area*(Retum~r-fed-S-Cost-per-fed-5) 
DOCUMENT: Economic net return for legurnes and oily 
Unit: L E  

O Retumger-fed-1 = 906.7 
DOCUMENT: economic retum for feddan of wheat 
Unit: L. UFeddan 
Source : "Agricultural income estimates at governrate level", A g  Research Center. MOA, 1993 

O Returnge-d-2 = 636 
DOCUMENT: economic return for feddan of barely 
Unit: L.E/Feddan 
Source : "Agricultural income estimates at governrate level", Agr Research Center, MOA, 1993 

O Retumger-fed3 = 748.7 
DOCUMENT: economic return for feddan of maize and corn 
Unit: L. EIFeddan 
Source : "Agricultural income estimates at govemrate level", Agr Research Center, MOA, 1993 

O Retumge-d-4 = 732.7 
DOCUMENT: economic retum for feddan of n'ce 
Unit: L. BFeddan 
Source : "Agricultural income estirnates at govemrate level", Agr Research Center, MOA. 1993 

O Returnger-fed-5 = 898.2 
DOCUMENT: economic retum for feddan of legumes and oily 
Unit: LHFeddan 
Source : "Agricultural incorne estimates at govemrate level", Agr Research Center, MOA. 1993 

O Rice-Area = if PL>4.9 then 750000 else Planned-Rice-Area 
O Water-Consurnption-1 = Wheat-AreaWCger-fed-1 

DOCUMENT: Total Crop Evapotranspiration 
Unit: CUM 

0 Water-Consurnption-2 = Barely-AreaWCger-fed-2 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 



O Water-Consumption-3 = Maize-AreaWCger-fed-3 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

O Water-Consumption-4 = Rice-Area7NCger-fed4 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

O Water-Consumption-5 = Legumes-Area'WCgerJed-5 
DOCUMENT: Total Crop Evapotranspiration 
CUM 

O WCgerJed-1 = 1821 
DOCUMENT: CUM/Feddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 

O WCger-fed-2 = 1608 
DOCUMENT: CUMIFeddan 
Consurnptive use 
Water Distribution Research lnstitute,NWRC, MPWWR 

O WCjerJed-3 = 2546 
DOCUMENT: CUMFeddan 
Consumptive use 
Water Distribution Research Institute.NWRC, MPWWR 

O WCger-fed-4 = 4691 
DOCUMENT: CUMfFeddan 
Consurnptive use 
Water Distribution Research Institute,NWRC, MPWWR 



WCper-fed-5 = 1076 
DOCUMENT: CUWFeddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 

Barely-Area = GRAPH(YEAR) 
(0.00, l24599), (5.00, l24599), (10.0, 124599), (1 5.0. 'i24599), (20.0, 124599). (25.0, 124599), (30.0, 
124599) 
DOCUMENT: Cultivated barely area 
unit: Feddan 
Policy variable 

Legurnes-Area = GRAPH(YEAR) 
(0.00, 70291 8), (5.00, 70291 8),  (10.0, 702918), (1 5.0. 702918). (20.0, 70291 8). (25.0, 702918), (30.0. 
70291 8) 
DOCUMENT: Cultivated legumes and oily area 
unit: Feddan 
Policy variable 

Maize-Area = GRAP H(Y EAR) 
(0.00, 2.2e+006), (5.00, 2.2e+006), (1 0.0, 2.2e+006), (1 5.0, 2.2e1906), (20.0, 2.2e+006), (25.0, 
2.2e+006), (30.0, 2.2e+006) 
DOCUMENT: Cultivated maize area 
unit: Feddan 
Policy variable 

Planned-Rice-Area = GRAPH(YEAR) 
(O. 00, 92397 1 ), (5.00. 92397 1 ), (1 0. O, 92397 1 ), (1 5. O, 92397 1 ), (20. O, 92397 1 ), (25.0, 923971 ), (30. O, 
92397 1 ) 
DOCUMENT; Cultivated Rice area 
unit: Feddan 
Policy variable 

Wheat-Area = GRAPH(YEAR) 
(0.00, 1.2e+006), (5.00, 1 A2e+006), (1 0.0, 1.2e+006), (1 5.0. 1 -2e+Oû6), (20.0, 1.2e+006), (25.0, 
1.2e+006), (30.0, 1.2e+006) 
DOCUMENT: Cultivated wheat area 
unit: Feddan 
Policy variable 

Agriculture 2 



Costger-fed-1 O = O 
DOCUMENT: Cultivation cost per feddan of orchards 
Unit: LHFeddan 
Source : "Agricultural incorne estirnates at govemrate level". Agr Research Center. MOA 1993 

Costqer-fed-6 = 799.3 
DOCUMENT: Cultivation cost per feddan of mtton 
Unit: L. UFeddan 
Source : "Agricultural incorne estimates at govemrate level". Agr Research Center. MOA, 1993 

Costger-fed-7 = 1 1 35.9 
DOCUMENT: Cultivation wst per feddan of sugarcane 
Unit: L. EIFeddan 
Source : "Agricultural incorne estimates at govemrate level". Agr Research Center. MOA. 1993 

Cost_per-fed-8 = 747.5 
DOCUMENT: Cultivation cost per feddan of vegstables 
Unit: L. EIFeddan 
Source : "Agricultural income estimates at govemrate level". Agr Research Center. MOA. 1993 

Costjer-fed-9 = O 
DOCUMENT: Cultivation cost per feddan of clover 
Unit: L. UFeddan 
Source : "Agticultural income estimates at govemrate level". Agr Research Center. MOA. 1993 

Ne-eturn-1 O = Orchards-Area'(Retumger-fed-1 O-Costge-d-1 O) 
DOCUMENT: Economic net return for orchards 
Unit: L.E 

Net-Retum-6 = Cotton-Area*(Returnger-fed-6-Gostjer-fed-6) 
DOCUMENT: Economic net retum for cotton 
Unit: L.E 

Net-Return-7 = SugarcaneArea'(Return~er-fedd?40siper-fed-7) 
DOCUMENT: Economic net retum for sugarcane 
Unit: L E  

NetRetu- = Vegetables-Area'(Returngerfed_B-Cost~er-fed-8) 
DOCUMENT: Economic net return for rice 
Unit: L.E 



0 Net-Retum-9 = Clover-Area*(Retumger-fed-9-Costger-fed-9) 
DOCUMENT: Economic net retum for clover 
Unit: L E  

O Retumger-fed-1 O = 31 48.2 
DOCUMENT: economic return for feddan of orchards 
Unit: L. EIFeddan 
Source : "Agriçultural income estimates at govemrate level", Agr Research Center, MOA, 1993 

O Retumger-fed6 = 980.7 
DOCUMENT: econornic return for feddan of wtton 
Unit: L. EiFeddan 
Source : "Agricultural inwme estimates at govemrate level", Agr Research Center, MOA, 1993 

O RetumgerJed-7 = 1860 
DOCUMENT: economic retum for feddan of sugarcane 
Unit: L. E/Feddan 
Source : "Agricultural incorne estimates at govemrate level", Agr Research Center, MOA, 1993 

O Retumger-fed-8 = 1994.4 
DOCUMENT: economic return for feddan of vegetabies 
Unit: L. E/Feddan 
Source : "Agricultural income estirnates at governrate levei", Agr Research Center, MOA, 1993 

O RetumgerJed-9 = 777 
DOCUMENT: econornic retum for feddan of clover 
Unit: L. EIFeddan 
Source : "Agricultural income estimates at govemrate level", Agr Research Center, MOA, 1993 

O Water-Consumption-1 O = Orchards-Area 7NCger-fed - 1 0 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

O Water-Consumption-6 = Cotton-Area7NCgerJed-6 
DOCUMENT: Total Crop Evapotranspiration 
CUM 



Water-Consumption-7 = SugarcaneArealrVCjer-fed-7 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

Water-Consurnption-8 = Vegetables-AreaWCger-fed-8 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

Water-Consumption-9 = CIover-hea7NCger-fed-9 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

WC-per-fed-1 O = 41 62 
DOCUMENT: CUMIFeddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 

WCjerfed-6 = 3080 
DOCUMENT: CUWFeddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 

WCperfed-7 = 8721 
DOCUMENT: CUWFeddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 

WCperfed-8 = 1705 
DOCUMENT: CUMIFeddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 



0 WC_per-fed-9 = 1797 
DOCUMENT: CUWFeddan 
Consurnptive use 
Water Distribution Research Institute,NWRC, MPWWR 

0 Clover_Area = GRAPH(YEAR) 
(0.00, 3e+006), (5.00, 3e+006), (1 0.0, 3e+006), (1 5.0, 3e+006), (20.0, 3e+006), (25.0, 3e+006). (30.0: 
3e+û06) 
DOCUMENT: Cultivated clover area 
unit: Feddan 
Poficy variable 

0 Cotton-Area = GRAPH(YEAR) 
(0.00, 1.1 e+OO6), (5.00, 1.1 e+Offi), (1 0.0, 1.1 e+006), (1 5.0, 1.1 e+006), (20.0, 1.1 e+OO6). (25.0, 
1.7 e+006), (30.0, 1.1 e+006) 
DOCUMENT: Cultivated cotton area 
unit: Feddan 
Poficy variable 

@ Orchards-Area = GRAPH(YEAR) 
(0.00, 664471 ), (5.00, 664471 ), (1 0.0, 664471 1, (1 5.0, 66447 1 ), (20. O, 664471 ), (25.0, 66447 1 ), (30.0, 
66447 1 ) 
DOCUMENT: Cultivated orchards area 
unit: Feddan 
Policy variable 

0 SugarcaneArea = GRAPH(YEAR) 
(0.00, 250004). (5.00, 250004), (10.0. 250004), (1 5.0, 250004), (20.0, 250004), (25.0. 250004), (30.0, 
250004) 
DOCUMENT: Cultivated sugarcane area 
unit:Feddan 
Policy variable 

0 Vegetables-Area = GRAPH(YEAR) 
(0.00, 850468). (5.00, 850468), (1 0.0. 850468), (1 5.0. 850468), (20.0, 850468), (25.0, 850468), (30.0, 
850468) 
DOCUMENT: Cultivated vegetables area 
unit: Feddan 
Policy variable 

Agriculture Economics - 1 



O Barely-Cost = Costper-fed-ZWBarely-Area 
O Barel y-Return = Returrtger-fed-2'Bare 1 y-Area 
O Cloveflost = CostperJed-9*Clover_Area 
O Clovef-Retum = Retumger-fed-9*Clover-kea 
O Cotton-Cost = Costpeer-fed-6Cotton-Area 
O Cotton-Retum = Retumger-f&-6'Cotton-Nea 
O Legumes-Cost = Costger-fed-52egumes-Area 
O Legumes-Retum = RetumgerJed-5Yegumes-Area 
O Maize-Cost = Costper-fed_3'Maize_Are 
O Mai-Retum = Retumger-fed-3Waize-kea 
O N-Barely-Cost = CostperJedJ 1 'N-Brely-Area 
O N-Barely-Retum = Returnger-fed-11 'bi-Brely-Afea 
O N-Clover-Cost = CostpeerJed-14*N-CloverArea 
O N-Clovefletum = Retumger~fed~i4*NCloverAre 
O NLegumes-Cost = Co~tperJed~12~N~legumes~Area 
O N-Legumes-Return = N-Legumes-Area*Returnger-fed-12 
O N-Orchards-Cost = Costger-fed-1 S*N-Orchards-Area 
O N-Orcbards-Retum = Retumge-d-1 S*N-Orchards-Area 
O N-Vegt-Cost = Costgef-fed-l3'N-Vegt-Area 
O N-Vegt-Retum = N-Vegt-AreaRetumger-fed-13 
O Orchards-Cost = Costpee-d-1 O*Orchards-Area 
O Orchards-Retum = Retumger-fed-1 O'Orchards-Area 
O Rice-Cost = CostpeerJed-4'Planned-Rice-Area 
O Rice-Retum = Retumger-fed-4'Planned-Rice-Area 
O Sugarcane-Cost = Costpeer-fed-7'SugarcaneArea 
O Sugarcane-Retum = Returnger-fed-7'SugarcaneArea 
O Vegetables-Cost = CostperJed-8"Vegetables-Area 
O Vegetables-Retum = Retumger-fed-8Vegetables-Area 
O WheaLCost = CostperJed-1 'Whe-ea 
O Wheat-Retuen = Retumger-fed-1 'Wheat-Area 

Agriculture Economics - 2 
0 Agr-Return-NPV(t) = Agr-Return-NPV(t - dt) + (Noname-1 - Noname-8) ' dt 

IN lT Agr-Return-NPV = O 
INFLOWS: 
9 Noname-1 = Agr-Return'discountJactor 

OUTFLOWS: 
Noname-8 = IF(T3>0) THEN(Noname-1) ELSE(0) 

O Agr-Cost = 
Barely~Cost+Clover~Cost+Cotton~C~~t+LegumesCost+MazeCost+BarelCost+ Clover-Cos 
t + ~ ~ ~ e ~ u m e s ~ ~ o s t + ~ ~ ~ r c h a r d s ~ ~ o s t + ~ _ ~ e ~ t ~ o s t + ~ r ~ a r d s ~ ~ o s t + ~ i ~ ~ ~ o s t + ~ u ~ a ~ ~ n e ~ ~ o s t +  
Vegetables-Cost+Wheat-Cost 

O Agr-Net-Reeturn = Agr-Retum-Agr-Cost 



Agr-Return = 
Barely~Retum+CIover~Retum+Cottan~Retum+Legumes~Retum+Maize~Retum+N~Barely~Retum+N 
- Clover~Retum+N~Legumes~Return+N~OrctiardsRet+N~Ve@StRetum+Orctiards~Retum+Rice_ 
Return+Sugarcane-Retum+Vegetables-Retum+Weat-Retuen 

discount-factor = 1 /(1 +rate)*(TIME-1989) 
Noname-7 = 1000000000 
rate = 0.1 
WP-Agriculture = Agr-Net-Retum/(Agriculture-WaterS,Noname-7) 

Agriculture Water 
Agricuiture-Water = New~Land~Watsr~Requirements+Old~land~Water~Requirements 
DOCUMENT: Total agriculture water 
unit: billion CUM 

Basic-old-land-efkiency = -71 2 
DOCUMENT: Old land irrigation effeciency (wrrent value) 

New-Irrigation-Effeciency = .85 
DOCUMENT: New land imgation effeciency (Sprinkler and drip irrigation) 

New-Land-Water-Consumption = 
(Water-Consumption-l 'i +Water-Consurnption-1 2+WaterdConsumption-1 3+Water-Consumption-1 
4+Water-Consurnption_15)/1E9 
DOCUMENT: Total plants evapotraspiration in new lands ( consumptive use ) 
unit: BCM 

New-Land-Water-Requirements = New~Land~Water~Consumption/New~lrr~gation~Effeciency 
DOCUMENT: Total new land water requirement 
unit: BCM 

Old-Land-Water-Consurnption = 
(Water-Consumption-1 +Water-Consumption-1 O+Wate~onsurnption~2+Water~Consumptionn3+W 
ater~Consumption~4+Water~Consurnption~5+Water~Consumption~6+Water~Consumption~7+Water 
- Consumption~8+Water~Consumption~9)/1 E9 
DOCUMENT: Total plants evapotraspiration in old lands ( wnsumptive use ) 
unit: BCM 



Old-land-Water-Requirements = Old~LanddWate~onsumptionlBasicCoIddIandae~cien~ 
DOCUMENT: Old land water requirement 
unit: BCM 

Total-Agr-Water-Consurnption = (New~Land~Water~Consumption+OIddLanddWater~Cons~mpti~~ 
DOCUMENT: Total plants evapotraspiration in old and new lands (msumptive use) 
unit: BCM 

BAUNCE 
0 T3(t) = T3(t - dt) + (Tl  - T2) ' dt 

lNlT 13 = O 
INFLOWS: 
ij3 Tl  = if (plan>O) then (Tirne-to-develop+l ) else O 

OUTFLOWS: 
g T 2 = 1  

0 total-tirne-back(t) = total-tirne-back(t - dt) + (tirne-back) ' dt 
INIT totaltirne-back = O 
INFLO WS: 
ij3 tirne-back = IF (Tirne-to-developro) then (Tirne-to-develop+3) else O 

O Water-Balance(t) = Water-Balance(t - dt) + (in - out - Balance) * dt 
lNlT Water-Balance = O 
INFLOWS: 

.6) in = Resources 
OUTFLOWS: 
ij3 out = Demands 

Balance = Water-Balance 
O beep = if tirne-backM then SOUND(1) else O 
O TERMINATE = if YEAR>=JO then 1 else O 
O YEAR = ROUND(TIME-totaltirne-back) 
0 Time-to-develop = GRAPH(plan) 

(0.00. 0.00). (1 .OO. 3.00). (2.00. 2.00). (3.00. 2.00). (4.00. 2.00). (5.00. 0-OO), (6.00. 0.00) 

DEMANOS 
0 D3(t) = D3(t - dt) + (DM-1-RED - RF-1-INC) dt 

INIT 03 = O 
INFLOWS: 

DM-1-RED = IF PLAN=4 THEN Irrigation-Eff-lncrease ELSE O 
OUTFLOWS: 

RF-1JNC = D3K3 



O 04(1) = D4(t - dl) + (DM-2-RED - RF-2-INC) ' dt 
INlT 04 = O 
INFLOWS: 

DM-2-RED = IF PLAN=3 THEN Other-Demands-RF ELSE O 
OUTFLOWS: 

RF-2JNC = D4iT3 
a DM-1-RF(t) = DM-1-RF(t - dt) + (RF-1-INC) ' dt 

lNlT DM-1-RF = O 

INFLOWS: 
9 RF-1-INC = 03iT3 

O DM-2-RF(t) = DM_2_RF(t - dt) + (RF-2-INC) ' dt 
INlT DM-2-RF = O 
INFLOWS: 
9 RF-2JNC = D4m3 

O Demands = 
Other-Demands'(1 +Other-Demands-lnc)'(l -DM_2RF)+ew  and-Water-Requirements+Old-Lan - 
d~Wate~onsumption/OlddLanddEffciency 

HAD 
0 HAD-Lake(t) = HAOLake(t - dt) + (Nile-lnflow + UNP - losses - HAû-Release - Spillage - 

Bank-Storage) dt 
INlT HAD-Lake = 50 

INF LOWS: 
9 Nile-lnflow = GRAPH(YEAR) 

(1 -00. 87.1 ). (2.00. 70.3). (3.00. 90.7). (4.00. 72.7). (5.00. 75.5). (6.00. 77.4). (7.00. 80.8). 
(8.00. 56.1). (9-00.67.7). (10.0. 85.4). (1 1.0. 97.6). (12.0. 69.9). (13.0. 73.5). (14.0. 71.8). 
(15.0. 58.1). (16.0. 66.5). (17.0. 68.5). (18.0. 52.2). (19.0. 54.5). (20.0. 41.2). (21.0. 53.1). 
(22.0, 80.6), (23.0. 74.2). (24.0. 68.1 ). (25.0, 1 12). (26.0. 84.0). (27.0, 73.8). (28.0. 59.5). 
(29.0, 66.0). (30.0. 55.0) 

9 UNP = Nile-add 
OUTFLOWS: 
9 tosses = Surface-Area2.7E-3+Seepage 
9 HAD-Release = 55.5+Nile-add 



;J Spillage = 
IF (HAD~Lake+Ni le~l~~-HAD~Release- lossesMCapa)HEN((HAD~Lake+Ni le~l~o 
w-MD-Release-losses-Max-Capacity)) ELSE(0) 
Bank-Storage = 
lF(SurfaceceArea>Ar)THEN(A*l E-3'(SurfaceceArea-Ar)*(Elevation-1 26)*(1 +U(P(-TIMU46)))EL 
SE IF(SurfaceceArea<Ar)THEN(6*l E-3*(Ar-SurfaceceArea)*(Elevation-el)) ELSE(0) 

0 A = . 0 6  
O Ar = DELAY(SurfaceJ4rea. 1) 
0 B = 5.77 
O el = DELAY(Elevation.1) 
O Elevation = 79.9734+.0369801 'HAD-Lake+1 8.870520GN(HADDLake) 
O Max-Capacity = 162 
O Seepage = 0.038E-3*(Elevation-110) 
O Surface-Area = -31 64.28+25.4914*HAD_Lake+lO92.92TOGN(HAD-Lake) 

New Land 
Costger-fed-11 = 309.6 
DOCUMENT: Cultivation cost per feddan of barely in new land 
Unit: L. EIFeddan 
Source : "Agricultural income estimates at governrate level", Agr Research Center, MOA, 1993 

Costger-fed-12 = 392.6 
DOCUMENT: Cultivation cast per feddan of legurnes in new land 
Unit: L. E/Feddan 
Source : "Agricultural income estirnates at govemrate level", Agr Research Center, MOA, 1993 

Costqer-fed-13 = 747.5 
DOCUMENT: Cultivation cost per feddan of vegetables in new land 
Unit: L. EIFeddan 
Source : "Agricultural incarne estimates at governrate level", Agr Research Center, MOA. 1993 

Costqef-fed-14 = O 
DOCUMENT: Cultivation cost per feddan ofclover in new land 
Unit: L.E/Feddan 
Source : "Agricultural income estimates at governrate level", Agr Research Center, MOA, 1993 

Costger-fed-15 = O 
DOCUMENT: Cultivation cost per feddan of orchards in new land 
Unit: L-UFeddan 
Source : "Agricultural incorne estimates at governrate level", Agr Research Center, MOA. 1993 



O Net-Retum-11 = N B r e l  y-Areaœ(Retumger-fed-1 1 dostge-d-11) 
DOCUMENT: Economic net retum for barely in new land 
Unit: L E  

O Net-Retum-12 = N~Legumes~Area*(Ret~m~er~fed~l2-Costpeer~fed~12) 
DOCUMENT: Ecunomic net retum for legumes and oily in new land 
Unit: L.E 

O Net-Retum-13 = N-Vegt-Area*(Retumger-fed-1 Xostper-fed-13) 
DOCUMENT: Econornic net retum for vegetables in new land 
Unit: L E  

O Net-Retum-14 = N~CloverArea*(Retumger~fed~146ostper~fed~14) . 
DOCUMENT: Economic net return for dover in new land 
Unit: L.E 

O Net-Retum-15 = N-Orchards-Area~Ret~rnger-fed~i S-CostperJed-15) 
DOCUMENT: Econornic net return for orchards in new land 
Unit: L.E 

O N-Brely-Area = Total_New_Land*.2 
DOCUMENT: Crop distribution ratios in new land are estirnated from El-Shibini et-al, "Land 
reclamation plans in Egypt and water requirements up to year 2012". Vlll IWRA Congress 
proceedings, Vol. 2, Cairo, 1994. 

O N-CloverArea = Total-New-Landw. 5 
DOCUMENT: Crop distribution ratios in new land are estimated from El-Shibini et-al, "Land 
reclamation plans in Egypt and water requirernents up to year 2012", Vlll IWRA Congress 
proceedings, Vol. 2, Cairo, 1994. 

O N-Legurnes-Area = Tota-ew-Lande.3 
DOCUMENT: Crop distribution ratios in new land are estimated from El-Shibini et-al. "Land 
reclamation plans in Egypt and water requirements up to year 201 2", Vlll IWRA Congress 
proceedings, Vol. 2, Cairo, 1994. 

O N-Orchards-Area = Total_New_Land*.3 
DOCUMENT: Crop distribution ratios in new land are estirnated from El-Shibini et-al, "Land 
reclamation plans in Egypt and water requirements up to year 201 2 ,  Vlll lWRA Congress 
proceedings, Vol. 2, Cairo, 1994. 



O N-Vegt-Area = Total-New-Landl4 
DOCUMENT: Crop distribution ratios in new land are estirnated from El-Shibini et-al, "Land 
reclarnation plans in Egypt and water requirements up to year 201 2", Vlll IWRA Congress 
proceedings, Vol. 2, Cairn, 1994. 

O Retumger-fed-1 1 = 636 
DOCUMENT: economic retum for feddan of barely in new land 
Unit: L. E/Feddan 
Source : "Agricuttural income estimates at govemrate level", Agr Research Center, MOA, 1993 

O RetumgerJed-12 = 898.2 
DOCUMENT: economic retum for feddan of legumes and oily in new land 
Unit: L. UFeddan 

. . Source : "AgriculturaI incorne estimates at governrate lever, Agr Research Center, MOA, 1993 - 
O Returnger-fed-13 = 1994.4 

DOCUMENT: econornic retun for feddan of vegetables in new land 
Unit: L. UFeddan 
Source : "Agricultural incorne estirnates at govemrate level", Agr Research Center, MOA, 1993 

O RetumgerJed-14 = 777 
DOCUMENT: economic retum for feddan of clover in new land 
Unit: L, WFeddan 
Source : "Agricultural income estimates at govemrate level", Agr Research Center, MOA, 1993 

O Return_perJed-15 = 3148.2 
DOCUMENT: economic return for feddan of orchards in new land 
Unit: L. UFeddan 
Source : "Agricultural incorne estimates at govemrate level", Agr Research Center, MOA, 1993 

O Water-Consurnption-l l = N-Brely-AreaWCser-fed-l l 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

O Water-Consurnption-12 = N-Legurnes-Area 7NCgerJed-î 2 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 



O Water-Consumption-13 = N-VegtAreaWCger-fed-13 
DOCUMENT: Total Crop Evapotranspiration 
unit CUM 

O Water-Consurnption-14 = N-CloverArea WCger-fed-14 
DOCUMENT: Total Crop Evapotranspiration 
unit CUM 

O Water-ConsumptionJ 5 = hJ-Orchards_Area?VCger-fed-l5 
DOCUMENT: Total Crop Evapotranspiration 
unit: CUM 

O WCgerJed-11 = 1608 
DOCUMENT: CUWFeddan 
Consumptive use 
Water Distribution Research institute,NWRC, MPWWR 

O WCger-fed-12 = 1076 
DOCUMENT: CUMIFeddan 
Consumptive use 
Water Distribution Reseafch Institute,NWRC, MPWWR 

O WCgerJed-13 = 1705 
DOCUMENT: CUMiFeddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 

O WCgerJed-14 = 2364 
DOCUMENT: CUMJFeddan 
Consumptive use 
Water Distribution Research Institute,NWRC, MPWWR 



WCjer-fed-15 = 41 62 
DOCUMENT: CUWFeddan 
Consurnptive use 
Water Distri bution Research Institute, NWRC. MP WWR 

Total-New-Land = GRAPH(YEAR) 
(0.00. 1.2e+û06), (3.00, 1.2e+006), (6.00, 1.2e+006), (9.00. 1 .Ze+Offi), (1 2.0, 1 -2e+006). (1 5.0, 
1.2e+006). (1 8.0. 1.2e+û06). (21 .O. 1.2e+006). (24.0, 1.2e+006). (27.0. 1 -2e+006). (30-0. 1.2ea06) 
DOCUMENT: Total cultivated area in new land 
Unit: Feddan 
Policy variable 

PLANS 
PL(t) = Pl(t - dt) + (Plan-chg) dt 
INlT PL = O 
1NFLOWS: 

Plan-chg = if (Water-BalancecO) AND ((T3=0) OR (tirne-back>O)) AND((DSl>=O) or 
(DS3<0)) then 1 else O 

Dem-1-RF = if PL>=3 then 0.1 else O 
Dem-2-RF = if PL>=4 then 0.1 else O 
DP1 = DELAY(PL,l) 
DS1 = DELAY(Water-Balance. 1 ) 
DS3 = DELAY(Water_Balance,3) 
message = if Plan-chg>O then DPI +1 else O 
plan = if NOT(PL=DPI) then (PL) else O 

RESOURCES 
0 Nile-add(t) = Nileadd(t - dt) + (addto-1 ) ' dt 

INIT Nile-add = O 
INFLOWS: 

add-to-1 = Nile-indi3 
[7 Nile-inc(t) = Nile-init - dt) + (ResourceJ-Development - add-to-l ) ' dt 

!NIT Nile-inc = O 
INFLOWS: 

;j+ Resource-1-Development = if plan=l then Upper-Nile-Projects else O 
OUTFLOWS: 
9 add-to-1 = Nile-indT3 

0 Other-Resources(t) = Other-Resources(t - dt) + (add-to-2) * dt 
IN lT Other-Resources = 3.6+4.7 
INFLOWS: 
ij3 add-to-2 = Res-2-in63 



0 Res_2_inc(t) = Res-2-inc( t - dl) + (Resource-2-Development - add-to-2) ' dt 
lNlT Res-2Jnc = O 
INFLOWS: 

Resource-2-Development = if plan =2 then Other-Res-Dev-Plan else O 
OUTFLOWS: 

add--2 = Res-2-incK3 
O Nile = HAD-Release 
O Other-Res-Dev-Plan = 2 
O Resources = Other-Resources+Nile 
0 Upper-Nile-Projeds = 3 



DOMESTIC AliD INDUSTRIAL WATER 
REQUIREMENTS 



Scenario 1 



Scenario 2 & 4 



Scenario 3 
year 1 industry 1 domestic 1 total SC-3 





SCENARIO RESLJLTS 





Scenario 2 

10.64 
10.48 

1 993 10.01 



Scenario 3 
Year 1 WaterBahce 



Scenario 4 
Year 
1991 
1992 

Water Balance 
10.64 
10.30 

1993 9.66 
1994 9.02 
1995 8.48 
t 996 7.93 
1997 7.38 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

O 1993. Applied Image. Inc.. Aü Rights Re?rsnred 




