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ABSTRACT 

 
Water shortage issues have been growing concerns in many cities around the world in 

recent years, especially in Eastern cities of Australia, which is the driest continent on 

the earth. The aim of this PhD thesis is a development of a model to study the use of 

waste incineration energy supplemented by alternative energy to power seawater 

desalination. It is to aid the freshwater supply of a drought stricken city in Eastern 

Australia. My work contributes to a development of efficient model in a simpler 

understandable way to reduce efforts required for modelling complex multi-domain 

problems. 

 

This research is motivated by the successive severe drought conditions that affected 

many Australian cities in the past few years, compounded with an additional strain 

from a fast growing population. While we dump our waste into the Australian 

landscape, in more densely populated cities in Europe and Asia, the waste is 

incinerated to obtain thermal energy for various purposes. The waste is used as an 

energy source while at the same time reducing the amount of space needed for 

landfill. Seawater desalination has been successfully practiced for quite some time 

particularly in the Middle Eastern countries. To deal with increasing water shortage 

crisis, many cities around the world have opted or are considering seawater 

desalination to supplement their freshwater supply. The combination of both - waste 

incineration and seawater desalination - has rarely been studied. This is a twofold 

problem that requires modelling the problem of water demand and supply together 

with waste incineration to find a sustainable solution. This is a complex task. The 

effort needed for this can be reduced by using a modelling approach that is more 

efficient than the traditionally used statistical approaches. 

 

In this thesis, I present a comprehensive model developed using a dynamic system 

approach combined with artificial neural networks. It simulates water demand and 

supply as well as the possible amount of the desalinated water that can be produced 

using the energy from clean city waste incineration. This is done while taking in 

various influential factors including population growth and irregular weather patterns. 

 

 



This research comprises a literature review on seawater desalination and waste 

incineration, the establishment of water demand and supply dynamics of Gold Coast 

City as my case study and identifying any modelling difficulties that need to be 

overcome. This is followed by the development of a comprehensive model and its 

components, model calibration and simulation experiments. It was found that with the 

energy of waste incineration, up to 60% of the freshwater demand could be fulfilled 

by seawater desalination in a sustainable way. 
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CHAPTER 1 
 

1 INTRODUCTION 

 

In recent years, water shortage has been one of the growing concerns in many cities 

around the world, especially in Eastern cities of Australia, which is the driest 

continent on the earth. The latest drought, which hit Gold Coast City between 2001 

and 2003, was the worst in the recorded history. It appears that this is as a result of the 

global climate change and repeatedly recurring El Niño phenomena bringing heat and 

drought to this part of the world. While the Gold Coast City has been recovering 

somewhat from this drought, the drought has still been spreading over wide areas 

around Australia. 

 

This research derives the models for seawater desalination powered by Waste-to-

Energy conversion (WTE) of Municipal Solid Waste (MSW) to complement the 

freshwater supply in a drought-affected area. The model follows a dynamic system 

approach with control theory as a basic discipline. This approach aims at observing 

long-term behaviours of the system and dynamics of effect at a higher level of 

resolution. The modelling approach is complemented with other modelling techniques 

such as artificial neural networks (ANN) to overcome a number of modelling 

difficulties. The novelty of this research is combining the two main points - energy 

and water - together and simulating it as a dynamic system model through sequences 

of energy and water cycles. In this thesis, the model is applied to the city of Gold 

Coast as a case study. The model is designed in such a way that it can be adapted to 

other local conditions by changing the local parameters for the case of any other city 

or region. 

 

This research is motivated by environmentally sustainable waste incineration that is 

successfully being practiced in several parts of the world (Europe and Asia) and 

seawater desalination for freshwater production in the regions where sufficient 
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freshwater is becoming in short supply such as Japan, USA and many Middle Eastern 

countries. While we dump our waste into the Australian landscape, in more densely 

populated cities, the waste is being incinerated in an environmentally sustainable way 

to produce the energy. In this way, the waste is used as a cheap fuel source while at 

the same reducing the amount of space needed for landfill. 

 

Waste incineration has been practiced in Vienna (population of 1.63 million at April 

2005), Austria since 1971 [AUT05] [VIE05]. The waste generated from the city is 

incinerated at waste incineration plants located within 3 km of the city centre. The 

thermal energy from the incineration is used for several purposes including heating 

and electricity generation. Figure 1 illustrates the close proximity of the waste 

incineration plant to the centre of Vienna city. 

 

Seawater desalination has also been successfully practiced for a long time particularly 

in the Middle Eastern countries. In Saudi Arabia, the seawater desalination is used for 

70% of the drinking water supply and distributed through 3700 km of pipelines 

[SAU05]. Meanwhile, to deal with increasing water shortage crisis, more cities 

around the world have opted or are considering the use of seawater desalination.  

 

If we can incinerate waste for the energy to desalinate the seawater, we are able to 

reduce the water shortage and at the same time reducing the amount of waste that 

needs to be buried in the landfills. Additionally, combining waste energy with 

alternative energy such as wind, could possibly compensate the ongoing energy cost 

needed for the seawater desalination [KAL04].  

 

Modelling seawater desalination and waste incineration together for supply and 

demand of energy and water in a fast growing region is a complex problem, which has 

many sub-components that need to be considered. Traditionally engineers conduct a 

study of such complex problems through data collections and socioeconomic 

assessments. However it is an enormous task with many ramification and levels of 

detail. Additionally it is difficult to incorporate climatic, population, water and energy 

dynamics that change in time and conditions. The best way to approach such a 

complex problem is with a top down approach and a dynamic system modelling is the 

ideal technique for it.  
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Figure 1 Location of incineration plant in Vienna, Austria [VIE01] 
 
The next sections in this chapter explain aims, problems and hypothesis of this 

research. The proposed solution and description of domain and scope of the research 

then follow. Finally the contributions of this research are described and explained at 

the end of this chapter. 
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1.1 Aim Of The Research 

 

The aim of the research is to develop a model that is suitable to study seawater 

desalination powered by waste incineration to supplement the freshwater supply in a 

drought-affected area (i.e. Gold Coast). This is a complex task that involves a range of 

entities whose effect must be brought into play, either directly or implicitly. The 

model must be able to replicate and predict the dynamics of demand and supply of the 

freshwater while considering a fast growing population of the city. The model must be 

developed in a relatively simple understandable way that allows keeping the 

modelling effort required in this multi-domain problem at a minimum. It is also 

important to look at alternative energy sources such as wind to supplement the waste 

incineration energy to fulfil water demand. The model must be adaptable to any other 

city, or extended to other regions of Australia with water shortage problems, by 

simply changing local parameters. 

 

1.2 Definition Of Problem 

 

As so many cities in the world, many cities in Australia are facing an uncertain and 

unsustainable future supply of freshwater under repeated strict water restriction, due 

to ongoing drought and population growth. During the latest severe drought between 

2001 and 2003, despite rigorous water restrictions by the Gold Coast City Council 

(GCCC), our main supply of freshwater, the Hinze dam fell below 30% in early 2003. 

The water reserve at Gold Coast City has somewhat recovered from this severe 

drought thanks to some rainfall in the past two years. However, the drought and 

shortage of freshwater supply present an increasing major concern in many areas of 

Australia due to abnormal weather condition of recent years. 

 

The population of the Gold Coast is predicted to continue to grow and reach 1.2 

million by the year 2056 [GCC05]. This presents enormous problems for the city’s 

infrastructure for both, the freshwater supply and disposal of waste from the city. 

Building new dams or raising dam walls seems to be of little help when the population 

grows, but rainfall is on the decrease. 
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Australia is a large country with a relatively small population, hence the landfill has 

not been considered as a major issue until recent time. This is in contrast to other 

countries like Japan, which have large populations, but only a small amount of usable 

land. While we continue to fill the Australian landscape with our waste, more densely 

populated cities incinerate their waste in an environmentally sustainable way at waste 

incineration plants located near the middle of the city. This provides thermal energy, 

which has been used to suit their needs for example, heating during the cold seasons, 

electricity, etc.  

 

To deal with the increasing water shortage crisis, more cities around the world have 

opted or are considering the seawater desalination to complement their freshwater 

supply. In Australia, seawater desalination has only in recent time been initiated in 

Perth, Western Australia. It mostly appears to be due to the substantial cost of 

desalination process despite of its long repeated water shortage problems in the 

history. Currently seawater desalination might not be the immediate preferred choice 

of GCCC due to its capital and ongoing costs after choosing options of transporting 

freshwater from neighbouring Brisbane city through pipelines and raising of the dam 

wall. However, no dam can be large enough if there is no rain to fill it up. If the 

alternative energy sources can be included, the seawater desalination is likely to 

become a cost effective resource, in particularly during years of drought.  

 

The combination of waste energy and seawater desalination has not been much 

researched. To my best knowledge, the only studies of this combination in literature 

are an initial assessment of the concept conducted by Dajnak and Lockwood [DAJ00] 

and a theoretical study by Abdel-Rahman et al. [ABD02]. Dajnak and Lockwood 

conducted an initial analysis of waste to water. From this preliminary study, it was 

found to have its merits and be worthy of additional study. A theoretical study by 

Abdel-Rahman et al. was based on two resort hotels in Egypt. It studied the use of 

waste incineration energy for vapour compression desalination. This implies that it is 

based on small-scale study with virtually unchanging water demand and waste 

generation although these authors found this combination to be promising. Because 

this is a complex problem, involving climatic condition, water availability, population 

growth and energy resources, it requires substantial modelling effort for its 
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behavioural study. This implies a twofold problem that requires a comprehensive1 

model for water demand and supply to study the problem of water demand and supply 

for a sustainable solution. This effort can be reduced if a modelling approach used that 

is more efficient than the traditionally used, statistical methods. A statistical model is 

a complex and very specific model that often requires a large set of input data. This 

requires a huge modelling effort at different levels of detail. Also it is not necessary to 

resolve the quantities and operations involved in infinite detail, to obtain results that 

are on a much larger granularity of resolution anyway. This is valid as long as these 

infinite details do not contribute much to the first or second order effect to the total 

result, or, as in the case of this thesis, they can be modelled in an implicit way, as a 

relation between input and output. This is possible without loss of simulation power 

by using the dynamic system approach. 

 

The challenge is to combine the energy and the water and model them together 

through sequences of energy and water simulation cycles. This requires modelling 

specific problems and integrating them to make up the comprehensive model. These 

major model components are: 

 

a) Hydrologic cycle of dam water catchment 

This involves rainfall collected in the water catchment that becomes available 

to the city through a hydrologic cycle of the main freshwater supplier, the 

Hinze dam. It requires a modelling technique that is able to reproduce the non-

linearity of watershed dynamics according to changing weather conditions, 

amount of rainfall, and conditions of the catchment. The lack of information 

and historical data about the heterogenous watershed characteristics makes 

modelling with existing rainfall-runoff modelling techniques difficult.  

 

 

 

 

 

                                                 
1 The word “comprehensive” is used throughout the thesis to distinguish the overall 
dynamic system model from its components that require different modelling 
techniques.  
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b) Water demand of the city 

Water demand is a variable that is highly sensitive to weather fluctuations 

while it strongly depends on the population size and characteristic of the city. 

This multifaceted problem requires analysis and modelling of historical water 

consumption of the city while incorporating the future population growth. 

 

c) Energy dynamics of the city  

This is to establish an amount of waste energy that can be obtained through the 

waste generated by inhabitants of the city. It requires finding information 

about the amount of waste produced and its composition. The lack of recorded 

information was found to be one of the obstacles [GCC02]. 

 

d) Population dynamics of the city 

The difficulties of modelling population dynamics in the case of the Gold 

Coast are its unique geographical characteristics and a current fast growing 

population of the city. While the Gold Coast is still one of the preferred 

retirement places in Australia, the current population growth rate might not 

continue for a long time and it is important to consider population saturation in 

the future. 

 

e) Alternative energy sources 

This component is to estimate how much of other alternative energy such as 

wind energy, is required to supplement the waste energy needed to fulfil a 

deficiency between available water and water demand. This can only be 

analysed when water and energy dynamics of the city is once established. 

 

The collection of information especially about the Gold Coast and incorporating them 

into the model posed several challenges, because contrary to expectations, much of 

the required data is not widely available or is non-existent. Ingenuity and good 

interdisciplinary skills are required for modelling this complex problem with the 

limited data available and for using several different modelling techniques with 

subsequent integration into a comprehensive dynamic system model. 
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1.3 Hypothesis 

 

It is possible to construct an efficient model to study whether waste energy can be 

efficiently used for a viable seawater desalination in an environmentally sustainable 

way. Such a model would contribute to reduce the increasing water problem on the 

Gold Coast or elsewhere, while reducing the amount of landfill in a long term 

sustainable way. 

 

Water shortages as well as waste landfill issues are two individual problems that need 

to be dealt to find a long-term solution in many of cities in Australia. Seawater 

desalination is one of the solutions for continuous supply of freshwater in many 

countries as more countries are affected by changing global climate and water 

shortage. Waste incineration is a well-practiced solution for the solid waste problem 

in many countries although this does not imply that the waste incineration is an 

absolute solution for the waste issues. The waste problem requires an integrated waste 

management approach using reduction, recycling and energy recovery of the waste. 

The waste incineration solution for power generation fits nicely with the needs of our 

current society: reduction of landfill space and more electricity. If combining seawater 

desalination and waste incineration can be implemented in an acceptable manner, then 

this will solve two of the major problems faced by many cities including the Gold 

Coast City. It is also important to investigate several renewable energy source options, 

because there are other renewable energy sources that could be used to power the 

seawater desalination such as wind energy, which is well suited for Australian 

climatic conditions. 

 

1.4 Proposed Solution  

 

Combining two domains, water and energy together with other factors such as 

population growth, is a compound problem to model. It requires combination of sub-

models that resolve problems at different levels and detail. I have chosen to use a 

dynamic system modelling with control theory as the main approach combining it 

with Artificial Neural Networks (ANN) for solving complex problems.  
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ANN are mathematical constructs with a vast range of capabilities. Feedforward ANN 

are universal function approximators, suitable where a specific model is not known, or 

their mechanism is not really relevant to the overall solution. Given a set of data the 

feedforward ANN models the function that fits the data always as close as desired. 

They take multidimensional input, and generate a scalar output. Another type of ANN 

is the Radial based ANN (RBN). They are a notch higher on the modelling 

complexity scale. RBN are universal dynamic system approximators. Given any state 

space trajectory, a RBN models a system that will always follow it (i.e. its trajectory 

or behaviour) as close as desired. For the purpose of this research, I use feedforward 

ANN as a technique to obtain a model that analyses and classifies the information by 

learning from a set of examples. It is a suitable tool for establishing the mathematical 

model between two entities when it is difficult or not possible despite of an apparent 

link of two entities. The governing model in an ANN is a cost function, whose 

weights we find by the ANN’s intrinsic optimisation process. The solution is the new 

cost function with its weights determined. This is the model found by the ANN and 

we can plug it into the dynamic system (Simulink) model. Unfortunately an 

interpretation of the variables of the cost function is not possible. This is why ANN 

cannot explain the mechanism of what is being modelled as a cause effect only.  

 

The dynamic system modelling is often used in multi-domain problems such as 

ecological-economic field where conducting an experiment or a long-term study is not 

possible. The dynamic system models are time dependent systems that use state 

variables to predict how the system behaves under different conditions or policy 

decisions [SMO02]. This approach allows an observation of long-term behaviour of 

the system. The system consists of smaller sub-models in a modular hierarchical 

structure. The system is implemented in Matlab/Simulink. This enables a gradual 

building of complexity into the model to a required level. This combined approach 

produces an efficient model that maintains a high level of resolution without being 

obstructed by the minuscule detail incorporated into the model. All of these reduce the 

effort required for modelling a complex multi-domain problem.  
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1.5 Domain and Scope 
 

The scope of this research is on the development of a dynamic system model that 

simulates seawater desalination using waste incineration energy supplemented by 

alternative energy. It is to study supplementing the freshwater supply with desalinated 

water in a drought stricken city using Gold Coast City as a case study. The model is 

designed such that it can be adapted to other cities by simply providing the local 

parameters. The model developed in this research focuses on an establishment of 

water and energy dynamics of the case study city. Then it studies the possible amount 

of the desalinated water that can be generated by clean city waste incineration while 

incorporating the increasing population and their water demand. An additional amount 

of alternative energy that would be required to supplement the waste incineration 

energy for producing sufficient supply of desalinated water is also investigated. 

Several alternative energy source examples such as wind turbine energy are 

experimented within the model. 

 

This research reviews currently existing waste incineration and seawater desalination 

technologies. They are given as examples of technologies that could be considered to 

choose from. However it is beyond the scope of this research to recommend any 

particular type of technology for the actual use. The modelling is to analyse the 

simulation results to impose corrective measures for desired results. The decision-

making authority, e.g. city council, state government, then may conduct further 

investigation on socio-economic and environmental impact of these technologies and 

study their best suitable plant locations after exploring the potential of different 

combination of water and energy source using the model developed in this research. 

 

The thesis also mentions potential source of pollution of these technologies and their 

environmental impact, however the intention of this research is neither on an 

environmental impact nor a socio-economic study. 
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1.6 Research Contribution 
 

My research contribution2 in this thesis to the research community is in the following 

ways: 

 

• By contributing to the modelling and simulation research community by 

designing, implementing and integrating complex models into a dynamic system 

model in a context that has not been done before. 

This is achieved by the development of a complex comprehensive model in a 

simple understandable way by integrating several modelling techniques. It is 

especially advantageous when a long-term or an experiment of the complex 

multi-domain problem cannot be carried out. 

 

• The model has a long term use  

The model developed in this thesis is not just for one initial explorative study. 

It is meant to be reused continuously for future reassessment and city 

planning, by simply updating the population and climatic data. It enables 

decision-making stakeholders to examine different policies under different 

conditions while visualising the problem for a better understanding.  

 

• Applicability to other places  

The model is sufficiently general to be applied to other cities or places, by 

using different data. 

 
 

                                                 
2 My contribution has led to the following publications: 
a) K. Udono and R. Sitte “Modelling seawater desalination using waste incineration energy 

- fundamental model“, Proceeding of 18th ESM’ 2004 Networked simulations and 
simulated networks, Magdeburg Germany, pp 181-186, June 2004 

b) K. Udono and R. Sitte, “Modelling dam water level changes in a drought affected 
catchment area using neural networks”, Proceeding of Artificial Intelligence and 
Applications, AIA 2005, Innsbruck, Austria, pp 779-784, May 2005 

c) K. Udono and R. Sitte, “Modelling waste incineration and wind energy for water 
desalination”, The Modelling and Simulation Society of Australia and New Zealand, 
International Congress on Modelling and Simulation, MODSIM 2005, Melbourne, 
Australia, pp 725-731, December 2005 
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• By finding a long-term solution for water shortage problem in a novel 

approach that has not been researched or reported in the literature.  

This is achieved by the combination of waste incineration energy and seawater 

desalination. The water shortage caused by a lack of rainfall requires a 

long-term solution that enables continuous water supply to a drought-afflicted 

region, in our case, the fast growing Gold Coast City. A desirable by-product 

is that if we can convert the waste into the electricity to power the seawater 

desalination, we can reduce the landfill volume, by turning a problem into a 

benefit in obtaining the maximum benefits from the waste.  

 

• Detailed Analysis and comparison of waste incineration and desalination 

methods. 

In this thesis I have compiled and presented a review of their technology 

characteristics, their benefits and limitations. This review may serve for other 

researchers as a source for information.  

 

1.7 Organisation Of This Thesis 

 
Following this chapter, the remainder of this thesis is divided into six chapters. 

 
Chapter 2 and 3 covers the technical information and background of waste-to-energy 

conversion technologies and seawater desalination technologies respectively. This is a 

review, and an important source of information that goes beyond a simple literature 

review. 

 

Chapter 4 is the main literature review and information gathering. It investigates the 

situation of my case study, the Gold Coast City and present information gathered 

about the city. This chapter also reviews relevant and existing modelling techniques 

that could be applied in the area of water, energy, waste, seawater desalination and 

population dynamics. 
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Chapter 5 focuses on the solution. It explains and discusses the methodologies and 

modelling techniques used in the comprehensive model. Also it describes the model 

calibration and experimental simulation scenario with the comprehensive model.  

 
Chapter 6 derives and explains the comprehensive model and its components. 

 
Chapter 7 presents the different sets of experiments, in a variety of scenarios and 

discuss results obtained during the development of the comprehensive model. It 

includes the problems of ANN experiments, the rationale of the experiments and 

model calibrations. Finally it presents the results from the experimental simulation 

with the comprehensive model. 

 
Chapter 8 discusses the experimentation results further and provides a critical 

evaluation and validation of the model. 

 

Chapter 9 concludes the work presented in this thesis and suggests future research 

direction based on this work. 
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CHAPTER 2 

 

2 ENERGY FROM WASTE TECHNOLOGY 
 

This chapter provides an overview about energy from waste technology, which is one 

of the two main technologies involved in this research. It reviews existing waste-to-

energy technologies with a focus on waste incineration. This chapter also includes a 

review of common renewable energy sources that are potential alternatives to waste 

energy. Waste incineration can be considered as one of the renewable energies 

although it might not be as environmentally benign as other renewable energy sources 

such as wind. 

 
There are several Waste-To-Energy (WTE) conversion processing techniques. They 

appear to be in different stages of development, ranging from operational to research 

and experimental level. One of the common techniques of WTE is thermal 

conversion, which includes pyrolysis, gasification and incineration. The other types of 

WTE conversion processes are landfill gas and ethanol production. Figure 2 shows 

existing thermal conversion methods and its potential product summarised by 

Bridgwater [BRI94]. These conversion technologies are explained in detail next. 

 

 
Figure 2 Thermal WTE conversions and potential products [BRI94] 
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2.1 Waste Incineration 
 
Waste incineration or often described as a combustion (Figure 2) is one of the thermal 

processing techniques. It treats the waste in high temperature about 1200ºC and 

converts it into gaseous, liquid and solid product while releasing the heat energy 

[MWD85] [TCH93]. Despite large successful practices in many countries, the use of 

waste incineration is controversial due to air pollution and concerns by the public. 

Waste incineration is commonly used in Europe and part of Asia for various purposes 

including electricity generation, district heating and steam generation. Waste is used 

as one of the cheap fuel sources in those regions. Using waste as a fuel also reduces 

an amount of conventional fuel required [SAH04]. This is, while at the same time 

reducing the amount of space needed for landfill.  

 

In the WTE conversion with incineration, the heat energy from combustion of the 

waste is used to raise the steam in a boiler. It is then passed through turbine generators 

to produce the electricity [BAI93]. Ash and flue gases generated from the incineration 

must be removed and treated properly for environmental safety. Due to lower heating 

values of waste fuel, electricity generation by incinerating waste fuel typically has a 

lower efficiency rate than fossil combustion. Typical fossil combustion efficiency rate 

is between 30% and 40% while waste incineration is between 15% and 30%. 

 

The advantages of waste incineration are: reduction of volume by up to 90% and 

weight by up to 75%, no methane gas generation, but renewable energy (Revenue) 

generation. Harmful items including flammable, infectious and toxic items, which 

could cause contamination when buried in the landfill, can be treated in the 

incineration. On the other hand, disadvantages of the waste incineration are: higher 

cost than landfill, reduction in recovering recyclable items, emission pollution 

problems and ash that still requires burying in the landfill. 

 

Incineration is often categorised according to types of either fuel or technology. If the 

fuel type is used to categorise, then it can be either mass burning or refuse derived 

fuel (RDF) [EIA96]. Some of common technological process types of incineration are 

grate incinerators, multiple hearth incinerators, fluidised bed incinerators or rotary 

kiln incinerators. 
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2.1.1 Incineration type by fuel 

The major difference between mass burning and RDF is that in the mass burning, 

almost no pre-processing is carried out before the incineration process, while the RDF 

goes through a series of pre-processing.  

 

Mass Burning Systems 

Mass burning is the simplest, the oldest and commercially proven way of converting 

waste to energy. In the mass burning incineration, none or only the minimum pre-

processing such as the removal of large items, hazardous waste and metals, is carried 

out. This pre-processing is mainly for preventing jamming and equipment damage. 

Therefore waste fuel consists of combustible and non-combustible materials in 

varying proportions. Due to the variety of components in the waste fuel, a heating 

value of mass burning can range between 6,500 kJ/kg and 12,000 kJ/kg [DAJ00]. This 

variation of components not only makes control of combustion process difficult, but 

also the slag from melting materials such as glass and clay can become a maintenance 

problem [SPI98]. 

 
Refuse Derived Fuel (RDF) 

In refuse derived fuel (RDF) incineration, the waste goes through a variety of 

pre-processing stages before being placed into a combustion chamber. The aim of pre-

processing is to reduce level of heterogeneity. Figure 3 shows an example of RDF 

production process.  

 

 
Figure 3 Example of RDF production process [CHE03] 
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Non-combustible items such as metals, glass, stones, sands, etc, are separated from 

combustible items to increase the energy value of the waste while recycling part of the 

recovered waste. The RDF mostly consists of paper, plastic and wood. The recycling 

program of the local area highly influences the composition of the RDF [BAI93]. The 

pre-processing stabilises the combustion of waste and allows better combustion 

control. This effectively improves air pollution emissions from unburned or 

prematurely burned waste [NIE02]. 

 

This processed waste can be incinerated as is or can go through additional processing 

which could include magnetic separation, barrels, vibrating screens, shredding into 

smaller uniform size, etc. This further processed RDF can be then classified into two 

types, fluff or densified RDF (dRDF) [CHO96]. Fluff RDF is a RDF, which is not 

treated after the shredding process. Fluff RDF has less moisture, metal contaminants 

and ash residue than normal RDF. It results in a higher energy value than normal 

RDF, but it has only short storage period [BAI93] [CHO97] [YOO05]. Fluff RDF can 

be densified by palletisation to produce the densified RDF (dRDF), which is much 

easier to transport and has longer storage duration [CHO97] [YOO05]. A RDF 

incineration plant can be smaller in size than a mass burning plant thanks to the higher 

energy output of RDF [TCH93]. The biggest advantage of RDF is that RDF can be 

incinerated either by itself alone or it can be co-fired with coal or other fuels in an 

existing facility. The dRDF is closer to the physical and combustion characteristics of 

coal than normal RDF and can be used to replace coal [SPI98]. However a RDF 

incineration facility typically has higher operation and maintenance costs particularly 

for the RDF production process than the mass burning facility. It also requires cost 

optimisation for recycling, energy recovery and levels of pre-processing. The storage 

of RDF fuel is difficult and requires careful management and safety precautions. 
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2.1.2 Incineration type by technology 

The major difference between grate incinerators, multiple hearth incinerators, 

fluidised bed incinerators and rotary kiln incinerators is how the waste fuel is moved 

through the incineration process. Each incinerator type aims at achieving better 

combustion efficiency for different types of waste fuel. 

 

Grate incinerators 

Figure 4 shows an illustration of a grate incinerator. The grate (or grill) moves the 

waste through combustion process while mixing the waste and injecting combustion 

air to the waste [TCH93]. The type of grate can vary, for example reciprocating, 

rocking, rotating, etc. 

 

 
Figure 4 Grate incinerator [TCH93] 

 

Multiple hearth incinerators 

Multiple hearth incinerators have vertical cylindrical shells of 4 to 14 hearths 

(combustion places) on top of each other as shown in Figure 5. Waste fed into the 

system slowly moves down the hearths while it is rabbled (clumped) to be cut, 

furrowed (crushed) and opened through drying, combustion and cooling section 

[NIE02]. This system is not suited for industrial chemical waste due to its low 

operation temperature. 
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Figure 5 Multiple hearth incinerator [NIE02] 

 
Fluidised bed incinerators 

Fluidised bed incinerators have been commonly used in Japan [IET96]. They are 

medium size facilities can process 50-150 tonnes of waste per day. The fluidised bed 

incinerators are able to work with a wide range of fuels including high sulphur-coal, 

petroleum coke, pulp and paper waste, shredded tyres, agricultural waste, oil sludge, 

sewage, RDF, etc [YAN05]. Figure 6 shows an illustration of the fluidised bed 

incinerator with RDF.  

 
Figure 6 Fluidised bed incinerator [TCH93] 
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In the fluidised bed incinerator, a bed of sand or limestone is used instead of a grate. 

A bubbling bed and a circulating bed are common types of the fluidised bed. This 

system requires pre-processes to remove glass and metals. The fluidised bed 

incinerators are able to burn materials with a variety of moisture and energy values. 

They can be successfully used in an area that has an efficient recycling system and 

therefore less combustible materials in the waste fuel [IET96]. Yan et al. [YAN05] 

conducted a case study of oil sludge fuel in the fluidised bed incinerator. Yan et al. 

found that the problems often associated with the fluidised bed combustion such as 

high emissions, and lower thermal efficiency are due to the fuel (waste) itself. An 

optimisation of the combination of waste fuel and its combustion process is needed to 

produce a better performance.  

 

Rotary kiln incinerators 

Rotary kiln incinerators have a cylindrical refractory lined steel shell supported at an 

angle as shown in Figure 7. During the incineration process, the moving kiln exposes 

the fresh surface of the waste for better combustion [MWD85]. The rotary kiln 

incinerator is a versatile system that can be used to burn materials in a variety of 

forms including liquid, solids and pasty forms of waste. 

 

 
Figure 7 Flow diagram of rotary kiln incinerator [MWD85] 
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2.2 Gasification And Pyrolysis 
 

Gasification and pyrolysis (or sometimes referred as destructive distillation) are 

sometimes confused due to their similar thermochemical conversion process of solid 

or liquid materials into combustible gases or liquids [BEG03]. The major difference 

of these two methods is that pyrolysis uses an external heat source, while gasification 

typically uses self-producing heat for partial combustion using air or pure oxygen 

[TCH93]. Some have suggested that gasification has the potential of increasing 

electricity output up to 50% in comparison to incineration methods [MOR98]. Figure 

8 shows a flow diagram of gasification and pyrolysis. 

 

 
Figure 8 Flow diagram of gasification and pyrolysis [BEG03] 

 

Gasification is a popular method for obtaining energy from biomass. In the 

gasification process, waste is heated under controlled conditions and converted into 

energy rich fuels. The final product could include combustible gas and liquid fraction 

such as tars, oils, char, etc [BEG03]. Although gasification typically uses self-

producing heat, there are two distinct types: direct gasification, which uses self-

producing heat, and indirect gasification, which uses external heat. In direct 

gasification, an oxidant gasification agent is used for oxidation in a controlled oxygen 

atmosphere. In the indirect gasification, the oxidation does not occur with the agent 

and requires an external heat source such as steam under oxygen free atmosphere 

[BEG03]. Belgiorno et al. [BEG03] investigated the use of gasification for solid 

waste. They concluded that gasification is suited to be a part of an integrated waste 

management system for agricultural and industrial waste such as tyres, paper, 
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cardboard, food, etc. Although gasification is one of the alternatives to incineration, 

the gasification of MSW has not yet been fully established.  

 

Pyrolysis, on the other hand, is a thermal decomposition of materials in the presence 

of little or no oxygen [STU77]. It is similar to indirect gasification. One large-scale 

MSW pyrolysis system was built and tested in USA. The result was unsuccessful and 

it was subsequently shut down [TCH93]. 

 

Both of these techniques were found to have the potential for converting sufficient 

energy from MSW in laboratory scale experiments and industrial processes with coal, 

coke, etc. But they have not been demonstrated to surpass the incineration of waste at 

a large commercial scale. Therefore the use of these methods for MSW appears to be 

still in question [DAJ00] [POR01]. 

 

2.3 Environmental Impact Of Incineration 
 

This section briefly looks at three major concerns of waste incineration: air pollution, 

water pollution and noise pollution. 

 

Emission from waste incineration 

In the early 1980s, with rising concern for environmental pollution, waste incineration 

was considered to be a major source of air pollution due to a lack of air pollution 

control device (APCD) in incineration facilities [HAR96]. Waste incineration has 

pollution issues similar to any other type of combustion processes, but organic and 

toxic metal compounds such as polychlorinated dioxins, furans, mercury, lead and 

cadmium are additional problems of waste incineration [DAJ00]. The composition of 

emission from waste incineration depends on the properties of the fuel, which is 

influenced by the recycling system and the elimination or reduction level of toxic 

materials during fuel production processes. When volatile waste is completely 

combusted, nitrogen, oxygen, water vapour and carbon dioxide are the major 

components of flue gases as well as some amount of sulphur oxides, nitrogen oxides 

and mineral acids [NIE02]. Incomplete combustion results in large amounts of carbon 

monoxide and other organic compounds. It can also include polychlorinated dibenzo 
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p-dioxin and dibenzo furan, which are characterised by black smoke and unpleasant 

odours. 

 

Tchobanoglous and Kreith [TCH02] explains that the majority of metals become 

vaporised from combustion and absorbed into particulate matter. The particulate 

matter that is less than 2.5 micron in size is a major concern due to a high possibility 

that these particulates with absorbed hazardous chemicals can be inhaled into human 

lungs [TCH02]. However a number of measures have been undertaken to reduce air 

pollution at the operational level as well as in incineration facility design [BRE96]. 

Those details are reviewed further later in this chapter. 

 

Water Pollution 

Water discharged mostly from an APCD system attached to incinerators is a possible 

source of water pollution if it is directly released into the waterway. The discharged 

water can be at high temperature and can contain large suspended and dissolved solids 

[NIE02]. This requires discharged water to go through several treatments before it can 

be released into the waterway. The discharged water is normally kept in a pond for 

removal of the solids and cooling purposes. It may also require pH adjustments before 

the release.  

 

Noise Pollution 

Sources of noise pollution from incineration facilities are not limited to fans, pumps 

or other devices attached to the incinerators, but can include trucks used for the 

delivery of waste and removal of ash [NIE02]. Those trucks must be compliant with 

current noise level regulations. The equipment in the incineration facility also needs to 

be soundproofed using silencers, enclosures and deadening wherever possible. 
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2.4 Managing And Reducing The Potential Pollution 
 
This subsection reviews technologies and waste management that has been in place in 

order to reduce the pollution from waste incineration. 

 
Waste management 

Waste management is the first step in pollution management. A major part of waste 

management is to control what goes into the incineration process. The waste can be 

collected according to its type so that each type of waste can be sent to proper 

disposal process, e.g. recycling, landfill, etc. Reduction of waste can be also achieved 

by the very consumers, who introduce them, through composting. This is actually 

encouraged already in Australia, with its characteristic suburban family housing, but it 

is not possible in high density development areas. Ultimately, the waste process 

streams and recycling processes practiced in the area highly influences the 

effectiveness of waste management on toxic gas reduction. 

 
Incinerator design and combustion controls 

Combustion processes always highly affects ash composition, emissions of organic 

materials, etc. Careful design of the combustion chambers with proper consideration 

of the three Ts (temperature, time and turbulence) is a key factor in better pollution 

management [HNN05]. A careful balancing of the three Ts helps to increase 

combustion efficiency and reduce pollutant emissions [NIE02]. 

 
Air Pollution Control Device (APCD) 

Incineration plants are required to be equipped with APCD. All flue gases need to go 

through the APCD treatment processes in order to reduce pollutants to acceptable 

levels before being released into the atmosphere [BRE96]. An APCD usually includes 

fabric filters, electrostatic precipitators (ESP) and scrubbers [IET96]. Fabric filters or 

sometimes called a baghouse, have a number of cylindrical bags mounted in a 

structure. They remove metal and organic particulates in the flue gases [NIE02]. The 

ESP collects particulates by electrically charging them and attracting those 

particulates to plates with an opposite charge. Scrubbers, both dry and wet, are mostly 

used to control acid gases as well as metals. In wet scrubbers, an alkaline liquid 

solution neutralises any acid gases. In dry scrubbers, alkaline sprays or powder is used 
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to neutralise the acid gases. To maximise the effectiveness of control devices, several 

technologies are often used in combinations [IET96]. Overall more than 99% of 

particulate matter can be trapped by an APCD [TCH02].  

 
Effectiveness of Pollution Management 

When all pollution management is followed correctly, research shows a removal of up 

to 99% of dioxins and furans, over 99% of heavy metals, particulates and hydrogen 

chloride, over 90% of sulphur dioxide and up to 65% of nitrogen oxides [IET96]. 

Porteous [POR01] [POR05] analysed emissions from newer waste incinerators in 

comparison with performance of incinerators built in the early-1990s in the UK. The 

newer incinerators produced exceptionally good performance with over 99% 

improvement in some harmful emissions. Porteous explains that the main reasons 

behind such improvement is due to a better understanding of waste combustion 

process, a correctly controlled combustion process and improved combustion 

equipment and flue gas treatments. Despite these outstanding improvements, it is still 

possible that some toxic substances such as heavy metals, dioxins, furans, can be 

released into the atmosphere. Porteous calculated the maximum human intake of 

dioxin, 20 parts per quadrillion based on an individual who is exposed for 24 hours a 

day [POR05]. It was found to be only 0.039% of the allowable daily intake used by 

the UK food committee. Porteous concluded that an integrated waste management 

program, which combines composting, recycling and energy recovery by incineration, 

has been successfully adopted with mandatory EU standards, reducing the impact of 

landfill in Europe. 

 
While the public has the right to fear the potential impact of pollution on their 

environment and health, there is much controversy and misconception. Waste 

incineration as well as industrial and automotive emissions are blamed for major 

source of air pollution instead of for example, agricultural and other un-controlled or 

controlled processes of biomass [CHU97]. Public views and prejudices often limit the 

construction of the incineration plants in any area, isolated or not, even with the 

chance of careful consideration of geographic and weather conditions. 
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Ash management 

Waste incineration generates ash, which is about 10 % of the original volume and 

25%-35% of the original weight. The ash must be removed from incinerators through 

wet/semi-wet quench systems and conveyors before being buried in a safe landfill 

site. Without careful handling of the ash throughout the removal process from the 

incinerator to the landfill site, people can be exposed to contaminated air, soil, dust or 

food [IET96]. 

 
Ash is categorised into two classes according to how it is collected: bottom ash or fly 

ash [NIE02]. Bottom ash is the material that remains after combustion, which may or 

may not combusted completely. Bottom ash often contains a variety of materials 

particularly non-combustible materials such as wire metals, ceramic, etc. Fly ash is 

the particulates trapped in the plates or filters of APCD. It can contain toxic metals 

such as lead, nickel, mercury, or cadmium [BRE96]. The ash is often treated on-site to 

reduce its toxicity by washing with certain chemicals and removal of metals by 

magnetic separation. The metal and organic compound in the ash can leak and 

contaminate the ground and surface water. A landfill site dedicated to ask disposal, 

called ash monofil, is sometimes used to prevent the leakage of toxic compounds to 

surrounding area. An addition of concrete to ash before land disposal [HOL89], or the 

use of ash in bitumen with asphalt and phosphate treatment [EIG89] are some of the 

methods that have been experimented to reduce the risk of ash contamination. Aubert 

et al. [AUB04] experimented with a use of fly ash, which was treated by water 

dissolution, stabilisation of heavy metal and calcination, in concrete instead of 

cement. Aubert et al. found that the concrete with treated fly ash does not lose its 

strength and can be used without causing a major risk to the environment. 

 

2.5 Comparison Of Waste Incineration Plants 
 
Table 1 compares waste incineration plants in operation. The amount of electricity 

generation varies, as newer plants are more efficient than older plants. In addition, 

some incineration plants are multi-purpose facility providing electricity, steam or heat 

to the district in cold countries, swimming pools or nearby industry. 
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Table 1 Waste incineration plant comparison (operating until 2004) 

 

 

 

Name
Capacity 

(Tonnes/day)
District 

Heating (kW)
Electricity 
Power(kW)

Starting 
year

Heating 
value (kJ/kg) Refere

 Neunkirchen Neunkirchen Germany 330 22000 11600 2001 [SOT0
elsen Saarbrucken Germany 575 20800 1998 10000 [VON
umburg Humburg Germany 303 1997 17000 [VON
ie Waste to Energy Plant Dundee Scotland 370 10500 1999 10000 [CAD

ergen Bergen Norway 370 1999 10500 [VON
rd Regional Solid Waste Recovery Facility New Hamshire USA 500 1987 [COO06

HP plant Umea Sweden 480 55000 10000 2000 [CAD
ft waste to energy plant Nottingham UK 480 7000 [ELE05

mmenspitz Emmenspitz Switzerland 984 15000 21000 1976 12260 [VON0
hun Lake Thun Switzerland 314 15000 25000 2004 12600 [VON0
ma Plant Osaka Japan 900 32000 2001 [OSA
 Pirmasens Pirmasens Germany 465 17000 16000 1998 [SOT

o Plant Osaka Japan 600 2750 1977 [OSA
lant Osaka Japan 600 3000 1977 [OSA

u refuse incineration plant Taipei Taiwan 900 6000 1992 [NEI05]
odo Plant Osaka Japan 600 14500 1994 [OSA
berg waste incineration plant Nuremberg Germany 756 2001 12000 [VON
m Trondheim Norway 550 6000 1997 [CAD

HP Energy from waste plant London UK 1150 32000 1994 [CAD
lau thermal waste treatment plant Vienna Austria 864 60000 6000 1971 8600 [VIN02]
ne WA USA 800 22000 1991 11164 [SPO
oe Plant Osaka Japan 600 11000 1988 [OSA
 Plant Osaka Japan 600 3000 1980 [OSA

mi Plant Osaka Japan 600 12000 1990 [OSA
berec Liberec Czech Rep. 288 1999 9200 [VON
y plant Birmingham UK 960 25000 1996 [CAD

 Energi AB Umea Sweden 475 57000 20500 2000 12000 [VON
lant Osaka Japan 600 14500 1994 [OSA

Location nce
AHKW 5]
AVA V 05]
AVG H 05]
Baldov 05]
BiR B 05]
Conco ]
Dåva C 05]
Eastcro ]
KVA E 5]
KVA T 5]
Maishi 05]
MHKW 05]
Minat 05]
Nanko P 05]
Nei-H
Nishiy 05]
Nurem 05]
Ranhei 05]
SELC 05]
Spitte
Spoka 03]
Sumin 05]
Taisho 05]
Tsuru 05]
TVO Li 05]
Tysele 05]
Umea 05]
Yao P 05]



 

2.6 Estimation Of Heating Value 
 

The amount of thermal energy that can be generated by waste incineration is related to 

the heating value of the waste fuel being incinerated in any given local area. An exact 

heating value for MSW is difficult to obtain, because it is highly influenced by the 

composition of waste that differs depending on region, season, level of recycling and 

moisture. It often changes according to people’s life style. Table 2 shows a 

comparison of the waste composition of 6 locations, Brisbane (Australia), Melbourne 

(Australia), Wollongong (Australia), Jordan, Ontario (Canada) and Taiwan. 

 

Table 2 Waste composition comparison between cities 

Waste type Brisbane Melbourne Wollongong Jordan Ontario Taiwan
Newspaper 5.2 7.2 30.0 
Other Paper 13.5 16.7 12.5 11.5 35.8   

Plastic 7.7 7.7 12.8 16.2 20.2 
Rubber 1.0 N/A N/A N/A 7.5 0.6 
Glass 10.5 6.9 3.5 2.1 7.8 4.1 

Aluminium 1.0 0.6 N/A N/A N/A N/A 
Steel 3.0 3.3 5.7 

Other Metal 2.1 0.1 0.3 2.1 14.0 3.1 
Food 28.0 31.2 62.6 16.0 23.3 

Wood and Garden 21.0 20.7 52.1 N/A 11.9 4.4 
Other Organic N/A N/A 10.7 N/A N/A N/A 

Rags 2.0 2.2 N/A N/A N/A 3.7 
Inert N/A 3.4 N/A N/A N/A N/A 
Other 5.0 N/A 2.4 5.6 7.0 10.6 

Reference [GCC97] [GCC97] [GCC97] [ABU00] [MRR96] [TSA04]
 

Estimation of the heating value of MSW has been an important research topic. 

Abu-Qudais and Abu-Qdais [ABU00] presented a study on estimating the heating 

value of MSW in Jordan. Abu-Qudais and Abu-Qdais summarised the currently 

existing heating value estimation models: physical composition analysis, ultimate 

analysis and approximate analysis as shown below.  
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Physical composition analysis 
Conventional model [LIJ96] 

Hn = 88.2R + 40.5(G + P) - 6W Equation 1 

Hn: Net calorific value (kcal/kg) 
G: Garbage 
P: Paper 
R: Plastic 
W: Water  
(Weight % on dry basis) 
Ali Khan and Abu-Ghararah model [ALI91] 
E = 2.326(23(F + 3.6(PA)) + 160(PL)) (in metric unit) 
E = 23(F + 3.6(PA)) + 160(PL) (Original equation in imperial units) Equation 2 

E: Energy value (kJ/kg) 
F: Food weight % 
PL: Plastic weight % 
PA: Paper weight % 

 
Ultimate analysis 

Dulong model [LIJ96] 

Hn = 81C + 342.5(H – O/8) + 22.5S – 6(9H+W) Equation 3 

Hn: Net calorific value (kcal/kg) 
C: Carbon 
H: Hydrogen 
O: Oxygen 
S: Sulphur 
W: Water (% dry basis) 
Steuer model [LIJ96] 
Hn = 81(C-3O/8) + 57(3O/8) + 345(H – O/16) + 25S – 6(9H + W) 
 Equation 4 

Scheurer-Kestner model [LIJ96] 
Hn = 81(C-3O/4) + 342.5H + 22.5S + 57(3O/4) - 6(9H + W) 
 Equation 5 

 
 

Approximate analysis 
Traditional Model [LIJ96] 

Hn = 45B – 6W Equation 6 

Hn: Net calorific value (kcal/kg) 
B: Combustible volatile matter 
W: Water (% dry basis) 
Bento model [LIJ96] 

Hn = 44.75B – 5.85W + 21.2 Equation 7 
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Abu-Qudais and Abu-Qdais examined fifteen samples of waste and compared them 

with Ali Khan and Abu-Ghararah model (Equation 2) and Bento model (Equation 7). 

An average heating value measured was 11,501.14 kJ/kg (2,747 kcal/kg) from the 15 

samples. Abu-Qudais and Abu-Qdais found that the Ali Khan and Abu-Ghararah 

model (Equation 2) is more accurate than the Bento model (Equation 7) for the case of 

Jordan with correlation coefficient of 0.960. 

 

Chang et al. [CHG98] conducted a comparison study of RDF and MSW incineration 

using several MSW samples across Taiwan. Chang et al. also studied the heating 

value comparison of two RDF sizes: larger than 100 mm and between 25 mm and 100 

mm. Table 3 shows analysis results of fuel properties and its heating value. The RDF 

size larger than 100 mm had the highest heating value as a result of having more 

combustible contents with less moisture. In conclusion, Chang et al. found that RDF 

has a higher heating value and less emission problems. With the higher heat value of 

RDF, it is able to recover more energy effectively in WTE conversion while mass 

burning of MSW results in higher toxic emissions due to incomplete combustions. 

 

Table 3 Fuel property and heating value of mass burning and RDF [CHG98] 

 Refuse derived fuel (RDF) 
 

Mass 
burning 25 –100 mm >100 mm 

Papers 28.62% 8.08% 5.70% 
Plastics 26.33% 29.15% 57.81% 

Garden trimmings 4.05% 4.60% 4.21% 
Textile 9.03% 7.43% 18.23% 

Food waste 14.04% 0.00% 0.00% 
Leather/rubber 0.58% 1.13% 1.48% 

Metal 6.99% 1.09% 0.03% 
Glass 7.26% 0.00% 0.00% 

Ceramics and china 0.47% 0.00% 0.00% 
<5 mm 1.59% 16.15% 8.89% 
>5 mm 1.04% 32.36% 3.65% 

Moisture 50.65% 47.55% 40.28% 
Combustibles 37.15% 40.70% 49.76% 

Highest (kJ/kg) 9,537.06 8,774.70 13,800.35 
Lowest (kJ/kg) 7,604.85 10,695.69 15,558.47 

Ash 12.21% 11.75% 9.96% 
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Table 4 shows a heating value comparison of mass burning and RDF collected from 

the literature. As one would expect, the RDF always has a higher energy value 

between 8,775 kJ/kg and 15,558 kJ/kg, thanks to a lower fraction of non-combustible 

materials. Non-processed MSW (Mass burning) has a lower heating value between 

7,605 kJ/kg and 11,630 kJ/kg. This shows that the RDF has higher heating value than 

non-processed MSW by anywhere between 15% and 105% depending on the waste 

composition and the RDF production process. 

 

Table 4 Heating value comparison of mass burning and RDF 
 

 

Heating value (kJ/kg) Fuel Type Reference 
11,501.69 Mass burning [ABU00] 
10,000.00 Mass burning [BAI93] 
7,604.85 Mass burning [CHG98] 
9,537.06 Mass burning [CHG98] 
8,141.00 Mass burning [CHO96] 

11,630.00 Mass burning [RUT98] 
7,167.80 (Low) Mass burning [TSA04] 
9,143.97 (High) Mass burning [TSA04] 

12,000.00 (Low) RDF [BAI93] 
13,000.00 (High) RDF [BAI93] 

8,774.70 (Low) RDF (25-100 mm) [CHG98] 
10,695.69 (High) RDF (25-100 mm) [CHG98] 
13,800.35 (Low) RDF (>100 mm) [CHG98] 
15,558.47 (High) RDF (>100 mm) [CHG98] 
13,723.40 (Low) RDF [CHO96] 

15,119 (High) RDF [CHO96] 

2.7 Estimation Of Electricity Generation 
 

In a perfect world, 3,600 kJ of thermal energy would be required to produce 1 kWh of 

electricity. However in reality, typical thermoelectric power plants using normal fossil 

fuel such as coal, oil, have an efficiency rate between 30% and 40% due to a possible 

heat loss of up to 70% and other factors. This implies that between 9,000 kJ and 

12,000 kJ of energy are required to produce 1 kWh with fossil fuel [MRR96]. Waste 

fuelled electricity generation has an even lower efficiency rate than the fossil fuelled 

generation, because of lower combustion temperature of the waste fuel. This is 

because waste fuel has a lower heating value as a result of the variety of combustible 
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and non-combustible materials and moisture content [MRR96] [HOR05]. Table 5 

shows a summary of efficiency rates using waste fuel collated from various 

publications. The efficiency rates range between 15% and 40%. These have an 

average efficiency of 21.4%, which requires 16,857 kJ for generating 1 kWh of 

electricity. 

 

Table 5 Summary of waste fuelled electricity generation efficiency 

kJ/kWh Efficiency % Reference
14,414.0 25.0% [KAT03] 
9,042.6 39.8% [DAJ00] 

23,820.0 15.1% [MRR96] 
18,750.0 19.2% [BAI93] 
22,800.0 15.8% [LEO97] 
23,372.0 15.4% [OTO97] 
11,000.0 32.7% [THE02] 
18,972.3 19.0% [THE02] 
12,000.0 30.0% [THE02] 
14,400.0 25.0% [IPC02] 
16,857.1 21.4% Average 

 

2.8 Alternative Energy Sources 
 

Waste incineration is not the only source of renewable energy, there are several other 

alternative energy sources. Some of them can provide a cleaner energy than waste 

incineration. A selection of alternative energy sources are reviewed in this section so 

that those energy sources can be considered to supplement the deficiency of energy or 

replace waste energy for powering seawater desalination. Interest in renewable energy 

is increasing due to increasing demands for a cleaner and less polluting energy source 

by the public, although the cost of renewable energy might be still higher than the 

long established fossil combustion technologies.  

 
Wind energy 

Wind energy is a renewable energy source that is successfully practiced in many 

countries particularly, in Europe. Denmark is one of the largest users of wind energy 

in the world. Currently wind turbines located around the country generate 20% of its 
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electricity. In the near future, possibly up to 50% of electricity might be generated by 

the wind energy. 

 
A wind turbine generator has four major sections, foundation, tower, nacelle and rotor 

(blades) as shown in Figure 9. The wind flow through the rotor turns a generator 

capsulated inside the nacelle, where the wind energy is converted into the electricity. 

The faster the wind speed, the more energy it generates. It requires a wind speed of 

around 10 km/hr to operate while the maximum output is achieved with a wind speed 

of around 45 km/hr [AUW05]. An increase of wind speed by 15% increases the 

energy production by 50% while reduction of wind speed by 20% reduces the energy 

production by 50%. Wind turbines in well-suited location can reduce the cost of 

electricity to a range between A$0.04 and A$0.08 (US$0.03 to US$0.06) per kWh, 

which are comparable to about A$0.05 (US$0.04) per kWh of coal or gas fuelled 

facility [BIW03]. 

 

 

Figure 9 Wind turbine generator [AUW05] 

 
A typical wind turbine costs around A$ 3 million each. Theoretically it requires 1 km2 

of land to locate 50 turbines [AUW05]. The term “Wind Farm” is used to describe a 

group of wind turbine generators connected to an electricity grid. In Australia, over 

120 wind turbines have been operating with a total capacity of more than 105,225 

MW in 2003 [MEA03B]. Many of these wind turbines are located in South Australia, 
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Victoria and Tasmania, where have a better wind resource. The largest Australian 

wind farm having 55 turbines with a total capacity of 91 MW was opened at 

Edithburgh in South Australia in June 2005 [NWC05]. The construction of this wind 

farm took one year and costed A$165 million. This was then followed by the opening 

of the second largest wind farm having 54 turbines with a total capacity of 90 MW at 

Geraldton, Western Australia, in August 2005 [ABC05]. With the government policy 

of a mandatory renewable energy target (MRET) of 9,500 MWh extra renewable 

electricity each year by 2010 and through to 2020 in place, more large size wind 

energy facilities are planned or under construction [MEA03B] [AGC05]. 

 
One of the weaknesses of wind energy is the temporary storage of energy that requires 

a storage medium such as batteries. Wind turbines require a constant strong wind to 

turn the blades, which converts torque into the electricity. This limits the construction 

of wind turbines to windy area to be financially viable [MEA03B]. A backup system 

should be in place, such as switching to fossil combustion, in the case of wind stops 

blowing [AUW05]. Wind turbines are large objects and it might take some time for 

nearby residents to get used to them. Their presence requires re-thinking and re-

educating the population. Their low whoosh noise (35-45 dB at 350m from wind 

farm) [AUW05] from the blades can become a source of noise pollutions although 

most wind turbines are built in remote areas. As a comparison, the noise of a passing 

airplane is about 80-100 dB and the noise of the traffic from a nearby freeway is about 

70 dB. One of the proposed solutions to overcome the noise pollution is to locate 

wind turbines in offshore. Although it is difficult to connect to electricity grid and 

costly, several offshore turbine projects are being proposed including 130 wind 

turbines farm with 420 MW capacity at South of Cape Cod, Massachusetts, USA 

[CAP06]. 

 
Equation 8 is a daily electricity output estimation model of a wind turbine [AUW05]. 

 

EL= B × c × 24 Equation 8 
[AUW05] 

where 
 
EL: Electricity (kWh) 
B: Rated capacity of wind turbine (kW) 

 
c: Capacity factor 
24: Number of hours in a day 
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The capacity factor c, which represents irregular wind patterns, availability of the 

turbine and losses, determines a major part of energy output of wind turbine. The 

capacity factor is typically between 0.25 and 0.3 [AUW05]. An average capacity 

factor of 43 wind farms in UK was found to be 0.27 [NRE97] while the capacity 

factor of wind energy facility in Victoria, Australia was found to be slightly higher 

0.35 [SEA05]. 

 

Wave Energy 

Wave energy generation has four basic methods: tapered channel systems, float 

systems, oscillating water column systems and underwater turbines [COR01]. The 

tapered channel systems are similar to hydroelectric dams. It raises the intake water 

higher than sea level and lets the water run down through a turbine. Float systems lay 

on the sea surface and the waves run hydraulic pumps or pistons that power a turbine. 

Oscillating water column systems let waves enter a chamber to push air up to power a 

turbine. Underwater turbines are similar to wind energy, using water current to turn 

the blades in the ocean instead of wind energy. A wave energy generator called CETO 

(Figure 10), developed by Seapower Pacific, has been undergoing testing in 

Fremantle, Australia since May 2005.  

 

    
Figure 10 CETO wave energy generator and its disk [MEA05B] 

 
This wave generator is 20 m long x 10 m wide x 4.85 m high in size. It sits on the 

bottom of the sea in up to 20 m. The wave presses down a disk on top of the generator 

and transforms the force into mechanical energy to pump the water. Pressurised water 

up to 1,000 psi is transferred to the shore for reverse osmosis (RO) desalination or to 

run turbine systems [TIM05]. It is claimed to have a capability of either generating 

100 kW of electricity or desalinating 300 m3 of the seawater a day [MEA05B]. 
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Solar energy 

Solar energy uses heat or light from the sun to generate power. The energy can be 

obtained directly by photovoltaic effect or indirectly through heat or chemical energy 

conversion [RIS05]. A photovoltaic cell, which is made from silicon, with gallium, 

arsenic and cadmium, is the most common method for generating electricity. The 

photovoltaic cell has two layers: positive and negative. Sunlights ionise the atoms in 

these silicon layers. Electricity is generated when ionised atoms try to recombine 

through an external circuit device. To generate substantial power, it requires large sets 

of photovoltaic cells. The power generated by solar energy varies during the day and 

some power storage media might be required. CSIRO and Aqua Dyne have been 

working on solar thermal desalination. Their initial results showed that 500 m3 of 

desalinated water a day can be produced using 1 km2 of solar collecting panels. 

[MEA05A]. It claimed that solar energy has the potential of reducing the cost of 

desalinated water by 50-60%, bringing it into a range between A$0.15 and A$0.30 per 

m3. 

 

Geothermal energy 

Geothermal energy is a reliable and relatively low cost energy source, but it is often 

limited to areas that have some kind of active volcanic - plate boundaries. There are 

three major types of the geothermal energy collection methods: fluid-dominated, 

vapour (steam)-dominated and hot dry rock (HDR) [JOH05]. In fluid-dominated 

method, a well is drilled into the liquid-form heated water underground. The steam 

that emerges by the drop of pressure is then used to run the turbines on the ground. 

Vapour-dominated method uses already existing steam to run the turbines on the 

ground. In New Zealand, geothermal energy has been used for over 40 years. 

Currently six geothermal energy fields are generating 7% of New Zealand’s electricity 

supply [NZG05]. The first HDR power plant in Australia has been constructed at 

Innamincka, South Australia by Geodynamics [MEA03A]. HDR energy uses a hot 

layer of granite that is buried beneath over 3 km thick sedimentary rocks under the 

surface of the earth as shown in the Figure 11 below [MEA03A].  
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Figure 11 HDR geothermal power facility tested by Geodynamics [ALE03] 

 

Wells are drilled into this granite layer, which has temperature over 200 Co. HDR 

geothermal energy uses a closed loop system with two heat exchangers. Water is 

injected down through one of the well into a heat exchanger in the granite layer where 

the water is heated. This heated water returns back to the surface through another well 

under pressure, to keep it in liquid-form. On the ground level, another heat exchanger 

is used to heat the lower boiling point liquid in order to run turbine systems. Common 

concerns of geothermal energy are pollutions from hydrogen sulphide, ammonia and 

radioactive compounds [MEA03A]. In this HDR system, the water circulates in a 

closed system and it does not leak out to the environment although risk of radioactive 

material contamination is low. The HDR geothermal energy has the potential of 

replacing some of fossil fuelled energy [MEA03A]. Initial tests have shown good 

results, producing up to 10 MW of thermal energy [SMH05]. 

 

Tidal energy 

Tidal energy uses rise and fall of ocean level caused by gravitational effect of the 

moon and some from the sun. It works in similar way to hydroelectric dam generation 

method. A dam called barrage is built to trap seawater. An incoming tide fills the dam 

with seawater and then during an outgoing tide, the seawater is released and flows 

through turbine systems to generate electricity [RIS05]. Location of the tidal energy 

facility must meet specific requirements. One of them is the requirement of a 
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minimum tidal level difference between high and low tide of at least 5 m. Due to this 

limitation, there are only three commercial tidal energy facilities in the world 

[EQC06] [NPS06]. By far the largest tidal energy facility is at La Rance France as 

shown in Figure 12. This facility has been operating since 1967 [EDF06]. It has a 

reservoir of 22 km2 with a capacity to hold 180 million m3 of seawater. It has an 

installed capacity of 240 MW producing 600 million kWh yearly or enough to supply 

energy to 250,000 households. 

 

 
Figure 12 Tidal energy facility at La Rance, France [ATL06] 

 
The second largest facility at Annapolis Royal, Canada, which was built in 1984, is 

much smaller capacity of 20 MW producing 30 million kWh yearly or enough to 

supply 4,000 homes with energy [NSP06]. The last and smallest tidal energy plant is 

at Kislaya Guba, Russia with only 0.5 MW capacity. Despite of decades of operation 

experience, tidal energy has not been proven to be economically viable yet and 

environmental impact still requires further study [NPS06]. 

 

2.9 Summary Of This Chapter 

 

This chapter presented an overview of existing waste-to-energy conversion techniques 

and potential energy in waste. It also looked at possible pollution from waste 

incineration and found that waste incineration has been making progress to be cleaner 

energy thanks to the improvements in the management and the equipment. This 

chapter also reviewed selection of other alternative renewable energy sources. The 

next chapter investigates the other of the two main technologies involved in this 

research, seawater desalination. 

 38



 

 

CHAPTER 3 
 
3 SEAWATER DESALINATION TECHNOLOGY 
 

This chapter presents an overview about seawater desalination as a main technology 

involved in this research. This chapter reviews common seawater technologies that 

are currently in use: distillation, electrodialysis and reverse osmosis. This is followed 

by a comparison of those technologies and brief analysis of environmental impact. 

The last section reviews some examples of coupling renewable energy and seawater 

desalination. 

 

Seawater desalination reduces the dissolved minerals from the feed seawater to a 

suitable level for a specific purpose. Typical seawater has a TDS value of about 

35,000 mg/L [LSC05]. Australian drinking water guidelines [NHM05] state that the 

TDS value of the drinking water should not exceed 500 mg/L based on taste, while 

typical Australian drinking water has the TDS value between 45 mg/L to 750 mg/L. 

 

3.1 Distillation Desalination 
 

Before the early 80s, distillation desalination (DD) was a popular method for seawater 

desalination. DD still comprises 65% of seawater desalination capacity in the world. 

Figure 13 illustrates the basic distillation process. In the simplest form, DD involves 

only a few steps. Firstly the seawater is heated and evaporated. The vapour is 

removed from contact with the seawater and then entered into a condenser where the 

vapour is cooled, liquefied and the freshwater is collected. Cooling is achieved by 

contact with the cold surface of condenser tubes, through which cold seawater flows, 

in a heat rejection section. Most of the seawater, which is slightly warmed by cooling 

the vapour, enters into the evaporator and the rest is released [HOW74]. Multiple 

effect distillation, multistage flash distillation, mechanical vapour compression and 

solar distillation are varieties of DD methods. 
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Figure 13 Simple distillation process [HOW74] 

 
Multiple Effect Distillation (MED) 

Multiple effect distillation (MED) was widely used until multistage flash distillation 

(MSF) method became popular. This is due to the difficulty in maintenance and 

operation of MED, although the MED has a good recovery rate between 40% and 

65%. MED is developed to recycle the thermal energy of vapour produced in the first 

evaporation chamber by placing series of evaporators. Figure 14 shows a flow 

diagram of MED plant. 

 

 
Figure 14 Flow diagram of typical MED plant [HOW74] 
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The evaporators are placed in series and termed “effect” [DAJ00]. The feedwater is 

pumped and evaporated in the first chamber. The vapour is then moved and used as 

the thermal energy for evaporation in the next chamber where some of the remaining 

feedwater is evaporated [IET98C]. This action is continued in following chambers 

like a chain action. 

 
Multistage Flash Distillation (MSF) 

Multistage flash distillation (MSF) is a fully developed method, which was first 

developed in the 1950s. The development progress of MSF has slowed down 

significantly since mid-1980s [ELN95]. The MSF is the simplest and the most reliable 

desalination process that is commonly used in large-scale capacity [MUR95]. 50% of 

desalination plants in Western Asia still employ the MSF method producing 8.28 

million m3 of freshwater a day [IET98C]. Figure 15 illustrates a flow diagram of a 

typical MSF system.  

 

 
Figure 15 Flow diagram of typical MSF plant [HOW74] 

 
In the MSF, the feedwater is heated to a high temperature and pumped through series 

of containers with gradually dropping pressures to obtain the maximum freshwater 

[HOW74]. The decreasing pressure causes a boiling temperature to drop so that at 

each step of pressure reduction, the heated feedwater turns into vapour at the lower 
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temperature. Typically at least 20-25 chambers are required and a larger number of 

chambers usually increase an efficiency of the process [IET98C]. 

 

Mechanical Vapour Compression (MVC) 

Mechanical vapour compression (MVC) utilises mechanical energy instead of heat as 

a thermal energy source [IET98A]. The MVC unit is small in size and hence it is 

suitable for a small size desalination plant between 20-2,000 m3/d such as resorts, 

industries, etc [IET98C]. Approximately 4% of desalination capacity in the world uses 

MVC method [DES98]. In the MVC process, a mechanical heat pump is used to 

recycle the heat energy from the vapour. Figure 16 shows a simplified form of vapour 

compression desalination process. 

 

 
Figure 16 Simple vapour compression process [HOW74] 

 

A compressor is used to gather the vapour from an evaporation chamber into a 

condenser chamber. It compresses the vapour to produce enough heat so that the 

thermal energy from the heat of condensation is used to evaporate the seawater in the 

evaporation chamber [HOW74]. There are a variety of vapour compression based 
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desalination methods and such methods include thermal multi-effect vapour 

compression, thermal vapour compression, etc [IET98B]. 

 

Solar Distillation 

All DD methods listed above have a high cost for the thermal energy required in the 

desalination process. Solar distillation on the other hand, has no energy cost because it 

collects the energy from solar radiation. However it might not be as effective as the 

other DD methods [HOW74]. Solar distillation also has size restrictions. Figure 17 

shows illustrations of solar distillation methods. 

 

 
 

Conventional Regenerative / Double-glass cover 

Figure 17 Solar distillation process [HOW74] [ABA05] 
 

Seawater is kept in a black-lined shallow basin covered by transparent material. The 

arrangement absorbs the solar radiation and heats the seawater to the point of 

evaporation. It is then carried to the surface of the transparent cover by the circulating 

air. At this point, condensation occurs and the liquid stays on the cover. This then 

eventually flows to the end of the cover where the freshwater is collected [HOW74]. 

Although the location affects significantly the performance of solar distillation, the 

typical productivity is around 2.5-3.0 litres per m2 per day [ITD06]. This implies an 

efficiency of about 30% considering a daily solar irradiation of about 18,000 kJ/m2 

and 2,260 kJ of energy required to evaporate 1 litre of water. Abu-Arabi and Zurigat 

[ABA05] compared three types of solar desalination system, regenerative, 

conventional and double-glass cover cooling. Double-glass cover cooling and 

regenerative methods both have two glass covers, while the conventional method has 

only one. In the double-glass cover cooling method, the water flows between the two 

glass covers and there is no space between the flowing water on the surface of bottom 

glass cover and the top glass cover. In the regenerative method, there is a space 

between the flowing water on the surface of bottom glass cover and the top glass 
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cover. This enables a second evaporation using the heat from condensation of the first 

evaporation on the bottom glass cover. These authors found that the regenerative 

method was 70% more productive than the conventional system, while the double-

glass cover cooling system had the lowest productivity. 

 

3.2 Membrane Methods 
 

Reverse Osmosis (RO) 

The reverse osmosis (RO) is often considered to have the best commercial potential 

because of its economical benefits [IET98B]. In the Arabian Gulf area alone, there are 

over 40 RO seawater desalination plants [ALS97]. RO comprises 30% of desalination 

capacity in the world. 

 

RO employs the physical principle of osmosis shown in Figure 18. The osmosis is a 

process such that when different salinity of waters are separated by a semi-permeable 

membrane, the water from less concentration region will flow through the membrane 

until the level of concentration in both sides becomes equal [OTA88]. 

 

 

Figure 18 Illustration of osmosis process [NEW05] 

 

In Figure 18, a tube, which contains salt solution, is submerged into a beaker of pure 

solvent till the levels of salt solution and pure solvent become equal. A 

semi-permeable membrane covers the lower end of this tube. A semi-permeable 

membrane is a membrane designed to pass some atoms or molecules, but not the 

others. At the beginning, the level of the water in the tube and the pure solvent in the 
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container are equal, but gradually the volume of the solution in the tube rises as the 

pure solvent flows through the semi-permeable membrane into the solution. This rise 

will stop when the osmosis pressure h becomes equal to the solvent pressure. 

 

Figure 19 shows a diagram of RO in a simplified form. RO reverses the osmosis 

process by applying pressure that is greater than the osmotic pressure to the seawater 

side. The seawater is then forced back through the semi-permeable membrane, but not 

the dissolved salts so that the dissolved salts can be physically removed from the 

water. Figure 20 illustrates a flow diagram of typical RO seawater desalination plant. 

 

 
Figure 19 Reverse osmosis process [STE05] 

 
The feedwater taken from the sea must first go through some pre-treatments so that 

the membranes can be protected from material that fouls, clogs by scale formation or 

microbes that cause damage [STE05]. Pre-treatment methods vary according to the 

condition of the feedwater and the membrane materials. In Figure 20, chlorine is 

constantly added to the feedwater to be used as a disinfectant. It is then acidified and 

treated to reduce a pH level with alum or ferric chloride [MOT96]. The particles in 

the feedwater are then removed when the water flows through a dual media filter 

before flowing into a high-pressure pump. This pump pressurises the feedwater to 

force it through the semi-permeable membrane that removes the dissolved salts. The 

discharged water is typically directed to the energy recovery system to recover the 

pressure energy remaining in the water. This saves 15% - 25% of the energy 

requirement of the RO system [STE05]. Post-treatment is necessary to adjust the pH 

or alkalinity and chlorine level to meet water quality requirements. The higher the 

salinity, the higher pressure it requires to desalinate [MOT96]. 
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Figure 20 Flow diagram of typical RO seawater desalination plant [MOT96] 

 

Electrodialysis (ED) 

Electrodialysis (ED) can be an economical process particularly on brackish water with 

TDS levels of up to 5,000 mg/L [HOW74]. Figure 21 shows an illustration of the 

electrodialysis desalination process. 

 

 
Figure 21 Diagram of electrodialysis process [HOW74] 
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For seawater desalination, ED is restricted to small-scale desalination plants with low 

to medium salinity water (<3,000 mg/L) [IET98C]. The ED method comprises only 

5% of desalination capacity in the world [IET98B] [IET98C]. 

 
ED works by forcing ions of salt to move from the seawater to separate compartments 

through the membranes [DAJ00]. Some pre-treatment of the feedwater is needed to 

prevent the membranes from clogging. The membranes are placed in both side of 

feedwater channel. Electrodes are placed on the sides, one attracts positive ions and 

the other attracts negative ions. When an electric current is applied to the feedwater, it 

forces positive ions to move to one side and negative ions to the other side, but not 

both sides [IET98C]. This results in two solutions, one is highly concentrated saline 

solution and the other is the freshwater. Some post-treatments might be needed to 

adjust the pH level and remove gases such as hydrogen sulphide [IET98B]. 

 

3.3 Other Desalination Technologies 
 

There are a number of other desalination methods, but not necessary just for seawater 

desalination. Some are still at laboratory level and the others were found to be 

inefficient for a commercial scale production. Some of those desalination technologies 

are covered below. 

 
Freeze Separation 

Freeze separation or cold separation is based on the fact that crystallised ice from 

saline water does not contains any salt or any other minerals [OTA88]. In the first step 

of freeze separation, ice is formed from pre-cooled saline water by extracting the heat 

of the saline water. [HOW74]. Secondly, the formed ice is removed from contact with 

the saline water and washed. Finally the ice is heated to collect the freshwater. The 

construction and operation of freeze separation plant was found to be difficult. To 

commercialise this process in a large scale, more research and development are 

needed [OTA88]. Hydrate separation is another method that is similar to freeze 

separation method. It has a reactor chamber instead of a freeze chamber. In the reactor 

chamber, the pressure and temperature are maintained so that the hydrate material 

forms crystals at a higher temperature than the seawater [HOW74]. 
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Ion Exchange (IX) 

Ion exchange (IX) works by removing unwanted ions from the feedwater and 

replacing them with desired ions through granular chemicals [OTA88]. This method 

is often used to soften hard water (water high in calcium or magnesium). In the IX 

process, calcium and magnesium ions in the hard water are replaced with the sodium 

ions by flowing through zeolite, which are natural sand-like materials containing 

substances such as hydrated sodium aluminium silicate [HOW74]. The results are the 

solution that has sodium ions leaving the zeolite bed, but calcium and magnesium ions 

stays at the bed. The IX can be used to desalinate the seawater, but the cost of 

building a large commercial scale plant is very high. Solvent extraction is another 

method that is similar to the IX. Solvent extraction uses liquids instead of solid used 

in the IX [HOW74]. Research on this method was halted in the mid-80s due to 

difficulties in the stripping step. 

 

3.4 Potential Environmental Impacts Of Seawater Desalination 
 
There are two main concerns in seawater desalination. One is plant location and the 

other is intake and discharge of the water. Locating the desalination plant near the 

coastal area creates a problem of damage to tourism industry and coastal environment. 

The other option, building pipelines and locating the plant inland where it does not 

cause noise pollution to the nearby residents, has its risks such as groundwater 

contamination by leaking pipes. Construction of the feed/discharge pipes could cause 

immediate damage to coral reef and marine creatures. The discharged water, which 

might have high concentrations of salt, pre-treatment chemicals and metal materials 

from desalination equipment, can also potentially cause pollution [DAJ00]. The 

discharged water is therefore often treated in a sewage treatment plant before being 

released into the ocean. Chemicals used in pre-treatment such as NaOCI, FeCI3 are 

mostly similar to chemicals used in drinking water treatments [DAJ00]. 

 
Einav et al. [EIN02] examined a composition of the discharged water and its 

discharging methods. The discharged water has 1.3-1.7 times higher salinity than the 

feedwater with RO method and 1.1-1.5 times using MSF method. Some researchers 

consider that the amount of chemical in the discharged water as minor and damage 

from the chemicals as unlikely [TSI01]. Hoepner and Lattemann [HOE02] 
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investigated the impact of the chemical used in the desalination. The study examined 

the discharges of chlorine, copper and antiscalants in the Red Sea region where over 

1.5 million m3 of seawater is desalinated daily. The estimated daily amounts of 

chlorine, copper and antiscalants discharged were 2,708 kg, 36 kg and 9,478 kg 

respectively. Although sooner or later all these materials will be diluted, their high 

initial concentration increase the potential risk. The effects from chlorine and copper 

are limited to local environments, however the high toxicity of chlorine and copper 

accumulation has its risks. Chlorine is a gas, which evaporates naturally and relatively 

fast, as any swimming pool owner can confirm, but copper is a metal and does not 

evaporate. The amount of antiscalants discharge is also high, but its environmental 

impact is lower than copper and chlorine due to its lower toxicity [HOE02]. Hoepner 

and Lattemann concluded that the chemical discharge from seawater desalination into 

the Red Sea is still below a critical level and the major problem is caused by the 

highly concentrated saltwater in the discharge rather than the pre-treatment chemicals. 

 
There are a number of techniques for reducing the risk of highly concentrated saline 

water discharge. These methods include direct discharging, discharging far into ocean, 

discharging with the power station cooling water and redirecting to a salt production 

factory. Direct discharging into coastal waters on a large scale should be avoided. 

Discharging via pipelines far into the ocean, with careful selection of its route 

considering currents and location, is better than direct discharging, but it still can 

cause damage to areas near where the water is discharged. Mixing desalination 

discharge with power station cooling water will dilute the concentration and reduce 

the risk. Re-directing discharged water to a salt production facility is the most 

environmentally friendly and economical. But finding an appropriate salt production 

factory or power station near the seawater desalination plant can be difficult.  

 
The energy required for seawater desalination has its indirect impact to the 

environment, because most of the energy is generated by fossil fuel combustion, 

which is a source of air pollution. Since between 25% and 40% of the desalination 

cost is energy cost, the use of renewable energy such as wind, solar, etc, might be 

ideal when (or if) the cost of renewable energy becomes comparable to the fossil 

fuelled energy. A dual-purpose facility that uses heat from a power plant for 

desalination as well as hybrid plant that combines different types of desalination 
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methods are currently gaining support for cost benefit reasons [TSI01]. Aybar 

[AYB04] studied a use of thermal energy from wastewater of a power plant for MED 

and found that it can supply 83% of water required within the power plant. 

 

3.5 Comparison Of Seawater Desalination Plants 
 
Typically energy consumption of RO plants is about half of the energy required for 

DD based plants because the RO method uses mechanical energy (pressure) in 

contrast to thermal energy used to heat and evaporate the water in the DD methods 

[DAJ00] [MAL96]. RO also has the advantage of lower operation and maintenance 

costs thanks to its lower operating temperature and less corrosion of the equipment 

[STE05]. As technologies have improved, the cost of desalinated water has been 

reduced to as low as A$0.61 (US$0.45) per m3 in some cases [SCH04]. Ultimately, 

though, the cost of desalinated water is highly influenced by the salinity of feedwater, 

the cost of equipment, energy requirement, the amount of chemicals needed and 

facility operation and maintenance cost including membrane replacement [WIL01] 

[PRA00]. The RO method typically has a better recovery rate than DD methods. 

Usually RO requires feedwater between 2.5 and 3 times more than the production 

water where DD methods require 8-10 times more feedwater than the production 

water [MOT96]. This implies that the salinity of discharged water from the RO is 

higher than the DD methods. The produced freshwater typically has a TDS value of 

less than 500 mg/L with RO, or less than 10 mg/L with MED, MSF, VC or ED 

method [DAF02] [LIV05]. As a comparison, typical seawater has a TDS value of 

35,000 mg/L. 

 
Table 6 shows a summary of operating desalination plants taken from the literature. 

This list is current through 2003 only. After 2003, the number of desalination plants 

has sky rocketed around the world. As previously suggested, many of the newer plants 

now use the RO desalination method, giving an energy efficiency advantage and 

capacity of producing up to 95,000 m3 per day. However, in oil rich countries like 

Saudi Arabia, MSF plants are still common, because energy is not a limiting factor. In 

the Gold Coast, the cost of traditional freshwater is A$1.05 per m3 [GCW05]. Table 6 

shows that newer plants are able to produce desalinated water at less than A$1 per m3. 

This brings it into a costing range that is comparable to traditional freshwater. 



Method
Capacity 

(m3/d)
Recovery 
Rate (%)

Seawater 
TDS mg/L

Power 
Consumption 

(kWh/m3)

Water 
Cost 

(A$/m3)
Starting 

year Reference
AI-Taweelah "B" UAE MSF 283906 2002 [ADW05]
AI-Taweelah 'B' Extension UAE MSF 89714 [ADW05]
Alicante Spain RO 50000 40 2003 [FER05]
Ashkelon Israel RO 272550 0.72 [LOP02] [LOK03]
Az-Zour souh Kuwait MSF 370961 1998 [ALW01]
Carboneras Spain RO 12113 [LOP02]
City of Morro bay USA RO 2271 40 7.13 1.94 [CHD03]
Dhoha west Kuwait MSF 523710 1985 [ALW01]
Duba Plant Saudi Arabia RO 3784 1989 [SWC05]
Eilat Israel RO 20000 50 36000 0.98 [WIL01] 
Eilat Israel RO 20000 45 36000 1.10 [WIL01] 
Fujiairah UAE RO 170344 35 7.75 [LOP02] [MOR96]
Fukuoka Japan RO 50000 60 [FUK05]
Haql Saudi Arabia RO 3784 1989 [SWC05]
Ibiza Spain RO 10200 39300-40500 5.5-6.3 1994 [EDL96]
Jeddah Saudi Arabia RO 113600 35 43300 1994 [ALH97] [SWC05]
Jubail Plant Saudi Arabia RO 78182 2000 [SWC05]
Key West USA RO 11356 1981 [TAM05]
Khobar Plant Saudi Arabia MSF 191780 1982 [SWC05]
Khobar Plant Saudi Arabia MSF 240800 2000 [SWC05]
laayoune Morocco RO 7000 45 40077 [ZID00]
Larnaca Cyprus RO 40000 50 40500 1.13 [WIL01] 
Santa Barbara USA RO 25362 5.28 2.11 1992 [TAM05]
Seymour USA RO 7600 2000 [SPG05]
Shoaiba Saudi Arabia MSF 450000 2003 [SPG05]
Shuaiba Plant Saudi Arabia MSF 191780 1989 [SWC05]
Shugaig Plant Saudi Arabia MSF 83432 1989 [SWC05]
Shuwaik Plants Kuwait MSF 81765 1982 [ALW01]
Tajoura Libya RO 10000 30 38000 1983 [ABF03]
Tampa USA RO 94635 60 18000-31000 3 0.75 2002 [WIL01] [TAM05]
Trinidad and Tobago Trinidad and Tobago RO 109020 [LOP02]
Tuas Singapore RO 110000 [SPG05]
Umm Al Nar B UAE MSF 228071 [ADW05]
Ummluj Saudi Arabia RO 3784 1986 [SWC05]
Yanbu Saudi Arabia MSF 120069 1999 [SWC05]
Yanbu Saudi Arabia RO 106904 1999 [SWC05]

Location

Table 6 Desalination plants comparison (operating until 2003)  
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Tsiourtis [TSI01] presented a summary of over 1600 plants, which have capacity of at 

least 100 m3/d. The Middle Eastern countries, which suffer from serious water 

shortages, are the largest users of seawater desalination, employs over 50% of 

seawater desalination capacity in the world. They are followed by America (19%), 

Europe (14%), Asia (12%) and Africa (6%). MSF and RO are the major seawater 

desalination methods used currently, with a combined share of about 85% as shown in 

Figure 22.  

 

  
Figure 22 Distribution of desalination technology in the world [TSI01] 

 

Figure 23 shows reduction of desalinated water cost since 1988. Tsiourtis found that 

the cost of desalination water has been reduced by over 50% since the late 1980s. This 

is thanks to cost reductions in equipment, energy and water treatment. 

 

Figure 23 Cost improvement of desalinated water [TSI01] 
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Dore [DOR05] forecasted the cost of desalination using an autoregressive integrated 

moving average model. The results were compared with actual data of 2002 from 

several desalination plants and found to be satisfactory. It forecasted that the unit cost 

(per m3) at 2004 to be between A$0.34 and A$0.97 (US$0.25 and US$0.71). It also 

assumed that costs would continue to decrease thanks to the improved technologies. 

Dore concluded that combining renewable energy and the improved membrane based 

desalination method could become a more attractive option in the future. This 

conclusion served as one of the motivations for this dissertation research. 

 

Figure 24 shows an energy consumption comparison of different desalination process 

conducted by Tsiourtis. The RO method was found to be the most efficient seawater 

desalination method, requiring as little as 3 kWh/m3 while MSF requires as much as 

10 kWh/m3. Hence, MSF is over three times less efficient than the most efficient RO 

method. Al-Mutaz [ALM96] conducted a comparative study of RO and MSF 

desalination processes. Al-Mutaz concluded that in low fuel cost regions, MSF is 

suited for large-scale plants. RO method is suited for mid-size plants or in the 

countries where the cost of fuel is high. Al-Mutaz also found that RO/MSF hybrid 

plants have the potential for producing low cost desalinated water. 

 

 
Figure 24 Comparison of desalination energy requirement [TSI01] 
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Table 7 summarises the energy consumption of the RO desalination method collected 

from various publications. These consumption rates ranged between 2.04 kWh/m3 and 

9.38 kWh/m3 with an average of 5.18 kWh/m3 [MAC03] [AVL03]. 

 

Table 7 Summary of RO desalination energy consumption 
 

 

Min. kWh Max. kWh Reference 
6.70 8.00 [WAD01] 
5.09  [DAR02] 
3.70 5.30 [LEI98] 
8.30  [HIN96] 
3.60 3.70 [RED01] 
5.00  [AVL02] 
3.50  [THO03] 
5.00  [ZEJ04] 
7.75  [LOP02] [MOT96]
5.28  [TAM05] [CHD03]
7.13  [CHD03] 
6.30  [EDL96] 
2.09 4.23 [BUS04] 
2.70  [LUD03] 
2.04  [MAC03] 
3.02 9.38 [AVL03] 

Hajeeh and Al-Othman [HAJ05] used an analytical hierarchy process for selecting the 

most suitable method, MSF, MED, VC, or RO for the region of the Gulf cooperation 

council. The analytical hierarchy process is a multi-criteria decision-making approach 

with a hierarchy factor structure. These authors evaluated seven factors including 

feedwater characteristics, water quality, recovery ratio, energy consumption, total 

cost, capacity, etc. The importance of each factor and their relative importance were 

gathered from desalination experts of the region. These authors found that RO is the 

most preferable and recommended because of its cost benefit. This is despite the fact 

that the MSF method is the most often used method in the Gulf region. This can be 

explained that RO method is a relatively new technology while DD method has been 

practiced for several decades. Besides many of Gulf region countries are oil rich 

countries and energy is not a major issue. Methnani [MET04] presented a 

Desalination Economic Evaluation Program (DEEP) to estimate the cost of a 

co-generated power and water production system. The DEEP aids alongside in the 
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comparison of system options for power generation such as nuclear and fossil and/or 

desalination method such as MSF, MED, RO and hybrid system. The DEEP allows 

users to determine the most suitable co-generated power and water production system, 

but it does not take renewable energy or waste incineration energy into account. 

Desalination has been successfully used in a large number of countries for quite some 

time and more desalination plants are being built around the world, but Schiffler 

[SCH04] warns that the desalination can only deliver its full potential of improved 

water supply in a region where underlying water sectors are properly built and 

managed. In some countries where the water sector is poorly managed, desalinated 

water might not be used wisely and plants may not be properly handled. Schiffler 

concluded that the use of desalination must be the last option after looking at every 

other alternative including better management of the existing water supply and 

demand structure. 

 

3.6 Renewable Energy In Seawater Desalination 
 

Wind, solar and geothermal energy are renewable energy sources that are often 

suggested for coupling with seawater desalination. Those renewable energy sources 

were reviewed in the section 2.8. Renewable energy for desalination only attracted 

little interest until the oil crisis in 1970 [BEL00]. Desalination plants combined with 

the renewable energy are limited in number and not yet commercially successful, 

because the production of freshwater using renewable energy is still costly [TZE03]. 

It is only practiced in small remote areas where large-scale power generation is 

difficult. These combined approaches still require improvement in their cost and 

reliability using experience from existing plants before it can become commercially 

successful. However, in recent years, with a large increase in interest in desalination, 

the combination of renewable energy and seawater desalination is also gaining interest 

as the public calls for cleaner energy sources. Additionally, as the majority of 

desalinated water cost is energy cost, if the energy cost can be lowered then, it can 

also reduce the cost of desalinated water. 
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Benjemaa et al. [BEN99] presented an investigation of coupling desalination with 

renewable energy. Benjemaa et al. examined wind, solar and geothermal energy 

sources in Tunisia. Figure 25 shows a flow chart for selecting a suitable desalination 

method and its renewable energy source created by Benjemaa et al. 

 

 
Figure 25 Flow chart for coupling desalination and renewable energy [BEN99] 

 

Benjemaa et al. concluded that solar energy is the most promising in Tunisia, because 

of climate condition and its portability that can be used with several desalination 

techniques such as, RO, ED and MVC. Benjemaa et al. also found that wind energy is 

suited for a small capacity RO plant in the Northern and coastal region of the country. 

Geothermal energy was found to be limited although it might be practical in the 

thermal desalination plants for brackish water in the Southern region of Tunisia. 

 

Richards and Schäfer [RIC03] presented their work on a photovoltaic powered RO 

desalination system in an Australian remote community. It was used to remove 

dissolved salts in brackish water from borehole. Test results showed that it is able to 

produce drinking water from a variety of feedwaters. Energy consumption was found 

to be between 2 and 8 kWh/m3 depending on the salinity of the feedwater. Kaldellis et 

al. [KAL04] analysed the cost of RO desalination using renewable energy in the 

Greek islands in comparison with transport of water to these islands. The renewable 

energy considered was a combination of wind and photovoltaic energy. Their results 

showed the maximum water cost of A$4.16 – A$5.83 per m3 (2.5 – 3.5 €/m3) using 

this type of renewable energy for desalination, which was found to be significantly 

lower than the water transport option of A$11.66 per m3 (7 €/m3). Koroneos et al. 

[KOR05] conducted a comparison study of combining renewable energy source and 

desalination method. This study looked at combinations of renewable energy source, 
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wind energy or solar photovoltaic energy with the desalination method, RO or MVC. 

The combinations of RO with wind energy and MVC with wind energy were found to 

be the best combinations costing around A$2.5 per m3 (1.50 €/m3) while MVC with 

solar photovoltaic energy was the worst, costing A$6.11 per m3 (3.67 €/m3). Sharmila 

et al. [SHR04] presented a small-scale wave powered desalination system, which is 

suited for a local fishing community. The oscillating water column principle, which 

uses pressurised air by waves to run turbine systems, was used for energy generation. 

A RO system with a capacity of 10 m3 per day was successfully tested and 

commissioned. Kalogirou [KLO05] reviewed the current trend of desalination 

powered by renewable energy and found that the use of renewable energy highly 

depends on local conditions and on the amount of water desalinated. Some 

technologies are better suited to a larger scale system while the other technologies are 

suited to a smaller scale system. Kalogirou suggests that wind energy might be more 

suitable to larger scale desalination, although other methods such as RO with solar 

photovoltaic energy are currently common. Kalogirou concluded that environmentally 

friendly renewable energy sources such as wind, solar, can be used for desalination to 

meet increasing water demand and should be used instead of the conventional energy. 

 

3.7 Summary Of This Chapter 

 

This chapter presented an overview of common seawater desalination technologies 

that are currently in use: distillation, electrodialysis and reverse osmosis. Comparisons 

of those technologies and analysis of environmental impact were also presented. This 

revealed successful uses of seawater desalination in many parts of the world and 

provided a quick insight into those technologies. Finally some examples of coupling 

renewable energy with seawater desalination were provided. The next chapter 

presents literature reviews relevant to my case study, Gold Coast City, and modelling 

techniques applied in these fields. 
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CHAPTER 4 

 

4 LITERATURE REVIEW 

 

This chapter is divided into two sections. The first section investigates background 

information of the Gold Coast City. It is to understand issues of water and waste in 

Gold Coast City and also to obtain data required for the modelling. The second 

section covers modelling techniques reported in the literature in the areas of dynamic 

system modelling, water catchment, water demand, artificial neural networks, waste 

generation, desalination and population dynamics. 

 

4.1 Gold Coast Case 

 

This section looks at the background of Gold Coast City with the purpose to 

investigate water shortage issues, waste issues, population growth and climatic 

conditions surrounding Gold Coast City. This is also the opportunity to analyse the 

required data for modelling. 

 

4.1.1 Background of the Gold Coast 

The term Gold Coast has a double meaning. It refers to the narrow, long stretch in the 

South East of Queensland on the Eastern side of Australia as shown in Figure 26. At 

its heart is Gold Coast City, which is the sixth largest city in Australia. The population 

of the city was 455,986 at June 2003 [ABS05]. The Gold Coast is one of the most 

popular tourist destinations and attracts many tourists both domestically and 

internationally. Therefore the tourism industry plays a major role in the Gold Coast. 

On any day of the year, over 75,000 visitors are estimated to stay on the Gold Coast. 
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Figure 26 Map of Gold Coast, Australia [GCC05] 

 
Gold Coast City has unique geographic characteristics. Gold Coast City spreads as a 

narrow band across 1,402 km2 surrounded by internationally awarded 70 km beaches 

on the East side as shown in Figure 27 and heritage listed rainforests in the hinterland 

regions on West and North side. 

 

   
Figure 27 Aerial view of the Gold Coast coastal region [GCC05] 
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The Gold Coast region is a sub-tropical climate. On an average, it offers 287 sunny 

days yearly with average temperatures of 19-29 Cº during summer, and 9-21 Cº 

during winter [GCC05]. Figure 28 shows monthly mean rainfalls (millimetres) from 

the records between 1880 and 2004 at two locations: Mt. Tamborine in the hinterland 

on the West and Southport near costal region on the East. Usually the winter months 

between July and September are drier, while in the summer period between December 

and March, the city receives most of its rainfall. However this consistent weather 

pattern has changed somewhat in recent years. The time and amount of rainfall we 

receive now has become irregular. 

 

 
Figure 28 Monthly mean rainfalls at Mt. Tamborine and Southport [BOM05B] 
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The Gold Coast has been one of the fastest growing regions in Australia for the last 

four decades. Figure 29 shows population growths of the past 20 years and some of 

the estimated population growth for the next 50 years. The population of the city has 

been growing by between 14,000 and 15,000 in recent years. The population is 

estimated to grow up to 700,404 by the year 2021 and then extrapolated to 1.2 million 

by the year 2056 [GCC05] [ABS05]. 

 

 
Figure 29 Population growth since 1986 and linearly extrapolated growth until 
2056 used by GCCC [GCC05] [ABS05] 

 

4.1.2 Water supply and demand of the Gold Coast 

There are two existing dams for supplying freshwater to Gold Coast City with a total 

capacity of 175,000 million litres [GCW05]. Most of the water supply for the city 

comes from the Hinze dam, which is located near Mudgeeraba (Figure 26). The Hinze 

dam has a capacity of 163,500 million litres with 9.72 km2 (972 hectares) of surface 

area and a catchment area of 207 km2 (20,700 hectares). The remainder of the 

freshwater comes from the Little Nerang dam with a much smaller storage capacity of 

9,280 million litres. Average daily water consumption was of 155 million litres during 

year 2004, however on a hot summer day, it can reach as high as 300 million litres a 

day [GCW05]. Although a large number of tourists visit the Gold Coast throughout 

the year, it is estimated that the tourists consume less than 10% of daily water 

consumption. With a predicted population growth of 1.2 million by the year 2056, the 

current water demand of 185 million litres per day (67,525 million litres per year) is 

predicted to increase up to 465 million litres per day (169,725 million litres per year) 

[GCC05]. This implies that without major rainfall the Hinze dam could dry out within 

a year. 
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The Gold Coast has experienced five severe droughts in the last 100 years (1901, 

1908, 1985, 1992, and 2002). The latest drought between 2001 and 2003 was the 

worst drought ever in the recorded history of the Gold Coast [GCW05]. Figure 30 

shows daily dam storage level of our main freshwater supplier Hinze dam between 

1999 and 2003. 

 

Figure 30 Daily Hinze dam storage level between 1999 and 2003 [GCW05] 
 
During this latest drought, the Hinze dam storage level fell below 30% in February 

2003. It came dangerously close to running out of freshwater. Figure 31 shows 

photographs of the Hinze dam at 29% in February 2003 and at 52% in June 2003. 

 

Figure 31 Images of Hinze dam at 29% (Feb 2003) and 52% (Jun 2003) [GCC05] 
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In general terms, a drought means freshwater shortage from a lack of rainfall, which 

in this region appears to be associated with the El Niño phenomenon. The bureau of 

meteorology (BOM) is responsible for assessing the drought status by examining the 

rainfall of the past months (three months or more) for various locations around 

Australia [BOM05E]. If the rainfall of the past months is less than the lowest 10% 

(10th percentile) of historical records, it is considered a serious drought. The drought 

is considered as a severe drought if the rainfall in the past months is less than the 

lowest 5% (5th percentile) of historical records. However the declaration of drought is 

a responsibility of each state government. 

 
The Southern oscillation index (SOI) provides an indication of the El Niño 

phenomenon and is used to forecast rainfall for short to mid term prediction 

[BOM05E]. The SOI is obtained from irregular monthly or seasonal air pressure 

differences between Tahiti and Darwin (Australia). When the SOI value is negative, it 

indicates an ongoing El Niño phenomenon and typically results in reduction of 

rainfall in Eastern and Northern Australia. Figure 32 shows SOI values between 2000 

and 2005. It clearly shows a trend of negative SOI throughout the latest drought year 

between 2001 and 2003. A positive SOI occurred briefly during late 2003 and early 

2004, but the SOI has returned to negative from mid 2004 until mid 2005 when it 

slowly crept into positive values. 

 

 
Figure 32 Southern oscillation index between 2000 and 2005 [BOM05A] 
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Table 8 summarises frequency and length of El Niño occurred in the past 100 years. It 

shows that El Niño phenomenon occurrences are fairly regular and often resulted in 

major droughts. 

 

 

Table 8 El Niño occurrences of the past 100 years 

El Niño year [BOM05C]
Start End 

Major drought 
[BOM05D] 

1902 1903  

1905 1906  
1911 1915 ✔ 

1919 1920 ✔ 

1925 1926  
1940 1942 ✔ 

1946 1947  
1951 1952  
1957 1958  
1963 1965 ✔ 

1969 1970  
1972 1973 ✔ 

1977 1978  
1982 1983 ✔ 

1987 1988  
1991 1995 ✔ 

1997 1998  
2001 2003 ✔ 

 

 

A few moderate rainfalls this year (2005) have brought some relief for the coastal 

region, but the drought has been spreading in wide areas of Australia. Gold Coast City 

has somewhat recovered from the immediate danger of running out of freshwater 

thanks to two significant but localised rainfalls in early and mid 2005. With the 

prediction of increasing water demand due to the continuous population growth 

combined with uncertain climatic condition, securing continuous freshwater supply is 

becoming an urgent matter. 
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What is GCCC doing about the drought? 

Strict water restriction has been enforced to the city since May 2002. Tougher water 

restriction introduced in May 2003 was lifted, but level 2 water restriction, which 

limits use of outdoor water (e.g. sprinkler ban), its purpose (e.g. no car washing) and 

limits to some specific days (e.g. odd and even numbered houses), has still been in 

place and is most likely to stay for a long time as the uncertainty of normal water 

supply continues. 

 

Figure 33 shows water consumption of Gold Coast City from 1999 to 2003. Prior to 

the water restriction, an average water consumption was 178.23 million litres a day 

(red line), but after the introduction of water restriction in May 2002, the average 

water consumption was decreased to 158.13 million litres a day (yellow line), which 

was a reduction of 11.27%. 

 

Figure 33 Daily water consumption of Gold Coast City between 1999 and 2003 
[GCW05] 
 

The water restriction is reviewed and set according to the Hinze dam storage level 

regularly. Daily consumption target is calculated according to the dam storage level. 

A reduction of water consumption by 25% is aimed when the dam storage level drops 

under 50% and the target of 50% reduction is aimed when the dam storage level goes 

below 25%. With current dam storage level of over 80% (at 27 August 2005), the 
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current water consumption target is 170 million litres per day during the dryer winter 

months, and 190 million litres per day during wetter but very hot summer months. 

These water restrictions are widely advertised through media, not only to residents, 

but also to tourists. 

 

Currently to augment the freshwater supply, 35 million litres of freshwater per day are 

brought through a pipeline from the Wivenhoe dam, which is located some 150 km 

away, towards the North West of Brisbane city. Brisbane city is located around 90 km 

North of the Gold Coast. In a mid-term strategy, the second pipeline is being built to 

bring additional 85 million litres of water per day from the Wivenhoe dam in next 4 to 

5 years. However this pipeline option might not be free of any risk, as the source of 

water, the Wivenhoe dam, is also facing water shortage. On the 27 August 2005, its 

dam storage level was less than 37% and a sizeable rainfall has not appeared and is 

not expected during the hot summer months [SEW05] [LCC05] [GRI05]. In a 

long-term strategy, the Hinze dam wall is planned to be raised in order to increase its 

capacity, though this is scheduled not before 2015. To make these strategies workable, 

these need to be accompanied with the use of 60 million litres alternatively sourced 

water per day such as recycled water. It also requires a reduction of the water demand 

by 60 million litres per day. Despite the laudable but postponed good intentions, 

raising the walls of the Hinze dam does not cause rain, nor does it stop the population 

growth. 

 

Some believe that seawater desalination is a more flexible solution than the pipeline 

transportation solution, because the water transportation through the pipeline does not 

help if the Wivenhoe dam runs out of water too. The pipeline does not have the 

flexibility of desalination in adjusting of its capacity [BEL01]. With more evidence of 

changing global climate, global warming, more frequent El Niño phenomena and fast 

spreading drought in Australia, many cities in Australia including the Gold Coast City 

require a long term solution to the water shortage problem to ensure the continuous 

water supply for possibly more severe droughts in the future. 
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4.1.3 Waste generated from the Gold Coast 
The waste generated from the city can contain the waste from industrial, residential, 

commercial and agricultural sources. It may also include hazardous waste such as 

batteries and medical waste. The information of composition and other details of 

waste generated from the Gold Coast are somewhat limited due to a lack of records. A 

management strategic plan report compiled by GCCC showed that 437,447 tonnes of 

solid waste were collected in year 2000-2001 (Table 9), which cost the city 

A$27,320,720 for the disposal [GCC02]. 

 

Table 9 Total waste handled by GCCC in 2000-2001 [GCC02] 

Total waste received by GCCC in 2000/2001 
Source Tonnes Percentage 

GCCC Landfills 391,399 89.5% 
Recyclables from kerbside recycling scheme 17,058 3.9% 
Waste received at GCCC transfer stations 28,990 6.6% 

Total waste received by GCCC 437,447  

 
About 87 % of waste collected was buried in landfills despite the fact that almost 70% 

of it was combustible. The remaining 13% was recovered to be recycled, reused and 

avoided the landfill. [GCC97]. Each year, the waste, which is equivalent to 1500 

Olympic sized pools, is buried in five landfill sites located around the Gold Coast 

[GCC97]. One of the landfill issues facing GCCC is that many of these sites are 

closing or coming to their closure deadline [GCC02]. Figure 34 shows a distribution 

of contributing sectors to the total waste of Gold Coast City. Almost 60% of the waste 

was generated by the domestic sector. An average waste generated by each person 

was found to be 1.1 tonnes per year. 

 

 
Figure 34 Distribution of contributing sectors [GCC02] 
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Precise data on composition of the generated waste was not available. The only 

known composition of domestic waste is shown in Figure 35. 53% of the domestic 

waste was found to be organic items, 32% was recyclable items and the remaining 

15% was other items. 

 

 
Figure 35 Composition of domestic waste from the Gold Coast [GCC02] 

 

Figure 36 shows a composition of waste generated by the GCCC. Two quarter of the 

waste was found to be mixed commercial items, another quarter was found to be 

concrete and the last remaining quarter consisted of sewage sludge, paper, green 

waste and clean fill items. Waste composition detail of the waste from the 

commercial, industrial, construction and demolition sector was unavailable. 

 

 
Figure 36 Composition of GCCC waste [GCC02] 
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4.1.4 Waste management for the future 
With the prediction of continuous population growth, GCCC is predicted to handle 

636,405 tonnes of waste yearly by the year 2020 [GCC02]. Currently most of the 

waste is buried in landfills. Insufficient recycling and resource recovery system often 

prohibit recovering of recyclable materials and resources. As Australia is a large 

country with a relatively small population, it seems that there is endless space for 

landfill, hence the awareness of waste management by the public is rather low. The 

landfill is difficult to maintain, locate and justify their existence to the residents who 

live nearby. It is therefore becoming difficult to continue with the same waste 

management approach as we do now. The report by the GCCC in 1992 recommended 

a waste management strategy hierarchy, shown in Figure 37. 

 

Figure 37 Proposed waste management hierarchy by GCCC [GCC02] 
 

This aims at reducing and avoiding of waste generation to minimise the amount of 

landfill space, as opposite to the current landfill method. Implementation of the waste 

management is not achievable without the cooperation of consumers and producers. 

The most crucial matter to the success of any waste management strategy is education 

and awareness. All residents must recognise waste disposal problems and potential 

benefits such as conservation of resources for the future, saving of money, reduction 

of environmental pollution and increased employment opportunities [SAG03] 

[SAG05]. 
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Figure 38 illustrates a waste management strategy taken by Energy Information 

Administration of USA, which is similar to the approach by the GCCC. Each level in 

the waste management strategy hierarchy recommended by GCCC is explained 

below. But it is not the purpose of this thesis to teach and preach of any of these 

practices, or to change people’s habits. As mentioned earlier in this thesis, 

incineration is not a sole solution for the waste disposal. It only works when it is used 

as a part of waste management strategy. The purpose of this part is to look at broader 

waste management and strategies. It serves as part of the analysis. Some of these 

strategies listed are more likely to find acceptance and be adopted by the community 

than others. The strategies presented do not necessarily represent personal 

preferences. 

 

 
Figure 38 Illustration of municipal solid waste management [EIA96] 

 

Avoidance and Reduction: This aims at avoiding and reducing of the waste 

generation. The producers must investigate ways to prevent the waste generation 

during a production process or use alternative materials to reduce the waste generation 

[SAG03] [SAG05]. This strategy may be accompanied by fees for items such as 

plastic bags, bottles, landfill, to discourage consumers to discard such items while 

avoiding generating them in a first instance. For example, in Germany, manufacturers 

have the duty and care to incorporate recycling or disposal of materials into their 

industrial design by law.  
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Re-use: Re-use is to give a second life to the waste by re-using the material in the 

same way more than once or for a different purpose [MDE05]. This has its limitations 

and is not always possible. 

 

Recycle: The third option in the hierarchy is to recycle items that cannot be re-used. 

The recyclable items including plastic, concrete, cans, milk bottle, cartons, papers, 

etc, are re-manufactured to be new products. In Australia, garden waste is a 

substantial component of waste. Composting in the backyard is encouraged and easily 

implemented as most Australians have a house with a garden. Currently in the Gold 

Coast, some of recyclable items are separately collected fortnightly. A kerbside 

collection of larger recyclable items is also carried out annually. 

 

Energy Recovery: Waste incineration falls into this hierarchy level. Some items that 

can be neither reused nor recycled might be used in WTE conversion for energy 

recovery. Section 2.1 and 2.2 covered some of the common WTE conversion 

technologies. Waste incineration is currently the most common method of energy 

recovery and has been used in other parts of the world for decades. The percentage of 

MSW incinerated in different countries is shown in Table 10. 

 

Table 10 Comparison of waste incineration usage [MOR98] 

Country % Country % 
Switzerland 79 Germany 22 

Japan 72 Italy 17 
Denmark 65 USA 16 
Sweden 59 Spain 6 

The Netherlands 39 UK 5 
 

“To burn or NOT to burn” is a sensible issue, which requires commitment of 

investigation by experts and opinion from residents, who could be affected by it. In 

the countries with a large population, but only small usable land with little possibility 

of landfill such as Japan, waste incineration is highly utilised and the waste is 

considered as a cheap fuel source. Waste incineration also avoids endless uncontrolled 

chemical reactions of the waste in the landfill [HAR96]. Waste incineration is not 

much used in Australia. This is most likely due to a lack of urgency regarding waste 

management problems because Australia is a large country and there seems to be 
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enough space available for landfilling [CUL99]. The public also has concerns about 

the pollution that the waste incineration could cause. However this is likely to change 

due to an increasing landfill problem and the potential of recoverable energy in the 

waste. 

 

Tsai and Chou [TSA04] reviewed the use of waste incineration in Taiwan. Taiwan has 

increased the use of waste incineration as a part of waste management since 1990s. In 

2002, 64% of waste was incinerated and only 34% was buried into the landfill. By 

comparison, in 1992 the majority of waste was buried in the landfill and only 3% of 

waste was incinerated. Recycling has been heavily promoted by the Taiwanese 

environmental protection agency since early 1990s and increase of the waste has been 

somewhat controlled. Tsai and Chou recommended the use of advanced technologies 

and fuels such as RDF to improve the efficiency, which has been heavily affected by 

the recycling program. Consonni et al. [CON05A] [CON05B] conducted a life cycle 

analysis of four different energy recovery strategies using waste incineration. These 

strategies included incinerating “as is” in a grate combustor, removal of organic 

matters from the waste before incinerating in a grate combustor, producing RDF and 

incinerating it in a fluidised bed combustor and producing RDF after removal of 

organic matters and incinerating it in a fluidised bed combustion. Consonni et al. 

concluded that incinerating “as is” or minor pre-processing is better than the RDF 

fuelled incineration. This is because cost of the pre-processing in the RDF is always 

higher than benefits that can be obtained from the improved fuel properties.  

 

Due to ever toughening emission regulation and the resulting vast improvement of 

toxic gas and ash treatment technologies, waste incineration is becoming a cleaner 

technology, significantly if properly operated. This might imply that incineration is 

restricted only to developed countries due to the costs involved. Inadequate operation 

and maintenance of the waste incineration in developing countries could be associated 

with consequences of forbiddingly high cost to human health and environment 

[IET96]. The concerns and management issues of the waste incineration were covered 

in section 2.3 and 2.4. 
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Landfill (Waste disposal): The last option in this analysis is landfill. Almost all 

government bodies use landfill at some stage of the waste management either in an 

untreated form or as ash left after the incineration. The untreated waste is often buried 

in the landfill and undergoes unknown and uncontrolled chemical reactions. It can 

become a source of water contamination, raising hygiene and odour problems 

[HAR96]. It is difficult to find a suitable landfill location in the competition for a 

space with the expansion of growing cities. Persuading nearby residents is even more 

difficult due to potential pollution, increased traffic and decreased property value 

[SAG03] [SAG05]. All of these limits the landfill sites to be in fairly isolated areas, 

where it is possible to comply with those conditions. It invariably results in high 

transport and landfill costs [IET96]. 

 

4.1.5 Comparison of recycling and incineration 

The word “recycling” has an environmentally friendly connotation. Recycling 

typically means conservation of energy, natural resources and environmental 

protection. However, there are numerous costs attached to the recycling. It has its own 

pros and cons. Recyclable material must be first collected using trucks with teams of 

personnel. Then the collected material must be sorted and then processed to be ready 

for re-manufacturing. The processed material then must be transported to the 

manufacturers, which can be far away from the processing facility. All of these 

require a large amount of fuel (energy) and money. 

 

Morris [MRR96] demonstrated that the energy conserved by recycling is more than 

the energy generated by WTE conversion in 24 out of 25 materials. Lea [LEA96] 

conducted several case studies combining different levels of recycling (25% and 

100%) with or without WTE conversion. The highest energy saving was achieved 

with combining 100% recycling and WTE conversion. Selecting what should be 

incinerated or recycled was found to be the most influential factor of energy 

conservation rate. There are efforts to find a balanced combination of recycling and 

incineration. A life-cycle assessment was published from the International Standard 

Organization (ISO) [FIN98]. Chang and Wang presented a goal programming 

technique system to help planning of waste management as a compromise between 

recycling and incineration [CHA97]. 
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4.2 Analysis Of Modelling Techniques 
 

This section looks at modelling techniques used in the area of dynamic system 

modelling, water catchment, water demand, artificial neural networks, waste 

generation, desalination and population dynamics as reported in the literature. Those 

models are reviewed, while focusing on the models that are required for developing 

the comprehensive model. 

 

4.2.1 A dynamic system approach with control theory 

An experiment or a long-term study of complex multi-domain systems such as 

ecological-economic system is difficult to conduct. Dynamic system modelling is 

often used to represent such complex systems and analyse its behaviour. The complex 

problem is broken down to smaller multilevel sub-models [DYS05]. These sub-

models are then linked to construct essential components of the system. Each 

component generates its own dynamic behaviour and the relation between the 

components is based on feedback and control [SMO02]. This approach is capable of 

providing a conceptual view of a complex dynamic system and its behavioural 

diversity. It allows a better observation and an understanding of the system’s 

behaviour, critical components, interaction between the different components and 

prediction of system behaviour under different conditions or policy decisions 

[COS98]. Dynamic system modelling is better suited to demonstrate how the system 

performs under different conditions than for predicting exact future state of the system 

[SMO02]. This approach is useful when understanding of system behaviour is more 

important than prediction of exact variable value [FOR73] [SMO02]. 

 

A dynamic system with a feedback is often referred as a control system. It regulates or 

adjusts anything that can be represented as a flow such as energy, to obtain a desired 

result [PAL00]. It can be said that control appears in any artificial process [TEW02]. 

In the control systems, a set of state variables is used to describe the system, together 

with the functions that operate on these state variables. The state variables in the 

system are changed by mathematical models (equations) using time, input and 

parameters. In a typical control system, the output (or part of it) of the system is fed 
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back to the input. Then the system reacts according to the result of the comparison, 

typically with a preset threshold.  

 

The control system can be either closed-loop or open-loop system. In an open-loop 

system, the control does not depend on an output of the process and the control is 

done by a pre-determined schedule. This limits use of open-loop system in a 

predictable environment. On the other hand, in a closed-loop system, the control of 

flows responds to the output of the process. A closed-loop system is suited to an 

unpredictable varying environment where the system is required to respond to 

changes [PAL00]. In a feedback system, there are at least two components: controller 

and plant as shown in Figure 39. The plant is a part of the system that is controlled by 

a controller. The controller can be a human or artificial device. It adjusts an input to 

the plant according to the feedback from the operation of the plant in order to obtain a 

desired output from the plant [TEW02]. 

 

 
Figure 39 Canonical model of a feedback control system 

 

A key purpose of dynamic system modelling is to determine and analyse behaviours 

of the system, which may or may not be affected by a feedback relationship [WRI05]. 

Each model is sensitive to some or all of input parameters in distinct ways. The 

changes in a part of the system may cause an unpredicted outcome in the other parts 

of the system by the uncontrolled feedback from these changes. The behaviour of 

different components of the system and the interactions between those components 

that are under different conditions can be easily studied with dynamic system 

modelling. With the aid of a visual programming environment, this improves the 

understanding between decision makers and those who model their objects of interest 

such as engineers, system designers and amongst others. It allows easier 

understanding of the complex system and better decision-making outcomes [ROD96]. 
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A dynamic system model development goes through three basic phases [ROB78]. The 

first phase is to define the problem and describe the system [STA03]. It is to identify 

the critical variables and essential elements of the system that produce the problematic 

behaviours being investigated. Visual feedback diagrams that depict the relation 

between cause and effect of the problem are often developed. Figure 40 shows some 

examples of such visual feedback diagrams. 

 
A positive arrow indicates that variables at both the head and tail of the arrow change 

in the same direction while a negative arrow indicate the variables change in opposite 

directions. A positive feedback loop indicates a continuous change of the system 

behaviour in the same direction. A negative feedback loop indicates an oscillating 

system behaviour or goal seeking behaviour [ROB78]. 

 

 
Figure 40 Examples of visual feedback diagram [ROB78] 

 
In the second phase, the cause-and-effect relationships identified in the visual 

feedback diagrams are translated into equations, which are often done with the aid of 

simulation software. Visual representations are ever gaining importance in model 

design and representation of results. To this end several tools were designed or 

developed from the earlier modelling environments. MODELMAKER [MOD05], 

STELLA [HPS05], SIMILE [MUE03], MATLAB/SIMULINK [MAT05A], VENSIM 

[VEN05] and POWERSIM [POW05] are some of the visual programming tools 

available [SEP05] [COS01]. Some of these software tools have been around for 

decades, but now provide a modern, user-friendly interface allowing visual 

programming by using blocks, icons and flow arrows. 

 
The final phase is to validate the model for building confidence in the model given 

that in the process of abstraction, the information provided in the model is sufficiently 

valid [STA03]. This might require some repetition of previous steps for redesigning of 

the model. Finally the model is ready for experimental simulations such as for policy 

analysis or public outreach. 
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Dynamic system modelling has been widely used, more recently including ecological, 

environmental, biological and economical fields. Stave [STA03] presented a 

strategic-level water management dynamic model of Las Vegas, USA. The model 

developed in VENSIM provided simulations of different water management scenarios 

in an interaction with stakeholders. The model allowed effective evaluation, 

comparison of policies and better understanding and participation into the discussion 

by the stakeholder. Dyson and Chang [DYS05] presented a dynamic model developed 

using STELLA to predict solid waste generation of San Antonio city, Texas, USA. 

Five models based on different factors including income, household size and income, 

population, etc, were developed to estimate the waste generation. Rodrigues and Li 

[ROD96] presented a visual programming tool “Prox”, which is claimed to be more 

flexible than STELLA, to model robotic food handling. Patterson et al. [PAT04] 

presented an application of the dynamic system modelling for developing tourism 

strategies of Dominica by conceptualising the country in three domains, society, 

ecosystem and economy. Wolkenhauer et al. [WOL05] investigated the modelling of 

biochemical reactions using the dynamic system approach. Simonovic [SMO02] 

presented a global water resource modelling using a dynamic system approach. The 

water resource was combined with its influential factors including industrial growth, 

population, agriculture, economy, non-renewable resource and pollution. Simonovic 

found a significance connection between water resources and future growth of 

industry as well as global water pollution problems in the future. Saysel et al. 

[SAY02] developed a GAPSIM, which was originally developed in STELLA, to 

study a long term environmental, social and economical issues of water resource, land 

use and agriculture in Southern Turkey. Walter [WAL01] modelled deer population in 

STELLA to study how the landscape structure affects growth and spread of its 

population. Hope [HOP05] applied the dynamic system approach to modelling of a 

mercury cycle of a basin. It was to identify sources of mercury and their relative 

contribution to the water. This was aimed at encouraging managers and stakeholder to 

provide better mercury management strategies.  

 

This list of dynamic system approach application shows that this approach has been 

successfully applied in many modelling paradigms. This indicates that the dynamic 

system approach is the suitable technique to model complex multi-domain problems. 
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4.2.2 Water catchment modelling 

There are several models developed for rainfall-runoff hydrologic dynamics, or 

simply water catchment (watershed) modelling for a variety of purposes, e.g. river 

flow forecast and flash flood prediction. Amongst them, dam catchment modelling is 

the area of interest for this case, because it is a unique application of this broader 

water catchment concept. This is because outflow is controlled in someway in dam 

modelling while in water catchment modelling it is not necessarily controlled. I will 

look at the dam catchment modelling from broader point of view and examine the 

modelling techniques that can be applied to the dam modelling. Figure 41 shows an 

illustration of the hydrologic cycle. Typically modelling of a dam involves three 

elements: inflow, outflow and change in storage [UAC05]. The inflow into the dam 

includes groundwater, runoff through catchment and direct rainfall into the dam. The 

outflow is the water leaving the dam through groundwater, controlled releases, water 

supply withdrawals and evaporation. The amount of water coming into the dam and 

the amount of water going out of the dam determine the rise or fall of the dam storage 

level. On the other hand, water catchment modelling does not have variables such as 

controlled releases, water supply.  

 

 

Figure 41 Illustration of hydrologic cycle [UAC05] 

 

Common water catchment modelling can be divided into three types: black box 

models, lumped conceptual models and physically distributed models [SLO02]. These 

modelling techniques are reviewed below. 
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Black box models use a relationship of input and output variables of a catchment 

[RAG99]. The catchment is considered to be one lumped unit and it does not consider 

spatial characteristics of the basin. It is a simple model that does not require a large set 

of data, but its accuracy and reliability is low. ARMAX model [BOX76] and Tsykin 

equation [TSY85] are some of the models that use the black box modelling.  

 
Lumped conceptual or soil moisture accounting model incorporates a structure of 

interconnected storages including snow storage, surface storage, root zone storage, 

and groundwater storage, but this still does not represent heterogenous characteristic 

of the catchment. This modelling is somewhat more complex than black box 

modelling, but it still does not include other variables such as infiltration, groundwater 

level, etc [RAG99]. It works with uniform rainfall distribution and characteristic of 

catchment [KAH02]. MIKE BASIN [DHI05], SSARR model [SCE68], TANK model 

[SUG95] and SACRAMENTO model [BUR95] are some of the models that use the 

lumped conceptual modelling. Brandão and Rodrigues [BRA00] presented a use of 

Interactive River Aquifer Simulation (IRAS) for a time series prediction of runoff in 

the Guadiana catchment of Portugal. The IRAS is a water resource planning and 

management tool that can simulate surface flow, groundwater flow, storage water, 

pollutants load and concentration and hydropower. Brandão and Rodrigues used IRAS 

to simulate different input flow and water consumption scenarios. Jakeman et al. 

[JAK90] developed a lumped-conceptual model, IHACRES that predicts a daily 

streamflow. It is claimed to require relatively small number of parameters such as 

rainfall and time delay. This has been applied to number of catchments [HAN96]. 

 
Physically based distributed model is a complex model, which requires modelling 

of each physical process, using equations based on theory, such as unsaturated zone 

water movement, flow in streams, evaporation, etc. It also considers heterogenous 

catchment using a large number of distributed parameters and variables [RAG99]. 

This model is suitable when an analysis of each process is required. Some examples 

of physically based distributed models are IHDM model [BEV87], SWATCH model 

[MOE89] and HC model [RAG97]. 

 
Many of these models require data and information of the dam catchment that is not 

available to my research. It makes these existing models difficult to apply in my 

model. 
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4.2.3 Water demand dynamics modelling 

Water demand can be characterised as a variable that is highly influenced by 

population size, weather condition and characteristic of the city. Numerous statistical 

models with multiple regression and time series have been developed for water 

demand modelling. Typically these models are developed by dividing water use into 

several categories such as base, seasonal and weather dependent water use. 

Parameters such as rainfall, temperature and other climatic variables are used to 

determine the water demand. The multiple regression cascade model [MAI84] and 

daily water forecast transfer function model [MAI85] are some examples developed 

using statistical methods. Zhou et al. [ZHO02] worked on a prediction of water 

demand of Melbourne, Australia. Zhou et al. predicted a daily use by forecasting 

hourly water demand based on the effect of base use, daily, seasonal and hourly 

seasonal demand according to several climatic variables. 

 

An et al. [ANA96] worked on finding water demand prediction rules for optimal 

control of water distribution systems. An et al. applied a rough-set approach to an 

observed data set for the daily water demand prediction. The factors including 

temperatures, rainfall, humidity, snowfall and wind speed of three days were 

evaluated for the rule generation. The experimental results showed the best error 

percentage of 6.7% and an average error percentage of 10.3%. Arbués et al. [ARB03] 

presented a survey of residential water demand estimation models. Arbués et al. 

looked at various models that use a wide range of variables including the price of 

water, income, weather variables, household size, characteristic of the house, and 

billing and rate design. Arbués et al. suggested that future work of residential demand 

models should be alternative demand factors, e.g. improved water saving technologies 

and effects of different block pricing policies. 

 

However these statistical models are not suited to the requirements of my model 

because of the limited data availabilities, and as explained at the beginning of this 

thesis, the low level detail is not always relevant for this research. 
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4.2.4 Artificial neural networks 
Artificial neural networks (ANN) were initially developed for simulating living 

nervous systems using mathematical constructs. Since then the ANN became an 

effective tool for the analysis and classification of information. ANN are able to learn 

from a set of examples and then classify, group and store the patterns into classes. The 

history of neural networks goes back to the late 19th and early 20th century [NEL90]. 

In the mid 1930s, Turing introduced brains as computing paradigm and then 

McCulloch and Pitts produced a simple neural network model using electrical circuits 

in 1943 [NEL90]. Much of this research has its foundations in Norbert Wiener’s 

pioneering work on learning [WIE48], and Ross Ashby with his Design for a Brain 

[ASH58]. In 1949, Hebb wrote in his book that a neural pathway gains more strength 

whenever it is used (Hebb’s learning rule), which is also a fundamental characteristic 

of human’s learning [CLA05]. With the advance of hardware and software during 

1950s, software simulations of neural network were attempted by Rochester and IBM 

research laboratory [NEL90]. In 1959, Widrow and Hoff developed ADALINE and 

MADALINE models that were used to solve a real world problem for the first time. 

During 1970s, research on ANN slowed down due to focusing attention towards 

artificial intelligence. But in 1982, Hopfield suggested the use of bi-directional lines 

between neurons and improved practicability of the ANN [NEL90]. Also in 1982, 

Reilly and Cooper presented a multiple layer hybrid network. In 1986, groups of 

researchers developed the ANN that is now referred to as back propagation networks 

[CLA05]. 

 

In the simplest form, the ANN consists of a single neuron (or sometimes called 

processing element) with many inputs to a neuron and an output as shown in Figure 

42.  

 

 
Figure 42 Simple single neuron ANN [NEL90] 
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Each input is given a relative weighting, which determines its effect. This 

characterises the significance of each input. Then in each neuron, a sequence of 

procedures is carried out. Firstly a summation function sums all inputs to compare it 

against a threshold with the purpose to determine whether to fire or not to fire. The 

result from the summation function is sometimes input into an activation function to 

create a variety of states in accordance to time. Then a transfer function converts the 

input from the summation function (or activation function) into a real output through 

algorithms such as linear, sigmod, ramping, hard limiter, etc (Figure 43). Finally a 

learning function performs modification of the weights according to previous results 

and changes reactions of the neurons to the inputs.  

 

 
Figure 43 Examples of transfer function [NEL90] 

 

Several neurons can be combined to create a layer, and layers in turn, can be 

combined to create a multi layer network. The layer that receives the input is called 

input layer. The layer generates the output is called output layer. All other layers 

between these two layers are called hidden layers. An example of multi layer network 

is shown in Figure 44.  
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Figure 44 Multi layer neural network [NEL90] 

 

When the output is only allowed into next layer then, it is called feedforward network. 

The feedback network is a network that allows direct input of output into neurons of 

previous or the same layer as shown in Figure 45. When the weights of the previous 

layer in the feedforward network are modified according to the outputs, it is called a 

back propagation ANN, which is perhaps the most common ANN algorithm currently 

being used.  

 

 
Figure 45 Feedback neural network [NEL90] 

 

Artificial neural networks in hydrological modelling 

ANN have wide ranges of applications including character recognition, image 

compression, time series prediction, pattern recognition, etc. ANN have also 

successfully been applied for solving problems in modelling specific aspects in 

hydrologic cycles. Shamseldin [SHA97] conducted a comparative study of ANN 

against more traditional rainfall-runoff models on river flow forecasts. The ANN were 
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compared to three models, a simple linear model, a linear perturbation model and a 

nearest neighbour linear perturbation model. The ANN produced better overall 

results. Lange [LAN99] used the ANN for generating a hydrograph of two river 

catchments. It computes the runoff at the outlet of the catchment given different 

amounts of rainfall. Zealand et al. [ZEA99] used the ANN for forecasting stream flow 

of a river and obtained better results with ANN than with a stochastic-deterministic 

watershed model. Gautam et al. [GAU00] experimented with the use of soil moisture 

analysis data of the catchment in an addition to commonly used input data such as 

past rainfall. Rajurkar et al. [RAJ04] presented work on the ANN coupled with a 

simple linear model for a daily flow during a flood. The simple linear model is used to 

estimate the runoff from current and antecedent rainfall. These are then input into the 

ANN with observed data to be computed for a final estimated runoff. Hsu et al. 

[HSU02] presented their work on a hybrid ANN model for a daily stream forecasting, 

which had a self-organizing classification layer and a linear mapping layer. Many of 

these researchers found that the performance of ANN can vary depending on cases 

and modelling areas, but also that with further improvement, the ANN can be used for 

modelling rainfall-runoff on rivers. These researchers found an average improvement 

of between 7% and 23% with the ANN over other methods. 

 

Artificial neural networks in water demand (consumption) modelling 

ANN also have been applied to the water demand modelling by several researchers. 

Mukhopadhyay et al. [MUK01] analysed weekly water consumption of 48 residents 

for over a year in Kuwait. Mukhopadhyay et al. then applied linear regression and two 

types of ANN to the observed data using parameters including number of bathrooms 

per house, size of garden, temperature, humidity and rainfall. It is interesting that the 

rainfall, which is often considered as the most influential to water consumption, was 

found to be not so significant to water consumption. This can be attributed to the fact 

that rainfall is a rare occurrence in the area analysed. Mukhopadhyay et al. 

demonstrated that the ANN with input variables combining number of rooms, number 

of bathrooms, number of residents, income category, size of garden, weekly average 

temperature and weekly average humidity can represent 88% of the variation in 

comparison with observed data. The ANN was found to be better than a multiple 

linear regression model, which explained 65% of the variation. These authors also 

experimented using week of the year as an index variable, to characterise seasonal 
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variations and to replace meteorological parameters. This however, did not improve 

the ANN’s performance. BuHamra et al. [BUH03] presented their work on a time 

series estimation of monthly water consumption in Kuwait using the Box-Jenkins 

approach and two ANN methods. The Box-Jenkins approach was used to model 

missing data between 1990 and 1991. The Box-Jenkins is also used to identify the 

delayed input variables (previous consumption) that are used as inputs into the ANN. 

It uncovered that new combined method that is ANN with eight delayed variables 

identified using Box-Jenkins approach performed 24% better than the ANN with five 

delayed variables identified using classical method for finding time delayed samples 

by Packard et al. [PAC80]. Liu et al. [LIU03] presented a WDF-ANN that models 

yearly domestic water demand of Weinan city in China. The WDF-ANN used a three 

layer architecture using the input variables including water price, house income and 

household size. The result showed a good accuracy of water demand prediction with 

correlation coefficient of over 0.9. Lertpalangsunti et al. [LER99] presented the 

Intelligent Forecasters Construction Set (IFCS) for a time series prediction of water 

demand in city of Regina, Canada. The IFCS is a visual programming toolkit that 

allows the construction of a forecasting application using fuzzy logic, ANN, 

knowledge-based reasoning or case-based reasoning. The experiment results indicated 

that the ANN with data separated by day of the week, performed better than other 

techniques. The results of aforementioned research indicate that the ANN can be 

applied to a daily water demand modelling. It can be done with the existing data 

available and this fits my modelling needs. 

 

4.2.5 Desalination modelling 
 

Desalination is usually modelled in the context of the design of a desalination system. 

Development of a mathematical model requires basic parameters such as feedwater 

concentration as total dissolved solids (TDS), temperature, flow rate, combined with 

process parameter specifications such as pumping pressure, energy recovery, heat 

exchanger, at the physical level of the desalination process. Those parameters can 

vary depending on the interest of the study such as heat transfer, unit cost, energy 

recovery, flow rate, etc. Aly and El-Fiqi [ALY03] presented a mathematical model, 

which consists of mass, salt and energy balance models, for modelling mechanical 
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vapour compression (MVC) desalination system. These authors used their model to 

examine different operation characteristic of the system under different evaporator 

temperatures. Jarnal et al. [JAR04] developed another mathematical model that 

represents permeated (treated) water concentration, feedwater concentration and 

fluctuation for reverse osmosis (RO) system as a function of time and space. Malek et 

al. [MAL96] developed a model for a wide rage of cost studies in the RO plant 

including product water cost. It also allowed performance predictions of semi-

permeable membrane and its degradation. Villafafila and Mujtaba [VIL03] presented 

a model that enables studies of different operating and design parameters of the RO 

system such as flow rate, internal diameter, etc for the simulation and optimisation of 

recovery ratio and profit. Abbas and Al-Bastaki [ABB05] experimented use of 

feedforward ANN to predict water permeating rate in a RO system. They tested with 

three inputs: feed pressure, temperature and salt concentration, producing a good 

prediction of permeating rate. Hamed et al. [HAM01] modelled a 22-stage multistage 

flash (MSF) desalination for thermal analysis of the distiller and other subsystems. It 

is used to examine the effect of the number of stages and brine temperature on the 

recovery ratio, energy losses, etc. Mazzotti et al. [MAZ00] developed a mathematical 

model for a MSF desalination plant to study dynamic behaviour under different 

conditions in order to find an optimised control strategy for startup/shutdown 

procedures. Gambier and Badreddin [GAM04] also surveyed various MSF 

desalination modellings in order to develop a control system diagram. These authors 

found that a complex mathematical model is not suited to the analysis and control 

design purposes due to the large number of parameters required. Simpler models were 

derived for the development of control diagram in Matlab/Simulink. 

 

My research is to model seawater desalination as a function of waste energy while 

incorporating influential factors such as population growth, etc at a high level of 

modelling resolution. Although some of the models reviewed above can calculate the 

energy requirements of desalination, they are modelled at a physical and device level 

with focus on low level detail. Hence they are not suitable to my modelling purpose. 
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4.2.6 Waste generation modelling 

 

Waste generation modelling often plays a major role in the development of solid 

waste management system. Traditionally demographic and socioeconomic factors are 

often incorporated into a per-capita prediction model [CHN00]. Time series 

techniques such as ARIMA are used to identify hidden patterns and forecast from the 

historical data [CHN97]. 

 

Hockett et al. [HOC95] worked on identifying influential variables of per-capita waste 

generation in South-eastern U.S. using regression models. Variables such as waste 

disposal, retail sales, food sales, income tipping fee, etc, were examined in the model. 

These authors found that retail sales and waste tipping fee have strong influences on 

waste generation. Beigi et al. [BEI04] also worked on identifying influential variables 

from demographic, social and economic sections to develop a model that forecasts 

waste generation in European regions. These authors found that gross domestic 

product, social indicators such as infant mortality rate and life expectancy parameters, 

age structure and household size, are significant variables. Navarro-Esbri et al. 

[NAV05] applied seasonal autoregressive and moving average model (sARIMA) and 

non-linear system techniques to short-to-medium forecasting of the waste. These 

authors demonstrated that both models produced good results enabling predictions of 

least 2 weeks with an acceptable error rate. Chen and Chang [CHN97] studied 

recycling impacts on waste generation using a time series intervention modelling. It 

incorporated the effect of a recycling program as an intervention into the ARIMA 

model using pulse functions and step functions. Chen and Chang [CHN00] also 

presented a new concept, grey fuzzy dynamic modelling, and applied it to the 

prediction of waste generation in Tainan city, Taiwan. These authors found that this 

approach has potential of producing better results than the conventional grey dynamic 

model, least squares regression method, or fuzzy goal regression techniques. A grey 

dynamic system is a system with uncertain structures and parameters. The grey 

dynamic approach is often used when information of the system is partly clear or 

partly unclear (a mixture between black box and white box) due to a lack of 

information [MRT96]. 
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In the study of landfill demand of Porto Alegre city, Brazil by Leao et al. [LAO01], 

waste generation was modelled as a function of the population. Population was 

estimated by applying a logistic function to historical data while waste generation 

per-capita was estimated by increasing it continuously until it reaches a preset 

threshold, which was set to 0.8 kg a day in their study. 

 

Due to the limited availability of historical data of waste generated from the Gold 

Coast, it is not possible to apply the models reviewed above to historical data. After 

all considerations, I decided to model the waste generation as a function of population 

and an estimated average waste generation per capita from the report by the GCCC in 

year 2002. 

 

4.2.7 Population dynamics modelling 

Population dynamics modelling is an essential part of population biology that tries to 

understand and predict population dynamics [HAS97]. A continuous time model is 

used for species where one generation overlaps with the others. Other species such as 

butterflies die after laying their eggs and the birth of the next generation occurs only 

at discrete intervals. There is no generation overlap and a discrete time model is better 

suited for such case.  

 

The human is single specie, which grows at any time continuously. In the simplest 

term, this can be represented as a function of time T using a simple exponential model 

(Equation 9) with an intrinsic rate of increase r, from which both the birth rate and the 

death rate can be retrieved and an initial population of N(0).  

 

rTeNTN )0()( =  Equation 9 [HAS97] 

where 
 
N(0): Initial population 
r: Intrinsic rate of increase(depends on both the birth rate and the death rate) 
T: Time 
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The parameter r determines the dynamics of the population. When r is 0 then 

population is stable. If r is greater than 0, it continues to grow exponentially, but if r is 

less than 0, then the existing population drops until it becomes 0. Although the 

population might continue to grow exponential temporarily, in reality it cannot 

continue to grow at the same rate forever. Density dependent factors often interrupt 

the exponential growth. Some of those factors might include food supply, 

competition, predators, diseases, territoriality, etc. In such situations, a logistic 

population growth model (Equation 10), in which r (intrinsic rate of increase) changes 

in accordance with the carrying capacity, is better suited. 

 

KeN
eNTN rT

rT

/)1)(0(1
)0()(

−+
=  Equation 10 [HAS97] 

where 
 
N(0): Initial population 
r: Intrinsic rate of increase(depends on both the birth rate and the death rate) 
T: Time 
K: Carrying capacity 

 

The intrinsic rate of increase r becomes slower and eventually goes to 0, as N(T) 

becomes closer to the carrying capacity K. The growth rate is highly affected by the 

carrying capacity K, hence an inaccurate carrying capacity might produce a premature 

or an overdue saturation point. 

 

4.3 Revisiting The Problem And Proposed Solution 

 

Despite the apparent redundancy, in view of the information presented in the chapters 

about the waste incineration and desalination processes, and the ways they have been 

modelled, it is time to revisit the problem and my solution stated as in chapter 1. The 

problem presented is to study the feasibility of using waste incineration energy to 

solve an ongoing and increasing water shortage that afflicts the Gold Coast. The data 

that are used traditionally are incomplete or not available at all, but other valid data, 

such as the waste composition (hence their incineration energy return) are available. 

Low level detail is not necessary and not really desirable to model the high level 
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water-energy cycles. This is where my high level approach with dynamic systems, 

comes into play, together with the ANN for those components where low level 

phenomena are implicitly represented through their effect on data and hence the 

resulting ANN function. 

 

4.4 Summary Of This Chapter 

 

The literature review of Gold Coast City presented in this chapter highlighted waste 

disposal and freshwater supply problems faced by the GCCC. Combining this with a 

review of modelling techniques, data and information required for developing the 

comprehensive model were identified. All of these combined with reviews of waste 

incineration and seawater desalination in chapter 2 and 3 respectively, led to 

selections of methodologies and planning of model implementation strategies, which 

are explained in the next chapter.  
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CHAPTER 5 
 

5 METHODOLOGY AND MODELLING 

 

This chapter describes and explains the methodologies and implementation strategies 

of the comprehensive model that follows a dynamic system approach combined with 

ANN. The calibration method of the model and an experimental simulation scenario 

that is simulated using the comprehensive model are also described. 

 

5.1 The Dynamic System Modelling As The Main Approach 

 

Modelling the two combined domains, water and energy together with other factors 

such as population growth is a complex problem. This requires resolving problems at 

different levels of resolution using a combination of sub-models in different stages. I 

chose to model this multi-domain problem with a top down approach, using the 

dynamic system modelling as the main approach while combining it with ANN. The 

ANN is to model a hydrologic cycle of the dam catchment and water demand of the 

city. 

 

The successful applications of dynamic system approach were reviewed in section 

4.2.1. The suitability of the dynamic system approach for modelling complex multi-

domain problems was identified. This is because with the dynamic system approach, 

it is possible to decompose a large complex problem into smaller sub-models, while 

maintaining the time dependent properties. The model is then constructed in a 

modular hierarchical structure allowing an easy observation of system and subsystem 

behaviour. ANN are effective techniques to obtain a model between two or more 

entities when the relation between these is unknown, difficult or not possible to 

establish despite an apparent link between the two entities. The use and suitability of 

the ANN in the areas of hydrology and water demand were reviewed in section 4.2.4. 
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This combined approach aims at developing an efficient model that allows an 

observation of long-term system behaviours at a desired level of resolution without 

being side tracked by low level details incorporated implicitly into the model. The 

reason for choosing this modelling approach was to obtain an indicative overall result 

with acceptable accuracy (e.g. 5%-10% error rate), without the low level intermediate 

details of complex statistical models. 

 

Figure 46 shows a visual feedback diagram of the comprehensive model to study 

seawater desalination powered by waste incineration as described in chapter 1. The 

concept of visual feedback diagrams was explained in section 4.2.1. In Figure 46, the 

new arrival is a population increase, which is by way of birth and migrants coming 

into the city, and the departure is a population decrease, which is by way of death and 

migrants moving out of the city. The dynamics of the population is influenced by 

these two variables. As can be seen in the diagram, the very population, who 

consumes the water, also generates the energy to produce the desalinated water. 

 

Energy 

Rainfall 
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Water demand Waste 

Water supply 
Desalinated 
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New Arrival

+

+
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Alternative 
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Figure 46 Visual feedback diagram for the comprehensive model 
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5.1.1 The development steps of the comprehensive model  

In the development of the dynamic system model, I used a top down approach. This 

comprises the development of a comprehensive model, with its sub-models and lower 

level models to the level of resolution that is required only. This is opposed to the 

traditional way of environmental modelling where lower level components are fully 

developed. In the dynamic system approach, the effect of several of the phenomena 

can be bundled together, instead of individual cause and effect scenarios. To facilitate 

the understanding of the development of the comprehensive model, I have presented 

the research structured into several components listed further down. 

 
The rationale for the modelling approach is summarised in what follows. The main 

purpose of this study is the production and availability of freshwater, which for the 

purpose of desalination requires energy to produce sufficient water for the required 

demand. This dictates the three main components, which are then integrated to work 

together. 

 
The dynamic system approach uses state variables, parameters and the time step. The 

three main components have some of their state variables in explicit form, such as 

water demand, raising demand as the result of population growth, etc., while others 

remain implicitly. For example, in the modelling of the dam storage level variation, 

quantities such as temperature and rainfall are state variables. However, implicit 

quantities that are inherent in the data such as the shape of the dam and the catchment 

area are used by the ANN. This can be done due to the nature of the data used, 

because they are expressed in percentage (%) of the total dam storage volume. 

Calculations involving the state variable and implicit quantities that are inherent in the 

dynamic modelling are hidden in this model by the Simulink environment. These are, 

for example, the time step, the gains and losses of the dam storage level via obtained 

by the ANN. 

 
At this time it is important to stress that the advantage of ANN is that they are a 

modelling technique that is suitable for cases where the model is complex or 

unknown, because the behavioural pattern is extracted by training from known data 

prior to any prediction. The solution of the training (within an error) is then the model 

i.e. the equation obtained by the ANN. The disadvantage with this method is that, 
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while the model can be used to predict other scenarios, the interpretation of the 

variables is not possible. The ANN establishes a cause and effect via the data, but 

does not explain the phenomenon per se, as one could with physical equations, which 

explain the relation between cause and effect by their mechanism, not via data. 

 
Below is the structure of the modelling process to provide an overview. In what 

follows, I will explain in more detail each of the components as goals and subgoals in 

terms of what is required. 

 
The three main models are 

a. Water dynamics 
b. Energy dynamics 
c. Population dynamics 

 
This is followed by  

d. Integration of the three components 
e. Investigation of alternative energy sources 

 

This discussion of the three main components is summarised in the framework of 

 
1. Subgoal of the component  
2. Establishing what is needed 
3. Methodology and tools 

 

1. Investigating literature of seawater desalination and waste incineration 

This was necessary to get good understanding of the state of the art in seawater 

desalination and waste incineration in an environmentally sustainable way. It was 

also necessary to find out typical orders of magnitude in which these two main 

components in this research operate. This involves literature review in order to 

obtain background information, typical modelling technique and data required for 

the modelling. 
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2. Establishing water dynamics 

The main problem found here are to model daily dam storage level3. It comprises 

modelling daily change of dam storage level dynamics (supply)4 and daily water 

consumption (demand) dynamics of Gold Coast City. These two dynamics are 

modelled separately, because the water demand is a population dependent variable 

that changes according to population dynamics. Hence it cannot be simply included 

into the daily change of dam storage level. This implies that the dam storage level 

dynamics model simulates the only change of dam storage level caused by climatic 

conditions such as evaporation, rainfall and temperature. 

 
This type of study is often carried out by traditional statistical approach or very 

elaborate models. However, nature of available data made it difficult to apply 

traditional models. In a dynamic system, we are concerned only with the input-

output relation. Thus we can focus on the effect of climatic conditions or changes, 

without the internal minute details. As explained earlier, the appropriate tool for 

modelling dam storage level dynamics and water demand dynamics is with ANN. 

This can be done, because the data is expressed in percentage of the total dam 

storage volume. Details of these are described in section 5.3 and 5.4 respectively. 

 
3. Establishing energy dynamics 

The focus of energy dynamics is to model an amount of daily energy yield from 

incinerating waste of the city. This consequently allows us to examine daily amount 

of desalinated water that can be produced using waste incineration energy. While a 

range of estimation models exist for heating value, electricity generation, etc, 

integrating them together and modelling Gold Coast City as a whole is not possible 

due to the incompatibility of these models. The dynamic systems approach enables 

the construction of a system in smaller multilevel sub-models and is therefore a 

suitable technique. I applied existing estimation models to each component of 

energy dynamics, then integrated them together in the comprehensive model 

(Simulink). Chapter 6 details each component of the comprehensive model. 

                                                 
3 The term “dam storage level” is used to denote daily dam storage level in percentage of the 
total Hinze dam storage volume. The term “change of dam storage level” and “∆DSL” denote 
daily dam storage level change in percentage of the total Hinze dam storage volume. 
4 The daily change of dam storage level dynamics model is simply referred to as dam storage 
level dynamics model in this thesis. 
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4. Establishing population dynamics 

Water demand and waste energy yield are both highly sensitive to a population 

size. GCCC uses linearly extrapolated population growth of up to 1.2 million at the 

year 2056, but unfortunately it was only available at irregular interval for 50 years 

as shown in Figure 29. Besides that, the population growth does not always 

maintain the linear growth although it might be linear at certain periods. It needs to 

take into account some fluctuation, especially population saturation. In addition, 

because the simulation interval is on a daily basis, hence a daily population rather 

than yearly data is required for the simulation. Using available population data from 

the past 20 years, the application of a logistic population growth model would be 

ideal for modelling the daily population because of the geographic and building 

limitations. Section 5.5 describes detail of population growth modelling. 

 
5. Integration and calibration of water, energy and population dynamics in the 

comprehensive model 

The three major components of the system described above need to be integrated in 

the comprehensive model. Then calibrations need to be conducted in order to fine-

tune the comprehensive model. There are two main problems need to be dealt with: 

one is finding the most suitable dam storage level dynamics ANN architecture and 

the other is combining these components to find the most suitable initial 

population. The former can only be examined when components are integrated in 

the comprehensive model so that various ANN architectures can be compared 

based on calculated daily dam storage level criterion. The latter is to find an initial 

population that is used as reference to adjust an effect of population growth on 

water demand. Further details of these calibrations are found in section 5.6, 7.1.3 

and 7.3. 

 
6. Investigating alternative energy sources 

The stored rain water in the dam, together with the water desalinated using waste 

energy do not fulfil all of the water demand in the long term. This requires an 

investigation of the amount of energy that is necessary to supplement the 

waste-energy desalination with potential alternative energy sources. This can be 

examined once the deficiency between the water demand and the available supply 

is established. This part of my research included additional literature review of 
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potential alternative energy sources, analysis and decision for appropriate 

modelling techniques, and the data collection. This was followed by 

implementation and integration of this model component into the comprehensive 

model. Chapter 6 presents the module implemented in Simulink and results from 

this part of the simulation are presented in section 7.4.3. 

 

5.2 Model Development Tool 

 
The comprehensive model was developed in Matlab® and Simulink® [MAT05A]. 

Matlab is an integrated tool, a platform, for technical computing, visualisation and 

programming, especially for matrix computation. It has been widely used in the 

Engineering fields. Simulink is one of the toolboxes integrated with Matlab that 

allows a visual design for modelling, simulating and analysing of dynamic systems. It 

is suited for linear, non-linear, continuous time and discrete time systems. The design 

of the system is done through pre-defined block diagram in a strictly modular and 

hierarchical structure. This also aids easy modification of models by plugging in 

different modules and allows a gradual building of the complexity into the model to a 

required level of detail. Simulink can be integrated with Matlab and can also interact 

with other Matlab toolboxes. Combining both Matlab scripts and Simulink facilitates 

a complex programming, which can be implemented in Matlab and then invoked as a 

function call from Simulink. The Matlab toolboxes also offer a neural networks 

toolbox that provides pre-defined popular functions required for setting up ANN in an 

easy and an efficient way. For these reasons, Matlab/Simulink was used to implement 

the comprehensive model and also the ANN for modelling daily dam storage level 

change in percentage of total Hinze dam storage volume (∆DSL) and water demand 

dynamics. An additional benefit in using the same platform as other components is 

that the mathematical model retrieved from the ANN can be simply modified by 

replacing the ANN architecture file. 
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5.3 Modelling Dam storage Level Dynamics With ANN 

 
I have overcome a number of problems that appeared during the development of the 

model, particularly in modelling dam storage level dynamics. Contrary to the 

expectations, collection of the climatic input data or information of dam catchment is 

difficult as much of these data is not widely available and is often nonexistent. The 

lack of data availability and inconsistency of those data presented some challenges to 

the modelling. The major difficulty in modelling the daily dam storage level dynamics 

is due to  

 
a) Absence of data and information including unknown extent of the catchment area. 
b) Lack of distinct seasonal rainfall pattern due to interannual irregularities in the 

rain cycles and the vast difference in an amount of the rainfall. 
c) Irregularities in the dam storage level dynamics data due to a lack of information 

regarding dam operating rules. 
 
These deficiencies made lumped conceptual or physically based models unsuitable to 

apply. Initially the black box approximation model was implemented with little 

success for replicating a non-linearity of dam storage level dynamics [UDO04]. To 

overcome these problems, I applied the ANN for dam storage level dynamics 

modelling. The aim was to train the ANN to compute the non-linearity of daily dam 

storage level change in percentage of total Hinze dam storage volume. For example, 

the dried catchment due to a long drought condition results in less runoff into the dam, 

in contrast a saturated catchment after continuous rainfall causes a higher rise of dam 

storage level. The mathematical model yielded from the trained ANN is incorporated 

into the comprehensive model. 

 
The successful uses of ANN for solving river flow prediction [ZEA99] [GAU00] 

[RAJ04] [HSU02] [SHA97] [LAN99] were reviewed in section 4.2.4. The ANN can 

be considered as a black box model as it only models a relationship of input (primarily 

rainfall) and output (∆DSL) without modelling or simulating any physical process of 

hydrologic cycle. The ANN model is an attractive option for modelling the hydrologic 

process, because this can be done without the detailed internal mechanisms of cause 

and effect occurring in each hydrological process, which otherwise have to be 

modelled in some of traditional approaches. 
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5.3.1 ANN architecture configuration for dam storage level dynamics 

experiments 

I decided to use a feedforward back propagation network with a three layer 

architecture: an input layer, a hidden layer and an output layer. Generally single 

hidden layer is suggested for the initial studies, because an unnecessarily increased 

number of parameters may delay the process without major improvement [SHA97]. 

Table 11 summarises the ANN architecture used in these experiments. Figure 47 

shows an illustration of this ANN architecture. 

 

Table 11 Summary of ANN architecture used in the experiments 

Network  A feedforward back propagation network 
Back propagation network 
training function 

Gradient descent with momentum and adaptive 
learning rate back propagation (traingdx) 

Back propagation 
weight/bias learning function

Gradient descent with momentum weight and bias 
learning function (learngdm) 

Hidden layer transition 
functions 

Hyperbolic tangent sigmoid transfer function (tansig) 

Output layer transition 
functions 

Linear transfer function (purelin) 

Number of hidden layer One 
Hidden layer neuron size Tested for fine tuning with 2,4 and 8 neurons 

 

 

 

Figure 47 Illustration of ANN architecture used [MAT05B] 
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Equation 11 is a mathematical representation of the ANN architecture used in the 

experiments. This mathematical model was incorporated into the dam storage level 

dynamics component of the comprehensive model. 
 

O = v×(tansig((w×I)+B))+b Equation 11 
where 
 
O: Output of the ANN 
v: Output layer weight 
w: Hidden layer weight 

 
 
B: Hidden layer bias 
b: Output layer bias 
I: Inputs of the ANN 

 

The architecture of the ANN has to be fine tuned to be suitable for the data. To 

determine a suitable number of hidden layer neurons, I started with only two neurons 

in the hidden layer and then conducted a set of systematic experimental simulations 

by increasing the number of neurons to find a suitable size that gives good results for 

the case of the input data. The increased number of neuron may improve training 

performance, but may not improve the simulation performance due to over-fitting 

[RAJ04]. Also there is an efficiency trade-off, therefore the number of neuron should 

be kept as low as possible [SHA97]. As the measure of the ANN’s training 

performance, a mean square error (MSE) was used. The ANN uses a random weight 

initialisation and as a consequence it can converge to a different solution than the 

desired one, which could result in over or underestimating. To mitigate this effect, I 

repeated each experiment three times and averaged the three resulting values. 

Selection of the best architecture was based on the MSE of this averaged value as well 

as each resulting value in comparison with actual dam storage level changes. The 

results of these experiments are presented in section 7.1. 
 

5.3.2 Data preparation for dam storage level dynamics experiments 

The daily rainfall, water consumption and dam storage level of the last 5 years were 

obtained from the Gold Coast Water [GCW05]. The Hinze dam data we received in 

Microsoft Excel format contained daily rainfall at the dam wall (mm), daily water 

consumption (million litres) and daily dam storage level (%). Further advice was 

given that the dam storage level (%) is calculated through a program that converts a 

reservoir level (RL) measured at water intake tower into the dam storage level (%). 

This dam storage level (%) is the data that I used for my ANN experiments. 
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I dealt with the time delay of water in the catchment reaching the dam (concentration) 

by using a window (days) of input data. For example, for an input series of i with 

window size (WS) of ws at time t, the inputs are i[t], i[t+1]…i[t+ws-2], i(t+ws-1). 

This would require testing ranges of window size in order to find the best WS. It also 

requires determining the sensitivity of dam storage level to the input set, i.e. whether 

it is required to model the dam storage level dynamics with single variate input or 

multivariate data input. I experimented with two types of input data structures, 

combining their variables in different input combinations: daily rainfall, daily 

maximum ambient temperature and daily water consumption as shown in Table 12. 

The daily maximum ambient temperature data was provided by another researcher in 

our university. Table 13 illustrates the input structures of these combinations.  

 
1) In case 1, the rainfall is input as window (array) 
2) In case 2 and 3, only the rainfalls is input as window (array) and a second variable 

is appended at the end of the rainfall array  
3) In case 4 and 5, both rainfalls and a second variable are input as window (array) 
 

Table 12 Input combinations experimented for dam storage level dynamics 

Case Input variable(s) 
1 Rainfall 
2 Rainfall and Water consumption 
3 Rainfall and Temperature 
4 Rainfall and Water consumption (Array) 
5 Rainfall and Temperature (Array) 

 

Table 13 Illustration of input structures experimented for dam storage level dynamics 

Output
Dam storage 
level change

Input 1 V1  1 V1  2 … V1  ws ΔDSL ws

Input 2 V1  2 V1  3 … V1  ws+1 ΔDSL ws+1

… … … … … …
Input n V1 n V1  n+1 … V1 ws+n-1 ΔDSL ws+n-1

Input 1 V1  1 V1  2 … V1  ws V2  ws ΔDSL ws

Input 2 V1  2 V1  3 … V1  ws+1 V2 ws+1 ΔDSL ws+1

… … … … … … …
Input n V1 n V1  n+1 … V1 ws+n-1 V2 ws+n-1 ΔDSL ws+n-1

Input 1 V1  1 V1  2 … V1  ws V2  1 V2  2 … V2  ws ΔDSL ws

Input 2 V1  2 V1  3 … V1  ws+1 V2  2 V2  3 … V2  ws+1 ΔDSL ws+1

… … … … … … … … … …
Input n V1 n V1  n+1 … V1 ws+n-1 V2 n V2 n+1 … V2  ws+n-1 ΔDSL ws+n-1

Input 
Combination 

case Input

1

2 & 3

V1 (Rainfall) V2 (Temperature or Consumption)

Input variables

4 & 5
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The output target of ANN is the daily change of dam storage level as a percentage of 

the total Hinze dam storage volume. The difficulty in preparing the output (∆DSL) 

was to capture the dynamics of dam water catchment. The essence of the dam water 

catchment dynamics is represented only by the change of the dam storage level, which 

is caused by climatic conditions mainly evaporation and inflow (direct rainfall onto 

the dam and runoff into the dam). This does not include water consumption taken out 

from water intake. This is valid because the water consumption (demand) is modelled 

independently from this dam storage level dynamics and taken out from the dam 

storage level separately. Section 5.6 describes how the final dam storage level as 

percentage of total dam storage volume is calculated with its equations. To capture 

this change of dam storage level caused only by climatic conditions, the sum-total of 

the previously consumed water had to be put back into the dam for a correct storage 

level. Then the difference (change) of the dam storage level between the day and the 

previous day, which is caused by the climatic conditions only, can be calculated. 

 
For these experiments, the data between year 1999 and 2002 were used for training 

the ANN and the data of 2003 were used for testing. It is also important to note that 

the training data contains two years of both normal years (1999-2000) and drought 

years (2001-2002) data. The year 2003 simulated for the testing is still considered as a 

drought year, but we received several sizeable rainfalls during the first half of the 

year, which lifted the dam storage level significantly for the first time since early 

2001. All data used within the ANN was normalised between 0.2 and 0.8 using 

Equation 12. This is good practice to avoid problems with the saturation of the 

sigmoid in the ANN. Section 7.1 presents the results of dam storage level dynamics 

ANN experiments. 

 

lowNlowNUppN
mdMD
mdDVNV +−×

−
−

= )(  Equation 12 

DV: Data value 
NV: Normalized value 
MD: Maximum data value 

Md: Minimum data value 
UppN: Upper normalized boundary 
lowN: Lower normalized boundary 
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5.4 Modelling Water Demand Dynamics With ANN 

 

The water demand dynamics is another comparable problem to the dam storage level 

dynamics. It appears to be highly sensitive to climatic conditions. Several researchers 

have applied the ANN to weekly or yearly water demand modelling using a variety of 

variables [MUK01] [BUH03] [LIU03] and it was found to be effective. I chose to 

apply the ANN to modelling the daily water demand of the city using similar climatic 

variables as dam storage level dynamics. This is done by simply replacing a target of 

dam storage level dynamics model, dam storage level change with water demand and 

using slightly modified input variable dataset. An identical ANN architecture shown 

in Table 11 and Figure 47 was used for the water demand dynamics experiments. Sets 

of systematic experimental simulations were again conducted to determine a suitable 

number of hidden layer neurons. The comparisons are made on the MSE in 

comparison with actual water consumption. Section 7.1 presents the results of these 

ANN experiments. 

 

5.4.1 Data preparation for water demand dynamics experiments 

I added a new variable, “day of the year” to the input variable list. It is intended to 

characterise the seasonal water demand difference. It is a justified component, as 

Australians typically are house owners, with a garden that requires more watering on 

hot summer days, than on cooler winter days. Replenishing the evaporated water of 

the vast number of private swimming pools is another source of heavy water demand. 

 
Two types of input data structures combining them with three different input 

variables, daily rainfall, the maximum ambient temperature or a day of the year shown 

in Table 14 were experimented. The cases identified as 1, 2 and 4 are exactly the same 

structures as the cases numbered 1, 3 and 5 of dam storage level dynamics input data 

structures shown in Table 13 respectively. In case 3 and 5 when a day of the year is 

added, it is simply appended at the end of the temperature variable. Table 15 illustrates 

input data structures of the cases 3 and 5. The output target of the ANN is a daily 

water demand (consumption) in million litres. All data used for these experiments 

were normalised between 0.2 and 0.8 using Equation 12. 
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Table 14 Input combinations experimented for water demand dynamics 

Case Input variable 
1 Rainfall 
2 Rainfall and Temperature 
3 Rainfall, Temperature and Day of the year 
4 Rainfall and Temperature (Array) 
5 Rainfall, Temperature and Day of the year (Array) 

 

Table 15 Illustration of input structures experimented for water demand dynamics 

 

For these experiments, the data between January 1999 and April 2001 were used to 

Output

V3 (Day) Water 
demand

Input 1 V1  1 V1  2 … V1  ws V2  ws V3  ws WD ws

Input 2 V1  2 V1  3 … V1  ws+1 V2 ws+1 V3 ws+1 WD ws+1

… … … … … … … …

Input n V1  n V1  n+1 … V1  ws+n-1 V2  ws+n-1 V3  ws+n-1 WD ws+n-1

Input 1 V1  1 V1  2 … V1  ws V2  1 V2  2 … V2  ws V3  ws WD ws

Input 2 V1  2 V1  3 … V1  ws+1 V2  2 V2  3 … V2  ws+1 V3 ws+1 WD ws+1

… … … … … … … … … … …

Input n V1  n V1  n+1 … V1  ws+n-1 V2  n V2  n+1 … V2  ws+n-1 V3  ws+n-1 WD ws+n-1

3

5

Input 
Combination 

case
Input(n)

Input variables

V1 (Rainfall) V2 (Temperature)

train the ANN and the data between May 2001 and April 2002 was used for testing. 

This is because due to the long drought condition, the GCCC introduced the first 

water restriction in May 2002 and as a consequence the water consumption after May 

2002 was affected by these restrictions. The detail of this effect was explained in 

section 4.1.2. The results of these experiments are presented in section 7.1. 
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5.5 Modelling Population Dynamics 

 
It was necessary to develop a population growth model in a way that was suitable to 

be integrated into my comprehensive model. This is because it was not possible to 

obtain the entire prediction model and its forecasts from the GCCC. There were only 

few population predictions at irregular intervals available as shown in Figure 29. The 

predictions go till 2056, but half of the data is a not necessarily realistic straight 

extrapolation. 

 
In general term, the population can grow as long as a sustainable environment exists. 

Although food, water and diseases are fundamental factors of the population growth, 

in the boundary of the city, geographical characteristic of the city such as number of 

residential housing is a significant factor. This is not to model how many can survive, 

but how many people are projected to live inside the city’s boundary. I also needed to 

take into account the limitations to expansion due to the long shoreline and the 

already fast merging of the two cities, where the Northern parts of the Gold Coast 

merge the Brisbane.  

 
Figure 48 shows a spread of density in Gold Coast City. As it can be seen, there are 

distinctive differences in the density. Gold Coast City stretches narrowly along the 

coast with pronounced clusters of population density. The majority of residents live in 

the coastal region on the East and much less population occupies the hinterland on the 

West while the central region is of medium density area. Despite an increase in 

density in the coastal region, it also can be said that the hinterland area will not be 

populated as much as the coastal region or the central region due to the fact that Gold 

Coast City is a tourist destination and protection of natural assets is high on the 

agenda. Also, already populated area such as Paradise Point’s or Runaway Bay’s 

million dollar villas are not likely to be demolished and replaced with highrise 

apartment block buildings in the near future. Meanwhile in other not so populated 

coastal areas, older and smaller apartment blocks are being demolished and replaced 

with new highrise buildings. This trend can be seen in a suburb of Labrador in the last 

several years. Smaller 3-6 level apartments were all replaced with newer up to 15 

level highrise apartments. 
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Figure 48 Density map of the Gold Coast 
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Another problem is that there are five more densely populated suburbs at North West 

of the Gold Coast while the other region of the hinterland is thick bush land and with 

much less population. These five regions are suburbs that were added to Gold Coast 

City boundary during merger of Gold Coast City and Albert shire during year 1995. 

 

5.5.1 Data preparation for modelling population dynamics of the Gold Coast 

Those issues mentioned above make it unsuitable to model them together by simply 

averaging them, because their growth will not behave in the same way. To model its 

unique geographic characteristics of the Gold Coast, I decided to divide the city into 

four major regions, high coastal, low coastal, central and hinterland. This is to model 

them separately and then combine them together to obtain a total population of the 

city. This enables each region to have its own growth rate and carrying capacity. I 

resolved the issue of five distinctive populated suburbs in the hinterland by appending 

these suburbs into the central region where their population is more similar than the 

hinterland. A list of suburbs included in each region is shown in Table 16. The list 

comprises only those suburbs that are under the jurisdiction of the Gold Coast City 

Council (Northern parts), but do not belong to the Brisbane.  

 
Table 17 shows a density growth (person per km2) of each region since 1986, which is 

plotted in Figure 49. The difficulty of data preparation was the merger of Gold Coast 

City with Albert shire in 1995. There are slight errors in the collected data between 

year 1994 and 1995 due to the changes of suburb boundary and its population as a 

result of this merger. But overall its effect is not significant enough to cause a major 

problem as it can be seen in the graph. Figure 49 indicates that the central area and the 

high coastal region are the fastest growing regions while the hinterland shows a slow, 

but steady growth. The low coastal region shows a continuous medium pace growth. 
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Table 16 Suburbs included in each region and its population [ABS05] 

 High Coastal Low Coastal 
Area (km2) Ahc = 47.75 Alc = 49.20 
Suburbs Broadbeach Biggera Waters 

 Burleigh Waters Bilinga 
 Coolangatta Broadbeach Waters 
 Labrador Bundall 
 Main Beach-Broadwater Burleigh Heads 
 Mermaid Beach Currumbin 
 Miami Hollywell 
 Palm Beach Mermaid Water-(Clear Is. Waters)
 Paradise Point Southport 
 Runaway Bay  
 Surfers Paradise  
 Tugun  

Total 
population 106,079 71,628 

   
 Central Hinterland 

Area (km2) Ac = 176.60 Ah = 1113.50 
Suburbs Arundel Albert(S) - Pt B Bal. 

 Ashmore Albert (S) Bal. in BSD 
 Beenleigh Bethania-Waterford 
 Benowa Coomera-Cedar Creek 
 Carrara-Merrimac Gold Coast (C) Bal in BSD 
 Coombabah Guanaba-Currumbin Valley 
 Currumbin Waters Mudgeeraba 
 Eagleby Nerang 
 Edens Landing-Holmview Oxenford 
 Elanora Worongary-Tallai 
 Ernest-Molendinar  
 Helensvale  
 Hope Island  
 Mt Warren Park  
 Parkwood  
 Robina(Clear Is. Waters)  
 Stephens(Kerrydale-Stephens)  
 Windaroo-Bannockburn  

Total 
population 171,677 119,830 
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Table 17 Density (person per km2) of each region since 1986 [ABS05] 

Year High Coastal 
(Nhc) 

Low Coastal 
(Nlc) 

Central 
(Nc) 

Hinterland 
(Nh) 

1986 1487.10 1107.80 307.96 31.54 
1987 1510.74 1122.46 339.16 34.51 
1988 1564.92 1149.82 388.76 38.51 
1989 1625.21 1170.20 449.89 43.38 
1990 1635.66 1176.83 491.44 46.49 
1991 1640.52 1169.45 521.05 49.00 
1992 1655.46 1172.66 558.36 52.12 
1993 1673.45 1172.34 591.90 55.05 
1994 1745.36 1245.04 633.82 60.30 
1995 1789.32 1284.51 686.33 65.72 
1996 1827.14 1301.91 721.99 69.72 
1997 1877.97 1323.01 751.78 73.96 
1998 1923.73 1337.80 775.38 77.91 
1999 1973.32 1368.86 800.07 82.45 
2000 1962.26 1397.48 828.56 86.82 
2001 2080.27 1416.61 863.76 91.74 
2002 2132.98 1436.65 901.33 96.69 
2003 2187.12 1443.01 941.14 102.69 
2004 2221.55 1455.85 972.12 107.62 

 

 
Figure 49 Density growth of each region in the past 20 years  

 

I chose to apply a logistic density dependent population growth model (Equation 10) 

to each region, because the population might grow at the current fast pace 

temporarily, but the population cannot continue to grow at the same rate forever. The 
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exponential model, which continues to grow at the same rate, is not suitable. The 

carrying capacity for each region was determined based on an assumption that each 

region would grow until it will reach the next higher level of the density. For example, 

the carrying capacity of the low coastal is set to an average density of the lower 

density areas in the current high-density coastal area. Table 18 summarises the 

carrying capacity used for each region. The results of fitting the model to the past 

density growth of each region and population simulation results are presented in 

section 7.2. 

 

Table 18 Carrying capacity K of each region used for population saturation 

 Density (p/km2) at June 2004 Carrying capacity K (p/km2) 
 Density Colour in Figure 48 Density Colour in Figure 48

High coastal 2221.55 Yellow/Light orange 3100 Dark orange 
Low coastal 1455.85 Dark Green/Yellow 2150 Light orange 

Central 972.12 Light blue/Light green 1900 Yellow 
Hinterland 107.62 Blue 600 Light blue 

 

5.6 Calibration Of The Comprehensive Model 

 
This section explains how calibrations of the comprehensive model were conducted 

after integrating water, energy and population dynamics models. To calibrate the 

comprehensive model, the results of the ANN experimentation are needed. The 

implementation of the calibration using the ANN experimental results is presented in 

section 7.3. 

 

The calibrations of the comprehensive model were conducted using data between 

1999 and 2003. The purpose of this calibration was for fine-tuning the comprehensive 

model, especially to find the most suitable initial population. It is used as reference to 

adjust an effect of population growth on the water demand. This is because the ANN 

was trained with data between January 1999 and April 2001. Water demand is 

sensitive to population growth, it might not only underestimate the water demand after 

April 2001, but also it might overestimate the water demand of earlier dates. Its effect 

might not be substantial in this calibration, but it will become a significant factor 

when a long-term simulation is carried out. The daily water demand prior to the 

population reaching this initial population is reduced while the daily water demand 

 110



 

after the population exceeding this initial population is increased in accordance with 

the population.  

 
Because the dam storage level can be clouded by water consumption, I needed to 

calibrate the dam storage level independent of the water consumption. The calibration 

target is a dam storage level that is calculated using a combination of simulated dam 

storage level change and actual water consumption. The actual dam storage level is 

not the calibration target, because this is the closest dam storage level that can be 

achieved using the trained dam storage level dynamics ANN. That is without 

correcting an accuracy of dam storage level change simulated by the trained dam 

storage level dynamics ANN using the water demand simulated by the trained water 

demand dynamics ANN. The daily dam storage level at a time T is calculated as 

follows: 

 

DSL(T) = DSL(T-1) + ΔDSL(T) - WC(T) Equation 13 

where   

DSL(T): Daily dam storage level as percentage of total Hinze dam storage volume (%) 
DSL(T-1): Dam storage level of previous day (%) 
ΔDSL(T): Daily change of dam storage level (%) 
WC(T): Daily water consumption as percentage of total Hinze dam storage volume (%) 
 

Because the calculated water demand with the ANN is a volume (litres), this requires 

conversion from a volume to a percentage of total Hinze dam storage volume. This 

can be calculated as below: 

 

WC(T) = WCV(T) / TSV Equation 14 
 

where 

WC(T): Daily water consumption as percentage of total Hinze dam storage volume (%) 
WCV(T): Volume of daily water consumption in litres 
TSV: Total Hinze dam storage volume (163,500 million litres) 

 

In Equation 13, the dam storage level DSL(T) is calculated by adding the change of 

dam storage level ΔDSL(T) simulated by the trained ANN to the dam storage level 

of previous day DSL(T-1) and then subtracting the water consumption (or demand) 
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WC(T) from it. The WC(T) can be either the simulated water demand to calculate the 

simulated dam storage level (uses the trained ANN for simulating both dam storage 

level change and water demand) or the actual water consumption to calculate the 

calibration target (uses only the trained ANN for simulating dam storage level 

change). 

 
Firstly, the calibrations were started using the population at January 1999 and tested 

the population every 6 months until January 2002. Then more calibrations were 

conducted using the population of neighbouring months of the best performing month 

from the first calibration. This calibration ensures the proper functioning of the 

integrated model, which indicates good modelling results of all three time series: the 

water demand, the dam storage level change and the population growth. 

 

5.7 Long Term Experimental Simulation Scenario and Validation  
 
After the calibration, I carried out a long-term experimental simulation using a 50 

years case scenario. The duration of the simulation might appear as to be exaggerated. 

It should be noted that the purpose of this long-term simulation is to see the trend, not 

the accuracy of the long-term prediction. The results of this simulation are presented 

in section 7.4. 

 
The simulation is set to start at the beginning of 2006. The simulation results are 

compared using the yearly average results rather than a daily result for easier 

observation. This simulation focused on the following 

 
1. An amount of desalinated water that can be produced from waste energy 

2. The distribution of simulated water demand that is fulfilled by dam (rain) 

water or desalinated water 

3. An amount of alternative energy required to supplement the deficiency 

between the available water supply and water demand 

4. Studying these while incorporating population growth and irregular climatic 

conditions experienced between 2001 and 2003 
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The simplifying assumptions used for this simulation scenario are 

 
1. The dam is 75% of the full dam capacity at the start of simulation 

2. The generation of the waste and its composition by the inhabitants of the city 

remain the same during the simulation period 

3. The combustible waste generated from the city is all incinerated regardless of 

incineration capacity of the plant 

4. The reduction of water demand as a result of water restriction is 11.27%. 

The simulation considers two water demand scenarios, one with water 

restriction and the other without water restriction. In the simulation with the 

water restriction, the simulated water demand was reduced by 11.27%, which 

was calculated to be the average reduction of water consumption under the 

water restriction between May 2002 and December 2003 as shown in Figure 

33. The simulation without water restriction effect presumes that we use the 

water at same rate as we did before the introduction of water restriction. 

 

These assumptions were set because this long term experimental simulation is one of 

many case scenarios. In the near future, some changes can possibly occur in the way 

we live that changes the water demand and the waste generation. However we neither 

know when (or if), nor will how much of the change occur. Predicting the change and 

validating such prediction is a complex problem. Nevertheless, such changes can be 

easily added as ”effect” into my comprehensive model that utilise the control system. 

Then it can be simulated as another scenario. I decided to simulate one case scenario 

based on currently known factors, because the aim of my research remains as 

development of the model, not examining every possible case scenario by predicting 

the future changes. 

 

5.7.1 Data preparation for long term experimental simulation 

There are not known any futuristic climatic models for the Gold Coast. For a future 

scenario, I have not applied any drastic climate changes such as global warming. 

Climatologists are still not able to predict El Niño phenomena. I have chosen to use 

existing conditions because they have already happened, and consequently are 

feasible, with the argument that if it happened in the past, it can happen again. For the 
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future scenario I have simulated conditions using statistical parameters of the past 

data. In view of Global Warming, this would be a possible best case scenario. 

 

Table 19 shows a mean and a standard deviation of El Niño occurrences and length of 

El Niño obtained from Table 8. The average length of El Niño was found to be 1.44 

years with standard deviation of 0.98 year for this region in Australia. An average 

interval between occurrences of El Niño was found to be 4.41 years with standard 

deviation of 2.67 years [BOM05C]. I then randomly distributed the dataset between 

1999 and 2003 in my 50 years simulation scenario according to this length and 

frequency of El Niño occurrences in the past 100 years 

 

Table 19 Analysis of El Niño occurrences in the past 100 years 

 Interval (year) Length (year) 
Mean 4.41 1.44 

Standard deviation 2.67 0.98 
Min. 2 1 
Max. 14 4 

 

Then data smoothing was then applied to each yearly set of data by using running 

average (aka moving average) of random periods between 1 and 7. For example, the 

running average of 3 elements is obtained as [(a1+a2+a3)/3], [(a2+a3+a4)/3], 

[(an+an+1+an+2)/3]. 

 

Although the argument “if it happened in the past, it can happen again” is a valid one, 

I chose to do this because it is more moderate and realistic than attempting to 

randomly generating the climatic data sequence as it actually happened previously. 

Also the ANN architectures are sensitive to sudden high variations and have their 

input data range limits. Modifying the actual data used in the ANN experiments 

ensured that the input data does not exceed those limits. 
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5.8 Summary Of This Chapter 

 

In this chapter, the methodologies and implementation strategies of the 

comprehensive model development including the calibration method and 

experimental simulation scenarios were presented and explained. The dynamic system 

modelling was chosen as the main approach because of its capability to model a 

complex multi-domain problem in a relatively simple understandable way. This is 

combined with the ANN for solving the complex dynamics in the hydrologic cycle of 

the dam catchment and in water demand. The comprehensive model and its 

components developed in Matlab/Simulink by following these methodologies and 

implementation strategies described in this chapter are shown and explained in the 

next chapter. 
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CHAPTER 6 
 

6 THE COMPREHENSIVE MODEL AND ITS 

COMPONENTS 

 

This chapter presents the implementation of the comprehensive model in Simulink 

and its sub-components within. The Simulink diagrams of each module accompany a 

description and an explanation of parameters. 

 

Figure 50 shows the top level of the comprehensive model. The comprehensive model 

can be divided into three major components: energy dynamics (red), water dynamics  

(blue) and population dynamics (grey). Each section is coloured according to its 

component function for an easy identification. In each diagram, the flow is designed 

as input  process  output from left to right. 

 

Figure 50 Top level of the comprehensive model 
 
Most of the flows between modules on this top level diagram represent salt free water 

in various forms at different stages. While the population consumes the water, they 

also provide energy to produce the desalinated water. It goes through a cycle in the 
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form of the waste generated by the population, the energy (electricity) by the waste 

incineration and finally the desalinated water powered by the waste energy. Detail of 

each component and their sub-modules are described with a diagram in the rest of this 

chapter. 

 

6.1 Energy Dynamics Cycle 

 

The energy dynamics cycle consists of heating value, electricity generation and 

alternative energy estimation module. These components are shown and described 

below. 

 

6.1.1 Heating value estimation 

The purpose of the heating value estimation module is to compute a heating value of 

waste generated by Gold Coast City. The heating value influences thermal energy that 

can be obtained by incinerating the waste. The report on the waste of the Gold Coast 

by GCCC in 2002 revealed that information of the waste composition and other 

details for the Gold Coast is virtually non-existent due to a lack of records. I chose to 

use a waste composition of neighbouring Brisbane city shown in Table 2, because the 

waste compositions of the two cities appear to be similar [GCC97]. A physical 

composition heating value estimation model (Equation 2) by Ali Khan and Abu-

Ghararah [ALI91], was chosen to be included, because this model was demonstrated 

to be satisfactorily accurate by Abu-Qudais and Abu-Qdais [ABU00]. This model 

uses a weighted (in %) function of heating coefficients of the combustible 

components of the waste: food (F), paper (PA) and plastic (PL). The other models 

such as an ultimate analysis and an approximate analysis shown in section 2.6, use 

different parameters that require detailed scientific analysis. These functions could not 

be used due to the unavailability of the required data. The estimation of heating value 

of the waste (no pre-processing) using the Brisbane data from Table 2 is as follows:  

 
E = 2.326(23 × (50 + 3.6 × 18.7) + 160 × 7.7) 
E = 2.326(23 × (117.32) + 1232) 
E = 9142.02 kJ/kg 

F = 50.0 
PA = 18.7 
PL = 7.7 
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This estimated heating value of 9,142.02 kJ/kg fits within the heating value range 

(mass burning) that collected from the literature shown in Table 4. Figure 51 shows 

this heating value estimation module implemented in Simulink with an additional 

randomness effect for variations in the waste composition. For the randomness, a 

normal n:(9142.02, 914.2) distribution was used. 

 

 
Figure 51 Heating value estimation module 

 

6.1.2 Electricity generation estimation 

An estimation of electricity generation using waste incineration energy is a function 

of the heating value estimated above, total amount of waste generated by inhabitants 

of the Gold Coast and the thermal energy required to generate the electricity as shown 

in Equation 15. 

 
EL = TW × E / ER  Equation 15 

 
where 

 
EL: Electricity (kWh) 
TW: Total daily waste of the city 
E: Heating value of waste = 9,142.02 kJ/kg from Equation 2
ER: Energy required to generate 1kWh = 16,857kJ 

 
I chose to use an average efficiency of 21.4%, which requires 16,857 kJ of thermal 

energy to generate 1 kWh of the electricity. This average efficiency was calculated 

using the efficiency rates collected from various literatures shown in Table 5. Figure 

52 shows the electricity generation estimation module implemented in Simulink using 

Equation 15. It also shows the heating value estimation module (Figure 51) at a higher 

level, which is a part of this module. 
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Figure 52 Electricity generation estimation module 

 

6.1.3 Alternative energy estimation 

An additional simulation module for the alternative energy was created. This is to 

understand how much energy needs to be supplied in order to meet the water demand 

that cannot be fulfilled by dam water and waste-energy desalinated water. Figure 53 

shows the alternative energy estimation module implemented in Simulink  

 

 
Figure 53 Alternative energy estimation module (Wind turbine energy) 

 
In this study, I implemented this module to compute a typical output of a 600 kW 

wind turbine using Equation 8 with a typical capacity factor of 0.3 This is to calculate 

how many typical 600 kW wind turbines are required as an example of the alternative 

energy requirement. The final calculation of the number of required turbines is carried 

out in the seawater desalination estimation module (Figure 56). This module can be 

easily changed by plugging in any other type of alternative energy or just use it to 

calculate the necessary conventional fossil combustion energy. 
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6.2 Water Dynamics Cycle 

 
Three modules, dam storage level dynamics, water demand dynamics and seawater 

desalination estimation construct the water dynamics cycle. Each of these modules is 

shown and described below. 

 

6.2.1 Dam storage level dynamics module 

Figure 54 shows the dam storage level dynamics module implemented in Simulink 

using Equation 11 and the retrieved dam storage level dynamics ANN architecture. 

The input is prepared according to the input variable combination of the best-fit ANN 

architecture and its window size. Details of the best-fit dam storage level dynamics 

ANN architecture and its selection process are presented in section 7.3. The actual 

computation is implemented as a Matlab function so that the weight and bias of the 

ANN can be loaded from the ANN architecture file saved in Matlab format. Then they 

are used with the Equation 11 to calculate change (Δ) of dam storage level as 

percentage of total Hinze dam storage volume. 

 

 
Figure 54 Dam storage level dynamics module 

 

6.2.2 Water demand dynamics module 

The water demand dynamics module is virtually identical to the dam storage level 

dynamics module. Figure 55 shows the water demand dynamics implemented in 

Simulink. The input is prepared according to the input variable combination of the 

best-fit ANN architecture and its window size before inputting into the Matlab 

function. Details of the best-fit water demand dynamics ANN architecture and its 

selection process are presented in section 7.3. It then calculates the daily water 

demand using the weight and bias loaded from the ANN architecture file and 
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Equation 11. This module also receives the population growth from the population 

dynamics module (Figure 57) to calculate the final water demand in accordance with 

the population growth. The water restriction effect module is also attached to this 

module to include the water restriction effect in the water demand as required.  

 

 
Figure 55 Water demand dynamics module 

 

6.2.3 Seawater desalination estimation 

I modelled the desalination as a function of waste energy. The seawater desalination 

method considered in this model is reverse osmosis. The RO is found to be the most 

energy efficient desalination method currently as reviewed in section 3.5. It is 

considered to have the best commercial potential and many new desalination plants 

are built using this method [IET98B]. RO requires waste energy to be converted into 

the electricity. An advantage of converting the waste energy into the electricity is that 

it can be linked to the electricity grid and any spare electricity can be used by other 

entities. Table 7 shows a summary of electricity consumption for RO from various 

literatures. I chose to use an average consumption of 5.18 kW/m3 from these collected 

data. Figure 56 shows this seawater desalination estimation module implemented 

using Equation 16 in Simulink. This module also calculates the final amount of 

alternative energy required to fulfil the deficiency between the water demand and the 

available water. 

 
DW = EL/EC  Equation 16 

 
where 
 
DW: Amount of daily desalinated water (m3) 
EL: Electricity (kWh) available from Equation 15  
EC: Electricity consumption of producing 1m3 of freshwater = 5.18 kWh 
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Figure 56 Seawater desalination module 
 

6.3 Population Dynamics Module 

 
In the comprehensive model, the population plays both rolls of a consumer and also a 

producer of desalinated water by generating waste for energy to desalinate the 

seawater. As it was explained in section 5.5, I modelled the population growth of the 

heterogeneously distributed density of Gold Coast City, by separating the city into 

four separate regions and applying a logistic population growth model to each region 

(Equation 10). The results of fitting the growth model to each region are presented in 

section 7.2. Equation 17 is the equation used to combine four separate population 

growth models to obtain a total population of the city. 

 
TP = NhcAhc+ NlcAlc+ NcAc+ NhAh 

 
where 

Equation 17 

 

 
TP: Total population 
Nhc: High coastal density (p/km2) 
Ahc: Area of high coastal = 47.75km2

Nlc: Low coastal density (p/km2) 
Ahc: Area of low coastal = 49.20km2

 
Nc: Central density (p/km2) 
Ac: Area of central = 176.60km2

Nh: Hinterland density (p/km2) 
Ah: Area of hinterland = 1113.50km2

 

Figure 57 shows the population dynamics module implemented based on Equation 10 

and Equation 17 in Simulink. It also shows the waste generation estimation module 

(Figure 58), which is used to calculate a total amount of waste generated by the 

inhabitants of the city, at a higher level. 
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Figure 57 Population dynamics module 
 

6.3.1 Waste generation estimation 
Figure 58 shows the waste generation estimation module implemented in Simulink 

with an additional randomness effect for variations in the amount of the waste 

generation. This module estimates the amount of daily waste generation by one 

resident of the Gold Coast. 

 

 
Figure 58 Waste generation estimation module 

 
An estimated daily waste generation by the GCCC [GCC02] of 3.01 kg a day (or 1.1 

tonnes a year) is used in this model. For the randomness, a normal n:(3.01, 0.3) 
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distribution was used. The output of this module is used to calculate a total amount of 

daily waste generation by the inhabitants of Gold Coast City at a higher level shown 

in Figure 57. 

 

6.4 Summary Of This Chapter 

 
In this chapter, the comprehensive model and its sub-components developed in 

Simulink together with the mathematical model obtained from the ANN were 

described and diagrams of each module were shown. It also included explanations of 

parameters and variables used in the comprehensive model. The next chapter presents 

results of the model calibration and an experimental simulation using the 

comprehensive model as well as results of the ANN experiments. 
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CHAPTER 7 
 

7 RESULTS AND DISCUSSION 

 

Firstly in this chapter, the results of ANN experiments for modelling dam storage 

level dynamics and water demand dynamics is presented. It also includes discussions 

of selecting the best-fit ANN architectures for the comprehensive model from those 

experiment results. The second section presents and discusses the results of the 

population dynamics simulation. Thirdly the calibration results of the comprehensive 

model are shown and analysed. Finally, it presents the results of the experimental 

simulation with the comprehensive model. The methodologies of ANN experiments, 

population dynamics modelling and calibration of the comprehensive model and 

experimental simulation scenario were previously detailed in chapter 5. 

 

7.1 Modelling With Artificial Neural Networks 

 

The following subsections present the results from the ANN experimental simulation 

of dam storage level dynamics and water demand dynamics. 

 

7.1.1 Dam storage level dynamics modelling with the ANN 

I refer back to the datasets and ANN architecture for these experiments in the section 

5.3. Table 20 shows all four ANN parameter values, window size (WS), hidden layer 

neurons (HLN), training error goal (TEG) based on mean square error (MSE) and 

epochs (EP), used in the experiments. The full combinatorial experimental 

simulations were carried out using combinations of the ANN architecture (Table 11), 

input variable combinations (Table 12) and ANN parameters (Table 20). These 

experiments were conducted to find the best-fit window size and the most meaningful 

input variable combination of the catchment area. 
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Table 20 ANN parameters experimented for dam storage level dynamics 

WS (Days) HLN TEG EP 
2 0.00001 50
4 0.00002 100
8 0.000025 150

0.00003 

1 - 30 
Increment of 3

 0.000035  
 

Figure 59 shows the best result for each WS from each input combination (Table 12). 

It shows that WS of 1 is the worst performing WS in all of the input combinations. 

The performances of other WS are somewhat similar. Better performing WS spreads 

in WS ranges between 3 and 15 or 24 and 30 days. The biggest improvement is found 

between WS of 3 and 6, which confirms a typical time of runoff reaching the dam 3 

days or less. On an overall average, case 5 input combination is the best performing 

input. It is then followed by case 2 and case 3. 

 

 

 
Figure 59 Input combination comparison for dam storage level dynamics 
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To summarise these results, the best performing architecture for each WS from all of 

these experiments (Figure 59) were summarised in Table 21 and plotted in Figure 60. 

Apart from WS of 3, the best results were all achieved using either case 5 or case 2 

input combination. Figure 60 shows a trend of performance improvement using larger 

WS range between 1 and 15. But after reaching the lowest MSE with WS of 15, WS 

larger than 15 did not improve the performance. They resulted in similar MSE. The 

reduction in performance due to over-fitting effect, seems to appear in WS larger than 

15. The best performing architecture for modelling dam storage level change was 

found to be case 2 input combination of rainfall and water consumption using WS of 

15, HLN of 4, TEG of 0.00001 and EP of 50. This ANN architecture had a MSE of 

0.0000172. 

 

Table 21 The best performing dam storage level dynamics architecture for each 
WS 

WS TEG EP HLN MSE Input 
1 0.000025 50 2 0.0000563 Case 2 
3 0.000025 100 2 0.0000206 Case 1 
6 0.000025 100 8 0.0000192 Case 5 
9 0.00001 150 2 0.0000185 Case 5 
12 0.00001 50 2 0.0000181 Case 5 
15 0.00001 50 4 0.0000172 Case 2 
18 0.00001 150 4 0.0000188 Case 5 
21 0.00001 50 2 0.0000185 Case 5 
24 0.000035 50 8 0.0000184 Case 5 
27 0.00001 150 8 0.0000183 Case 5 
30 0.000025 100 8 0.0000183 Case 2 

 

 
Figure 60 WS performance comparison for dam storage level dynamics 
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Figure 61 shows a comparison between the simulated dam storage level changes by 

the best performing architecture (Case 2, WS:15, HLN:4, TEG:0.00001, EP:50) and 

actual dam storage level changes of the year 2003. It shows a good replication of dam 

storage level change by the ANN with an average error percentage of 0.8% although 

some underestimations in rise of the dam storage level can be found. 

 

 
Figure 61 Comparison of simulated dam storage level change and actual change 
(2003) 
 

It also shows some sudden drops of the dam storage level just after large rises of the 

dam storage level. I found an additional difficulty due to inconsistencies of the data, 

which made it difficult for the ANN to learn the patterns. One of the irregularities 

found is that when a dam storage level is over the full dam storage capacity level 

(>100%), unusually increased water leaves the dam than under normal conditions 

through floodgates. This quantity is unknown and not regular. The examples of this 

are shown in Figure 62 using seven days comparison of normal and affected dam 

storage level changes. When the dam is less than its full capacity, the dam storage 

level falls steadily if there is no rainfall (long dashed red line). When it rains, the dam 

storage level continues to increase for a few days following the rainfall until the 

runoff eventually stops (solid black line). However if the dam storage level reaches its 

full capacity, the dam storage level falls, in some cases very aggressively, even on 

rainy days (short dashed blue line, long and short dashed green line and dashed dot 

purple line). The drop eventually slows down and stops when the dam storage level 

returns down to almost 100%. 
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Figure 62 Examples of dam storage level data affected by inconsistencies 

 

The difference in dam storage level change between over or under the full dam 

capacity level is substantial, it can be a tenfold in extreme cases. As a result of this, 

some simulation results contained some sudden falls of the dam storage level just after 

sharp rises of the dam storage level, as learned by the ANN. However, we do not 

know which parts of the data are affected by this, neither can we quantity the amount 

of water that left the dam. Removal of such pathologic data during full dam capacity 

level was found not to improve the performance in my previous work [UDO05]. As 

only limited datasets for non-El Niño years available, the ANN has to be trained with 

these inconsistent patterns. Overall, the use of ANN was found to be a worthy move 

because ANN can simulate the non-linearity of the dam storage level changes without 

the amount and complexity of the data or any other effect in each step of hydrologic 

cycle. 
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7.1.2 Water demand dynamics modelling with the ANN 

The section 5.4 described the methodology and data preparation of these water 

demand dynamics experiments. Table 22 shows all four ANN parameter values, 

window size (WS), hidden layer neurons (HLN), training error goal (TEG) based on 

mean square error (MSE) and epochs (EP), used in the experiments.  

 

Table 22 ANN parameters experimented for water demand dynamics 

WS (Days) HLN TEG EP 
2 0.0005 50
4 0.001 100
8 0.002 150

0.0025
0.003 
0.0035

1 - 42 
Increment of 3  

0.005 

 

 
The full combinatorial experimental simulations were conducted to find the best-fit 

window size and the most significant input variable combination of water demand 

dynamics using combination of ANN architecture (Table 11), input variable 

combinations (Table 14) and ANN parameters (Table 22). The best results for each 

WS from each input combination (Table 14) are shown and compared in Figure 63. 

 

 
Figure 63 Input combination comparison for water demand dynamics 
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It clearly shows that case 1 input combination is the worst performing input 

combination while the other combinations perform somewhat in a similar way. As for 

WS, smaller WS between 1 and 9 did not perform well, while larger WS range 

between 15 and 39 produced better results in almost all cases. Overall, case 4 and case 

5 performed better than the rest. They are the input variable combinations that use an 

array structure of both rainfall and temperature variables with or without a day of the 

year variable. To summarise these results, Table 23 shows the best performing 

architecture for each WS from all of these experiments (Figure 63). These are then 

plotted and compared in Figure 64. It shows that case 4 is the best input combination 

in the most of WS. It is then followed by case 5. This seems to indicate that 

temperature alone adequately represents the seasonal variation in water demand. 
 

Table 23 The best performing water demand dynamics architecture for each WS 

WS TEG EP HLN MSE Input 
1 0.005 50 4 0.01023 Case 5 
3 0.005 50 4 0.00599 Case 4 
6 0.005 100 4 0.00621 Case 4 
9 0.005 150 2 0.00482 Case 4 
12 0.005 100 4 0.00387 Case 4 
15 0.005 50 4 0.00443 Case 4 
18 0.005 150 2 0.00423 Case 4 
21 0.005 100 2 0.00381 Case 5 
24 0.0035 50 2 0.00379 Case 4 
27 0.003 50 4 0.00406 Case 4 
30 0.005 150 4 0.00357 Case 5 
33 0.003 50 4 0.00403 Case 4 
36 0.0005 100 2 0.00417 Case 4 
39 0.002 100 2 0.00400 Case 4 
42 0.003 50 2 0.00436 Case 4 

 

Figure 64 shows that larger WS generally improves performance. It peaks at WS of 30 

and then slowly drops the performance towards the largest WS of 42. Overall the 

biggest improvement was found between WS of 6 and 9, this might be explained that 

human water demand often has a weekly cycle. Hence WS greater than 6 seems to be 

able to model better. The WS range between 21 and 30 appear to have slightly better 

performances. The lowest MSE of 0.00357 was achieved using case 5 input 

combination of rainfall, temperature and day of the year with WS of 30, HLN of 4, 

TEG of 0.005 and EP of 150. 
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Figure 64 WS performance comparison for water demand dynamics 

 
Figure 65 compares the simulated water demand by the best performing architecture 

(Case 5, WS:30, HLN:4, TEG:0.005, EP:150) and actual consumption between June 

2001 and May 2002. 

 

 
Figure 65 Comparison of simulated water demand and actual consumption  

(June 2001-April 2002) 
 
It produced a good replication of the water consumption with fine seasonal variation 

during summer months (Dec. – Feb.) and winter months (Jun. – Sep.). The ANN 

appears to model seasonal mean water demand satisfactorily, but it does not replicate 

short term variations in water demand very well. An average error percentage of 
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8.91% was found to be acceptable, although it showed some slight underestimations 

in the second half of the simulation. 

 

7.1.3 Selection of ANN architectures for the comprehensive model 

This section details how the best-fit ANN architectures for dam storage level 

dynamics and water demand dynamics were selected to be included in the 

comprehensive model. 

 
Selecting the best-fit ANN architecture for dam storage level dynamics modelling 

Figure 66 shows the simulated dam storage level between 1999 and 2003 by the best 

performing ANN architecture found in the section 7.1.1 (Case 2, WS:15, HLN:4, 

TEG:0.00001, EP:50). It shows a rather poor result with a MSE of 0.01368 (Table 24) 

and an average error percentage of 12.75%. 

 

 

Heavy rainfall 

Figure 66 Comparison of simulated dam storage level and actual dam storage 
level (with ANN architecture based on the change of dam storage level criterion) 
 
As opposite to my belief, selecting the best-fit ANN architecture was found to be 

more complicated than simply finding the best performing ANN architecture. My 

initial comparison presented in section 7.1.1 was made based on “change of dam 

storage level”. However, when the dam storage level is calculated using Equation 13 

in the comprehensive model, it accumulated a large amount of error over the time as it 

can be seen in Figure 66. In this case, due to the lack of dam level rises in early 1999, 

the dam storage level stays underestimated. I discovered the unsuitability of this initial 

 133



 

comparison criterion only after integration of water demand and dam storage level 

modules, which enabled me to analyse the dam storage level, in the comprehensive 

model. To overcome this, I amended the criterion to “dam storage level” and present 

the result of re-comparison of the ANN architectures in this section. This is the correct 

criterion of ANN architecture selection for my use of dam storage level dynamics 

ANN model. Table 24 shows the top 15 ANN architectures based on the analysis of 

calculated dam storage level with Equation 13 between 1999 and 2003. 

 

Table 24 The top 15 dam storage level dynamics ANN architectures based on 
simulated dam storage level criterion 

WS TEG EP HLN Dam storage level MSE ΔDSL MSE Input 
24 0.00001 50 4 0.00240 0.0000425 Case 3
27 0.00001 150 4 0.00246 0.0000398 Case 1
15 0.00001 150 4 0.00259 0.0001015 Case 1
24 0.00001 100 2 0.00278 0.0000586 Case 1
27 0.00001 100 8 0.00280 0.0000505 Case 1
27 0.00001 100 4 0.00292 0.0000501 Case 1
6 0.00001 100 4 0.00303 0.0000513 Case 4

18 0.00001 100 4 0.00314 0.0000578 Case 3
21 0.00001 150 4 0.00316 0.0000398 Case 3
24 0.00002 100 4 0.00352 0.0001005 Case 4
15 0.00001 150 2 0.00357 0.0000826 Case 1
18 0.00001 150 2 0.00362 0.0000571 Case 1
24 0.00001 100 4 0.00363 0.0000370 Case 3
21 0.00001 150 8 0.00365 0.0000442 Case 2
27 0.00001 100 4 0.00375 0.0000749 Case 4

Result of architecture based on dam storage level change criterion 
15 0.00001 50 4 0.01368 0.0000172 Case 2

 

An interesting observation can be seen is that in 14 out of 15 architectures, TEG were 

all set to 0.00001. The best architecture found in section 7.1.1 is not even in the top 15 

best performing architectures. Larger WS range between 21 and 27 seems to perform 

better based on calculated dam storage level criterion. Previously medium size WS 

range between 9 and 15 performed better based on dam storage level change criterion. 

The case 1 and case 3 were found to be better performing input combinations based 

on calculated dam storage level criterion. Previously case 2 and case 5 were found to 

be better combinations based on dam storage level change criterion. 
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The lowest MSE of 0.0024 was achieved using case 3 input combination of rainfall 

and temperature with WS of 24, HLN of 4, TEG of 0.00001 and EP of 50. Figure 67 

shows a comparison between the simulated dam storage level using this ANN 

architecture and the actual dam storage level between 1999 and 2003.  

 

 
Figure 67 Comparison of the simulated dam storage level and the actual dam 
storage level (with ANN architecture based on the dam storage level criterion) 

 
It shows a much better result than Figure 66. This is largely thanks to the better 

replication of the dam rises in an early stage of the simulation. This simulated dam 

storage level shown in Figure 67, had an average error percentage of 7.39%. In 

comparison with Figure 66, this is a reduction of the MSE and the average error 

percentage by 82.49% and 42.08% respectively. This simulated dam storage level 

crosses over the actual dam storage level several times during the simulation period 

and indicates a satisfactory performance. For these reasons, this architecture that uses 

case 3 input combination of rainfall and temperature with WS of 24, HLN of 4, TEG 

of 0.00001 and EP of 50 was selected as the best-fit ANN architecture for dam storage 

level dynamics and included in the comprehensive model. 
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Selecting the best-fit ANN architecture for water demand modelling 

The simulated water demand (Figure 65) with the best performing ANN architecture 

found in section 7.1.2 replicated the water demand between May 2001 and April 2002 

reasonably well. However as it was mentioned in section 5.4, the water consumption 

after May 2002, was not involved in these experiments because it was affected data by 

the introduction of water restriction. For selecting the best-fit ANN architecture for 

the comprehensive model, it was necessary to find the best-fit architecture based on 

all available data between 1999 and 2003 including the water restriction affected data. 

I have carried out further analysis, but using only the best performing ANN 

architectures (Top 15) found from the previous experiments in section 7.1.2. This is 

because re-simulating all 5 years with each ANN architecture is not justified given 

that it is extremely time and resource consuming. This is also supported because 

initial tests showed that those better performing architectures still perform well even if 

the water restriction effect is included. However, this was not the case when selecting 

the ANN architecture for the dam storage level dynamics, which required re-testings 

of all ANN architectures. 

 

My next step is to introduce the water restriction by the GCCC to my model. In these 

experiments, if the simulated day is a later date than the date of water restriction 

introduction (1st May 2002), then the simulated water demand was reduced by 

11.27%, which was found to be the average reduction of water consumption between 

May 2002 and December 2003 in section 4.1.2. This reduced water demand is then 

considered as the simulated water demand for the day. This replicates the reduction in 

the water consumption that occurred as a result of the water restriction. Table 25 

shows the top 15 ANN architectures re-tested in the experiments. Each combination is 

identified by a position ID (PID) on the left of the table for an easier identification. 

All of the top 15 architectures re-tested were using either case 4 or case 5 input 

variable combination, which commonly contains rainfall and ambient temperature 

input variables. This again indicates that rainfall and temperature are equally 

important variables for water demand modelling.  
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Table 25 Water demand dynamics ANN architectures re-tested 

PID WS TEG EP HLN MSE Input 
P1 30 0.005 150 4 0.003565 Case 5 
P2 24 0.0035 50 2 0.003791 Case 4 
P3 21 0.005 100 2 0.003810 Case 5 
P4 12 0.005 100 4 0.003869 Case 4 
P5 24 0.003 100 4 0.003964 Case 4 
P6 39 0.002 100 2 0.004003 Case 4 
P7 33 0.003 50 4 0.004030 Case 4 
P8 27 0.003 50 4 0.004055 Case 4 
P9 30 0.002 150 4 0.004057 Case 5 
P10 30 0.003 50 4 0.004075 Case 4 
P11 24 0.003 100 4 0.004132 Case 5 
P12 39 0.0025 150 4 0.004135 Case 4 
P13 36 0.0005 100 2 0.004166 Case 4 
P14 36 0.003 100 2 0.004177 Case 5 
P15 36 0.0035 100 2 0.004184 Case 5 

 
The comparison of results from these experiments was made based on a MSE as well 

as an error percentage as shown in Table 26. Please note that these MSE are much 

larger than in the previous table (Table 25), because this comparison (Table 26) is 

made based on un-normalised values due to the steps taken to apply water restriction. 

The previous comparison (Table 25) was made based on normalised values. 

 

Table 26 Results of water demand dynamics ANN architectures retest 

WS TEG EP HLN Input MSE Error % 
P1 30 0.005 150 4 Case 5 314.09 17.00% 
P2 24 0.0035 50 2 Case 4 313.36 8.32% 
P3 21 0.005 100 2 Case 5 386.75 9.09% 
P4 12 0.005 100 4 Case 4 380.90 9.13% 
P5 24 0.003 100 4 Case 4 319.85 8.23% 
P6 39 0.002 100 2 Case 4 308.71 8.03% 
P7 33 0.003 50 4 Case 4 337.41 8.38% 
P8 27 0.003 50 4 Case 4 316.65 8.29% 
P9 30 0.002 150 4 Case 5 280.17 7.62% 
P10 30 0.003 50 4 Case 4 322.29 8.17% 
P11 24 0.003 100 4 Case 5 304.40 8.04% 
P12 39 0.0025 150 4 Case 4 283.95 7.77% 
P13 36 0.0005 100 2 Case 4 287.80 7.67% 
P14 36 0.003 100 2 Case 5 274.50 7.64% 
P15 36 0.0035 100 2 Case 5 342.01 8.49% 
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Two architectures, P9 and P14 were found to produce very similar performances, the 

P9 had the lowest error percentage of 7.62%, while the P14 had the lowest MSE of 

274.50. The comparison between the simulated water demand with the P9 and the P14 

and actual water consumption are shown in Figure 68 and Figure 69 respectively.  

 

 
Figure 68 The simulated water consumption with the P9 architecture 

 

 
Figure 69 The simulated water consumption with the P14 architecture 

 
Both architectures replicated water demand very well. It is hard to find any difference 

between these two to distinguish them, however a noticeable difference is that P14 

tends to underestimate water demand in high consumption season more than P9. This 

can be seen especially during summer months (e.g. Feb. 02). For these reasons, the P9 

that uses case 5 input variables of rainfall, temperature and day of the year with WS of 

30, HLN of 4, TEG of 0.002 and EP of 150 was chosen for the comprehensive model. 
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7.2 Population Dynamics 
 
This section presents results of modelling population dynamics of the Gold Coast by 

fitting a logistic growth model to four separated regions of the Gold Coast. Section 

5.5 described details of these modellings. 

 
High coastal density growth model 

Equation 18 is the model obtained by fitting a logistic growth model (Equation 10) to 

the past 20 years of density growth in the high-density coastal region. Figure 70 

shows the simulated density growth for 100 years from year 1986 using Equation 18. 

The reason for such a long simulation period is to observe a saturation of the density 

in a relation to the carrying capacity. In a comparison with the actual density, it shows 

some underestimations in early and late stage of the past 20 years. Overall it produced 

a reasonable replication of the density growth. This fitted density growth model had a 

R-square of 0.9695 and a MSE of 41.26. 
 

3100/)1(14481
)(1448)( 0001478.0

0001478.0

−+
= T

T

hc e
eTN  

where 
 
Nhc(T): Density (p/km2) 
N(0): 1448 
r: 0.0001478 
K: 3100 

 
Equation 18 

 

 
Figure 70 Simulated density growth of high coastal region for 100 years 
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Low coastal density growth model 
 
Equation 19 is the model obtained by fitting a logistic growth model (Equation 10) to 

the past 20 years of the density growth in the low-density coastal region. The 

simulated density growth for 100 years from 1986 using Equation 19 is shown and 

compared with the past 20 years of density growth in Figure 71. It shows a 

satisfactory replication of the past density growth despite of the errors in collected 

data between 1994 and 1995. This fitted density growth model had a R-square of 

0.9657 and a MSE of 22.85.  

 

2250/)1(10861
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where 
 
Nlc(T): Density (p/km2) 
N(0): 1086 
r: 0.0001044 
K: 2250 

 
Equation 19 

 

 

 
Figure 71 Simulated density growth of low coastal region for 100 years 
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Central density growth model 
 
Equation 20 is the model obtained by fitting a logistic growth model (Equation 10) to 

the past 20 years of density growth in the central region. Figure 72 shows the 

simulated density growth for 100 years from 1986 using Equation 20. It shows slight 

underestimation of density in the middle of the past 20 years, but it eventually 

changes to slight overestimation towards the end. This fitted density growth model 

had a R-square of 0.9806 and a MSE of 29.43. 

 

1900/)1(8.3651
)(8.365)( 0002347.0

0002347.0

−+
= T

T

c e
eTN  

where 
 
Nc(T): Density (p/km2) 
N(0): 365.8 
r: 0.0002347 

 
Equation 20 

K: 1900 
 

 

 
Figure 72 Simulated density growth of central region for 100 years 
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Hinterland density growth model 
 
Equation 21 is the model obtained by fitting a logistic growth model (Equation 10) to 

the past 20 years of density growth in the hinterland region. Figure 73 shows the 

simulated density growth for 100 years from 1986 using Equation 21. The simulated 

density growth of the hinterland closely replicates the actual density growth of the 

past 20 years. This hinterland model had the lowest error rate out of the four regions 

with a R-square of 0.9949 and a MSE of 1.738. 
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where 
 
Nh(T): Density (p/km2) 
N(0): 35.08 

 

Equation 21 

r: 0.0001954 
K: 600 

 

 

 
Figure 73 Simulated density growth of hinterland region for 100 years 
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7.2.1 Total population of the Gold Coast 
The total population of the city was calculated by combining the growth models of the 

four regions (Equation 18, Equation 19, Equation 20 and Equation 21) as shown in 

Equation 17. Figure 74 shows a comparison of simulated population growth of 100 

years from 1986 and the actual population of the past 20 years. Although there were 

some errors in the simulated density in each region, the total population result shows a 

close replication of population growth in the past 20 years.  

 

 

 
Figure 74 Simulated total population growth of Gold Coast City for 100 years 

 

This simulated population also closely matches the prediction of 1.2 million at the 

year 2056 used by the GCCC [GCC05]. Overall this simulated total population had an 

average error percentage of 2.35% in comparison with actual population of the past 20 

years. 
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7.3 Calibration Implementation Of The Integrated Comprehensive Model  
 

This subsection implements the model calibration detailed in section 5.6. The 

calibration is implemented with the experimental results obtained with the 

combinatorial experiments to determine the most suitable ANN architectures. To 

summarise the most suitable ANN architectures selected for the dam storage level 

dynamics and the water demand dynamics in the section 7.1.3, Table 27 shows the 

configuration of these two ANN architectures.  

 

Table 27 Summary of ANN architectures selected for dam storage level change 
and water demand 

Model Input variable combination WS 

Dam storage level dynamics Rain (Array) 
Temperature 24 

Water demand dynamics 
Rain (Array) 

Temperature (Array) 30 
Day of the year 

 

The WS of these architectures might seem quite large. Weather patterns are different 

in different parts of the world. In my work I had to capture the Australian, in 

particulate the Gold Coast weather pattern, which can be quite irregular. The duration 

for the ANN to learn the dynamics of a time series depends on the nature of the data 

and the architecture of the ANN. If the ANN needs 30 days to capture the patterns, 

then this duration might be characterising the seasonal variation or something else 

going on that is within the data, and originates from the weather irregularities. For 

example, trend of rising temperature of the past days leads higher water consumption 

or drier water catchment. Also continuous rainy days contribute to lower water 

consumption and higher rise of dam storage level. This is not a trivial thing to analyse 

due to the black box nature of ANN that models a relationship of input and output and 

does not model any physical process. Further work is needed to investigate a possible 

pattern. An improvement of the ANN performances could come by using larger 

historical data as listed in chapter 9. 

 
The focus of this calibration was to find the most suitable initial population. The 

initial population is used as reference to adjust an effect of population growth on the 

water demand. Firstly the calibrations were started with using the population at 
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January 1999 and tested the population every six months until January 2002. The 

calibration target is a dam storage level that is calculated with combination of 

simulated dam storage level change and actual water consumption between 1999 and 

2003 using Equation 13 as explained in section 5.6. This calibration ensures the 

proper functioning of the integrated model that consists of the water demand, the dam 

storage level change and the population growth dynamics models. 

 
Table 28 summarised the results from the first attempt of the calibration, which are 

plotted in Figure 75. It showed that using the population at January 1999 is the worst 

performing. It overestimates the water consumption due to the initial population being 

too small. Initialising the population on the later date generally improved results. The 

best result was achieved using the population at January 2001, which had the lowest 

MSE of 0.000143. But uses of population of later date than January 2001 reduced its 

performance. 

 

Table 28 Results of the first calibration  
(6 months interval between Jan 99 – Jan 02) 

Initial population MSE of simulated dam storage level 
0.008354 January 1999 
0.004720 July 1999 
0.002163 January 2000 
0.000676 July 2000 

January 2001 0.000143 
0.000494 July 2001 
0.001669 January 2002 

 

 
Figure 75 Comparison of the first calibration results 

(6 months interval between Jan 99 – Jan 02) 
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In the second attempt of calibration, more simulations were carried out using the 

population of neighbouring months of January 2001. Table 29 shows the results of 

these calibrations, which are compared in Figure 76. This second calibration was 

found not to improve the first calibration results. The use of population at January 

2001 still produced the lowest MSE, which is then closely followed by the use of the 

population at February 2001. From these results, the population at the start of January 

2001 was selected as the initial population. It is included into the comprehensive 

model to adjust the population growth effect on the water demand. For a comparison, 

the last data used for training of the ANN was data of April 2001. 

 

Table 29 Results of the second calibration (Months surrounding Jan 01) 

 MSE of simulated dam storage level in comparison with
 Calibration target Actual dam storage level 

October 2000 0.000293 0.004654 
December 2000 0.000168 0.005212 

January 2001 0.000143 0.005531 
February 2001 0.000144 0.005874 

0.000214 0.006591 April 2001 
 

 

 
Figure 76 Comparison of the second calibration results 

(Months surrounding January 2001) 
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A comparison of simulated daily water demand from the calibrated comprehensive 

model and actual water consumption between 1999 and 2003 is shown in Figure 77.  

 

 
Figure 77 Simulated daily water demand compared with actual consumption  

 

This shows a good replication of the water demand, but there are some 

overestimations towards the end of the simulation period. One of the possible 

explanations for these increased errors particularly between August 2002 and 

December 2003 is that slightly tougher water restriction were enforced during this 

period until sizeable rainfalls in 2004 arrived. Additionally public recognition of 

serious water shortage due to ever decreasing dam storage level of the past one and 

half years can be considered to contribute to this lower water consumption. This 

calibrated water demand had a MSE of 344 and an average error percentage of 7.97% 

in comparison to the actual water consumption. 
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Figure 78 shows a comparison of simulated dam storage level by the calibrated 

comprehensive model, calibration target and actual dam storage level between 1999 

and 2003. 

 

 

x100 

Figure 78 Simulated daily dam storage level compared with actual dam storage 
level and calibration target 

 

This simulated dam storage level had a MSE of 0.000143 in a comparison with the 

calibration target. In a comparison with the actual dam storage level, this simulated 

dam storage level had a MSE of 0.005531 with an average error percentage of 10.9%. 

Although this error rate is higher than the MSE of calibration target (against actual 

dam storage level) of 0.002396, Figure 78 suggests that this difference is quite 

acceptable. Overall the calibrated comprehensive model produced a satisfactory 

replication of the water demand and the dam storage level between 1999 and 2003. 
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7.4 Long Term Simulation With The Comprehensive Model 
 
This section presents and discusses results of long-term experimental simulation. The 

section 5.7 described the simulation case scenario, data preparation and the 

assumptions used in this long-term simulation. 

 

7.4.1 Simulated daily water demands 

Figure 79 shows two average daily water demands of the year, one with water 

restriction effect (restricted water demand) and the other without water restriction 

effect (non-restricted water demand) from the 50 years simulation.  

 

 
Figure 79 Simulated daily water demands for 50 simulated years 

 

Both simulation results show a marked variation of water demand depending on the 

climatic conditions while the water demand is steadily increasing as the population 

grows. The non-restricted water demand is 204 million litres per day at first. Towards 

the end of simulation, the water demand continues to increase and reaches around 500 

million litres per day. At the start of the simulation, the restricted water demand is 181 

million litres per day. It then increases to around 450 million litres per day towards 

the end of the simulation. The simulated non-restricted water demand was found to be 

slightly over the predicted daily water demand of 465 million litres at the year 2056 

used the by GCCC while the simulated restricted water demand almost matches this 

predicted water demand. 
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7.4.2 Waste-energy desalinated water 

Figure 80 shows an average daily desalinated water of the year powered by waste 

energy from the 50 years simulation. The waste energy produces just over 120 million 

litres of desalinated water per day at the start. It then increases steadily to around 290 

million litres per day towards the end of the simulation thanks to more waste and its 

energy becoming available from the population growth. 

 

 
Figure 80 Simulated daily waste-energy desalinated water for 50 simulated years 
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Figure 81 shows the proportion of the simulated daily water demands (Figure 79) that 

is solely supplied by the waste-energy desalinated water (Figure 80). These statistics 

are average daily value of each year. It shows that the waste-energy desalinated water 

can supply 60%-70% of the simulated restricted water demand and 50%-60% of the 

simulated non-restricted water demand throughout the 50 simulated years. Even 

though the water demand increases due to the population growth, more waste-energy 

desalinated water becomes available thanks to the increased waste energy from the 

larger population. This is why the capacity of the waste-energy desalinated water 

stays within those ranges all the way through the simulation period regardless of the 

sharp increase of water demand found in Figure 79. 

 

 

Figure 81 Proportion of simulated water demand that can possibly be supplied 
by waste-energy desalinated water 
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Figure 82 shows a distribution of the non-restricted daily water demand that is 

fulfilled by dam water, waste-energy desalinated water or alternative-energy 

desalinated water. The comparison is made on average daily value of each decade for 

easier observation of this quite wide time frame. It is also to avoid a direct comparison 

of the abnormal water demand caused by irregular weather conditions included in the 

simulation against normal water demand.  

 

 
Figure 82 Distribution of simulated water demand without water restriction 
effect fulfilled by different sources 

 

In the first decade, the dam water fulfils 73% of the daily water demand. In the second 

decade, it decreases to 52%. In the third and fourth decade, it continues to fall to 48% 

and 39% respectively. Finally in the fifth decade, the dam water supplies only 35% of 

the simulated water demand. This is because while the water demand is increasing 

due to the population growth, the amount of rainfall does not change during the 

simulation period. Meanwhile the waste-energy desalinated water covers 17% of the 

water demand in the first decade. From then on the use of waste-energy desalinated 

water increases to 30%, 32% and 39% in the second, third and forth decade 

respectively. In the fifth decade, the waste-energy desalinated water supplies 42% of 

the water demand due to the shortage of the dam water and more water-energy 

desalinated water becoming available from the increased waste energy. The needs for 

the desalinated water by alternative energy start off with only 10% of the water 

demand in the first decade. Although some of the increased water demand is fulfilled 

by the waste-energy desalinated water, the requirement of the alternative-energy 
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desalinated water continues to increase to 18%, 19% and 22% in the second, third and 

fourth decade respectively. In the fifth decade, 23% of the water demand needs to be 

supplied by the alternative-energy desalinated water.  

 

Figure 83 shows a distribution of the restricted daily water demand that is fulfilled by 

dam water, waste-energy desalinated water or alternative-energy desalinated water. In 

the first decade, the dam water fulfils 81% of the water demand. This decreases to 

58%, 54% and 43% in the second, third and fourth decade respectively. In the fifth 

decade, the dam water supplies only 39% of the water demand. The waste-energy 

desalinated water supplies 13% of the water demand in the first decade. The supply of 

waste-energy desalinated water then increases to 29%, 32% and 40% in the second, 

third and fourth decade respectively. In the fifth decade, the waste-energy desalinated 

water supplies 43% of the water demand. The needs for the desalinated water by the 

alternative-energy started off with 6% of the water demand in the first decade. The 

requirement of the alternative-energy desalinated water continues to increase to 13%, 

14% and 17% in the second, third and fourth decade respectively. In the fifth decade, 

the alternative-energy desalinated water needs to supply 18% of the water demand. 

 

 
Figure 83 Distribution of simulated water demand with water restriction effect 
fulfilled by different sources 
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7.4.3 Alternative-energy required to supplement the energy requirement 
The water demand that cannot be fulfilled by the dam water and the waste-energy 

desalinated water needs to be supplemented by the alternative-energy desalinated 

water. The proportion of the simulated daily water demand that needs to be supplied 

by the alternative-energy desalinated water was examined above. This section 

investigates the amount of daily alternative energy that needs to be supplemented 

using three different examples of alternative energy source. The comparison is again 

made on a daily average of each decade. 

 

The first example is wind energy. I calculated a number of typical 600 kW wind 

turbine required using a typical capacity factor of 0.3. The capacity factor represents 

irregular wind patterns, the availability of the turbine and losses that influence the 

turbine output as explained in section 2.8. Figure 84 shows the number of 600 kW 

wind turbines that would be required in each decade.  

 

 
Figure 84 First example of required alternative energy (Wind turbines) to 
supplement the water demand  
 

For the non-restricted water demand, 34 wind turbines are required in the first decade. 

In the second decade, it increases to 75 wind turbines. It then continues to increase to 

99, 129 and finally 145 wind turbines in the third, the fourth and the fifth decade 

respectively. For the restricted water demand, it requires 17 wind turbines to 

supplement the deficiency in the first decade. In the second decade, it almost triples to 

49 wind turbines. This then keeps on increasing to 65, 88 and finally 100 wind 

turbines in the third, fourth and fifth decade respectively. This implies that at least 3 

 154



 

km2 of land is theoretically required to locate around 145 wind turbines for the non-

restricted water demand or around 2 km2 to locate 100 wind turbines for the restricted 

water demand. 

 

The second example is wave energy using a CETO wave energy generator, 

[MEA05B], which was described in the section 2.8. Figure 85 shows a number of 

wave energy generator required to fulfil the deficiency in each decade. For the non-

restricted water demand, 95 wave generators are required in the first decade. In the 

second decade, it increases 208 wave generators. It then continues to increase to 275, 

358 and finally 403 wave generators in the third, fourth and fifth decade respectively. 

For the restricted water demand, it requires 49 wave generators in the first decade. In 

the second decade, it increases to 137 wave generators. The required number of wave 

generators continues to increase to 182, 244 and finally 277 in the third, fourth and 

fifth decade respectively. These results show that theoretically at least 81 km2 of 

ocean floor need to be filled with CETO wave energy generators for the non-restricted 

water demand or 55 km2 for the restricted water demand. 

 

 
Figure 85 Second example of required alternative energy (Wave turbines) to 
supplement water demand 

 

The third and final example is solar energy, using Aqua Dyne solar energy 

desalination and its size of solar panel required. The description of this device was 

given in section 2.8. Figure 86 shows the sizes of solar panel required to fulfil the 

deficiency in each decade. For the non-restricted water demand, 57 km2 of solar 

panels are required in the first decade. In the second decade, the required solar panels 
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size increases to 125 km2. It then continues to increase to 165 km2, 215 km2 and 

finally 242 km2 of solar panels in the third, fourth and fifth decade respectively. For 

the restricted water demand, it requires 29 km2 of solar panels in the first decade. In 

the second decade, 82 km2 of solar panels are required. It then increases to 109 km2, 

146 km2 and finally 166 km2 of solar panels in the third, fourth and fifth decade 

respectively. Considering Gold Coast City has area of 1,402 km2, it might not be 

realistic to find enough space for a construction of large such solar panels despite of 

the advantage in the cost of produced water. 

 

 
Figure 86 Third example of required alternative energy (Solar panel) to 
supplement water demand 
 

On an average, the restricted water demand required 36% less alternative energy than 

the non-restricted water demand despite of the fact that the reduction of the water 

demand by the water restriction effect was only 11.27%. As for physical practicability 

of these alternative energy sources, theoretically in at least five decades, wave energy 

and solar energy require over 50 km2 of ocean floor and 150 km2 of land to host all 

required number of devices respectively meanwhile wind energy requires a much 

smaller area of just 2 km2 of land. Considering the size of required area and the 

number of the devices needed to fulfil the deficiency and the potential environmental 

impact of large space usage, these results indicate that wind energy appears to be the 

most promising. Recent wind farms opened in Australia have over 50 turbines. It 

demonstrates that there is sufficient expertise in building and operating large scale 

wind farms in Australia, while the use of the other two alternative energy sources in a 

large-scale has not yet been proven. 
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The wind turbine energy is widely used in the Europe. It is a commercially proven 

technology and the cost of wind energy electricity has come down to as low as range 

between A$0.04 and A$0.08 (US$0.03 and US$0.06) per kWh [BIW03]. But the wind 

turbines must be located in a windy area, such as coastal areas, to be cost effective 

and also as a reliable energy source. 

 

7.5 Summary Of This Chapter 

 
In this chapter, the results of the modelling and simulation following the 

methodologies and simulation scenario described in chapter 5 were presented. These 

results included ANN experiments, selection of the best-fit ANN architectures for the 

comprehensive model, population dynamics modelling, calibration of the 

comprehensive model and experimental simulation using the comprehensive model. 

The results were analysed and discussed in detail. Next chapter evaluates and 

validates the comprehensive model and results from the experimental simulation. 
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CHAPTER 8 
 

8 EVALUATION AND VALIDATION  

 

This chapter provides an evaluation and a validation of the comprehensive model 

developed and simulation results presented in chapter 6 and 7 respectively. 

 

8.1 Validation 

 

Some of the information presented in this subsection has been already discussed 

elsewhere. I repeat it here to summarise the validation of my models or assumptions. 

 

Data validation: 

The data consisted in part of the statistical collection by the GCCC and Gold Coast 

Water, and in part modelled for population increase forecast. Some of the data from 

Gold Coast Water is subject to error or is missing, as explained earlier. However, over 

the long run, while these events would contribute somewhat to bias, the frequency of 

occurrences such as overflow through floodgates, did not happen too often during the 

past years of drought. The loss of water due to evaporation on dry days would be 

much higher, but it is built into the dynamics by implication, because we measure the 

difference of the dam storage level. This includes evaporation. We can safely assume, 

that our data for the dam storage level are sufficiently accurate.  

 

Population growth is another potential source for over or underestimation. We need 

the trend for a long term simulation. In a time series, the trend is more important than 

temporary fluctuations. The data from the GCCC do not explain the long term trend, 

they forecast different numbers at different time intervals. The logistic growth 

estimation was fitted to the past 20 years of data available. This growth model met the 

futuristic linear extrapolation of the population growth predictions of the GCCC 

(Figure 29) as shown in Figure 74. In comparison with those partial predicted 
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population available, error rates were found to be 8.13% at the first simulation year of 

2006 and 1.13% at the final simulation year of 2056 although the error percentage was 

slightly higher at the midpoint of simulation period. The two other estimates, of water 

consumption and waste generation, are related and depend on the population 

dynamics. 

 

Due to the unavailability of precise waste composition of Gold Coast City, the waste 

composition from Brisbane City record was used in the heating value estimation 

model. Brisbane city is only 90 km from Gold Coast City, their life style and climate 

are similar to Gold Coast City, and therefore it is reasonable to use the waste 

composition as in Brisbane City. The report by the GCCC in 2002 also stated their 

similarity in waste composition. 

 

Simulation validation: 

The long-term simulation demonstrated a validity of the water demand model. The 

water demand dynamics ANN integrated with population growth model simulated the 

daily water demand of 480 million litres at the end of simulation period. This is an 

error of 3.04% in comparison with the predicted water demand of 465 million litres 

per day at the year 2056 used by the GCCC. Although this is not a direct comparison, 

but for the sake of validation, the current daily estimated water demand (2004-2005) 

is estimated to be 185 million litres by the GCCC, while the simulated daily water 

demand by the comprehensive model is 204 million litres at the first simulation year 

of 2006. Given the about 3% of yearly population increase, this is about 7% 

difference from the estimated water consumption by the GCCC. This could be due to 

their error in extrapolating an unrealistic linear population increase, or inaccuracy in 

my model. 
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8.2 Critical Evaluation 

 

This subsection provides the critical evaluation of the comprehensive model from an 

overall perspective.  

 

The comprehensive model, based on a dynamic system approach combined with 

ANN, was developed in a modular hierarchical structure in Matlab/Simulink. This is 

because modelling combination of both waste incineration and seawater desalination, 

while incorporating population growth and irregular weather patterns, is a complex 

problem. It is a huge task to model this with the conventional models, i.e. statistical 

models, requiring an unjustified level of detail that cannot improve the goodness of 

the prediction, because these low level details are implicitly contained in some of the 

data. The dynamic system approach is an ideal approach for modelling a complex 

multi-domain problem. It enables a building of the complexity into the system in an 

incremental way. This can be done efficiently while maintaining a desired resolution 

at a higher level without being hindered by the complexity within. The comprehensive 

model provided a good replication of dam storage level and water demand between 

1999 and 2003. This is an indication of good functioning of the integrated model that 

consists of dam storage level dynamics, water demand dynamics and population 

growth dynamics. The dam storage level dynamics and water demand dynamics were 

modelled with the ANN. The ANN require less complex and time-consuming 

statistical analysis in comparison with the conventional models. 

 

The comprehensive model is designed to be adaptable to any other cities by changing 

the local parameters, but the ANN retrieved for the comprehensive model cannot be 

simply applied to other cities. Because the ANN were trained with Gold Coast City 

data for Gold Coast City application. Each city has unique water supply and demand 

characteristics. This includes a cycle and amount of water demand. One example for 

this is the possible bias created by the water consumption and the population. The bias 

can arise when a large proportion of dwellings that actually do not use town water, are 

calculated on the population as consumers. At the Gold Coast, this proportion is rather 

low, but it can be high in more remote regions of Australia. There is also a vast 

difference in the water supply of the cities, including their dam capacity, dam 
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catchment size and heterogeneity of the catchment. This implies that re-training of the 

ANN with local climatic variables and selection of the best-fit ANN architectures for 

each city are required when adapting the model to any other city.  

 

The error in the comprehensive model is about 10%. This is a rather low error given 

the complexity of the model. It comes from some underestimations that are caused by 

erratic data and other uncontrolled changes in the data such as overflow through 

floodgates of the dam. It also comes from the numerical diversity of the quantities 

involved, e.g. 0 mm of rain, mega and kilowatts energy, millions of litres dam water. 

Normalising the data could reduce the error, but without knowing the upper limits of 

potential results involved, this cannot be done. 

 

The ANN require its input variables to be within the original training data range. For 

the long-term experimental simulation, this was ensured by modifying the original 

training data and testing data, which were both normalised. This is justified because 

the data are in the same range. The climatic data for training contained both data of 

normal (Non-El Niño year) and extreme (severe drought) years. While this is 

acceptable for proving validity of ANN to water demand and dam storage level 

dynamic modelling. Use of modified climatic dataset of short term in long term 

simulation brings in a possible problem that the climatic data does not represent all 

climatic variation of future period. This is because the future climatic conditions do 

not necessarily remain within those ranges used in the experiments. The current 

unavailability of long term climatic data was one of the major reasons that I used 

existing short term climatic data for the long term simulation. However I listed 

calibration and simulation of the model with larger term climatic data as the first 

priority of my future work in the next chapter. 

 

An uncertain future is a major threat to this comprehensive model. The future changes 

due to the changing public habits have not been reflected in the model. The water 

demand might be reduced because of public awareness of invaluable freshwater, 

higher price and advances in water saving technology, such as recycling grey waters, 

treated for consumption, or not treated for gardens and toilets. Another example is the 

improved waste collection method that is adapted to increase recycling in many cities. 

These can/will result some changes in the amount of waste and its composition. 
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The long-term simulation result presented in this thesis was based on one case 

scenario with assumptions that water usage, generation of the waste and its 

composition virtually remain same during the simulation period with the exception of 

randomness. This is because we neither know when (or if), nor how much of the 

change will occur. It is difficult, if not impossible, to predict future changes. Such 

predictions of changes are complex and difficult to validate. 

 

In section 5.7.1, I explained that my simulations are based on a possible best case 

scenario. This strengthens the case for waste incineration because the freshwater 

demand is likely to be higher than anticipated, i.e. more energy will be required to 

produce fresh water. It also indicates that the oncost in setting up a waste incineration 

will be paid off earlier. 

 

The aim of my research was to develop an efficient model that studies seawater 

desalination powered by waste incineration to complement the freshwater supply in a 

drought-affected area. It is not to investigate every case scenario by predicting the 

future. However, the model allows for such changes. They can be easily plugged in as 

an ”effect” into my comprehensive model that uses the control system. It can be 

simulated as one of the scenarios. This is listed as one of my prospective future works 

in the next chapter. 

 

As the water shortage spreads wide area of Australia and also many parts of the 

world, seawater desalination has been gaining more support as a possible source of 

freshwater by many cities. My model allows such interested parties to simulate their 

supply and demand of freshwater as well as the seawater desalination and its energy 

supply option in an efficient way, because the model includes the key elements of 

water demand dynamics, dam storage level dynamics, waste generation and 

population dynamics as a cyclic approach. This reduces effort, time and cost required 

for conducting more traditional studies with conventional approach. On the other 

hand, the use of my model is currently limited to the water and energy domains 

because the model has not been implemented to conduct an economic study yet. This 

is again listed as one of my prospective future works in the next chapter. 
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CHAPTER 9 
 

9 CONCLUSIONS 

 

The irregular weather patterns causing drought and freshwater shortage are becoming 

a major issue in many of the cities around the world. In Australia, which is the driest 

continent on the earth, many cities are seeking an urgent freshwater source to ensure 

the continuous freshwater supply. Seawater desalination is one of the most often 

considered options of the freshwater sources. It has been successfully practiced 

especially in the Middle Eastern countries. As the seawater desalination is an energy 

consuming process, the major question is sourcing energy requirement for the 

desalination. The handling of ever increasing waste generated from the city, which is 

mainly due to the population growth, is another issue faced by many cities including 

the Gold Coast. Waste incineration is one of the management methods that effectively 

implemented in large number of countries to obtain the thermal energy for various 

purposes. Based on these issues faced by many cities including the Gold Coast City 

and successful use of those technologies, the aim of this thesis was to develop an 

efficient dynamic system model combined with ANN that investigates use of waste 

incineration energy for seawater desalination using Gold Coast City as case study. 

The ANN were used to model the unknown aspects of the problem such as dam 

storage level dynamics and water demand dynamics sub-models. Additionally, other 

alternative energy sources, wind, solar and wave energy were also investigated to 

supplement the waste energy for the seawater desalination.  

 

9.1 Summary Of The Work 

 

In this thesis firstly I presented an overview of the two main technologies involved: 

seawater desalination and waste incineration. I then investigated the background of 

the Gold Coast City to identify the situation and constraints of the city, and searched 

the literature for existing modelling techniques, as well as data and parameters 
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required in these models. The methodologies and strategies of implementing the 

comprehensive model were then developed and explained. The comprehensive model 

and its components were explained and illustrated. Then the construction and 

selection of the ANN architecture for the water demand and the dam storage level 

dynamics were described.  

 

The calibration of the model combined with the ANN sub-models produced a close 

replication of water consumption and dam storage level between 1999 and 2003. I 

then conducted a 50 years experimental simulation including data of both normal and 

El Niño affected years. The comprehensive model simulated the water demand 

closely matching the predicted water demand of 465 million litres per day at the year 

2056 used by the GCCC. The population growth model also produced a close 

replication of the predicted population of 1.2 million at the year 2056 used by the 

GCCC. 

 

This experimental simulation revealed the encouraging results that the dam water and 

the waste-energy desalinated water together, fulfils over 80 % of the simulated water 

demand with water restriction effect throughout the 50 simulated years. Initially only 

6% of the water demand needs to be supplemented by alternative energy sources, but 

at the end of simulation period, it showed that 18% of the water demand must rely on 

the alternative-energy desalinated water. For the simulated water demand without 

water restriction effect, the dam water and the waste-energy desalinated water 

together covered over 70% of the simulated water demand throughout the simulation 

period. At first the alternative-energy desalinated water needs to supply 10% of the 

water demand. Then the use of the alternative-energy desalinated water increased to 

23% at the end of the simulation. 

 

Finally I examined the daily amount of alternative energy required to supplement the 

waste energy using wind energy, wave energy and solar energy as some examples. 

Wind energy was found to be the most promising. It calculated that 145 typical 600 

kW wind turbines for the non-restricted water demand or 100 typical 600 kW wind 

turbines for the restricted water demand are required to fulfil the deficiency between 

the available water and the simulated water demand at the end of 50 simulated years.  
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My research in this thesis contributed to modelling multi-domain problems as a 

dynamic system for a situation that does not allow experimental or a long-term study. 

The comprehensive model that I have developed offers a satisfactory solution to 

reduce the time and effort required for a problem that requires urgent solutions. 

 

9.2 Future Work Direction 

 
There are several future works that can be done to or with the comprehensive model. 

 

1. Calibration and simulation of the model with longer term climatic data 

This is to establish more realistic future simulation with the use of a long term 

climatic dataset. This requires firstly the acquirement of the dataset and secondly 

the re-training of the ANN and re-calibration of the comprehensive model. 

 

2. Simulating other case scenarios 

This is to study the system behaviours under different conditions. There are a 

number of other case scenarios that can be simulated for Gold Coast City. This 

could include the reduction or increase of water demand or water generation, 

which were both discussed in the section 8.2. Those can be included as effects 

into my model and simulating them as scenarios. 

 

3. Adapt and apply the model to other cities 

This is to apply the comprehensive model to the other cities to simulate the water 

desalination powered by the waste incineration. This work involves selecting a 

suitable candidate city for the simulation, such as Perth or Adelaide. The study 

and collection of the data needed for the comprehensive model must be carried 

out. The training of ANN with the local data for water demand and dam storage 

level dynamics models are then required. Finally after changing of the parameters 

in the comprehensive model to suit the local conditions, the simulations can be 

carried out. 
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4. Expanding the model to study the financial aspects 

This requires inclusion of financial aspect into the model such as the cost and the 

revenue of water and energy. This is to study the viability of seawater 

desalination that is combined with waste incineration with, for example financial 

constrains, and policies, such as taxes, bonuses, or other revenues. 
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