THE UNIVERSITY

of ADELAIDE

Optimal Sequencing of Water Supply Options Incorporating Sustainability and
Uncertainty

by

Eva Hooi Ying Beh
BEng (Civil & Structural) Hons

Thesis submitted to The University of Adelaide
School of Civil, Environmental & Mining Engineering in
fulfilment of the requirements for the degree of
Doctor of Philosophy

Copyright © March 2015






Contents

Contents

Abstract

Statement of Originality

Acknowledgments

List of Figures

List of Tables

1 Introduction
1.1 Research Objectives
1.2 Thesis Overview

vii

2 Optimal sequencing of water supply options at the regional scale incorporating alternative

water supply sources and multiple objectives - Paper 1 7
2.1 Introduction 11
2.2 Proposed sequencing approaches 12
221 ProblEm fOrMUIRTION ... ..eceeeeeee ettt ettt e e e et e et e et e ete s e eneeaseeenenans 13
2.2.2 Calculation of yield for potential water SUpply OPtiONS........cccvverreeereeeeeeenns 15
2.2.3 SEUUENCING PIOCESS ...vuvuvrrerererererereseseseese e e sttt st st ss st es bbb s s s s s sesesesesesens 17
2.3 Case study 22
2.3.1 Problem fOrMUIBTION .......ooeeeeeee ettt ettt ee e et e ee e e seeeeeeeenan 24
2.3.2 Calculation of yield for potential water SUPPIY OPLIONS........ccvvvrvrireriieriririeieicieian, 27
2.3.3 SEAUENCING PrOCESS .vvvvevveririieretisesie ettt s e s bbb s st e s erns 29
2.4 Analyses conducted 32
2.5 Results and discussion 34
25.1 Impact of different objective function weightings and sequencing approaches on
optimal sequences of alternative water SUPPIY SOUICES .......cvrvvirvririririeieriieisisisissisesise s, 38
2.5.2 Impact of different objective function weightings and sequencing approaches on
ODJECHIVE TUNCHON VAIUBS ..ottt 40
2.5.3 Implications for deciSion MaKING .......covviriririeriii s 42
2.6 Conclusions and recommendations 43
2.7 Acknowledgements 46
2.8 Supplementary Material 47
2.8.1 Calculation of yield for potential water Supply OptionS.........ccccveeeeeceeeeeeenns a7
2.8.2 (0001 TR TR TR 49
2.8.3 GHG BIMUSSIONS ... ettt ettt e e et e ettt e e e et et e et e st e eteesaeeseeeseeesnteaneeaeeeneeeneeens 51
3 Scenario Driven Optimal Sequencing under Deep Uncertainty — Paper 2 55
3.1 INTRODUCTION 59
3.2 PROPOSED APPROACH 61
321 Determination of Portfolio of Diverse Optimal SEqUENCES ..........cccevvrniniiciririninns 62
3.2.2 Global SenSitivity ANGIYSIS ... 65
3.23 Selection of Optimal SEQUENCE..........cvvviiiricicss e 66
3.3 Case Study 67
3.31 T1 (T LU T3 1[0 TSP RTPRURRPRPRTN 67



332 Problem fOrmUIAtIoN ..........cociiiii e 69
3.3.3 Determination of Portfolio of Diverse Optimal SEqUENCES.........ccccvvriieniriniinns 73
3.34 Global SENSItIVItY ANAIYSIS.......ceeeieiiiiiie e 78
3.35 Selection of Optimal SEqUENCE PIAN .......cccviiiiiiiiic s 80
3.4 Results and Discussion 81
34.1 Determination of Portfolio of Diverse Optimal SEQUENCES.........cccovvvvvrereieiiereiennn, 81
342 Global SeNSItiVity ANAIYSIS.......cveeriiiieiee s 84
343 Selection of Optimal SEqUENCE PIAN .......coviiiiiii s 87
3.5 Summary and Conclusions 88
3.6 Acknowledgements 89
4 Adaptive, Multi-Objective Optimal Sequencing Approach for Urban Water Supply
Augmentation under Deep Uncertainty — Paper 3 91
41 Introduction 95
4.2 Proposed Adaptive, Multi-objective Optimal Sequencing Approach 98
421 Identification of Diverse Portfolio of Optimal Water Supply Augmentation Sequence
Plans 100
422 Assessment of Performance of Portfolio of Optimal Sequence Plans.................... 103
423 Selection of Water Supply Augmentation Options to be Implemented .................. 107
424 AQAPEIVE PIOCESS..... v 108
4.2.5 Advantages and Limitations of Proposed Approach ............ccoeevnnniensnnnns 108
4.3 Case Study 110
43.1 BACKGIOUNT ... 110
432 Overall Experimental APProach .........cccovviiiiiiiiiiiiiiiieeieeessss s 112
433 Identification of Optimal SEqUENCE PIANS ..........cccccevieecccceeeeeee s 115
4.3.4 Evaluation of Adaptive Optimal Sequence Plans (Figure 4.4, Part B) ................... 125
4.4 Results and discussion 125
441 Development of Adaptive Optimal Sequence PIans ... 125
4472 Utility Adaptive Features of Proposed Approach ..., 130
4.5 Summary and conclusions 131
4.6 Acknowledgements 132
4.7  Supplementary material 133
5 Thesis Summary 147
5.1 Research contributions 147
5.2 Research limitations 149
5.3 Recommendations for future work 150
References 151
Appendix A 159
Appendix B 179
Appendix C 197



Abstract

Sequencing of water supply projects involves choosing the options to implement at specific stages over a
planning horizon. In the past, the sequencing of water supply projects was relatively straightforward and
generally focused on traditional water supply sources (e.g. reservoirs and groundwater sources) and only
considered the criteria of water supply security and cost. In recent years, the reliability of traditional water
supply sources has been compromised as a result of increasing demand and the impact of climatic factors.
This has placed further strain on water supplies and necessitated the use of a longer planning horizon and
more criteria for assessment. Furthermore, with the increase in urbanisation and diminishing natural water
sources, there is an increase in the need to consider recycled water and desalination as additional or
alternative water supply options. Extended planning horizons result in increased uncertainties associated
with the future, which requires the development of robust and adaptive solutions to best cope with a variety of
potential future conditions. However, there has been little work that has utilised alternative water supply

sources in the process of sequencing while incorporating multiple sustainability objectives and uncertainties.

This thesis presents different sequencing approaches that are based on multi-objective optimisation, so that
a number of competing objectives (e.g. cost, greenhouse gas emissions) can be taken into account.
Furthermore, the optimal mix of water supply options, and when they should be implemented, can be
identified from among a large number of alternatives (e.g. rainwater tanks, stormwater harvesting schemes,
desalination etc.). In addition, some of the proposed optimisation approaches take the sensitivity, robustness
and adaptation of solutions into account, so that the selected water supply options will be as insensitive and
flexible to future changes (e.g. climate change, new technologies) as possible. The proposed sequencing
approaches are applied to a case study based on the southern Adelaide water supply system in South

Australia to demonstrate its utility.

This thesis is structured as a series of three publications. Two approximate optimal sequencing
approaches that are able to account for alternative sources of water and multiple sustainability
objectives are introduced in the first publication. These approaches are developed to assess the impact
of different objective function weightings and sequencing approaches on the optimal sequences of
alternative water supply sources for the case study under a range of demand and discount rate
scenarios. They are also used to assess the impact of different objective function weightings on

objective function values for the case study.

The second publication includes an improved sequencing approach, which utilises a multi-objective

evolutionary algorithm, coupled with a water supply system simulation model, to identify the sequences



of alternative water supply sources that represent the optimal trade-offs between the selected objectives
for various possible future conditions Subsequently, the impacts of uncertain values of input variables
(e.g. population, per capita demand, climate change) on the objectives and water supply security of the
system are evaluated using global sensitivity analysis. This provides information on the expected
variation in objective function values and water supply security under uncertain future conditions, as well
as the sensitivity of these values to the selected uncertain conditions, enabling the most appropriate

optimal sequence plan to be selected.

In the third publication, this sequencing approach is further extended to a more enhanced framework
which promotes robustness and adaptation. This approach requires continual reassessment and

updating of the sequence plans at fixed time intervals in order to identify and reduce the risk of failure.
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