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I 

 

ABSTRACT 

A water distribution system (WDS) design deals with achieving the desired network 

performance. WDS design can involve new and / or existing network redesigns in 

order to keep up with the required service performance. Very often, WDS design is 

expensive, which encourages cost effectiveness in the required investments. 

Moreover, WDS design is associated with adverse environmental implications such as 

greenhouse gas (GHG) emissions due to energy consumption. GHGs are associated 

with global warming and climate change. Climate change is generally understood to 

cause reduction in water available at the sources and increase water demand. 

Urbanization that takes into account factors such as demographics (population ageing, 

household occupancy rates, etc.) and other activities are associated with water 

demand changes. In addition to the aforementioned issues, the challenge of meeting 

the required hydraulic performance of WDSs is worsened by the uncertainties that are 

associated with WDS parameters (e.g., future water demand). With all the factors 

mentioned here, mitigation and adaptive measures are considered essential to improve 

WDS performance in the long-term planning horizon.  

 

In this thesis, different formulations of a WDS design methodologies aimed at 

mitigating or adapting the systems to the effects of future changes such as those of 

climate change and urbanization are explored. Cost effective WDS designs that 

mitigate climate change by reducing GHG emissions have been investigated. Also, 

water demand management (DM) intervention measures, i.e., domestic rainwater 

harvesting (RWH) systems and water saving appliance schemes (WSASs) have been 

incorporated in the design of WDSs in an attempt to mitigate, adapt to or counteract 

the likely effects of future climate change and urbanization. Furthermore, flexibility 

has been introduced in the long-term WDS design under future uncertainty. The 

flexible methodology is adaptable to uncertain WDS parameters (i.e., future water 

demand in this thesis) thereby improving the WDS economic cost and hydraulic 

performance (resilience). The methodology is also complimented by strategically 

incorporating DM measures to further enhance the WDS performance under water 

demand uncertainty. The new methodologies presented in this thesis were 

successfully tested on case studies. Finally, conclusions and recommendations for 

possible further research work are made. There are potential benefits (e.g., cost 

savings, additional resilience, and lower GHG emissions) of incorporating an 

environmental objective and DM interventions in WDS design. Flexibility and DM 

interventions add value in the design of WDSs under uncertainty. 

 

 

 

 

 

 

 



II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my family 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



III 

 

CONTENTS 

 

ABSTRACT ................................................................................................................... i 

LIST OF FIGURES .................................................................................................... vii 

LIST OF TABLES ......................................................................................................... x 

LIST OF ABBREVIATIONS ...................................................................................... xii 

ACKNOWLEDGEMENT .......................................................................................... xiv 

 

1 INTRODUCTION AND OVERVIEW .................................................................. 1 

1.1 General ............................................................................................................ 1 

1.2 Aim and Objectives of Research .................................................................. 2 

1.3 Layout of the Thesis ...................................................................................... 3 

 

2 LITERATURE REVIEW ....................................................................................... 6 

2.1 Introduction ................................................................................................... 6 

2.2 Long-term Water Distribution System Design ........................................... 7 

2.3 Climate change and Urbanisation Scenarios .............................................. 9 

2.3.1 Introduction .............................................................................................. 9 

2.3.2 Background ............................................................................................ 10 

2.3.3 Climate Change ...................................................................................... 10 

2.3.4 Urbanisation and Demographics ............................................................ 11 

2.3.5 Related Work ......................................................................................... 12 

2.3.6 Summary and Conclusions .................................................................... 13 

2.4 Flexible Planning Methods ......................................................................... 13 

2.4.1 Introduction ............................................................................................ 13 

2.4.2 Uncertainty in WDS (re)design ............................................................. 13 

2.4.3 Background ............................................................................................ 14 

2.4.4 Review of Flexibility Definitions .......................................................... 15 

2.4.4.1 Flexibility ........................................................................................... 15 

2.4.4.2 Similar terms of system changeability ............................................... 15 

2.4.5 Planning Methods .................................................................................. 16 

2.4.5.1 Scenario Analysis (SA) ...................................................................... 16 

2.4.5.2 Decision Analysis (DA) ..................................................................... 17 

2.4.5.3 Real Options Analysis (ROA) ............................................................ 18 

2.4.6 Flexibility in WDSs ............................................................................... 20 

2.4.7 Related Work ......................................................................................... 23 

2.4.8 Summary and Conclusions .................................................................... 24 

2.5 Reliability Measures of Water Distribution Systems ............................... 24 



IV 

 

2.5.1 Introduction ............................................................................................ 24 

2.5.2 Background ............................................................................................ 25 

2.5.3 Related Work ......................................................................................... 26 

2.5.4 Summary and Conclusions .................................................................... 29 

2.6 Energy use and Water Distribution System GHG emissions .................. 29 

2.6.1 Introduction ............................................................................................ 30 

2.6.2 Background ............................................................................................ 30 

2.6.3 WDS Energy / GHG emission Quantification ....................................... 31 

2.6.4 Related Work ......................................................................................... 32 

2.6.5 Summary and Conclusions .................................................................... 35 

2.7 Water Demand Management ..................................................................... 35 

2.7.1 Introduction ............................................................................................ 35 

2.7.2 Background ............................................................................................ 36 

2.7.3 Rainwater Harvesting Systems .............................................................. 37 

2.7.4 Water Saving Appliances ....................................................................... 37 

2.7.5 Water Saving Appliances and Rainwater Harvesting Applications ...... 37 

2.7.6 Summary and Conclusions .................................................................... 39 

2.8 Optimisation of Water Distribution Systems ........................................... 40 

2.8.1 Introduction ............................................................................................ 40 

2.8.2 Background ............................................................................................ 40 

2.8.3 Genetic Algorithms ................................................................................ 40 

2.8.4 Summary and Conclusions .................................................................... 41 

2.9 Summary ...................................................................................................... 42 

 

3 WATER DISTRIBUTION SYSTEM DESIGN ACCOUNTING FOR GHG 

EMISSIONS AND WATER DEMAND MANAGEMENT INTERVENTIONS . 
  ................................................................................................................................. 47 

3.1 Introduction ................................................................................................. 47 

3.2 Climate Change Mitigation driven WDS Design Methodology .............. 48 

3.2.1 Optimisation Problem ............................................................................ 48 

3.2.1.1 Problem Formulation.......................................................................... 48 

3.2.1.2 Optimisation method .......................................................................... 50 

3.2.2 Cost, GHG and DM Calculation Details................................................ 54 

3.2.3 Data and Assumptions ........................................................................... 58 

3.3 Summary and Conclusions ......................................................................... 60 

 

4 FLEXIBLE WATER DISTRIBUTION SYSTEM DESIGN UNDER FUTURE 

UNCERTAINTIES ................................................................................................ 62 



V 

 

4.1 Introduction ................................................................................................. 62 

4.2 Flexible WDS Design Methodology ........................................................... 63 

4.2.1 Characterisation of Demand Uncertainty ............................................... 63 

4.2.2 Flexible Intervention Strategies ............................................................. 65 

4.2.3 Flexible Interventions’ Evaluation Methodology .................................. 68 

4.3 Optimisation of Flexible WDS Design ....................................................... 74 

4.3.1 Introduction ............................................................................................ 74 

4.3.2 Optimisation Problem ............................................................................ 74 

4.3.3 Solution Method..................................................................................... 76 

4.3.4 Data and Assumptions ........................................................................... 77 

4.4 Summary and Conclusions ......................................................................... 78 

 

5 CASE STUDIES I: GHG EMISSION MITIGATION ....................................... 80 

5.1 Introduction ................................................................................................. 80 

5.2 Data and Assumptions ................................................................................ 80 

5.2.1 Intervention Costs .................................................................................. 81 

5.2.2 DM Interventions’ Performance ............................................................ 81 

5.2.3 Interventions’ Energy Requirements ..................................................... 83 

5.3 New York Tunnels Problem ....................................................................... 85 

5.3.1 Problem Description .............................................................................. 85 

5.3.2 Results and Discussion for WDS Designs based on Conventional 

Interventions .......................................................................................... 86 

5.3.3 New York Tunnels problem description for Non-conventional 

Interventions .......................................................................................... 90 

5.3.4 Results and discussion for WDS designs based on Non-conventional 

Interventions .......................................................................................... 92 

5.4 Anytown Network Problem ........................................................................ 99 

5.4.1 Problem Description .............................................................................. 99 

5.4.2 Results and Discussion for WDS Designs based on Conventional 

Interventions ........................................................................................ 103 

5.4.3 Anytown Network problem description for Non-conventional 

Interventions ........................................................................................ 108 

5.4.4 Results and discussion for WDS designs based on Non-conventional 

Interventions ........................................................................................ 109 

5.5 Summary and Conclusions ....................................................................... 117 

 

6 CASE STUDIES II: FLEXIBLE DESIGNS ..................................................... 121 

6.1 Introduction ............................................................................................... 121 

6.2 Problems and Assumptions ...................................................................... 121 



VI 

 

6.2.1 Evaluating Flexibility in WDS Design ................................................ 121 

6.2.2 Optimal Flexible WDS Designs under future Demand Uncertainty ... 123 

6.2.2.1 Flexible Design of WDSs based on Conventional Interventions ..... 125 

6.2.2.2 Flexible Design of WDSs based on Conventional and DM 

Interventions ...................................................................................... 126 

6.3 Evaluating Flexibility in WDSs ................................................................ 127 

6.3.1 New York Tunnels Problem ................................................................ 127 

6.3.1.1 Description ....................................................................................... 127 

6.3.1.2 Results and Discussion ..................................................................... 129 

6.3.2 The Anytown Network Problem .......................................................... 137 

6.3.2.1 Description ....................................................................................... 137 

6.3.2.2 Results and Discussion ..................................................................... 138 

6.4 Optimal Flexible WDS Design ................................................................. 146 

6.4.1 The New York Tunnel Problem ........................................................... 146 

6.4.1.1 Problem Description ......................................................................... 146 

6.4.1.2 Results and Discussion for Flexible Designs (Conventional 

Interventions) ..................................................................................... 147 

6.4.1.3 Results and Discussion for Flexible Designs (Conventional and DM 

Interventions) ..................................................................................... 155 

6.4.2 The Anytown Network Problem .......................................................... 161 

6.4.2.1 Problem Description ......................................................................... 161 

6.4.2.2 Results and Discussion for Flexible Designs (Conventional 

Interventions) ..................................................................................... 162 

6.4.2.3 Results and Discussion for Flexible Designs (Conventional and DM 

Interventions) ..................................................................................... 168 

6.5 Summary and Conclusions ....................................................................... 173 

 

7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS ..................... 178 

7.1 Summary of the Work Done .................................................................... 178 

7.2 Summary of Contributions ....................................................................... 180 

7.3 Conclusions ................................................................................................ 182 

7.4 Recommendations for Future Work ....................................................... 185 

 

APPENDICES .......................................................................................................... 188 

Appendix A: General Data..................................................................................... 188 

Appendix B: New York Tunnels Network Data .................................................... 188 

Appendix C: Anytown Network Data .................................................................... 189 

BIBLIOGRAPHY ................................................................................................... 191 

International Publications by the Candidate .......................................................... 191 



VII 

 

LIST OF REFERENCES ........................................................................................ 192 

 

LIST OF FIGURES 

 

Figure 1.1: Thesis Structure ........................................................................................... 5 

Figure 3.1: NSGA2 Chromosome Encoding (binary example) ................................... 51 

Figure 3.2: NSGA2 Optimisation Flow Chart ............................................................. 53 

Figure 4.1: Illustration of Uncertain Water Demand with increasing Variance over 

time .................................................................................................................. 64 

Figure 4.2: A three-staged Decision Tree Illustration of Uncertain Water Demand (CD 

– Current Demand, L – Lower and H – Higher than the threshold water 

demand paths, respectively). ............................................................................ 66 

Figure 4.3: Illustration of a Decision Criterion (based on future demand) for 

Implementing Interventions at each Design Point. .......................................... 67 

Figure 4.4: A three-staged Decision Tree Illustration of an Intervention Plan 

according to Uncertain Water Demand ............................................................ 68 

Figure 4.5: Illustration of Uncertain Water Demand and the Corresponding 

Interventions. ................................................................................................... 69 

Figure 4.6: The Flowchart Illustration of the Flexible WDS Intervention Plan 

Performance Evaluation (N = number of design stages) ................................. 71 

Figure 4.7: A Decision Tree-based Chromosome (binary-coded) ............................... 77 

Figure 5.1: The New York Tunnels network (Adopted: CWS, 2013a) ....................... 85 

Figure 5.2: Comparative Conventional Intervention Designs for the New York 

Tunnels Problem in terms of Total Cost and Resilience Index (three 

objectives) ........................................................................................................ 87 

Figure 5.3: Comparative Conventional Intervention Designs for the New York 

Tunnels Problem in terms of Total Cost and GHG emission (three objectives)

.......................................................................................................................... 88 

Figure 5.4: Comparative Conventional Intervention Designs for the New York 

Tunnels Problem in terms of Resilience Index and GHG emission (three 

objectives) ........................................................................................................ 89 

Figure 5.5: Comparative Conventional and Non-Conventional Designs for the New 

York Tunnels Problem in terms of Total Cost and Resilience Index (three 

objectives) ........................................................................................................ 93 



VIII 

 

Figure 5.6: Comparative Conventional and Non-Conventional Designs for the New 

York Tunnels Problem in terms of Total Cost and GHG emission (three 

objectives) ........................................................................................................ 94 

Figure 5.7: Comparative Conventional and Non-Conventional Designs for the New 

York Tunnels Problem in terms of Resilience Index and GHG emission (three 

objectives) ........................................................................................................ 94 

Figure 5.8: The Anytown network (Adopted: CWS, 2013b)..................................... 100 

Figure 5.9: Anytown Problem Conventional Design Solutions in terms of Total Cost 

and Resilience Index (three objectives) ......................................................... 104 

Figure 5.10: Anytown Problem Conventional Design Solutions in terms of Total Cost 

and GHG emission (three objectives) ............................................................ 104 

Figure 5.11: Anytown Problem Conventional Design Solutions in terms of GHG 

emission and Resilience Index (three objectives) .......................................... 105 

Figure 5.12: Anytown Problem Non-Conventional Design Solutions in terms of Total 

Cost and Resilience Index (three objectives) ................................................. 110 

Figure 5.13: Anytown Problem Non-Conventional Design Solutions in terms of Total 

Cost and GHG emission (three objectives) .................................................... 111 

Figure 5.14: Anytown Problem Non-Conventional Design Solutions in terms of GHG 

emission and Resilience Index (three objectives) .......................................... 111 

Figure 6.1: Three Demand Standard Deviation Cases for Intervention Plan Evaluation

........................................................................................................................ 122 

Figure 6.2: Illustration of two-staged Flexible Interventions and Uncertain Water 

Demand .......................................................................................................... 124 

Figure 6.3: Illustration of a Decision Criterion (future threshold demand) for 

Implementing Conventional and Non-conventional Interventions at each 

Design Point. .................................................................................................. 126 

Figure 6.4: Comparative (Cost Equivalent) Flexible and Deterministic Designs for the 

New York Tunnels network (BC) .................................................................. 131 

Figure 6.5: Comparative (Resilience Equivalent) Flexible and Deterministic Designs 

for the New York Tunnels network (BC) ...................................................... 132 

Figure 6.6: New York Tunnels Average Cumulative Cost Profiles of three Design 

Plans (BC) ...................................................................................................... 134 

Figure 6.7:  New York Tunnels Average Resilience Index Profiles of three Design 

Plans (all BC) ................................................................................................. 134 



IX 

 

Figure 6.8: Comparative (Cost Equivalent) Flexible and Deterministic Designs for the 

Anytown network (BC).................................................................................. 141 

Figure 6.9: Comparative (Resilience Equivalent) Flexible and Deterministic Designs 

for the Anytown network (BC) ...................................................................... 142 

Figure 6.10: Anytown Network Average Cumulative Cost Profiles of three Design 

Plans (BC) ...................................................................................................... 144 

Figure 6.11: Anytown Network Average Resilience Index Profiles of three Design 

Plans (BC) ...................................................................................................... 144 

Figure 6.12: Comparative Conventional Intervention Solutions for New York Tunnels 

Problem in terms of Total Cost and Resilience Index (Base Case) ............... 148 

Figure 6.13: Comparative Flexible and Deterministic engineering solutions 

(conventional interventions) for the New York Tunnels network (Base Case)

........................................................................................................................ 150 

Figure 6.14: Comparative Performance of New York Tunnels Problem 

Solutions(conventional interventions) in terms of Total Cost and Resilience 

Index when tested under Optimistic, Average and Pessimistic Demand 

Scenarios (Base Case) .................................................................................... 152 

Figure 6.15: Sensitivity analysis: Comparative New York Tunnels network 

Deterministic and Flexible Solutions (conventional interventions) when 

optimised for the Base Case, Cases 1 and 2 ................................................... 154 

Figure 6.16: Comparative Pareto Fronts (flexible solutions) for the New York Tunnels 

Problem in terms of Total Design Cost and Resilience Index (Base Case). .. 156 

Figure 6.17: Adaptive Engineering solutions for the New York Tunnels network 

(Base Case). ................................................................................................... 157 

Figure 6.18: Comparative Pareto Fronts (flexible solutions) for the New York Tunnels 

Problem in terms of Total Design Cost and Resilience Index (Base Case, 

Cases 1 and 2) ................................................................................................ 160 

Figure 6.19: Anytown Problem Solutions (conventional interventions) in terms of 

Total Cost and Resilience Index (Base Case) ................................................ 163 

Figure 6.20: Comparative Flexible and Deterministic engineering solutions 

(conventional interventions) for the Anytown network (Base Case) ............. 165 

Figure 6.21: Comparative Performance of Anytown Problem Solutions (conventional 

interventions) in terms of Total Cost and Resilience Index when tested under 

Optimistic, Average and Pessimistic Demand Scenarios (Base Case) .......... 166 



X 

 

Figure 6.22: Sensitivity analysis: Comparative Anytown network Deterministic and 

Flexible Solutions (conventional interventions) when optimised for the Base 

Case, Cases 1 and 2 ........................................................................................ 167 

Figure 6.23: Comparative Anytown Network Pareto Fronts for Adaptive Design 

Solutions (non-conventional interventions) (Base Case). .............................. 169 

Figure 6.24: Adaptive Engineering solutions for the Anytown network (Base Case).

........................................................................................................................ 170 

Figure 6.25: Comparative Anytown Network Pareto Fronts for Adaptive Design 

Solutions (non-conventional interventions) (Base Case, Cases 1 and 2) ....... 172 

 

LIST OF TABLES 

 

Table 2.1: General Literature Review Summary (Long-term WDS Design, Climate 

Change and Urbanisation, Flexible Methods) .................................................... 44 

Table 2.2: General Literature Review Summary (Reliability Measures, Uncertainty 

and GHG emissions) ........................................................................................... 45 

Table 2.3: General Literature Review Summary (DM and Optimisation methods) .... 46 

Table 4.1: Possible Paths of Flexible Designs (three time-steps and two optional paths 

at design points) .................................................................................................. 70 

Table 5.1: New York City average monthly rainfall (BBC Weather, 2010) ............... 82 

Table 5.2: Comparative Conventional Intervention Designs for the New York Tunnels 

Problem (three objectives) .................................................................................. 90 

Table 5.3: New York Tunnels network node catchments’ characteristics ................... 91 

Table 5.4: RWH systems’ water savings for the New York Tunnels network ............ 91 

Table 5.5: Comparative Conventional and Non-Conventional Design Solutions for the 

New York Tunnels Problem (three objectives) .................................................. 96 

Table 5.6: Comparative Sensitivity Analysis on Trade-offs obtained with different 

Demands for the New York Tunnels network (three objectives) ....................... 98 

Table 5.7: Comparative Sensitivity Analysis on Trade-offs obtained with different 

GHG Emission Conversion factors for the New York Tunnels network (three 

objectives). .......................................................................................................... 99 

Table 5.8: Comparative Conventional Intervention Designs for the Anytown Network 

Problem (three objectives) ................................................................................ 107 



XI 

 

Table 5.9: Anytown network node catchments’ characteristics ................................ 108 

Table 5.10: RWH systems water saving for the Anytown nodes .............................. 109 

Table 5.11: Comparative Non-Conventional Intervention Designs for the Anytown 

Network Problem (showing Conventional options only) (three objectives) .... 113 

Table 5.12: Comparative Non-Conventional Intervention Designs for the Anytown 

Network Problem (showing water DM options only and three objectives’ totals)

........................................................................................................................... 114 

Table 5.13: Comparative Sensitivity Analysis on Trade-offs obtained with different 

Demands for the Anytown network (three objectives) ..................................... 116 

Table 5.14: Comparative Sensitivity Analysis on Trade-offs obtained with different 

Pumping Energy Cost Discount Rates and GHG Emission factors for the 

Anytown network (three objectives) ................................................................. 117 

Table 6.1: Design Plan end of Stage Average Costs, Stage Average Resilience and 

Average Total Costs (cumulative) for New York Tunnels network problem (BC)

........................................................................................................................... 133 

Table 6.2: Cost Equivalent Design Plan Analysis for varying Standard Deviations 

(New York Tunnels) ......................................................................................... 136 

Table 6.3: Cost Equivalent Design Plan Analysis for varying Cost Discount Rates 

(New York Tunnels network)  .......................................................................... 137 

Table 6.4: Design Plan end of Stage Average Costs, Stage Average Resilience and 

Average Total Costs (cumulative) for Anytown network (BC)........................ 143 

Table 6.5: Cost Equivalent Design Plan Analysis for varying Standard Deviations 

(Anytown network) ........................................................................................... 145 

Table 6.6: Cost Equivalent Design Plan Analysis for varying Cost Discount Rates 

(Anytown network) (BC) .................................................................................. 146 

Table 6.7: Sensitivity Analysis Comparison of trade-off Solutions (conventional 

interventions and similar resilience) optimised under varying Standard 

Deviations and Cost Discount Rates (New York Tunnels network) ................ 154 

Table 6.8: Sensitivity of flexible Conventional and Non-conventional Intervention 

solutions that were obtained under BC tested with lower and higher Standard 

Deviations. ........................................................................................................ 159 

Table 6.9: Sensitivity of trade-offs between design Intervention cost and resilience 

optimisation for Adaptive (non-conventional interventions) solutions. ........... 160 



XII 

 

Table 6.10: Cost Breakdown of the New York Tunnels network Adaptive solutions 

(non-conventional interventions) obtained under Base Case, Cases 1 and 2. .. 161 

Table 6.11: Sensitivity Analysis Comparison of trade-off Solutions (conventional 

interventions and similar resilience) optimised under varying Standard 

Deviations and Cost Discount Rates (Anytown network) ................................ 167 

Table 6.12: Sensitivity of flexible Conventional and Non-conventional Intervention 

solutions that were obtained under BC tested with lower and higher Standard 

Deviations. ........................................................................................................ 171 

Table 6.13: Sensitivity of trade-offs between design Intervention cost and resilience 

optimisation for Adaptive (non-conventional interventions) solutions. ........... 173 

Table 6.14: Cost Breakdown of the Anytown network’s Adaptive solutions (non-

conventional interventions) obtained under Base Case, Cases 1 and 2. ........... 173 

Table A.1: Cost of the water saving appliances in 2010 (see Cooley et al., 2010) ... 188 

Table B.1: New York Tunnels network pipe details (see Murphy et al., 1993) ........ 188 

Table B.2: New York Tunnels network nodes’ elevation and demand data (see 

Murphy et al., 1993; Dandy et al., 1996).......................................................... 188 

Table C.1: The Anytown network pipe details (existing) (see CWS, 2013b) ........... 189 

Table C.2: Anytown WDS Intervention Options’ Costs (see CWS, 2013b) ............. 189 

Table C.3: Anytown WDS Pump Characteristics (see CWS, 2013b) ....................... 189 

Table C.4: Anytown WDS Tank Cost Data (see CWS, 2013b) ................................ 189 

Table C.5: Anytown Demand Pattern (see CWS, 2013b) ......................................... 190 

Table C.6: Anytown WDS Demand Load Conditions (see CWS, 2013b) ................ 190 
 

LIST OF ABBREVIATIONS 

 

AEA     AEA Technology Property Limited Company 

BBC    British Broadcasting Corporation 

BC    Base Case 

BS 8515                      British Standards: RWH Systems Code of Practice 

CD    Current Demand 

CS    Current System 

CSH    Code for Sustainable Homes 

CWS    Centre for Water Systems 

DA    Decision Analysis 

DCF    Discounted Cash Flow 

DM    Demand Management 



XIII 

 

EEA    Embodied Energy Analysis 

EI    Environmental impact Index 

EIO-LCA                   Economic Input-Output Life Cycle Assessment 

ELR    Economic Level of Reliability 

EPS    Extended Period Simulation 

FORM   First Order Reliability Method 

FOSM    First Order Second Moment 

GA    Genetic Algorithm 

GHG    Greenhouse gas 

GRG2    Generalised Reduced Gradient II 

H    Higher (Demand) 

H-D    Higher Design 

IPCC    Intergovernmental Panel on Climate Change 

L    Lower (Demand) 

LCA    Life Cycle Analysis 

LHS    Latin Hypercube Sampling 

LLC    Limited Liability Company 

L-D    Lower Design 

MCS    Monte Carlo Simulation 

MGD               Million Gallons per Day 

NPV    Net Present Value 

NPVA    Net Present Value Analysis 

NSGA2   Non-dominated Sorting Genetic Algorithm II 

PDF    Probability Density Function 

PURRS  Probabilistic Urban Rainwater and Wastewater Reuse 

Simulator 

RI    Resilience Index 

rNSGA2   Robust Non-dominated Sorting Genetic Algorithm II 

RO    Real Options 

ROA    Real Options Analysis 

RWH    Rainwater harvesting 

SA    Scenario Analysis 

SOSM    Second Order Second Moment 

UK    United Kingdom 

UWOT   Urban Water Optioneering Tool 

U.S / USA   United States of America 

WDS    Water Distribution System 

WLC    Whole Life Costing 

WSAS   Water Saving Appliance Scheme 

YAS    Yield After Spill 

 



XIV 

 

ACKNOWLEDGEMENT 

 

I express my thanks to: 

 Professor Zoran Kapelan for guidance as my main supervisor throughout my 

study. 

 Professor David Butler, my co-supervisor, whose encouragement led to the 

achievement of this thesis. 

  Dr. Guangtao Fu, for discussions of WDS modelling that we held in the early 

days of my study. 

 The University of Exeter, for providing me with a PhD scholarship. 

 All the members of the Centre for Water Systems (CWS) for their valuable 

support, especially those I shared a working room with, including my 

colleague and friend Stuart Atkinson. 

Finally, I would like to express my heartfelt gratitude to my family (main source of 

inspiration) and all my friends for being supportive and patient during my challenging 

PhD journey. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

1 INTRODUCTION AND OVERVIEW 

1.1 General 

A water distribution system (WDS) is an artificial network that conveys water from 

the source (reservoirs, wells, rivers, etc.) to customers. The system is composed of 

pumps, pipes, tanks and other system elements. The purpose of a WDS is to deliver 

adequate amount of water with the required pressure and the desired quality level in 

accordance with regulations and standards, all in a safe and reliable manner. WDS 

design can involve new and / or existing network redesigns in order to keep up with 

the required service performance. Existing networks’ performances deteriorate due to 

bursts, leakage, poor water quality, increase in demands, pressure requirements in 

some instances, and so forth. Deteriorating WDSs require a substantial periodic 

redesign and rehabilitation investments for system performance upgrade. With budget 

constraints, water resources depletion, the uncertain increase in future water demand 

(due to the effects such as those of climate and urbanization changes) and the 

greenhouse gas (GHG) emissions associated with WDS design, the need for 

integrated approaches to counteract such challenges becomes clearer.  

 

WDSs require energy in numerous ways during their life span. Energy is required 

directly or indirectly in the material processing leading to the finished fabricated 

WDS components. Substantial energy is also a necessity in the construction, operation 

(e.g., pumping) and disposal processes of WDSs. Energy consumption leads to GHG 

emissions that are strongly associated with global warming and climate change. In 

this regard, there exists the challenge of mitigating climate change by reducing GHG 

emissions from WDSs while maintaining the intended purpose of water distribution. 

 

WDS design typically involves conventional intervention options (new pipes, pipe 

duplication, replacement or refurbishment, addition of pumps and / or tanks, etc.) that 

increase the capacity of the system to meet the consumers’ need. Water demand 

management (DM) interventions that increase supply and / or reduce water demand 

locally at house (or group of houses) level have recently received attention. In this 

thesis, water DM interventions that are explored include domestic Rainwater 

Harvesting (RWH) systems and the water efficient appliances that are used locally on 

the demand side but have an impact on the overall water distribution system 
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performance. RWH systems target increasing system capacity, whilst water efficient 

appliances aim to reduce the water consumption, i.e., DM saves the need for future 

system capacity increases. With these water DM intervention options, an opportunity 

to explore the benefit of their incorporation in the WDS design solutions is plausible.  

 

Water demand is one of the major factors that determine the hydraulic performance of 

a WDS. In other words, water demand drives the design of WDS components. The 

design intervention options are traditionally selected based on deterministic 

projections of future water demand. The fixed designs are then identified to serve the 

future demands adequately for the entire planning horizon. However, the effects such 

as those of urbanisation and climate change render future water demand highly 

uncertain but the extent of design has to be done now in order to supply adequate 

water to customers into the unknown future. With WDSs subjected to uncertainty in 

future water demand as a key parameter in design, making appropriate and long-term 

decisions becomes a challenge. The problem of uncertainty in design parameters 

requires new strategic methodologies that appropriately increase the resilience, i.e., 

lessen the susceptibility of overdesigned or underperforming WDSs in an attempt to 

better the traditional (deterministic) approaches. 

 

Generally, in order to meet the consequent challenges such as those of urbanisation, 

global warming and climate change, this thesis focuses on cost-effective WDS design 

considering climate change mitigation and / or adaptive measures and strategies. This 

design approach also considers the optimisation of WDS design while maintaining a 

good level of system performance.  

 

1.2 Aim and Objectives of Research 

The overall aim of this study is to develop methodologies for climate change 

mitigation and adaptive optimal long-term design of a general WDS for performance 

improvement under the potential and uncertain effect of future climate and 

urbanisation changes. This is done by considering alternative drivers (objectives), 

flexible strategies and demand efficiency type measures in addition to more 

conventional objectives and interventions currently used in WDS design. 
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In order to achieve the mentioned overall aim of the study, specific objectives are as 

follows: 

 

1. To evaluate the implication of adding new environmental and / or sustainability 

type drivers (objectives) when solving the long-term design problem of WDSs. 

This approach leads to WDS designs that mitigate climate change. 

 

2. To evaluate the implication of adding new interventions based on various water 

DM measures (at the WDS scale) when solving the long-term design problem 

of WDSs. This approach leads to design solutions that adapt to climate change 

by counteracting the potential effects such as those of climate and urbanisation 

changes. 

 

3. To develop a framework for the identification of flexible and / or adaptive 

conventional and / or non-conventional (conventional complemented with 

water DM) design intervention strategies under uncertain future water demand. 

The approach leads to WDS designs that respond appropriately to uncertainty 

as the effects such as those of urbanisation and climate changes unveil. 

 

4. To test, verify and demonstrate all the methodologies developed on case 

studies. 

 

1.3 Layout of the Thesis 

This thesis is organized in 7 chapters. After this introductory chapter 1, the rest are as 

follows: 

 

Chapter 2 provides the relevant and up-to-date literature review of the relevant issues 

pertinent to the focus of this thesis. The main areas of interest include the problem of 

long-term WDS design, climate and urbanization / demographic changes, flexibility 

and flexible planning methods, reliability measures and models, energy use and GHG 

emissions, water DM measures, and lastly optimisation methods. All these 

perspectives are considered in the context of WDS design and the associated 
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economic cost, hydraulic (e.g., resilience) and environmental (e.g., GHG emission) 

performance improvement.  

 

Chapter 3 presents a methodology that investigates the mitigation and adaptation of 

the designs of WDSs to the potential effects such as those of climate and urbanization 

changes. A multi-objective optimisation problem that is aimed at reducing carbon 

footprint in the design of WDSs is formulated. The non-dominated sorting genetic 

algorithm (NSGA2) is chosen as the solution method. The three objectives are: (1) 

minimisation of the total WDS design cost (2) maximization of WDS resilience and 

(3) minimisation of GHG emissions. In order to counteract the potential effects such 

as those of climate change and urbanization, water DM measures have also been 

incorporated as options in the design problem of WDSs to complement the 

conventional interventions. 

 

Chapter 4 develops a methodology for flexible WDS design under uncertain future 

water demand. The performance of the traditional deterministic and flexible design 

intervention strategies are evaluated and compared in terms of economic cost and 

WDS resilience measure. Furthermore, a multi-objective (two) WDS flexible design 

optimisation problem is formulated. The NSGA2 is again chosen as the solution 

method to be employed. The objectives are: (1) minimisation of total WDS (re)design 

cost and (2) maximisation of the WDS end resilience. In addition to the flexible 

conventional interventions, the methodology is also extended by incorporating 

flexible water DM intervention measures as possible options in the design in order to 

control uncertainty. 

 

Chapter 5 tests the methodology presented in chapter 3 in case studies with the main 

objectives of minimising total redesign cost and GHG emissions while maximising 

WDS resilience. The case studies presented here have been well studied in literature 

and include both relatively small benchmark problem based on a real-life network and 

the more complex realistic benchmark network. The results obtained in this thesis are 

also compared with the past literature results and relevant discussions and conclusions 

are drawn. 
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Chapter 6 tests the methodology for flexible WDS design that is developed in chapter 

4 on two case studies. First of all, the flexibility of WDS redesign is evaluated. 

Thereafter, a multi-objective (two) optimisation problem with the objectives of 

minimising WDS redesign cost and the maximization of WDS end resilience is 

solved. The traditional deterministic design results are compared with the newly 

proposed flexible designs. Furthermore, flexible designs with conventional 

interventions only are compared with enhanced flexible designs with both 

conventional and DM interventions. In the end, the relevant discussions and 

conclusions are drawn from the study. 

 

Chapter 7 summarises the overall study by making relevant conclusions that are 

followed by recommendations for possible future research work. The thesis structure 

is illustrated by a flow chart as shown in Figure 1.1 below. 

 

 

 

 

 

 

 

 

 

 

  

 

                      

 

 

 

 

 

 

 
 

Figure 1.1: Thesis Structure 
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2 LITERATURE REVIEW 

 

2.1 Introduction 

This chapter presents literature review that is relevant to the water distribution system 

(WDS) design methodologies that mitigate and also adapt the WDSs to the effect of 

climate and urbanisation changes. The aspects of the WDS design problem are 

arranged in a sequential manner according to the contents of the sections as follows: 

 

Section 2.2 provides the description of long-term WDS design problem in terms of 

objectives, targets / constraints, intervention measures, uncertainties, solution 

methods, etc. This section reveals how the problem of WDS design has been 

addressed in the past and the direction of this thesis. 

 

In section 2.3, climate change, urbanisation scenarios and their associated effects on 

the performance of WDSs are introduced and briefly discussed. These aspects are the 

key drivers of the research presented in this thesis. 

 

In Section 2.4, the concept of flexibility and flexible planning methods under 

uncertainty are introduced and their respective applications are discussed. The 

attention has been on scenario analysis, decision analysis and real options methods 

which are related to the flexible WDS design methodology presented in chapter 4 of 

this thesis. 

 

In section 2.5, WDS reliability and its measures are presented as reliability is one of 

the key indicators in the design of WDSs. After a brief introduction, WDS reliability 

measures that have been considered in previous studies are briefly reviewed. 

 

In section 2.6, energy use and the related WDS greenhouse gas (GHG) emission 

issues are introduced and further discussed. Pertinent issues related to energy and 

GHG emission quantification methods that are presented in literature are also 

reviewed in this section. The knowledge of GHG emissions is important when dealing 

with global warming and climate change mitigation measures. 
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In section 2.7, general water demand management (DM) measures / interventions are 

introduced. Thereafter, water saving appliances and rainwater harvesting (RWH) 

systems applications are discussed further as they are the main water DM 

interventions that have been considered when testing the methodologies developed in 

this thesis.  

 

In section 2.8, the discussion of optimisation of WDS design is presented. After a 

brief introduction to the section, a brief background of the optimisation methods is 

presented after which particular attention is given to Genetic Algorithms (GAs) and 

their application as they are the optimisation method used in this thesis. A brief 

summary and conclusions of the section then follow. 

 

The whole literature review is summarised in Section 2.9. 

 

2.2  Long-term Water Distribution System Design 

Traditionally, the design of WDSs has been based on experience (Simpson et al., 

1994) and trial and error to meet the requirements. Due to the large number of 

possible design combinations and the need to achieve the highest effectiveness for the 

investments made in water supply infrastructure, optimisation of WDS design, 

operation, etc. have since been largely explored. The problem of optimal least-cost 

design of WDSs has been studied by many researchers and practitioners in the past 

(e.g., Simpson et al., 1994, Dandy et al., 1996, Savic and Walters, 1997a, Farmani et 

al., 2006, etc.). The majority of previous approaches concentrated on designing 

systems so that the required quantity of water (deterministic demand at the end of 

planning horizon) can be delivered to customers at adequate pressure (constraint), in a 

reliable manner and at least cost as a single objective. All the previous design 

methods include both precautionary approaches, i.e., with all the interventions of the 

design carried out at the beginning of the planning horizon (e.g., Dandy et al., 1996; 

Savic and Walters, 1997a; Babayan et al., 2005; Farmani et al., 2006) and staged 

(e.g., Jayaram and Srinivasan, 2008; Mutikanga et al., 2008; Creaco et al., 2013) 

designs. Even though the staged designs obtained by the aforementioned researchers 

are developmental and better than the fixed deterministic (precautionary) designs due 

to their staged implementation of designs according to the respective design stage 
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demands across the planning horizon, they are still susceptible to poor performance 

under uncertainty. These approaches result in suitable design interventions that are 

fixed over some pre-specified long-term or subdivided planning horizon and do not 

account for uncertainty, which (uncertainty) is addressed in this thesis.  

 

Of late, WDS (re)design studies have shifted from a single objective (least cost) 

problem to a multi-objective optimisation problem that incorporates some measure of 

reliability (e.g., Prasad and Park, 2004; Farmani et al., 2005; Farmani et al., 2006; 

Jayaram and Srinivasan, 2008) and most recently environmental performance. The 

concept of resilience defined by Todini (2000) as shown in section 2.4.6 is the 

hydraulic indicator used in this thesis. The resilience concept has since been used by a 

number of researchers (e.g., Farmani et al., 2005; Reca et al., 2008; Saldarriaga et al., 

2008a,b) but not in the context of climate change. Increasing WDS resilience is seen 

as one of the most effective measures to address uncertain future climate change. 

More details about reliability and hydraulic constraints and / or objectives in the WDS 

design problem are discussed in the subsequent sections of this chapter. 

 

The environmental performance of WDSs is being considered and evaluated 

increasingly.  A key contemporary measure in the context of climate change is that of 

GHG emissions. Several environmental performance of WDSs such as embodied 

energy (see Ambrose et al., 2002, Dandy et al., 2006), operation energy (see Farmani 

et al., 2005, Ghimire and Barkdoll, 2010), life-cycle energy analysis (Filion et al., 

2004), GHG emission (see Dandy et al., 2006; Wu et al., 2010a; Wu et al., 2010b; 

Roshani et al., 2012; Wu et al., 2012a; Wu et al., 2012b), environmental impact index 

(EI) (Herstein et al., 2009, Herstein et al., 2011) have been evaluated. These 

evaluations can facilitate climate change mitigation but have not been considered 

simultaneously with WDS hydraulic performance in design. With regard to DM, Chiu 

et al. (2009) proposed locally optimised RWH systems that provide WDS pumping 

energy-saving approach in hilly communities and the results revealed that rainwater 

harvesting becomes economically feasible when both energy and water savings are 

addressed together. More detailed discussions of the aforementioned WDS design 

problems that consider environmental performance objectives are presented in section 

2.6. 
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Some studies have also recognised uncertainty in WDS designs (see Lansey et al., 

1989; Xu and Goulter 1999; Babayan et al., 2005; Kapelan et al., 2005; Giustolisi et 

al., 2009; Fu and Kapelan, 2011; Kang and Lansey, 2012) in which the most notable 

sources of uncertainty are the nodal demand, pipe roughness coefficient and 

component failure. In all the earlier approaches, the future water demand uncertainty 

has been addressed only passively by building in additional system redundancy 

(robustness) via suitably designed system configurations that are fixed (most of them 

not staged) over some pre-specified long-term planning horizon. The above studies 

did not create flexibility nor did they consider controlling uncertainty with DM in 

WDS designs. Uncertainty in engineering system design can also be managed by 

controlling it (uncertainty) with DM and creating flexibility in designs (De Neufville, 

2004). More detailed discussions of some of the WDS design studies that considered 

uncertainty and reliability measures are presented in section 2.5. 

 

Recently, researchers have started creating flexibility in engineering system planning 

(Zhou and Hu, 2009) and WDS designs (Huang et al., 2010). The application of 

methodologies for flexible WDS designs that consider long-term management is yet 

to be explored to a larger extent. Flexibility concepts in engineering system planning 

and design,  and the flexible WDSs are explained and discussed in details in section 

2.4. 

 

To this far, all the previous studies considered the common (conventional) design 

intervention options. Despite the obvious uncertainty in the performance of WDS 

designs, the knowledge that uncertainty can be managed by DM intervention 

measures and flexible designs, researchers have not considered integrating all these 

aspects in an attempt to improve WDS performance in the long-term.  Details of water 

DM as potential interventions in WDS design are discussed in section 2.7. 

 

2.3  Climate change and Urbanisation Scenarios 

2.3.1 Introduction 

The purpose of this section is to review climate and urbanisation demographics and 

the possible scenarios that would need consideration in the long-term design and 

operation of WDSs. 
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Challenges are presented by climate change, shifting demographics and economic 

transformations. Climate change impact can result in variability and uncertainties on 

water demand and resource quantity. Demographic changes are also known to have a 

direct influence on the quantity of water used and amount of wastewater generated. 

This effect is more significant in urban areas. Climate change and urbanization effects 

are uncertain in terms of their precise timing, magnitude, regional patterns and the 

extent to adapt to such changes. As climate and urbanization changes progress, more 

problems including issues such as resources scarcity and eco-environmental 

deterioration are brought to the fore front. The enormous capital investment 

associated with the expansion of the drinking water infrastructure so that it can 

accommodate future uncertain demands remains a challenge that needs to be faced. 

Consequently, the focus of this section is on the strategies that adapt WDSs to the 

potential effect of both climate and urbanization (e.g., demographic) changes. Other 

issues such as public health, socio-economic development, regulatory coordination, 

water quality, infrastructure security, institutional issues etc. are beyond the scope of 

this thesis. 

 

2.3.2 Background 

Global warming is directly associated with an increase of water demand and depletion 

of water resources available. This fact tends to put more stress on the existing water 

supply systems since they would not have been designed for such scenarios. 

Additionally, urbanisation has escalated in the past, which means that water demand 

in urban areas continues to rise partly due to demographics (population increase, 

household occupancy rates, etc.). As a result, demographics also pose challenges to 

water supply systems (Buchberger et al., 2008).  

 

2.3.3 Climate Change 

The challenge of climate change phenomenon is a serious international environmental 

concern and it has been a subject of much research and debate. The earth’s climate is 

influenced by many factors, mainly by the amount of energy coming from the sun, but 

also by factors such as the amount of greenhouse gases and aerosols in the 

atmosphere, and the properties of the earth’s surface, which determine how much of 

this solar energy is retained or reflected back to space (IPCC, 2007). The IPCC 
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ascertains that there is a natural GHG effect which keeps the earth warmer than it 

would otherwise be. There is a growing international scientific consensus that the 

effect has been due to (at least in part) human activities that increase the atmospheric 

concentrations of the GHGs such as carbon dioxide, methane, chlorofluorocarbons 

and nitrous oxide. The human activities mentioned here are primarily the burning of 

fossil fuels (coal, oil, and natural gas) for such activities as generating electricity and 

driving cars. The increase results to an additional average warming of the earth 

surface. The main GHG, water vapour, will increase in response to global warming 

and further enhance it. 

 

Many scientists are alarmed by a significant increase in the concentration of carbon 

dioxide and other GHGs in the atmosphere. In an effort to mitigate climate change, 

the UK’s Climate Change Act 2008 set a target to reduce the UK GHG emissions by 

at least 80% by 2050 compared to the 1990 level (Ainger et al., 2009). 

 

2.3.4 Urbanisation and Demographics 

Future water supplies should be able to cope with uncertain changes in water demand 

and availability due to impacts of local and global changes that may include increase 

in the concentration of population in urban centres and the related per capita 

economic growth.  

 

Rapid urbanization has already caused serious water scarcities and drastic conflicts 

between water demand and supply (Bao and Fang, 2007). The American Water works 

Association Research Foundation has identified U.S population growth and 

demographic shifts as one of the top ten major trends that will affect operation of the 

drinking water industry over the next 20 years (Buchberger et al., 2008). Bao and 

Fang (2007) indicated that when the population, economic and urban scales approach 

or exceed the water resources carrying capacity, or the utilization of water resources 

approaches or exceeds the threshold of natural water resources, the water resources 

systems significantly slow down the development of socio-economic systems, 

including the urbanization process. Furthermore, where the scarcer water resources 

are, the larger water resources constraint intensity also exists.  
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2.3.5 Related Work 

Buchberger et al. (2008) focused on drinking water infrastructure with respect to the 

impacts of global change. Their work attempted to address a key question in a 

research programme by the U.S Environmental Protection Agency in order to identify 

and evaluate innovative approaches to improve the planning, design, operation and 

maintenance of the nation’s water infrastructure. Key challenges were climate change, 

aging infrastructure with its consequences, population growth and other demographic 

shifts. Adaptation strategies discussed were, the increase of water supply (developing 

new sources, exploring market transfers, reuse-recycling and reclaiming water, and 

adopting tertiary treatment and emerging technologies), reducing water demand 

(detecting and controlling leaks, conserving water, providing economic incentives and 

educating consumers) and improving the planning and management (managing source 

waters, managing assets, integrating water resources planning, reform of regulations). 

The above study only appreciated the challenges posed by climate change and 

urbanisation on drinking water systems in general and suggests adaptation strategies 

(interventions) that are yet to be practised to a greater extent. However, there is no 

particular attention on the mitigation and adaptive measures in the (re)design of WDS 

as to enhance their performance in varying environments due to climate and 

urbanisation changes. 

 

Northwood and Filion (2008) characterised the impact of higher temperatures on peak 

water demands and on hydraulic performance in water distribution networks. The 

criterion used was based on the effect of higher temperatures on nodal demands, the 

mean and coefficient of variation of nodal pressures in water distribution networks. 

They used the Second Order Second Moment (SOSM) method as a tool to assess the 

impact in the Anytown network. The results showed that the warming scenarios have 

a detrimental effect on the ability of Anytown network to meet the minimum pressure 

specification. Node location also influenced the impact of higher temperatures on the 

mean and pressure coefficient of variation. The above study also appreciated and 

proved the negative impact of climate change and urbanisation on WDSs’ 

performance. Despite the clear indication of the adverse influence on WDSs, to this 

far, no attempts have been made to incorporate methodologies that are geared towards 



13 

 

both counter measures and mitigation efforts in (re)design to combat the effect of 

water demand changes that are influenced partly by climate change.  

 

2.3.6 Summary and Conclusions 

Literature review has revealed the challenges faced by the water supply infrastructure 

due to climate and urbanisation changes’ effects (increase of water demand, depletion 

of water resources). In response to these effects, adaptation strategies that include the 

increase of water supply, reducing water demand and improving the planning and 

management are the plausible decision alternatives. 

 

There exists a need to consider a long-term strategic (re)design and operational plans 

of WDSs that take into account climate change related objectives. These objectives 

are worth integrating into (re)designs to enable the governments meet their set targets 

to mitigate GHG emissions. Mitigation and adaptive (counter) measures would be 

essential to deal with the effect caused by both climate and urbanization changes 

phenomena. 

 

2.4  Flexible Planning Methods 

2.4.1 Introduction 

(Re)Design of WDSs is necessary to keep up with the water service requirements. 

However, the extent of (re)design has to be done now in order to supply adequate 

water to customers into the unknown future. The WDS parameters (e.g., water 

demand) are highly uncertain into the future due to the effects such as those of rapid 

urbanisation and climate changes. To deal with this problem, understanding of 

sources of uncertainty in the (re)design and how to cope with such uncertainty is 

inevitable. The following sections discuss uncertainty and flexible methods that can 

manage uncertainty in engineering systems. The terminologies associated with 

flexibility are also defined and adopted according to different researchers in their 

respective fields of application.   

 

2.4.2 Uncertainty in WDS (re)design 
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Recognising uncertainty in WDS design parameters is essential. Studies have clearly 

demonstrated that neglecting uncertainty in the design process may lead to serious 

under design of WDSs (e.g., Babayan et al., 2005; Kapelan et al., 2005). Uncertainty 

arises due to incorrect / errors in measurements or inability to predict future parameter 

states correctly. The most notable sources of uncertainty studied by researchers in 

WDSs are the nodal demand, pipe roughness coefficient and component failure (see 

Lansey et al., 1989; Xu and Goulter 1999; Babayan et al., 2005; Kapelan et al., 2005; 

Giustolisi et al., 2009). In this thesis, the focus is on the future nodal demand 

uncertainty as the prime effect of climate and urbanisation changes. 

 

WDS (re)design is traditionally based on the deterministic future water demand 

projections. The deterministic approach makes WDS susceptible to poor performance 

due to the actual demand most likely to differ from the projections. The performance 

of WDSs is highly dependent on consumer water demand that has to be met with 

adequate pressure. With uncertain future water demand, WDSs may underperform or 

end up being overdesigned due to the long-term unforeseen future conditions. Long-

term planning of WDS therefore requires strategic, cost-effective and sustainable 

(re)design intervention investment across the entire planning horizon, which is 

uncertain in nature. However, making the most appropriate decisions on such 

intervention measures that keep up the performance of WDS under uncertainty is a 

challenge. This challenge requires engineers to recognise uncertainty by employing 

flexible (re)designs that cope with uncertain system parameters.   

2.4.3 Background 

In the past, researchers formulated and solved robust WDS design problems under 

uncertainty (see Lansey et al., 1989; Xu and Goulter 1999; Giustolisi et al., 2009) in 

order to enable the system to cope with uncertainty. Building redundancy in WDS is 

one way of achieving robustness. Kapelan et al. (2006) worked on robustness and risk 

based solutions to a multi-objective WDS redesign problem under water demand 

uncertainty. In all the previous approaches the future demand uncertainty has been 

addressed only passively by building in additional system redundancy via suitably 

sized and conventional intervention strategy that is fixed over some pre-specified 

long-term planning horizon. The importance of uncertainty consideration grows as we 

take a longer term view, i.e., in the context of climate and urbanisation phenomena. 
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As pointed out by De Neufville (2004), alternative ways exist to more proactively 

manage future uncertainties by creating and maintaining flexibility in the engineering 

design and / or control by demand management.  

 

According to Saleh et al. (2001), flexibility in system design should address questions 

such as: (1) What is flexibility? (2) Why and when is flexibility needed in system 

design? (3) How can we design for flexibility and what are the design principles for 

embedding flexibility in system design? Finally, (4) what are the trade-offs associated 

with designing for flexibility and what is the value of flexibility and penalties (cost, 

performance, risk, etc.) if any, that are associated with it. 

 

2.4.4 Review of Flexibility Definitions 

2.4.4.1  Flexibility 

In literature, flexibility has been defined in different ways depending of the field of 

consideration.  The concept of flexibility in engineering has received much attention 

in the field of manufacturing systems. Flexibility is a word rich with ambiguity (Saleh 

et al., 2001). Some of the example definitions of flexibility in engineering systems 

found in literature are as follows: 

 Tanyimboh and Templeman (1993) defined flexibility in WDS design as the 

extent to and ease with which a distribution network can cope with 

eventualities for which it was not designed. 

 

 Flexibility is a word that characterises a system’s ability to be changed easily 

and the changes from external have to be implemented to cope with the 

changing environment (Schulz and Fricke, 1999; Fricke and Schulz, 2005).  

 

 Saleh et al. (2001) defined flexibility of a design as the property of a system 

that allows it to respond to changes in its initial objectives and requirements, 

both in terms of capabilities and attributes, occurring after the system has been 

fielded, i.e., in operation in a timely and cost effective way.  

2.4.4.2  Similar terms of system changeability 
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Some of the common similar terms to flexibility in engineering systems are discussed 

in this section. The terms are as follows: 

 

Robustness: According to Schulz and Fricke (1999) and Fricke and Schulz (2005), 

robustness characterises a system’s ability to be insensitive towards changing 

environment. This ability means that no changes from external have to be 

implemented in the system to cope with the changing environment. Similarly, Savic 

(2004) defined robustness as the ability of the system to maintain a level of 

performance even if the actual parameter values are different from the assumed 

values. Savic (2004) further identified three possible ways to approach robustness 

issues related to uncertainty in urban water infrastructure planning (i.e., model input 

parameters) as: (1) designing redundancy into the system by adding ‘safety margins’ 

to parameters which are considered uncertain and then solve the resulting 

deterministic optimisation problem (2) by  uncertainty quantification approaches and, 

(3) fuzzy logic approach. 

 

Reliability: In order to compare reliability assessment techniques, Tung (1985) 

defined numerical measurable system service reliability as the probability that flow 

can reach all the demand points in the network. Lansey et al. (1989) defined reliability 

as the probability that a system performs its mission within specified limits for a given 

period of time in a specified environment. 

 

Resilience: Todini (2000) defined resilience as the system capability of overcoming 

stress or failure conditions. Kjeldsen and Rosbjerg (2004) defined resilience as the 

ability of the system to return to non-failure conditions. 

 

Adaptability: According to Schulz and Fricke (1999) and Fricke and Schulz (2005), 

adaptability characterises a system’s ability to adapt itself towards the changing 

environment by changing themselves under varying operation conditions. In this case, 

no change from external is needed. 

 

2.4.5 Planning Methods  

2.4.5.1  Scenario Analysis (SA) 



17 

 

Scenario thinking / planning is considered as a strategic planning method used for 

flexible long-term plans that take uncertainty into account. According to O’brien 

(2004), scenario planning addresses issues such as:  

 

(1) The synthesis of information about what is important for an organisation, 

which is necessary for understanding future uncertainties. 

(2) The development of a consistent and plausible set of descriptions of possible 

futures, or scenarios, through the use of a structured methodology and, 

(3) The evaluation of the implications of the scenarios for the organisation today. 

 

SA is not based on the past data but considers qualitative and subjective information 

of experts to construct scenarios and conduct analysis (Wang, 1999). Scenario 

planning is a key technique used by futurists to develop future models and strategic 

action plans and policies or to create a vision for the future (Erdogan, 2009). 

2.4.5.2  Decision Analysis (DA) 

DA refers to the broad quantitative field overlapping operation research and statistics 

that deals with modelling, optimisation and analysing decisions made by individuals, 

groups and organisations (Covaliu, 2001). The DA method application is beneficial in 

complex, multiply decisions and uncertainties that affect the outcomes. In literature, 

the most notably tools used under this method are the decision diagrams and the 

decision trees. 

 

Decision diagrams: Decision diagrams are effective in decision analysis because they 

represent decision problems in a compact form, are simple to introduce to those not 

familiar with DA and are an excellent evaluation device (Blum et al., 1994). 

 

Decision Tree:  This is another tool that provides a systematic way of making 

decisions in an uncertain environment to address a variety of problems. The method 

allows decision makers to represent a complex problem into a series of simple and 

smaller problems with estimated probability of possible outcomes of a project (Topal, 

2008), i.e., appropriate decision branches have probabilities of their likelihood of 

occurrence. A decision tree has nodes (i.e., for decisions and uncertainty events) and 

branches. At the end of each branch, the outcome of the path is indicated. 
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2.4.5.3  Real Options Analysis (ROA) 

Traditionally, managers based their decisions on whether to invest in projects 

(intervention measures) by using techniques such as Net Present Value Analysis 

(NPVA) and other conventional Discounted Cash Flow (DCF) methods (e.g., Internal 

Rate of Return, Return of Investment and Payback). However, these methods cannot 

value flexibility in cases of project uncertainty. One method that explicitly allows the 

value of flexibility to be recognised and appraised is Real Options (RO). The concept 

of Real Options was coined by Myers (1977) when financial option pricing theory 

was applied to non-financial assets. A financial option is known as a right but not an 

obligation to buy (call option) or sell (put option) a specified quantity of an 

underlying asset at a fixed price at or before the expiration date of the option. 

Decision makers have the opportunity to execute or abandon investments as new 

information unfolds in the future.  

 

The real, i.e., flexible options can be classified into three broad categories (Copeland 

and Keenan, 1998): (1) invest / grow type options: (a) scale up options (business 

positioning to allow scaling up through cost-effective sequential investments as future 

market grows), (b) switch up options (flexibility option to switch projects / 

interventions given shift in underlying price or demand) or (c) scope up options 

(investments in proprietary assets to allow cost-effective entry to new markets); (2) 

defer / learn options (delay interventions into the future until new information or 

technology becomes available) and (3) abandon / reduce options (scale down, switch 

down or scope down options - see above). Some of the above general options of 

invest / grow and defer / learn type can be used in the context of long-term planning 

of projects under future demand uncertainty. Projects with options are generally 

staged with initial implementation and subsequent stages where options are possibly 

implemented. 

 

De Neufville (2003) categorised RO as those that are either ‘on’ or ‘in’ projects. Real 

Options ‘on’ projects are financial options taken on technical projects with technology 

treated as a ‘black box’. Real Options ‘in’ projects are options created by changing 

the actual design of the technical system. Wang and De Neufville (2004) proposed a 
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procedure to identify RO ‘in’ engineering systems. Building flexibility in engineering 

system design under uncertainty has been likened to creating RO.  

 

Different methods exist for the representing and evaluating RO, most originating from 

the work on financial options. Wang and De Neufville (2005) discussed the suitability 

and limitations of such approaches based on Black-Scholes equation, simulation and 

binomial lattices in the context of RO ‘in’ projects. It was found out that the Black-

Scholes evaluations are often more true for financial options and binomial lattices do 

not have sufficient capability to value the complex RO ‘in’ projects (Buurman et al., 

2009). For analysis of RO ‘in’ projects, a discrete time decision tree with non-

recombining nodes can better represent the RO problem (Buurman et al., 2009, Wang 

and De Neufville 2004, Wang and De Neufville 2005). Such a decision tree coupled 

with decision rules (water demand threshold levels) has been used in this thesis.   

 

Researchers in different fields of study have explored the application of RO approach 

for engineering design under uncertainty. Lazo et al. (2003) used RO decision rules 

for oil field development under market uncertainty using genetic algorithms and 

Monte Carlo Simulation (MCS). Zhao and Tseng (2003) valued flexibility in 

infrastructure expansion by enhancing  the foundation and columns of a parking 

garage to make it flexible in terms of future expansion (adding extra floors) to add 

value if high demand materialises. Later on, De Neufville et al. (2006) also used the 

parking garage case study to show how designers of infrastructure systems can 

valuate flexibility in engineering systems in a fairly simple way by an illustration of a 

spreadsheet approach to valuing RO in a project. Buurman et al. (2009) used the idea 

of RO analysis to reduce risk in the case of architecting a maritime domain protection 

system. More work by Zhang and Babovic (2010) integrated RO valuation, decision 

analysis techniques, MCSs and evolutionary RO framework to address the issue of 

decision support for designing and managing flexible projects and systems under 

uncertainties. Woodward et al. (2011a) and Gersonius et al. (2011) explored the use 

of RO method in flood risk management strategies. Recently, Zhang and Babovic 

(2012) used RO approach to demonstrate that incorporating innovative water 

technologies into water supply systems can concurrently improve water supply from 

the financial, potitical and socioecomomic perspectives. 
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2.4.6 Flexibility in WDSs 

Flexibility in WDSs has been considered as the systems’ extent and ease with which 

they can cope with eventualities for which they were not designed. In other words, 

flexibility in WDSs has so far mostly focused on the systems’ abilities without 

possible future interventions (change from external) to deal with uncertainties. The 

following are some of the measures of the WDSs performance that have been 

considered in the perspective of flexibility. Note that the WDS resilience index is 

explained in details because of its use in this thesis. 

 

(1) Minimum Surplus Head Index 

The surplus head at a demand node is the difference between the actual / available 

head (hav) at which the demand is supplied and the minimum required head (hreq) or 

design head at that node. The surplus head indicates the available energy for 

dissipation during failure conditions. Maximisation of the available surplus head at 

the most depressed node improves reliability of a network to some extent. 

 

(2) Total surplus head Index  

Maximisation of the total surplus head index (system surplus head) also improves the 

ability of a network to adjust under stressed conditions. 

 

(3) Resilience Index 

Todini (2000) proposed resilience index based on the concept that the power input 

(Pinp) into a network is equal to the power lost internally (Pint) plus the power that is 

delivered at demand points (Pout).  

 

            (2.1) 

 

          (2.2) 

 

            (2.3) 

 

            (2.4) 
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where nr is the number of reservoirs; Qr is the reservoir flow; Hr is the reservoir head; 

npu is the number of pumps; Pj is the pump power; Pint,max
 
is the maximum power that 

would be dissipated internally in order to satisfy design demand qi and design 

(required) head hreq
 
at the i-th node; γ is the specific weight of water and nn is the 

number of nodes. 

 

Resilience Index (Ir) of a network is therefore defined as: 

 

     (2.5) 

where hav is the available (actual) head. 

 

The concept of resilience by Todini (2000) was further developed by Prasad et al. 

(2004) in an attempt to incorporate the effect of both surplus power and reliable loops 

in the resilience index. In this regard, reliable loop can be ensured if the pipes 

connected to a node are not widely varying in diameters. This version of index is 

called network resilience (In). The surplus power at any given node is expressed as: 

 

        (2.6) 

 

The generalised uniformity of the node is:  

 

         (2.7) 

 

where npi is the number of pipes connected to node i, Dk is the diameter of a k-th pipe 

connected to node i. 

 

The weighted network surplus power (X) and the maximum surplus power (Xmax) are 

expressed as: 

 

        (2.8) 

 

        (2.9) 
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The weighted network surplus power is then normalised by dividing with maximum 

surplus power to get network resilience. 

 

                (2.10) 

 

Jayaram and Srinivasan (2008) modified the resilience index of Todini (2000) in 

terms of applicability to networks with multiple sources. This measure was named as 

the modified resilience index (MIr) which is calculated as follows: 

 

       (2.11) 

 

Note that, while Ir and In take values between 0 and 1, the MIr can be greater than 1 

with a theoretical upper limit of infinity although infinity may not occur in practice. 

 

(4) Entropy 

Awumah et al. (1991) extended the general entropic method that was first presented 

by Shannon (1948) to develop a parameter that can be used effectively in the design 

of WDSs. Increase in the value of redundancy (inherent in the layout) measured by 

this entropic parameter, increases the ability of a WDS to respond to failure problems 

within the network. The entropic parameter operates on WDS flows. See Awumah et 

al. (1991) for further details. Even though there are different versions of WDS 

resilience indices, the original WDS resilience index introduced by Todini (2000) is 

adequate for demonstration of the design methodologies developed in this study. For 

more information on the performance of WDS resilience indices and entropy, see 

Banos et al. (2011) and Atkinson et al. (2011). 

 

Recently, Huang (2011) introduced Flexibility index which is defined as the weighted 

sum of decreasing (improving) the pressure deficiency on the worst node of WDS 

under each load condition. The pressure deficiency improvement is based on pressure 

deficiency before and after flexibility source (intervention) has been applied. This 

index was used to identify flexibility sources in a WDS.  
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In addition to the above measures of system flexibility discussed in this section, some 

more measures can be formulated and applied to quantify how flexible the system is 

in terms of responding to uncertain eventualities. These measures may include, 

minimum surplus capacity in system components, reliable loop (i.e., minimum 

number of links connected to a node in the system), and statistical measurements (i.e., 

the difference between variation of pressures in pressure nodes under uncertainty 

before and after embedding flexibility) (Huang, 2011). 

2.4.7 Related Work 

Flexibility in long-term planning has been explored by Zhou and Hu (2009) who 

solved a multi-phase, multi-objective stochastic optimisation problem that considered 

flexible design of delivery capacity in urban WDSs. In the view of project investment, 

they minimised (1) wasted investment due to the overestimated delivery capacity and, 

(2) supplementary investment due to underestimated delivery capacity. Investments 

are calculated as discounted products of penalty coefficients and the differences 

between predicted and actual demands. A penalty coefficient for wasted investment is 

the ratio of wasted investment to the excessive delivery capacity. As for the 

supplementary investment, it is the ratio of supplementary investment to the 

insufficient delivery capacity. Even though flexibility in the long-term has been 

considered, this methodology only considers the general system planning in terms of 

capacity delivery related investment but does not consider any design aspects of WDS 

infrastructure. 

 

According to the author’s knowledge, Huang et al. (2010) were the only researchers 

who so far have suggested using the concept of flexible design in the context of long-

term design of WDSs. The uncertain future demands were represented using a 

scenario tree denoting a number of pre-defined demand scenarios with arbitrarily 

chosen probabilities for different paths on the tree. The flexible intervention strategy 

was represented as a set of time-staged interventions that were evaluated using the 

enumeration method over a small number of pre-defined demand scenarios over the 

analyzed planning horizon. WDS performance was evaluated in terms of WDS cost 

by summing up the products of individual WDS costs, penalty cost (due to pressure 

deficiency) and the assumed probability of each demand scenario analyzed. The pre-

defined future demand scenarios and arbitrarily chosen probabilities (i.e., scenario 
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tree) seems less compatible with the way demand projections are normally made in 

engineering practice. In this regard, considering fixed demand scenarios may also 

result in flexible solutions that are more expensive than the deterministic solutions.  

 

2.4.8 Summary and Conclusions 

Flexibility and related terms that are often used with different engineering systems 

(e.g., manufacturing systems and WDSs) under uncertainty have been introduced. 

Flexibility planning methods (e.g., SA, DA and ROA) have been briefly discussed. 

WDS flexibility measures have also been discussed and the following conclusions on 

the direction of this thesis are made: (1) Flexibility in WDS design that considers 

long-term management has not been well studied. In engineering system design, 

flexibility may refer to designs that enable external changes to be easily implemented 

in order for the system to cope with the changing environment. Also, flexibility has 

been defined as the extent and ease with which a system can cope with eventualities 

for which it was not designed. (2) Based on the first point, this thesis focuses mainly 

on the designs that enable designers or managers to take specific decisions to alter the 

configuration of the system as the new information unveils. The system’s extent and 

ease with which it can cope with eventualities is taken into account through resilience 

index measure as an objective. 

 

2.5  Reliability Measures of Water Distribution Systems 

2.5.1 Introduction 

Generally, WDS intervention measures concentrate on designing and / or 

rehabilitating the system so that the required quantity of water (demand at the end of 

planning horizon) can be delivered to the water system customers at adequate 

pressure, in a reliable manner and at an optimum cost. Over the past years, researchers 

(Tung, 1985, Wagner, 1988, Lansey et al., 1989, Xu and Goulter 1999, Giustolisi et 

al., 2009, etc.) worked on reliability of water distribution systems but until now, there 

is no single consensual definition of reliability in WDSs. However, key elements can 

be identified in reliability analysis of water distribution systems.  

 

Reliability is closely associated with uncertainty. Uncertainty could be the occurrence 

of events that are beyond our control. Decision making under uncertainty, by 
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definition, occurs when probabilities of the outcomes of any choice are completely 

unknown (Kapelan et al., 2005). WDSs are subject to uncertain parameters in their 

operation which makes it necessary to explore methodologies that enable informed 

design decision making under uncertainties. Actual reliability analysis of WDSs is a 

relatively complex process including failure of the system components, variability of 

demands and the uncertainty in pipe capacity on the level of service provided to the 

customers (Xu and Goulter, 1999). The following sections review reliability 

assessment methodologies of WDSs. 

 

2.5.2 Background 

In literature, WDS reliability measures are basically mechanical (i.e., connectivity and 

reachability (Wagner, 1988) and hydraulic (capacity, hydraulic dependent measures, 

e.g., economic) reliability. They have all been incorporated in the (re)design and 

rehabilitation of water supply networks as a way of extending the earlier least-cost 

designs. When uncertainty is taken into account, it has usually been incorporated into 

the problem formulation as a constraint on minimal system robustness or as a penalty 

within the fitness function (Babayan et al. 2005). 

 

There exists a difficulty of quantifying any sufficient and realistic measure of 

reliability. The numerical evaluation of the reliability for hydrosystems requires the 

use of probabilistic and statistical models (Mays and Tung, 1992). In literature, 

probabilistic measures for calculating reliability of WDSs have been developed 

(Wagner, 1988, Li et al., 1993, Xu and Goulter, 1999, Tolson, 2004, Marinis et al., 

2007, Chandramouli and Malleswararao, 2011, etc.). Two issues have been identified 

as being particularly problematic in reliability assessment, namely, what measure is 

most appropriate for assessment of reliability and what an acceptable level of 

reliability is (Xu and Goulter, 1998). More realistic measures of the reliability of 

WDSs are known to have extremely high computational requirements. 

 

In order to facilitate the comparison of various techniques, Tung (1985) defined 

numerical measurable system service reliability as the probability that flow can reach 

all the demand points in the network. Tung (1985) also described six techniques for 

reliability evaluation of complex WDSs. These techniques include (1) Conditional 
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probability approach (2) Cut-set method (3) Tie-set analysis (4) Connection matrix 

method (5) Event tree technique and (6) Fault tree analysis. 

 

The hydraulic model uncertainties had been quantified by an analytical technique that 

is known as First Order Second Moment (FOSM) reliability method (Lansey et al., 

2001) which does not take account of information about the Probability Density 

Function (PDF) of the uncertain variables and assumes that the relationship between 

the uncertain and response variables is very close to linear which is not the often case 

with WDSs. First Order Reliability Method (FORM) (Xu and Goulter, 1999) is more 

accurate to calculate uncertainties but requires repetitive calculation of the first order 

derivatives and matrix inversions which is very computationally demanding even in 

the case of small networks and lead to a number of numerical problems (Babayan et 

al., 2005). To overcome the limitations of analytical methods (FORM, FOSM), 

Kapelan (2006) employed a sampling-based technique that does not require 

calculation of any derivatives to quantify uncertainties and can handle non-linearity of 

WDSs. 

 

2.5.3 Related Work 

In an attempt to explore capacity reliability of water supply systems, Li et al. (1993) 

investigated the impact of the uncertainty of internal roughness coefficient of aging 

pipes on the carrying capacity of a deteriorating water distribution network by 

adopting a probabilistic approach. They developed a methodology to generate 

capacity reliability for general capacity networks. An algorithm was proposed to 

achieve a hydraulic reliability measure through combining capacity reliability with 

mechanical reliability. This method had a capability to consider a single node only. 

 

Following the work by Li et al. (1993), Schneiter et al. (1996) further investigated 

capacity reliability (probability that the carrying capacity meets the flow demand) to 

aid in maintenance and rehabilitation decision making for water distribution networks. 

The use of capacity reliability for networks with more than one demand node was 

considered by finding the probability of a feasible flow given probability distributions 

of flow capacities in the pipes and fixed nodal demands. A modelling approach that 
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adopts a capacity reliability measure for general networks with more than one demand 

node was developed. 

 

The above studies (Li et al., 1993, Schneiter et al., 1996) concentrated on quantifying 

some measures of reliability under uncertainty. Sources of uncertainty included the 

system components properties (roughness coefficient, capacity) only but did not 

consider any uncertainty source (e.g., water demand) that is strongly associated with 

climate change. 

 

The stochastic least-cost design was first solved as a single objective problem by 

Lansey et al. (1989). In their work they assumed that nodal heads are random, 

normally distributed variables with known mean and standard deviations. In reality, 

heads depend on uncertain WDS parameters (e.g., water demands) and would mean 

the standard deviation and mean of nodal heads changes in the search for optimal 

solutions. Therefore, the mean and standard deviation cannot be fixed at the beginning 

of the optimisation process. 

 

Xu and Goulter (1999) presented an approach which jointly recognised uncertainty in 

the nodal demands, pipe hydraulic capacities as well as the mechanical failure of 

system components in the reliability-based optimisation of WDSs. In their study, the 

FORM was used to determine the capacity reliability of the WDS in the various 

network configurations. Also, hydraulic requirements were not included directly in 

the model, but were addressed implicitly through reliability constraints that are 

evaluated by a probabilistic hydraulic model. This method was also computationally 

demanding but not excessive for reasonably sized networks. The generalised reduced 

gradient (GRG2) local search technique was used for optimisation. Tolson (2004) 

improved the approach by Xu and Goulter (1999) by combining a GA-based 

optimisation scheme with a method for estimating WDS reliability based on FORM. 

 

Kapelan et al. (2006) worked on risk and robustness based solutions to a multi-

objective WDS rehabilitation problem under uncertainty. Two problem formulations, 

each with the first objective of minimizing the total WDS rehabilitation cost and 

second objective being either maximizing the overall robustness or minimizing the 

total WDS risk were solved. Decision variables were the alternative duplication pipe 
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size options for each existing pipe in the network. The only source of uncertainty was 

the future water consumption. Uncertain demands were modelled using the PDFs 

assigned in the problem formulation phase. The corresponding PDFs of the analysed 

nodal heads were calculated using the Latin Hypercube Sampling (LHS) technique. A 

case study was then carried out on the New York tunnels network and results 

indicated that neglecting demand uncertainty in WDS design problems may lead to 

serious under design. Both robust and risk-based multi-objective design approaches 

were capable of identifying (near) Pareto optimal fronts under uncertain demands 

while achieving significant computation savings when compared with a full Monte 

Carlo Simulation (MCS) technique. However, it was concluded that even though the 

high quality solutions obtained by both robustness and risk driven models were 

similar, the risk based approach was preferred because it takes into account the 

consequences of a potential failure in addition to the probability of failure. The 

optimal rehabilitation problem was solved using rNSGA2, which is a modified 

NSGA2 optimisation tool. 

 

Marinis et al. (2007) applied an extended period simulation (EPS) to solve a multi-

objective WDS problem that incorporated the economic level of reliability (ELR), i.e., 

lost revenue owing to structural inadequacy of WDS with respect to water demand.  

The water consumption required at each network node in the 24 hrs simulation was 

modelled as an independent random variable distributed with a predefined PDF. The 

appropriate PDFs and their parameters were estimated through an experimental study 

conducted on a real-life WDS in southern Italy. The objectives considered were the 

minimisation of the total cost (structural costs plus lost revenue cost) and the 

maximisation of the hydraulic reliability. The lost revenue is a function of hydraulic 

reliability (the probability that the nodal head is equal or more than the minimum head 

required) and the unit cost of water. 

 

WDS studies by Lansey et al. (1989) and Xu and Goulter (1999), are some of the 

examples of least-cost reliability-constrained WDS optimisation problems in which 

uncertainties were quantified with an analytical method (FORM) and the problems 

solved with deterministic methods (GRG2). On the other hand, Kapelan et al. (2006) 

and Marinis et al. (2007) employed sampling techniques and GAs for quantifying 

uncertainties and two-objective optimisations. However, all the design problems that 
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accounted for uncertainty considered conventional design intervention options only. 

Furthermore, single and two objectives (economic cost, reliability measure) were 

considered without any environmental consideration in the solutions. 

 

All the studies presented in this section addressed future uncertainty by passively 

building in additional system redundancy via suitably sized intervention strategies that 

are fixed (not staged) over some pre-specified long-term planning horizon. In 

practice, WDSs operate in an uncertain environment from the time of commissioning 

up to the end of the planning horizon. Having said this, methodologies that provide 

intermediate interventions (i.e., flexibility) are therefore required in order to respond 

to uncertainty during the course of the WDS lifespan.   

 

2.5.4 Summary and Conclusions 

Even though there seems to be no single consensual definition of reliability of water 

distribution, research has expressed reliability measures in a number of elements 

including mechanical (i.e., connectivity and reachability) and hydraulic (capacity, 

hydraulic dependent measures, e.g., economic, etc.) reliability to improve designs.  

 

There is a difficulty of quantifying any sufficient, realistic measure of reliability and 

some realistic measures of reliability of WDSs have extremely high computational 

requirements. Uncertainty can be quantified by analytical (e.g., FOSM, FORM) and 

sampling techniques (LHS, MCS). Where sampling techniques are employed, 

uncertain parameters have been modelled as random variables distributed with 

predefined PDFs. It was found that neglecting uncertainty in the design process may 

lead to serious under design of WDSs. However, uncertainties associated with future 

demand projections and the associated designs received a fair amount of attention in 

literature, but not in the context of long-term climate and urbanization changes. Most 

of the problems were formulated and solved as robust optimisation problems which 

always result in a fixed rehabilitation / design solutions that do not consider 

intermediate uncertainties and the associated interventions over a long-term planning 

horizon. 

 

2.6  Energy use and Water Distribution System GHG emissions 
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2.6.1 Introduction 

WDS infrastructure deteriorates with time and requires a substantial periodic 

(re)design investment for system performance improvement. GHG emissions, such as 

those generated through components fabrication, construction, operation and disposal 

processes of WDSs are strongly associated with global warming and climate change. 

Across the world, the supply, transmission, pumping, treatment and distribution of 

water and wastewater accounts for 2-3% of all energy consumed (Roberts, 2009). 

Energy is directly associated with GHG emissions. Of the 0.8% GHG emissions from 

the UK water sector, 56% is from wastewater, 39% from water supply and 5% from 

administration and transport (Reffold et al., 2008). The consideration of GHG 

reduction in the (re)design of WDS becomes increasingly important as GHG 

mitigation policies are centred on strategies that meet government’s target levels. Due 

to the GHGs’ environmental concerns such as climate change, governments around 

the world aim to reduce GHG emissions. The UK’s Climate Change Act imposes a 

legally binding target of reducing, by 2050, UK GHGs by 80% from their 1990 levels 

(Ainger et al., 2009). This Act is also in accordance with the European low carbon 

objective. In order to meet the challenge of global warming and climate change 

mitigation, the overall aim of this section is to explore the possibilities of improving 

water distribution designs taking into account the reduction of life-cycle energy and 

consequent GHG emissions of WDSs as a measure of environmental sustainability. 

2.6.2 Background 

The problem of optimal least-cost design of WDSs has been studied by many 

researchers and practitioners in the past (e.g., Dandy et al., 1996; Savic and Walters, 

1997a; Vairavamoorthy and Shen, 2004; Babayan et al., 2005). The majority of 

previous approaches concentrated on designing systems so that the required quantity 

of water (demand at the end of planning horizon) can be delivered to customers at 

adequate pressure, in a reliable manner and at least cost.  

 

Subsequent studies have incorporated numerous performance indicators in design to 

improve WDS reliability (see Li et al., 1993; Schneiter et al., 1996; Todini, 2000; 

Doby et al., 2001; Kapelan et al., 2005; Farmani et al., 2006; Marinis et al., 2007). 

The environmental performance of WDSs is being considered and evaluated 
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increasingly.  A key contemporary measure in the context of climate change is that of 

GHG emissions. For example, in the UK, GHG emissions from water supply systems 

contribute to approximately 39 percent of the total emissions from the water industry 

(Ainger et al., 2009). GHG emissions are generated from components fabrication, 

construction, operation, and disposal processes of water distribution networks (see 

Filion et al., 2004 and Wu et al., 2010a). Therefore, reducing both embodied and 

operational (especially energy consumption related) GHG emissions is important as it 

helps mitigate future negative impact of climate change.  

 

The problem of WDS (re)design has moved on from the least cost design to a multi-

objective optimisation problem that, in the context addressed here, typically addresses 

the trade-off between intervention and other costs, some measure of WDS reliability 

(Prasad and Park, 2004; Farmani et al., 2005; Farmani et al., 2006; Jayaram and 

Srinivasan, 2008) and lately some measure of environmental performance. Energy is 

one of the vital necessities in the whole life-cycle of WDSs. Energy required for WDS 

operation is mainly for pumping purposes. Electricity is the main source of such 

energy. Although operational energy consumption reduction through better design has 

been a goal of designers over the years, materials’ embodied energy in water networks 

design has not received particular attention in the past. The problem has been due to 

lack of data, no clear assessment methodology, lack of understanding and a common 

belief that the embodied energy portion of asset energy consumption is insignificant 

(Ambrose et al., 2002). However, energy consumption is a useful way of comparing 

designs. 

 

2.6.3 WDS Energy / GHG emission Quantification 

Various materials are available for fabricating different WDS components. With 

WDS (re)design that involves choices between different materials, it is necessary for 

construction industries to embrace whole life costing (WLC) and Life Cycle Analysis 

(LCA) concepts even though they are difficult due to indirect and subjective costing 

(Ambrose et al., 2002).  

Comparison of manufacturing processes should be confined to concepts where 

quantification can be justified and one such approach is embodied energy analysis 
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(EEA) where the total energy used to manufacture and install different materials is 

also different (Ambrose et al., 2002). Embodied energy can be used to evaluate the 

overall energy impact of a particular pipeline network. In this thesis, embodied energy 

is the amount of energy used directly and indirectly to manufacture WDS components 

such as pipes, pumps, storage tanks, valves, and other associated appurtenances. Like 

operational energy in WDS, embodied energy can be a performance indicator in 

designs. 

Goggins and Keane (2010) revealed that there has been many methods used in the 

assessment of embodied energy and accuracy depends on the method chosen. These 

methods include: (1) Process analysis: where results obtained are highly relevant to 

the product analysed, (2) Input-output analysis: where results are very general (i.e., 

the average of an entire sector) thus the relevance of analysis depends on whether a 

product is a typical output of its economic sector, and (3) Hybrid analysis (Process-

based and Input-output based hybrids): where the process component is highly 

relevant while the input-output component is generalised. 

2.6.4 Related Work 

This section discusses research work aimed at introducing environmental objectives in 

the (re)design of WDSs. In the early stages, Dandy et al. ( 2006) and Ambrose et al. 

(2002) emphasised the importance of embodied energy in decisions that involve 

WDSs’ components. Farmani et al. (2005) incorporated pump scheduling in the 

redesign of WDSs. Pump scheduling can reduce pumping energy cost. Ghimire and 

Barkdoll (2010) carried out a sensitivity analysis by quantifying energy savings due to 

the alteration of system-wide water demand, storage tank parameters and pumping 

stations. Of the networks considered, they found that the reduction in water demand, 

main pump horsepower and booster horsepower led to significant energy savings 

from WDSs. In essence, energy requirement in water supply systems can be a useful 

way of comparing designs and operation. The studies discussed here focused on the 

operational and WDS components energy consumption and further evaluated the 

embodied energy in the design of WDSs as a two objective problem without a 

hydraulic performance indicator. Also, pump scheduling done by Farmani et al. 

(2005) was on the basis of energy cost reduction. Due to the environmental concerns, 

both energy cost and the associated GHG emissions need to be considered. 
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Filion et al. (2004) proposed a life-cycle energy analysis of WDSs. The methodology 

has WDS energy expenditure in three life-cycle stages (i.e., fabrication, use stage and 

end-of-life stage) under which energy is required for WDS components fabrication, 

repair / maintainance, operation (mainly pumping energy) and disposal processes. 

Energy recovery due to pipe replacement and turbine use can also be evaluated. 

Dandy et al. (2006) carried out a study to evaluate GHG emissions resulting from 

pipe manufacturing and pumping for the design of a WDS. Similarly, Dandy et al. 

(2008) considered the optimisation of WDSs with objectives that include whole-of-

life-cycle costs and embodied energy. Later, Wu et al. (2010a) proposed a new 

paradigm for the design of pumped WDSs under possible future carbon trading 

schemes where a single and multi-objectives were explored. In a single objective 

problem that minimised total cost (sum of the system cost and the GHG emission 

cost), a higher carbon price used led to solutions with larger pipes and hence lower 

GHGs at a fixed discount rate. A multi-objective approach that separately minimised 

these costs, suggested that no impact was caused by carbon price on potential 

solutions.  Even though the life-cycle energy quantification method has been 

developed, subsequent design studies that applied similar approaches also solved two 

objectives problems without any WDS hydraulic performance as an objective which 

needs to be addressed.   

 

In another effort, Wu et al. (2010b) investigated a WDS multiobjective problem that 

accounts for minimisation of total cost and GHG emissions due to embodied energy 

of pipes and operating energy. They accounted for time preference involved in 

objective evaluation by using present value analysis. Results showed that different 

discount rates result in different trade-offs leading to different final designs of WDSs. 

Roshani et al. (2012) investigated the GHG-abatement strategies in Canada on cost, 

energy use and GHG emissions in the expansion single objective optimisation of the 

Amherstview WDS. In contrast to Wu et al. (2010a)  single objective and Wu et al. 

(2010b)  multi-objective results, they found that the carbon prices and discount rates 

they investigated had no significant influence on energy use and GHG mass, 

respectively. The different results by Roshani et al. (2012) were mainly influenced by 

factors such as, a relatively short design period, exclusion of the tank and pump 

variables that have a significant impact on electricity and GHG costs. Also, the 

network proved to have adequate hydraulic capacity for current and future demands 
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that render little need for capacity increase. After conducting a sensitivity analysis, 

Wu et al. (2012a) revealed that reducing emission factor scenarios over time into the 

future have a significant impact on the total GHGs from a WDS although the final 

solutions on the Pareto-optimal solutions do not change. The work discussed above 

focused more on the cost (capital, operation or carbon) and energy / GHG emissions 

as a single or a trade-off between two objective problems. The above studies can be 

extended further by introducing hydraulic performance as an additional objective. 

 

Herstein et al. (2009) developed an index-based method to assess the environmental 

effect of water networks. The method aggregates resource consumption, 

environmental discharges and environmental impacts into a single impact index to 

guide the design of WDSs. It was found that the environmental impact index (EI) is 

mainly influenced by pumping energy and partially influenced by pipe diameter 

selection. Herstein et al. (2011) presented a new approach that incorporates the EI 

into a multi-objective (three objectives) problem that optimises by minimising capital 

cost of new pipes and new tanks, pumping energy and the EI objectives. The annual 

pumping energy was found to dominate the EI while capital cost and the EI were 

inversely related and the annual pumping energy use and the EI followed a near linear 

relationship. Recently, Wu et al. (2012b) found that the use of variable-speed 

pumping leads to significant savings in both total cost and GHG emission from water 

transmission systems. Even though the studies discussed here introduced an 

environmental objective (EI) and considered such environmental objective in a three 

objective problem, they did not explore the WDS hydraulic performance (e.g., 

resilience) implication of the environmental objective consideration. To reveal this, an 

investigation on how influential the climate change mitigation considerations are to a 

WDS hydraulic performance indicator by simultaneously optimising total cost, WDS 

resilience and GHG emissions is essential. This can be done through life-cycle energy 

analysis method while maintaning the desired WDS hydraulic performance (system 

resilience).  

 

In addition to the comments made above, all the previous studies mentioned in this 

section considered conventional design interventions only. Apart from the objectives, 

they did not attempt to incorporate any water DM intervention measures to mitigate 
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and adapt WDS designs to climate change nor did they explicitly consider 

uncertainty. 

 

2.6.5 Summary and Conclusions 

WDS energy use and the consequent environmental implications have been reviewed. 

Energy consumption requires quantification methods such as LCA and related 

methods (e.g., life-cycle energy analysis) to evaluate the overall environmental impact 

of WDSs. Even though WDS (re)designs have advanced to consider energy 

consumption and EI, embodied and whole life-cycle energy consumption has been 

seldom considered. The embodied energy of WDS components can be quantified 

based on process, input-output and the hybrid analyses (process-based and input-

output based hybrids). 

 

GHG emissions are highly associated with global warming and climate change. WDS 

(re)designs that involve environmental and / or sustainability objectives over a long-

term horizon have received less attention from researchers in the past. It is therefore 

necessary to consider a long term strategic rehabilitation / (re)design of WDS that 

takes into account GHG emissions, i.e., the one that has energy / climate change 

mitigation objective.  

 

2.7  Water Demand Management 

2.7.1 Introduction 

With water resources depletion and increase in water demand attributable to climate 

and urbanization changes, emphasis should be shifted towards managing demand for 

the available resource. Climate and urbanization changes pose challenges in WDS 

performance to meet their intended service and regulatory requirements. The 

necessity of integrating DM strategies in the (re)design and long term planning of 

WDSs to alleviate the effect associated with climate and urbanization changes is 

therefore apparent.  

  

From a wide range of available WDS DM measures (e.g., cost-reflective pricing, 

universal customer metering, leakage and pressure reduction, repair, community 

education strategies, etc.) this thesis only focuses on reduction of potable water use by 
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supplementing demand with rainwater harvesting, use of water efficient appliances 

and possible greywater reuse. These DM measures can provide a source of water to 

increase water supply and also involve the public in water management, making it 

everybody’s responsibility. In this case, RWH systems target increasing water supply 

whilst water efficient appliances aim to reduce the water consumption. Building codes 

could require a rainwater harvesting / reuse system for all newly constructed home or 

incentives and government supports are essential mechanisms to encourage 

widespread use of these strategies (Abdulla and Al-Shareef, 2009). Demand side 

management approaches can be attractive to governments in that they can ‘buy time’ 

by delaying the need for large capital investment in the expansion of the water sector 

(Vairavamoorthy et al., 2008). 

  

2.7.2 Background 

Water efficiency schemes have been studied and implemented worldwide (Butler and 

Memon, 2006) and some measures are known to save energy, reduce wastewater and 

associated cost, i.e., construction of water infrastructure and the treatment plants 

(Fidar et al., 2010). Water DM based on water efficient devices is seen as a way of 

reducing water consumption without necessarily changing user behaviour (Fidar et 

al., 2010). Also, water efficient products are known to offer potential for significant 

water savings at the point of use (Butler and Memon, 2006). However, evaluating the 

potential savings and acceptability to users is very complex. This is due to the fact 

that potential savings can be influenced by uptake (e.g., replacement period, trends, 

acceptability of technology, other trends and barriers), the proportion of total water 

uses by the individual component, rebound effects and consumption trends (Butler 

and Memon, 2006).  

 

RWH systems have been widely studied in recent years. The use of collected 

rainwater stored in tanks to supplement conventional urban water supply systems has 

been adopted in many areas of the world to augment conventional water supply 

systems to meet (mainly non-potable) water demand (Barry and Coombes, 2007, 

Abdulla and Al-Shareef, 2009, Mithraratne and Vale, 2007, Krishna, 2007, Fewkes, 

2007). In urban and suburban environment, rainwater harvesting could help public 

water systems reduce their peak demands and help delay the need for expanding water 
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treatment plants (Krishna, 2007). In addition, rainwater harvesting can reduce storm 

water runoff, erosion and non-point source pollution.  

 

2.7.3 Rainwater Harvesting Systems 

Rainwater harvesting is the collection of rainfall runoff directly from the intercepting 

surfaces (e.g., roof tops) for storage in RWH systems and later use. Rainwater can be 

collected from individual buildings in isolated tanks or in large central storages 

constructed to collect runoff from several houses (Khastagir and Jayasuriya, 2007). 

According to the Environmental Agency (2010), the code of practice (BS 8515) 

covers three basic types of RWH systems that include: 

 

(1) Pumped RWH systems: rainwater is collected in storage tank(s) and pumped 

directly to points of use. 

(2) Gravity-fed RWH systems: water collected in storage tank(s) is fed by gravity 

to points of use and, 

(3) Combination: water collected in storage tank(s) is pumped to an elevated 

cistern and then fed by gravity to the points of use. 

2.7.4 Water Saving Appliances 

DM based on water saving appliances (water closets, washing machines, showers, 

baths, basin taps, kitchen taps, dish washers etc.) is known as a way of reducing per 

capita water consumption without necessarily changing user behaviour (Fidar et al., 

2010). Based on this knowledge, the Code for Sustainable Homes (CSH) in England 

aims to reduce, among others, the domestic water consumption of potable water by 

implementing water saving appliances, RWH and greywater reuse systems. 

 

2.7.5 Water Saving Appliances and Rainwater Harvesting Applications 

Research for water supply improvement has now shifted from supply side towards 

demand management at nodal level. These include the use of DM measures such as, 

water saving appliances (micro-components), rainwater harvesting and reclaimed 

water systems. 
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Collected rainwater can supply water demand with many economic and 

environmental benefits. Evidence has been demonstrated by Villarreal and Dixon 

(2005) who analysed rainwater collection system for domestic water supply in 

Ringdansen, Sweden. Measures investigated included installation of high efficiency 

washing machines and dish washers, water saving toilets, local handling of storm 

water through construction of ponds and wetlands, and the use of rainwater for low 

water quality demands. The highest water saving efficiency was reached for the small 

population density. Similar suggestions were obtained from other different studies 

(e.g., Abdulla and Al-Shareef, 2009). Chiu et al. (2009) proposed locally optimised 

RWH systems that provide WDS pumping energy-saving approach in hilly 

communities and the results revealed that rainwater harvesting becomes economically 

feasible when both energy and water savings are addressed together. Ward et al. 

(2012) presented a pump energy consumption estimating method that incorporates 

pump start-ups, pump operating energy and efficiency for RWH systems. In the 

studies mentioned here, water demand management measures were applied at the 

level of group of houses only. In other words, no account has been taken of network 

design issues when designing and deploying RWH systems. 

 

As alternative supply methods that encourage more sustainable consumption of water 

need to be considered, Burn et al. (2002) analysed demand and pressure management 

techniques on the cost of water reticulation systems. Water demand management 

reduced costs by 25-45 % and pressure management increased further by 20-55%. 

The study did not consider the options to reduce peaks such as water efficient 

appliances. The use of diurnal-reduction techniques whilst allowing water authorities 

additional savings in the reticulation network shifts the majority of these savings as an 

extra cost to the property owner to provide for on-property water storage and in-house 

fire suppression-systems. 

 

Lucas et al. (2010) investigated the impact of diurnal water use patterns, demand 

management and rainwater tanks on water network design criteria. Water saving 

appliances and rainwater tanks are likely to impact upon the diurnal patterns of water 

flows in water supply networks. Mithraratne and Vale (2007) argued that rain tanks 

may not be the most sustainable option in all situations, that is, while rain tanks are 

better in some situations, reticulation supply is better in others. Currently, little 
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account is taken of network issues when designing and deploying RWH systems 

(Ward et al., 2010). 

 

Even though the studies by Burn et al. (2002) and Lucas et al. (2010) analysed water 

demand management on WDSs, to this far, optimal WDS (re)design have considered 

conventional design intervention measures only. None of the above studies integrated 

water DM interventions to complement the conventional intervention measures in the 

optimal (re)design of WDSs. The potential benefits of deploying water DM 

interventions in an attempt to mitigate and adapt to climate change while maintaining 

the intended hydraulic performance on WDS design should be explored. 

 

So far, much less is known about the optimal deployment of water efficiency 

measures (i.e., water saving technologies) in general and RWH systems specifically as 

part of the overall WDS. Efficient water consumption appliances (e.g., new toilets, 

showerheads and washing machines) have been developed to improve the efficient 

use of water.  However, demand saving measures are typically applied at the level of 

a single household or a new development, i.e., groups of houses (see Villarreal and 

Dixon 2005, Chiu et al., 2009). As a result, the optimal deployment of water saving 

appliances and RWH systems in the (re)design of WDSs has not been considered.  

 

2.7.6 Summary and Conclusions 

Water DM intervention measures and their applications have been reviewed. DM 

measures considered here are the domestic RWH systems and the water efficient 

appliances that are used locally on the demand side but have an impact on the overall 

WDS performance. To this far, these intervention measures have not been considered 

at the system scale as alternatives to more conventional rehabilitation or (re)design 

interventions (e.g., pipe replacement / duplication, addition of tanks and pumps, etc.). 

 

Away from traditional water supply options such as building dams and extending 

supply infrastructure, we need to adopt house level technology (rainwater harvesting, 

water reclamation and use of efficient appliances) into (re)design of WDSs to utilize 

the resource value of rainwater, wastewater and water saving. While technological 

advancements have made such options possible, the potential savings or benefits 
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offered by DM have not been fully exploited.  With climate and urbanisation pressure, 

and uncertainty on water resources, DM measures discussed in this section are the 

potential options for adaptation of WDSs.  

 

2.8  Optimisation of Water Distribution Systems 

2.8.1 Introduction 

Optimisation of WDSs deals with finding the most suitable solution with respect to 

certain aspects (e.g., calibration, (re)design, operational, etc.) of the system given 

some criteria. Generally, there are two optimisation techniques that have been applied 

on WDSs design problems, namely, deterministic and stochastic techniques. The 

deterministic techniques include enumeration, linear programming, nonlinear 

programming, dynamic programming etc., whereas the stochastic techniques consist 

of evolutionary methods (e.g., genetic algorithms), simulated annealing, etc.   

 

2.8.2 Background 

In the past, optimisation methods in WDSs have been developed using linear 

programming, nonlinear programming, dynamic programming, enumeration 

techniques, etc. However, the complexity, nonlinearity and discrete nature of WDS 

optimisation problem render these methods unsuitable since they can be trapped in 

local optima in the solution space. Consequently, evolutionary algorithms (e.g., 

evolutionary strategies, evolutionary programming and genetic programming) have 

since been employed to find good solutions to the WDS optimisation problems. 

Simpson et al. (1994) were the first to apply GAs in the WDS design problem. They 

were first employed in single objective (cost) problems with other objectives or 

constraints incorporated into the fitness evaluation of a solution as a penalty function 

added to the solution’s cost and later on with more than one objective competing in 

the solution space.  

 

2.8.3 Genetic Algorithms  

GAs are evolutionary stochastic search techniques based on analogy with population 

genetics. The simple ideas of the GAs search have their roots in the biological 

processes of survival and adaptation (Simpson et al., 1994). They are generally 
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characterised by:  (1) generation of an initial population of potential solutions (2) 

computation of the objectives (fitness metrics) and ranking of the resulting 

chromosomes according to their fitness values (3) selection of candidates to 

participate in a mating crossover operator for reproduction and, (4) mutation of each 

offspring to maintain diversity and avoid premature convergence to local optima. This 

process repeats and facilitates the search for better solutions over generations until a 

stopping criterion is met. 

 

Amongst other evolutionary techniques, GAs have been widely applied to solve both 

single and multi-objective WDS optimisation problems. GAs are arguably the most 

popular of the evolutionary algorithms (Nicklow et al., 2010). Typically in literature, 

GAs perform better than nonlinear applications which converge to local optima (Savic 

and Walters, 1997a). They are seen to have enormous potential because of their ease 

in handling discrete choices and their ability to identify near-optimal solutions to 

complex optimisation problems (Simpson et al., 1994, Dandy et al., 1996). They are 

capable of identifying a set of promising solutions that may be compared on other 

non-quantifiable criteria and are suited to discrete problems such as selection of 

commercially available sizes (Simpson et al., 1994). However, one difficulty with GA 

technique is the need to know how many evaluations will be sufficient for a particular 

problem depending on the complexity of the network in question. In recent years, 

multi-objective genetic algorithms have been found especially powerful in finding a 

spread of good, trade-off solutions with respect to all the objectives considered. These 

attributes of the GAs and their respective variants led to their widespread use in WDS 

design of which the optimisation in this thesis is not an exception. 

 

Genetic Algorithms have been used successfully in solving a WDS pump scheduling 

(Savic et al., 1997b), (re)design (Simpson et al., 1994, Farmani et al., 2006), detection 

of leaks and calibration of pipes internal roughness (Vitkovsky et al., 2000, Nicolini 

et al., 2011) and pressure management problem of a real WDS (Nicolini et al., 2011). 

These examples illustrate the capability of GAs in different WDS applications and 

their complexity. 

 

2.8.4 Summary and Conclusions 
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The optimisation methods of WDSs design have been introduced. The optimisation 

methods, GAs in particular, and their application in various aspects of the WDSs 

optimisation problems have been discussed. 

 

The long-term rehabilitation and / or (re)design of water distribution systems has been 

initially considered as a deterministic, least cost optimisation problem with pipe 

diameters as design variables. The problem was solved with conventional 

optimisation techniques. A detailed review is outlined by Savic and Walters (1997a). 

Stochastic techniques have become common. GAs in particular, have been applied in 

WDS pump scheduling (operational), (re)design / rehabilitation, calibration, pressure 

management problems, and so forth. Multi-objectives have also been evaluated in the 

designs to improve the branched layout that tend to result with optimal least-cost 

designs. 

 

GAs have demonstrated in numerous studies to be a more effective optimisation 

technique for different applications in WDSs than the traditional optimisation 

techniques at solving both single and multi-objective optimisation problems. 

Therefore, GAs can be a reliable tool for solving other complex WDS problems. 

 

2.9  Summary 

The problem of long-term WDS design, climate and urbanisation changes, the 

concept of flexibility in engineering systems and WDSs in particular, WDS reliability 

measures and models, total energy consumption and implications, water DM, and 

optimisation methods have been reviewed. 

 

The main findings from the literature review are as follows: 

 

 Section 2.2 reveals that the long-term rehabilitation and / or (re)design of 

WDSs has been initially considered as a deterministic, least cost optimisation 

problem with conventional interventions (pipe diameters) as design variables. 

The system performance was usually expressed in terms of system pressures 

only. Later on, different measures of reliability / resilience / robustness and 

sometimes, water quality were considered. Designs that involve environmental 
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and / or sustainability type objectives (see section 2.6) have not received much 

attention in the past. Also, section 2.7 show that different water efficiency 

measures ranging from rainwater harvesting, water recycling and use of water 

saving appliances have not been considered at the system scale as alternatives 

to more conventional rehabilitation or design interventions (e.g., pipe 

replacement, addition of pumps and tanks, etc.). 

 

 Section 2.5 reveals that uncertainties associated with future demand 

projections and related rehabilitation or (re)designs have received a fair 

amount of attention in the literature, but not in the context of climate change. 

Most of these problems were formulated and solved as robust optimisation 

problems which often result in fixed (not staged), costly rehabilitation / design 

solutions. Flexible design approaches in section 2.4 offer a novel framework 

for handling the future demand and other uncertainties that may arise due to 

the effects such as those of climate and urbanisation changes. Uncertainty can 

be quantified using sampling techniques and possible future designs can be 

modelled using decision trees to enable identification of flexible (not just 

robust) solutions to manage engineering systems. 

.  

 The long-term rehabilitation or (re)designs of WDSs need to be considered as 

a multi-objective problem. This would improve performance in the case of 

adverse effects such as those of climate and urbanisation changes that are 

discussed in section 2.3. In section 2.8, GAs have demonstrated in numerous 

studies to be the suitable optimisation technique for solving the above 

problems. 

 

Tables 2.1, 2.2 and 2.3 also summarise details obtained from the literature review as 

follows: 
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Table 2.1: General Literature Review Summary (Long-term WDS Design, Climate Change and Urbanisation, Flexible Methods) 

SECTION TITLE 

 

REFERENCE EXAMPLES PROBLEM SCOPE & CONTRIBUTION NOTES 

     

2.2 Long-term WDS 

Design 

Simpson et al. (1994), Dandy et al. (1996), 

Savic et al. (1997a), etc.  
 

Mutikanga et al. (2008), Jayaram and 

Srinivasan (2008). 
 

 

Prasad and Park (2004), Jayaram and Srinivasan 
(2008), Farmani  et al. (2005) 

 

 
Roshani et al. (2012), Dandy et al. (2006), 

Herstein et al. (2011) 
 

 

Lansey et al. (1989), Xu and Goulter (1999), 
etc.  

 

Babayan et al. (2005), Kapelan et al. (2005), 

Giustolisi et al. (2009), etc. 

 

Least-cost (re)designs: economic cost, no uncertainty 

considered.  
 

Least-cost and two-objective (cost, MIr ) problems, 

respectively, staged intervention but no uncertainty 
considered. GA-based optimisation problems. 
 

Extended resilience indices and/or incorporation of 
resilience in multi-objective problems. Problems were 

solved with the use of GAs.  

 
Incorporation of environmental indicators as single, 

two and three-objective problems solved with GA 
methods, respectively. 

 

Uncertainty considered: stochastic chance-constrained 
least-cost design problems solved with the use of a 

deterministic optimisation method (GRG2). 

 

Uncertainty considered: stochastic least-cost and multi-

objective design problems solved with the use of 

stochastic optimisation methods (GAs). 

General: 

 

The problem of WDS has been based on 
experience and trial and error to meet 

service requirements or optimised for 

highly effective designs. 
 

Interventions: All conventional (pipes, 

pumps, tanks reinforcements, etc.) 
 

 

2.3 

 

Climate Change and 

Urbanisation 

Scenarios 

 
Buchberger et al. (2008), Northwood and 

Filion (2008) 

 
Adaptation strategies in the cases of climate change, 

aging infrastructure, demographic changes etc., higher 

temperature impact on WDSs. 

 
Uncertain climate change and urbanisation 

effects influence future water demand, hence 

the WDS performance. 
 

 

2.4 

 

Flexible Planning 

Methods 

 

Todini (2000), Prasad et al. (2004), Jayaram  
and Srinivasan (2008), Awumah et al. (1991) 

 

 
Zhou and Hu (2009), Huang et al. (2010), 

Huang (2011)  

 

WDS resilience indices and entropic measure that can 
also be considered as system flexibility measures.  

 

 
A flexible planning method for WDS delivery capacity, 

flexible WDS design methodology under uncertainty 

and flexibility index for indentifying flexibility sources 
in WDSs, respectively. 

 

 

SA, DA and ROA can be used in planning 
and evaluating engineering system designs 

under uncertainty. Flexibility in system 

design can be modelled with decision 
trees. 
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Table 2.2: General Literature Review Summary (Reliability Measures, Uncertainty and GHG emissions) 

SECTION TITLE 

 

REFERENCE EXAMPLES OVERAL CONTRIBUTION NOTES 

 

2.5 

 

Reliability 

Measures of WDSs 

 

Wagner et al. (1988), Li et al. (1993), Schneiter 

et al. (1993), Todini (2000), Awumah et al. 

(1991) 

 

 

Lansey et al. (1989), Xu and Goulter (1998), 

Xu and Goulter (1999), Tolson (2004) 

 

 

 

 

 

Babayan et al. (2005), Kapelan et al. (2005), 

Marinis et al. (2007), Giustolisi et al. (2009)  

 

 

 

WDS Reachability and Connectivity reliability, 

Capacity reliability measure, an extended Capacity 

reliability method, resilience index and entropy as 

reliability surrogate measures, respectively. 

 

Stochastic modelling of WDS design (using the concept 

of cumulative probability distribution), and 

methodologies that recognise uncertainty in tank levels, 

nodal demands, pipe hydraulic capacities and 

components mechanical failures. Uncertainties are 

quantified by analytical methods (e.g., FORM, FOSM).  

  

Robustness and Risk-based designs and Economic level 

of reliability. Uncertain variables included nodal 

demands, nodal demands and pipe roughness 

coefficients, nodal demands, nodal demands and pipe 

roughness coefficients, respectively. Uncertainties are 

quantified by sampling techniques (MCS, LHS). 

Random variables are modelled using PDFs. 

 

General: 

 

There are basically two measures of WDS 

reliability, i.e., mechanical (reachability, 

connectivity) and hydraulic (capacity, 

hydraulic dependent – economic, etc.) 

 

Uncertainty Quantification 

Analytical methods: 

- Unrealistically assume hydraulic model 
linearity (e.g., FOSM).  

- Computationally demanding (i.e., 

repetitive calculation of derivatives) 

 

Sampling methods: 

- Can handle model nonlinearity.  

- No repetitive calculation of derivatives 

 

 

2.6 

 

Energy use and 

WDS GHG 

Emissions 

 

Ambrose et al. (2002), Filion et al. (2004) 

 

 

Dandy et al. (2006), Wu et al. (2010a,b), 

Roshani et al. (2012a,b)  

 

Ghimire and Barkdoll (2010), Herstein et al. 

(2009), Herstein et al. (2011) 

 

WDS components’ embodied energy in design and 

WDS life-cycle energy analysis, respectively. 

 

Energy consumption reduction in WDSs single and 

two-objective optimisation (GA-based) problems.  

 

Sensitivity analysis by quantifying energy saving made 

by changing water demand, storage tank parameters and 

pumping stations, an index-based method for 

assessment of environmental effect of WDSs, and 

incorporating EI in a three-objective problem (solved 

by GA), respectively. 

 

General: 

 

Energy consumption is closely related to 

GHG emissions that are strongly 

associated with global warming and 

climate change.  

 

LCAs and embodied energy quantifying 

methods (process, input-output, hybrids: 

process and input-output based) can 

evaluate WDS (re)designs 
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Table 2.3: General Literature Review Summary (DM and Optimisation methods) 

SECTION TITLE 

 

REFERENCE EXAMPLES OVERAL CONTRIBUTION NOTES 

2.7 Water Demand 

Management 

Villarreal and Dixon (2005), Burn et al. (2002), 

Chiu et al. (2009), Lucas et al.  (2010), Ward et 

al. (2012), 

Analyses of RWH systems and high efficiency water 

use appliances, demand and pressure management on 

the cost of WDSs, locally optimised RWH systems for 

WDS energy saving in hilly areas, Water use patterns 

and DM effects on WDS design criterion, and RWH 

systems energy use quantification, respectively. 

 

RWH system types:  Pumped, Gravity-fed 

and Combination of these two. 

 

Water DM has potential significant water 

savings that can improve WDS 

performance 

2.8 Optimisation of 

WDSs 

Simpson et al. (1994), Savic et al. (1997b), 

Farmani  et al. (2006), Vitkovsky et al. (2000),  

Nicolini et al. (2011) 

Application: Design, WDS Pump Scheduling, Redesign, 

Leak detection and calibration, Calibration and Pressure 

management, respectively.  

 

Optimisation method: Single and multi-objective Genetic 

Algorithms 

Optimisation methods include 

deterministic (enumeration, linear, 

nonlinear, dynamic programming) and 

Stochastic (Evolutionary Algorithms such 

as GAs, Simulated Annealing) 

 

Deterministic: 

- Result in continuous pipe diameter 

solutions. 

- Global optimum solution not guaranteed.  

 

Stochastic: 

- Can handle complex, multimodal search 

spaces, discrete pipe diameters and 

nonlinear problems, more effective 

-  Can be computationally expensive  
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3 WATER DISTRIBUTION SYSTEM DESIGN ACCOUNTING FOR 

GHG EMISSIONS AND WATER DEMAND MANAGEMENT 

INTERVENTIONS 

 

3.1 Introduction 

Water distribution system (WDS) infrastructure requires a substantial periodic design 

investment for system performance upgrade. With budget constraints, water resources 

depletion, the increase in water demands and the greenhouse gas (GHG) emissions 

associated with WDS design, the need for integrated approaches to meet such 

challenges becomes clearer. GHG emissions such as those that are generated (directly 

or indirectly) through components’ manufacturing, construction, operation and 

disposal processes of WDSs are strongly associated with global warming and climate 

change. In order to meet the challenge of global warming and climate change 

mitigation, this thesis chapter focuses on both GHG mitigation and adaptive (i.e., 

counteracting the effects such as those of climate change on water demand) measures 

in the optimisation of WDS design while maintaining a good level of system 

resilience. This thesis extends the least cost WDS design problem by introducing 

(hydraulic) resilience and environmental objectives. The environmental objectives are 

introduced by applying a life-cycle energy analysis in the optimisation.  

 

In addition to the conventional interventions (new pipes, pipe duplication or 

replacement, addition of pumps, tanks, to name but a few), the optimisation 

methodology presented in this chapter also incorporates water demand management 

(DM) type measures as WDS design intervention options assuming their social 

acceptability. DM measures considered here are domestic Rainwater Harvesting 

(RWH) systems and the water efficient appliances that are used locally on the demand 

side but have an impact on overall water distribution system performance. Note that 

whilst RWH systems target increasing system capacity, water efficient appliances aim 

to reduce the water consumption, i.e., the need for future capacity increases. 

 

The aim of the methodology presented in this chapter is twofold: (1) to take into 

account the extent and nature of GHG emissions generated during the whole life-cycle 

of WDSs in the search for the most sustainable solutions identified to mitigate climate 



48 

 

change whilst achieving acceptable operational performance. In other words, the 

methodology investigates how influential are the climate change mitigation 

considerations to a WDS hydraulic performance in design and, (2) to incorporate and 

explore the potential benefits of water DM measures in the design of WDSs at a 

system level (assuming their widespread use, i.e., social acceptability) to reduce GHG 

emissions.  

 

After this introduction, the rest of the chapter is organised as follows:  

 

Section 3.2 explains the methodology and the associated types of interventions that 

are considered in the design. The optimisation problem is then formulated with all the 

required calculation details and solution method also explained. The necessary data 

and assumptions made in the presented method are discussed in section 3.2.3. 

Thereafter, section 3.3 provides the summary and conclusions of this chapter. 

 

3.2  Climate Change Mitigation driven WDS Design Methodology 

This section defines the optimisation problem in terms of the objectives and the 

intervention measures (decision variables) and the constraints considered. Thereafter, 

the optimisation model is formulated and the optimisation method is also explained. 

 

3.2.1 Optimisation Problem   

3.2.1.1 Problem Formulation 

The approach developed in this thesis aims to identify optimal solutions for design of 

WDSs with minimised total cost (capital and operational) and GHG emissions while 

the system resilience index (RI) is maximised. The WDS resilience was introduced by 

Todini (2000) as a measure of WDS’s intrinsic capability to ensure continuity of 

supply to users following system failures. The resilience index is effectively a 

measure of redundant power (i.e., flows and heads) available in the system above the 

minimum required for normal operation. The optimisation process should be achieved 

under specified hydraulic and decision variables’ constraints as indicated below. The 

decision variables consist of conventional and water DM interventions. The 

conventional interventions may include duplicating / new pipe diameters, cleaning 

and lining of existing pipes, addition of tanks and their locations, tank parameters 



49 

 

(diameter, bottom elevation, minimum and maximum operating levels), the WDS 

pump schedule (i.e., the number of operating pumps at a given time), to name but a 

few. The water DM interventions include rainwater harvesting (RWH) systems with 

different tank sizes and water saving appliance schemes (WSASs) with different 

application coverage at the network’s demand nodes. The general optimisation model 

is formulated as follows: 

 

Minimise                    (3.1) 

 

Maximise                                            (3.2) 

 

Minimise                                                                (3.3) 

 

  
(3.4) 

where Total Cost (s), RI (s) and GHGemission(s) are all the costs, resilience index and 

greenhouse gas emission that result due to candidate solution s interventions. Cost and 

GHG calculation details can be found in section 3.2.2 with relevant data and 

assumptions shown in section 3.2.3; qi corresponds to the flow of the i-th node; hi,av is 

the available piezometric head at the i-th node; hi,req is the minimum required head at 

the i-th node; Qr is the reservoir flow; Hr is the reservoir head; Pj is the WDS pump 

power; γ is the specific weight of water; nn is the number of demand nodes; nr is the 

number of reservoirs and npu is the number of WDS pumps. 

 

The following energy and mass balance governing equations are satisfied by the 

hydraulic solver. 

 

          (3.5) 

 

          (3.6) 

 

The above optimisation problem is subject to a number of constraints as follows:  
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(a) Hydraulic model constraint: 

 

         (3.7) 

 

where qm  are the flows in all ni  pipes; qd,i is the water demand at the i-th node; hi,u is 

the head at upstream node of the i-th pipe; hi,d is the head at downstream node of the i-

th pipe; ∆hi is the difference between the i-th pipe’s total head loss and the WDS 

pumping head; hi is the head at the i-th node of the network; nn is the number of 

network nodes and nl is the number of network links. 

 

(b) Decision variables constraint: 

 

 (3.8) 

 

where Di is the value of the i-th discrete decision variable; D is a discrete set of 

available conventional and water DM intervention options while nd is the number of 

decision variables. 

 

3.2.1.2  Optimisation method 

The optimisation method that was used to solve (i.e., in chapters 5 and 6) the above 

formulated problem is the non-dominated sorting genetic algorithm (NSGA2) (Deb et 

al., 2002) linked to the EPANET network hydraulic solver (Rossman, 2000). NSGA2 

is inspired by the natural phenomena of heredity and searches for a Pareto optimal 

front which is a best set of non-dominated solutions. The aspects of the optimisation 

process applied in the methodology developed in this chapter are as follows:  

 

Chromosome encoding: Decision variables that represent the potential solutions 

(chromosomes) can be encoded as binary, integers, real-coded or combinations. 

Solution encoding is crucial and must be decided and performed prior to the NSGA2 

iteration process. When integer and / or real coding are used, each gene corresponds 

to a single decision variable of the solution while more genes may be needed to 

represent a single decision variable in the case of binary coding. Also, different 
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decision variables can be represented by different number of genes in the same 

chromosome. Figure 3.1 illustrates the binary coded chromosome example as applied 

in the NSGA2 that is used to solve the optimisation problem formulated in this 

chapter. Note that other coding methods can also be used. This chapter does not focus 

on determining the best chromosome encoding.  

 

 

 

 

Design Conventional and DM Interventions 

 

Figure 3.1: NSGA2 Chromosome Encoding (binary example) 

 

Initialisation: After choosing the type of encoding, the NSGA2 randomly generates 

potential solutions according to the specified size of population.  Population is a 

collection of chromosomes. Initialisation is an important part of the optimisation 

process that is known to affect the effectiveness of the genetic algorithm (GA). 

Evaluation: The NSGA2 evaluates the initial population and assigns the fitness 

(objective values) and constraints violations to each potential solution. Based on the 

objectives, each solution is ranked and also assigned a crowding distance. A crowding 

distance is a measure of how close an individual is to the neighbours. 

Selection: Selection of chromosomes is performed in a population in order to proceed 

with reproduction. Several techniques can be used to achieve this with GAs, e.g., 

roulette-wheel, bit tournament, uniform random, rank-biased, truncation selection, to 

name but a few. The NSGA2 used in this thesis applies the binary tournament 

selection routine where the fitter of the two randomly chosen chromosomes from the 

population is kept for crossover, i.e., the chromosome with a less rank but more 

crowding distance than the counterpart. 

Crossover: Once the chromosomes have been selected from the population, they are 

recombined to produce offspring for a new population of chromosomes. With GAs, 

the crossover operator can be one-point, multi-point, arithmetic or uniform random 

(Kapelan et al., 2002, Huang, 2011). The crossover operator application in the 

NSGA2 presented here can be done with a probability between 0.6 and 1.0. 

1 0 1 0 1 0 1 ... 
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Mutation: This operator introduces small changes in the chromosomes’ genes to 

maintain diversity and avoid premature convergence in the search process. With GAs, 

the mutation operator can be performed random-by-gene or uniform random 

(Kapelan, et al., 2002). The NSGA2 used in this methodology randomly alters a value 

of each single gene in the chromosome with a small probability of (1 / number of 

chromosome bits).  

The offspring population is combined with the current generation population on 

which selection is performed to set individuals of the next generation. Elitism is 

ensured by adding all previous and current best individuals to the population which is 

then sorted based on non-domination into each front. The individuals in the first front 

would be non-dominated in the current population and the individuals in the second 

front would be dominated by individuals that only belong to the first front. The trend 

continues with other fronts. Individuals in each front are assigned fitness values that 

rank them. They can also be ranked based on the fronts they are along. Furthermore, a 

crowding distance is calculated for each individual. A large crowding distance would 

result in better diversity in the population. The above process repeats to generate 

subsequent generations until a stopping criterion is met. In the NSGA2 that is used in 

this thesis, the stopping criterion is the specified number of generations. Figure 3.2 

illustrates the principal steps for NSGA2 optimisation as discussed here.  
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Figure 3.2: NSGA2 Optimisation Flow Chart 

 

 

Start 

NSGA2 

Selection of Chromosomes 

to be recombined 

Evaluate Offspring fitnesses 

(Objectives & Constraints) 

Apply Crossover Operator 

EPANET2 

Hydraulic Solver 

 

New generation 

population formed? 

Termination 

criterion met? 

Stop 

EPANET2 

Hydraulic Solver 

Apply Mutation Operator 

 

Randomly Generate 

Initial Population 

Evaluate, Rank & Assign 

Crowding Distance to 

Solutions 

Non-dominated Sorting 

 



54 

 

3.2.2 Cost, GHG and DM Calculation Details  

This section provides further details that are relevant to the objectives and 

interventions (decision variables) of the formulated optimisation model that is shown 

in section 3.2.1. 

 

Total system cost is estimated as follows:  

 

       (3.9) 

 

where Ci,cap  is the capital cost of the i-th design option (i.e., conventional or water 

DM intervention) excluding any associated cost saving to avoid double counting the 

benefits; n is the number of design options implemented; Ci,op  is the life time 

operating energy consumption cost due to the i-th operating machine / appliance and 

nop is the number of operation machines / appliances in the system; BDM,cap  is the 

capital benefit, i.e., capital cost saving related to reduced source capacity required 

when using water demand management interventions. The BDM,cap is estimated as the 

difference between the capital cost of water source (water abstraction and treatment) 

assuming no demand saving measures and the corresponding cost with demand saving 

measures i.e., for a gravity system. As for a pumping WDS, in addition to the cost 

saving (BDM,cap) as mentioned in the gravity system, the total benefit  includes the 

operation cost saving (i.e., BDM,op). The BDM,op term mentioned here is the difference 

between the required pumping energy cost assuming no demand saving measures and 

the corresponding cost with demand saving measures. Note that the work presented in 

this thesis does not consider the issue of cost ownership - the aim is to minimise the 

total WDS design cost to society. 

 

The source capacity increment cost considered here is calculated according to the 

following general equation (Chenery, 1952): 

 

                                                                                                   (3.10) 
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where Cinv is the investment cost in monetary units (e.g., US dollars, $); A and B are 

the positive parameters determined by observed data; K is the source capacity in flow 

units (e.g., million gallons per day - MGD). 

 

GHG emissions are estimated from the life-cycle energy components (Filion et al., 

2004) as follows: 

 

              (3.11) 

 

where β is the GHG emission conversion factor (kgCO2-e/kWh) and EDM is the energy 

saving made by implementing DM interventions. Note that all energy consumption 

components (E) exclude any associated energy savings.  

 

Energy requirement components are defined as follows: 

 

Energy required for fabrication: 

 

       (3.12) 

 

where α is the recycle rate factor; M is the number of replacement cycles; np is the 

number of replaced pipes in the j-th replacement cycle; Li is the corresponding length 

(m) of the i-th pipe and ef is the unit energy required to fabricate a pipe (kWh/m). 

 

Energy required for pipe breaks:  

 

     (3.13) 

         (3.14) 

 

where ebi is the energy required to repair a single i-th pipe break (kWh); Lt is the 

typical break length (m/break); N(t0)i is the initial break rate (breaks/m/year) of the i-

th pipe; Ψi is the breakage growth rate (year
-1

) of the i-th pipe and T
C
 is the 

replacement cycle length (year). 
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Operational energy required for WDS pumping: 

 

       (3.15) 

 

where γ is the specific weight of water (KN/m
3
); Q is the pump flow (m

3
/s); H is the 

pump dynamic head (m); Effpu is the pump mechanical efficiency and top is the pump 

operating time (hours). 

 

Energy recovery (through WDS pumps or turbines): 

 

      (3.16) 

 

where T is the planning period; Wt is the rate of pumping energy saved and / or energy 

recovered  at time t (kWh/year);  Wt+∆t is the rate of pumping energy saved and / or 

energy recovered  at time t +∆t (kWh/year) and ∆t is the simulation time step. 

 

End of life stage: 

 

       (3.17) 

 

       (3.18) 

 

where er and ed correspond to unit energy required to recycle and dispose a pipe 

(kWh/m), respectively. 

 

In the case of unknown effective nodal service roof area which is necessary for RWH 

system potential potable water saving analysis, estimation is carried out based on 

assumptions as follows (Ghisi et al., 2007):  

 

                     (3.19) 

 



57 

 

where ND is the number of dwellings estimated from nodal and per capita / day water 

demands. ND is multiplied by a weighted average roof area per dwelling; PH and PF 

are the percentages of houses and flats in the service area assumed to be 65% and 

35% respectively; NPD is the number of people per dwelling; AH is the assumed area 

of a house and APF is the area (assuming 3.75 m
2
) per person in flats.  

 

In the case of pumping based RWH systems application, the life-cycle energy 

consumption of RWH systems local pumps is estimated in kWh as follows: 

 

                               (3.20) 

 

where Etot is the total energy consumed (kWh); E is the effective energy consumed 

due to RWH pump start-up (Ward et al., 2012) and its operation while Peff  (0.8) is the 

RWH pump efficiency.  

 

               (3.21) 

 

where Pr is the RWH pump power rating (kW) which is a function of head and flow; 

The head is considered to be equivalent to the minimum head required at each node 

and the flow is taken as the RWH pump capacity, Pc (m
3
/h) which is the nodal non-

potable water demand; Ods is the start-up duration and Odo is the operating duration 

while Sf is the start-up energy factor (0.6). 

 

                    (3.22) 

 

                          (3.23) 

 

where V is the volume of rainwater pumped to serve non-potable water use; Ov = (1- 

Sv), is the percentage of water that is pumped during operation and Sv  is the unit 

volume (m
3
) of water pumped on start-ups. 

 

           Sv ≯ 1                     (3.24) 
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where Ps is the number of RWH pump start-ups and Uv is the unit volume (m
3
) of 

water pumped per start-up.  

 

3.2.3 Data and Assumptions 

In the methodology presented in this chapter, the cost of WDS design interventions 

such as new pipes and electricity used for pump operation can be obtained from pipe 

and electricity suppliers, respectively. Pipe cleaning and lining, and construction of 

storage tanks’ costs can be obtained from documented pipe cleaning and lining, and 

storage tank construction projects, respectively. The costs of DM components’ such 

as RWH systems can be obtained from RWH systems manufacturers or from storage 

tanks’ construction projects. Water saving appliances costs can be obtained from their 

suppliers.  

 

The energy requirement estimations for manufacturing WDS and water DM 

intervention components should be estimated by the use of the Economic Input-

Output Life Cycle Assessment method (EIO-LCA) (Carnegie Mellon University 

Green Design Institute, 2011). This method was accessed and used via an online tool 

(Carnegie Mellon University Green Design Institute, 2011). The energy consumed 

and its relevant sources are necessary in order to convert such energy to GHG 

emissions according to conversion factors such as those provided by AEA (2010) 

guidelines. These guidelines provide GHG emission conversion factors that can be 

used for project planning and GHG emission reduction projects in the UK. In the case 

of electricity as the source of energy, the guidelines separate electricity generation 

from electricity that is used at the consumption point. The conversion factors 

represent the average carbon dioxide equivalent emission from the national / local 

grid per kilowatt hour (kWh) utilised at the point of consumption. The pipe break 

energy requirement which depends on the initial break rate, typical break length and 

the breakage growth rate were obtained from documented data or literature (see 

Neelakantan et al., 2008).  

 

In the case where the DM interventions are considered, the efficiencies of water 

demand saving that are associated with RWH tank sizes at a particular demand node 

are essential. A number of detailed models exist that are capable of simulating RWH 
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system operation (performance) for given designs (see Ward et al., 2010). These 

include the Urban Water Optioneering Tool (UWOT) (Liu et al., 2007), the 

Probabilistic Urban Rainwater and wastewater Reuse Simulator (PURRS) (Coombes 

and Kuczera, 2001), and RainCycle (Roebuck, 2007), to name but a few. Some of 

these models (e.g., RainCycle) were specifically developed for RWH systems only. 

 

Even though there are numerous models that can simulate RWH system operation 

(performance) for given designs, RainCycle (Roebuck, 2007) was selected for use in 

this thesis. This model has been selected based on the fact that it is a continuous 

simulating tool. Continuous models simulate a catchment’s overall water balance over 

a long period of time involving monthly or seasonal predictions (Zoppou, 2001), as 

opposed to the single event simulation models. After comparing RWH system design 

methods, Ward et al. (2010) recommended the use of sophisticated continuous 

simulation tools rather than the simple methods that are based on single calculations 

for RWH systems. Simple methods that were considered by Ward et al. (2010) 

include (1) a method that takes a user-defined number of days storage and multiplies 

it by an average daily demand and (2) a method that is based on a user defined-

percentage of average annual rainfall or demand (whichever is the lower). Although 

other simulation models are also continuous, RainCycle was also used here due to its 

free access via the internet (http://www.sudsolutions.co.uk/purchase_raincycle.htm) 

which makes it easier to acquire. Of course, other models could be used, but 

RainCycle is more than adequate to demonstate the methodology presented here. This 

thesis does not focus on different catchment simulation models and their in-depth 

functionality.   

 

In the analysis of the DM interventions’ demand saving at each demand node, the area 

that is served by the node is referred to as the network node catchment in this thesis. 

RainCycle is used to simulate a discrete number of RWH tank sizes for small sub-

catchments in each of the network node catchments. The model requires the total 

average monthly rainfall data which is expressed and input into the model in terms of 

mm / day, catchment area size that differs for each network demand nodes, catchment 

runoff coefficient, filter coefficient, recycled water and the daily non-potable water 

demand that also differs for each network demand nodes. The rainfall data needed in 

the analysis can be obtained from weather bureaus. The rainfall data relates to the 
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particular area in which the network in question belongs. The effective catchment area 

that collects rainwater in each node catchment is assumed to be the building roofs 

only in this thesis. The catchment runoff and filter coefficients determine the volume 

that can be collected by a RWH system. The efficiency of RWH tank sizes highly 

depends on these parameters. Of these parameters, rainfall, catchment area and the 

water demand input data are more important in the analysis. The RainCycle model is 

based on the Yield After Spill (YAS) behavioural model (Roebuck, 2007) which 

makes use of both daily time step and the rainfall data. 

 

In a similar manner, the effect of water saving appliances is evaluated by using their 

proportion of water use data which is well documented (see American Water Works 

Association, 2010). The water efficiency level calculation of the water saving 

appliances depends on the appliances’ capacities such as volume per use and flow 

rates. In this thesis, it is assumed that the use of water efficient devices does not 

change user behaviour. The capacities of the appliances that constitute WSASs are 

needed to calculate the potential water savings that can be achieved by such schemes 

at the respective network demand nodes. After determining the WSASs and RWH 

system tank sizes’ performance (water savings, %) made due to their implementation 

at different nodes, the network nodal water demands are reduced according to the 

water savings resulting from the DM applied at respective nodes. The overall effect of 

DM interventions in WDS design is determined by the economic cost (accounting for 

cost saving) of implementing such interventions, the hydraulic benefit (resilience 

increase) and the GHG reduction resulting due to the achieved water demand savings.  

 

3.3 Summary and Conclusions 

It is necessary to incorporate methodologies that can adapt to and / or mitigate the 

effects of climate and urbanisation change in the planning and design of WDSs.  The 

problem of optimal WDS design has been formulated as a multi-objective 

optimisation problem in this chapter. The methodology can deal with the two 

frequently used objectives of: (1) minimisation of total design cost and (2) 

maximisation of resilience of WDSs. In addition, the methodology simultaneously 

account for a third, environmental performance (i.e., climate change mitigation) 

objective, (3) minimisation of GHG emissions. Furthermore, two water demand 
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management technologies in the form of RWH systems and the water efficient 

appliances have been considered with application at the WDS system level to 

complement the more conventional design interventions. The water DM measures 

considered (assumed to be socially accepted) are used locally on the demand side but 

have an impact on the overall water distribution system performance.  

 

Among other optimisation methods that have been discussed in chapter 2, a Genetic 

Algorithm has been selected due to the attributes mentioned earlier (chapter 2). 

Among the GAs, the well-known NSGA2 in particular, was opted for use and its 

concepts have been explained in section 3.2.1. The required calculation details, data 

and the related assumptions in the methodology presented in this chapter have been 

discussed in section 3.2.3. The data includes the energy requirements for WDS 

components’ fabrication, repair, recycle and disposal processes. Also, components’ 

characteristics such as pipe initial break rate, typical break length and the breakage 

growth rate have been discussed.  

 

The methodology developed in this chapter is tested, verified and illustrated on 

specific case studies in chapter 5.  
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4 FLEXIBLE WATER DISTRIBUTION SYSTEM DESIGN UNDER 

FUTURE UNCERTAINTIES 

 

4.1 Introduction 

Uncertainty in water distribution system (WDS) performance is inevitable due to the 

uncertain nature of the system parameters. Water demand is one of the major factors 

that determine the hydraulic performance of a WDS. The effect of rapid urbanisation 

and climate change render water demand highly uncertain as the knowledge of water 

demand is essential in WDS design and life-time operational performance. Design of 

WDSs is necessary to keep up with the water service requirements. However, the 

extent of design has to be done now in order to supply adequate water to customers 

into the unknown future. Making appropriate and long-term decisions becomes a 

challenge that requires strategic methodologies that lessens the susceptibility of 

overdesigned or underperforming WDSs in an attempt to improve the traditional 

(deterministic) approaches.  

 

WDS design is traditionally based on deterministic water demand projections. Under 

the deterministic approach, WDSs are susceptible to poor performance due to the 

assumption that the deterministically projected future demand will not change and the 

system capacity is intended to perform well for the entire design period. In reality, the 

actual demands are likely to differ and that could lead to over designed or 

underperforming systems. As a result, recognising uncertainty in the design of WDSs 

over the long-term planning horizon to improve their performance has become 

clearer. In addition to robust designs, uncertainty can be dealt with by creating 

flexibility in the design of WDSs. Furthermore, uncertainty can also be countered by 

demand management (DM). Rainwater and water saving appliances are known to 

promote potable water savings.  

 

The aim of the work presented in this chapter is threefold: (1) to develop a design 

methodology that provides flexibility and evaluation of such flexibility in WDS 

design. The methodology considers future water demand uncertainty rather than the 

deterministic strategies that can lead to overdesigned or underperforming systems in 

the long-term planning horizon, (2) to develop an optimisation methodology for WDS 
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flexible designs, which provides opportunities for decision makers to modify or adjust 

WDSs to the desired system hydraulic performance under optimal decision rules 

(future water demand levels) in a timely and cost-effective manner as the future 

uncertain water demand unfolds, and (3) to incorporate water DM intervention 

options that are strategically built into the flexible design methodology to complement 

conventional interventions by exploiting potential water savings under future 

uncertain water demands. 

 

After this introduction, the rest of the chapter is organised as follows. Section 4.2 

introduces the framework for flexible WDS design intervention approach. The key 

concepts that are applied in the methodology are also explained. Section 4.3 

introduces and discusses the optimisation of the flexible WDS designs that can 

account for both the conventional and the DM interventions. Section 4.3 also presents 

the problem formulation, the optimisation solution method, and the data and 

assumptions needed in the design approach presented in this chapter. In the case 

where DM interventions are implemented, the derivations of the performance of 

rainwater harvesting (RWH) systems and water saving appliance schemes (WSASs) 

in terms of water savings are explained. Section 4.4 finally summarises and concludes 

this chapter.  

 

4.2 Flexible WDS Design Methodology 

4.2.1 Characterisation of Demand Uncertainty 

In this methodology, future water demand is considered as the only source of 

uncertainty in the analysis to demonstrate the value of a flexible WDS design 

approach. Note that other sources of uncertainty can be taken into account. The nodal 

water demands at given points in time over some long-term planning horizon are 

assumed to follow a normal distribution function (Babayan et al., 2005, Kapelan et 

al., 2005) with increasing mean value equal to the traditional, deterministic projection 

of future demands and the increasing standard deviation as shown in the following 

Figure 4.1. The design methodology shown here is not limiting in this sense and any 

other probability density function(s) (PDF / PDFs) or scenario based approach can be 

used to describe uncertain future water demand. Even though a scenario based 

approach is not used here, it is one of the most powerful and intuitive way that has 
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been used by researchers to incorporate uncertainties in planning (Dembo, 1991, 

Cunha and Sousa, 2010, Kang and Lansey, 2012). 

 

 

                                                                                 

                                                 

                                                                                                                                               

                                        Dt0 
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Figure 4.1: Illustration of Uncertain Water Demand with increasing Variance over 

time 

The increasing system mean demand denotes increase in most likely future demands 

due to the effect of climate and urbanization changes. The increasing standard 

deviation reflects the increasing level of uncertainty into the future. For simplicity, the 

methodology assumes that the nodal demands increase at the same rate (percentage) 

across the entire network, which means that spatial distribution is not considered. The 

system deterministic forecast demand is essentially the sum of nodal mean demands.  

 

The methodology presented here employs Monte Carlo / Latin Hypercube simulations 

(Giustolisi et al., 2009, McKay et al., 1979) around the traditionally projected system 

mean water demands to quantify uncertainty. The approach adopted here seems more 

compatible with any uncertain water demand state that would actually unfold because 

the methodology takes into account any possible future demand state in the 

evaluation. A larger number of possible scenarios are taken into account rather than a 

small number used in the scenario approach. In order to avoid water demands that are 

less than the preceding demands, the later demand can be sampled again if it is less 

than the previous one. Simulated system demands are then allocated to demand nodes 

proportionately according to each node’s respective contribution to the system mean 

demand to reflect the future possible scenarios of future demand realisation at 
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respective design points. Note that the simulated system demands at the end of each 

time step are continuous variables. 

 

In the case where DM measures are considered in an attempt to complement 

conventional options, the simulated nodal demands are reduced according to the water 

savings resulting from the DM applied at respective nodes. As explained in chapter 3, 

the water efficiency of the water saving appliances included in WSASs depends on 

the appliances’ capacities such as volume per use and flow rates, i.e., assuming that 

the use of water efficient devices does not change user behaviour. The capacities of 

the appliances that constitute WSASs and the simulated performance of RWH system 

tank sizes (see section 3.2.3) determine the potential water savings that can be 

achieved by such schemes at the respective network demand nodes. Note that the DM 

interventions are evaluated only after simulated demand has been allocated to nodes. 

 

4.2.2 Flexible Intervention Strategies 

The long-term planning horizon considered in this methodology is sub-divided into a 

discrete number of design stages (time-steps). The simulated uncertain system 

demands and the respective flexible design intervention plans are represented as a 

decision tree in Figures 4.2 and 4.4, respectively. The decision tree is defined by 

relevant demand thresholds (e.g., TA, TB(1-2) and TC(1-4)). Note that in Figure 4.2, each 

of the ‘H’ and ‘L’ in every design time-step is a collective notation (meant for 

explanatory purposes) that represents many possible and different higher or lower 

simulated demands (relative to threshold values). Whilst simulated demands are 

continuous variables, the optional future intervention paths are not (see Figure 4.4). 

The decision tree considered here has no combination structure of nodes but has 

optional intervention paths at the end of each time step into the future. This discrete 

time decision tree can deal with path-dependent, interdependent and irreversible 

decisions which a binomial lattice cannot adequately do (Wang et al., 2005, Buurman 

et al., 2008). These features of the decision tree enable it to deal with path-dependent, 

interdependent and irreversible flexible investments. Each path consists of a set of 

intervention measures. In this case, path-dependence means that the extent of future 

design interventions or the state of the system at any point in time depends on the 

previous intervention path undertaken (given changes in uncertain water demand). 
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This feature is contrary to financial options (of which this methodology is analogous 

to) that have value which only depends on the price at any particular time. 

Interdependence refers to the interaction of interventions that influence each other’s 

performance, hence the overall performance of the whole system. Flexible designs are 

irreversible because once they have been exercised, the interventions (e.g., structures) 

implemented are not going to be demolished. 
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Figure 4.2: A three-staged Decision Tree Illustration of Uncertain Water Demand (CD 

– Current Demand, L – Lower and H – Higher than the threshold water demand paths, 

respectively) 

A threshold value (future system demand in each time-step) is a decision criterion 

used to decide which interventions to implement at a design point, i.e., which 

adaptation path to follow in the consecutive stages along the planning horizon. The 

threshold value (see Figure 4.3) is the future water demand level above which the 

intervention path with more reinforced system configuration is followed and vice 

versa. Note that threshold values define indirectly the probabilities of optional paths 

on the intervention decision tree. Given random future demands, the probabilities are 
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estimated indirectly using the MCS or LHS, i.e., sampling methods. With threshold 

water demands at each simulation point (end of time-step), the relevant pre-specified 

demand PDF defined at that point determines the probability of having simulated 

demands that are higher or lower than the respective thresholds. In other words, the 

probabilities (%) that are defined by the PDFs are decision variables that are used to 

determine the associated threshold demands (i.e., demands used in the selection of 

optional intervention paths). Note that if probabilities are 0 and 100 %, the threshold 

values become undefined. Instead, a very small (approximately 0%) and an 

approximately 100% numbers can be used, respectively. It should also be noted that 

two optional paths are illustrated in Figures 4.2 - 4.4 but the methodology is not 

restricted to only two options. The methodology can handle more optional paths that 

need to be considered. Note that in Figure 4.4, CS is the Current System, L-D and H-

D are Lower and Higher Designs that correspond to uncertain L and H demands, 

respectively.  

 

                                                                                   May design (or ‘do more’) 

                                                                       

                                                                                                                       mean value                                      

             Intervention Selection                                                       

                                                                                                                                         Threshold Value 

                                                                                                                                         

                                                                                                                              Do nothing (or ‘do less’) 

Figure 4.3: Illustration of a Decision Criterion (based on future demand) for 

Implementing Interventions at each Design Point 

The WDS design performance at each stage of the planning horizon is evaluated by 

calculating the cumulative intervention cost and the WDS hydraulic performance 

(nodal heads and resilience in the work presented in this thesis), as explained in 

section 4.2.3. The EPANET network hydraulic solver (Rossman, 2000) is used when 

estimating the WDS resilience and the necessary hydraulic constraints (e.g., minimum 

pressure requirements). The actual WDS design cost and resilience profiles over the 

planning horizon depend on the intervention route taken which differs for different 

random demand scenario projections. With flexible plans represented by these 

different (optional) intervention paths that can be selected into the future, different 
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total cost and benefits (e.g., resilience improvement) result. Consequently, total cost, 

system resilience and nodal heads are averaged over all the pre-specified number of 

samples (demand scenarios) at each design stage. 

 

                                                 Dt1                            Dt2                             Dt3                           Dt,end 
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Figure 4.4: A three-staged Decision Tree Illustration of an Intervention Plan 

according to Uncertain Water Demand 

4.2.3 Flexible Interventions’ Evaluation Methodology 

The procedure for the evaluation of the flexible WDS design interventions 

represented using a decision tree in Figure 4.4 includes generating demand scenarios 

and evaluating respective design plans (interventions) in terms of objectives and 

constraints considered. In this section, Figures 4.2 - 4.4 and Figure 4.5 will be used to 

explain the evaluation of flexible interventions considered in the method presented 

here. A complete single demand scenario that is simulated consists of continuously 

sampled water demands at t1, t2, t3, until tend (see Figure 4.5). Note that at t0, demands 

 

Intervention 

Paths 

HL-D 

LL-D 

HLH-D 

LHH-D 

LLH-D 

TA 

TC-3 

L-D 

H-D 

HH-D 

LH-D 

HHH-D 

HHL-D 

HLL-D 

LHL-D 

LLL-D 

CS 

TC-1 

TB-1 

TB-2 

TC-2 

TC-4 

Simulated Demands:  

Dt0 



69 

 

are known and are not needed in the evaluation of the design plans. With the use of 

threshold demands (see Figures 4.3), the simulated uncertain demands follow 

different paths with corresponding interventions. Threshold demands are represented 

with TA, TB (1-2) and TC (1-4) in Figure 4.5.  Note that ‘do more / redesign’ and ‘do 

less / nothing’ interventions are represented with solid and broken lines, respectively. 

The first simulated uncertain demand at t1 and the corresponding interventions can be 

explained with the use of Figures 4.2 and 4.4 as follows. 
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Figure 4.5: Illustration of Uncertain Water Demand and the Corresponding 

Interventions 

In Figure 4.2, the first stage box ‘H’ represents each of all the simulated system 

demands at t1 which are used to evaluate the cost, resilience and constraints of the 

design or ‘do more’ interventions ‘H-D’ in Figure 4.4. The ‘H-D’ interventions are in 

the first stage (i.e., from t0 to t1). The same applies to box ‘L’ and the rest of other 

simulated demands across all the stages. The demand divisions ‘H’ and ‘L’ are only 

used for illustration purpose here. The simulated system demands at t1 are divided into 

‘H’ (higher) and ‘L’ (lower) based on the first stage threshold demand value (i.e., TA - 

demand level at t1). In order to perform the first evaluation of interventions at design 
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point t0, the EPANET hydraulic solver is updated and run with the simulated demands 

at t1 (see Figure 4.5). In other words, at design point t0, uncertain demands (and 

threshold demands) are leading the interventions as shown in the superimposed 

interventions and uncertain demands in Figure 4.5. For each of the simulated system 

demands (continuous), there are corresponding interventions to be evaluated. The 

consecutive stages’ intervention paths are evaluated in a similar manner across the 

entire planning horizon. The intervention paths that are decided based on the 

threshold demand at design points t0, t1, t2, t3 until tN-1) are mutually exclusive, i.e., a 

single demand scenario results in only one intervention path.  

 

Further details of simulated demand scenarios and how they are used to evaluate 

flexible WDS interventions as they traverse across the entire planning horizon are 

explained here. For explanatory purposes, the following example demand scenarios 

and the possible interventions are assumed to occur in three design time-steps with 

two optional paths at each design point. For example, if the simulated system demand 

at t1 (Dt1) is higher than the threshold TA (see Figure 4.5), the ‘H-D’ interventions are 

evaluated. Evaluating ‘H-D’ interventions means that in the next step, only ‘HH-D’ or 

‘HL-D’ can be evaluated. Therefore, if the simulated demand at t2 (Dt2) is higher than 

the threshold TB-1, ‘HH-D’ interventions are evaluated. Evaluating ‘HH-D’ 

interventions clearly means that in the third design time-step, either ‘HHH-D’ or 

‘HHL-D’ interventions will be evaluated. If the simulated water demand at t3 (Dt3), 

i.e., tend (Dt,end) in this particular example, is higher than threshold TC-1, ‘HHH-D’ 

interventions are evaluated to complete a single water demand scenario. All the 

possible intervention paths in this example are as follows. 

 

Table 4.1: Possible Paths of Flexible Designs (three time-steps and two optional paths 

at design points) 

No. Simulated and Threshold demands condition Intervention path 

 
  

1 If Dt1 > TA, Dt2  > TB-1, and Dt3 > TC-1 H-D, HH-D and HHH-D 

2 If Dt1 > TA, Dt2  > TB-1, and Dt3 < TC-1 H-D, HH-D and HHL-D 

3 If Dt1 > TA, Dt2  < TB-1, and Dt3 > TC-2 H-D, HL-D and HLH-D 

4 If Dt1 > TA, Dt2  < TB-1, and Dt3 < TC-2 H-D, HL-D and HLL-D 

5 If Dt1 < TA, Dt2  > TB-2, and Dt3 > TC-3 L-D, LH-D and LHH-D 

6 If Dt1 < TA, Dt2  > TB-2, and Dt3 < TC-3 L-D, LH-D and LHL-D 

7 If Dt1 < TA, Dt2  < TB-2, and Dt3 > TC-4 L-D, LL-D and LLH-D 

8 If Dt1 < TA, Dt2  < TB-2, and Dt3 < TC-4 L-D, LL-D and LLL-D 
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Figure 4.6 summarises the flexible intervention evaluations as explained in this 

section (4.2.3). However, the summary is general in terms of the number of time-steps 

considered. The evaluation of interventions repeats for all the number of samples. The 

total cost and the resulting resilience due to the implementation of interventions at any 

time-step for each sample are stored. The nodal heads resulting due to all the demand 

scenarios at each design stage are also stored. The total cost, resilience and nodal 

heads at any stage are then averaged over all samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: The Flowchart Illustration of the Flexible WDS Intervention Plan 

Performance Evaluation (N = number of design stages) 

Nth Design (at tN-1): Evaluation of the relative final design path 

interventions using tend water demand and the respective N
th

 design’s future 

Threshold Values 
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Scenarios 
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In order to demonstrate the value embedded in the flexible interventions under the 

proposed methodology, the following two indicators are used here: (1) the total 

intervention cost incurred in the design conventional interventions that may include 

interventions such as duplicating / new pipe diameters, cleaning and lining of existing 

pipes, addition of tanks and their locations, tank parameters (diameter, bottom 

elevation, minimum and maximum operating levels) and the pump schedule, i.e., the 

number of operating pumps at a given time, and (2) the WDS resilience index, which 

serves as a measure of the WDS’s intrinsic capability to ensure continuity of supply to 

users after sudden system failures.  

 

Total intervention cost is estimated as follows:  

 

        (4.1) 

 

where Ns is the total number of samples (demand scenarios); r is the cost discount 

rate; t is the time (years) elapsed within the planning horizon; S is the total number of 

design stages; Cj,cap  is the capital cost of the j-th rehabilitation intervention option in 

the i-th stage; n is the number of rehabilitation options implemented; Ci,op  is the 

whole stage (time-step) operating energy consumption cost due to the j-th machine / 

appliance (e.g., pump) and nop is the number of machines / appliances in the system 

for a particular i-th stage. The total cost is cumulative across the entire planning 

horizon for every k-th sample. Note that capital costs for each time-step are incurred 

at t0, t1, t2, and so forth (see Figure 4.4). This means that the capital costs incurred at t1 

and later are discounted. The operation cost considered at each design point is the 

present value that accounts for the whole design time-step. For example, the total 

costs for the first time-step consists of the capital costs at t0 (i.e., not discounted) plus 

the discounted operation cost from t0 to t1. 

 

The resilience index (RI) is estimated as follows (Todini, 2000): 
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(4.2) 

 

Due to the multi-staged designs and a large number of demand scenarios considered 

in this methodology, the average resilience index (RIav) at each time-step is calculated 

as follows:  

 

 

(4.3) 

 

where qi corresponds to the flow of the i-th node; hi,av is the available piezometric 

head; hi,req is the minimum required head; Qr is the reservoir flow; Hr is the reservoir 

head; Pj is the pump power; γ is the specific weight of water; nn is the number of 

demand nodes; nr is the number of reservoirs and npu is the number of pumps. Note 

that other resilience (and/or reliability/risk or other performance) measures could be 

used as well, if desired, e.g., the network resilience and the modified resilience index 

by Prasad and Park (2004) and Jayaram and Srinivasan (2008), respectively. 

However, the focus of this thesis is on the flexible design concepts, not on evaluating 

the most appropriate resilience measure. Note that equation (4.1) uses the present 

value analysis for discounting future costs. System resilience improvement is used as 

a measure of benefit achieved by redesign interventions. Also note that this benefit is 

not expressed in monetary units and that prevents the use of more conventional Net 

Present Value (NPV) analysis. 

 

The design intervention plans are subject to hydraulic model governing equations 

(i.e., mass and energy balance) as follows: 

 

               (4.4) 

 

                (4.5) 
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where qm are the flows in all ni pipes; qd,i is the water demand at the i-th node; hi,u is 

the head at upstream node of the i-th pipe; hi,d is the head at downstream node of the i-

th pipe; ∆hi is the difference between the i-th pipe’s total head loss and the WDS 

pumping head; nn is the number of network nodes; nl is the number of network links. 

 

4.3 Optimisation of Flexible WDS Design 

4.3.1 Introduction  

The selection of the flexible design plan discussed in the previous section (4.2) is 

obtained by formulating (in this chapter) and solving (in chapter 6) a WDS design 

optimisation problem. In addition to the explanation in section 4.2, section 4.3.2 

presents the formulated adaptive optimisation problem while section 4.3.3 briefly 

discusses the genetic algorithm (GA) solution method. Finally, section 4.3.4 discusses 

the necessary data that needs to be acquired prior to the application of the method.  

 

4.3.2 Optimisation Problem 

The methodology discussed in section 4.2 is further developed as an optimisation 

model for identification of optimal, adaptive WDS design interventions. For each 

candidate design (solution), the optimisation model considers multiple possible water 

demand scenarios into the future, the possible path-dependent, interdependent and 

irreversible intervention interactions. The design approach developed here aims to 

identify optimal solutions for staged flexible design of WDSs with minimised total 

design cost (capital and operational) and maximised system resilience index as 

performance indicators.  

 

The total design cost is estimated as follows:  

 

    (4.6) 

 

WDS resilience (Todini, 2000) is estimated as in equation 4.3 (i.e., the average). 

 

where r is the cost discount rate; t is the time (years) elapsed in the planning horizon; 

S is the total number of design stages; Cj,cap  is the capital cost of the j-th rehabilitation 
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intervention option in the i-th stage excluding any associated cost saving to avoid 

double counting the benefits; n is the number of rehabilitation options implemented; 

Ci,op is the stage operating energy consumption cost due to the j-th operating machine 

/ appliance and nop is the number of operation machines / appliances in the system for 

a particular i-th stage. The total cost is cumulative across the entire planning horizon; 

BDM,cap  is the capital benefit, i.e., capital cost saving related to reduced source 

capacity required when using water demand management interventions.  The BDM,cap 

is estimated as the difference between the capital cost of water source (water 

abstraction and treatment) assuming no demand saving measures and the 

corresponding cost with demand saving measures, i.e., for a gravity system. As for a 

pumping WDS, in addition to the cost saving (BDM,cap) as mentioned in the gravity 

system, the total benefit  includes the operation cost saving (i.e., BDM,op). The BDM,op 

term mentioned here is the difference between the required pumping energy cost 

assuming no demand saving measures and the corresponding cost with demand saving 

measures. As mentioned in chapter 3, the design methodology presented here also 

does not consider the issue of cost ownership - the aim is to minimise the total WDS 

intervention cost (to the society). 

 

In the case whereby the problem include DM measures, the unknown effective nodal 

service roof area which is necessary for RWH system potential potable water saving 

analysis, the estimation is carried out based on assumptions  made by Ghisi et al. 

(2007) as specified in equation 3.19. In the case of pumping based RWH systems 

application, the life-cycle energy consumption of RWH systems local pumps is 

estimated in kWh as follows shown in equations 3.20 – 3.24. 

 

In addition to hydraulic governing equations 4.4 and 4.5, the optimisation problem 

outlined in this section is subject to constraints as shown below.  

 

(a) Hydraulic constraint: 

 

               (4.7) 

                   (4.8) 

 

(b) Decision variables constraint: 
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               (4.9) 

 

where hi,average is the average actual head of the i-th node in each design time-step; Di 

is the value of the i-th discrete decision variable; D is a discrete set of available 

conventional, water DM intervention and threshold value options; nd is the number of 

decision variables. In the optimisation process, potential solutions considered should 

have path-dependent, interdependent and irreversible interventions in any particular 

uncertain water demand scenario across the planning horizon. 

 

The decision variables consist of conventional only or conventional and water DM 

interventions and thresholds demands. The conventional interventions can include 

measures such as duplicating / new pipe diameters, cleaning and lining of existing 

pipes, addition of tanks and their locations, tank parameters (diameter, bottom 

elevation, minimum and maximum operating levels) and the pump schedule, i.e., the 

number of operating pumps at a given time. The water DM measures such as RWH 

system tanks and the extent of WSASs coverage can be considered by this 

methodology.  

 

4.3.3 Solution Method 

Past studies show that GAs have the ability to identify near-optimal solutions to 

complex optimisation problems (Dandy et al., 1996, Farmani et al., 2006) of which 

the current flexible design approach to long-term future water demand uncertainty in 

WDSs is not an exception. The computational burden and complexity arise due to 

features such as path dependent, interdependent and non-reversible interventions 

together with the large number of simulated demands and search space of the 

problem. As a result, the optimisation problem formulated in this chapter is solved by 

using the NSGA2 optimisation algorithm (Deb et al., 2002) linked to the EPANET 

network hydraulic solver (Rossman, 2000). The NSGA2 search procedure has been 

explained in chapter 3 (section 3.2.1.2). The binary chromosome encoding sample for 

the flexible design methodology presented in this chapter is illustrated in Figure 4.7. 

Note that other coding methods such as integer, real and combined approaches that 

are discussed in section 3.2.1.2 can also be used. This chapter does not focus on the 

best chromosome encoding.  
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1 0 1 0 ... 1 0 1 0 ... 1 0 1 0 ... 1 0 1 0 ... 

 

                First Stage Genes    |   Thresholds’ Genes  | Second Stage Genes |   Third Stage Genes 
                               (L-D, H-D)                                                                         (LL-D, LH-D, HL-D, HH-D)    (LLL-D, LLH-D, LHL-D, LHH-D,                                                                                                              

                                                                                                                                                          HLL-D, HLH-D, HHL-D, HHH-D) 

 

Figure 4.7: A Decision Tree-based Chromosome (binary-coded) 

 

In the binary coding illustrated in Figure 4.7, a single or more genes may be needed to 

represent a single decision variable depending on the number of possible discrete 

options. Also, different decision variables can be represented by different number of 

genes in the same chromosome. The output of the optimisation model is the Pareto 

front of flexible design solutions with optimal threshold values above which more 

reinforced system configurations are implemented. Note that other optimisation 

methods can also be used but selection of the most suitable method is not the focus of 

this thesis. 

 

4.3.4 Data and Assumptions 

The data requirement for the methodology presented in this chapter includes the cost 

of design interventions (e.g., WDS and DM components) and WDS system operation 

(e.g., electricity). The necessary cost data can be obtained from relevant pipe, 

electricity, water saving appliance and other components manufacturers or suppliers. 

Also, cost data can be obtained from past construction projects. Due to design or 

operational costs that are happening at different times in the long-term planning 

horizon, time preference is accounted for by using present value analysis where an 

appropriate cost discount rate has to be used. The uncertain variables (i.e., nodal 

demands) have to be modelled with appropriate PDFs that can be determined by the 

designers. 

 

In the case where the methodology considers both conventional and DM interventions 

as design options, the RainCycle model (Roebuck, 2007), among other models as 

mentioned earlier (in chapter 3), can be used to simulate a discrete number of RWH 

tank sizes as described in section 3.2.3. The water saving efficiency of RWH systems 

depends on water demand as one of the key parameters among other factors. The 



78 

 

uncertain future nodal water demands considered in this chapter render the 

efficiencies of different RWH system tank sizes uncertain. In order to account for 

such uncertainty, the efficiency of RWH systems is therefore modelled by performing 

several hydraulic analyses of each RWH tank size with varied deterministic water 

demand levels (e.g., mean, some above and some below the mean) for each nodal 

catchment.  The resulting efficiencies are used for regression fit (particular fitted 

curves for the networks considered in this thesis are shown in chapter 6). The best-fit 

function for each RWH system tank size in a particular nodal catchment is used to 

estimate the efficiencies under uncertain water demand. 

 

In a similar manner, the best-fit function is used to estimate the efficiencies of 

different WSASs after evaluating them under several deterministic water demands for 

each nodal catchment. As shown in section 3.2.3, WSASs performance depends on 

per capita water consumption, the household occupancy rate and the capacities of 

water use appliances that are considered. The overall effect of DM interventions in the 

WDS design methodology presented here is determined by the economic cost 

(accounting for cost saving) of implementing such interventions and the hydraulic 

benefit (resilience increase) resulting due to the achieved water demand savings.  

 

4.4  Summary and Conclusions 

A methodology that can effectively identify adaptive solutions in the long-term 

planning and design of WDSs under uncertain future climate and urbanisation 

changes has been developed and presented in this chapter. The problem of optimal 

staged flexible WDS design has been formulated as a multi-objective optimisation 

problem under uncertain future demand driven by minimisation of the total design 

costs and the maximisation of the end-of-planning horizon WDS system resilience. 

 

Two different intervention strategies are considered, a deterministic fixed intervention 

strategy (i.e., represented with a single set of interventions for a specific water 

demand scenario over the analysed planning horizon) and a flexible intervention 

strategy represented using optional intervention paths into the future. The flexible 

design methodology developed in this chapter is capable of considering the DM 

measures (RWH systems and WSASs) as an attempt to strategically enhance 



79 

 

uncertainty management in the WDS design. The flexible intervention strategy 

presented in this chapter implies that the water utility should change or adapt its 

system at each time-step to ensure flexibility. The flexibility is ensured by the 

connectivity (i.e., dependency) of optional interventions in decision tree branches, i.e., 

by the fact that whatever intervention is adopted at some stage, the following optional 

interventions at the next stage will be compatible with it. 

 

As in the previous chapter (3) the genetic algorithm optimisation method selected for 

use in the methodology presented here is the NSGA2 and the required data and the 

necessary assumptions have been discussed in section 4.3.4.  

 

The new methodology presented in this chapter is tested, verified and demonstrated 

on the well-studied redesign case studies of New York Tunnels and the Anytown 

water distribution networks. The descriptions of these case studies and the respective 

results and discussions of the findings are presented in chapter 6 of this thesis. 
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5 CASE STUDIES I: GHG EMISSION MITIGATION 

 

5.1 Introduction 

In this chapter, two case studies are presented with the main aim of demonstrating the 

methodology developed in chapter 3. The methodology in chapter 3 attempts to 

mitigate climate change and adapt (by counteracting) to the effects such as those of 

urbanization and climate change in water distribution system (WDS) designs. The 

design interventions include conventional measures (duplicating pipes, laying new 

pipes, adding new tanks, cleaning and lining existing pipes, and pump scheduling) 

and demand management (DM) measures (Rainwater harvesting systems and water 

saving appliance schemes).  

 

The new methodology is tested on network redesign problems of the New York 

Tunnels (see Dandy et al., 1996) and the more complex Anytown network (Walski et 

al., 1987). Even though both of these studies are treated as benchmark problems in the 

literature they are either based on an actual real-life problem (New York Tunnels 

network) or have features often found in real-life WDS redesign problems (Anytown 

network). The results, discussions and conclusions that are presented in this chapter 

focus separately on conventional and the combined (conventional and DM) 

intervention designs. The results obtained by considering conventional interventions 

as the only decision variables and the combined interventions (conventional and DM 

measures) are referred to as conventional and non-conventional solutions, 

respectively.  

 

5.2 Data and Assumptions  

The cost, DM performance and energy requirements that are associated with 

implementing interventions are discussed in this section. The conventional and the 

DM interventions that are considered here are as mentioned in section 5.1. For both of 

the networks considered in this study (defined later in this chapter), a planning 

horizon of 20 years was used for analysis as a common design period and for 

comparison purposes with literature results. A continuous planning horizon with 

designs that are implemented at the beginning followed by repair of pipes until the 

end of the design period where pipe material (low carbon steel) will be recycled and 

some disposed is considered.  
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5.2.1 Intervention Costs 

In the case studies shown in this chapter (and the thesis), the cost of WSASs is based 

on the cost data from Cooley et al. (2010). Only the water saving appliances’ costs 

considered in this thesis are displayed in Table A.1. The total cost depends on the 

number of households for each node provided with water saving appliances whereas 

for the RWH systems, the cost function was adopted from Walski et al. (1987) (i.e., 

storage tank costs for the Anytown network). Note that in the case of larger tank sizes 

as shown in the New York Tunnels network, the cost is obtained by extrapolation. 

The source capacity incremental cost was calculated according to Ackermann (1968) 

(i.e., equation 3.10 with parameters A =267 and B = 0.65). All the above costs were 

increased or discounted to the same year using online based price indices (CoinNews 

Media Group LLC, 2011). The conventional intervention costs are shown in each case 

study. Pipe break repair costs have not been considered because they are very small 

compared to other costs. 

 

5.2.2 DM Interventions’ Performance 

The RainCycle model (Roebuck, 2007) was used to simulate the performance (water 

saving) of a discrete number of RWH tank sizes for small sub-catchments (i.e., a 

maximum of about 10 million m
2
 each) in each of the node catchments. This was 

done assuming the total average rainfall of 1086 mm/annum (BBC Weather, 2010) 

which is expressed and input into the model in terms of mm / day (see Table 5.1), 

catchment area size that differs for each network demand nodes, catchment runoff 

coefficient (0.85), filter coefficient (0.9), recycled water and the daily non-potable 

water demand that also differs for each network demand nodes. Note that 

uncertainties that are associated with rainfall and other parameters in the long-term 

influence efficiency of RWH systems (due to climate change, urbanisation, etc.) but 

are beyond the scope of this thesis. 

 

The RainCycle is based on the Yield After Spill (YAS) behavioural model (Roebuck, 

2007) which makes use of both daily time step and the rainfall data. A limited back-

up of WDS mains is assumed at a small spatial scale meaning only a small number 

(say 1) of RWH tanks may fail to deliver water at the same time (for whatever 

reason). In the case of larger catchment areas, catchments and the demand were 
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proportionately scaled down into sub-catchments for modelling using the RainCycle 

(which can model catchments of limited size, up to about 10 million m
2
).  

 

Table 5.1: New York City average monthly rainfall (BBC Weather, 2010) 

Month 
Average rainfall 

(mm) 

January 94 

February 97 

March 91 

April 81 

May 81 

June 84 

July 107 

August 109 

September 86 

October 89 

November 76 

December 91 

 

The output of the model is the water saving percentage of the non-potable water 

demand input. The non-potable water demand includes the water used for flushing 

toilets, doing laundry (washing machines) and outdoor use. All the nodal demands in 

the system are assumed to be from urban residential houses and the proportion of the 

nodal water demand is according to the USA residential micro-components water use 

data. The study does not model the socio-economic aspects of the network catchments 

but assumes that the water demand management options considered here will be 

socially acceptable. The data includes micro-components water use expressed as 

percentages (%) e.g., 26.7, 21.7 and 16.8 for toilets, washing machines and shower 

heads, respectively (American Water Works Association, 2010). The potential 

reduction of nodal water demand in each node catchment is evaluated in the 

optimisation of the WDS design problem. 

 

In a similar manner, the effect of water saving appliances is evaluated by using their 

proportion of water use assuming that the water use data represent the base case 

where such appliances are not used. The water efficiency level calculation of the 

water saving appliances depends on the capacities such as volume per use and flow 

rates. In this study, it is assumed that the use of water efficient devices does not 

change user behaviour. 
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The calculations of the potential water saving of demand management measures on 

given nodal demands are based on the USA data. The assumption is that the water 

consumption is 262.3 litres/capita/day, i.e., 69.3 gallons/capita/day (American Water 

Works Association, 2010). The occupancy rate is 2.6 persons/household (U.S. Census 

Bureau, 2012). The above values and other related data such as costs are assumed 

because the two networks studied here are both USA-based. Different values of these 

and other parameters may lead to different WDS design results obtained in other case 

studies. Another key assumption made here that can significantly influence the results 

is that the RWH systems for the gravity based system (the New York Tunnels 

network) are gravity driven. This assumption was made in this study to investigate the 

two extremes, the gravity driven RWH systems for gravity type WDS and the pumped 

RWH systems for the pumping type WDS (the Anytown network problem).  

 

Other assumptions that can influence the results obtained are the effectiveness of the 

water saving appliances and the RainCycle model input data mentioned above. 

Further, only the major water use appliances (toilets, washing machines and 

showerheads) according to the USA micro-components water use (American Water 

Works Association, 2010) were considered here. It is assumed that each household 

has (1) two toilets with capacities of 4.85 litres (1.28 gallons) instead of 6.1 litres (1.6 

gallons) per flush, (2) a washing machine which takes 56.8 litres (15 gallons) instead 

of 113.6 litres (30 gallons) per load and (3) a showerhead with a capacity of 5.7 litres 

(1.5 gallons) instead of 9.5 litres (2.5 gallons) per minute. The life-span of the 

components coincides with the WDS design period (20 years) except for the washing 

machines that have a life-span of 10 years (National Association of Home Builders, 

2007). Finally, note that despite the fact that all of the above assumptions may impact 

on the results obtained in a specific case study, the methodology shown here remains 

generic and able to accommodate for specific cases analysed. 

 

5.2.3 Interventions’ Energy Requirements 

The energy-need data for fabrication, recycling and disposal of a unit length of pipe 

for certain diameters was interpolated and extrapolated were necessary from data 

provided by Filion et al. (2004). The energy requirement estimations for 

manufacturing both WDS additional tanks and water DM intervention components 
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were estimated by the use of the Economic Input-Output Life Cycle Assessment 

(EIO-LCA) (Carnegie Mellon University Green Design Institute, 2011) online tool. 

The source of energy was assumed to be from electricity and can be converted to 

greenhouse gas (GHG) emissions according to AEA (2010) guidelines. The 

guidelines provide conversion factors that can be used for project planning and GHG 

emission reduction projects in the UK. The guidelines separate electricity generation 

from electricity that is used at the consumption point. The conversion factors 

represent the average carbon dioxide equivalent emission from the national / local 

grid per kilowatt hour (kWh) utilised at the point of consumption. As these factors are 

updated annually, a factor based on the latest 5 year rolling average (0.545 kgCO2-e / 

kWh) was used in this study.  For simplicity reasons, the energy consumed and the 

GHG emission factor was assumed to be constant for all the stages of the WDSs 

considered.  

 

For the pipe break energy requirement, Neelakantan et al. (2008) compiled the typical 

initial and the break growth rates as reported by previous researchers and Filion et al. 

(2004) reports typical pipe-break lengths ranging between 9 m (29.5 feet) for 150 mm 

(5.9 inches) diameter pipes and 5 m (16.4 feet) for 600 mm (23.6 inches) pipes. An 

initial break rate of 4 × 10
-5

 breaks/m/year, a typical break length of 5 m/break and a 

breakage growth rate of 0.06 per year in this study were assumed based on the data 

reported in the above literature. They are within the ranges reported in literature. As 

for the break length, a typical value of 5m value is assumed here as it is considered 

reasonably conservative even though some of the pipes are smaller than 600 mm in 

the Anytown network. Note that the pipe break assumptions made here are not critical 

for the analyses done in this thesis as the break repair energy requirement constitutes 

only a small portion of pipes’ GHG emissions. The same three parameters of initial 

break rate, typical break length and the breakage growth rate have been applied to all 

the pipe sizes. The energy required for maintenance and cleaning, pipe replacement or 

transport and installation have not been considered as the data used in this study was 

derived from the data presented by Filion et al. (2004) which did not include them. In 

this thesis, only the life-cycle energy-needs for major components (e.g., pipes and 

WDS tanks) and WDS pump operation that require significant amounts of energy are 

considered.  
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5.3  New York Tunnels Problem 

5.3.1 Problem Description 

This is a gravity-fed network has a single source (i.e., reservoir), 19 demand nodes 

and 21 pipes (see Figure 5.1). The existing pipe details for the network are shown in 

Table B.1. There is a minimum head requirement of 77.72 m (255 feet) at all demand 

nodes except node 16 and 17 that have head requirements of 79.25 m (260 feet) and 

83.15 m (272.8 feet), respectively. The reservoir at node 1 has a fixed head of 91.44 

m (300 feet). The nodes’ elevation and demand data is provided in Table B.2.  

 

 

Figure 5.1: The New York Tunnels network (Adopted: CWS, 2013a) 

 

This redesign problem has been well studied in literature with most of earlier 

researchers focusing on least-cost designs. In this thesis, the objective of the problem 

is to identify a network solution with a trade-off between minimised redesign cost and 

GHG emissions and maximised resilience. The only means of redesign is to duplicate 

existing pipes with new ones from a set of 15 available diameters of 914.4, 1219.2, 

1524, 1828.8, 2133.6, 2438.4, 2743.2, 3048, 3352.8, 3657.6, 3962.4, 4267.2, 4572, 

4876.8 and 5181.6 mm (i.e., 36, 48, 60, 72, 84, 96, 108, 120, 132, 144, 156, 168, 180, 

192 and 204 inches, respectively). Together with ‘do nothing’ this makes a total of 16 

possible solutions fo1r each pipe. Each of these decisions is encoded in the model 

using a 4-bit binary string so that each candidate solution is represented by a vector 

with 84-bit binary strings. The total number of possible solutions is therefore 1.93 × 
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10
25 

(approximately). This is a relatively large optimisation problem despite the fact 

that the network is relatively small. 

 

The NSGA2 algorithm was run with 200 population and 2,000 generations as input 

parameters. In each case, multiple independent optimisation runs with different initial 

random seeds were carried out to obtain and confirm the best convergence whose 

solution results are presented in this thesis. The cost of a candidate redesign solution 

in US dollars ($) is given by: 

 

            (5.1) 

 

where pipe diameter Di and length Li are in inches and feet, respectively. Note that 

this equation is the original cost model for the New York Tunnels network (see CWS, 

2013a) also used by other previous researchers in literature. 

 

5.3.2 Results and Discussion for WDS Designs based on Conventional Interventions 

 

The non-dominated solutions (A to D) from a three objective optimisation problem 

(i.e., equations 3.1 - 3.3) are presented in Figures 5.2 - 5.4 that graphically compare 

the results obtained in this study with previous literature results. Also, the results 

obtained here are displayed in Table 5.2 and compared with the selected frequently 

reported solutions in the literature. The literature solutions (see Van Dijk et al., 2008) 

consists of a single objective problem for minimised cost of redesign (pipe 

duplication) and the robustness based solutions to a multi-objective problem (Kapelan 

et al. 2005). Note that before the comparison of solutions obtained here and the 

literature results can be made, solutions found in literature are re-evaluated in terms of 

cost, resilience and GHG emissions. 

 

It is evident from the results in Figure 5.2 that there is a cost associated with 

achieving resilient solutions. The trade-off curve also suggests a decrease in the rate 

of resilience increment with increasing cost. The curve reaches a vertical asymptote at 

about 0.88 (resilience) suggesting that more money would be spent for minimal 

resilience improvement and potentially high adverse GHG emission (in kgCO2 – 
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equivalent) impact to the environment as shown later in Figure 5.4. In other words, 

the results obtained indicate that there is a limit in achieving high levels of resilience 

in WDS design which means money can be wasted if WDS performance is not well 

understood. 

 

 

Figure 5.2: Comparative Conventional Intervention Designs for the New York 

Tunnels Problem in terms of Total Cost and Resilience Index (three objectives) 

 

All the selected solutions reported previously in the literature (obtained by solving 

single objective, deterministic or robustness based stochastic optimisation problems) 

demonstrate less resilience than the corresponding cost equivalent solutions on the 

trade-off curve. Their resilience values range from 0.414 to 0.518. In other words, 

least cost only and cost - robustness based solutions would generally require larger 

investments to match the cost-resilience-GHG emission trade-off solution 

performance in terms of resilience. The low resilience in least cost solutions is 

attributed to the low redundancy in the system due to inadequate selection of pipes 

without the regard of resilience. In other words, it is a consequence of the fact that 

aforementioned literature solutions did not consider resilience in the optimisation, i.e., 

the deterministic, least cost based optimisation approaches used previously do not 

encourage high redundancy in the system (quite opposite). Note that the robustness 
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based solution has the highest resilience (0.518) of the selected literature solutions 

because of the fact that robustness increases redundancy which is associated with 

resilience.  

 

The trade-off curve and the literature solutions in Figure 5.3 show an almost linear 

relationship between redesign cost and GHG emission objectives. These two 

indicators are both dependent on pipe diameters. The almost linear relationship results 

because of the GHG emissions that are obtained as a product of a constant emission 

factor (0.545 kgCO2-e / kWh) and variable pipe diameter-dependent energy 

consumption. Also, the cost shown in equation (5.1) is only a weakly non-linear 

function of new pipe diameters.  

 

 

Figure 5.3: Comparative Conventional Intervention Designs for the New York 

Tunnels Problem in terms of Total Cost and GHG emission (three objectives) 

 

Figure 5.4 demonstrates that there is an increasing rate of GHG emissions with 

increase of resilience in solutions. High resilience solutions (e.g., above 0.8) lead to a 

significant increase of GHG emissions for a small gain in the solution’s resilience 

which also implies that substantial money is spent for little resilience. This is due to 

the fact that, on this part of the WDS trade-off curve, even a small increase in 

resilience requires substantial increase in duplication pipes which, in turn, leads to 
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significant increase in GHG emissions. The Pareto curve shown in Figure 5.4 

demonstrates better solutions in terms of GHG emissions at equivalent resilience with 

each of the literature solutions plotted in the objective graph. This is a result of lower 

energy requirement by the duplication pipes selected in the current study.  

 

 

Figure 5.4: Comparative Conventional Intervention Designs for the New York 

Tunnels Problem in terms of Resilience Index and GHG emission (three objectives) 

 

A series of engineering solutions obtained (A to D) are summarised in Table 5.2, 

together with the characteristic solutions published previously in the literature. The 

following can be noted from this table: (1) Solutions A, B, C and D all have a pipe 

duplication trend that is shifted towards improvement of available head at high 

demand and far downstream nodes due to high head loss from source to these critical 

nodes. (2) Solution D has a higher cost than all the solutions identified in the 

literature. The difference is the price that has to be paid for increased resilience. The 

higher WDS resilience requires more thorough reinforcement of the network, which 

in turn results in greater GHG emissions (see solutions A, B, C and D). (3) Resilience 

of previous literature solutions is relatively low. For instance, in the case of the least-

cost solution identified by Maier et al. (2003), even though the redesign cost is higher 

than the cost of solution B, low resilience results due to less redundancy in the 

system, i.e., because of the focus on the least-cost redesign (single objective). As for 
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the solution determined by Quindry et al. (1981), low resilience results due to 

inadequate selection of the duplication pipe diameters. This demonstrates that 

significant spend on redesign does not guarantee a high level of system performance 

in terms of resilience and / or GHG emissions hence the need to explicitly optimise 

for these objectives.   

 

Table 5.2: Comparative Conventional Intervention Designs for the New York Tunnels 

Problem (three objectives) 

Duplication Quindry et 

al. 

Dandy 

et al. 

Savic    

and 

Kapelan et 

al. 

Maier 

et al. 

Cost - Resilience - GHG 

Pipe No. (1981) (1996) Walters 

(1997a) 

 (2005) 

99% 

 (2003)  trade-off 

 

   

robustness 

 

Characteristic Solutions 

 

 

Pipe Diameters, Di (× 25.4 mm) 

  

      A B C D 

1 0 0 0 0 0 0 144 0 204 

2 0 0 0 0 0 0 0 0 204 

3 0 0 0 0 0 0 0 72 204 
4 0 0 0 0 0 0 0 0 204 

5 0 0 0 0 0 0 0 0 204 

6 0 0 0 0 0 0 0 0 204 
7 0 0 108 0 144 0 0 0 204 

8 0 0 0 0 0 0 0 0 204 

9 0 0 0 0 0 0 0 0 180 
10 0 0 0 0 0 0 0 0 96 

11 118.898 0 0 0 0 0 0 0 204 

12 134.252 0 0 0 0 0 0 48 204 
13 132.677 0 0 0 0 0 0 72 204 

14 132.677 0 0 131.890 0 0 0 168 204 

15 131.496 120 0 155.906 0 0 144 192 204 
16 19.291 84 96 83.858 96 0 0 0 204 

17 91.732 96 96 107.874 96 84 120 120 204 

18 72.835 84 84 83.858 84 0 72 72 204 
19 72.835 72 72 72.047 72 84 108 108 204 

20 0 0 0 0 0 0 0 0 180 

21 55.118 72 72 83.858 72 0 0 72 204 

Diameter Design continuous discrete discrete continuous discrete All discrete 

Cost ($M) 63.58 38.8 37.14 53.96 38.64 12.20 37.71 62.87 283.14 

Resilience Index (-) 0.516 0.437 0.414 0.518 0.417 0.285 0.480 0.583 0.881 

GHG Emission 

(× 10
7
 kgCO2-e) 

22.47 12.01 11.51 18.95 12.38 3.64 14.08 24.15 154.49 

 

 

5.3.3 New York Tunnels problem description for Non-conventional Interventions 

In this section, the New York Tunnels network problem is further solved considering 

DM type interventions in addition to the conventional redesign interventions 

mentioned in section 5.3.1. The DM type options considered are to provide RWH 

system tanks from 5 discrete sizes (1,000, 5,000, 10,000, 15,000 and 20,000 cubic 
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metres) or a WSAS from 2 available options (i.e., providing 25 or 50% of houses with 

water efficient appliances) to demand nodes in the network. The network demand 

nodes considered in the case study are in distinct sub-catchments known as Bronx, 

Manhattan, Queens, Brooklyn and Staten Island (see Table 5.3). Nodes grouped 

together essentially have the same water demand value except node 10 in the 

Brooklyn sub-catchment. The rainwater collected is assumed to be from rooftops that 

occupy 20% of the land area (Akbari, 2003). The RWH water demand saving outputs 

for the New York Tunnels network nodes are shown in Table 5.4. 

 

Table 5.3: New York Tunnels network node catchments’ characteristics 

New York Tunnels Network Nodal Catchments’ Characteristics 

 
Bronx Manhattan Queens 

Brooklyn 

(excluding 

node 10) 

Brooklyn 
(node 10) 

Staten 
Island 

       

Node(s) 
2, 3, 14, 

15 

4, 5, 6, 7, 

8 

12, 13, 18, 

19 

9, 11, 16, 

20 
10 17 

Effective Catchment 

Area (hectares) 
545 236 1,415 913.7 5.4 3,020 

Water Demand (non-

potable) ( m3/day) 
114,388 109,189 144,966 210,454 1,238 71,183 

Recycled Water 

(m3/day) 
77,314 73,799 97,981 142,244 837 48,112 

 

Table 5.4: RWH systems’ water savings for the New York Tunnels network 

Tank RWH performance (non-potable water savings) 

Volume (m3) (%) 

 
Bronx Manhattan Queens Brooklyn 

Brooklyn 

(node 10) 

Staten 

Island 

1000 0.88 0.92 0.69 0.48 0.78 1.41 

5000 4.38 4.58 3.45 2.38 0.78 7.03 

10000 8.75 9.15 6.90 4.75 0.78 14.1 

15000 13.1 13.7 10.35 7.13 0.78 21.1 

20000 17.5 18.3 13.8 9.50 0.78 28.1 

 

The water saving potential of the tank sizes (aggregated) that exceed the limit of the 

modelling tool used is estimated by simulating the performance of smaller individual 

tank sizes. Each of the decisions is encoded in the model using a 4-bit and 3-bit binary 

string for pipe diameters and RWH system / WSAS respectively so that each 

candidate solution is represented by a vector with 141-bit binary strings. Together 

with ‘do nothing’ option on both conventional and demand management measures, 

the total number of possible solutions is therefore 2.79 × 10
42 

(approximately). The 

NSGA2 algorithm was run with 200 population for 20,000 generations as this is a 
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relatively large optimisation problem despite the fact that the network is relatively 

small. Multiple independent optimisation runs with different initial random seeds 

were carried out for both conventional and the combined interventions to obtain and 

confirm the best convergence whose solution results (including sensitivity analysis) 

are presented in this thesis. 

 

5.3.4 Results and discussion for WDS designs based on Non-conventional 

Interventions 

The non-dominated solutions from a three objective optimisation problem (equations 

3.1 - 3.3) are presented in Figures 5.5 - 5.7 that graphically compare the conventional, 

non-conventional, and the previous literature results. Tables 5.5 - 5.7 show more 

details of the solutions that are compared. The selected solutions 1-3 and solutions A-

C are conventional and non-conventional, respectively. The WSASs (i.e., percentage 

of coverage) are distinguished from RWH tank sizes by a bold and italic format. The 

literature solutions are based on the least-cost design approach (see Van Dijk et al., 

2008) and by optimising the cost-robustness trade-offs (Kapelan et al., 2005). The 

solutions found in literature are re-evaluated in terms of cost, resilience and GHG 

emissions before they can be compared with the solutions obtained in this thesis. 

 

It is evident from the results in Figure 5.5 that there is a cost associated with 

achieving resilient solutions. The trade-off curves (conventional and non-

conventional) show similar solutions in terms of total cost and resilience index (see 

comparative solutions 1 and A, 2 and B, 3 and C). This shows that cost savings made 

by the water DM interventions analysed in this network have little impact in the trade-

off with the cost of implementing such measures. The reason for the small impact in 

the optimisation is attributable to relatively small water savings achieved by DM 

schemes applied at nodes. 

 

All the selected solutions reported previously in the literature (obtained by solving the 

single objective, deterministic or robustness based stochastic optimisation problems) 

demonstrate less resilience than the corresponding cost equivalent solutions on the 

conventional and non-conventional trade-off curves. These observations and 

explanations are similar to those discussed in section 5.3.2. Additionally, DM 
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interventions in the non-conventional solutions increase the network resilience 

indirectly by reducing pipe flows through water demand savings.   

 

 

Figure 5.5: Comparative Conventional and Non-Conventional Designs for the New 

York Tunnels Problem in terms of Total Cost and Resilience Index (three objectives) 

 

The conventional and non-conventional trade-off curves and the literature solutions in 

Figure 5.6 show an almost linear relationship between design cost and GHG emission 

objectives. Similar observations and explanations are presented in section 5.3.2.  

 

Figure 5.7 demonstrates that there is an increasing rate of GHG emissions with 

increase of resilience in solutions. The conventional and non-conventional Pareto 

curves shown in Figure 5.7 demonstrate better solutions in terms of GHG emissions at 

equivalent resilience indices (compared with each of the literature solutions plotted in 

the Figure 5.7 objective graph). This is a result of lower energy requirement by the 

duplication pipes selected in both the conventional and the non-conventional solutions 

considered here. This also stresses that significant spend on redesign does not 

guarantee a high level of system performance in terms of resilience and GHG 

emissions. The conventional and non-conventional trade-off curves also show almost 

similar solutions as observed and explained earlier in this section (5.3.4).  
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Figure 5.6: Comparative Conventional and Non-Conventional Designs for the New 

York Tunnels Problem in terms of Total Cost and GHG emission (three objectives) 

 

 

Figure 5.7: Comparative Conventional and Non-Conventional Designs for the New 

York Tunnels Problem in terms of Resilience Index and GHG emission (three 

objectives) 
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Details of several conventional and non-conventional WDS designs (1-3 and A-C, 

respectively) obtained are summarised in Table 5.5. The following can be noted from 

this table: (1) Both conventional and non-conventional solutions have a duplication 

pipe trend that is shifted towards improvement of available head at critical (i.e., high 

demand and far downstream) nodes. This is due to high headloss from source to these 

nodes (i.e., nodes 16, 18, 19, and 20). The DM measures selection in the non-

conventional solutions may not follow the same trend due to their dependence on both 

nodal demand and the unique efficiency of the RWH systems for each individual 

nodal catchment; (2) Water DM measures considered in this study lead to savings in 

terms of installed capacity required at source and also, the network conveying 

capacity. For example, even though solution B shows a total cost which is smaller 

than the cost of solution 2, it also requires smaller installed capacity at source. This 

means that solution B results in savings of $0.86M plus less duplication pipe cost of 

$43.31M as compared to the $50.9M for solution 2. This is a direct consequence of 

reduced water demand, i.e., reduced flow rates required at source and in the network 

when demand management options are considered; (3) The conventional and non-

conventional solutions have similar costs and resilience indexes. When compared to 

conventional, the non-conventional solutions have cost savings in terms of source and 

network capacity required to abstract and convey the reduced flow of water. These 

savings, however, are relatively small in the case study shown here (see Table 5.5). 

There are two reasons for this here. Firstly, the RWH system efficiency depends on a 

combination of several factors including rainfall, catchment area size, catchment 

runoff coefficient, filter coefficient, the overall non-potable water consumption and 

the recycled water. Here, the analysed RWH system sizes do not have significant 

water demand reduction potential hence small savings. Secondly, the WSASs 

considered here prove to be expensive and hence are not often selected by the 

optimisation algorithm. At the same time, relatively small savings are combined with 

the additional costs of implementing DM type measures. The overall result is that the 

total costs of both conventional and non-conventional solutions are similar. 
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Table 5.5: Comparative Conventional and Non-Conventional Design Solutions for the 

New York Tunnels Problem (three objectives) 

Duplication Conventional Solutions Non-Conventional Solutions 

Diameter Di (× 25.4 mm) Pipe No. Diameter Di (× 25.4 mm) 

 
1 2 3 A B C 

1 0 0 48 0 120 120 

2 0 0 0 0 0 0 

3 0 0 0 0 0 84 

4-7 0 0 0 0 0 0 

8 0 0 0 0 0 48 

9-11 0 0 0 0 0 0 

12 72 0 0 0 0 0 

13 0 0 120 0 0 0 

14 0 132 120 0 0 60 

15 144 180 180 120 168 180 

16 0 0 0 0 0 0 

17 120 120 120 120 120 120 

18 72 84 72 72 72 84 

19 108 84 108 96 96 108 

20 0 0 0 0 0 0 

21 72 84 72 72 72 72 

DM Options:       

Node No. RWH tank Volume (10
3
 m

3
) / WSAS (%) 

2 - - - 0 0 0 

3 - - - 1 20 1 

4-5 - - - 1 1 1 

6 - - - 0 0 5 

7 - - - 0 0 0 

8 - - - 20 20 20 

9 - - - 15 15 20 

10 - - - 0 0 25 

11 - - - 15 15 20 

12 - - - 0 15 10 

13 - - - 1 20 20 

14 - - - 1 1 1 

15 - - - 0 0 0 

16-18 - - - 20 20 20 

19 - - - 20 20 15 

20 - - - 20 20 20 

Total Cost ($M) 40.19 50.90 60.44 40.47 50.19 60.20 

Pipe Cost ($M) 40.19 50.90 60.44 35.14 43.31 53.36 

DM Cost ($M) - - - 5.98 7.74 7.64 

Cost Savings ($M) - - - 0.639 0.857 0.800 

Resilience Index (-) 0.487 0.543 0.572 0.512 0.560 0.582 

Total GHGs   (10
6 

kgCO2-e) 136.6 193.8 223.6 125.6 169.5 203.0 

Pipes &Break repair GHGs   

( 10
6 

kgCO2-e) 
136.6 193.8 223.6 116.3 157.4 191.1 

DM GHGs (10
6 

kgCO2-e ) - - - 9.31 12.05 11.92 

Water Saving by Volume 

(%) 
- - - 3.14 4.21 3.93 

 

 

 

Sensitivity Analysis: The methodology presented in this chapter makes assumptions 

about a number of key WDS parameter values that can significantly influence the 

results of the optimisation process. Uncertainty in WDS design parameters can arise 
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due to dynamic factors such as population, household occupancy rate, per capita water 

consumption, cost discount rates, possible governments’ strategy changes and so 

forth. Sensitivity analysis is therefore necessary to investigate how uncertainty of the 

associated key WDS parameters is likely to influence the solution trade-offs 

considered in this chapter. The analysis (simple) is performed here by varying nodal 

water demand and the GHG emission factors as the key WDS parameters in the 

methodology demonstrated in the New York Tunnels network. The efficiency of 

RWH systems and WSASs that can be applied at a WDS level, highly depend on 

water demand. The GHG emission factors also depend on the source of energy used 

(AEA, 2010) in WDS related activities (e.g., components fabrication, operation, and 

so forth). In order to investigate the effect of different water demand and the GHG 

emission factor on the designs obtained by the current method, the GHG emission 

factor and the original future water demands (i.e., Base Cases - BCs) for the New 

York Tunnels problem have been reduced by an arbitrary 20%.  The 20% reduction 

used here is considered big enough for the intended sensitivity analysis. Also, this 

reduction is within a reasonable range. Some measures such as the Code of 

Sustainable Homes in England, promotes reduction of water consumption and 20% 

reduction of per capita water consumption is one of the target levels.   

 

Table 5.6 presents the trade-off solutions with DM measures as design options under 

different water demands. The results were generated under the BC and the reduced 

water demand case. In this section, the selected solutions obtained in both the BC and 

the lower demand cases are referred to as solutions 1 and 2, and solutions A – D, 

respectively. Solutions E and F were obtained using a lower GHG emission factor. 

The results obtained by the methodology presented in this chapter show that solutions 

are sensitive to water demand change. This is shown by the increment of resilience in 

the lower demand trade-off solutions obtained for similar or equivalent costs to the 

BC. For cost-equivalent solutions, resilience of lower demand solutions increases by 

37.4 % and 5 % for low and high cost solutions (i.e., between solutions 1 and A, and 

solution 2 and B, respectively). These results are influenced by the lower demand and 

the resultant higher water savings (%). For example, the water savings are 4.0% and 

5.8% for BC solutions (1 and 2) while 5.1% and 7.3 % can be achieved for lower 

demand case solutions (A and B).  The proportion of solutions’ cost savings (due to 

water demand savings) to the total cost is higher for lower demand solutions, e.g., 
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solutions 1 and A have proportions of 2.2 % and 2.8 %, respectively. GHG emissions 

show small differences between the BC and the lower demand case solutions although 

the latter solutions have higher resilience indices due to the reduced network flows. 

For example, the differences between solution 1 and A, and solution 2 and B, are 

0.8% increase and 0.4% decrease, respectively.  

 

Table 5.6: Comparative Sensitivity Analysis on Trade-offs obtained with different 

Demands for the New York Tunnels network (three objectives) 

SOLUTIONS             BASE CASE                   LOWER DEMAND CASE 

 
1 2 A B C D 

Total Cost ($M) 37.69 201.5 36.89 200.5 9.62 130.4 

Pipe Cost ($M) 30.75 191.8 30.48 191.2 7.35 121.8 

DM Cost ($M) 7.75 10.87 7.44 10.77 2.60 9.94 

Cost Savings ($M) 0.820 1.176 1.035 1.494 0.330 1.345 

Resilience Index (-) 0.492 0.880 0.676 0.924 0.491 0.880 

Total GHGs       

(10
6 

kgCO2-e) 
108.8 976.8 109.7 972.8 21.60 591.2 

Pipes &Break 

repair GHGs           

( 10
6 

kgCO2-e) 

96.8 959.8 98.1 956.0 17.55 575.7 

DM GHGs         

(10
6 

kgCO2-e ) 
12.1 17.0 11.6 16.8 4.05 15.5 

Water Saving by 

Volume (%) 
4.0 5.8 5.1 7.3 1.62 6.6 

 

For resilience-equivalent solutions C and D, the cost decreases by 74.5% and 35.3 % 

from the BC, respectively. GHG emissions show 80.1 % decrease for solution C from 

the BC solution 1 while solution D emit 39.5% less GHGs than solution 2. The 

smaller cost decrease in the high resilience solutions (2 and D) than low resilience 

solutions (1 and C) is attributable to the asymptotic nature of the trade-off solutions 

towards high resilience. Note that even though pipe GHG emissions only are 

considered here, cheaper solutions can emit higher GHGs due to the common typical 

break length assumed for all the pipe sizes. Table 5.7 shows that solutions E and F 

(i.e., with reduced GHG emission factor) have similar cost and resilience to the BC 

solutions 1 and 2, respectively. However, BC solutions emit more GHGs than the 

lower GHG emission factor solutions. The BC solutions 1 and 2 emit about 109 and 

977, while the lower GHG emission solutions emit about 88 and 775 million kgCO2-e, 

respectively. This observation suggests that solutions are not sensitive to GHG 
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emissions in the New York Tunnels problem. This also means that GHG emissions 

are dominated by cost and resilience in the optimisation trade-offs.  

 

Table 5.7: Comparative Sensitivity Analysis on Trade-offs obtained with different 

GHG Emission Conversion factors for the New York Tunnels network (three 

objectives) 

SOLUTIONS            BASE CASE        LOWER GHG EMISSION         

FACTOR CASE 

 
1 2 E F 

Total Cost ($M) 37.69 201.5 36.89 200.4 

Pipe Cost ($M) 30.75 191.8 31.04 190.5 

DM Cost ($M) 7.75 10.87 6.57 11.21 

Cost Savings ($M) 0.820 1.176 0.725 1.221 

Resilience Index (-) 0.492 0.880 0.491 0.879 

Total GHGs   (106 kgCO2-e) 108.8 976.8 88.42 775.3 

Pipes &Break repair GHGs      

(106 kgCO2-e) 
96.8 959.8 80.2 761.3 

DM GHGs (106 kgCO2-e ) 12.1 17.0 8.18 14.0 

Water Saving by Volume (%) 4.0 5.8 3.6 6.0 

 

5.4 Anytown Network Problem 

5.4.1 Problem Description 

The Anytown WDS (Figure 5.8) was set up by Walski et al. (1987) as a realistic 

example of a more challenging WDS redesign problem even though it does not have 

all features of real systems (e.g., multiple pressure zones, seasonal and local demand 

fluctuations, fiscal constraints, uncertainty of future demands and pipe roughness, and 

complicated staging of construction). 
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Figure 5.8: The Anytown network (Adopted: CWS, 2013b) 

 

The network consists of 35 existing pipes in the central city (thick solid lines) that are 

difficult to access making cleaning or pipe duplication more expensive. In the 

residential region (thin lines) pipes are easier to access and therefore cheaper to clean 

or duplicate. The dashed lines indicate the six (6) new pipes (shown in normal italics 

in the respective results’ tables and figures – see chapters 5 and 6) for the planned 

extension of the city which is also part of the network redesign. The existing network 

pipe data and cost details are shown in Tables C.1 and C.2.  

 

Water is pumped into the system from a nearby treatment plant by three parallel 

identical pumps with characteristic curves’ data shown in Table C.3. The network has 

two existing tanks. The treatment works / plant is kept at a constant water level of 

3.05 m (10 feet) and the two existing tanks operate with levels between 68.58 m (225 

feet) and 76.20 m (250 feet) each with a diameter of 9.952 m (32.65 feet).  

 

The objective of the problem is to determine the most economic and effective 

solution(s) to reinforce the existing network to meet the future demands considering 

pumping (operational) and capital costs. Redesign options for each existing pipe 

include duplication, cleaning and lining or do nothing. A pipe that has been cleaned 

and lined has a Hazen-Williams coefficient of C = 125 compared to C = 130 for new 
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pipes. New pipes can be chosen from a range of 10 possible diameters of 152.4, 

203.2, 254, 304.8, 355.6, 406.4, 457.2, 508, 609.6 and 762 mm (i.e., 6, 8, 10, 12, 14, 

16, 18, 20, 24 and 30 inches, respectively). Any node (except node 1) which is not 

already connected to the existing tank is considered as a potential location site of a 

new tank. Each tank has an emergency volume and a normal operating volume.  

 

A maximum of two new tanks each with its location, overflow elevation, normal day 

elevation, diameter and the bottom elevation as decision variables are considered. 

These variables include diameter options ranging from 7.62 m (25 ft) to 30.48 m (100 

ft) while the overflow and the minimum normal day elevation range from 60.96 m 

(200 ft) to 76.2 m (250 ft) and 54.86 m (180 ft) to 73.15 m (240 ft), respectively. The 

bottom of the tank from minimum normal day elevation ranges from 0 – 7.62 m (25 

ft). The tank is connected to the demand node by a 30.78 m (101 ft) riser pipe whose 

diameter also has to be sized. The tank costs are considered as a function of volume 

(see Table C.4). The costs for intermediate sizes are determined linearly. In addition 

to the redesign of the network, the operation schedule of the pumps for a typical day 

is to be selected. 

 

The system should satisfactorily operate under 5 different load conditions; average 

day flow, instantaneous peak hour flow and three fire flows. Under average daily 

flow, each tank should fill and empty over its normal operating range without utilising 

the emergency volume and maintain pressure of at least 28.13 m (40 psi) at all nodes. 

The 24-hour demand pattern considered for average daily flow condition is given in 

Table C.5.  

 

The same pressure of 28.13 m (40 psi) should be provided instantaneously at each 

node when tanks start at their minimum working level and demands are 1.8 times the 

average daily demand. The three fire flow conditions are as follows: (1) all the 

average day flows at the nodes are multiplied by 1.3 except node 19 which has 2.5 

times its average day flow, (2) all the average day flows at the nodes are multiplied by 

1.3 except nodes 5, 6 and 7 that have 2.5 times their average day flows and (3) all the 

average day flows at the nodes are multiplied by 1.3 except nodes 11 and 17. Node 11 

has 2.5 times its average day flow whilst node 17 has a flow which is the same as its 

average day. The fire flow duration is two hours with tanks starting at their low 
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operating levels and two pumps in service. Under each of the 3 fire conditions, the 

system must provide minimum pressures of 14.06 m (20 psi) for a duration of 2 hours 

assuming only the fire flows need to be provided at those nodes under fire conditions 

whilst satisfying demands of 1.3 times the average day demand at all other nodes as 

explained previously. The above details on nodal demand conditions are summarised 

in Table C.6.  

 

In the case of fire flow conditions, the emergency tank volumes can be used. In order 

to optimise the pumping schedule, design of new tanks that fill and empty over 

average daily flows and allow for emergency flows make it difficult to choose 

between solutions since a number of solutions can satisfy pressure requirements under 

average daily flows  but the end-of-day tank levels may differ from the start-of-day 

levels. Some of the solutions may satisfy the start and end-of-day levels under average 

day flows but fail to satisfy the minimum required pressures under instantaneous peak 

flows. In addition to the hydraulic governing equations and constraints mentioned in 

chapter 3 (i.e., equations 3.5 – 3.8), the network solutions have to satisfy the 

aforementioned tank level requirements to be feasible solutions. 

 

To demonstrate the consideration of the GHG emissions in the redesign of WDSs, a 

24-hour simulation with 1 hour hydraulic time step for average day flows is 

performed in the present study. The minimum WDS resilience across the simulation 

time is obtained as the value that is maximised in the optimisation process. The total 

redesign cost of a solution is the capital cost of pipes, tanks and the present value of 

pump operation over 20 years at 12% discount rate (Walski et al., 1987). The 

pumping costs are based on a unit cost ($0.12/kWh) for energy, which is considered 

constant throughout the 24-hour simulation. The annual energy cost for pumping is 

calculated by multiplying the energy used in a day (obtained from the EPANET 24-hr 

simulation) by the unit cost ($ 0.12 per kWh) of energy and the number of days per 

year. These annual costs are then discounted for each year of the design period. The 

12% rate is extremely high and does not reflect the current rates used for 

infrastructure projects but it is used here to obtain results that can be compared with 

the literature results.  
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Solutions are encoded in the model as 276-bit binary strings for all decision variables 

resulting in a 2
276

~10
83

 search space size which makes this a much more difficult 

optimisation problem to solve than the New York Tunnels. Multiple independent 

genetic algorithm runs with different initial random seeds were carried out to obtain 

and confirm the best convergence whose solution results (including sensitivity 

analysis) are presented in this thesis. The genetic algorithm input parameters of 200 

population and 12,000 generations were used.  

 

5.4.2 Results and Discussion for WDS Designs based on Conventional Interventions 

 

The non-dominated solutions (A to D) from a three objective problem are presented 

in Figure 5.9 to Figure 5.11 and Table 5.8. They are compared with literature 

solutions (i.e., after re-evaluating them in terms of the same objectives) obtained by 

other researchers for the same network.  

 

Figures 5.9, 5.10 and 5.11 also confirm that there is a cost associated with obtaining 

resilience in WDS redesign and that leads to adverse GHG emission to the 

environment. The trade-off curve is asymptotic towards the high minimum resilience. 

This is indicated by the steeper trade-off curve on the high part of the resilience index 

(Figures 5.9 and 5.11).  Figure 5.10 suggests that GHG emissions and redesign cost 

also have a linear relationship due to the linear nature of GHG emission calculation as 

a product of a constant emission factor and variable total energy consumption. The 

total cost due to pipes and pump energy consumption also show a predominantly 

linear relationship.  

 

In Figure 5.11, it can be noticed that GHG emissions show a more visible change for 

resilience index at about 0.217. This happens as the trade-off curve approaches an 

asymptote on the resilience index dimension. This means little resilience gain for 

more system reinforcement.  

 

The solutions obtained in this study outperform the solutions by Farmani et al. (2005) 

as illustrated in Figure 5.9 and Figure 5.11 because of the focus on pipe reinforcement 

which reduces the frictional losses, i.e., reduced frictional losses lead to less pumping 

energy consumption and the resultant GHG emissions. 
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Figure 5.9: Anytown Problem Conventional Design Solutions in terms of Total Cost 

and Resilience Index (three objectives) 

 

 

Figure 5.10: Anytown Problem Conventional Design Solutions in terms of Total Cost 

and GHG emission (three objectives) 
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Figure 5.11: Anytown Problem Conventional Design Solutions in terms of GHG 

emission and Resilience Index (three objectives) 

 

Table 5.8 shows the selected characteristic solutions obtained in this study and the 

results reported by Farmani et al. (2005). The following can be inferred from this 

table: (1) The GHG emission from the Anytown network problem studied here is 

mainly resulting from the water pumping. The pumps’ relative contribution decreases 

as the resilience increases mainly due to greater pipe reinforcement in higher 

resilience solutions. Also, there is smaller difference in pumping cost as resilience 

increases. This is because the reduction of pipe frictional losses has a considerable 

contribution in reducing pumping energy in the planning horizon, hence more pipe 

reinforcement is preferred in higher resilience solutions; (2) For a similar total cost, 

solution C obtained in this study emits less GHGs than solution 2 by Farmani et al. 

(2005) even though solution C's pipe cost is higher. This signifies the contribution of 

frictional loss reduction (introduced by more reinforcement) to WDS GHG emission 

reduction for high resilience solutions. (3) Solutions B and C show more resilience 

than the cost equivalent solutions by Farmani et al. (2005) due to the higher level of 

pipe redesign interventions than in Farmani et al. (2005) solutions. An attempt to 

improve resilience by more reinforcement turns out to be less adverse to the 

environment for high resilience solutions than pumping energy. (4) For the total cost 
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equivalent solutions, Farmani et al. (2005) results selected tanks and show more 

expensive pumping cost than the results obtained in this present study. The selection 

of more reinforcement (pipe redesign interventions) to increase resilience in this 

study also reduces frictional losses. This selection has more impact on the reduction 

of WDS life time operational energy consumption than addition of tanks in the 

network. The differences could also result due to the effect of three objectives 

considered in this study competing in the solution space as compared to the two / 

three objectives (cost and hydraulic related only) undertaken by Farmani et al. (2005). 

This stresses the importance of considering pump GHG emission in the design and 

operation of WDSs. 

 

The observations made in the Anytown case study results reveal that the impact of 

adding the GHG emission objective results to solutions with additional pipe redesign 

interventions.  In an attempt to reduce both cost and GHG emissions, solutions with 

additional pipe redesign interventions are selected because they emit less GHGs and 

high resilience results. All these happen due to the addition of a GHG emission 

objective not just the fact that a third objective has been added. 

 

The multi-objective (total redesign cost, WDS resilience and GHG emissions) trade-

offs considered in this study result in a spread of solutions that provide the decision 

makers with a range of flexibility in terms of choice of solutions to implement. The 

choice would depend on the decision makers’ preferences given constraints (e.g., 

budget limitations) and / or targets (e.g., target resilience and / or GHG emissions) or 

simply preferred solutions given the trade-offs identified. All these enable the 

decision maker to make more informed decisions by getting the full picture about the 

complex trade-offs involved. 
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Table 5.8: Comparative Conventional Intervention Designs for the Anytown Network 

Problem (three objectives) 

 

Pipe No. Farmani Farmani Total Cost - Resilience - GHG emission trade-off 

 

Characteristic Solutions 

 et al. et al. 
 (2005) (2005) 

   

 

Intervention Measures 

Diameters,  Di  (× 25.4 mm) / Clean and Line (CL) 

 

 Solution 1 Solution 2 Solution A Solution B Solution C Solution D 

       
1 0 20 24 24 24 24 

2 30 30 24 24 24 24 
3 24 20 30 30 30 30 

4 18 0 0 6 6 0 

5 CL 0 0 0 CL 12 
6 8 8 18 30 30 30 

7 0 CL 0 0 CL CL 

8 8 8 12 10 0 0 
9 CL CL 0 0 0 CL 

10 14 12 16 30 30 30 

11 CL 12 0 0 0 0 
12 CL 0 0 0 0 0 

13 16 8 14 20 20 30 

14 6 30 0 0 0 0 
15 18 20 0 0 0 0 

16 24 30 14 20 20 30 

17 12 30 20 18 18 18 
18 0 12 0 0 10 10 

19 CL 10 20 30 30 30 

20 20 0 0 0 0 0 
21 12 0 12 14 12 12 

22 12 0 0 0 0 0 

23 14 8 CL 0 0 0 
24 CL 16 14 0 0 0 

25 16 8 12 14 18 18 

26 24 24 0 0 0 0 
27 14 20 12 18 30 30 

28 30 8 0 0 0 0 

29 0 CL 0 0 18 18 
30 6 24 30 30 30 30 

31 20 14 10 10 14 14 

32 CL CL 0 0 0 0 
33 0 10 10 14 10 10 

34 0 14 0 0 0 0 

35 24 0 0 0 0 0 

36 CL CL 0 0 0 0 

37 8 14 0 CL 18 18 

38 0 CL 24 24 24 24 
39 10 CL 12 12 10 10 

40 18 CL 20 20 0 0 

41 0 0 0 0 0 18 

       

Tank Node No: 8 8 - - - - 

Tank Riser 30 12 - - - - 

       

Total Cost ($M) 17.008 18.476 15.614 16.999 18.472 19.606 

Resilience Index (-) 0.209 0.214 0.202 0.212 0.217 0.217 

Total GHGs            

(× 10
6 

kgCO2-e) 
90.86 95.76 89.95 91.79 93.84 95.77 

Pipe Cost ($M) 10.418 11.682 9.592 10.969 12.443 13.577 

Pump Cost ($M) 6.041 6.217 6.022 6.030 6.028 6.028 

Tank Cost ($M) 0.549 0.577 0.000 0.000 0.000 0.000 

Pipes &Break  

repairs GHGs         

(× 10
6 

kgCO2-e) 

17.36 20.12 16.68 18.43 20.50 22.43 
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5.4.3 Anytown Network problem description for Non-conventional Interventions 

In this section, the problem of Anytown network described in section 5.4.1 is further 

solved by considering DM type interventions in addition to the conventional 

interventions, in the attempt to mitigate future negative impacts of climate change. In 

addition to the aforementioned conventional interventions, pumping based RWH 

systems and WSASs are considered as part of WDS redesign in this problem. The 

total cost of a solution is the capital cost of pipes, WDS tanks, RWH system tanks 

(local pumps capital cost is assumed to be included because of its relatively small 

amount), WSASs and the present value of pump operation over 20 years at 12% 

discount rate (Walski et al., 1987). The 12% rate is extremely high and does not 

reflect the current rates used for infrastructure projects but it is used here to obtain 

results that can be compared with the literature results.  

 

Water DM interventions include selection of RWH system tanks from 5 discrete sizes 

of approximately 189.3, 378.5, 567.8, 757.1 and 946.4 m
3
 (i.e., 50,000, 100,000, 

150,000, 200,000 and 250,000 gallons, respectively) or a WSAS from 2 available 

options (i.e., providing 25 or 50% of houses with water efficient appliances to demand 

nodes in the network). The effective rooftop catchment area for each demand node in 

the network is estimated according to equation (3.19). The effective area for each of 

the demand nodes, the non-potable nodal water demands and the recycled water are 

put in 5 sub-catchments as shown in Table 5.9. Nodes grouped together essentially 

have the same demand value. The RWH systems water saving outputs for the 

Anytown network nodes are shown in Table 5.10. Note that the water demand savings 

in this network are higher than those obtained in the New York Tunnels problem 

because of the lower total demand per unit area of the catchments. 

Table 5.9: Anytown network node catchments’ characteristics 

Anytown Network Nodal Catchments’ Characteristics 

Catchment 1 2 3 4 5 

Nodes 

1, 12, 13, 

14, 15, 

18 

2, 3 4, 5, 6, 7 
8, 9, 10, 11, 

16 
17, 19 

Effective Catchment 

Area (hectares) 
23.4 9.4 28.1 18.8 46.9 

Water Demand (non-

potable) ( m3/day) 
1,379 552 1,655 1,103 2,758 

Recycled Water 

(m3/day) 
932 373 1,119 746 1,864 
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Table 5.10: RWH systems water saving for the Anytown nodes 

Tank RWH performance (non-potable water saving)  

Volume (m3) (%) 

 
Nodes 2 

& 3 
Nodes 8-11 & 

16 
Nodes 1, 12-

15 & 18 
Nodes 

4-7 
Nodes 17 

&19 

189 34.4 17.2 13.8 11.5 6.9 

379 68.7 34.4 27.5 22.9 13.7 

568 100 51.5 41.2 34.3 20.6 

757 100 68.7 55.0 45.8 27.5 

946 100 85.8 68.7 57.2 34.3 

 

Solutions are encoded in the model as 333-bit binary strings for all decision variables 

resulting in a 2
333 

~ 1.7×10
100

 search space size which makes this a much more 

difficult optimisation problem to solve than the New York Tunnels. The NSGA2 input 

parameters of 200 population and 50,000 generations were used. Multiple 

independent algorithm runs with different initial random seeds were carried out to 

obtain and confirm the best convergence whose solution results are presented here. 

 

5.4.4 Results and discussion for WDS designs based on Non-conventional 

Interventions 

The non-dominated solutions from a three objective problem are presented (and 

compared to relevant literature solutions) in Figure 5.12 to Figure 5.14 and Tables 

5.11-5.14. They are compared with literature solutions (i.e., after re-evaluating them 

in terms of the same objectives) obtained by Farmani et al. (2005). The selected 

solutions 1-3 and solutions A-C are conventional and non-conventional, respectively. 

Note that Table 5.12 is a continuation of Table 5.11 (i.e., the table is divided to fit in 

two pages). See a similar and a single Table 5.5 which is complete. The WSASs (i.e., 

percentage of coverage) are distinguished from RWH tank sizes by a bold and italic 

format. 

 

Figures 5.12 through 5.14 also confirm that there is a cost associated with obtaining 

resilience in WDS design and that this additional cost leads to adverse GHG emission 

to the environment. The conventional and non-conventional trade-off curves are 

asymptotic towards the high minimum resilience. This is indicated by the steeper 

trade-off curves on the high part of the resilience index (Figures 5.12 and 5.14).  

Unlike in the case of New York Tunnels network case study, it is clear that the non-
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conventional trade-off curve solutions perform significantly better than the 

conventional trade-off solutions in terms of both total cost and resilience index. This 

is a result of significant potential benefit in the cost saving introduced when 

implementing water DM measures in the pumping type WDS. DM interventions also 

increase the network resilience indirectly by reducing pipe flows through water 

demand savings. For example, the increase in resilience (approximately 22%) 

between the conventional solution 1 (0.204) and the non-conventional solution A 

(0.248) that have similar costs is attributable to the effect of DM interventions. Figure 

5.13 suggests that for the same / similar redesign cost, the non-conventional solutions 

clearly outperform the conventional trade-off solutions (see comparative solutions 1 

and A, 2 and B, 3 and C) in terms of GHG emissions as well. The difference is 

attributable to the less pumping energy consumption that results when water DM 

measures are implemented as part of the pumped WDS redesign. In Figure 5.14, non-

conventional trade-off solutions have lower GHG emissions than conventional 

solutions for equivalent WDS resilience index due to the less GHG emission by DM 

measures than the conventional interventions. The conventional and non-conventional 

solutions obtained in this study outperform the solutions by Farmani et al. (2005) as 

illustrated in Figure 5.12 to Figure 5.14 because of the focus on pipe reinforcement 

which reduces the frictional losses and the water DM options that have cost savings, 

respectively. That is, both conventional and non-conventional interventions identified 

using the methodology shown here lead to less pumping energy consumption and the 

resultant GHG emissions. 

 

 

Figure 5.12: Anytown Problem Non-Conventional Design Solutions in terms of Total 

Cost and Resilience Index (three objectives) 



111 

 

 

Figure 5.13: Anytown Problem Non-Conventional Design Solutions in terms of Total 

Cost and GHG emission (three objectives) 

 

 

Figure 5.14: Anytown Problem Non-Conventional Design Solutions in terms of GHG 

emission and Resilience Index (three objectives) 
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Table 5.11 and Table 5.12 show the selected conventional and non-conventional 

characteristic solutions obtained in this study. It can be inferred that: (1) The non-

conventional solutions clearly outperform the conventional solutions as they show 

higher water savings (18%) than in the case of the New York Tunnels network (i.e., 

3.1 – 4.2% for the selected solutions) which explains the difference between the 

conventional and the non-conventional solutions in this case study. For example, 

solution A show a lower or similar cost to solution 1 but has a higher resilience value 

and lower total GHG emissions. This is a result of the selection of DM measures that 

reduce demand and the need for WDS pumping energy, hence high resilience and less 

GHG emissions. (2) For both conventional and non-conventional solutions, GHG 

emissions from the Anytown network problem studied here is mainly due to pumping. 

For conventional solutions, the pumps contribution decreases as the resilience 

increases mainly due to the visibly more pipe reinforcement while there is little 

decrease in pump cost contribution as resilience increases. As for the non-

conventional solutions, the pumps relative less contribution to GHG emissions results 

due to the reduction effect introduced by DM interventions. This happens because the 

reduction of pipe frictional losses has a considerable contribution in reducing WDS 

pumping heads, i.e., energy in the planning horizon. (3) For a similar total cost, non-

conventional solutions A, B and C obtained in this study emit less GHGs than 

conventional solutions 1, 2 and 3 respectively. This is a result of the less pipe 

duplication which is required for less capacity of the network when DM interventions 

are used. With reduced water demand, the required WDS pumping energy and the 

associated GHG emissions would be reduced. The larger contribution of pumping 

energy to the WDS GHG emission than pipes means higher GHG reduction (benefit) 

can be achieved by solutions that reduce pumping energy. The RWH tanks may also 

be preferred due to the fact that water is pumped against less dynamic head at the 

nodal locality. This would result in the trade-off between capital and operational GHG 

emissions introduced when implementing water DM measures and the GHG reduction 

achieved by such interventions. (4) All non-conventional solutions show more 

resilience than the cost equivalent conventional solutions due to the water saving 

made by introducing water DM interventions. An attempt to improve resilience turns 

out to have solutions with double benefit in terms of cost saving and less adverse 

effect to the environment in the long run. (5) For the total cost equivalent solutions, 

non-conventional solutions indicate that water DM interventions have a potential to 
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replace the conventional WDS design interventions. An attempt to reduce GHG 

emissions by DM interventions leads to less flow rate from the WDS source and 

capacity requirement on the water supply side. There is avoided network upgrading 

and the associated operational costs in the planning horizon. This stresses the 

importance of considering water DM measures in the design and operation of WDSs. 

 

Table 5.11: Comparative Non-Conventional Intervention Designs for the Anytown 

Network Problem (showing Conventional options only) (three objectives) 

 

 

Pipe No. 

 

Conventional Solutions 

 

 

Non-Conventional Solutions 

  

 

Intervention Measures 

Duplication pipe diameters  (× 25.4 mm) / Clean and Line (CL) 

 

 1 2 3 A B C 

       

1 24 24 24 0 0 0 
2 24 24 24 30 30 30 

3 30 30 30 24 24 24 

4 18 24 20 8 CL CL 
5 0 0 CL CL CL CL 

6 24 30 30 0 0 0 

7 0 0 CL 0 0 0 
8 10 0 0 0 0 0 

9 0 0 0 0 0 0 

10 18 18 20 18 30 30 
11 0 0 0 0 0 18 

12 0 0 0 18 24 24 

13 12 16 18 0 8 0 
14 0 0 0 0 12 30 

15 0 0 0 24 24 24 
16 12 16 18 18 30 30 

17 16 18 18 0 0 0 

18 0 0 0 30 30 30 
19 20 30 30 0 0 0 

20 0 0 0 10 10 10 

21 0 14 12 18 18 18 
22 0 0 0 16 16 16 

23 0 0 0 0 0 0 

24 16 0 6 18 18 18 
25 10 14 14 0 0 0 

26 10 0 0 0 0 0 

27 CL 18 30 24 24 24 
28 0 0 0 0 0 0 

29 0 0 0 0 0 0 

30 30 30 30 24 24 24 
31 10 10 16 30 30 30 

32 0 10 0 0 0 0 

33 14 10 10 0 0 0 
34 0 0 0 0 0 0 

35 0 0 0 0 0 0 

36 CL CL 0 0 0 0 
37 0 0 18 0 0 0 

38 24 24 24 0 0 0 

39 12 12 10 0 0 0 
40 18 10 6 0 0 0 

41 0 0 0 0 0 0 

       

Tank Node No: - - - - - - 

Tank Riser - - - - - - 
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Table 5.12: Comparative Non-Conventional Intervention Designs for the Anytown 

Network Problem (showing water DM options only and three objectives’ totals) 

DM Options Conventional Solutions Non-Conventional Solutions 

 Node No.  

       

 RWH tank volume (m3) / WSAS (%) 

  

 1 2 3 A B C 

       

1-2 - - - 0 0 0 

3 - - - 379 379 379 

4-11 - - - 946 946 946 

12-15 - - - 0 0 0 

16-17 - - - 946 946 946 

18-19 - - - 0 0 0 

       

Total Cost ($M) 15.384 16.501 17.550 15.332 16.490 17.527 

Pipe Cost ($M) 9.353 10.473 11.524 8.508 9.610 10.647 

WDS Pumping Cost 

($M) 
6.030 6.028 6.026 4.874 4.874 4.873 

RWH pumping Cost 

($M) 
- - - 0.202 0.202 0.202 

WDS Tank Cost ($M) - - - - - - 

DM Capital Cost ($M) - - - 3.395 3.395 3.395 

Cost Savings ($M) - - - 1.647 1.590 1.591 

Resilience Index (-) 0.204 0.212 0.216 0.248 0.248 0.248 

Total GHGs            

(10
6 

kgCO2-e) 
89.37 90.99 92.28 65.10 67.72 69.50 

WDS Pumping GHGs  

(10
6 

kgCO2-e) 
73.37 73.33 73.31 59.29 59.29 59.29 

RWH pumping GHGs  

(10
6 

kgCO2-e) 
- - - 2.46 2.46 2.46 

Pipes &Break repairs 

GHGs (10
6 

kgCO2-e) 
16.0 17.66 18.97 13.77 15.70 17.48 

WDS Tanks GHGs  

(10
6 

kgCO2-e) 
- - - - - - 

DM Capital GHGs 

 (10
6 

kgCO2-e) 
- - - 1.80 1.80 1.80 

β EDM (10
6 

kgCO2-e) - - - 12.22 11.53 11.53 

Water Saving by 

Volume (%) 
- - - 18 18 18 

 

 

The three objective optimisation considered in this chapter can generate better results 

than one or two objectives (least cost or cost-GHG emissions, cost-resilience, and so 

on) because of the absence of the resilience and GHG emissions criteria (which are 

conflicting) in the latter’s optimisation process. This absence in turn results in the 

poor performance solutions in terms of the trade-off curve with respect to resilience 

and GHG emissions.  A similar observation with multi-objectives has also been made 

by Farmani et al. (2006). The three objective solutions from the current optimisation 

problem has proved to have higher resilience due to identifying more pipe redesign 

interventions that reduce both pumping energy cost and GHG emission. This result is 



115 

 

mainly linked to the reduced pipe frictional loss but also to the fact that pipes emit 

less GHGs.  

 

Sensitivity Analysis: As discussed in section 5.3.4, sensitivity analysis of the trade-

offs to changes in key WDS parameters in the methodology presented in this chapter 

is carried out. The optimisation model that considers DM in redesign of WDSs is 

solved with two different water demands (i.e., the base case and the higher demand 

case). The original water demand, i.e., the Base Case (BC) has been increased by an 

arbitrary 20% in this case. In this network, water saving from DM interventions is 

higher than in New York Tunnels problem. As opposed to the New York Tunnels 

problem, the water demand was here increased which provides the opportunity to test 

the network under little water savings.  Additionally, GHG emission factor and the 

pumping energy cost discount rate were reduced by 20%. The selected solutions 

obtained in both the BC and the lower demand cases are referred to as solutions 1 - 6, 

and solutions A and B, respectively. In the cases of lower pumping energy cost 

discount rate and GHG emission factor, solutions are referred to as C-D and E-F, 

respectively.   

 

Results in Table 5.13 prove that solutions obtained by the methodology presented here 

are sensitive to water demand change. For the higher demand considered, there is a 

6.7 % decrease in resilience for lower resilience cost-equivalent solutions, i.e., 

between solutions 1 and A. As for the higher resilience solutions, there is a 4.7 % 

reduction in resilience between solutions 2 and B. Also, for the cost-equivalent 

solutions, the GHG emissions increase by 0.5 % between low cost solutions while it 

increases by 12.2 % between high cost solutions. As for resilience-equivalent 

solutions, total GHGs increase by 23.7% between low cost solutions while they 

increase by 41.4 % between high cost solutions. Comparing low cost resilience-

equivalent solutions (i.e., solutions 3 and A) suggests that cost increases by 27.2 % 

while it increases by 42.8 % between high cost solutions 4 and B. The trend of 

increase / decrease of solution objectives in the different parts of the curves 

considered here is influenced by three objective trade-offs and the fact that solutions 

are asymptotic towards high resilience values.   
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Table 5.13: Comparative Sensitivity Analysis on Trade-offs obtained with different 

Demands for the Anytown network (three objectives) 

SOLUTIONS BASE CASE HIGHER DEMAND 

CASE 

 1 2 3 4 A B 

Total Cost ($M) 16.67 19.03 13.10 13.33 16.66 19.04 

Pipe Cost ($M) 8.93 10.38 5.58 6.05 7.92 10.36 

WDS Pumping Cost ($M) 4.83 4.83 4.41 4.51 5.51 5.79 

RWH pumping Cost ($M) 0.218 0.212 0.307 0.289 0.352 0.296 

WDS Tank Cost ($M) - - - - - - 

DM Capital Cost ($M) 4.42 5.32 5.11 4.75 5.43 4.63 

Cost Savings ($M) 1.736 1.720 2.30 2.27 2.555 2.040 

Resilience Index (-) 0.252 0.253 0.235 0.241 0.235 0.241 

Total GHGs    (10
6 

kgCO2-e) 66.3 68.9 53.85 54.65 66.6 77.3 

WDS Pumping GHGs  

(10
6 

kgCO2-e) 
58.81 58.81 53.66 54.88 67.0 70.5 

RWH pumping GHGs  

(10
6 

kgCO2-e) 
2.65 2.58 3.73 3.51 4.28 3.61 

Pipes &Break repairs GHGs  

(10
6 

kgCO2-e) 
15.37 17.30 10.07 10.52 13.17 16.81 

WDS Tanks GHGs  

(10
6 

kgCO2-e) 
- - - - - - 

DM Capital GHGs 

 (10
6 

kgCO2-e) 
2.38 2.90 2.71 2.52 2.88 2.46 

β EDM (10
6 

kgCO2-e) 12.88 12.69 16.33 16.79 20.71 16.08 

Water Saving by Volume (%) 19.4 19.4 27.6 25.5 24.5 20.6 

 

Further observations reveal that higher demands lead to less pipe redesign 

interventions as shown by solutions 1 ($8.93 M) and A ($7.92 M), and solutions 2 

($10.38 M) and B ($10.36 M), for low and high cost-equivalent solutions, 

respectively. These results happen due to the solutions whose interventions are shifted 

towards implementation of DM interventions in the case of higher demands. This can 

be substantiated by the proportion of benefits (cost savings) of DM interventions to 

the total cost of solutions obtained in both demand cases considered. For example, the 

proportions of cost savings to the total cost is 10.4 % and 15.3% for solutions 1 and 

A, respectively. The results discussed above suggest that cost and GHGs emission 

trade-offs are more sensitive to water demand change than the resilience of the 

designs. 

 

The results in Table 5.14 indicate that lower pumping energy cost discount rate (i.e., 

more cost put on operation) promotes solutions that have more DM interventions than 

the BC solutions. The water saving for similar or cost-equivalent BC and lower pump 
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energy cost discount rate solutions are 19.5% and 26.9%, respectively. The water 

saving in associated with reduced network flows which results in higher resilience and 

less GHG emissions. The results in Table 5.14 also show that lower GHG emission 

factor leads to more resilient solutions than the BC. This observation is attributable to 

the reduced GHGs emitted by the solutions. Lower GHGs result in less impact in the 

solutions’ objective trade-offs. 

 

Table 5.14: Comparative Sensitivity Analysis on Trade-offs obtained with different 

Pumping Energy Cost Discount Rates and GHG Emission factors for the  Anytown 

network (three objectives) 

SOLUTIONS BASE CASE LOWER COST DISC 

RATE CASE 

LOWER GHG 

EMISSION FACTOR 

 5 6 C D E F 

Total Cost ($M) 14.80 16.25 14.78 16.23 14.81 16.21 

Pipe Cost ($M) 7.79 9.25 6.84 8.18 7.63 9.05 

WDS Pumping Cost ($M) 4.83 4.83 5.15 5.20 4.91 4.93 

RWH pumping Cost ($M) 0.223 0.223 0.353 0.353 0.217 0.213 

WDS Tank Cost ($M) - - - - - - 

DM Capital Cost ($M) 3.69 3.69 4.99 4.99 3.65 3.59 

Cost Savings ($M) 1.726 1.741 2.554 2.488 1.598 1.573 

Resilience Index (-) 0.252 0.252 0.253 0.253 0.254 0.256 

Total GHGs    (10
6 

kgCO2-e) 63.99 66.44 55.32 58.51 52.76 54.91 

WDS Pumping GHGs  

(10
6 

kgCO2-e) 
58.77 58.77 53.50 53.98 47.78 48.00 

RWH pumping GHGs  

(10
6 

kgCO2-e) 
2.716 2.716 3.66 3.66 2.11 2.07 

Pipes &Break repairs GHGs 

(10
6 

kgCO2-e) 
13.28 15.91 12.27 14.29 10.37 12.24 

WDS Tanks GHGs  

(10
6 

kgCO2-e) 
- - - - - - 

DM Capital GHGs 

 (10
6 

kgCO2-e) 
1.96 1.96 2.65 2.65 1.55 1.53 

β EDM (10
6 

kgCO2-e) 12.73 12.91 16.77 16.08 9.06 8.93 

Water Saving by Volume (%) 19.5 19.5 26.9 26.9 19.1 18.8 

 

5.5 Summary and Conclusions 

A methodology that adapts the WDS designs to and helps mitigate the effects of 

climate change in the planning of WDSs has been tested and validated in this chapter. 

The problem of optimal WDS design was formulated and solved as a multi-objective 

optimisation problem. In addition to the two frequently used objectives (minimisation 

of total design cost and maximisation of reliability of water supply), a third, 
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environmental performance objective (minimisation of GHG emissions) is considered 

here as well. Only a surrogate measure of WDS reliability (WDS resilience) has been 

considered. Also, in addition to the conventional design interventions, two water 

demand management technologies in the form of domestic Rainwater Harvesting 

systems and the water efficient appliances have been considered with system wide 

application. The water DM measures considered are used locally (assuming their 

social acceptance) on the demand side but have an impact on the overall water 

distribution system performance. The new methodology was tested on two literature 

case studies based on a real-life network redesign problem of New York Tunnels and 

the Anytown network.  

 

The results obtained by considering conventional interventions only lead to the 

following conclusions: 

 

1. It is important to take into account environmental performance type objectives 

such as total GHG emissions when deciding on the optimal long-term redesign 

strategy for a WDS. If this is not done, it is likely to lead to inferior designs in 

terms of system sustainability. 

2. There is a cost associated with obtaining required levels of system resilience. 

However, there is a certain limit where large amounts of money spent on 

WDSs hardly achieve any significant improvement but on the other hand 

having adverse impact on the environment. 

3. Life-cycle energy requirements for WDS components can be used to evaluate 

designs. In the case of pumping based systems, particular attention to pump 

scheduling optimisation for reduction of future pumping energy consumption 

from the GHG emission point of view is essential as pumps constitute the most 

part of the total WDS GHG emissions in the long run. 

4. Three-objective WDS designs considered in this chapter can evidently still 

maintain the desired level of resilience or better than one or two-objective 

solutions. This happens even though there is a simultaneous cost-resilience-

GHG emissions trade-off (i.e., compromised objectives) in the optimisation of 

WDS redesign.  
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When considering both the conventional and the DM management Intervention 

designs, the results obtained lead to the following conclusions: 

 

1. It is essential to consider the potential benefits (water saving and GHG 

emission reduction) of water DM measures to complement climate change 

mitigation strategies in the long-term WDS design. 

2. WDS design solutions with water demand management schemes included (i.e., 

the non-conventional solutions) may show similar or better cost, resilience and 

GHG emissions than conventional solutions. In the case of non-conventional 

design, solutions exhibit cost savings in terms of capacity required at source, 

the network conveying capacity and the pumping energy. This can be 

demonstrated by the avoided WDS upgrade to stress the importance of 

considering the potential use of water DM measures to replace conventional 

interventions in the WDS design (i.e., assuming their social acceptance). 

3. Water DM interventions exhibit significant contributions to GHG emission 

reduction when compared to the conventional pumped WDS design over a 

long-term planning horizon. This is because DM interventions reduce 

pumping energy which constitutes most of the total WDS energy requirement. 

4. The potential benefit of deploying optimal DM interventions in the WDS 

design can lead to indirectly improved WDS resilience if there is a significant 

reduction of network water demand. This is because reduced demands are 

leading to reduced flows in pipes hence resulting in spare network conveying 

capacity. 

 

All the conclusions made in this section are based on the assumptions, data and cost 

models used and corresponding results obtained in the two case studies analysed in 

this chapter. The study did not explicitly address the uncertainty of WDS parameters 

(e.g., water demands) as it would realistically happen in practice due to climate 

change and urbanisation. Other issues such as water quality, leakage and so forth have 

not been considered here. Also, the work in this thesis did not consider the operational 

energy consumption and the associated savings made by water efficient appliances at 

the household scale. In order to ensure a full set of costs and benefits, the scope of the 

study could further be widened to include additional efficient appliances’ operational 

energy consumption and the potential savings to improve the methodology presented 
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in this chapter. Future work is required to analyse the methodology on larger, real-life 

and more complex WDS with the possibility of additional / alternative design 

objectives in the context of climate change effects mitigation. Uncertainty posed by 

the effects such as those of climate change and the rapid urbanisation on WDS 

performance is presented in the next chapter (6). 
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6 CASE STUDIES II: FLEXIBLE DESIGNS 

 

6.1 Introduction 

In this chapter, two water distribution networks that have been introduced in chapter 5 

are used to formulate further case studies to test, validate and demonstrate the 

methodology developed in chapter 4. These case studies include the real-life based 

redesign problems of New York Tunnels (Quindry et al., 1981, Savic and Walters, 

1997a, Maier et al., 2003, Dandy et al., 1996) and the Anytown network (Walski et 

al., 1987, Farmani et al., 2005). The New York Tunnels network is a gravity-fed 

system whilst the Anytown WDS is a pumping based network.  

 

Different data and assumptions needed to demonstrate the adaptive methodology 

developed in this thesis are discussed under relevant sections in which they are used. 

The results shown include those that have been obtained in the evaluation of flexibility 

in the design plans and the optimal flexible designs for each network under demand 

uncertainty. Under optimal designs, results discussions, summary and conclusions 

separately focus on, (1) the conventional and (2) the combined conventional and 

demand management flexible and adaptive interventions, i.e., flexible water 

distribution system (WDS) designs that have been enhanced with demand 

management (DM) measures in an attempt to control water demand uncertainty. 

 

Section 6.2 discusses assumptions made in WDS design problems considered in this 

chapter. Evaluation of flexibility and optimal flexible designs are discussed in 

sections 6.3 and 6.4, respectively. 

6.2 Problems and Assumptions 

6.2.1 Evaluating Flexibility in WDS Design 

For both networks considered in evaluating flexibility of WDS design, a planning 

horizon of 60 years with three 20-year decision making time intervals (design time-

steps) was used for analysis. Note that future uncertain demands (modelled with 

PDFs) and their respective network interventions shown in Figures 4.1 and 4.4, 

respectively, are enough to demonstrate the three staged designs that are analysed 

here. The planning period is considered to be suitable for analysis of long-term WDS 

design and the associated climate change / urbanisation effects.  
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The Gaussian PDFs explained in section 4.2 are assumed with standard deviations of 

5%, 10% and 20% of the mean water demand values (referred to as the Base Case 

here) at years 20, 40 and 60, respectively, for both the New York Tunnels and the 

Anytown network solutions considered. These increasing standard deviations reflect 

the fact that demands are more uncertain if projected for longer into the future. The 

initial water demand for each network was assumed to be known and it was fixed at a 

value which after a 30% increment results in the end of the planning horizon mean 

demand (the latter value being taken from the relevant literature). The initial system 

water demands are 43.95 m
3
/s (1552 ft

3
/s) and 0.4756 m

3
/s (7538 gallons/minute) for 

New York Tunnels and Anytown networks, respectively. The initial water demand is 

assumed to increase exponentially until the end of the planning horizon demand, i.e., 

this assumption is made in order to determine demands at the end of each design time-

step. Note that any other demand increase trend or method can be used. Also, with 

regard to spatial distribution, all the nodal demands in the system are assumed to 

increase at the same relative rate (percentage). Due to the standard deviation 

assumptions made in this study, two more Cases (Cases A and B with +/- 25% of the 

Base Case (BC) standard deviations across the planning horizon) were also 

investigated for sensitivity analysis (see Figure 6.1).  

 

 

Figure 6.1: Three Demand Standard Deviation Cases for Intervention Plan Evaluation 

 

As for the cost, the decreasing economic value of investments is accounted for by 

using present value analysis. Many water utilities adopt a discount rate close to the 

capital cost which is around 6-8% (Wu et al., 2010a). In this section, a discount rate 

of 6% is assumed. Two other discount rates used for sensitivity analysis are set equal 
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to 4.5% and 7.5%. The study considers the capital costs of pipes, tanks and pump 

operation only as these have a major contribution to the WDS design costs. The 

additional cost components such as maintenance, labour, water loss, etc. are not 

considered here as these will only unnecessarily obscure the intended purpose of the 

approach presented here. These additional aspects are common factors that apply to 

both staged deterministic and the flexible methods, which are more important in the 

comparison made under the evaluation of flexibility in designs.  A total of 10,000 

Monte Carlo simulations of uncertain future water demands (profiles) were used in 

the analysis of all the design plans presented. 

 

In order to demonstrate the flexible methodology presented in chapter 4, literature 

deterministic solutions for both network problems considered here were used in the 

current study as the basis for analysis. These solutions were used because they were 

obtained by optimising for the same deterministic water demand (at the end of 

planning horizon) as in the current study. Two deterministic plans were considered, 

namely, the precautionary and the staged deterministic approaches. The precautionary 

implementation of the least-cost solution means all the interventions of the design are 

carried out at the beginning of the planning horizon. As for the staged approach, 

interventions were distributed across the planning horizon based on the critical 

demand nodes of the networks as explained in section 6.3. Interventions that improve 

pressure heads at the critical demand nodes were meant to be implemented at earlier 

stages. Note that the terminology ‘cost-equivalent’ that is used to describe the 

intervention plans compares staged deterministic and flexible plans only while 

‘resilience-equivalent’ compares all the intervention plans considered here. 

 

6.2.2 Optimal Flexible WDS Designs under future Demand Uncertainty 

For both networks considered, a planning horizon of 50 years with two 25-year design 

time intervals (time-steps) was used for designs. Note that a shorter design period (50 

years) is used here because of the two design stages considered compared to the 60 

years used in the evaluation of flexibility. The planning period is considered to be 

suitable for a long term WDS design and for climate change / urbanisation effects. 

Even though the methodology demonstrated in chapter 4 handles any number of 

design stages and optional paths, only a two-staged planning horizon with two 
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optional paths at decision points were considered here. The number of stages and 

optional paths were limited because of the stochastic computational burden that is 

involved in the optimisation process. Also, for simplicity reasons, WDS components 

can only be upgraded once across the entire planning horizon. Figure 6.2 below 

illustrates the two staged flexible designs. Threshold demands explained in chapter 4 

are represented here with TA, TB-1 and TB-2.  Note that ‘do more / design’ and ‘do less / 

nothing’ interventions are represented with solid and broken lines, respectively. 

Interventions H-D and L-D represent higher and lower demand designs, respectively, 

defined by the threshold demand values as explained in chapter 4. 
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Figure 6.2: Illustration of two-staged Flexible Interventions and Uncertain Water 

Demand 

The water demand (25.43 m
3
/s – i.e., 898 ft

3
/s) that leads to the network nodal 

pressures that just satisfy the minimum requirements was taken as the initial water 

demand in the New York Tunnels network. As for the Anytown network, the initial 

water demand was assumed to be known and it was fixed at a value (0.4756 m
3
/s – 

i.e., 7538 gallons/minute) which after a 30% increment results in the end of the 

planning horizon mean demand (the latter value being defined in the literature). The 

30% increment assumed here is considered realistic for the 50-year planning horizon 
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considered. The initial water demands for both networks considered here are assumed 

to increase exponentially (as explained in section 6.2.1) until the end of the planning 

horizon demands that are used in the original network problems. The exponentially 

increasing demands are assumed to represent the traditional water projections. The 

initial demand is assumed to be known in both networks (i.e., with standard deviation 

equal to 0%). The increasing standard deviations over the planning horizon are used 

to model the increasing demand uncertainty into the future.  

 

As for the decreasing economic value of investments, a discount rate for the cost of 

future interventions at different times across the planning horizon is 5% (Huang et al., 

2010). This assumption is reasonable considering the real rate of return of 5% and a 

discount rate of 6% used by Jayaram and Srinivasan (2008) and Mutikanga et al., 

(2008), respectively. Also, the lower discount rate is conservative considering that the 

methodology would postpone more interventions in the case of a higher rate. 

 

6.2.2.1 Flexible Design of WDSs based on Conventional Interventions 

Assumptions that have been made for the New York Tunnels and the Anytown 

network problems are as follows.  

 

The demand standard deviations considered in the New York Tunnels problem are 2% 

and 20% of the mean demands at the end of the first and the second time-steps, 

respectively. The two corresponding values used in the Anytown network problem are 

5% and 10%. The lower demand standard deviations are used for the Anytown 

network for better comparison of deterministic and flexible solutions because 

deterministic solutions badly underperform (in terms of total cost and end resilience) 

when exposed to higher standard deviations thus leading to results that cannot be 

easily or directly compared. The combination of the discount rate (5%) and the 

previously mentioned demand standard deviations is treated as the Base Case for each 

network.  

 

The two parameters assumed here that can influence the results are the water demand 

standard deviation and the cost discount rate. Therefore, the sensitivity analyses were 

performed by varying either the cost discount rate (referred to as Case 1) or the 
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standard deviation profiles (referred to as Case 2) across the planning horizon while 

the other parameter(s) of these two remain(s) unchanged in the optimisation of both 

networks. For Cases 1 and 2, arbitrary 25% less cost discount rate and demand 

standard deviations are considered, respectively. The different standard deviation 

scenarios and the cost discount rates lead to a total of three combinations (i.e., Base, 

Cases 1 and 2) of these two parameters for each network problem considered here.  

 

6.2.2.2 Flexible Design of WDSs based on Conventional and DM Interventions 

The adaptive intervention strategies considered here are strategically implemented as 

shown in Figure 6.3. More details on future demand simulations, threshold values and 

intervention evaluations are explained in chapter 4. 

 

                                                   
                                                                         1. May do more Conventional Interventions                                                                        

                                                                                                                                   2. Keep previous DM measures 

                                                                                                                     

                                                                                                                        

                                                                                    

                                                                                                                                                              

                                                                                                                                         
                                                                                                                                                         
  

 

                                                                                                                   1. May apply more DM measures  

                                                                                                                         2. Do nothing / less WDS Interventions 
        

Figure 6.3: Illustration of a Decision Criterion (future threshold demand) for 

Implementing Conventional and Non-conventional Interventions at each Design Point 

 

Standard deviations of 2% and 20% of the mean values projected demands at 25 (end 

of first time-step) and 50 (end of second time-step) years were used as the BC to 

demonstrate the methodology presented in this study on the New York Tunnels and 

Anytown networks. Sensitivity analyses’ cases 1 and 2 considered in the study 

mentioned here include the use of 40% less discount rate and the standard deviations 

in the optimisation, respectively. Moreover, +/- 40% of the BC standard deviations 

were used for further analysis of the solutions obtained in the optimisation.   

mean value Intervention Selection 

Threshold Value 
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The water saving efficiencies of RWH systems depend on mainly water demand and 

catchment area among other factors. The uncertain water demands considered in this 

study would therefore lead to uncertain RWH system demand saving efficiencies at 

WDS nodes. The efficiency of demand reduction is therefore modelled by performing 

hydraulic analysis of each RWH tank size for a number of deterministic water demand 

levels under each nodal sub-catchment (the area that is served by the network node). 

The hydraulic analysis is performed using the RainCycle model (Roebuck, 2007), as 

mentioned in chapter 3. The resulting efficiencies from RWH systems for nodal 

catchments are used for regression fit. The best-fit function is used to estimate the 

efficiencies of different RWH system tank sizes under uncertain water demand for 

each nodal catchment. A typical function of the form y = Ax
B 

is obtained from most of 

the nodal catchments. In this function, x and y are the particular water demand state 

and efficiency, respectively, with coefficients A and B. As for the WSASs, 

performances are expressed in percentages. 

 

The calculations of the potential water saving of demand management measures on 

nodal demand and costs are based on the USA data and other assumptions as 

explained in chapters 3 and 5.  

 

6.3 Evaluating Flexibility in WDSs 

6.3.1 New York Tunnels Problem 

6.3.1.1 Description 

In addition to the description made in section 5.3, this section further extends the New 

York Tunnels network problem in order to evaluate WDS design flexibility under 

demand uncertainty with total cost and system resilience used as performance 

indicators. The means of rehabilitation is to duplicate existing pipes with new ones at 

different design points as future water demand evolves. For simplicity, an existing 

pipe can only be duplicated once across the entire planning horizon. In the design 

approaches considered here, deterministic (precautionary and staged) and flexible 

design plans are evaluated separately under uncertain water demand. Previous studies 

on the problem did not consider staged and flexible design under uncertain water 

demand.  
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The precautionary intervention plan is based on the least-cost solution identified by 

Maier et al. (2003) by assuming that all interventions are implemented at the 

beginning of the planning horizon. The corresponding staged deterministic 

intervention plan was created by distributing the individual interventions of the 

aforementioned least-cost design across the planning horizon, in a way which is 

compatible with the forecasted demand increase and critical nodes. Finally, the 

flexible plan was created by adding or keeping the previous interventions on the 

decision tree paths that correspond to higher and lower future demands. The flexible 

plan, which is intended to envelope uncertain demands in each stage, was created by 

including all and also adding more interventions (i.e., along higher demand paths) to 

those that were selected for the staged deterministic plan. It is important that the 

flexible designs created are path-dependent and irreversible as explained in the 

methodology section. Along the lower demand paths, interventions from the previous 

stages are kept in the consecutive stages without any additional system 

reinforcements.  

 

The demand threshold values (explained in section 4.2) in each design time-step were 

set manually in the example designs evaluated in this section. For example, in Figure 

6.4, in design stage 1, if we put a threshold demand of 47.15 m
3
/s (i.e., 1665 ft

3
/s) this 

means that out of the 10, 000 Monte Carlo system demands simulated around an 

average deterministic value of 48.8 m
3
/s (i.e., 1723 ft

3
/s), in approximately 75% cases, 

the demand value will be higher than the threshold of 47.15 m
3
/s. The percentage is 

determined by the relevant demand PDF defined at the end of design stage 1. The 

higher demands are used to evaluate the more reinforced systems while those that are 

equal to or lower than the threshold demand are used for less reinforced systems. The 

same evaluation procedure applies to the consecutive time-steps in the planning 

horizon. The system performance at each design stage is averaged across all 10,000 

samples.  

 

The three intervention plans generated this way are shown in Figures 6.4 and 6.5. The 

staged and flexible intervention plans generated may not be optimal (hence potentially 

disadvantaged in that sense when compared to the precautionary plan) but are still 

comparable. The reason for this is that if staged and / or flexible plan show 

improvement over the precautionary one (in terms of average cost and / or end 
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resilience) this improvement can only be further increased if these two plans are 

optimised.  

 

The cost of pipe duplication intervention for the analysed plans in US dollars ($) is 

given by: 

 

         (6.1) 

 

where pipe diameter Dj and length Lj are in inches and feet, respectively. ti is the time 

elapsed at the beginning of each design time-step (i.e., design point). Note that this is 

an original cost model for the New York Tunnels network (see CWS, 2013a), which 

has been extended to account for staged designs.  

 

6.3.1.2 Results and Discussion 

The WDS design evaluation results are presented in Figures 6.4-6.7. The details 

provided in each design time-step are mean demands, pipe diameters, averages of 

total cost and end resilience for deterministic plans. In addition to the details of the 

deterministic plans, the flexible plan also has details of threshold demands and 

percentages of demand scenarios that select ‘do nothing’ and those that select more 

reinforced designs. In Figures 6.4 and 6.5, newly implemented interventions in each 

stage are shaded. The flexible, precautionary and staged deterministic design plans are 

compared in terms of average cost and average end resilience index.  

 

The precautionary plan of the New York Tunnels problem in Figures 6.4 and 6.5 

shows that all the interventions (6 duplication pipes) are carried out in the first design 

stage, as it is normally done in this type of approach. The duplication pipes selected 

are shifted towards improving available head at higher demand and far downstream 

nodes due to high headloss from source to critical nodes (16, 18, 19 and 20) in the 

network. Also, it can be seen that the solution duplicates pipe 7 that has a relatively 

small (3353 mm – i.e., 132 inches) existing diameter. The rest of the duplicated pipes 

(16, 17, 18, 19 and 21) have smaller diameter sizes of 1829, 1829, 1524, 1524 and 

1829 mm, respectively (i.e., 72, 72, 60, 60 and 72 inches, respectively). For the 

corresponding staged deterministic plan, the interventions were selected based on 

critical nodes. For example, pipe 19 is duplicated with a 1829 mm pipe in the first 
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stage of the staged deterministic plan. Pipe 19 conveys water to node 20 which has a 

high mean demand at the end of the first design stage. It is also known that node 20 is 

one of the highest demand nodes in the network with 4.81 m
3
/s (170 ft

3
/s) at the end 

of the planning horizon. The corresponding flexible design interventions were 

selected as an attempt to add more reinforcement on the interventions that were 

selected for the staged deterministic interventions. For example, in Figures 6.4 and 6.5 

design stage 2, pipes 16, 19 and 21 that have been selected in the staged deterministic 

plan are also part of the alternative routes’ interventions in the flexible plan. 

 

The WDS design evaluation results obtained indicate that there is value associated 

with flexibility in the implementation of interventions across the planning horizon. 

This is evidently demonstrated in Figure 6.4 by the flexible intervention plan that 

shows a similar average total cost (slightly lower) to the staged deterministic solution 

but has clearly higher end (of planning horizon) resilience. A flexible plan which has 

an average total cost of $9.62 M results in an average resilience index of 0.441 whilst 

the precautionary and staged deterministic designs have an end average resilience of 

0.402 with costs of $38.64 M and $9.67 M, respectively. Figure 6.5 shows a flexible 

plan that outperforms the resilience equivalent deterministic plan in terms of average 

total cost. All three designs have a similar end resilience index of 0.402 but the costs 

of flexible, precautionary and staged deterministic plans are $7.79 M, $38.64 M and 

$9.67 M, respectively.  

 

The total cost or the end resilience differences between the deterministic and the 

flexible intervention plans represent the value of flexibility. For example, the $1.88 M 

difference between the staged deterministic and the flexible designs shown in Figure 

6.5 represents the economic value of flexibility. This cost reduction is a consequence 

of the capability of the flexible design plan to better adapt to uncertain water demand. 

This capability means that the flexible approach can effectively postpone and/or avoid 

implementing further interventions altogether if the future water demand turns out not 

to increase (much) further. The deterministic intervention plans lack this attribute 

which means considerable economic and WDS resilience values can be left 

unexploited. Future intervention measures occur in both the staged deterministic and 

flexible plans but the latter allows for more interventions to be possibly implemented 

in certain paths. This feature raises the average resilience but still maintain a 

comparable average total cost. 



131 

 

Pipe No. 1,..6 7 8,..15 16 17 18 19 20 21 1,2 3 4,..6 7 8,..15 16 17 18 19 20 21 1 2 3 4,..6 7 8,..14 15 16 17 18 19 20 21

Av. total Cost Av. End RI

t0 t1 t2 tend ($M) (-)

0 144 0 96 96 84 72 0 72 0 0 0 144 0 96 96 84 72 0 72 0 0 0 0 144 0 0 96 96 84 72 0 72 38.64 0.402

0 0 0 0 0 0 72 0 0 0 0 0 0 0 96 0 0 72 0 72 0 0 0 0 144 0 0 96 96 84 72 0 72 9.67 0.402

120 0 36 0 144 0 192 96 96 84 72 0 72

0 36 0 0 0 96 0 84 72 0 72

0 0 36 0 0 0 0 96 0 84 72 0 72

0 0 0 0 0 0 72 0 0

120 0 36 0 144 0 192 96 96 84 72 0 72

0 0 0 0 0 0 0 0 72 0 0

0 0 0 0 0 0 0 0 0 0 72 0 0

9.62 0.441
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3
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3
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Figure 6.4: Comparative (Cost Equivalent) Flexible and Deterministic Designs for the New York Tunnels network (BC)  
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Pipe No. 1,..6 7 8,..15 16 17 18 19 20 21 1,2 3 4,..6 7 8,..15 16 17 18 19 20 21 1 2 3 4,..6 7 8,..14 15 16 17 18 19 20 21

Av. total Cost Av. End RI

t0 t1 t2 ($M) (-)
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Figure 6.5: Comparative (Resilience Equivalent) Flexible and Deterministic Designs for the New York Tunnels network (BC) 
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Table 6.1 provides additional information of intervention plans and their respective 

stage costs and resilience performances for the BC. Total costs and end average 

resilience indices resulting from all sensitivity analyses performed in this study are 

shown in Tables 6.2 and 6.3. 

 

Table 6.1: Design Plan end of Stage Average Costs, Stage Average Resilience and 

Average Total Costs (cumulative) for New York Tunnels network problem (BC) 

SOLUTION PLAN DESIGN TIME NEW YORK TUNNELS 

  

 

(year) 

 

Average Cost  

 

($M) 

Average Resilience 

Index  

(-) 

Average Total Cost 

(cumulative) 

     

Precautionary 0 0 0.310 0 

 20 38.64 0.564 38.64 

 40 0 0.468 38.64 

 60 0 0.402 38.64 

     

Staged 

Deterministic  
0 0 0.310 0 

 20 3.18 0.266 3.18 

 40 4.42 0.149 7.60 

 60 2.07 0.402 9.67 

     

Flexible  0 0 0.310 0 

(cost equivalent) 20 2.40 0.243 2.40 

 40 4.08 0.167 6.47 

 60 3.15 0.441 9.62 

     

Flexible  0 0 0.310 0 

(resilience 

equivalent) 
20 0.95 0.195 0.95 

 40 3.96 0.137 4.91 

 60 2.88 0.402 7.79 

 

Note: Average Cost at any given time refers to the cost incurred before the corresponding 

design time. 

 

Figures 6.6 and 6.7 show the profiles of the total costs (cumulative over design stages) 

and the average resilience indices of the precautionary, staged and the flexible 

intervention plans for the BC. Figure 6.6 shows that all the developmental designs 

(staged deterministic, flexible) clearly have lower cost profiles than the precautionary 

design. This is due to the discounted cost associated with future interventions that are 

in the staged deterministic and flexible designs. Figure 6.7 compares the resilience 

profiles (i.e., average resilience indices at each design time-step of the planning 

horizon) of the designs considered in this section (6.3). The precautionary design 

profile clearly shows the highest average resilience in the first two time-steps because 

of the interventions that are all implemented at the beginning of the planning horizon. 
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For all the developmental WDS designs shown in Figure 6.7, the networks start with 

low average resilience indices due to the postponement of interventions. 

Consequently, the cost-equivalent (to the staged deterministic) flexible solution 

becomes more resilient than the rest of solutions in the last time-step of the planning 

horizon.  

 

 

Figure 6.6: New York Tunnels Average Cumulative Cost Profiles of three Design 

Plans (all BC) 

 

 

Figure 6.7:  New York Tunnels Average Resilience Index Profiles of three Design 

Plans (all BC) 
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As it can be seen from Figures 6.4 and 6.5, the least-cost design solution for New 

York Tunnels problem is $38.64 M (Maier et al., 2003). The precautionary plan for 

this solution has a higher cost than both the staged deterministic and the flexible plan 

that explains its higher initial average resilience (0.564). However, its average 

resilience reduces until it intersects with the average resilience (0.402) of the 

developmental deterministic plan at the end of the planning horizon. The average 

resilience of the precautionary designs declines because of the rising future demands. 

The precautionary and the staged deterministic designs have the same average end 

resilience despite that the precautionary plan has a higher average total cost. The 

staged deterministic design shows lower average total cost because of the discounted 

cost of future interventions. The cost equivalent flexible plan’s average resilience 

starts off at a lower level (0.243) with a lower initial cost ($2.40 M) than the staged 

deterministic plan ($3.18 M). This happens due to the fact that the interventions are 

the same at that stage but the flexible plan allows for doing nothing which explains 

the lower average total costs and average resilience values. In the second stage (i.e., 

40 years into the future) the cost equivalent flexible plan outperforms the staged 

deterministic approach due to the possibility to take intervention paths with additional 

system reinforcement if water demand is high. For example, in this second stage, the 

cost equivalent flexible solution has an average resilience of 0.167 and an average 

total cost of $4.08 M compared to the average resilience of 0.149 and an average total 

cost of $4.42 M for the staged deterministic approach. 

 

More importantly, as it can be seen from Figures 6.4, the cost equivalent flexible 

design plan outperforms both the precautionary and the staged deterministic 

intervention plans in terms of the average resilience index at the end of the planning 

horizon even though it has a similar or lower average total cost. The end resilience 

equivalent solution in Figure 6.5 also indicates that the same average resilience to the 

staged deterministic approach can be achieved at lower average total cost. All these 

results reveal the value of the built-in flexibility in WDS design under future demand 

uncertainty. 

 

Sensitivity Analysis: Table 6.2 provides the sensitivity analysis results of the 

performance of a WDS in terms of average resilience with varying level of demand 

uncertainty. The results obtained indicate that the relative (i.e., percentage) increase of 
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average resilience from the deterministic to the cost equivalent flexible plan increases 

with increased water demand uncertainty. For example, an increase of an average 

resilience at the end of the planning horizon for a comparable cost equivalent flexible 

intervention to the deterministic plans is from 7.3% (Case A) to 9.7% (Case B). These 

average resilience increment differences confirm that uncertainty presents an 

opportunity that can be exploited (De Neufville, 2003).  

 

Table 6.2: Cost Equivalent Design Plan Analysis for varying Standard Deviations 

(New York Tunnels) 

SOLUTION PLAN DEMAND 

STANDARD 

DEVIATION 

 

NEW YORK TUNNELS 

  

 

(Case) 

Average Total Cost  

($M) 

Average End Resilience 

Index  

(-) 

    

Staged Deterministic  A 9.67 0.409 

 Base 9.67 0.402 

 B 9.67 0.402 

    

Flexible  A 9.62 0.439 

 Base 9.62 0.441 

 B 9.62 0.441 

    

% Increase A - 7.3 

from Staged 

Deterministic  
Base - 9.7 

to Flexible  B - 9.7 

 

The sensitivity analysis results for varying discount rates are shown in Table 6.3. The 

results obtained show that reducing cost discount rate from 6% to 4.5% leads to 31.5 

% increase of the average total cost in the case of the staged deterministic solution. 

This increase is lower than the 39.2% increase obtained for the flexible plan. The 

same trend that flexible design is more sensitive than the staged deterministic plan, 

can be observed when the discount rate is increased to 7.5%. The average total cost of 

the flexible design is reduced by 24.4 % while in the case of staged deterministic plan 

is 20.4%. These results suggest that flexible designs require careful selection of 

discount rates.  
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Table 6.3: Cost Equivalent Design Plan Analysis for varying Cost Discount Rates 

(New York Tunnels network)  

SOLUTION PLAN DISCOUNT RATE 

 

NEW YORK TUNNELS 

  

 

(%) 

 

Average Total Cost  

 

($M) 

Average End Resilience 

Index  

(-) 

    

Staged Deterministic  4.5 12.72 0.402 

 6.0 9.67 0.402 

 7.5 7.70 0.402 

    

Flexible  4.5 13.39 0.441 

 6.0 9.62 0.441 

 7.5 7.27 0.441 

    

% Increase (+) / reduction (-) relative to the BC   

    

 Staged deterministic  4.5 +31.5 - 

 7.5 -20.4 - 

    

Flexible approach 4.5 +39.2 - 

 7.5 -24.4 - 

 

6.3.2 The Anytown Network Problem 

6.3.2.1 Description 

To demonstrate the value of considering water demand uncertainty in the flexible 

design approach, a 24 hour simulation with 1 hour hydraulic time step for average day 

flows in each design stage considered is performed in the present analysis. The WDS 

resilience is calculated based on the minimum pressure across the 24-hr simulation. 

The total cost of an intervention plan is the cumulative capital cost of pipes, tanks and 

the present value of pump operation over 60 years.  The annual energy cost for 

pumping is calculated by multiplying the energy used in a day (obtained from the 

EPANET 24-hr simulation) by the unit cost of energy ($ 0.12 per kWh) and the 

number of days per year. These annual costs are then discounted for each year of the 

design stage (i.e., time interval, e.g., 20 years) and these are then added up to estimate 

the total cost of energy at that stage. Under the current study, the original Anytown 

network redesign problem described in chapter 5 has been considered for 

deterministic (precautionary and staged) and flexible designs across the planning 

horizon. However, note that the Anytown network problem is normally solved for 5 

operating conditions (average day flow, instantaneous peak hour flow and three fire 

flows) (Walski et al., 1987) but here, only the normal operation condition was 

analysed for simplicity in both deterministic and the flexible design plans. 
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As it was done in the case of New York Tunnels, the precautionary intervention plan 

was created by assuming that all interventions of the optimal solution identified by 

Farmani et al. (2005) are occurring in the first stage. The staged deterministic 

intervention plan was generated by staging, i.e., distributing aforementioned optimal 

interventions across the planning horizon and by leaving out only pipe number 4 clean 

and line intervention since it is not necessary (the pipe already has roughness 

coefficient of new pipes, i.e., 130). However, cleaning and lining or doing nothing to 

pipe 4 has a negligible contribution in the solution objectives due to its short length. 

Also, three new pipes 10, 14 and 16 (with diameters of 305, 254 and 356 mm, 

respectively) were assumed to be already in place at the beginning of planning 

horizon to avoid demand node isolation in the analysis. All three pumps were 

switched on for every hour and a tank was set up at node 8.  Finally, in each stage, the 

flexible plan was generated by implementing all the staged interventions and adding 

more interventions in the higher demand paths, all by using engineering judgment. 

For simplicity, WDS components can only be upgraded once across the entire 

planning horizon. Along the lower demand paths, interventions from the previous 

stages are kept in the consecutive stages without any additional interventions. The 

threshold values were also set manually in the flexible plans analyses by using 

engineering judgment. The three intervention plans generated this way are shown in 

Figures 6.8 and 6.9. Even though the design plans generated this way may not be 

optimal, the comparison still makes sense. This is because of the fact that, if the 

flexible plan shows improvement over deterministic plans in terms of average cost 

and / or resilience, there is only a potential to further enhance the improvement if 

these two plans are optimised. Note also that the staged deterministic plan has less 

possible solutions compared to the flexible plan which makes much better flexible 

solutions difficult to achieve.  

 

6.3.2.2 Results and Discussion 

The design plan analysis results based on the new approach are presented in Figures 

6.8-6.11 and Tables 6.4-6.6. The details provided in each design stage (time-step) are 

mean demands, conventional interventions (pipe diameters, tanks, clean and line), 

averages of total cost and end resilience for deterministic plans. In addition to the 

details of the deterministic plans, the flexible plan also has details of threshold 



139 

 

demands and percentages of demand scenarios that select ‘do nothing’ and those that 

select more reinforced designs. In Figures 6.8 and 6.9, newly implemented 

interventions in each stage are shaded. A cross through a pipe diameter (i.e., in the 

first time-step) shows that the diameter is already in place (opposed to the original 

network problem).  

 

 In this study, two deterministic (precautionary and staged) and the flexible WDS 

designs are compared in terms of average total cost and the average resilience index 

over the planning horizon. This case study tests the new methodology under more 

complex, pumped WDS with more features that can be found in most WDS networks.   

 

Figures 6.8 and 6.9 show the deterministic (precautionary, staged) and the flexible 

design interventions. The precautionary approach means that all the design 

interventions are implemented at the beginning of the planning horizon as in the 

previous case study. The corresponding precautionary solution duplicates critical 

pipes, e.g., pipes 1 and 2 that convey pumped water to the rest of the network. The 

selected, staged deterministic and flexible interventions in the early stages were also 

meant to duplicate critical pipes and those that convey water to critical nodes. For 

example, critical pipes 1 and 2 are duplicated in the first design stage. The 

interventions in the staged deterministic provide basis for the alternative intervention 

paths in the flexible design plan. This means that for any given alternative design 

path, the selected interventions consist of at least the same intervention(s) as in the 

staged deterministic approach. It can be observed that pipes 1, 2, 6, 26, 27, 29 and 30 

have all been selected in the first stage of both the staged deterministic and the 

flexible design plans. 

 

Figure 6.8 confirms that a flexible intervention plan outperforms the deterministic 

design plans in terms of average end resilience even though it has a similar or smaller 

cost than the latter. A flexible plan, which has an average total cost of $18.42 M 

results in an end average resilience index of 0.164 while the two deterministic plans 

have an average end resilience of 0.117 with the costs of $20.68 M and $18.43 M for 

the precautionary and staged deterministic designs, respectively. Figure 6.9 also 

shows a flexible plan with less cost than the deterministic plans at equivalent end 

average resilience. For an end average resilience of 0.117, a flexible plan has a cost of 
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$17.79 M as compared to the $20.68 and $18.43 M shown by the precautionary and 

the staged deterministic plans, respectively. 

 

The above differences mean that additional value has been derived from flexibility as 

an opportunity presented by uncertainty. For example, the $0.64 M difference 

between the staged deterministic and the flexible approach shows the potential cost 

reduction, i.e., the economic value of flexibility. This reduction results due to the 

same reason to the previous case study that the flexible design plan allows for the 

postponement of (not implementing at all) design interventions up to a time when 

these would be needed (if ever). In this case, the lower future demands are matched 

with lower costs solutions and vice versa. Flexible or conditional implementation of 

intervention measures in the future can substantially increase the WDS average 

resilience with an average total cost which is similar or less than the deterministic 

intervention plans. In addition, design flexibility provides for the possibility to 

implement additional interventions to a larger extent but still maintain the comparable 

average total cost. This finding stresses that future water demands that are correctly 

matched with suitable designs in the flexible interventions lead to better WDS 

hydraulic performance than the cost-equivalent deterministic designs.  
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Pipe No. 1 2 6 10 13 14 15 16 17,18 20 24 25 26 27 29 30 31 33 34 38 39 Tank Node 1 2 3 6 10 13 14 15 16 17,18 20 23 24 25 26 27 29 30 31 33 34 38 39 Tank Node 1 2 3 6 10 13 14 15 16 17 18 20 23 24 25 26 27 29 30 31 33 34 38 39 Tank Node

Av. Total Cost Av. End RI

t0 t1 t2 tend ($M) (-)

20 30 8 12 6 10 8 14 12 16 CL 12 24 12 8 12 14 CL 10 CL 6 8 20 30 0 8 12 6 10 8 14 12 16 0 CL 12 24 12 8 12 14 CL 10 CL 6 8 20 30 0 8 12 6 10 8 14 12 12 16 0 CL 12 24 12 8 12 14 CL 10 CL 6 8 20.68 0.117

20 30 8 12 0 10 0 14 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank 20 30 0 8 12 6 10 8 14 12 16 0 0 0 24 12 8 12 0 0 0 0 6 no tank 20 30 0 8 12 6 10 8 14 12 12 16 0 CL 12 24 12 8 12 14 CL 10 CL 6 8 18.43 0.117

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

20 30 20 8 12 6 10 8 14 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

20 30 8 12 0 10 0 14 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

20 30 0 8 12 0 10 0 14 0 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank

20 30 0 8 12 0 10 0 14 0 0 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank

18.42 0.164

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

20 30 20 8 12 6 10 8 14 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

0 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

0 0 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 no tank

0 0 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 no tank
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Samples (LL-D) = 0.3% 

Threshold Demand: 0.822 m
3
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Threshold Demand: 0.587 m
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Threshold Demand: 0.587 m
3
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Tank riser diameter: 14
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Figure 6.8: Comparative (Cost Equivalent) Flexible and Deterministic Designs for the Anytown network (BC)  

Note: Pipes that are not reinforced / rehabilitated in any of the three designs presented are not shown. 
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Pipe No. 1 2 6 10 13 14 15 16 17 18 20 24 25 26 27 29 30 31 33 34 38 39 Tank Node 1 2 3 6 10 13 14 15 16 17 18 20 23 24 25 26 27 29 30 31 33 34 38 39 Tank Node 1 2 3 6 10 13 14 15 16 17 18 20 23 24 25 26 27 29 30 31 33 34 38 39 Tank Node

Av. Total Cost Av. End RI

t0 t1 t2 tend ($M) (-)

20 30 8 12 6 10 8 14 12 12 16 CL 12 24 12 8 12 14 CL 10 CL 6 8 20 30 0 8 12 6 10 8 14 12 12 16 0 CL 12 24 12 8 12 14 CL 10 CL 6 8 20 30 0 8 12 6 10 8 14 12 12 16 0 CL 12 24 12 8 12 14 CL 10 CL 6 8 20.68 0.117

20 30 8 12 0 10 0 14 0 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank 20 30 0 8 12 6 10 8 14 12 12 16 0 0 0 24 12 8 12 0 0 0 0 6 no tank 20 30 0 8 12 6 10 8 14 12 12 16 0 CL 12 24 12 8 12 14 CL 10 CL 6 8 18.43 0.117

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

20 30 20 8 12 6 10 8 14 12 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

20 30 8 12 0 10 0 14 0 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

20 30 0 8 12 0 10 0 14 0 0 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank

20 30 0 8 12 0 10 0 14 0 0 0 0 0 0 24 12 8 12 0 0 0 0 0 no tank

17.79 0.117

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

20 30 20 8 12 6 10 8 14 12 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 0 12 24 12 8 12 14 0 10 0 6 no tank

0 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 no tank

20 30 20 8 12 6 10 8 14 12 12 16 20 CL 12 24 12 8 12 14 CL 10 CL 6 8

0 0 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 no tank

0 0 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 no tank
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Samples:  HH-D = 30.8% 

Samples:  HL-D = 57.2%  

Samples (H-D) = 88% 

Tank riser diameter: 14

Tank riser diameter: 14 

Tank riser diameter: 14 

Tank riser diameter: 14 

Threshold Demand:  0.764  m
3
/s, Samples:  (HHH-D = 3.696%, HHL-D = 27.104%)

Threshold Demand:  0.770  m
3
/s,  Samples  (HLH-D = 6.292%, HLL-D = 50.908%)

Threshold Demand:   0.553  m
3
/s,   Samples  (LHH-D = 2.94%, LHL-D = 1.26%)

Threshold Demand:  0.553  m
3
/s,   Samples  (LLH-D = 5.46%, LLL-D = 2.34%)

Tank riser diameter: 14

Performance Indicators
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s Design 1              Interventions: Pipe Diameters (× 25.4 mm) / Clean and Line (CL)     Design 2          Interventions: Pipe Diameters (× 25.4 mm) / Clean and Line (CL)     Design 3              Interventions: Pipe Diameters (× 25.4 mm) / Clean and Line (CL)     

Demand Mean value = 0.528 m
3
/s Demand Mean value = 0.587 m

3
/s Demand Mean value = 0.618 m

3
/s

Staged 

Precautionary

Tank riser diameter: 14 Tank riser diameter: 14 Tank riser diameter: 14

New Design Intervention 

Demand Threshold:  0.497 m
3
/s

Demand Threshold:    0.609  m
3
/s

Samples  (L-D) = 12% 

Samples:  LH-D = 4.2% 

Samples:  LL-D = 7.8%  

Demand Threshold:    0.609  m
3
/s

No Intervention Measure / Previously Rehabilitated

New Pipes Already in place

 

Figure 6.9: Comparative (Resilience Equivalent) Flexible and Deterministic Designs for the Anytown network (BC) 

Note: Pipes that are not reinforced / rehabilitated in any of the three designs presented are not shown. 
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Table 6.4 and Figures 6.10-6.11 display the total average cost (cumulative) and the 

average resilience values and profiles of all network design plans. Table 6.4 shows 

that the staged deterministic plan has an end average resilience of 0.117 whilst the 

cost equivalent flexible approach has 0.164. The end resilience equivalent solution 

also stresses the economic value that can be achieved by having the same end 

resilience to the deterministic approach in the flexible designs. Both deterministic 

plans (staged and precautionary) show the potential of performing better earlier on 

when water demand and uncertainty is lower.  

 

Table 6.4: Design Plan end of Stage Average Costs, Stage Average Resilience and 

Average Total Costs (cumulative) for Anytown network (BC) 

SOLUTION PLAN DESIGN TIME ANYTOWN NETWORK 

  

 

(year) 

 

Average Cost  

 

($M) 

Average Resilience 

Index  

(-) 

Average Total Cost 

(cumulative) 

     

Precautionary 0 0 0 0 

 20 16.23 0.164 16.23 

 40 3.35 0.172 19.57 

 60 1.11 0.117 20.68 

     

Staged 

Deterministic  
0 0 0 0 

 20 13.59 0.147 13.59 

 40 3.53 0.169 17.12 

 60 1.31 0.117 18.43 

     

Flexible  0 0 0 0 

(cost equivalent) 20 13.12 0.026 13.12 

 40 4.24 0.169 17.36 

 60 1.06 0.164 18.42 

     

Flexible  0 0 0 0 

(resilience 

equivalent) 
20 13.12 0.026 13.12 

 40 3.55 0.035 16.67 

 60 1.12 0.117 17.79 

 

Note: Average Cost at any given time refers to the cost incurred before the corresponding 

design time. 

 

Average total costs profiles in Figure 6.10 are similar to the New York network 

results. The precautionary designs are more expensive than all the developmental 

interventions that have discounted costs. Figure 6.11 indicates that the deterministic 

designs (precautionary and cost-equivalent) outperform the flexible intervention plans 

in the initial stage in terms of average resilience. This is explained by the fact that 

flexible design approach has a ‘do nothing’ option which reduces the average system 

total cost and resilience. For example, in the initial stage, the staged deterministic has 
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an average resilience of 0.147 and an average total cost of $13.59 M compared to the 

average resilience of 0.026 and the average of 13.12 M for the cost equivalent flexible 

plan (see Table 6.4). With cumulative design interventions that respond to uncertain 

demands as time passes on, the WDS average resilience at the end of the planning 

horizon for a cost equivalent flexible intervention plan clearly outperforms both the 

precautionary and the staged deterministic intervention plans.  

 

 

Figure 6.10: Anytown Network Average Cumulative Cost Profiles of three Design 

Plans (BC) 

 

 

Figure 6.11: Anytown Network Average Resilience Index Profiles of three Design 

Plans (BC) 

 

Sensitivity Analysis: The sensitivity analysis in this case study confirms that the 

increase in uncertainty represented by the standard deviation in water consumption 
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(see Table 6.5) leads to higher percentage increment of the average resilience index 

from the deterministic to the flexible plan. For example, an increase of an average 

resilience at the end of the planning horizon for a comparable flexible intervention to 

the staged deterministic plan is from 38.3% (Case A) to 40.2% (Case B).These results 

also stress the point that there is value inherent in flexibility and the more uncertain 

the future water demand is, the higher the relative value increase of flexible design. 

These also suggest that uncertainty presents an opportunity that can be exploited. 

 

Table 6.5: Cost Equivalent Design Plan Analysis for varying Standard Deviations 

(Anytown network) 

SOLUTION PLAN STANDARD 

DEVIATION 

 

ANYTOWN NETWORK 

  

 

 

(Case) 

Average Total Cost  

 

($M) 

Average End Resilience 

Index  

(-) 

    

Precautionary A 20.67 0.120 

 Base 20.68 0.117 

 B 20.69 0.112 

    

Staged Deterministic A 18.43 0.120 

 Base 18.43 0.117 

 B 18.45 0.112 

    

Flexible A 18.41 0.166 

 Base 18.42 0.164 

 B 18.43 0.157 

    

% Increase A - 38.3 

from a Staged 

Deterministic 
Base - 40.2 

to a Flexible Approach B - 40.2 

 

In Table 6.6, the flexible design shows an increase of 23.5% whereas the staged 

deterministic design has 23.3% when a lower cost discount rate of 4.5% is used. A 

similar trend is shown by a higher discount rate of 7.5%, which shows a 15.8% and 

15.4% reduction in the total cost of flexible and staged deterministic designs, 

respectively. These cost increases’ differences mean that the flexible design plan is 

more sensitive to cost discount rate than the staged deterministic approach. This is a 

consequence of the built-in flexibility, i.e., optional intervention paths result in wider 

range of possible costs. This finding implies that flexible WDS designs may not 

always be the best choice, i.e., the discount rate for the long-term planning of WDS 

should be carefully chosen. 
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Table 6.6: Cost Equivalent Design Plan Analysis for varying Cost Discount Rates 

(Anytown network) (BC) 

SOLUTION PLAN DISCOUNT RATE 

 

ANYTOWN NETWORK 

  

 

 

(%) 

Average Total Cost  

 

($M) 

Average End Resilience 

Index  

(-) 

    

Precautionary 4.5 24.76 0.117 

 6.0 20.68 0.117 

 7.5 17.97 0.117 

    

Staged Deterministic  4.5 22.73 0.117 

 6.0 18.43 0.117 

 7.5 15.59 0.117 

    

Flexible  4.5 22.75 0.164 

 6.0 18.42 0.164 

 7.5 15.51 0.164 

    

% Increase (+) / reduction (-) relative to the BC   

    

 Staged deterministic  4.5 +23.3 - 

 7.5 -15.4 - 

    

Flexible approach 4.5 +23.5 - 

 7.5 -15.8 - 

 

6.4 Optimal Flexible WDS Design 

6.4.1 The New York Tunnel Problem 

6.4.1.1 Problem Description 

The objective of the problem is to identify network solutions with a trade-off between 

minimised design intervention total cost (accumulated over all design time-steps) and 

maximised end resilience. The means of rehabilitation is to duplicate existing pipes 

with new ones from a set of 15 available diameters (see section 5.3.1) or do nothing. 

In the case where non-conventional interventions are considered, DM options include 

RWH system tanks that are selected from 2 discrete sizes (10,000 and 20,000 cubic 

metres) or a WSAS (i.e., providing 50% of houses in the node catchment with water 

efficient appliances). 

 

Flexible intervention solutions in the current study are staged and developmental in 

two design stages. Each of the decisions is encoded in the model using a 4-bit binary 

string for pipe diameters. The NSGA2 was run with 100 population and 6,500 

generations. Each solution in the population is evaluated using 200 Monte Carlo 

samples of demand scenarios. In each optimisation case considered, multiple Genetic 

Algorithm runs with different starting populations (i.e., random seeds) were carried 
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out to obtain and confirm the best convergence whose solution results are presented 

here. After obtaining the optimised results (obtained with the same number of 

population and generations), solutions were re-evaluated using 5,000 Monte Carlo 

simulated water demand scenarios before their respective non-dominated solutions 

could be compared. 

 

6.4.1.2 Results and Discussion for Flexible Designs (Conventional Interventions) 

The non-dominated solutions for a two objective optimisation problem formulated in 

chapter 4 are presented in Figure 6.12. The selected solutions 1-3 and solutions A-C 

represent cost-equivalent deterministic and flexible WDS designs, respectively. 

Figure 6.13 shows the engineering details of the solutions. The details provided in 

each design stage (time-step) are mean demands, conventional interventions (pipe 

diameters), averages of total cost and end resilience for deterministic solutions. In 

addition to the details mentioned here, threshold demands, percentages of demand 

scenarios that select ‘do nothing’ and those that select ‘do more’ designs are shown in 

the flexible solutions. The results shown are evaluated further under the optimistic, 

average and pessimistic scenarios and their respective performances are shown in 

Figure 6.14. Pessimistic and optimistic scenarios refer to higher and lower demands 

than the average scenario, respectively. The newly implemented interventions in each 

stage are shaded. Figure 6.15 and Table 6.7 show the sensitivity of trade-offs when 

the optimisation problem is solved under different cost discount rates and standard 

deviation scenarios.  

 

The Pareto fronts shown in Figure 6.12 indicate that flexible solutions outperform the 

deterministic solutions under future uncertain water demand, although not by much in 

this case. For instance, the deterministic intervention plan (solution 2) with an 

average total cost of $50.9 M and the end-of-planning-horizon resilience of 0.788 is 

clearly outperformed by a similar cost flexible solution B which has the higher 

average resilience of 0.801. This difference (small) is attributable to the small design 

flexibility inherent in the network. Also, the differences obtained between 

deterministic and flexible solutions are due to the fact that flexible solutions are 

skewed towards additionally reinforced systems. For example, in solution B, 65% and 

35% of demand samples in the first design time-step select ‘H-D’ and ‘L-D’ 
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interventions (see Figure 6.2), respectively. Despite the small solution differences in 

this case study, the flexible approach is still worth doing because it obtains solutions 

that envelop and appropriately adapt to any possible future water demand. This is 

evident in Figure 6.13 where solution B can adapt to different future increases in 

demand by following different, optional system design paths, each of which is 

customised to a certain level of future demand increase. This, in turn, ensures good 

system resilience at adequate cost across a wide range of future demands because 

lower future demands are matched with lower costs solutions and vice versa.  

 

 

Figure 6.12: Comparative Conventional Intervention Solutions for New York Tunnels 

Problem in terms of Total Cost and Resilience Index (Base Case) 

 

Note that if the comparison of the resilience–equivalent deterministic and flexible 

solutions (i.e., resilience index of 0.757) is made, the optimal flexible solution C has a 

lower cost ($42.8 M) than the corresponding deterministic solution 3 ($44.8 M) (see 

Figure 6.13). This difference in cost denotes the (economic) value of flexibility added 

by the flexible design. This flexibility is manifested not just in terms of postponing 

interventions if necessary (which is also possible in the deterministic design), but also 

in the possibility to not implement certain interventions if the future demand increase 

turns out to be lower than the threshold or implement additional interventions if the 

future demand increase turns out to be on the higher side. For example, solution C 

suggests abandoning of interventions in the first stage if demand level is lower than 

37.8 m
3
/s (1335 ft

3
/s) or design otherwise. 
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The engineering details of the selected solutions displayed in Figure 6.13 indicate that 

interventions are shifted towards improving the average available head at high 

demand and far downstream nodes due to high headloss from source to critical nodes 

in the network (i.e., nodes 16, 18, 19 and 20). For instance, all deterministic solutions 

duplicate pipe 17 in the first design stage. Also, flexible solutions duplicate pipe 17 if 

there is a need for pipe duplication in the first design stage. Pipe 17 is duplicated 

because it conveys water to nodes 18 and 19 that have a high mean demand at the end 

of the first design stage. Note that nodes 18 and 19 are relatively high demand nodes 

in the network with 3.316 m
3
/s (117.1 ft

3
/s) at the end of the planning horizon where 

other nodal demands include 2.616 (92.4 ft
3
/s), 2.498 (88.2 ft

3
/s), 1.628 (57.5 ft

3
/s), 

0.028 (1.0 ft
3
/s) and 4.814 (170 ft

3
/s) m

3
/s.  

       



150 

 

Pipe No. 1..,3 4 5..,16 17 18 19 20 21 1 2 3 4 5 6 7 8..,11 12 13 14 15 16 17 18 19 20 21

Average Total Cost Av. End Resilience Index

($M) (-)

Solution 1 0 0 0 108 0 0 0 36 0 0 0 0 0 0 0 0 0 120 192 180 0 108 72 132 0 36 28.2 0.577

Solution 2 0 36 0 120 0 0 0 36 204 204 204 36 0 0 0 0 204 204 204 204 0 120 120 168 72 36 50.9 0.788

Solution 3 0 0 0 108 0 0 0 36 180 168 120 0 0 0 0 0 192 204 204 204 0 108 84 156 72 36 44.8 0.757

0 0 0 0 0 0 0 0 180 204 204 204 0 120 84 84 0 120

0 0 0 120 84 84 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 120 84 84 0 0

Solution A 28.2 0.591

0 0 0 0 0 0 0 0 36 204 180 204 0 120 84 120 0 84

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

204 192 180 96 120 0 120 0 204 204 204 204 0 120 84 108 0 120

0 0 0 120 84 108 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 120 84 108 0 0

Solution B 50.8 0.801

168 192 192 0 120 0 120 0 204 204 204 204 0 144 96 120 0 108

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

204 168 0 0 0 0 0 0 204 204 204 204 0 120 84 84 0 120

0 0 0 120 84 84 0 0

Samples: (H-D = 65 %, L-D = 35 %) 0 0 0 0 0 0 0 0 0 0 0 0 0 120 84 84 0 0

Solution C 42.8 0.757

192 72 48 0 36 0 0 0 156 204 204 204 0 144 96 120 0 108

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

t0 t1 tend

OBJECTIVES

Duplication Pipe Diameters (× 25.4 mm) : Design 1 Duplication Pipe Diameters (× 25.4 mm) : Design 2

Mean Demand:  25.4 

m
3

/s (initial)

Mean Demand: 38.1 

m
3

/s

Mean Demand: 57.1 m
3

/s
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av. cost: $13.87 M, av. Resilience: 0.617

av. cost: $16.24 M, av. Resilience: 0.621

av. cost: $13.87 M, av. Resilience: 0.617

Samples:   (LH-D = 35 %,  LL-D = 0 %)

Threshold Demand:    39.4   m
3

/s

F
le
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le
 S

ol
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on

s

Threshold Demand:  60.0   m
3

/s

Threshold Demand:  37.8   m
3

/s

av. cost:  $15.20 M, av. resilience: 0.633

Threshold Demand:  33.7   m
3

/s

Threshold Demand:     - Samples:   (HH-D = 65 %,  HL-D = 0 %)

Current Stage Pipe Duplication

Samples: (H-D = 65 %, L-D = 35 %)

Samples: (H-D = 65 %, L-D = 35 %)

Samples:  (HH-D = 26 %,  HL-D = 39 %)

Samples: (LH-D = 34.3 %, LL-D = 0.7 %) 

Samples: (HH-D = 61.1 %, HL-D = 3.9 %)

Samples: (LH-D = 34.3 %, LL-D = 0.7 %) 

Previously Duplicated Pipe / Currently No Pipe Duplication

Threshold Demand: 37.8   m
3

/s

av. cost:  $15.20 M, av. resilience: 0.633

Threshold Demand:   33.7   m
3

/s  

Threshold Demand: 37.8   m
3

/s

av. cost:  $16.12 M, av. resilience: 0.638

Threshold Demand:     - 

 

Figure 6.13: Comparative Flexible and Deterministic engineering solutions (conventional interventions) for the New York Tunnels network 

(Base Case)  
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Furthermore, the common duplication of pipes 17, 18, and 19 in all the selected 

flexible solutions’ design stages results due to the small existing pipe diameter sizes 

of 1829 (72 inches), 1524 (60 inches) and 1524 mm, respectively. It is also observed 

that there is less duplication required in the first design stages due to lower water 

demands at the first design points of all the selected solutions. The pipe duplications 

are also postponed due to the discounted cost in future and the need to maximize the 

end resilience. In the flexible solutions, the need for more pipe duplication for higher 

end resilience solutions is substantiated by the lower threshold water demand levels in 

the second design stage. For instance, a low resilience solution A (resilience of 0.591) 

has threshold water demand levels of 60.03 (2120 ft
3
/s) and 33.67 m

3
/s (1189 ft

3
/s) 

while a higher resilience solution B (resilience of 0.801) definitely need designing at 

any water demand level. Lower demand threshold levels lead to more frequent 

selection of design (or ‘do more’) than ‘do nothing’ optional paths thus increasing 

resilience. 

 

Pareto fronts shown in Figure 6.14 were obtained by re-evaluating the corresponding 

fronts shown in Figure 6.12 (obtained during the optimisation for averages of costs 

and end resilience assuming uncertain future demands) under optimistic, average and 

pessimistic demand scenarios (i.e., single intervention paths).  Opposite of the results 

in Figure 6.12, deterministic solutions provide better system resilience (see Figure 

6.14) for the average and pessimistic demand scenarios but cannot adapt well to the 

below average future demand increases thus resulting in the lower average resilience. 
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Figure 6.14: Comparative Performance of New York Tunnels Problem Solutions 

(conventional interventions) in terms of Total Cost and Resilience Index when tested 

under Optimistic, Average and Pessimistic Demand Scenarios (Base Case) 

 

In Figure 6.14, the optimistic and pessimistic scenarios considered correspond to 

demands that are three (3) standard deviations lower and higher than the mean 

demands (at 25 and 50 years), respectively. Under the optimistic scenario, the flexible 

solutions outperform the deterministic solutions because of two existing optional 

paths in the initial design stage (see Figure 6.13). With two optional paths, the lower 
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demand path in the first stage postpones the design until the second design stage when 

they may be needed at lower cost. Note that the difference in the lower (0.79) and 

higher resilience (more than 0.95) flexible solutions results due to more pipe 

duplication or do nothing decision for a single scenario in different solutions in the 

second stage. As for the pessimistic scenario, the flexible solutions are outperformed 

because they were optimised to implement designs in both design stages in order to 

satisfy the nodal pressure requirements (based on the average pressures) despite the 

‘do nothing’ options that also form parts of the solutions. Therefore, in order to meet 

such hydraulic constraints under uncertain demands, additional costs arise due to 

flexibility embedded in solutions. On the contrary, Figure 6.13 shows that all the 

flexible solutions have better average resilience than the corresponding deterministic 

solutions (in both design stages) even though they have similar total cost.    

 

Sensitivity Analysis: Figure 6.15 and Table 6.7 provide the results of the sensitivity 

analysis on the trade-off solutions obtained with varying levels of uncertainty 

(standard deviations) and the cost discount rate. The results obtained from the 

methodology presented in this thesis are less sensitive to the level of demand 

uncertainty than the cost discount rate. The 25% reduction in the standard deviation 

scenario (Case 2) leads to solutions that cost 1% and 2.8% less than in the base case 

for low and high resilience equivalent solutions, respectively. With 25% reduction of 

cost discount rate (Case 1), low and high resilience equivalent solutions cost 22.8% 

and 24.2% more than the base case, respectively. This finding suggests that flexibility 

in the methodology presented here requires careful use of appropriate cost discount 

rates. 
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Figure 6.15: Sensitivity analysis: Comparative New York Tunnels network 

Deterministic and Flexible Solutions (conventional interventions) when  optimised 

for the Base Case, Cases 1 and 2 

 

Table 6.7: Sensitivity Analysis Comparison of trade-off Solutions (conventional 

interventions and similar resilience) optimised under varying Standard Deviations and 

Cost Discount Rates (New York Tunnels network) 

OPTIMISATION 

CASE 

COST DISC. 

RATE & STD 

DEV. (%)            

SOLUTION NEW YORK TUNNELS NETWORK 

   AVERAGE TOTAL COST ($M) AVERAGE  RESILIENCE (-) 

   t0 t1 tend t0 t1 tend 

         

Base Case 

5% cost disc. 

rate, std dev. = 

[2%, 20%] 

A 0 15.20 28.17 0.750 0.633 0.591 

B 0 16.12 50.78 0.750 0.638 0.801 

         

Case 1 

3.75% cost disc. 

rate, std dev. = 
[2%, 20%] 

D 0 18.51 34.60 0.750 0.640 0.590 

E 0 18.51 63.09 0.750 0.640 0.801 

         

Case 2 

5% cost disc. 
rate, std dev. = 

[1.5%, 15%] 

F 0 14.50 27.88 0.750 0.630 0.587 

G 0 16.40 49.38 0.750 0.643 0.797 

         

% Increase (+) or 

Decrease (-) 

from the Base 

case 

3.75% cost disc. 

rate, std dev. = 
[2%, 20%] 

D - 21.8 22.8 - 1.1 - 

E - 14.8 24.2 - 0.3 - 

         

 5% cost disc. 
rate, std dev. = 

[1.5%, 15%] 

F - -4.6 -1.0 - -0.5 - 

 G - 1.7 -2.8 - 0.8 - 

 

Note: Average Cost at any given time refers to the cost incurred before the corresponding 

design time. 
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6.4.1.3 Results and Discussion for Flexible Designs (Conventional and DM 

Interventions) 

In this study the solutions to the problem formulated in this study are presented in 

Figure 6.16 that compares conventional and non-conventional solution Pareto fronts. 

Figure 6.17 show the engineering details of the solutions while Figure 6.18 

graphically compares the sensitivity results of the methodology presented here. The 

details provided in each design stage (time-step) are mean demands, averages of total 

cost and end resilience for conventional intervention based flexible solutions. In 

addition to the details mentioned here, threshold demands and percentages of demand 

scenarios that select interventions as indicated in Figure 6.3 are also provided for 

flexible non-conventional intervention based solutions. In Figure 6.17, conventional 

and DM interventions are shown in separate adjacent rows. The newly implemented 

interventions in each stage are shaded. RWH interventions are shown in bold italics 

while WSASs should be bold, underlined italics. Note that the new network pipes 

(i.e., extension) are shown in normal italics. Solutions 1-2, A-B, and C-F are the 

selected conventional and non-conventional solutions that are compared against each 

other. Tables 6.8 and 6.9 show the sensitivity analysis results. 

 

Figure 6.16 indicates that conventional and non-conventional solutions obtained using 

the flexible methodology developed in this thesis are similar in terms of cost and 

resilience index. This happens despite the average cost saving (due to water demand 

reduction) and resilience increase (due to less WDS pipe flows). The reason for the 

similar results obtained by conventional only and non-conventional solutions is that 

water demand savings made in the network are insignificant. The DM interventions 

used in the adaptive methodology presented here have a small impact on the WDS 

objectives considered which leads to insignificant effect in the optimisation trade-offs. 

While the flexible DM interventions considered here result in the cost savings, the 

cost of implementing such measures leads to the trade-offs that are similar to the 

flexible conventional intervention optimisation. The small water savings that are 

associated with DM are influenced by the nodal catchment parameters (mainly, the 

effective catchment area and demand) in which RWH systems are implemented. In 

this case study, the demands are so high for the catchment areas to have significant 

RWH water savings - i.e., the RWH systems’ water saving efficiencies are low 

because of the relatively small amounts of rainwater collected. WSASs are rarely 
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selected in solutions because they are relatively expensive. . Note that WSASs are 

absent in solutions A and B. 

 

 

Figure 6.16: Comparative Pareto Fronts (flexible solutions) for the New York Tunnels 

Problem in terms of Total Design Cost and Resilience Index (Base Case) 

 

Figure 6.17 shows the selected cost-equivalent solutions that are compared in this case 

study. Both conventional (solutions 1 and 2) and non-conventional solutions (A and 

B) show more reinforced systems in the second design stage. This is attributable to the 

discounted future costs and the higher demand in the second stage than the previous 

one. When compared with the flexible conventional intervention solutions, the 

adaptive non-conventional designs show the potential of more flexibility inherent in 

the additional interventions that capture water savings at suitable water demand 

levels. Note that only the more reinforced design branches (which postpone DM) in 

the first design stage (time-step) are selected. This is due to the assumed sharp 

increase of demands from current to the end of the planning horizon, which lead to the 

most beneficial use of DM in the second stage only where resilience is optimised. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Av. Total Cost Av. End RI 

($M) (-)

0 0 0 0 0 0 0 0 0 0 0 192 204 204 204 72 120 84 72 0 120

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 120 84 72 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 120 84 72 0 0

Solution 1 26.1 0.561

0 0 0 0 0 0 0 0 0 0 0 0 168 156 192 0 120 72 120 0 72

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 72 0 0 0 0 0 0 204 204 204 204 0 120 84 84 0 120

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 120 84 84 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 120 84 84 0 0

Solution 2 28.8 0.607

0 0 0 0 0 0 0 0 0 0 0 168 180 204 192 0 120 72 120 0 96

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 204 204 204 0 108 108 72 0 120

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 108 0 72 0 0

0 0 0 20 0 0 0 0 0 0 0 0 0 0 20 10 10 20 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 108 0 72 0 0

Solution A 26.0 0.564

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 168 204 204 204 0 108 84 72 0 120

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 108 0 72 0 0

0 0 0 10 0 0 10 10 0 0 10 0 0 0 20 20 20 20 20

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 108 0 72 0 0

Solution B 28.5 0.608

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

t0 t1 tend

Threshold Demand:    -  m
3
/s  Samples:   LH-D = 0%,  LL-D = 0%

Threshold Demand:   - m
3
/s Samples: LH-D = 0 %, LL-D = 0 %

Samples: HH-D = 55%,  HL-D = 45%Threshold Demand: 55.7 m
3
/s

Currently No Intervention /  Previously Implemented Intervention  

Threshold Demand: 53.9 m
3
/s  Samples: HH-D = 61%, HL-D = 39% 

av. cost:  $14.59M, av. resilience: 0.668

Samples: LH-D = 96%, LL-D = 4 % 

Samples: HH-D = 42%, HL-D = 58% Threshold Demand:  59.4 m
3
/s

Threshold Demand:  37.1 m
3
/s Samples: LH-D = 96%, LL-D = 4 % 

OBJECTIVES

Duplication Pipe Diameters (× 25.4 mm) / DM (10
3 

m
3

 / % ) : Design 1 Duplication Pipe Diameters (× 25.4 mm) / DM (10
3 

 m
3 

 / % ) : Design 2

Mean Demand: 38.1 m
3
/s Mean Demand: 57.1 m

3
/s

av. cost:  $14.33 M, av. resilience: 0.624Threshold Demand: 37.9 m
3
/s Samples: H-D = 61 %, L-D = 39 % 

Pipe / Node No.

Initial Demand: 25.4 m
3
/s

Samples: H-D = 61 %, L-D = 39 % Threshold Demand: 37.9 m
3
/s

Threshold Demand:  60.9 m
3
/s Samples: HH-D = 37%, HL-D = 63% 

Threshold Demand:  37.1 m
3
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Samples: H-D = 100 %, L-D = 0 % Threshold Demand: 36.3 m
3
/s

Samples: H-D = 100 %, L-D = 0 % Threshold Demand: 36.3 m
3
/s

Newly Implemented Intervention (Pipe Duplication, RWH system)

av. cost:  $13.92 M, av. resilience: 0.618

av. cost:  $14.59 M, av. resilience: 0.668

  

Figure 6.17: Adaptive Engineering solutions for the New York Tunnels network (Base Case) 
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Sensitivity Analysis: Further analysis of the selected conventional (solutions 1 and 2) 

and non-conventional solutions (A and B) under different standard deviations were 

performed here. This sensitivity analysis was carried out because the adaptive 

methodology presented here relies on DM efficiencies that greatly vary with different 

levels of (uncertain) water demands. Table 6.8 displays the results of the sensitivity 

analysis that was performed with standard deviations equal to +/- 40% of the standard 

deviations used in the BC.  

 

The results obtained (see Table 6.8) indicate that flexible conventional intervention 

solutions are less sensitive to the level of uncertainty than flexible non-conventional 

intervention solutions in the particular case study described in section 6.4. This 

finding is evidenced by the differences between the average end resilience indices of 

each solution when subjected to demand standard deviations of +/- 40% of the BC. 

For example, the differences between the two end resilience indices of each solution 

(obtained using +/- 40% of the BC  demand standard deviations) are 0.009 and 0.018 

for solutions 1 and A, respectively. Also, solutions 2 and B that have end resilience 

differences of 0.11 and 0.020 for the standard deviations considered here substantiate 

the findings. This implies that understanding the level of uncertainty associated with 

the future water demand is more important in flexible non-conventional intervention 

designs than the flexible conventional ones in the case study considered here.  
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Table 6.8: Sensitivity of flexible Conventional and Non-conventional Intervention 

solutions that were obtained under BC tested with lower and higher Standard 

Deviations 

STD DEV. VARIATION 

 

SOLUTION  NEW YORK TUNNELS 

Base Case Percentage Increase 

/ Decrease  

(%) 

 Average Total Cost  

 

($M) 

Average End 

Resilience Index  

(-) 

    

+40  

1  26.12 0.563 

A 25.96 0.570 

   

2  28.77 0.610 

B 28.46 0.616 

   

- 40 

   

1  26.12 0.554 

A 25.95 0.552 

   

2  28.77 0.599 

B 28.45 0.596 

   

Differences between solutions 

tested using +/- 40% standard 

deviations  

1 0.000 0.009 

A 0.010 0.018 

2 0.000 0.011 

B 0.010 0.020 

 

Sensitivity analysis was also carried out on the adaptive WDSs designs by obtaining 

optimal solutions under different cost discount rates and standard deviations as shown 

in Figure 6.18 and Table 6.9. The results obtained suggest that the solution trade-offs 

between intervention costs and end resilience in adaptive non-conventional WDSs are 

more sensitive to cost discount rates than the levels of uncertainty. This is evident in 

solutions C and D that show 28.2% and 29.2% increase from the BC when 3% 

discount rate is used (i.e., Case 1). As for the variation in standard deviation (i.e., 40% 

less than the BC – Case 2), solutions E and F show increases of 2.7% and 2.43% only. 

Table 6.10 shows that solutions E and F select relatively more frequent DM than BC 

solutions which results in additional cost savings. This is the effect of lower level of 

uncertainty which results in the selection of WDS intervention paths with less WDS 

reinforcement but more DM hence more water savings (i.e., more demand samples 

following the lower demand paths). These sensitivity analysis results further stress the 

importance of using appropriate cost discount rates and standard deviations because 

DM interventions may play more or less important role in the flexible WDS designs – 

i.e., the extent of the role played by the DM that control uncertainty in future water 
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demands relies on the cost discount and the demand standard deviations used in the 

optimisation.  

 

 

Figure 6.18: Comparative Pareto Fronts (flexible solutions) for the New York Tunnels 

Problem in terms of Total Design Cost and Resilience Index (Base Case, Cases 1 and 

2) 

 

Table 6.9: Sensitivity of trade-offs between design Intervention cost and resilience 

optimisation for Adaptive (non-conventional interventions) solutions 

SOLUTION  

OPTIMISATION STD 

DEVIATION 

 

NEW YORK TUNNELS 

 

(Case) 

 

 

 

Average Total Cost  

 

($M) 

Average End RI  

 

(-) 

    

A  Base 25.96 0.564 

C 1 33.29 0.564 

E 2 26.66 0.565 

    

B Base 28.45 0.608 

D 1 36.77 0.607 

F 2 29.14 0.606 

    

% Increase (+) / decrease (-) 

from resilience-equivalent 

Base Case Solutions 

 

1 (C) + 28.2 - 

2 (E) + 2.70 - 

1 (D) + 29.2 - 

 2 (F) + 2.43 - 
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Table 6.10: Cost Breakdown of the New York Tunnels network Adaptive solutions 

(non-conventional interventions) obtained under Base Case, Cases 1 and 2 

SOLUTIONS A B C D E F 

Av. Total Cost ($M) 25.96 28.45 33.29 36.77 26.66 29.14 

Av. Pipe Cost ($M) 25.58 27.89 32.19 35.72 25.72 28.38 

Av. DM Capital Cost ($M) 0.398 0.598 1.170 1.113 1.016 0.817 

Av. BDM($M) 0.022 0.031 0.062 0.062 0.079 0.059 

Av. End Resilience Index (-) 0.564 0.608 0.564 0.607 0.565 0.606 

 

 

6.4.2 The Anytown Network Problem 

6.4.2.1 Problem Description 

This network problem is explained in detail in chapter 5. In the case where non-

conventional measures are considered in design, DM interventions include the 

selection of RWH system tanks from 2 discrete sizes of 568 and 946 m
3
 (i.e., 150,000 

and 250,000 gallons, respectively) or a WSAS (i.e., providing 50% of houses in the 

node catchment with water efficient appliances). The necessary assumptions have 

been made in the problems and assumptions section (6.2). Design interventions are 

staged and developmental in two design stages (see Figure 6.2). Note that even 

though uncertainty is considered in the first design, optional paths are only considered 

in the second design stage, which simplifies the problem.  This means there is only 

one solution that is obtained in the first design time-step. A 24-hour simulation with 3 

hour hydraulic time step for average day flows in each design stage is performed. The 

minimum resilience across the simulation time for each design stage under a certain 

future water demand sample is taken as the system performance. The system 

performances (minimum resiliencies) at the last design stage of the planning horizon 

for all future water demand scenarios (samples) are averaged over all samples. The 

resulting average value is considered as the system performance in the optimisation 

process.  

 

The total intervention cost of a solution is the cumulative capital cost of pipes, tanks 

and the present value of pump operation over 50 years at 5% discount rate. The 

Anytown problem is normally solved for 5 operating conditions (average day flow, 

instantaneous peak hour flow and three fire flows) (Walski et al., 1987) but here, only 

the normal operation condition was considered for simplicity in both deterministic 



162 

 

and the flexible design intervention plans. Furthermore, three new pipes (10, 14 and 

16) were assumed to be already in place with diameters of 305, 254 and 356 mm (i.e., 

12, 10 and 14 inches), respectively at the beginning of planning horizon to avoid 

isolated demand nodes in the solutions. 

 

Solutions are encoded in the model as 546-bit binary strings for all decision variables. 

This is a much more difficult and computationally expensive optimisation problem to 

solve than the New York Tunnels network. The genetic algorithm input parameters of 

100 population and 15,000 generations were used based on several trials in which 

they proved to be sufficient for the model to converge after obtaining near optimal 

solutions. Due to the computational burden associated with the more complex WDS 

considered here, each solution evaluation was performed over 50 Latin Hypercube 

samples of water demand scenarios. The LHS effectively uses fewer samples (i.e., 

less computational expense) than the Monte Carlo sampling. Multiple independent 

NSGA2 runs with different starting populations (i.e., random seeds) were carried out 

to obtain and confirm the best convergence whose solution results are presented here. 

After obtaining the optimised results (obtained with the same number of population 

and generations), solutions were also re-evaluated with 5,000 Monte Carlo simulated 

water demand scenarios before their (non-dominated solutions only) comparison 

could be made here. 

 

6.4.2.2 Results and Discussion for Flexible Designs (Conventional Interventions) 

The non-dominated flexible solutions from a two objective problem are presented and 

compared with the deterministic solutions in Figure 6.19. The selected deterministic 

and flexible solutions are 1-3 and A-C, respectively. Figure 6.20 shows the main 

engineering details of the solutions. The details provided in each design stage (time-

step) are mean demands, conventional interventions (pipe diameters, tanks, clean and 

line), averages of total cost and end resilience for deterministic solutions. In addition 

to the details mentioned here, threshold demands, percentages of demand scenarios 

that select ‘do nothing / less’ and those that select ‘do more’ designs are shown in the 

flexible solutions. The newly implemented interventions in each stage are shaded. A 

cross through a pipe diameter (i.e., in the first time-step) shows that the diameter is 

already in place (opposed to the original network problem). The results shown in 
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Figure 6.19 are tested further under different single demand scenarios (optimistic, 

average and pessimistic) and their performance is shown in Figure 6.21. Figure 6.22 

and Table 6.11 show the sensitivity of trade-offs when the optimisation problem is 

solved under different cost discount rates and standard deviation scenarios.  

Figure 6.19 confirms that flexible intervention plans outperform the corresponding 

deterministic plans in terms of higher resilience for equivalent costs.  For example, a 

flexible plan which has an average total cost of $15.3 M. (i.e., solution A) results in 

an end average resilience index of 0.216 while the cost equivalent deterministic plan 

(solution 1) is less resilient (0.121). In other words, at equivalent resilience, the 

flexible plan costs less than the deterministic plan as shown by solutions C and 3 that 

both have an end resilience of 0.260 but cost $15.82 M and $18.47 M, respectively. 

The flexible plan would reduce the intervention cost by about $2.65 M compared to 

the deterministic plan. All the above differences for cost equivalent or resilience 

equivalent solution for the deterministic and flexible plans indicate the value that is 

derived from flexibility as an opportunity presented by uncertainty.  

 

Figure 6.19: Anytown Problem Solutions (conventional interventions) in terms of 

Total Cost and Resilience Index (Base Case) 
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Figure 6.20 displays the engineering details of selected solutions. For these solutions, 

both deterministic and flexible interventions duplicate critical pipes in the earlier 

stages. For example, pipes 1, 2 and 24 are duplicated in the first design stage in all the 

selected deterministic solutions. Pipe 24 has one of the smallest existing diameters of 

203.2 mm (8 inches). As for the flexible solutions, pipes 2, 3, and 30 are duplicated in 

all the selected solutions. All the duplicated pipes mentioned here are the main pipes 

that convey water to the points of consumption in the entire network. The designs are 

postponed in all the solutions due to the discounted cost in future, lower water 

demand than the end of planning horizon demand, and the need to maximize the end 

resilience. The need for more substantial pipe duplication for higher end resilience 

solutions is indicated by the lower threshold water demand levels in the flexible 

solutions. For instance, a low resilience solution A (resilience of 0.216) and a higher 

resilience solution B (resilience of 0.278) have threshold water demand levels of 

0.6042 (9577 gallons/minute) and 0.47444 (7520 gallons/minute) m
3
/s, respectively. 

This happens because lower demand levels lead to more frequent selection of design 

(or ‘do more’) than ‘do less’ optional path thus increasing resilience. 

Figure 6.21 indicates that deterministic solutions cannot adapt at all to the above 

average future demand increases thus resulting in the lower overall average resilience. 

The flexible design intervention plan allows for postponement of interventions up to 

such time that demand level is suitable for such intervention measures. On the other 

hand, the deterministic designs can perform better than the flexible solutions only 

when the actual water demand is the same as the forecasts (average scenario) and 

below (optimistic scenario), but the opposite can be said about the pessimistic 

scenario (see Figure 6.21). The optimistic and the pessimistic scenarios considered 

here correspond to demands that are one (1) standard deviation lower and higher than 

the mean demand (at 25 and 50 years), respectively. Note that the results shown in 

Figure 6.21 are not the same as the New York Tunnels network results because of the 

different decision trees assumed, e.g., The Anytown network flexible solutions only 

have optional paths in the second design stage even though uncertain water demands 

are also considered in the first design time-step. 
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Pipe No. 1 2 3 4 5..,9 10 11..,13 14 15 16 17..,20 21 22 23 24 25 26 27,28 29 30 31..,39 40 41 Tank Nodes 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18..,20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35..,37 38 39 40 41 Tank Nodes

Average Total Cost Av. End Resilience Index

($M) (-)

20 20 0 CL 0 12 0 10 0 14 0 8 CL 0 12 0 0 0 0 0 0 0 0 7 and 8 20 20 0 CL 0 18 0 0 0 12 0 0 0 10 0 14 6 0 8 CL 0 12 0 12 0 0 0 CL 0 0 0 0 0 0 0 6 0 7 and 8 15.33 0.121

24 20 0 0 0 12 0 10 0 14 0 6 0 0 12 0 0 0 0 0 0 0 0 7 and 8 24 20 20 0 0 30 0 0 0 12 0 0 0 10 24 14 24 0 6 CL 0 12 0 0 0 0 0 20 0 0 0 10 0 0 0 0 0 7 and 8 16.51 0.233

10 24 30 24 0 12 0 10 0 14 0 0 0 0 14 0 6 0 CL 0 0 CL 0 7 10 24 30 24 0 0 0 0 0 12 0 0 24 10 30 14 30 0 6 0 0 14 0 6 0 0 CL 30 0 0 0 0 0 0 0 CL 0 7 and 9 18.47 0.260

20 14 20 0 0 16 0 0 0 12 0 0 8 10 0 14 0 0 6 0 0 10 0 10 0 0 16 12 0 0 0 0 0 0 0 0 0 7 and 9

0 14 20 0 0 12 0 10 0 14 0 6 0 0 0 0 0 0 0 12 0 0 0 7 and 9 15.33 0.216

0 14 20 0 0 0 0 0 0 12 0 0 0 10 0 14 0 0 6 0 0 0 0 0 0 CL CL 12 0 0 0 0 0 0 0 0 0 7 and 9

30 16 20 18 0 24 0 0 0 12 0 0 0 10 12 14 0 0 12 0 0 14 0 0 0 0 20 12 0 0 0 0 0 0 0 0 0 7 and 9

0 16 20 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 12 0 0 0 7 and 9 16.48 0.278

0 16 20 0 0 CL 0 CL CL 12 CL 0 0 10 0 14 0 0 0 0 0 0 0 CL 0 0 CL 12 CL 0 0 0 0 0 CL 0 0 7 and 9

24 16 20 30 0 20 0 0 0 12 0 0 0 10 12 14 0 0 12 0 0 10 0 0 0 0 18 12 0 0 0 0 0 0 0 0 0 7 and 9

0 16 20 0 0 12 0 10 0 14 0 0 0 0 0 0 0 0 0 12 0 0 0 7 and 9 15.82 0.260

0 16 20 0 0 0 0 0 0 12 0 0 0 10 0 14 0 0 0 0 0 0 0 CL CL CL CL 12 CL 0 CL 0 0 CL 0 CL 0 7 and 9

t0 t1 tend

Tank risers' diameters: 16, 16
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Design 1              Intervention Measures: Pipe Diameters (× 25.4 mm) / Clean and Line (CL)     Design 2              Intervention Measures: Pipe Diameters (× 25.4 mm) / Clean and Line (CL)     

Initial Demand Mean value = 0.476 m
3

/s Demand Mean value = 0.542 m
3

/s Demand Mean value = 0.618 m
3

/s

Solution 1

Tank risers' diameters: 18, 20

Tank risers' diameters: 10, 20

Tank risers' diameters: 30, 18
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Solution A Samples: (H-D = 59 %) 

Demand Threshold: 0.604 m
3

/s

Samples: (L-D = 1 %)  

Samples: (H-D = 76 %) 

Demand Threshold: 0.575 m
3

/s

Tank risers' diameters: 30, 18

Tank risers' diameters: 10, 18

Samples: (L-D = 24 %)  Tank risers' diameters: 10, 18

Tank risers' diameters: 10, 18

No Intervention Measure / Previously Rehabilitated

New Pipes Already in place

Av. Resilience: 0.131Av. Cost:  $ 12.12 M,

Av. Cost:  $ 12.25 M, Av. Resilience: 0.136

Av. Cost:  $ 14.33 M,

Solution C

Current Intervention 

Av. Cost:  $ 12.23 M, Av. Resilience: 0.209

Solution 3

Solution B

Solution 2

Tank risers' diameters: 16, 16

Tank risers' diameters: 18, 20

Tank risers' diameters: 30, 18

Av. Resilience: 0.208

Av. Cost:  $ 12.05 M, Av. Resilience: 0.203

Av. Cost:  $ 12.44 M, Av. Resilience: 0.194

Tank riser diameter: 30

Tank risers' diameters: 10, 20 Samples: (L-D = 41 %)  

Demand Threshold: 0.474 m
3

/s

Samples: (H-D = 99 %) 

Tank risers' diameters: 30, 20

Tank risers' diameters: 10, 20

 

Figure 6.20: Comparative Flexible and Deterministic engineering solutions (conventional interventions) for the Anytown network (Base Case)
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Figure 6.21: Comparative Performance of Anytown Problem Solutions (conventional 

interventions) in terms of Total Cost and Resilience Index when tested under 

Optimistic, Average and Pessimistic Demand Scenarios (Base Case) 

 

Sensitivity Analysis: The sensitivity analysis in this case study confirms that the 25% 

decrease in demand uncertainty represented by the standard deviation decrease (see 

Figure 6.22 and Table 6.11) leads to solutions that cost 2% and 2.5% less than the 
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base case for low and high resilience equivalent solutions, respectively. With 25% 

reduction of cost discount rate, low and high resilience equivalent solutions cost 

18.9% and 20.9% more than the base case, respectively. 

 

 

Figure 6.22: Sensitivity analysis: Comparative Anytown network Deterministic and 

Flexible Solutions (conventional interventions) when optimised for the Base Case, 

Cases 1 and 2 

 

Table 6.11: Sensitivity Analysis Comparison of trade-off Solutions (conventional 

interventions and similar resilience) optimised under varying Standard Deviations and 

Cost Discount Rates (Anytown network) 

OPTIMISATION 

CASE 

COST DISC. 

RATE & STD 

DEV. (%)            

SOLUTION ANYTOWN NETWORK 

   AVERAGE TOTAL COST ($M) AVERAGE  RESILIENCE (-) 

   t0 t1 tend t0 t1 tend 

         

Base Case 

5% cost disc. 
rate, std dev. = 

[5%, 10%] 

B 0 12.44 16.48 0 0.194 0.278 

C 0 12.23 15.82 0 0.209 0.260 

         

Case 1 

3.75% 

cost disc. rate, 

std dev.  =   
[5%, 10%] 

D 0 13.46 18.81 0 0.215 0.260 

E 0 13.75 19.92 0 0.193 0.278 

         

Case 2  

5% cost disc. 
rate, std dev. = 

[3.75%, 7.5%] 

F 0 11.98 15.51 0 0.214 0.260 

G 0 12.00 16.06 0 0.207 0.278 

         

% Increase (+) or 

Decrease (-) 

from the Base 

case  

3.75% 

cost disc. rate, 

std dev.  =   
[5%, 10%] 

D - 10.1 18.9 - 2.9 - 

E - 10.5 20.9 - -0.5 - 

         

 5% cost disc. 
rate, std dev. = 

[3.75%, 7.5%] 

F - -2.0 -2.0 - 2.4 - 

 G - -3.5 -2.5 - 6.7 - 



168 

 

Note: Average Cost at any given time refers to the cost incurred before the corresponding 

design time. 

 

6.4.2.3 Results and Discussion for Flexible Designs (Conventional and DM 

Interventions) 

The non-dominated adaptive solutions from a two objective problem are presented 

and compared in Figures 6.23-6.25 and Tables 6.12-6.14. The results were obtained 

after about 3 weeks of model runs. This computational time was required for four 

independent runs carried out on a four Core (i.e., CPU) computer with a 2.67 GHz 

processor. The details provided in each design stage (time-step) are mean demands, 

averages of total cost and end resilience for conventional intervention based flexible 

solutions. In addition to the details mentioned here, threshold demands and 

percentages of demand scenarios that select interventions as indicated in Figure 6.3 

are also provided for flexible non-conventional intervention based solutions. In Figure 

6.24, conventional and DM interventions are shown in separate adjacent rows. The 

newly implemented interventions in each stage are shaded. RWH interventions are 

shown in italics while WSASs should be underlined italics.  A cross through a pipe 

diameter (i.e., in the first time-step) shows that the diameter is already in place 

(opposed to the original network problem). Solutions 1-2, A-B, C-F and G are the 

selected conventional, non-conventional, sensitivity analysis (SA), and SA’s 

resilience-equivalent BC solutions, respectively.  

 

Figure 6.23 confirms that flexible non-conventional intervention solutions obtained in 

this case study clearly perform better than the flexible conventional intervention 

solutions. The flexible non-conventional solutions perform better than the flexible 

conventional designs because of the water savings obtained in the former. The water 

savings that are associated with the flexible non-conventional designs result in less 

capacity required at the source and therefore less pumping energy used. The 

consequential reduction in the WDS pipe flows (i.e., less WDS conveying capacity 

required) also results in higher average network resilience. The cost-equivalent 

solutions 1 and A that have resilience values of 0.230 and 0.251, respectively, 

illustrate that flexible non-conventional intervention designs perform better than the 

flexible conventional interventions. The non-conventional intervention solutions are 

evidently more flexible than the conventional intervention solutions in terms of 
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intervention selection. For example, non-conventional intervention solution A is more 

flexible than the conventional intervention solution 1 because the former can select 

additional interventions (DM) at a suitable demand level while the latter cannot. 

Figure 6.24 provides the flexible conventional and non-conventional intervention 

solution main details. The solution details confirm that more reinforcement is required 

in the last design stage due to the higher demands and discounted cost of 

interventions. The potential hydraulic benefit of accounting for DM in the design of 

WDS under uncertainty in terms of resilience is taken as the difference between cost-

equivalent solutions’ resilience values (e.g., the difference between 0.251 and 0.230). 

Likewise, the potential economic benefit of the adaptive WDS designs considered 

here can be obtained as the difference in costs for resilience-equivalent solutions.  

 

 

Figure 6.23: Comparative Anytown Network Pareto Fronts for Adaptive Design 

Solutions (non-conventional interventions) (Base Case) 
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Pipe / Node No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18,19 20,21 22 23 24 25 26 27 28..,32 33 34..,39 40 41 Tank Nodes 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31,32 33 34..,36 37 38 39 40 41 Tank Nodes

Av. Total Cost Av. End RI

($M) (-)

24 20 30 6 0 18 0 0 0 12 0 0 8 10 0 14 0 0 12 0 12 10 0 14 0 0 16 0 0 30 0 CL 0 0 18 0 0 0 6, 7

0 20 0 6 0 0 0 0 0 12 0 0 8 10 0 14 0 0 0 10 0 14 0 0 16 0 0 0 0 0 6, 7 16.08 0.230

0 20 CL 6 0 0 0 0 0 12 0 0 8 10 0 14 0 0 0 0 CL 10 0 14 0 0 16 CL 0 CL 0 0 0 CL 0 0 0 CL 6, 7

24 30 30 24 CL 24 0 0 0 12 0 0 6 10 16 14 8 0 CL 0 CL 0 0 12 0 0 20 0 0 30 0 CL 0 0 18 0 CL 0 6, 7

0 30 0 24 0 0 0 0 0 12 0 0 6 10 0 14 0 0 0 0 0 12 0 0 20 0 0 0 0 0 6, 7 17.38 0.261

0 30 CL 24 0 0 0 0 0 12 0 0 6 10 0 14 0 0 0 0 CL 0 0 12 0 0 20 0 0 CL 0 0 0 CL 0 0 CL CL 6, 7

24 18 24 6 10 24 0 0 0 12 0 0 0 10 14 14 0 10 0 0 0 0 0 16 0 0 0 0 20 20 0 CL 0 0 0 0 CL CL 7, 9

0 0 0 0 946 946 0 946 946 946 568 0 0 0 568 946 946 0 0

24 18 0 6 10 0 0 0 0 12 0 0 0 10 0 14 0 0 0 0 0 0 0 0 0 0 CL 0 CL 0 7 16.07 0.251

0 0 0 0 946 946 0 946 946 946 568 0 0 0 568 946 946 0

0 0 0 0 946 946 946 946 946 946 568 0 0 0 568 946 946 0 0

24 18 CL 6 10 0 CL 0 0 12 0 0 0 10 0 14 0 0 CL 0 0 0 0 0 0 0 CL 0 CL CL 0 CL 0 CL 0 0 CL 0 7

20 18 24 30 0 24 0 0 0 12 0 0 0 10 16 14 0 12 0 0 8 0 0 14 0 0 0 0 CL 24 0 CL 0 0 0 0 0 0 7, 8

0 0 0 0 946 0 0 0 946 946 946 0 0 0 0 946 946 0 0

20 18 0 30 0 0 0 0 0 12 0 0 0 10 0 14 0 0 0 0 0 0 0 0 0 0 CL 0 0 0 7 17.34 0.271

0 0 0 0 946 0 0 0 946 946 946 0 0 0 0 946 946 0

0 0 0 0 946 0 0 0 946 946 946 0 0 0 0 946 946 0 0

20 18 CL 30 0 CL CL 0 0 12 0 0 0 10 0 14 0 CL 0 0 0 0 0 0 0 0 CL 0 CL CL 0 CL 0 0 0 0 0 0 7

t0 t1 tend
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Solution A Samples: H-D = 36% 

Demand Threshold: 0.514 m
3
/s

0.663 m
3
/s

Samples: L-D = 20% 

Samples: L-D = 64% 

Solution B

Demand Threshold:

Samples: H-D = 80% 
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Design 1         Intervention Measures: Pipe Diameters (× 25.4 mm) / Clean and Line (CL) / DM (m
3

 / % )     Design 2         Intervention Measures: Pipe Diameters (× 25.4 mm) / Clean and Line (CL) / DM (m
3

 / % )     

Solution 1 Samples: H-D = 36% 

Demand Threshold: 0.663 m
3
/s

Samples: L-D = 64% 

Solution 2 Samples: H-D = 26% 

Samples: L-D = 74%  

Demand Threshold: 0.698 m
3
/s

Demand Mean value = 0.618 m
3
/sInitial Demand: 0.476 m

3
/s 

Tank risers' diameters: 16, 18

number Newly Implemented WSAS

OBJECTIVES

Currently No Intervention / Previously Implemented Intervention  

Newly Implemented Intervention (Pipe Duplication, RWH system)

av. cost:  $12.37 M, av. resilience: 0.220

av. cost:  $13.67 M, av. resilience: 0.252

av. cost:  $12.99 M, av. resilience: 0.246

Tank risers' diameters: 16, 18

Tank risers' diameters: 16, 18

Tank riser diameter: 18

Tank riser diameter:  18

av. cost:  $13.35 M, av. resilience: 0.199

Tank risers' diameters: 16, 18

Tank riser diameter:       18

Tank riser diameter:       18

Tank risers' diameters: 16, 18

Tank risers' diameters: 18, 18

Tank risers' diameters: 16, 18

New Pipes Already in place

Tank risers' diameters: 18, 30

   

Figure 6.24: Adaptive Engineering solutions for the Anytown network (Base Case) 
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Sensitivity Analysis: Solutions 1, 2, A and B were analysed further under different 

water demand standard deviations (+/- 40% of the BC) to investigate the sensitivity of 

the results as explained in the New York Tunnels network. The results in Table 6.12 

also indicate that non-conventional intervention solutions have smaller differences 

between their performances when subjected to +/- 40% of the BC standard deviation 

values. For example, the differences between average total costs are 0.060 and 0.020 

for the conventional (solution 1) and non-conventional (solution A) intervention 

solutions, respectively. Solutions 2 and B also show the differences of 0.040 and 

0.010, respectively. As for average resiliencies, the differences of flexible 

conventional and non-conventional designs show relatively small changes (say %) 

from conventional to non-conventional solutions or vice versa. However, these 

findings still stress the point that the performance of flexible non-conventional 

intervention designs highly depend on the level of future water demand uncertainty. 

The significance of DM (i.e., in controlling this source of uncertainty) in the network 

greatly influence the results, hence different observations are evident in the New York 

tunnels network. 

 

Table 6.12: Sensitivity of flexible Conventional and Non-conventional Intervention 

solutions that were obtained under BC tested with lower and higher Standard 

Deviations 

STD DEV. VARIATION 

 

SOLUTION  ANYTOWN NETWORK 

Base Case Percentage Increase 

/ Decrease  

(%) 

 Average Total Cost  

 

($M) 

Average End 

Resilience Index  

(-) 

    

+40  

1  16.11 0.191 

A 16.09 0.211 

   

2  17.40 0.224 

B 17.35 0.248 

   

- 40 

   

1  16.05 0.248 

A 16.07 0.270 

   

2  17.36 0.271 

B 17.36 0.278 

   

 Differences between solutions 

tested using +/- 40% standard 

deviations 

1 0.060 0.057 

A 0.020 0.059 

2 0.040 0.047 

B 0.010 0.030 
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Sensitivity analysis on the trade-offs of adaptive WDSs was also performed by 

optimising solutions under different rates (i.e., 40% lower cost discount rate and 

standard deviation than the BC) of cost discount and demand standard deviation. The 

results that are similar to the New York Tunnel problems were obtained (see Figure 

6.25). Resilience-equivalent solutions C and E shown in Table 6.13 have intervention 

costs increased by 43.4 and 3.4% from the BC. Despite the potential superiority of 

non-conventional designs over the conventional ones, the non-conventional 

intervention flexible solutions also require caution in the use of discount rates and 

levels of uncertainty. The use of appropriate discount rates and the standard 

deviations would achieve better solutions in terms of actual performances (cost and 

resilience). Table 6.14 shows that DM benefits are higher when uncertainty is small. 

For instance, solution E ($14.55M) is less expensive than resilience-equivalent 

solution G ($15.06M) but has cost savings of $2.13M while solution G has only 

$1.71M. 

 

 

Figure 6.25: Comparative Anytown Network Pareto Fronts for Adaptive Design 

Solutions (non-conventional interventions) (Base Case, Cases 1 and 2) 
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Table 6.13: Sensitivity of trade-offs between design Intervention cost and resilience 

optimisation for Adaptive (non-conventional interventions) solutions 

SOLUTION  OPTIMISATION STD 

DEVIATION 

 

ANYTOWN NETWORK 

 (Case) 

 

 

 

Average Total Cost  

 

($M) 

Average End Resilience 

Index  

 

(-) 

    

C 1 21.59 0.230 

E 2 14.55 0.230 

G Base 15.06 0.230 

    

B Base 17.34 0.271 

D 1 24.76 0.270 

F 2 15.25 0.271 

    

% Increase (+) / decrease (-) 

from resilience-equivalent 

Base Case Solutions 

 

1 (C) + 43.4 - 

2 (E) - 3.39 - 

1 (D) + 42.8 - 

 2 (F) - 12.1 - 

 

Table 6.14: Cost Breakdown of the Anytown network’s Adaptive solutions (non-

conventional interventions) obtained under Base Case, Cases 1 and 2 

SOLUTIONS A B C D E F G 

Av. Total Cost ($M) 16.07 17.34 21.59 24.76 14.55 15.25 15.06 

Av. WDS Capital ($M) 3.299 3.196 4.159 5.397 2.342 2.836 2.713 

Av. Pumping Cost ($M) 11.44 13.14 16.75 18.67 11.28 11.38 11.25 

Av. DM Capital Cost ($M) 2.748 1.950 3.540 1.950 3.065 3.011 2.806 

Av. BDM($M) 1.417 0.942 2.857 1.258 2.134 1.970 1.711 

Av. End Resilience Index (-) 0.251 0.271 0.230 0.270 0.230 0.271 0.230 

 

 

6.5 Summary and Conclusions 

Methodologies that can identify adaptable design interventions in uncertain effects 

such as those of future climate and urbanisation changes in the long-term planning of 

WDSs have been tested, validated and demonstrated in this chapter. Management of 

demand uncertainty in WDS design has been explored in two ways: (1) by creating 

flexibility in design that managers can use to react to uncertainties, i.e., by changing 
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the actual design elements of the system when (and if) necessary and (2) enhancing 

the flexibility built in the WDS designs by controlling uncertainty through demand 

management. The flexible methodology gives managers opportunities to exploit the 

uncertain nature of future water demand in design. Prior to the approaches presented 

here, uncertainty had mainly been dealt with by passively building in the system 

redundancy. 

 

The methodology demonstrated here has been used to analyse the potential value of 

flexibility created by uncertain future water demand. Three alternative intervention 

plans, two deterministic (staged and precautionary) and one flexible, were evaluated 

and compared against each other by assuming uncertain future demands over some 

long-term planning horizon.  

 

After initial success in the evaluation of flexibility in designs, the methodology was 

extended in order to effectively identify adaptable solutions (optimal) in the long-term 

planning and design under uncertain future changes such as those resulting due to 

climate and urbanisation. The problem of optimal flexible WDS design was 

formulated and solved as a multi-objective optimisation problem under uncertain 

future demand driven by minimisation of the total intervention costs and the 

maximisation of the end-of-planning horizon system resilience. The optimal flexible 

designs were obtained for (1) conventional interventions only and (2) both 

conventional and DM type interventions. With conventional interventions only, two 

different intervention plans were considered, namely, deterministic and flexible 

designs. The traditional but staged deterministic intervention plan is represented with 

a single set of interventions for each design stage future demand in the analysed 

planning horizon while the flexible intervention plan is represented using optional 

intervention paths into the future. As for the combined conventional and DM 

interventions, the performance was compared with the solutions obtained with 

conventional interventions only.  

 

The above design approaches were tested, and verified on a literature case study based 

on the real-life network redesign problem of the New York Tunnels and the more 

complex Anytown network. The results obtained from the evaluation of flexibility in 

WDS design plans lead to the following conclusions: 
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1. It has been demonstrated that flexible WDS design (i.e., intervention plan) can 

have lower economic cost and/or improved hydraulic performance (i.e., higher 

resilience) when compared to the corresponding deterministic precautionary 

and staged designs (i.e., intervention plans) under uncertain future water 

demand conditions. The value of flexibility can be estimated as the difference 

in respective expected design costs (given the same / similar design 

resiliencies) or as the difference in respective expected resiliencies (given the 

same / similar design costs).  

2. The value of flexibility comes from the ability of the flexible WDS design 

approach to adapt the water distribution system to uncertain future water 

demands in a cost-effective, resilient and timely manner. This is a 

consequence of the fact that flexible WDS design approach allows both 

postponing (i.e., delaying in time) and implementing (or not implementing) 

optional interventions that are compatible with future demands. The staged 

deterministic WDS design allows only delaying interventions in time whilst 

the precautionary approach does not allow either. 

3. The flexible WDS designs seem more sensitive to changes in the cost discount 

rate than the staged deterministic plan. This is a consequence of the built-in 

flexibility, i.e., optional intervention paths resulting in wider range of possible 

costs. This finding implies that flexible WDS designs may not always be the 

best choice depending on the discount rate used. 

 

The results obtained by formulating and solving an optimisation problem in order to 

effectively identify flexible solutions lead to the following key observations and 

conclusions. 

 

Flexible WDS design with conventional interventions: 

1. If water demand can be predicted accurately, i.e., if the actual water demand 

turns out to be the same as the initial forecasts, the deterministic designs can 

perform better than the flexible designs because of the additional cost of 

flexibility embedded in the latter. This additional cost, however, acts as an 

insurance policy ensuring that the water distribution system can adapt even if 

demands turn out to be different from initial forecasts. 
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2. The threshold water demand levels in the flexible solutions decrease with 

rising WDS resilience because lower demand levels lead to more frequent 

selection of design (or ‘do more’) optional path(s) thus increasing resilience.   

3. The sensitivity analysis revealed that the selection of flexible designs is less 

sensitive to the level of demand uncertainty than the cost discount rate. This 

finding implies that the discount rate needs to be carefully selected when the 

flexible design methodology is used.  

 

Flexible WDS design with conventional and DM interventions: 

1. In addition to conventional intervention flexible designs under uncertainty, 

non-conventional interventions can further enhance the performance of 

flexible WDS designs. Incorporating DM interventions in flexible WDS 

design complements conventional flexible intervention design by controlling 

uncertainty via demand reduction (water savings) that has the potential to 

improve designs. 

2. Flexible non-conventional and conventional solutions can have similar cost 

and resilience depending on the average water savings and catchment 

characteristics (e.g., area, demand). In a pumped WDS considered in this 

study, the potential water savings (i.e., cost saving and resilience benefit) are 

large and flexible non-conventional designs clearly outperform flexible 

conventional intervention solutions. The water savings made here (in the 

pumped system) reduce pumping energy which constitutes the large part of the 

total WDS cost. Non-conventional flexible designs also perform better than 

the flexible conventional intervention designs because they respond 

appropriately to uncertain water demands levels – i.e., conventional and DM 

can be implemented alternatively at suitable times and demand levels.  

3. Despite the potential of flexible non-conventional solutions outperforming the 

flexible conventional intervention solutions, they are more / less sensitive to 

cost discount rate and standard deviations. The reason is the fact that DM 

performance (RWH system efficiencies) highly depends on the water demand 

(key uncertain parameter here) which is associated with the cost savings and 

the resilience achieved given uncertain water demand. These findings imply 

that appropriate discount rates and levels of uncertainty have to be well 
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understood when non-conventional interventions are applied to improve WDS 

flexible designs. 

The conclusions made in this chapter are based on the assumptions, data and cost 

models used in the two case studies presented here. Future work is required to analyse 

the methodology on larger real-life and more complex WDS with possibly more 

design stages.  

 

Finally, it is acknowledged here that practicing engineers have been intuitively 

dealing with the issues of staged and flexible long-term planning of distribution 

systems based on multiple demand scenarios. However, this thesis introduces formal 

concepts and techniques that can be used in this context (e.g., decision trees to 

represent flexible plans, MCS to evaluate flexible plans, and so forth). The reason 

why intervention plans are represented using decision trees defined over the full 

length of the planning horizon is to take the long term view, i.e., to make sure that 

what is proposed for implementation in the near future (the first stage in the presented 

results or next year for practitioners) is compatible with different possible demand and 

other futures based on the current best information available. Note that decision trees 

can (and should) be updated as frequently as desired in the future, by using 

engineering judgment or some other approach. 
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7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Summary of the Work Done 

 

The main aim of this study was to develop new methodologies for improved water 

distribution system (WDS) design under uncertain effects such as those of future 

climate and urbanisation changes by mitigation and adaptation. In order to achieve the 

main aim, the necessary objectives are summarised here. 

 

A novel approach aimed at reducing carbon footprint in the design of WDSs was first 

investigated in this thesis. The following issues were addressed:  

 The problem of optimal WDS design and / or rehabilitation was formulated 

and solved as a multi-objective optimisation problem. In addition to the two 

frequently used objectives (minimisation of total intervention cost and 

maximisation of WDS resilience), a third, environmental performance 

objective (minimisation of GHG emissions) was considered here as well. 

 The Life-Cycle GHG emissions account for the energy requirement for the 

processes involved in the fabrication of components, use and end of life stages 

of WDSs. This was done through the life-cycle energy analysis method by 

Filion et al. (2004). The quantified energy requirement of the WDS design 

was converted to GHG emissions by a relevant conversion factor according to 

AEA (2010) guidelines assuming electricity as the source of energy. 

 In addition to the conventional design interventions, water demand 

management measures were incorporated in the design of WDSs. Water 

demand management measures counteract the effects such as those of climate 

and urbanisation changes on WDS demand. Furthermore, this approach that 

considers demand management measures in design was used to complement 

the conventional interventions in an attempt to enhance the reduction of GHG 

emissions. 

 Sensitivity analysis has been performed by varying future water demand and 

cost discount rate in order to understand how these key WDS parameters can 

influence the selection of optimal designs in the new WDS design 

methodology. 
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The challenge of underperforming or overdesigned WDSs due to uncertain water 

demand that results due to the potential effect of climate and urbanisation changes in 

the long-term planning horizon was addressed. A novel WDS design methodology 

that adapts designs to the uncertain future demands as they unveil was developed as 

follows: 

 The uncertain future water demands were characterised using PDFs and then 

propagated by using Monte Carlo or Latin Hypercube sampling techniques at 

certain points (i.e., at the end of each design time-step) across the sub-divided 

planning horizon of WDSs. 

 The long-term planning horizon considered was sub-divided into a discrete 

number of design time-steps with optional paths (for the time-step under 

consideration) and the future threshold demands at the end of each time-step. 

At each design point (at the beginning of each time-step), the future threshold 

demand values (at the end of each time-step) are used to decide the 

interventions that are implemented in the design stage (time-step). The flexible 

decision making structure for both the uncertain water demands and the 

interventions are represented by a decision tree. For each decision tree, each 

branch represents the simulated demand and the set of corresponding 

intervention measures which are divided into high or low (based on the 

threshold value). 

 The flexible design methodology was used to evaluate flexibility in WDS 

design under uncertain future water demand by comparing flexible and 

deterministic (precautionary and staged) design approaches. Even though the 

methodology can handle any number of stages, only three were demonstrated 

for flexibility evaluation in this thesis. Also, even though more than two 

optional paths at each design point can be considered, only two optional 

intervention paths were considered here. The performance indicators that 

consist of the average total intervention cost and the average WDS resilience 

resulting from numerous simulated future demand scenarios were considered. 

Only the conventional interventions were considered in the evaluation of 

flexibility inherent in designs under future demand (water) uncertainty. 

 Under the flexible WDS design methodology, the problem of optimal flexible 

WDS design was formulated and solved as a multi-objective optimisation 

problem under future demand uncertainty. The two objectives of minimising 
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average total intervention cost and maximising the average WDS resilience 

resulting from numerous simulated water demand scenarios were considered. 

Even though the methodology can handle any number of stages and optional 

paths (i.e., at design points), only two for each were demonstrated for optimal 

flexible designs due to the computation burden and complexity associated with 

the methodology. 

 The flexible WDS design approach was enhanced to make the designs 

adaptive in terms of appropriate adjustment of conventional designs and by 

controlling uncertainty through demand reducing interventions (i.e., potable 

water saving). Also, maximising the system resilience allows the designs to 

adapt under uncertainty. Rainwater harvesting systems and water saving 

appliances are the water demand management options considered in this 

thesis. 

 Sensitivity analysis of the flexible / adaptive methodology developed in this 

thesis was performed by investigating flexibility and optimal designs obtained 

under different cost discount rates and levels of future demand uncertainty 

(represented using corresponding standard deviations of uncertain water 

demands). 

 

Finally, the novel mitigation and adaptation WDS design methodologies developed in 

this study were tested and verified on the redesign case studies of New York Tunnels 

and the Anytown water distribution networks. The WDS design optimisation 

problems formulated in this thesis were solved by using the well-known non-

dominated sorting genetic algorithm (NSGA2) (Deb et al., 2002) linked to the 

EPANET network hydraulic solver (Rossman, 2000). The key contributions of the 

research work done and presented in this thesis are summarised in section 7.2 and the 

relevant conclusions are also summarised in section 7.3. 

 

7.2 Summary of Contributions 

The research work undertaken in this thesis can be regarded as original in the 

following ways: 
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1. Development of the novel methodology for climate change mitigation in the 

WDS design context. The new methodology is based on improved existing 

methodologies for the conventional, optimisation based (i.e., least-cost) WDS 

design by considering: 

a. Novel objectives (aimed at mitigating climate change while maintaining 

acceptable WDS hydraulic performance). The economic cost, WDS 

resilience and the environmental and / or sustainability objectives are 

simultaneously considered in order to identify sustainable design solutions 

in a three-objective optimisation problem. The climate change mitigation 

objective considered in the WDS designs is the reduction of GHG 

emission which is highly associated with global warming and climate 

change. 

b. Novel interventions based on different water demand management options 

(i.e., in addition to the more conventional ones) that help mitigate and 

counteract effects such as those of climate and urbanisation changes. Two 

water demand management technologies in the form of RWH systems and 

the water efficient appliances (i.e., WSASs) are incorporated in design 

assuming their social acceptability. DM is applied at the WDS level to 

complement the more conventional design interventions. 

This approach enables the identification of new important trade-offs in the resulting 

system designs. 

 

2. Development of the novel, flexible framework for the optimal long-term 

rehabilitation and / or design of adaptive WDSs. The concept introduces 

flexibility and DM in the WDS planning and design process thus enabling the 

effective and efficient management of future uncertainties. The framework 

contains the following key novelties: 

a. Novel methodology for the representation of adaptive, staged WDS 

designs using decision trees with corresponding threshold values. 

Decision tree branches represent optional staged intervention paths into 

the future. Demand threshold values at branching points are used to 

indirectly represent probabilities of optional decision tree paths. At design 

points, threshold values (future system demands in each time-step) are the 
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water demand levels above which the intervention paths with more 

reinforced system configurations are followed and vice versa. At the end 

of each time-step, the PDF is defined to determine the probability of 

having simulated demands (with deterministic demand forecast taken as 

the mean) that are higher or lower than the respective thresholds. 

b. Novel methodology for the evaluation of adaptive WDS designs. The 

methodology uses the Monte Carlo / Latin Hypercube based techniques 

for simulating future uncertain demands (defined by PDFs as mentioned 

above). The value of WDS flexibility is considered in terms of the average 

system hydraulic performance (resilience) and the average total cost of 

implementing design interventions (conventional and DM) in the planning 

horizon. 

c. Novel methodology for the optimisation of adaptive WDS designs. The 

staged, adaptive designs that are represented using decision trees and 

threshold demands are optimised as a multi-objective problem using 

NSGA2-based optimisation method. The optimisation problem identifies 

flexible designs with trade-offs of minimised average total cost 

(cumulative across the planning horizon) and the maximised average end 

resilience index.  

 

7.3 Conclusions 

The main conclusions drawn from the case study results obtained in the case of the 

WDS design methodology that mitigates climate change by reducing GHG emissions 

are as follows: 

1. It is important to take into account environmental performance type objectives 

such as total GHG emissions when deciding on the optimal long-term design 

strategy for a WDS. If this is not done, it is likely to lead to inferior WDS 

designs in terms of system environmental sustainability. 

2. There is a cost associated with obtaining required levels of system resilience. 

However, there is a certain limit where large amounts of money spent on 

WDSs hardly achieve any significant improvement but on the other hand 

having adverse impact on the environment. 
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3. Life-cycle energy requirements for WDS components can be used to evaluate 

designs. In the case of the pumped system considered here, particular attention 

to pump scheduling optimisation for reduction of future pumping energy 

consumption from the GHG emission point of view is essential as pumps 

constitute the most part of the total WDS GHG emissions in the long run. 

4. Three-objective designs of WDS case studies obtained in this thesis can 

evidently still maintain the desired level of resilience or better than one or 

two-objective solutions. This happens even though there is a simultaneous 

cost-resilience-GHG emissions trade-off (i.e., compromised objectives) in the 

optimisation of WDS design. 

5. It is essential to consider the potential benefits (water saving and GHG 

emission reduction) of water DM measures to complement climate change 

mitigation strategies in the long-term WDS design. 

6. WDS design solutions with water demand management schemes included (i.e., 

the non-conventional solutions) may show similar or better cost, resilience and 

GHG emissions than conventional solutions. In the case of non-conventional 

design, solutions exhibit cost savings in terms of capacity required at source, 

the network conveying capacity and the pumping energy. This can be 

demonstrated by the avoided upgrades in the network. Also, this shows the 

importance of considering the potential use of water DM measures to replace 

conventional interventions in the WDS design (assuming their social 

acceptance). 

7. Water DM interventions exhibit significant contributions to GHG emission 

reduction when compared to the conventional pumped WDS (i.e., in the case 

study considered in this thesis) design over a long-term planning horizon. 

8. The potential benefit of deploying optimal water DM interventions in the 

WDS design can lead to improved WDS resilience due to reduced network 

flows if a significant reduction of network future water demand is achieved. 

 

The main conclusions regarding the flexible WDS design under uncertain future 

demand are as follows: 

1. It was demonstrated that flexible WDS design (i.e., intervention plan) can 

have lower economic cost and / or improved hydraulic performance (i.e., 
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higher resilience) when compared to the corresponding deterministic 

precautionary and staged WDS designs (i.e., intervention plans) under 

uncertain future water demand conditions. The value of flexibility can be 

estimated as the difference in respective expected design costs (given the same 

/ similar design resiliencies) or as the difference in respective expected 

resiliencies (given the same / similar design costs).  

2. The value of flexibility comes from the ability of the flexible WDS design 

approach to adapt the water distribution system to uncertain future water 

demands in a cost-effective, resilient and timely manner. This is a 

consequence of the fact that flexible WDS (re)design approach allows both 

postponing (i.e., delaying in time) and implementing (or not implementing) 

optional interventions that are compatible with future demands. The staged 

deterministic WDS design allows only delaying interventions in time whilst 

the precautionary approach does not allow either. 

3. The flexible WDS (re)design seems more sensitive to changes in the cost 

discount rate than the same changes in the staged deterministic plan. This 

result is a consequence of the built-in flexibility, i.e., optional intervention 

paths resulting in wider range of possible costs. This implies that flexible 

WDS designs may not always be the best choice depending on the discount 

rate used. 

4. If water demand can be predicted accurately, i.e., if the actual water demand 

turns out to be the same as the initial forecasts, the deterministic designs can 

perform better than the flexible designs as a result of the additional cost of 

flexibility embedded in the adaptable solutions. This additional cost, however, 

acts as an insurance policy ensuring that the water distribution system can 

adapt even if demands turn out to be different from initial forecasts. 

5. The threshold water demand levels in the flexible solutions for the case studies 

considered in this thesis decrease with rising WDS resilience. This is because 

lower threshold demand levels lead to more frequent selection of design (or 

‘do more’) optional path(s) (i.e., simulated demands that are more than the 

threshold value increase) thus increasing resilience. 

6. The sensitivity analysis revealed that the selection of flexible designs is less 

sensitive to the level of demand uncertainty than the cost discount rate. This 
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finding implies that the discount rate needs to be carefully selected when the 

flexible design methodology is employed. 

7. In addition to conventional intervention flexible designs under uncertainty, 

non-conventional interventions can further enhance the performance of 

flexible WDS designs. The strategic incorporation of DM interventions that 

complement conventional flexible intervention designs controls uncertainty 

via demand reduction (water savings) and has the potential to improve flexible 

WDS designs. 

8. Flexible non-conventional and conventional intervention solutions can have 

similar cost and resilience that depend on the amount of average water 

savings. Water savings are also dependent on nodal catchment characteristics 

(e.g., area, demand). In a pumped WDS considered in this thesis, the potential 

water savings (i.e., cost saving and resilience benefit) are large. Therefore, 

flexible non-conventional intervention designs clearly outperform flexible 

conventional intervention solutions in terms of averages of total cost and end 

resilience. Flexible non-conventional intervention designs also respond to 

uncertain water demand levels by implementing alternative conventional and 

DM interventions at suitable times and demand levels.  

9. Despite the potential of flexible non-conventional intervention-based solutions 

outperforming the flexible conventional intervention-based solutions, they 

seem more / less sensitive to cost discount rate and standard deviations. The 

reason is the fact that DM performance (i.e., RWH system water saving 

efficiencies) highly depends on the level of water demand (key uncertain 

parameter here). Given uncertain water demand, the water savings made by 

DM determine the WDS cost savings and the resilience improvement. These 

findings imply that appropriate discount rates and levels of uncertainty have to 

be well understood and correctly used when non-conventional interventions 

are applied to improve WDS flexible designs. 

 

7.4 Recommendations for Future Work 

With regard to the design methodology that mitigates climate change and adapts WDS 

designs to the effects such as those of climate and urbanisation changes, the following 

recommendations for further research work are made: 
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 To consider formulation of different WDS design problems with objective’s 

combinations that aim to mitigate and adapt designs to the undesirable effects 

of climate and urbanisation changes. For example, in addition to the 

intervention cost, resilience and GHG emissions considered in this thesis, 

reliability of supply type, water quality (e.g., water age) and other objectives 

can be incorporated into the optimisation based methodology for further 

investigation. 

 

 To widen the scope of the methodology developed in this thesis by including 

additional efficient appliances’ operational energy consumption and the 

potential savings at the household scale. Accounting for a full set of costs and 

benefits would improve the methodology presented in this study. 

 

Regarding the flexible / adaptive design WDS design under uncertainty, the following 

recommendations for further research work are made:  

 

 To extend the methodology further by formulating and solving an objective 

flexible design problem with additional objectives to, for example, enhance 

the flexible / adaptive design by also mitigating climate change. In addition to 

the minimised intervention costs and the maximised hydraulic performance 

(resilience) considered in this methodology, minimising GHG emissions can 

further improve WDS designs. Other objectives such as water quality, leakage, 

fire flows, etc. could also be considered. 

 

 The methodology presented in this thesis needs further development in order 

to significantly reduce the computational burden associated with the stochastic 

nature of various parameters. This could be achieved by developing new, more 

sophisticated models based on, e.g., various meta-modelling approaches and / 

or other technologies (e.g., parallelisation of WDS design evaluations, etc.). 

This, in turn, would enable using larger number of time steps (with more 

optional paths) in the planning horizon (thus leading to more refined flexible 

solutions), considering additional objectives (as mentioned above) and 

generally solving larger, more complex WDS design problems. 
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 To incorporate other uncertainties (by appropriate modelling) that may affect 

the performance of WDSs such as pipe roughness coefficient and the 

components’ mechanical failures. For example, Huang (2011) proposed an 

integral model for uncertain nodal demands, pipe roughness and component 

failures in the design of flexible urban WDSs. DM interventions’ uncertainties 

(e.g., due to rainfall and efficiencies of water saving appliances) could also be 

accounted for in designs. Furthermore, additional level of uncertainty could be 

built into the framework proposed in this thesis by e.g., modelling parameters 

of estimated demand PDFs using fuzzy numbers (e.g., see Fu and Kapelan, 

2011) which enables modelling explicitly ‘uncertainty on uncertainty’. 

 

 To consider the possibility of incorporating spatial / temporal distribution 

correlations of the uncertain WDS parameters (e.g., nodal demands) thus 

leading to more complex but also more realistic WDS designs. 

 

 To consider social acceptability survey (e.g., interviews, questionnaires, etc.) 

of DM schemes among all the relevant stakeholders prior to the 

implementation of such DM options in the design methodologies developed in 

this thesis. Also note that if the RWH systems are considered in the new 

methodologies, they would be beneficial in areas where rainfall occurs over all 

months of the year. 

Finally, future research work is required to further test and validate the methods 

developed and presented in this thesis on larger and more complex real-life WDSs 

with possibly more design stages, optional paths and additional uncertain variables.  
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APPENDICES 

 

 

Appendix A: General Data 

 

 

 

Table A.1: Cost of the water saving appliances in 2010 (see Cooley et al., 2010) 

Water Saving Appliance Cost ($ ) 

Toilets 180 

Washing Machines 750 

Showerheads 40 

 

 

 

 

Appendix B: New York Tunnels Network Data 

 

 

 

Table B.1: New York Tunnels network 

pipe details (see Murphy et al., 1993) 

Existing  

Pipe No. 

Length 

(feet) 

Diameter 

(inches) 

Roughness 

Coefficient 

1 11,600 180 100 

2 19,800 180 100 
3 7,300 180 100 

4 8,300 180 100 

5 8,600 180 100 

6 19,100 180 100 

7 9,600 132 100 

8 12,500 132 100 
9 9,600 180 100 

10 11,200 204 100 

11 14,500 204 100 
12 12,200 204 100 

13 24,100 204 100 

14 21,100 204 100 
15 15,500 204 100 

16 26,400 72 100 

17 31,200 72 100 
18 24,000 60 100 

19 14,400 60 100 

20 38,400 60 100 
21 26,400 72 100 

 

 

Table B.2: New York Tunnels network 

nodes’ elevation and demand data (see 

Murphy et al., 1993; Dandy et al., 

1996) 

Node No. Elevation 

(feet) 

Water Demand 

(cubic feet per sec.) 

2 0 92.4 
3 0 92.4 

4 0 88.2 

5 0 88.2 

6 0 88.2 

7 0 88.2 

8 0 88.2 
9 0 170.0 

10 0 1.0 
11 0 170.0 

12 0 117.1 

13 0 117.1 
14 0 92.4 

15 0 92.4 

16 0 170.0 
17 0 57.5 

18 0 117.1 

19 0 117.1 
20 0 170.0 
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Appendix C: Anytown Network Data 

 

 

Table C.1: The Anytown network pipe 

details (existing) (see CWS, 2013b) 

Existing 

Pipe No. 

Length 

(feet) 

Diameter 

(inches) 

Roughness 

Coefficient 

1 12,000 12 120 

2 12,000 12 70 

3 12,000 16 70 

4 100 30 130 

5 6,000 10 120 

6 9,000 10 120 
7 9,000 12 70 

8 6,000 10 120 

9 6,000 10 120 
10 12,000 - - 

11 6,000 8 120 

12 12,000 10 120 
13 6,000 - - 

14 6,000 - - 

15 6,000 - - 
16 6,000 - - 

17 6,000 8 120 

18 6,000 10 120 
19 6,000 8 120 

20 6,000 8 120 

21 6,000 8 120 
22 6,000 8 120 

23 6,000 10 120 

24 6,000 8 120 
25 6,000 - - 

26 6,000 10 120 

27 100 8 70 
28 6,000 12 70 

29 6,000 12 70 

30 6,000 10 70 
31 6,000 12 70 

32 6,000 10 70 

33 6,000 12 120 
34 100 10 70 

35 6,000 10 70 

36 6,000 8 120 
37 6,000 12 70 

38 6,000 10 70 

39 6,000 8 120 
40 6,000 12 120 

41 9,000 10 70 

 

 

 

 

 

 

 

 

 

 

 

 

Table C.2: Anytown WDS Intervention 

Options’ Costs (see CWS, 2013b) 

Pipe 

Diameter 

(inches) 

Laying 

New 

Pipes 

($/ft) 

Duplicating 

Existing Pipes 

($/ft) 

Cleaning and 

Lining Existing 

Pipes ($/ft) 

  City Residential City Residential 

  
    

6 12.8 26.2 14.2 17.0 12.0 

8 17.8 27.8 19.8 17.0 12.0 

10 22.5 34.1 25.1 17.0 12.0 

12 29.2 41.4 32.4 17.0 13.0 

14 36.2 50.2 40.2 18.2 14.2 

16 43.6 58.5 48.5 19.8 15.5 

18 51.5 66.2 57.2 21.6 17.1 

20 60.1 76.8 66.8 23.5 20.2 

24 77.0 109.2 85.5 30.1 - 

30 105.5 142.5 116.1 41.3 - 

 

 

Table C.3: Anytown WDS Pump 

Characteristics (see CWS, 2013b) 

Discharge 

(gpm) 

Pump Head (ft) Efficiency (%) 

(wire to water) 

  
 

0 300 0 

2,000 292 50 

4,000 270 65 

6,000 230 55 

8,000 181 40 

 

 

Table C.4: Anytown WDS Tank Cost 

Data (see CWS, 2013b) 

Tank Volume 

(gallons) 

Cost  

($) 

  50,000 115,000 

100,000 145,000 

250,000 325,000 

500,000 425,000 

1,000,000 600,000 
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Table C.5: Anytown Demand Pattern (see CWS, 2013b) 

 

 

 

 

 

 

 

 

 

 

Table C.6: Anytown WDS Demand Load Conditions (see CWS, 2013b) 

Node No. Elevation 

(ft) 

Average 

Day 

Demand 

(gpm) 

Instantaneous 

Peak (gpm) 

Fire 

Condition 1 

(gpm) 

Fire 

Condition 2 

(gpm) 

Fire 

Condition 3 

(gpm) 

1 20 500 900 650 650 650 

2 50 200 360 260 260 260 

3 50 200 360 260 260 260 

4 50 600 1,080 780 780 780 

5 80 600 1,080 780 1,500 780 

6 80 600 1,080 780 1,500 780 

7 80 600 1,080 780 1,500 780 

8 80 400 720 520 520 520 

9 120 400 720 520 520 520 

10 120 400 720 520 520 520 

11 120 400 720 520 520 1,000 

12 50 500 900 650 650 650 

13 50 500 900 650 650 650 

14 50 500 900 650 650 650 

15 50 500 900 650 650 650 

16 120 400 720 520 520 520 

17 120 1,000 1,800 1,300 1,300 1,000 

18 50 500 900 650 650 650 

19 50 1,000 1,800 2,500 1,300 1,300 

Time of the day Demand 

Multiplier 

6 - 9   p.m 1.0 
9 - 12 p.m 0.9 

12 - 3 a.m 0.7 

3 - 6   a.m 0.6 
6 - 9   a.m 1.2 

9 - 12 a.m 1.3 

12 - 3 p.m 1.2 
3 - 6   p.m 1.1 
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