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ABSTRACT 

When designing urban water systems (i.e. water distribution and sewer systems) it is imperative 

that uncertainty is taken into consideration. However, this is a challenging problem due to the 

inherent uncertainty associated with both system loading requirements and the potential for 

physical components failure. It is therefore desirable to improve the reliability of each system in 

order to account for these uncertainties.   

Although it is possible to directly evaluate the reliability of a water distribution systems (WDS) 

(using reliability measures), the calculation processes involved are computationally intensive 

and therefore unsuitable for some state-of-the-art, iterative design approaches (such as 

optimisation). Consequently, interest has recently grown in the use of reliability indicators, 

which are simpler and faster to evaluate than conventional direct reliability methods.  

In this thesis, a novel measure (the RUF) is developed to quantify reliability in urban water 

systems with a view to enhance their robustness under a range of future scenarios (Policy 

Reform, Market Forces, Fortress World and New-Sustainability Paradigm). The considered four 

future scenarios were synthesized in the EPSRC supported multidisciplinary 4 year project: 

Urban Futures. Each investigated urban future scenario is characterised by a distinct household 

water demand and local demand distribution (emerging due to different urban forms evolving in 

future scenarios). In order to assess the impact of urban futures, RUF has been incorporated into 

Urban Water System (UWS) dynamic simulations for both WDSs and Foul Sewer Systems 

(FSSs) using open source codes of EPANET and SWMM. 

Additionally, in order to overcome extensive computational effort, resulting from the use of 

traditional reliability measures, a new holistic reliability indicator, the hydraulic power entropy 

(IHPE) has been developed and compared to existing reliability indicators. Additionally, the 

relationship between the new reliability indicator and the above mentioned RUF reliability 

measure is investigated. Results suggest that the magnitude of the IHPE in network solutions 

provides a holistic indication of the hydraulic performance and reliability for a WDS. However, 

the performance of optimal solutions under some Urban Futures indicates that additional design 

interventions are required in order to achieve desired future operation.   
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This thesis also proposes a new holistic foul sewer system (FSS) reliability indicator (the IFSR). 

The IFSR represents sewer performance as a function of excess pipe capacity (in terms of 

available increase and also decrease in inflow). The indicator has been tested for two case 

studies (i.e. different sewer network layouts). Results suggest that the magnitude of IFSR has 

positive correlations with a number of identified key performance indicators (i.e. relating to 

capacity, velocity, blockages).  

Finally, an Integrated Design Approach (IDA) has been developed in order to assess the 

implications of applying design interventions on both a WDS and downstream FSS. The 

approach holistically considers present and future operation of each interconnected system. The 

approach was subsequently demonstrated using two proposed design interventions. Results 

suggest that, for the considered design interventions, there is trade-off between the simultaneous 

improvement of both WDS and FSS operation and reliability.    

 

 

 

 

 

  



iv 

 

ACKNOWLEDGEMENTS 

 

I would like to express my heartfelt gratitude to my supervisors Professor Fayyaz Ali Memon 

and Professor David Butler. Their guidance, expertise and encouragement have been invaluable, 

not only while completing my PhD. thesis, but throughout my entire academic studies at the 

University of Exeter. 

I am also truly thankful to Dr Raziyeh Farmani for her technical guidance and suggestions. 

It has been a great pleasure to work alongside all of the current and past members of the Centre 

for Water Systems who have helped to create an inspiring research environment. My particular 

thanks go to Dr Sarah Ward, Dr Josef Bicik, Dr Mark Morley, Dr Maryam Imani and Mr 

Innocent Basupi. 

This work was supported by the UK Engineering and Physical Science Research Council as part 

of the Urban Futures Project (EP/F007426/1).  

Finally, this dissertation would not have been possible without the love, support, patience and 

understanding that my family and wife Sammy have shown over the past three years.  

  



v 

 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................... ii 

ACKNOWLEDGEMENTS ........................................................................................................ iv 

TABLE OF CONTENTS ............................................................................................................. v 

LIST OF PUBLICATIONS ...................................................................................................... xiii 

LIST OF FIGURES ................................................................................................................... xiv 

LIST OF TABLES ...................................................................................................................... xx 

LIST OF ABBREVIATIONS ................................................................................................. xxiii 

LIST OF NOTATIONS ........................................................................................................... xxiv 

CHAPTER 1: INTRODUCTION ................................................................................................ 1 

1.1 Background, Rationale and Justification .............................................................................. 1 

1.2 Aim and Objectives............................................................................................................... 3 

1.3 Scope of Work ...................................................................................................................... 3 

1.4 Originality of Work............................................................................................................... 7 

1.5 Contribution to Knowledge................................................................................................... 7 

1.6 Outline of the Thesis ............................................................................................................. 8 

CHAPTER 2: WATER SYSTEM (RE)DESIGN PRINCIPLES ........................................... 10 

2.1 Introduction ......................................................................................................................... 10 

2.2 Types of Urban Water Systems (UWS) .............................................................................. 10 

2.2.1 Water Distribution Systems ......................................................................................... 10 

2.2.2 Gravity Sewer Systems ................................................................................................ 11 

2.3 General Flow Equations ...................................................................................................... 13 

2.3.1 Pressure (Full) Pipe Flow............................................................................................. 13 

2.3.2 Gravity (Part-Full) Pipe Flow ...................................................................................... 14 

2.4 The Origins of UWS Demands ........................................................................................... 14 



vi 

 

2.5 Identifying Demands for UWS Design ............................................................................... 18 

2.5.1 Trend Analysis ............................................................................................................. 19 

2.5.2 Flexible Design for Uncertain Future .......................................................................... 21 

2.5.3 Future Scenario Approaches ........................................................................................ 21 

2.6 Assessing UWS Performance ............................................................................................. 26 

2.6.1 Hydraulic Performance ................................................................................................ 26 

2.6.2 Reliability ..................................................................................................................... 26 

2.6.3 Risk .............................................................................................................................. 26 

2.6.4 Water Quality ............................................................................................................... 27 

2.6.5 CO2 Emissions ............................................................................................................. 27 

2.7 Computational Simulation of UWSs .................................................................................. 27 

2.7.1 WDS Hydraulic Simulation ......................................................................................... 27 

2.7.2 FSS Hydraulic Simulation ........................................................................................... 29 

2.8 UWS Optimisation .............................................................................................................. 30 

2.8.1 Applications of Optimisation in the Water Industry .................................................... 30 

2.8.2 The Non-Dominating Sorting Genetic Algorithm (NSGAII) ...................................... 31 

2.8.3 Optimisation Convergence and Pareto-Set Comparison.............................................. 33 

2.9 Conclusions ......................................................................................................................... 35 

CHAPTER 3: UNCERTAINTY IN URBAN WATER SYSTEMS ....................................... 37 

3.1 Introduction ......................................................................................................................... 37 

3.2 Uncertainty: A Definition ................................................................................................... 37 

3.3 Sources of UWS Uncertainty .............................................................................................. 38 

3.4 The Four Rs? ....................................................................................................................... 40 

3.5 Accounting for Uncertainty in WDS Design ...................................................................... 41 

3.5.1 Types of WDS Reliability ............................................................................................ 41 



vii 

 

3.5.2 WDS Mechanical Reliability ....................................................................................... 44 

3.5.3 WDS Hydraulic Reliability .......................................................................................... 48 

3.5.4 Mechanical and Hydraulic Reliability ......................................................................... 51 

3.5.5 Discussion of Direct Reliability Methods .................................................................... 51 

3.6 WDS Reliability Indicators ................................................................................................. 52 

3.6.1 Need for WDS Reliability Indicators ........................................................................... 52 

3.6.2 Entropy for WDS ......................................................................................................... 53 

3.6.3 Todini’s Resilience Index ............................................................................................ 54 

3.6.4 Minimum Surplus Head ............................................................................................... 56 

3.6.5 Network Resilience ...................................................................................................... 56 

3.6.6 Combined Resilience Entropy Index ........................................................................... 57 

3.6.7 Comparison of Reliaiblity Indicators ........................................................................... 58 

3.7 Summary of WDS Uncertainty Assessment ....................................................................... 59 

3.8 Accounting for Uncertainty in Sewer System Design ........................................................ 60 

3.8.1 Types of Uncertainties Affecting Sewer Systems ....................................................... 60 

3.8.2 Reliability vs. Risk ....................................................................................................... 61 

3.8.3 Sewer System Mechanical Uncertainty ....................................................................... 62 

3.8.4 SS Hydraulic Uncertainty ............................................................................................ 64 

3.8.5 SS Hydraulic Performance as an Indicator of “Reliability”? ....................................... 68 

3.8.6 Summary of Sewer System Uncertainty Assessment .................................................. 69 

3.9 Summary of Literature Review Findings ............................................................................ 70 

CHAPTER 4: METHODOLOGY TO QUANTIFY THE RELIAIBLITY OF AN URBAN 

WATER SYSTEM ...................................................................................................................... 74 

4.1 Introduction ......................................................................................................................... 74 

4.1.1 Need for a Methodology to Quantify the Reliability of an UWS ................................ 74 



viii 

 

4.1.2 Objectives .................................................................................................................... 75 

4.2 Methodology Overview ...................................................................................................... 76 

4.3 Considering the Urban Futures ........................................................................................... 77 

4.3.1 Calculating the Global Urban Future Demand ............................................................ 77 

4.3.2 Disaggregation of Future Demand ............................................................................... 78 

4.4 Method to Stochastically Generate Future Demand Scenarios........................................... 80 

4.4.1 Method for Calculating the Local Demand Distribution for the New Population ....... 81 

4.4.2 Method for Calculating the Local Demand Distribution for the Existing Population . 86 

4.4.3 Method to Aggregate the Existing Population and New Population Nodal Demands 86 

4.4.4 Method for Applying Stochastic Demand Variation ................................................... 87 

4.5 Calculation of RUF Measures .............................................................................................. 87 

4.6 Automation of the RUF Assessment Method ....................................................................... 88 

4.7 Summary of RUF Measures ................................................................................................. 88 

CHAPTER 5: DEVELOPMENT AND COMPARISON OF WDS RELIABILITY 

INDICATORS ............................................................................................................................. 90 

5.1 Introduction ......................................................................................................................... 90 

5.1.1 Need for WDS Reliability Indicators ........................................................................... 90 

5.1.2 WDS Reliability Study: Chapter Objectives................................................................ 91 

5.1.3 Chapter Overview ........................................................................................................ 91 

5.2 WDS Reliability Indicators for Assessment ....................................................................... 93 

5.2.1 Existing Reliability Indicators ..................................................................................... 93 

5.2.2 Improved Reliability Indicator (Hydraulic Power Entropy (IHPE)) .............................. 93 

5.3 Methodology for WDS Reliability Indicator Assessment .................................................. 95 

5.3.1 Methodology Overview ............................................................................................... 95 

5.3.2 WDS Solution Generation Methodology ..................................................................... 97 



ix 

 

5.3.3 WDS Solution Evaluation Methodology ..................................................................... 98 

5.4 WDS Case Study Definition ............................................................................................. 104 

5.5 Solution Generation .......................................................................................................... 109 

5.6 Reliability Indicators: A Comparative Study .................................................................... 110 

5.6.1 Total Solution Costs and Cost Breakdown ................................................................ 110 

5.6.2 Indicator Relationships .............................................................................................. 112 

5.6.3 Solution Layout and Operation .................................................................................. 117 

5.6.4 Solution Mechanical and Hydraulic Reliability ......................................................... 123 

5.7 Reliability Indicators Discussion ...................................................................................... 127 

5.8 RUF Analysis for IHPE Solutions ........................................................................................ 129 

5.9 Conclusions ....................................................................................................................... 134 

CHAPTER 6: DEVELOPMENT OF A FSS RELIABILITY INDICATOR ...................... 136 

6.1 Introduction ....................................................................................................................... 136 

6.1.1 Need for a Foul Sewer Reliability Indicator .............................................................. 137 

6.1.2 Foul Sewer Reliability Indicator Study: Objectives .................................................. 137 

6.1.3 Chapter Overview ...................................................................................................... 138 

6.2 Foul Sewer Reliability Indicator (IFSR) Development ....................................................... 138 

6.2.1 Hydraulic Feasibility of Sewer Pipe Flow ................................................................. 139 

6.2.2 Measuring Surplus Pipe Capacity .............................................................................. 142 

6.2.3 Computational Calculation of Surplus Pipe Capacity ............................................... 144 

6.2.4 Measuring Global Surplus FSS Capacity .................................................................. 145 

6.2.5 Urban Futures and the Formulation of the Foul Sewer Reliability Indicator (IFSR) .. 145 

6.2.6 Single Pipe Study of the IFSR ...................................................................................... 151 

6.3 Methodology ..................................................................................................................... 153 

6.3.1 Setup of SWMM Hydraulic Simulation to Measure IFSR .......................................... 153 



x 

 

6.3.2 Development of FSS Design Optimisation Tool ....................................................... 153 

6.3.3 Solution Evaluation Methodology ............................................................................. 155 

6.4 FSS Case Studies Overview.............................................................................................. 156 

6.4.1. General Problem Setting ........................................................................................... 156 

6.5 Case Study 1: Synthetic FSS............................................................................................. 157 

6.5.1 Case Definition .......................................................................................................... 157 

6.5.2 Optimisation Setup..................................................................................................... 158 

6.5.3 Optimal Solution Generation ..................................................................................... 160 

6.5.4 Optimal Solution Evaluation...................................................................................... 161 

6.6 Case Study 2: Anytown FSS ............................................................................................. 170 

6.6.1 Case Definition .......................................................................................................... 170 

6.6.2 Optimisation Setup..................................................................................................... 174 

6.6.3 Optimal Solution Generation ..................................................................................... 178 

6.6.4 Optimal Solution Evaluation...................................................................................... 184 

6.7 Discussion of the Case Study Results ............................................................................... 189 

6.7.1 Design vs. Redesign ................................................................................................... 192 

6.8 Conclusions ....................................................................................................................... 193 

CHAPTER 7: DEVELOPMENT AND DEMONSTRATION OF AN INTEGRATED UWS 

(RE)DESIGN APPROACH ..................................................................................................... 195 

7.1 Introduction ....................................................................................................................... 195 

7.1.1 Need for an Integrated Design Approach .................................................................. 195 

7.1.2 Integrated Design Approach Objectives .................................................................... 196 

7.2 Methodology ..................................................................................................................... 196 

7.2.1 Developing an Integrated Urban Water System ........................................................ 198 

7.2.2 Applying a Design Intervention to an Integrated Urban Water System (IUWS) ...... 202 



xi 

 

7.2.3 Evaluating WDS and FSS Performance after Applying a Design Intervention ........ 202 

7.3 Design Interventions and Case Study Setup ..................................................................... 203 

7.3.1 Example Design Interventions for Assessment ......................................................... 203 

7.3.2 Integrated Urban Water System: Case Study Setup .................................................. 204 

7.4 Application of IDA: Exploring Design Intervention 1 ..................................................... 207 

7.4.1 Design Intervention Definition .................................................................................. 207 

7.4.2 IDA Solution Generation ........................................................................................... 208 

7.4.3 Results ........................................................................................................................ 210 

7.4.4 Discussion of Design Intervention 1 Results ............................................................. 215 

7.5 Application of IDA: Exploring Design Intervention 2 ..................................................... 216 

7.5.1 Design Intervention Definition .................................................................................. 216 

7.5.2 IDA Solution Generation ........................................................................................... 218 

7.5.3 Results ........................................................................................................................ 219 

7.5.4 Discussion of Design Intervention 2 Results ............................................................. 226 

7.7 Conclusions ....................................................................................................................... 228 

CHAPTER 8: CONCLUSIONS .............................................................................................. 230 

8.1 Thesis Summary................................................................................................................ 230 

8.1.1 Key Contributions ...................................................................................................... 232 

8.2 Conclusions ....................................................................................................................... 233 

8.2.1 WDS Reliability Indicators ........................................................................................ 233 

8.2.2 FSS Reliability Indicators .......................................................................................... 234 

8.2.3 Integrated Design Approach ...................................................................................... 236 

8.3 Recommendations for Further Work ................................................................................ 238 

8.3.1 Recommendations for the RUF Calculation Methodology ......................................... 238 

8.3.2 Recommendations for the WDS Reliability Indicator ............................................... 239 



xii 

 

8.3.3 Recommendations for the FSS Reliability Indicators ................................................ 240 

8.3.4 Recommendations for the Integrated Design Approach ............................................ 242 

CHAPTER 9: APPENDICES .................................................................................................. 244 

Appendix 2.1: Urban Futures Scenario Descriptions ............................................................. 245 

Appendix 3.1: Definition of (Informational) Entropy for WDS ............................................. 252 

Appendix 3.2: Definition of Resilience Index for WDS ......................................................... 256 

Appendix 4.1: Main Algorithm for Evaluating The RUF Measure.......................................... 258 

Appendix 5.1: Sensitivity Analysis to Refine NSGAII Parameters ....................................... 262 

Appendix 5.2: Parameters for Sampled Anytown Solutions .................................................. 265 

Appendix 5.3: Sample Anytown Design Solutions ................................................................ 266 

Appendix 6.1: FSS Typical Elevation .................................................................................... 272 

Appendix 6.2: Sample Optimal Solution Layouts for Different Magnitudes of IFSR .............. 273 

Appendix 6.3: RUF Breakdown for Synthetic FSS .................................................................. 276 

Appendix 6.4: Anytown FSS Case Study Development ........................................................ 281 

Appendix 6.5: RUF Breakdown for Anytown FSS .................................................................. 286 

Appendix 7.1: WDS RUF results for Design Intervention 1 .................................................... 291 

Appendix 7.2: WDS RUF results for Design Intervention 2: Water Efficient Appliances ...... 292 

Appendix 7.3: FSS RUF results for Design Intervention 2: Water Efficient Appliances ........ 293 

Appendix 7.4: WDS RUF results for Design Intervention 2: Rainwater Harvesting ............... 294 

Appendix 7.5: FSS RUF results for Design Intervention 2: Rainwater Harvesting ................. 295 

Appendix 7.6: WDS RUF results for Design Intervention 2: Grey Water Recycling .............. 296 

Appendix 7.7: FSS RUF results for Design Intervention 2: Grey Water Recycling ................ 297 

CHAPTER 10: REFERENCES ............................................................................................... 298 

 

  



xiii 

 

LIST OF PUBLICATIONS 

Atkinson, S. W., R. Farmani, F. A. Memon, and D. Butler (2012), “Comparative Study of 

Reliability Indicators for Water Distribution Systems”, (accepted by Journal of Water 

Resources Planning and Management). 

Atkinson, S.W., R. Farmani, F. A. Memon, and D. Butler (2011). “Comparing reliability 

indicators for water distribution networks with a future perspective.” Computing and 

Control for the Water Industry 2011, Exeter, UK, 5-7 Sept. 2011. 

Atkinson, S.W., Farmani, R., Memon, F.A, Butler, D. (2013). “Hydraulic Power Entropy as a 

Reliability Indicator for Water Distribution Systems.” (to be submitted to Journal of 

Water Resources Planning and Management). 

Hunt, D., Lombardi, R., Atkinson, S.W., Barber, A., Barnes, M., Boyko, C., Brown, J., Bryson, 

J., Butler, D., Caputo, S., Caserio, M., Coles, R., Farmani, R.; Gaterell, M., Hale, J., 

Hayes, C., Hewitt, N., Jankovic, L., Jefferson, I., Mackenzie, R., Memon, F., Pugh, T., 

Rogers, C.D.C. (2011) “Scenario Archetypes: Converging rather than Diverging 

Themes.” In: Proceedings of the 1st World Sustain. Forum 2011; Sciforum Electronic 

Conferences Series. 

Memon, F.A., Butler, D., Farmani, R., Abdelmeguid, H., Atkinson, S.W., Rogers, C., Hunt, D., 

(2011). “Urban Futures – Sustainability (Resilience) Evaluation Of Water Infrastructure,” 

Global Sustainability And Environmental Engineering And Science: Implications For 

Research, Education And Practice, AEESP2011, Tampa, University Of South Florida, 

10-12 July 2011.  

Ward, S., Farmani, R., Atkinson, S.W., Butler, D., Hargreaves, A., Cheng, V., Denman, S. and 

Echenique, M. (2012). “Towards an integrated modelling framework for sustainable 

urban development.” 9th International Conference on Urban Drainage Modelling:  

Belgrade, 4-6 Sept. 2012.  



xiv 

 

LIST OF FIGURES 

Figure  Page 

Fig. 1.1: Interactions between various components of the thesis ................................................... 4 

Fig. 2.1: UK Public Water Supply Usage (Ml/day, %) (DEFRA, 2008) ...................................... 15 

Fig. 2.2: Measured total England and Wales micro-component use 2009-10 (%) (EA, 2008a) .. 16 

Fig. 2.3: Sample diurnal demand profile (Butler et al., 1995) ...................................................... 16 

Fig. 2.4: A Selection of Future Prediction & Analysis Techniques ............................................. 19 

Fig. 2.5: Future Sectors (OST, 2002, Makropoulos et al., 2008b)................................................ 24 

Fig. 2.6: EPANET User Interface including (a) network map, (b) parameter edit tab (c) results 

tab .................................................................................................................................................. 28 

Fig. 2.7: Example of the SWMM interface with network map and results graphing ................... 29 

Fig. 2.8: Generic GA Operational Procedure ................................................................................ 31 

Fig. 2.9: Calculation of the PH for two objective solution set (adapted from Deb (2009)) ......... 33 

Fig. 2.10: Convergence example for optimisation using PH proportional change as convergence 

measure ......................................................................................................................................... 34 

Fig. 3.1: Korving’s Categorisation of Uncertainty (Korving et al. ,2002) .................................... 37 

Fig. 3.2: Sub-categories of WDS uncertainty (Korving et al. ,2002) ........................................... 38 

Fig. 4.1: Nodal Distribution .......................................................................................................... 78 

Fig. 4.2: Differentiation between Edge and Central Nodes for a Sample Network ...................... 82 

Fig. 4.3: Edge development: randomly selected growth nodes based on growth rules. These 

nodes are assumed to be the location of new future water demand .............................................. 83 

Fig. 4.4: Example of generated urban forms selected growth nodes (following Table 4.5 rules) 84 

Fig. 4.5: Superimposition of multiple urban forms for a scenario (case of FW) .......................... 85 

Fig. 5.1: Evaluation of fitness function through coupling NSGAII with EPANET ..................... 97 

Fig. 5.2: Water quality (WQ KPI) evaluation procedure ............................................................ 100 



xv 

 

Fig. 5.3: Evaluation of mechanical reliability, number of pipes that cause pressure failure in 24h 

if removed ................................................................................................................................... 102 

Fig. 5.4: Evaluation of hydraulic reliability for sub models: (a) short term and (b) long term .. 103 

Fig. 5.5: Anytown Benchmark Network (Farmani et al., 2005b) ............................................... 106 

Fig. 5.6: 24h normal operation scenario Demand Multiplier (DM) profile for Anytown WDS 107 

Fig. 5.7: Near-optimal solutions (Pareto-front) for redesign cost vs. conventional reliability 

indicators (i.e. IRI & IENT) ............................................................................................................ 111 

Fig. 5.8: Near-optimal solutions (Pareto-front) for redesign cost vs. improved reliability 

indicators (i.e. INR, ICRE & IHPE) .................................................................................................. 111 

Fig. 5.9: Cost vs. Minimum Surplus Head (a) IRI (b) IENT (c) INR (d) ICRE (e) IHPE .................... 115 

Fig. 5.10: IENT vs. IRI Relationship Analysis ............................................................................... 116 

Fig. 5.11: Operational profiles for tanks in solutions B3, D2, G2, I2 and K2 (refer to Appendix 

5.2-3) ........................................................................................................................................... 121 

Fig. 5.12: Average pipe diameter uniformity (U) for optimal solutions with given objectives . 122 

Fig. 5.13: Averaged maximum water age for optimal solutions with given objectives ............. 122 

Fig. 5.14: Mechanical reliability: average number of pipes that cause failure within 24h of being 

removed for solutions grouped by approximate cost .................................................................. 124 

Fig. 5.15: Short term hydraulic reliability results: proportion of feasibly satisfied demand 

scenarios ...................................................................................................................................... 125 

Fig. 5.16: Long term hydraulic reliability results: feasible global demand increase .................. 127 

Fig. 5.17: RUF for generated IHPE solutions for UF scenarios: (a) PR (b) MF (c) NSP and (d) FW

..................................................................................................................................................... 131 

Fig. 5.18: Locations and modes of failure for Market Forces scenario analysis. See key for detail. 

Network with (a) IHPE=2.89 (b) IHPE=3.18 (c) IHPE=3.49 ............................................................ 133 

Fig. 6.1: Feasible Diameter-Slope (D-S) Boundary for different DWFs (l/s) (all S-D 

combinations below boundary are infeasible for stated DWF) (Manning roughness, n= 0.01) . 140 

Fig. 6.2: D-S Feasibility Chart (DWF=1.42 l/s): Example application ...................................... 141 



xvi 

 

Fig. 6.3: Butler-Pinkerton Chart (Manning Equation) D300mm, n=0.01(Butler and Davies, 2000)

..................................................................................................................................................... 142 

Fig. 6.4: Comparing CL and CH to Urban Future demand change for an arbitrary FSS design.. 146 

Fig. 6.5: Comparing Network Design Solutions 2 and 3 from Example 6.4 .............................. 149 

Fig. 6.6: Feasible D-S combinations for varying IFSR magnitudes. For DWF=(a) 1.42, (b) 14.2 

and (c) 142 l/s. (Manning Roughness=0.01) ............................................................................... 152 

Fig. 6.7: Process diagram for coupling of NSGAII-SWMM (dependant variable calculation) (US 

and DS represent upstream and downstream) ............................................................................. 154 

Fig. 6.8: Synthetic FSS Layout ................................................................................................... 157 

Fig. 6.9: Dimensions for calculation of pipe excavation volume ............................................... 160 

Fig. 6.10: NSGAII generated Pareto trade-off for cost vs. reliability indicator ......................... 161 

Fig. 6.11: Solution capital cost vs (a) Average diameter for solutions (in m) and (b) average slope 

for solutions ................................................................................................................................ 162 

Fig. 6.12: Solution Capital Cost vs. Sedimentation KPI (i.e. proportion of time above self-

cleansing velocity during diurnal operation) .............................................................................. 163 

Fig. 6.13: Solution Capital Cost vs. SATT KPI (i.e. av. proportion of redundant capacity over 

24h) ............................................................................................................................................. 163 

Fig. 6.14: Solution Capital Cost vs. Blockage KPI (i.e. expected blockages / year) .................. 164 

Fig. 6.15: Solution Capital Cost vs. Collapse KPI (Expected collapses per year) ..................... 165 

Fig. 6.17: RUF vs. total solution cost for the following Urban Futures (a) PR, (b) MF, (c) FW and 

(d) NSP........................................................................................................................................ 169 

Fig. 6.18: Anytown Terrain Contour Map (Vertical Axis Exaggerated) .................................... 171 

Fig. 6.19: Anytown Foul Sewer Network Topographical Layout with Node IDs ...................... 171 

Fig. 6.20: Pumping as an intervention: typical effect on network elevations ............................. 174 

Fig. 6.21: Anytown FSS optimal design with smallest constraint violation (violation locations in 

red) .............................................................................................................................................. 178 

Fig. 6.22: Total Solution Cost vs. IFSR Trade-off (with relaxed constraints) .............................. 179 



xvii 

 

Fig. 6.23: Pipe with slopes >0.5% (red) (minimum cost “feasible” solution for relaxed constraint 

case) ............................................................................................................................................ 180 

Fig. 6.24: A-B cross section between manholes O1-N128 for min. cost “feasible” solution in Fig. 

6.23.............................................................................................................................................. 181 

Fig. 6.25: Comparison of lowest cost solutions to highest magnitude IFSR solutions (red 

represents a pipe with greater slope in the high IFSR solution) .................................................... 182 

Fig. 6.26: Cost vs. IFSR trade-off for Anytown Case study (including pumping) ....................... 183 

Fig. 6.27: Location of pumps for lowest cost solution (with pumping) ..................................... 183 

Fig. 6.28: A-B cross-section between nodes O1 and N128 (refer to Fig 6.17). Lowest cost 

feasible solution (with pumps enabled in optimisation). ............................................................ 184 

Fig. 6.29: Total solution cost vs. (a) Velocity KPI, (b) SATT KPI, (c) Pipe Blockage KPI  and 

(d) Pipe Collapse KPI ................................................................................................................. 186 

Fig. 6.30: FSS Hydraulic Reliability (RH) vs. Total Solution Cost ............................................ 186 

Fig. 6.31: RUF vs. Total Solution Cost  for (a) PR, (b) MF, (c) FW and (d) NSP ...................... 190 

Fig. 7.1: The Integrated Design Approach.................................................................................. 197 

Fig. 7.2: WDS-FSS interaction for integrated analysis............................................................... 199 

Fig. 7.3: HWI as a black box to calculate mains water demand and FSS inflow ....................... 200 

Fig. 7.4: Overview of Anytown integrated case study (key interactions) .................................. 204 

Fig. 7.5: Optimal WDS solution sets generated for design intervention scenarios (WDS solution 

cost vs. IHPE). Similar cost solutions were selected for comparison. .......................................... 209 

Fig. 7.6: Optimal FSS solution set generated (FSS solution cost vs. IFSR) ................................. 209 

Fig. 7.7: FSS RUF results for Design Intervention 1 ................................................................... 214 

Fig. 7.8: Optimally generated WDS solutions (Redesign Cost vs. IHPE) .................................... 218 

Fig. 7.9: Optimally generated FSS solutions (Design cost vs. IFSR) ........................................... 219 

Fig. 7.10: FSS Hydraulic reliability results for WEA design intervention 2 scenarios .............. 222 

Fig. 7.11: FSS Hydraulic reliability results for RWH design intervention 2 scenarios .............. 223 



xviii 

 

Fig. 7.12: FSS Hydraulic reliability results for GWR design intervention 2 scenarios .............. 223 

Fig. 7.13: Trade off between WDS and FSS RUF with the introduction of WSTs ..................... 225 

Fig. A1: Urban Futures Group: Methodology (Urban Futures, 2008) ........................................ 246 

Fig. A2: Entropy of a coin with varying bias, N=2 .................................................................... 253 

Fig. A3: Maximum entropy for varying number of outcomes.................................................... 253 

Fig. A4: Demonstration of the benefit of considering entropy in a WDS .................................. 254 

Fig. A5: Power supply-usage profiles for arbitrary WDS network with (a) low RI and (b) high RI

..................................................................................................................................................... 257 

Fig. A6: Example of Pareto-Set results for different parameter configurations (Xover=0.95) 

P=population, M=mutation index ............................................................................................... 263 

Fig. A7: Sampled Anytown WDS design solution layouts for discussion in Section 5.6.3 ....... 271 

Fig. A8 Typical ground elevations for Synthetic FSS with arbitrary network layout ................ 272 

Fig. A9: Layout for Solution 1 (lowest cost) .............................................................................. 273 

Fig. A9b: Layout for Solution 2 (mid cost) ................................................................................ 274 

Fig. A9c: Layout for Solution 3 (highest cost) ........................................................................... 275 

Fig. A10: Failure locations & occurrence (Policy Reform) for Synthetic FSS solutions 1-3 .... 277 

Fig. A11: Failure locations & occurrence (Market Forces) for Synthetic FSS solutions 1-3 ..... 278 

Fig. A12: Failure locations & occurrence (Fortress World) for Synthetic FSS solutions 1-3 .... 279 

Fig. A13: Failure locations & occurrence (N. Sustainability Paradigm) for Synthetic FSS 

solutions 1-3 ................................................................................................................................ 280 

Fig. A14: Plotting the ground elevation contours onto the Anytown WDS network ................. 281 

Fig. A15: Drawing layout of Anytown FSS using Anytown WDS nodes and ground contour lines

..................................................................................................................................................... 282 

Fig. A16: Final layout for the Anytown FSS .............................................................................. 283 

Fig. A17: Sample Elevation between Node N128 and O1 (circled blue in Fig. 4) .................... 283 

Fig. A18: Drawing vectors between WDS supply nodes ........................................................... 284 



xix 

 

Fig. A19: Resultant supply zones for assigning manhole inflows .............................................. 284 

Fig. A20: Failure Locations & Occurrence (Policy Reform) for Anytown FSS Solutions 1-3 .. 287 

Fig. A21: Failure Locations & Occurrence (Market Forces) for Anytown FSS Solutions 1-3 .. 288 

Fig. A22: Failure Locations & Occurrence (Fortress World) for Anytown FSS Solutions 1-3 . 289 

Fig. A23: Failure Locations & Occurrence (N. Sustainability Paradigm) for Anytown FSS 

Solutions 1-3 ............................................................................................................................... 290 

 

 

  



xx 

 

LIST OF TABLES 

Table  Page 

Table 2.1: Significant variables for each Urban Future ................................................................ 25 

Table 3.1: Reliability Definitions ................................................................................................. 42 

Table 3.2: SS Blockage & Collapse Eq.’s (Shepherd et al., 2005, Savic et al., 2006, Berardi and 

Kapelan, 2007) .............................................................................................................................. 63 

Table 4.1: RUF definition keyword descriptors ............................................................................. 75 

Table 4.2: The four R(UF) measures ............................................................................................... 76 

Table 4.3: Urban Futures – global demand change ...................................................................... 77 

Table 4.4: Urban Futures: Pre-Assigned Urban Forms (Urban Futures, 2012) ............................ 81 

Table 4.5: Urban growth pattern descriptors and associated rules for local distribution ............. 81 

Table 4.6: A future demand scenario generated for the MF Urban Future (l/s) ........................... 87 

Table 5.1: Summary of WDS reliability indicators identified in literature review ...................... 92 

Table 5.2: Indicator combinations as optimization objectives ...................................................... 96 

Table 5.3: Node elevations and existing nodal demands for Anytown benchmark.................... 107 

Table 5.4: Design Constraints for Anytown redesign case study ............................................... 108 

Table 5.5: Optimization (re)design variables for Anytown ........................................................ 109 

Table 5.6: Component Cost R
2
 Correlations to Total Cost (CTOTAL) .......................................... 112 

Table 5.7: R
2
 correlations between reliability indicators ............................................................ 113 

Table 6.1: FSS Hydraulic Constraints (Ackers et al., 1996) ....................................................... 139 

Table 6.2: Specified sewer demand change for each Urban Future (Hunt et al., 2012) ............. 146 

Table 6.3: Arbitrary network design solutions for Example 6.4 ................................................. 147 

Table 6.4: Description of constraints for feasible solution selection in NSGAII ....................... 155 

Table 6.5: Unit material costs of sewer pipes for synthetic network .......................................... 158 

Table 6.6: Discrete slope options and associated NSGAII variables.......................................... 159 



xxi 

 

Table 6.7: Design variables ......................................................................................................... 159 

Table 6.8: Available discrete pipe diameters and associated costing parameters ....................... 174 

Table 6.9: Design variables ......................................................................................................... 174 

Table 7.1: IDA definition keyword descriptions ........................................................................ 196 

Table 7.2: Technology Assumptions for individual households (EA, 2008a, EA, 2011). ......... 206 

Table 7.3: Design Demand Multipliers and Demand Coefficients for Design Intervention 1 

Scenarios ..................................................................................................................................... 208 

Table 7.4: Minimum nodal pressure (kPa) vs. cost for design intervention scenarios ............... 210 

Table 7.5: Water age (hours) for selected design intervention scenario solutions ..................... 211 

Table 7.6: Water age (hours) for selected design intervention scenario solutions (re-optimized). 

(% change compared to non-optimal pump scheduling in brackets) .......................................... 211 

Table 7.7: Magnitude of RMF for different cost solutions (Anytown WDS) .............................. 212 

Table 7.8: Design Demand Multipliers and Demand Coefficients for Design Intervention 2 

Scenarios ..................................................................................................................................... 217 

Table 7.9: Minimum nodal pressure (kPa) for selected design intervention scenario solutions. 

The coefficient “γ” represents the proportion of households with the associated water saving 

technology served by the WDS................................................................................................... 220 

Table 7.10: Water age (hours) for selected design intervention scenario solutions ................... 220 

Table 7.11: Water age (hours) for selected design intervention scenario solutions (re-optimized)

..................................................................................................................................................... 221 

Table 7.12: Change in water age (% change) for re-optimized solutions compared to non-optimal 

pump scheduling ......................................................................................................................... 221 

Table 7.13: Annual capital costs for retrofitting WSTs to a proportion (γ) of households served 

by Anytown networks (assuming a 25 year lifespan for each WST) ......................................... 226 

Table A1: Description of the Urban Future scenarios (Urban Futures, 2008) ............................ 245 

Table A2: Pareto-Set Dominance for Mutation (M) vs. Population (P) using Population 

Hypervolume as a measure of dominance (Xo=0.95) ................................................................ 263 



xxii 

 

Table A3: Pareto-Set Dominance for Crossover (Xo) vs. Population (P) using Population 

Hypervolume as a measure of dominance (Mutation =0.01) ...................................................... 264 

Table A4: Parameters for sampled Anytown solutions (optimization design objective in gray) 265 

Table A5: Summary of Appendix 5.3 contents (solution details) .............................................. 266 

Table A6: Manhole inflows for each supply zone ...................................................................... 285 



xxiii 

 

LIST OF ABBREVIATIONS 

B-P   Butler-Pinkerton (chart) 

D-S   diameter-slope 

DS   downstream 

DWF   dry weather flow 

FSS   foul sewer system  

FSR   foul sewer reliability 

FW   fortress world (Urban Future)  

HC   hydraulic constraint 

IDA   integrated design approach 

HPE   hydraulic power entropy 

HWI   household water interaction 

KPI   key performance indicator 

MF   market forces (Urban Future) 

NPV   net present value 

NSGAII  non dominated sorting genetic algorithm II 

NSP   new sustainability paradigm (Urban Future) 

PR   policy reform (Urban Future) 

RUF   reliability measure 

SATT   sewerage available to transport 

UF   Urban Future 

US   upstream 

UWS   urban water system 

WDS   water distribution system 

  



xxiv 

 

LIST OF NOTATIONS 

Symbol Description Units 

 

��   trench width       m 

��   average per capita consumption    m
3
/s 

���   individual manhole cost     £ 

��   cost per unit of electricity     £/kWh 

�	   unit excavation cost      £/m
3
 

�
   estimated future average per capita consumption  m
3
/s 

��   maximum global surplus FSS capacity   - 

��   minimum global surplus FSS capacity   - 

��   existing average per capita consumption   m
3
/s 

���   proportional foul sewer pipe highest surplus capacity - 

���   proportional foul sewer pipe lowest surplus capacity  - 

�


 ���


�  (normalised) capital cost for WDS (re)design solution £ 

���� �������  (normalised) capital cost to change HWI   £ 

���
 (����
�  (normalised) capital cost for WDS (re)design solution £ 

�����   pipe cost as a function of diameter    £ 

�����   trench width as a function of pipe diameter   m 

���   capital cost to construct manholes    £ 

����	   capital cost to construct piping infrastructure   £ 



xxv 

 

����   pumping installation capital cost    £ 

�����   construction cost of WDS tanks    £ 

������   (re)design solution capital cost    £ 

���   pumping NPV operational cost over system lifetime  £ 

���
�    annual operational cost of pumping    £ 

�   foul sewer pipe depth of flow     m 

��   randomly generated decimal variable    - 

��   individual household water consumption   m
3
/s 

���
   individual household WDS water demand   m
3
/s 

�


   individual household FSS water demand   m
3
/s 

� �!   WDS or FSS design demand     m
3
/s 

�	    future demand from existing population   m
3
/s 

�"   sewer demand multiplier for Urban Future f   - 

�
   estimated future global demand    m
3
/s 

��   existing global demand     m
3
/s 

��   future demand from additional (new) population  m
3
/s 

��,�   new future demand assigned to node i   m
3
/s 

�	,�   existing future demand assigned to node i   m
3
/s 

��,�   demand originally assigned to node i    m
3
/s 

��,�   total future demand assigned to node i   m
3
/s 

�


   global FSS demand (inflow)     m
3
/s 



xxvi 

 

���
   global WDS demand      m
3
/s 

�, $��%   diameter [of pipe i]      m 

�&'�   average dry weather flow in foul sewer pipe i  m
3
/s 

(�   total pump energy used over 24h    kWh 

)
   future fulfilment function     - 

)	   future exceeded function     - 

*�+,   total number of simulations performed   - 

-   demand increase component of future exceeded function - 

-+.+,�   available pressure head at node i    m 

-/�0,�   required pressure head at node i    m 

1, �1��  pressure head (at node i)     m 

1   demand increase component of future fulfilment function - 

-�   depth of manhole i      m 

2��	   Hydraulic power entropy indicator for WDS   - 

2

3   Foul sewer reliability indicator    - 

23�   Todini’s resilience index for WDS    - 

2�3   Raad’s network resilience for WDS    - 

243	   combined resilience-entropy index for WDS   - 

2	��   informational entropy for WDS    - 

25   set of input nodes for WDS     - 

6   demand reduction component of future exceeded function - 



xxvii 

 

7   demand reduction component of future fulfilment function - 

7�   length of pipe i      m 

8   foul sewer pipe Manning roughness coefficient  - 

8�   time of cash flow for calculating net present value  yrs 

8	    number of “edge” nodes     - 

8�   number of households served by WDS or FSS  - 

5�4   number of nodes selected for polycentric growth  - 

5	�   number of nodes selected for edge growth   - 

54   number of conduits in FSS     - 

59   number of nodes in WDS or FSS    - 

5�   total number of pipes in WDS or FSS   - 

53   number of WDS supply nodes (reservoirs/tanks)  - 

5�,�   number of pipes entering node i    - 

5���   number of pumps      - 

5!   number of simulation time steps    - 

:�   population served by WDS or FSS    - 

:
   estimated future population     - 

:�   additional (new) future population    - 

;�<   hydraulic power entering WDS node i from pipe j  kW 

:=   rated pump power      kW 

:�    total WDS hydraulic power supplied by all input sources kW 



xxviii 

 

:�9,�   WDS hydraulic power from input source i   kW 

:+.+,�   available hydraulic power at demand node i   kW 

:/�0,�   required hydraulic power at demand node i   kW 

>�   demand at WDS node i     m
3
/s 

>�<   flow into WDS node i from pipe j    m
3
/s 

?, $?�%   WDS or FSS pipe or node flow  [in pipe i]   m
3
/s 

?��9,�   minimum feasible flow in foul sewer pipe i   m
3
/s 

?�+,,�   maximum feasible flow in foul sewer pipe i   m
3
/s 

?�,�   lowest constrained flow in foul sewer pipe i   m
3
/s 

?�,�   highest constrained flow in foul sewer pipe i   m
3
/s 

@   discount rate for calculating net present value  % 

AB   coefficient of determination     - 

A�
   reliability measure (Market Forces)    - 

A
�   reliability measure (Fortress World)    - 

A�
�   reliability measure (New Sustainability Paradigm)  - 

A�3   reliability measure (Policy Reform)    - 

C�   slope of foul sewer pipe i     - 

D   set of nodal demands describing all network in/outflows m
3
/s 

C!   number of successful (feasible) simulations   - 

E   total flow entering WDS network from all sources  m
3
/s 

E�   total flow passing through WDS node i   m
3
/s 



xxix 

 

F   foul sewer pipe flow velocity     m/s 

F�,�   excavation volume for construction of pipe i   m
3
 

F��9   foul sewer minimum (sedimentation) velocity  m/s 

G�   demand assignment weighting of node i   - 

G�   cumulative demand assignment weighting of all nodes - 

H�   stochastic normal future demand for node i   m
3
/s 

H, HI   logarithmic proportion in the form XlnX    - 

J   WDS demand coefficient     - 

J�    population weighted WDS demand coefficient  - 

K   FSS demand coefficient     - 

K�    population weighted FSS demand coefficient  - 

L   design demand factor      - 

M   proportion of households with altered HWI   - 

M�   specific weight of water     N/m
3
 

M�   proportional change in population    - 

M4   proportional change in average per capita consumption - 

M�   proportional change in global demand    - 

N   pump efficiency      - 

O   average household occupancy    - 

 


