Alternative
Water

Supply

N )
Systems -,
Editors: Fayyaz Ali Memon «-\ Q ] : 3

and Sarah Ward

IWA

PUBLISHING

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Alternative Water Supply
Systems

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Alternative Water Supply
Systems

Edited by
Fayyaz Ali Memon and Sarah Ward

PUBLISHING

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



©2019 The Author(s)

This is an Open Access book distributed under the terms of the Creative Commons
Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
non-commercial purposes, provided the original work is properly cited and that any
new works are made available on the same conditions
(http://creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights
licensed or assigned from any third party in this book.

This title was made available Open Access through a
partnership with Knowledge Unlatched.

IWA Publishing would like to thank all of the libraries for

pledging to support the transition of this title to Open
Access through the KU Select 2018 program.

Knowledge
Unlatched

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user

PUBLISHING



Contents

Contributors . . . ... ... . ... XiX
Preface . ..... ... . . . . . e, XXiX
Section |

Rainwater Harvesting and Condensate Recovery Systems

Chapter 1

Performance and economics of internally plumbed

rainwater tanks: An Australian perspective ............. 3
Rodney Anthony Stewart, Oz Sahin, Raymond Siems,

Mohammad Reza Talebpour and Damien Giurco

1.1 Introduction . ... .. .. .. 3
1.2 Background . ...... ... 4
1.21 IPRWT systemsin Australia . ...................... 5
1.2.2 RWH and IPRWTs around theglobe ................ 5
1.3 AustralianCase Study . ......... ... .. ... . 7
1.3.1  Context of investigation ........... ... ... . ... ... 7

1.3.2 Data gathering and end-use study experimental
Procedure ... ... ... 8
1.3.3 IPRWTmodelling .......... ... ... ... .. ... 10
1.3.4 Lifecyclecostanalysis .......................... 13
1.3.5 Sensitivity analysis . ........ ... 16
1.4 International Comparisons . ............. ... 18
1.5 DISCUSSION . ... 19
1.6 Summary and Conclusions ............. . ... ... ... 20
References . ... . 21

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Vi Alternative Water Supply Systems

Chapter 2

Evaluating rain tank pump performance at a
micro-componentlevel .............................
Mohammad Reza Talebpour, Oz Sahin, Raymond Siems,
Rodney Anthony Stewart and Michael Hopewell

21 Introduction ... .. ...
2.2 Background .. ...
2.21 Pump energy intensity and associated costs .........

2.2.2 Common configurations for rainwater tank systems

2.2.3 Previousstudies ......... ... ... .. ..
2.3 Australian End-Use Pump Performance Study ..............
2.31 Researchobjectives .......... ... .. ... .. ...
2.3.2 Methodology ........ ...
233 Resultsandanalysis ............ ... .. ... .. ... ...
2.4 Alternative Supply Spectrum Comparisons .................
2.5 Discussion and Conclusions .............. .. ............
References . ... .. e

Chapter 3
The verification of a behavioural model for simulating the

hydraulic performance of rainwater harvesting systems . ..

Alan Fewkes

31 Introduction . ....... ...
3.2 The Rainwater Harvesting System and Instrumentation .......
3.3 Field Testing Results and Discussion .....................
3.4 Modelling System Performance .........................
3.5 Verification of the Rainwater Harvesting System Model .......

3.5.1 Timeinterval sensitivity .. ............ ... .. ... . ...

3.5.2 Rainfall loss sensitivity . ............. ... ... . ...

3.5.3 WC demand sensitivity . ............ ... .. ... ...
3.6 Design Curves . ....... ...
3.7 DisSCUSSION . . ...
3.8 Conclusions . ......... ...
References . ........ . .

Chapter 4

Rainwater harvesting for domestic water demand

and stormwater management . .......................
Richard Kellagher and Juan Gutierrez Andres

41 Introduction ... ... ...

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contents

411 Typesof RWH ...... ... ... .. .. ... ... ... ... .....
41.2 Thebackgroundresearch ........................
4.2 Uncertainties Associated with Designing RWH tanks
for Stormwater Control . ....... ... .. ... .. ..
4.3 The Stormwater Sizing Methodology .....................
4.4 The Pilot Study — Hanwell Fields (Banbury, UK) .............
4.41 Design of individual tanks (models 1 &2) ............
4.4.2 The importance of actual vs. assumed occupancy
for the performance of RWH stormwater control
SYStEMS . .
4.4.3 Model 1 — performance of the design scenario: tanks
for individual properties with occupancy levels based
on mean occupancy statistics .................. ...
4.4.4 Model 2 — performance of the actual scenario
forindividualtanks ............ .. ... .. ... .. .. ....
4.4.5 Model 3 — performance of the design scenario
foracommunaltank ............ ... .. ... .. .. ...,
4.5 A Methodology for Assessing Uncertainty of Property
OCCUPANCY ..ottt
4.6 Active Management of RWH Systems . ...................
4.61 Active control decisionrules ......................
47 CoONCIUSIONS . ...t
References . ... . . .

Chapter 5

Rainwater harvesting for toilet flushing in UK Schools:
Opportunities for combining with water efficiency
education ........ ... .. ... ...
Cath Hassell and Judith Thornton

51 Introduction . ........ .. ...
5.2 WateruseinSchools ........... ... ... ... . ... ... . . . ...
5.3 Configuration of RWH Systems in UK School Buildings .......
5.4 Benefits of RWHinthe UK Context .......................
5.5 Engaging with Pupils to Encourage Water Efficient Behaviour . ..
5.6 Retrofitting RWH Systems into London Schools . ............
57 BeaWaterDetective ........... ... ... .. ...
5.71 Project backgroundand context ...................
5.7.2 Water use benchmarking and discussion with
teachers/facilities staff ...........................
5.7.3 Be Water Aware schoolassembly ..................
574 Leaflet ... ... . ...
5.7.5 Be a Water Detective Water audit .................

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user

Vii



viii Alternative Water Supply Systems

58 TheWater Audit ........ ... ... . . 101
581 Behaviour ......... ... .. 101
582 Appliances ........ . . . 104
5.8.3 Engagement and responsiveness ................. 105

5.9 Saving Six Litres of Water a Day — What Does it Mean
in Practice? . ... .. . . . 106
5.91 Saving 6 litres of water from a shallower bath ... ... .. 106
5.9.2 Saving six litres of water from a shorter shower ...... 107
5.9.3 Saving six litres from brushing teeth ............... 108
5.9.4 Saving 6 litres of water from efficient washing

uphabits ....... ... 108
5.9.5 SavingsfromWCflush ......................... 108
596 CO,SaVINGS ...t 108

510 DiSCUSSION . ... 110

5141 FinalRemarks ....... ... . .. . . 112

References ........ .. . 112

Chapter 6

Community participation in decentralised

rainwater systems: A mexican case study ............ 117

llan Adler, Luiza C. Campos and Sarah Bell

6.1 Introduction .......... .. ... 117

6.2 Background . ... ... 118
6.21 Sitedescription .......... ... 118
6.2.2 Systemdesign ........... . 119

6.3 System Evaluation ......... ... .. .. 120
6.3.1 Waterquality ........ ... .. ... . .. 120
6.3.2 Abandonedsystems ............... .. ... . ... 122

6.4 ReasonsforFailure ............. ... .. ... . ... ... . . . ... 124

6.5 Community Participation and Leadership ................. 125
6.51 Training and succession . ....................... 127
6.5.2 Technical complexities ......................... 128

6.6 ConcClusions . ........ ... .. .. 129

Acknowledgements ......... ... 129

References . ........ . . . . 130

Chapter 7

Assessing domestic rainwater harvesting storage cost
and geographic availability in Uganda’s Rakai District ... 131
Jonathan Thayil-Blanchard and James R. Mihelcic

71 Introduction .. ... .. ... 131

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contents

741 Selfsupply ...
71.2 Domestic rainwater harvesting ...................
71.3 TheUgandancontext ..........................
71.4  Motivation and objectives . ............. ... ...
7.2 Domestic Rainwater HarvestinginUganda ................
7.3 Method ... ...
74 Results . ... . .
741 Traditional/informal storage methods ..............
74.2 Manufacturedproducts .........................
7.4.3 Built-in-place products . ................ ... .. ...
7.5 DIiSCUSSION . ...
751 Technologies ......... ... .. i,
7.5.2 ACCESS .. i
753 Cost ..
76 ConcClusionNs .. ... ..
Acknowledgements .......... .. ...
References . ....... ..
Chapter 8
Incentivising and charging for rainwater harvesting —
three international perspectives .....................
Sarah Ward, Fernando Dornelles, Marcio H. Giacomo
and Fayyaz Ali Memon

8.1 Introduction ......... . ...
8.2 First International Perspective —UK .....................
8.21 Legislation and emerging markets ................
8.2.2 Incentives and charging mechanisms ..............
8.3 Second International Perspective —Brazil .................
8.31 Legislationand market .........................
8.3.2 Incentives and charging mechanisms ..............
8.4 Third International Perspective —USA . ..................
8.41 Legislationand market .........................
8.4.2 Incentives and charging mechanisms ..............
8.5 ConcClusions .. ... ... ...
References . ....... .. . .

Chapter 9

Air conditioning condensate recovery and reuse for
non-potable applications ...........................
Pacia Diaz, Jennifer Isenbeck and Daniel H. Yeh

9.1 Introduction .. ... ... .. ...

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



X Alternative Water Supply Systems

9.2 Motivation . ... ..
9.2.1 A solution to urban water supply issues ............
9.2.2 A water-energy infrastructure synergy .............

9.3 Quantity: Volume Potential . ........... ... .. ... .. .. ...

9.4 Quality: Fit-for-Purpose ......... ... ... . . ... . ..
9.41 Microbialconcerns .......... ... . ...
9.4.2 Metals ... ...
9.4.3 Otherissues ......... ... . i

9.5 UsesandBenefits ......... ... ... ... . .. ..

9.6 CaseStudies ............iiiiii
9.6.1 Case study: Universityof Tampa ..................
9.6.2 Case study: University of South Florida ............
9.6.3 Case study: Mercer University ...................
9.6.4 Additional condensate recovery and

reuse examples . .......... . ...

9.7 Lessons Learntand Discussion ............... ... .. ....

9.8 FutureResearch ......... ... ... . .. . . . ... i

9.9 Conclusion .. ... ..

Acknowledgements .......... .. ...

References . ....... . .

Section |l
Greywater Recycling Systems

Chapter 10

Greywater reuse: Risk identification, quantification

and management ........... ... .. . ... ...
Eran Friedler and Amit Gross

101 Introduction . ....... .. . ... .
10.2 Greywater Characterisation and Major Risks Associated
withitsReuse ...... ... ... ... . . . . . ..
10.3 Short Review of Existing Treatment Technologies ..........
10.4 Quantitative Microbial Risk Assessment (QMRA) ...........
10.5 Design for Reliability and Reliability Analysis ..............
10.5.1 Using a fault tree analysis to identify
system failures ........ ... ...
10.5.2 Using a fault tree analysis to redesign the system
10.5.3 Reliability of a full-scale onsite system —
Casestudy ...... ... .
10.6 Summary and Outlook ............. ... .. .. ... .......
References . ...... .. . . . .

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contents

Chapter 11

Greywater recycling: Guidelines for safe adoption ... ..
Melissa Toifl, Gaélle Bulteau, Clare Diaper and

Roger O’Halloran

111
11.2
11.3

1.4
11.5

11.6

Introduction . ... ...
Greywater Quality . .......... .. . .. .
Greywater Treatment Systems . ......... ... ............
11.3.1 Biological systems . ....... ... .. ... .. ... .. ... ..
11.3.2 Chemicalsystems ......... ... . ... ... ........
11.3.3 Physicalsystems ......... .. ... ... . . . ...
International Regulations and Guidelines .................
Comparison of International Standards and Testing Protocols . ..
11.51 British standards BS 8525 . ......................
11.5.2 New South wales accreditation guidelines ..........
11.5.3 Commonwealth scientific and industrial research
organisation greywater technology testing protocol ...
CoNncClUSION .. ..o

Acknowledgement ... ... ...
References .. ... . . . .

Chapter 12
Membrane processes for greywater recycling .........
Marc Pidou

121
12.2
12.3

12.4

12.5

Introduction .. ... ...
Greywater Quality and Reuse Standards . ................
Treatment Performance ........... ... ... ... .. .. .......
12.3.1 Directfiltration ........... . ... ... .. . ..
12.3.2 Hybrid membrane systems ......................
Operation, Maintenanceand Costs ......................
12.41 Operation and maintenance .....................
124.2 Energyandcosts ........... ... . ...,
Conclusion . ... ... e

References . . ...... ... .

Chapter 13

Energy and carbon implications of water saving
micro-components and greywater reuse systems ......
Fayyaz Ali Memon, Abdi Mohamud Fidar, Sarah Ward,

David Butler and Kamal Alsharif

131

Introduction .. ....... . . .. ...

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user

Xi



xii Alternative Water Supply Systems

13.2 Drivers for Water Efficiency ............. ... ............ 266
13.3 Domestic Water Consumption and Associated
Energy Footprint . ..... ... ... ... .. . ... . . 266
13.4 Water Efficiency Policy and Enabling Technologies ......... 267
13.5 Greywater Treatment and Reuse Systems ................ 269
13.6 Assessment Methodology . .............. ... ... ....... 272
13.6.1 Quantification of water volumes .................. 272
13.6.2 Estimation of energy and carbonload .............. 273
13.6.3 Application of a multi-objective optimisation based
assessmenttool ........... .. ... oL 274
13.7 Results and Discussion ................ ... 276
13.8 ConcClusioNs . ... .. 282
References . ....... .. 283

Section Il
Wastewater Reuse Systems

Chapter 14

Introduction to sewer mining: Technology

and healthrisks ............ ... ... ... ............. 289
Amit Chanan, Saravanamuth Vigneswaran,

Jaya Kandasamy and Stuart Khan

141 Introduction ......... . .. .. ... 289

14.2 Advantages of Sewer Mining ............ ... ... .. ... .. 290

14.21 Reduced transportationcosts .................... 290

14.2.2 Improved treatment of organic solids .............. 292

14.2.3 Enhanced resilience and disaster recovery ......... 292
14.2.4 Volume stripping and deferred capital

investment ... ... .. 294

14.2.5 Fitfor purposetreatment ........................ 295

14.2.6 Righttoreclaimedwater ........................ 297

14.3 Treatment Options for Sewer Mining . .................... 297

14.4 Sewer MiningRisks . ......... ... ... L 300

14.41 Human healthrisks ............ ... ... .. ........ 300

14.4.2 Environmentalrisks ........ ... ... ... . ... ... .. 301

14.5 Hazard Analysis and Critical Control Points (HACCP) ....... 301

14.51 HACCP in the waterindustry .................... 303

14.6 Conclusion . ... ... .. ... 304

References .. ... . . 305

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contents Xiii

Chapter 15
The Queen Elizabeth Olympic Park water recycling
system, London ............ ... ... . ... ... ..., 309
Sian Hills and Christopher James
15.1 Introduction and Project Overview . ..................... 309
15.2 The Old Ford Warer Recycling Plant and Reclaimed
Water Network .. ... ... . 310
15.21 The source influent from the northern outfall
sewerandthesite .......... ... ... ... ... ... 310
15.2.2 Pre-treatment . ... . ... ... 311
15.2.3 Membrane bioreactor ........... ... ... ... .. .. 312
15.2.4 Post-treatment . ...... ... .. ... L. 312
15.2.5 The reclaimed water distribution network . .......... 312
15.3 Reclaimed Water Quality ............ ... ... .. ... ..... 314
15.4 Reclaimed Water Consumption ......................... 317
15.5 Operational Experiences .............. ... ... ... ... 317
15.6 Reclaimed Water SafetyPlan .......................... 319
15.7 Recipient Collaboration ............................... 321
15.8 Public Perception . ..... ... ... ... . .. . . ... 323
15.9 Cost-Benefit and Comparison with other Studies ........... 324
1510 Lessons Learnt .. ... .. .. 325
15.10.1 Advanced preparation, awareness and guidance ... .. 325
15.10.2 Reclaimed water quality ........................ 326
15.10.3 Communication and liaison . ..................... 327
1511 ConcClusions . .. ... . 327
Acknowledgements . ... .. ... 328
References .. ... .. 328
Chapter 16

Decentralised wastewater treatment and reuse plants:
Understanding their fugitive greenhouse gas emissions

and environmental footprint ........................ 329
Peter W. Schouten, Ashok Sharma, Stewart Burn,

Nigel Goodman and Shiv Umapathi

161 Introduction . ........ ... . . ... 329
16.2 Emission Mechanics of N,O and CH, from Wastewater

Treatment Systems . ... ... .. ... .. 330

16.2.1 Study specification and objectives . ............... 332
16.3 Measurement Campaign Specification and Analysis

Methodologies . ......... .. ... . 332

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Xiv Alternative Water Supply Systems

16.3.1 Reuse systems specifications .................... 332

16.3.2 Gas analysis instrumentation and sampling technique ... 335

16.3.3 Wastewater GHG emissions modelling ............. 337
16.4 Measurement Campaign Results and Discussion ........... 338

16.41 Fugitive emissions . ............... ... ... ....... 338

16.4.2 Total carbon footprint for each reuse system ........ 344

16.4.3 Emissions mitigation and gas reuse strategies ....... 345
16.5 Conclusion .. ... .. 346
References ........ .. 347
Chapter 17
Large-scale water reuse systems and energy ......... 351
Valentina Lazarova
171 Introduction ... ... . . . ... 351
17.2 Energy Footprint of the Urban Water Cycle ................ 352

17.21 Typical components of energy consumption

inthe urbanwatercycle ........... ... .. ... ..... 352
17.2.2 Energy consumption of wastewater treatment
ANd reusSe . ... ... 353

17.2.3 Carbon footprint of wastewater treatment and reuse ... 356
17.3 Key Energy Use Components of Wastewater Treatment

andReuse . ... ... ... 358

17.3.1 Typical distribution of energy consumption .......... 358

17.3.2 Energy consumption of large water recycling facilities ... 358
17.4 Methods for Energy and Carbon Footprint Minimization ... ... 360
175 Conclusions . ... ... ... .. 363
References .. ... . . . 363
Chapter 18

Risk mitigation for wastewater irrigation systems

in low-income countries: Opportunities and

limitations of the WHO guidelines .................... 367
Bernard Keraita, Javier Mateo-Sagasta Davila,

Pay Drechsel, Mirko Winkler and Kate Medlicoft

181 Introduction ......... ... .. ... 367
18.2 Health Risks Associated with Wastewater Irrigation
Systems in Low-Income Countries . ..................... 368
18.3 Risk Mitigation Perspectives from the WHO Guidelines ... ... 370
18.3.1 The multiple-barrier approach .................... 370

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contents XV

18.3.2 Evidence of risk mitigation in the WHO

guidelines . ... ... 371
18.4 Evidence from Field Studies in West Africa ............... 372
18.41 Farm-based risk mitigation measures .............. 372
18.4.2 Post-harvest risk mitigation measures ............. 376
18.5 Adoption of Safe Re-use Practices ...................... 380
18.51 Economic incentives ............ ... ... .. ... ... 380
18.5.2 Raising Awareness: ‘making visible the invisible’ .. ... 381
18.5.3 Socialmarketing ................ ... .. . . . ... 381
18.5.4 Landtenuresecurity ................ ... ........ 382
18.5.5 Training and extension ......................... 382
18.5.6 Lawsandregulations .......................... 382
18.5.7 Effective communication ........................ 383
18.6 Discussion and Conclusion . ........................... 384
References . ....... .. 385
Section IV

Decision Making and Implementation

Chapter 19

Decision support systems for water reuse

in smart building water cycle management . ........... 393

Caryssa Joustra and Daniel H. Yeh

191 Introduction . ... . . .. 393

19.2 SmartBuilding . ... ... ... 394
19.2.1 Buildingautomation ............. .. ... . oL 397
19.2.2 Relationship to green building . ................... 398

19.3 The BuildingWaterCycle .......... ... .. ... .. ... ..... 399
19.3.1 Building waterdemands ................ ... ..... 401
19.3.2 Building water sources . ......... .. .. .. 404
19.3.3 Usagepatterns ........ ... . .. i 406
19.3.4 Integrated Building Water Management (IBWM) . ... .. 407

19.4 Decision Support Systems ... ... ... L. 409
19.41 Advantages and disadvantages .................. 409
19.4.2 Role of DSSs in smart building water reuse

andrecycling ......... . 410

19.4.3 Tools for building water management .............. 413
19.4.4 Incorporating IBWM into smart building DSSs  ....... 415

19.5 Conclusion ... ... 416

References .. ... . . . 417

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



xvi Alternative Water Supply Systems

Chapter 20
A blueprint for moving from building-scale to district-
scale — San Francisco’s non-potable water programme ... 421
Paula Kehoe, Sarah Rhodes and John Scarpulla
204 Introduction .. ... ... ... 421
20.2 Alternative Water Sources and End Uses Available On-Site ... 422
20.21 Alternative water sources ....................... 422
20.2.2 Non-potableenduses .......................... 422
20.3 WaterUse Reduction ... ... .. .. ... .. ... . ... . . ... 423
20.4 Green Building Movement as a Driver for On-Site
Non-Potable WaterUse ............ .. ... ... ... ..... 424
20.5 Current Regulation of Alternative Water Sources . .......... 426
20.6 Working Together — A Three-Pronged Approach
to Collaboration ...... ... ... . ... . . ... 427
20.7 Water Quality Requirements for On-Site
Non-Potable Systems . ... ... .. ... ... . ... ... .. . ... 428
20.8 The SFPUCasaResource ........... ... . 429
20.9 On-Site Non-Potable Reuse at the SFPUC Headquarters .... 429
20.91 Permittingthe system ........ ... ... ... ... .. .. 430
20.9.2 The treatment system at SFPUC headquarters ... ... 431
20.10 Moving Towards District-Scale Water Sharing
inSan Francisco . ......... ... . 437
20101 Crossing property lines . ....................... 437
20.10.2 Selling water and public utilities .................. 438
2010.3 Waterrights . ... .. 438
2010.4 Nextsteps ... 438
2011 ConClUSIONS . . .. 439
References .. ... . . . . 439
Chapter 21
The socio-technology of alternative water systems . . ... 441
Sarah Bell
211 Introduction .. ... .. ... 441
21.2 Infrastructure, Society and the Environment ............... 442
21.3 Sustainability, Technology and Water .................... 444
21.4 Conventional Supply . ... ... 445
2141 Case study: London, England . ................... 446
215 PotableReuse ....... ... .. ... .. 447
21.5.1 Case study: South-East Queensland, Australia ... ... 448
21.6 District Non-Potable Water Reuse . ..................... 449
21.6.1 Case study: Old Ford water recycling plant, London . ... 450

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contents xvii

21.7 Rainwater Harvesting ............... ... ... ... .. ... ... 451

21.71 Case study: Pimpama Coomera, Australia .......... 451
21.8 DISCUSSION .. ... ... 452
21.9 Conclusion .. ... 454
References . ......... .. 457
Index . ....... .. .. . 459

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contributors

Chapter 1

Dr Rodney Anthony Stewart

Associate Professor

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: r.stewart@griffith.edu.au

Dr Oz Sahin

Research Fellow

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: o.sahin@griffith.edu.au

Mr Raymond Siems

Research Assistant

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: raymond.siems@griffithuni.edu.au

Mr Mohammad Reza Talebpour

PhD Candidate

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: r.talebpour@griffith.edu.au

Dr Damien Giurco

Associate Professor

Institute for Sustainable Futures, University of Technology,
Sydney, Australia

Email: damien.giurco@uts.edu.au

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



XX Alternative Water Supply Systems

Chapter 2

Mr Mohammad Reza Talebpour

PhD Candidate

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: r.talebpour@griffith.edu.au

Dr Oz Sahin

Research Fellow

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: o.sahin@griffith.edu.au

Mr Raymond Siems

Research Assistant

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: raymond.siems@griffithuni.edu.au

Dr Rodney Anthony Stewart

Associate Professor

Centre for Infrastructure Engineering and Management,
Griffith University, Gold Coast Campus, Australia
Email: r.stewart@griffith.edu.au

Mr Michael Hopewell

Urban water planner

Gold Coast Water, Gold Coast City Council, Gold Coast City, Australia
Email: mhopewell@goldcoast.qld.gov.au

Chapter 3

Dr Alan Fewkes

Principal Lecturer

School of Architecture, Design and the Built Environment,
Nottingham Trent University, Nottingham, UK

Email: alan.fewkes@ntu.ac.uk

Chapter 4

Mr Richard Kellagher

Technical Director

HR Wallingford Ltd, UK

Email: r.kellagher@hrwallingford.com

Mr Juan Gutierrez-Andres

Principal Engineer

HR Wallingford Ltd, UK

Email: j.gutierrez-andres @hrwallingford.com

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contributors XXi

Chapter 5

Cath Hassell,

Director

ech2o0 Consultants Ltd, London, UK
Email: cath.hassell@ech2o.co.uk

Dr Judith Thornton,

Research Development Officer,

Institute of Biological, Environmental and Rural Sciences,
Aberystwyth University, UK

Email: juti3@aber.ac.uk

Chapter 6

Dr Ilan Adler

Teaching Fellow

Department of Civil, Environmental and Geomatic Engineering
University College London, London, UK

Email: ilan.adler.09@ucl.ac.uk

Dr Luiza C. Campos

Senior Lecturer

Department of Civil, Environmental and Geomatic Engineering
University College London, London, UK

Email: l.campos@ucl.ac.uk

Dr Sarah Bell

Senior Lecturer

Department of Civil, Environmental and Geomatic Engineering
University College London, London, UK

Email: s.bell@ucl.ac.uk

Chapter 7

Mr Jonathan Thayil-Blanchard

Graduate Research Assistant

Department of Civil and Environmental Engineering
University of South Florida, Florida, USA

Email: jthayilblanchard@gmail.com

Dr James R. Mihelcic

Professor

Department of Civil and Environmental Engineering
University of South Florida, Tampa, Florida, USA
Email: jm41@usf.edu

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



xxii Alternative Water Supply Systems

Chapter 8

Dr Sarah Ward

Senior Research Fellow

College of Engineering Mathematics and Physical Sciences
University of Exeter, UK

Email: sarah.ward@exeter.ac.uk

Dr Fernando Dornelles

Institute of Hydraulic Reseach

Federal University of Rio Grande do Sul, Brazil
Email: fds_eng@yahoo.com.br

Dr Marcio H. Giacomoni
University of Texas at San Antonio, USA
Email: marcio.giacomoni@utsa.edu

Dr Fayyaz Ali memon

Associate Professor

College of Engineering Mathematics and Physical Sciences
University of Exeter, UK

Email: f.a.memon@exeter.ac.uk

Chapter 9

Pacia Diaz

PhD Candidate

Department of Civil and Environmental Engineering
University of South Florida, Tampa, Florida, USA
Email: phernan2@mail.usf.edu

Jennifer Isenbeck
Facilities Manager, Sodexo
Email: Jennifer.isenbeck@sodexo.com

Dr Daniel H. Yeh

Associate Professor

Department of Civil and Environmental Engineering
University of South Florida, Tampa, Florida, USA
Email: dhyeh@usf.edu

Chapter 10

Dr Eran Friedler

Associate Professor

Faculty of Civil and Environmental Engineering
Technion — Israel Institute of Technology, Haifa, Israel
Email: eranf@tx.technion.ac.il

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contributors xxiii

Dr Amit Gross

Associate Professor

Blaustein Institute for Desert Research

Ben-Gurion University of the Negev, Sede Boger Campus, Israel
Email: amgross@bgu.ac.il

Chapter 11

Miss Melissa Toifl

Environmental Scientist

CSIRO Land and Water, Melbourne, Australia
Email: mtoifl@csiro.au

Dr Gaélle Bulteau

Research and Development Engineer

Centre Scientifique et Technique du Batiment
Nantes, France

Email: gaelle.bulteau@cstb.fr

Dr Clare Diaper

Visiting Fellow

Water Science Institute

Cranfield University, Bedford, UK
Email: clarediaper@hotmail.com

Dr Roger O’Halloran

Principal Research Scientist

CSIRO Land and Water, Melbourne, Australia
Email: rogeroh@optusnet.com.au

Chapter 12

Dr Marc Pidou

Academic Fellow in Resource Recovery
Water Science Institute

Cranfield University, Bedford, UK
Email: m.pidou@cranfield.ac.uk

Chapter 13

Dr Fayyaz Ali Memon

Associate Professor

College of Engineering Mathematics and Physical Sciences
University of Exeter, UK

Email: f.a.memon@exeter.ac.uk

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



xXiv Alternative Water Supply Systems

Dr Abdi Mohamud Fidar

Chief Engineer

KT & I PLC, Addis Ababa, Ethiopia
Email: afidar2@gmail.com

Dr Sarah Ward

Senior Research Fellow

College of Engineering Mathematics and Physical Sciences
University of Exeter, UK

Email: sarah.ward@exeter.ac.uk

Dr David Butler

Professor in Water Engineering

College of Engineering Mathematics and Physical Sciences
University of Exeter, UK

Email: d.butler@exeter.ac.uk

Dr Kamal Alsharif

Associate Professor of Environmental Science and Water Policy
School of Geosciences, College of Arts and Sciences

University of South Florida, USA

Email: kalshari@usf.edu

Chapter 14

Dr Amit Chanan

Chief Operating Officer

State Water Corporation

Sydney, Australia

Email: amit.chanan@statewater.com.au

Saravanamuth Vigneswaran

Professor and Director

Centre for Technology in Water & Wastewater,
University of Technology Sydney, Australia
Email: Saravanamuth.Vigneswaran@uts.edu.au

Jaya Kandasamy

Associate Professor

School of Civil and Environmental Engineering,
University of Technology Sydney, Australia
Email: Jaya.Kandasamy@uts.edu.au

Stuart Khan
Associate Professor
School of Civil and Environmental Engineering,

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contributors XXV

University of New South Wales, Sydney, Australia
Email: s.khan@unsw.edu.au

Chapter 15

Sian Hills

Water Reuse Consultant
SHSWS, London & Wales, UK
Email: sian.hills@hotmail.co.uk

Christopher James

Plant Manager

Old Ford Water Recycling Plant,

Dace Road, London, UK

Email: christopher.james@thameswater.co.uk

Chapter 16

Dr Peter Schouten

Visiting Fellow

Land and Water — CSIRO

Dutton Park, Queensland, Australia
Email: peter.schoutenau@gmail.com

Dr Ashok Sharma

Principal Research Scientist
Land and Water — CSIRO
Highett, Victoria, Australia
Email: ashok.sharma@csiro.au

Stewart Burn

Professor and Program Leader
Land and Water — CSIRO
Highett, Victoria, Australia
Email: stewart.burn@csiro.au

Mr Nigel Goodman

Research Scientist

Land and Water — CSIRO
Highett, Victoria, Australia
Email: nigel.goodman@csiro.au

Ms Shiv Umapathi

Water Resources Engineer

SA Water Centre for Water Management and Reuse,
School of Natural and Built Environments,
University of South Australia, Australia

Email: shivanita.umapathi@mymail. unisa.edu.au

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



XXVi Alternative Water Supply Systems

Chapter 17

Dr Valentina Lazarova

Suez Environnement

38 rue du president Wilson,

78230 Le Pecq, France

Email: valentina.lazarova@suez-env.com

Chapter 18

Dr Bernard Keraita

International Researcher

Copenhagen School of Global Health,

University of Copenhagen, Copenhagen, Denmark
Email: bernard.keraita@sund.ku.dk

Mr Javier Mateo-Sagasta Davila

Senior Researcher

International Water Management Institute (IWMI)
Colombo, Sri Lanka

Email: J.Mateo-Sagasta@cgiar.org

Dr Pay Drechsel

Principal Researcher

International Water Management Institute (IWMI)
Colombo, Sri Lanka

Email: p.drechsel@cgiar.org

Dr Mirko Winkler

Scientist

Department of Epidemiology and Public Health,

Swiss Tropical and Public Health Institute, Basel, Switzerland
Email: mirko.winkler@unibas.ch

Ms Kate Medlicott

Technical Officer, Water, Sanitation, Hygiene and Health
WHO-Department of Public Health and Environment
WHO Headquarters, Geneva, Switzerland

Email: medlicottk@who.int

Chapter 19

Caryssa Joustra

PhD Candidate

Department of Civil and Environmental Engineering,
University of South Florida, Tampa, Florida, USA
Email: cjoustra@mail.usf.edu

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Contributors xXxvii

Dr Daniel H. Yeh

Associate Professor

Department of Civil and Environmental Engineering,
University of South Florida, Tampa, Florida, USA
Email: dhyeh@usf.edu

Chapter 20

Paula Kehoe

Director of Water Resources

San Francisco Public Utilities Commission,
San Francisco, California, USA

Email: Pkehoe@sfwater.org

Sarah Rhodes

Project Manager

San Francisco Public Utilities Commission
San Francisco, California, USA

Email: Srhodes@sfwater.org

John Scarpulla

Water Resources Planner

San Francisco Public Utilities Commission,
San Francisco, California, USA

Email: Jscarpulla@sfwater.org

Chapter 21

Dr Sarah Bell

Senior Lecturer

Department of Civil, Environmental and Geomatic Engineering
University College London, London, UK

Email: s.bell@ucl.ac.uk

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Preface

Scientists, engineers and policymakers are still searching for a consensus on
the extent of climate change, its possible causes and the severity of potential
implications. An upward trend in the frequency and intensity of extreme weather
events (such as droughts and floods) has already challenged the capacity and
resilience of the conventional centralised water management infrastructure.

Leaving aside climate change uncertainties, anticipated global population
growth alone will have significant implications for most of the sectors heavily
dependent on freshwater availability. It is estimated that by 2050, urban
areas are likely to see three billion additional inhabitants and the demand for
agricultural production and energy could double. Water is needed for generating
energy and producing food and by 2030, water demand is projected to increase
by 30%.

Meeting the ever increasing demand for wholesome freshwater through
conventional centralised systems for both potable and non-potable applications has
already become an unrealistic aspiration. This is due to competing demands on
limited financial resources and limited flexibility of existing water infrastructure
for expansion and adaptation. Demand management or water efficiency measures
alone are not sufficient and the conventional water supply still requires augmentation
using alternative sources.

The emphasis on alternative approaches to supply ‘fit for purpose’ water is
emerging and alternative water supply (AWS) systems are becoming a visible
practice in many water stressed regions. AWS will continue to remain an active
research area. A paradigm shift is already taking place and low grade (in terms of
quality) water is now increasingly seen as a resource rather than liability.

In time, the wider uptake of AWS systems appears to be inevitable and requires
an evidence-based understanding of their interactions with existing infrastructure,
end users and the environment. Consequently, the need arises to assess health
implications, quantify risk, develop mitigation strategies, undertake holistic cost
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XXX Alternative Water Supply Systems

benefit analyses and provide improved structured decision support to meet the
specific needs of different stakeholders.

This book mainly builds on a number of case studies on AWS systems in
operation in different parts of the world, both in developed and low-income
countries. Both the pilot and full scale systems implemented at domestic and
community level are discussed. Thematically, the book content can be divided into
four distinct sections.

Section I consists of 9 chapters with the majority addressing aspects related to
rainwater harvesting (RWH) systems. These aspects include: their effectiveness in
meeting non-potable demand and attenuating storm water flows; system capacity
design approaches; energy implications and issues relating to community-based
RWH systems for potable applications.

A considerable volume of condensate can be harvested from air-conditioning
systems in large commercial buildings located in hot climatic regions. The collected
condensate can partly meet non-potable water demand. Condensate recovery and
reuse is an emerging research area and an introductory discussion and examples
of sites where it has been implemented are covered in the last chapter of Section I.

Although of all the types of AWS systems, RWH appears as the most popular
option (due to several factors, including its relatively better quality and minimal
treatment requirements), the year-long reliability of supply cannot be guaranteed
and this is where greywater recycling systems perform better. Greywater is broadly
defined as wastewater generated from showers, baths and hand wash basin and
normally excludes wastewater streams from toilets and kitchen sinks. The supply
of greywater is fairly continuous and stable. However, a level of treatment is
required to render greywater fit for intended applications. Greywater recycling,
treatment technologies, risk identification, risk mitigation strategies and energy
implications are discussed in Section I1.

Section III provides an overview of treated and untreated wastewater reuse
systems, their energy footprint and environmental implications. Also described, in
this section, are some of the approaches to minimise associated health risks both
in the urban context of the developed world and for communities in low-income
countries. Techniques such as sewer mining, treatment and local reuse are also
discussed in this section.

Finally, Section IV discusses the need for integrated decision support to facilitate
the inclusion and operation of AWS in buildings. Furthermore, it presents some of
the institutional and legal challenges and approaches for the implementation of
AWS programmes and provides reflections on the drivers and barriers within a
socio-technical context.

The book attempts to provide an unbiased perspective and shares the current
research and practice in the domain of AWS. The book includes contributions from
a team of near 50 professionals coming from nearly 20 different countries and
contexts. Inherently, you will find a range of styles, formats and lenses through
which to consider the most important challenge of addressing water insecurity
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Preface XXXi

through AWS. The views and opinions expressed in the book are solely of the
authors and do not necessarily represent any formal position of their respective
organisations or named institutions. Finally, writing a chapter for a book like this
is no mean feat and we would like to thank all contributors for their support and
dedication.

Fayyaz Ali Memon
Sarah Ward
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Chapter 1

Performance and economics
of internally plumbed rainwater
tanks: An Australian perspective

Rodney Anthony Stewart, Oz Sahin,
Raymond Siems, Mohammad Reza Talebpour
and Damien Giurco

1.1 INTRODUCTION

Water security is becoming a global issue of concern. In developed nations like
Australia, high population growth and strong economic development are increasing
demand, while supply is under threat from environmental degradation and climate
change. Centralised reservoir and distribution networks have long served major
metropolitan centres with potable water supply. However, the capture capacity of
traditional supply sources is approaching a limit in many areas, leading to a host
of new supply options coming into consideration (WWAP, 2012). Correspondingly,
water security is considered as one of the six key risks in Australia under a changing
climate. The Intergovernmental Panel on Climate Change asserts that climate
change will lead to a reduction in water supply for irrigation, cities, industry and
riverine environments in those areas where stream flow is expected to decline (for
example in the Murray-Darling Basin, Australia) and annual mean flow may drop
10 to 25% by 2050 and 16 to 48% by 2100 (Hennessy et al. 2007).

Rainwater tank systems, collecting and distributing water at a decentralised
level, are one potential solution to assist in bridging supply-demand gaps. The basic
principle of these decentralised systems is the capture of precipitation collected
from the available roof area, which flows by gravity into a storage tank, where it
can serve demand for water end-uses. Historically, internally plumbed rainwater
tanks (IPRWTs), serving water end-uses inside the house, have only been prevalent
in rural areas in the absence of centralised supply infrastructure. In the last 10 to
20 years, amid new concerns over water security, a variety of water businesses,
governments and other stakeholders have been advocating the use of IPRWTs in
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4 Alternative Water Supply Systems

urban areas. However, almost universally these systems have been recommended
and implemented without a proper understanding of their underlying viability and
performance. In an urban setting, there are a multitude of alternative water supply
options and any chosen supply system must be both competitive and sustainable.
This chapter details an investigation into the economics and performance
of IPRWTs conducted in Australia’s South-east Queensland (SEQ) region and
examines these findings in an international context. The study utilises a combination
of modelling and empirical data to generate a range of unit life cycle costs (LCC)
under different scenarios and conducts a sensitivity analysis on pertinent variables.

1.2 BACKGROUND

The practice of rainwater harvesting (RWH) can be traced back at least 4000 years
BC (Gould and Nissen-Peterson, 1999; Mays et al. 2007), with systems employing
cisterns fed with rainwater attached to single households in ancient civilisations
such as Jordan, Rome, Greece and Asia. In more modern times, they have primarily
been used in the rural domain where the construction of centralised infrastructure
was not feasible. In the new age of sustainability, RWH has enjoyed something of a
renaissance; systems have again penetrated into cities where the bulk of the world’s
population resides. In excess of 100,000,000 people worldwide are estimated to be
using a RWH system of some form (Heggen, 2000).

RWH systems can be separated into a number of subcategories based on how
they are configured. They may be communal, whereby a number of residences are
connected to a tank that is fed from a large roof area, or installed on an individual
basis to stand-alone households. Many systems only supply outdoor uses such as
garden irrigation and pools, while the popular trend recently has been to internally
plumb systems to supply a range of in-home end-uses to maximise savings (via
substitution) from centralised sources. The advent of modern appliances requires
that the water supply to the house be pressurised. Therefore, the vast majority of
IPRWTs contain a pump that can extract water from tanks and deliver it under
pressure to the house. These pumps may operate at different levels based on a
flow rate or be single speed. More complex pressure vessel setups may also be
employed. Switch systems that allow end-uses to be supplied by either the tank
or central mains supply are commonplace, so that when a tank is empty essential
supply is maintained. This chapter focuses on typical IPRWTs installed on single
detached residential households configured with single speed pump and switch
systems supplying water for toilets, clothes washers and external use.

There are many purported benefits of RWH and the herein focused upon
contemporary IPRWT systems; the predominant benefit being a reduction in urban
water demand. For residents, this can offer reduced water bills and decreased reliance
on mains supplies. For communities and governments, this can delay the need for
centralised infrastructure upgrades and reduce peak stormwater volumes (Coombes
et al. 2003). By decreasing the amount of water required from central supplies,
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RWH can also assist in raising groundwater levels; an urgent task in many urban
locations. The major negatives associated with RWH arise from a lack of reliable
supply and potentially poor water quality; both of which can be circumvented with
the right system setup in the presence of a backup or mains supply.

1.21 IPRWT systems in Australia

IPRWT systems have been utilised for generations in rural Australia (EHAA,
1999; Marsden Jacob Associates, 2007). Deployment in urban areas was widely
discouraged for many years with a number of local governments banning
rainwater tanks in the 1960s, citing water quality as a prohibitive hazard (White,
2009). A severe drought that ran from 2000 until 2009 affected large portions
of south-eastern and south-western Australia (CSIRO, 2011), leading to critical
depletion of freshwater reservoirs. This triggered the introduction of legislation
and Government-backed incentives to install IPRWTs in urban households. They
were championed as ‘green’ and ‘sustainable’ solutions to the water security
crisis, with limited research available to verify such notions at the time.

As of 2007, about 20% of Australian households had some form of RWH system
(ABS, 2007). Retamal er al. (2009) provide a comprehensive description of a range
of IPRWT configurations in Australia and their advantages and disadvantages. The
majority of residential dwellings being constructed use fixed speed pumps with
potable switch systems or tank top-up systems. The more elaborate and efficient
designs, incorporating pressure vessels and variable speed pumps, are rarely
considered by house builders as they are predominantly concerned with satisfying
mandated building code requirements at least capital cost (in locations where
IPRWTs are mandated). The IPRWTs examined in this study were mandated by the
Queensland Government to be installed in new houses built or those substantially
renovated.

1.2.2 RWH and IPRWTs around the globe

RWH in one form or another is practiced very widely around the globe. Two purpose
driven groups can be considered: those that are using rainwater as a supplement
to already existing water supply systems and those using rainwater as basic supply
(Konig & Sperfeld, 2006). IPRWTs similar to those examined in Australia’s SEQ
require a certain socioeconomic level to be present in homes. Some of the nations
with widespread IPRWTs are listed below. It should be noted that in Australian
literature the distinction between RWH and IPRWTs is explicit, while in much of
the international literature this is not the case.

* Germany: Regarded as a leader in IPRWT technology, some 35% of new
buildings are installed with a RWH system (EA, 2010). Germany has
groundwater over abstraction problems in many regions and RWH systems
have been promoted through legislation and incentives as a means to reduce
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this issue (Herrmann & Schmida, 2000). 1.5 million systems are estimated
to be supplying toilet flushing, clothes washers (washing machines) and
garden irrigation (Galbraith, 2012).

United Kingdom: RWH was a traditional water source before central
mains supply became widespread. Modern RWH systems have only been
introduced recently. Adoption is supported and encouraged by the Code for
Sustainable Homes under which all new houses must have a rating of 3,
with IPRWT installation a means of raising this score. The UK Rainwater
Harvesting Association (2006) reports that approximately 4000 RWH
systems are installed in the UK each year with approximately 100,000
already in existence. These systems are commonly internally plumbed to
supply toilet flushing as well as garden irrigation (EA, 2010).

Malaysia: Introduced after the 1998 drought, rainwater use is encouraged for
domestic purposes under Water Services Industry legislation (Shaari et al.
2009).

Sri Lanka: RWH was initially popular rurally and is now also promoted in
cities through the country’s Urban Development Authority (2007).

China: Gansu province began research and implementation, with 17
provinces now adopting RWH. Over 5.6 million tanks supply potable water
to 15 million people (UNEP, 2001).

Bermuda: Mandated by law for all buildings, rainwater is the primary source
of domestic water (Rowe, 2011).

Table 1.1 Cost elements and effectiveness considerations for IPRWTs.

Cost element Effectiveness element

Rainwater tank Roof catchment area

Tank installation and fitting Tank size

Water pump The use of rainwater for outdoor and indoor use
Operating cost Annual rainfall

Maintenance and pump Impact of climate variability

replacement

Tank requirements (first flush,  Rainfall pattern
gutter guard)

Source: adapted from Tam et al. (2010)

Trends around the world appear similar, with urban penetration increasing with

advocacy from governments. Konig and Sperfeld (2006) noted that amortisation
(pay back) of IPRWTs increases with the cost of mains water, therefore those
nations with the highest cost of mains water are typically the highest adopters of
IPRWTs technology. In terms of the cost and effectiveness of IPRWTs, regardless
of location or configuration, there are a number of factors that determine the cost
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and effectiveness of IPRWTs, which are summarised in Table 1.1. Any location will
have its own make-up of these variables. However, the relationships that govern
many of these variables will be very similar between locations. A well-documented
investigation conducted in one area can provide insight into the performance
and economics of IPRWTs on a wider scale. This is undertaken in the following
sections in an Australian context.

1.3 AUSTRALIAN CASE STUDY

The study presented in this chapter identified that Australian water businesses
have been implementing a range of alternative water supply schemes, in an attempt
to conserve centralised supplies of potable water. However, they undertook such
schemes with only best guess potable savings figures and alternative source demand
values to serve as justification. Seeking a more rigorous assessment process, the
present study followed an evidence-based approach whereby the water consumption
of IPRWTs was monitored through end-use studies and costs were evaluated using
actual cost and performance data. The end goal of this assessment process was to
arrive at an accurate total resource perspective unit cost ($/m?) for IPRWTs in order
to better inform decision-making regarding their use. The IPRWT performance and
economic analysis was completed alongside evaluations of three other alternative
supply schemes, including desalination and recycled water. Readers are referred to
Stewart (2011) if they seek information on the latter two schemes.

1.3.1 Context of investigation

In 2007, the Queensland state government introduced new legislation, namely the
Queensland Development Code Mandatory Part 4.2 (QDC). This stipulated that
all detached residential households needed to achieve potable water savings (DIP,
2009). Under this legislation, water savings targets are mandated for new detached
houses in Queensland, ranging from 16 to 70 m? per household per year (m3/hh/y),
depending on the local government area. The widely accepted solution to reduce
potable water use was through the installation of a 5 m3 polymer rain tank plumbed
to the toilet, laundry and external taps of detached, single residential households.
A minimum of 100 m? of roof area must divert rainwater into the tank. Internal
fixtures supplied from a rain tank are required to have a backup supply of potable
water using a trickle top-up or automatic switching system. Gardiner (2009) notes
that, of more than 300,000 tanks in SEQ, about 30,000 were installed under the
QDC. Inspections revealed that in most cases house builders chose the least cost
IPRWTs with a single speed pump and switch system. Three successive wet years
in SEQ saw reservoirs return to capacity and pressure on water supply decrease.
Consequently, the Queensland State Government removed the requirement for
new houses to have IPRWT from late 2012 due to a number of reasons. These
included the need to recoup the construction cost of bulk water infrastructure (such
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as desalination) constructed during the drought, reduced water consumption due to
behaviour change and housing affordability.

1.3.2 Data gathering and end-use study experimental
procedure

Data gathering was conducted to inform modelling and the LCC analysis. Eighty-
seven (n = 87) Gold Coast City (GCC) detached households (a single dwelling on
a single lot) without IPRWTs were sampled during two cross-sectional periods
during 2010. This case serves as the business-as-usual water supply scheme for the
purposes of this study and is used for baseline potable water savings comparisons.
The sample provides a reasonable representation of household types with a strong
mix of family types, income categories and household occupancies.

High-resolution smart metering equipment was employed to enable the collection
of water consumption data and subsequent end-use analysis. The relationship
between smart metering equipment, household stock inventory surveys and flow
trace analysis is shown in Figure 1.1. Essentially, a mixed-method approach was
used to obtain and analyse water-use data. Two aligned main processes were
adopted: (1) physical measurement of water use via smart meters with subsequent
remote transfer of high-resolution data; and (2) documentation of water-use
behaviours and compilation of water appliance stock via individual household
audits and self-reported water-use diaries.

Modified Actaris Smart meter
and Aegis Data logger Remote data transfer
s (e.g. local radio network)

((qn
'

]
.
~'~z:~a

Household f )
\water stock audit 1
5

:

iy .

4, Household

i socio-demographic Oleak B Toilet
B Clothes washer W Shoer

sur\.rev B hrigation B Tap

Figure 1.1 Schematic process for acquisition, transfer and analysis of flow data
(Beal & Stewart, 2014).
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1.3.2.1 Instrumentation

Standard local government residential water meters were replaced with high
resolution water meters. These meters measured flow to a resolution of 72 pulses
per litre, or one pulse every 0.014 litres. The smart meters were connected to data
loggers programmed to record pulse counts at 5-second intervals. Each logger was
wired to a meter, labelled and activated prior to installation to reduce reliance on
plumbing contractors to prepare and activate the equipment; all equipment was
installed by approved plumbing contractors.

1.3.2.2 Data transfer and storage

As the loggers were wireless, data was transferred remotely to a server at Griffith
University through a General Packet Radio Service (GPRS) network (such as
a 2G or 3G phone network) via email. Removable SIM cards were inserted in
each logger and tested prior to installation. The data was transferred weekly,
creating approximately 120,000 data records, sent to email addresses before being
downloaded and processed. Raw data files in the ASCII format were modified to
.txt files for flow trace analysis.

1.3.2.3 End-use analysis process

End-use data in the .zxt file format were analysed using Trace Wizard version 4.1
(Aquacraft, 1997). Water diaries and stock appliance audits were used to help
identify flow trace patterns for each household. A template was created for each
household and data for a sampled 2-week period were analysed. Trace Wizard was
employed in conjunction with water audits and diaries to analyse and disaggregate
consumption into a number of end-uses, including toilets, irrigation, showers,
clothes washers and taps. A Microsoft Excel spread sheet was utilised as a final
output for more detailed statistical trend analysis and chart production.

1.3.2.4 End-use results summary

There was a notable difference in irrigation between the two seasonal periods
monitored. Winter 2010 irrigation end-use was 9.4 litres per person per day
(Ipd), representing only 7% of total consumption. This was less than half of the
21.9 Ipd recorded in summer 2010, supporting historical bulk reading data that
irrigation in GCC is greater during summer. The average sampled total per capita
residential consumption value of 156.5 Ipd was very close to the Queensland Water
Commission (2009) reported SEQ monthly per capita residential consumption
average for the 2010 period (140-160 1pd). This indicated that the end-use results
were representative and useful for comparisons. A summary of the summer and
winter 2010 end-use breakdown for the single detached, potable-only reticulated
scheme end-use values is presented in Table 1.3. Readers are referred to Stewart
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(2011) and Beal et al. (2011) for a full description of the end-use data used in this
current study. This sample of potable-only homes situated on the Gold Coast is
used for comparison with the potable plus IPRWT supplied households discussed
below.

1.3.2.5 Rain tank pump energy pilot study

A pilot study of 5 GCC houses with an IPRWT system was also conducted by the
research team to determine the energy intensity (kW/m?) of the pumping system
at an end use level, which would be used for the LCC calculations. The pilot study
indicated that the pump energy intensity ranged from 1.04 kW/m? for irrigation
events, to 1.67 kW/m? for half flush toilet events (Talebpour ef al. 2011). For the
purpose of the economic modelling discussed later, an overall IPRWT energy
intensity value of 1.5 kW/m? was taken to be representative for typical Gold Coast
City IPRWT configurations.

1.3.3 IPRWT modelling

Two software packages were used to model the performance of IPRWTs installed
to QDC specifications: (1) Rainwater TANK and (2) RainTank. A brief description
of the method of analysis applied for each of these approaches is provided below.

1.3.3.1 Rainwater TANK model

The Rainwater TANK model is an Excel-based spreadsheet linked to a FORTRAN
executable application (Vieritz et al. 2007). Rainwater TANK simulates the
capture of rain by an urban roof. The primary aim of the model is to assess how
the rainwater tank can meet the water demand of the urban allotment. The tank
water volume for the current day is determined from a mass balance as expressed
in Equation 1.1.

TWtank = Yest_TW + TopUpW + TankInflow — IWUtank — EWUtank  (1.1)
where:

TWtank = water volume (m?)
Yest_TW = yesterday’s tank water volume (m?)
TopUpW = top-up or trucked water volume (m?) for the current day
TankInflow = flow of rainwater into the tank from the roof for the current
day (m?)
IWUtank = internal Water Use for tank water (m?) for the current day
EW Utank = external Water Use for tank water (m?) for the current day

The key assumptions and mathematical formula for the model are described in
Vieritz et al. (2007). In summary, the initial water level in the tank is set to a
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Performance and economics of rainwater tanks 11

user-defined top-up point. Within each daily time step, the order of calculations
depends on the ‘Run’ setting chosen. The rain tank is assumed to be any regular
shape, whereby the volume is calculated by multiplying the tank’s basal area and
its height. Household water end-uses have a fixed amount of water used per day
(nominated by the user; here informed by the end-use data gathered from the 87
GCC houses). The primary assumption with respect to internal water use is that
the demand must be always fulfilled. This internal water use is assumed to be
constant for each day of the run. When the tank runs out of water, the model will
automatically meet the internal demand using potable water, thereby providing an
estimate of the supply shortfall (Vieritz et al. 2007).

1.3.3.2 RainTank model

The second rainwater tank modelling software utilised was RainTank (Jenkins,
2009), which is designed to simulate the collection and use of water from a rain tank
connected to the roof of a house. The model uses daily rainfall and consumption
information for the house, based on the location of the house and tank site. The
model uses a continuous simulation of rainfall and runoff from the house roof to
the rain tank and a daily water consumption model for water stored in the rain
tank. The conceptual arrangement of the RainTank model includes the following
elements (Jenkins, 2007):

* Roof area: the total area of the house roof that drains into the tank;

* Tank volume: the total volume of the rain tank, including the air space that is
available for stormwater detention;

* Rainwater storage: the part of the tank that is available for storage of
rainwater collected from the roof, which is equal to the tank volume minus
the air space available for stormwater detention;

* Airspace for stormwater detention: the top section of the tank that is available
for stormwater detention is defined as a percentage of the tank volume. As it
takes some time for the water within this air space to drain out of the tank,
this water is used first to supply the daily consumption before the remaining
volume is withdrawn from the tank;

 [nitial loss: rain that falls at the start of a rain event is often absorbed into
the pores of the roofing material or is trapped on the roof by surface tension
effects, evaporating before any runoff can occur. The model assumes a
constant initial loss for each rain day throughout the simulation period;

* Drainage system efficiency: during intense rain events runoff often overflows
the drainage system elements before it can reach the rain tank. Although
a function of intensity, the model assumes a constant drainage system
efficiency;

 First flush loss: the initial runoff from a roof surface often contains a higher
concentration of contaminants than the remaining part of the storm runoff.
Many RWH systems allow for the inclusion of a first flush device, which
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12 Alternative Water Supply Systems

discards an initial volume of rainwater. No runoff enters the rain tank when
the daily roof runoff is less than or equal to the value defined by the first
flush loss.

1.3.3.3 Modelling input parameters

The purpose of using two modelling software programs was to compare results
and confirm, or otherwise, rain tank yield, with all scenarios being run under each
model. The key input parameters can be found in Table 1.2. There were some
minor variations between models. A detailed discussion of the RainTank and
Rainwater TANK analysis methods and scenario input parameters can be found
in Stewart (2011).

Table 1.2 Input parameters for the Rainwater TANK and RainTank models,
respectively.

Parameter Value Parameter Value
Climatic region  Southport (Gold Coast) Roof area 100 m?
Model years 1980-2008; 1996 dry; 1983 wet Tank volume 50001
Switch system  Automatic with override at 15% Initial volume 0l
Residents per 2.8 First flush 151
household volume

Per capita 156.5 Ipd Tank Height 2m
consumption

End-uses Two external taps, toilet, cold

water laundry

1.3.3.4 IPRWT end-use breakdown

Table 1.3 presents a summary for the sample of potable-only houses and those
also having IPRWT. The actual consumption and associated proportion of water
consumption for the two water supply sources across the end use categories for
these two types of detached residential households is also provided in this table. For
the potable-only houses the total demand was 162.3 Ipd. For the IPRWT houses,
the total potable and rain water use was calculated to be 115.90 Ipd (68.6%) and
53.0 Ipd (31.4%) respectively, leading to a total per capita water use of 168.9 Ipd.
Total demand for rain tank supplied end-uses was 76.6 Ipd, with 53.0 Ipd supplied
by the rain tank and another 23.6 Ipd having to be sourced through potable mains
due to depleted rain tank supplies (i.e., tank has switched to potable water supply).
This implies that the utilisation ratio for the rain tank is approximately 70% (i.e.,
30% of demand from IPRWT end uses needs to be covered by potable water) for
the ‘average’ conditions modelled.
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Table 1.3 Summary of rainwater and potable water end-uses.

Supply source end-use Potable only Potable with
category homes IPRWT homes
Ipd % Ipd %
Potable — non-IPRWT end-uses:
Shower 50.0 30.8 50.0 29.6
Tap 33.8 20.8 33.8 20
Dishwasher 2.3 1.4 2.3 1.3
Bathtub 3.5 2.2 3.5 21
Leak (potable line) 2.7 1.7 27 1.6
Total (Potable A) 92.3 56.9 92.3 54.6
Potable — IPRWT and mains plumbed:
Clotheswasher (potable line) 324 20.0 12.8 7.6
Toilet (potable line) 21.9 13.5 4.9 2.9
Irrigation (potable line) 15.7 9.6 5.9 3.5
Total (Potable B) 70.0 43.1 23.6 14.0
Total Potable (A + B) 162.3 100 115.9 68.6
IPRWT supply:
Clotheswasher (cold) na na 22.3 13.2
Irrigation (IPRWT taps) na na 13.9 8.2
Toilet (IPRWT sourced) na na 15.7 9.3
Leak (IPRWT sources) na na 1.1 0.7
Total IPRWT na na 53.0 31.4
Total (all supplies) 162.3 100 168.9 100

1.3.4 Life cycle cost analysis

The per capita end-use water balance laid the foundations for an evidence-based
assessment of the potable water savings from installing IPRWT systems, as well
as their overall demand. The water savings over the life cycle (LC) can be aligned
with the Net Present Value (NPV) LCC of the scheme, including all capital and
operating costs. Greenhouse gas emissions from energy generation will incur
further costs and it is likely that both water customers and water utilities will pay
for these costs in higher energy prices (Fane et al. 2011). This NPV LCC analysis
resulted in a unit cost ($/m?) for IPRWT systems, based on their ability to derive
such potable water savings. Note that all costs presented are in Australian (AUD)
dollars (1 AUD = 1.00 USD as at April 2013, xe.com (2013)).

The NPV LCC analysis includes a very limited financial assessment on the
wider environmental and societal benefits of IPRWTs. These costs and benefits
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14 Alternative Water Supply Systems

are discussed and arguments provided alongside the formulated unit costs for the
various schemes. The scope of the analysis does not consider the funding package
(government revenue, bank debt, bonds) applied and the interest costs associated
with each scheme. The NPV LCC assessment considers capital costs and recurrent
expenses to be funded through government or business revenues.

1.3.4.1 IPRWT capital cost estimates

The cost of the additional works required to meet QDC MP 4.2 is included in the
building contract cost of a new dwelling and is ultimately borne by the homeowner.
The average capital works cost of IPRWT installations in new dwellings, including
the cost of the tank, delivery, installation and plumbing, plus incidentals such as a
concrete slab, tank stand and potable water switching devices is available in a number
of studies (WBM Oceanics, 2005; Coombes, 2007, NWC, 2007; Tam et al. 2010).
This study extracted capital costs from these studies and used the most representative
average or median value for application in this NPV LCC assessment (Table 1.4). The
reticulation of IPRWT installations is cost prohibitive for existing houses and there is
no requirement or indeed general desire for existing households to implement them.

Table 1.4 Capital cost (AUD) of installing an internally plumbed rainwater tank
system.

5m:RWT Pump Plumbing Installation Total Source

(AUD¥) (AUD) (AUD) (AUD) (AUD)

1150 355 730 550 2785 Tam et al. (2010)

1091 650 727 548 3016 NWC (2007)

1388 770 - - - WBM Oceanics (2005)
- - - - 2765 Coombes (2007)

1150 650 729 549 3078  This study

*1 AUD =1.00 USD as at April 2013, xe.com (2013).

1.3.4.2 IPRWT operating and maintenance costs

Recent monitoring and the pilot study suggest an average energy intensity value
of 1.5 kWh/m? for the most common pump and switch systems (Retamal et al.
2009; Talebpour et al. 2011). In this study, a 7.3% inflation rate (Table 1.5) was
adopted for electricity, which represents the average for the past five years; there
is no evidence of reduced electricity price inflation expectations in the medium
term. A GHG cost implication of running the pump and an assigned cost of
$20/t CO, was applied in this study. As reported by DERM (2007), an assigned
1.046 kg CO,-e/kWh was determined as the level of carbon generated from the
pump system.
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Table 1.5 NPV LCC base case financial model parameters.

Parameter Value Parameter Value

Life cycle 25 years Carbon emissions 1.046 kh CO,/kWh

period (DERM 2007)

Discount rate 7% Carbon price $20/t with 4%

(base case) escalation

Capital costs See Table 1.5 Pump replacement 15 years (replace
once)

Energy intensity 1.5 KWh/kW Tank replacement 25 years

Electricity tariff $0.1713/kWh Tank reliability factor 0.9

Electricity price 7.3% Pump replacement 3 hours @ $70/

inflation labour hour

Inflation for 3% Tank replacement 4 hours @ $60/

pump & tank labour hour

Inflation for 4%

labour

There is still limited evidence on the life span of urban water rain tanks and
pump systems as they have not been widely implemented in urban areas until
recently. Current documentation from suppliers indicates a 25-year structural life
span for polymer rain tanks, which represent the majority of stock. Pumps are
often reported as having a life span of approximately 15 years. These life spans
are applied for the purposes of the NPV LCC analysis, however, there is anecdotal
evidence to suggest poor manufacture is leading to shorter life spans. Tank and
pump replacement will also generally require a labour cost contribution, as most
homeowners would not be suitably skilled or feel comfortable installing these
components. [PRWTs have a number of components that need to be readily checked
and maintained, including first flush systems, leaf protection mesh and filters, to
name a few. In this study, a AUD$20 annual miscellaneous maintenance amount
was proposed (NWC, 2007; Tam et al. 2010), which considers that homeowners
would replace filters and so on (thus no labour cost).

Anecdotal evidence suggests that some homeowners may unknowingly or
knowingly have a tank or switch system that is not functioning. Given the design
of switch systems, the water supply reverts to potable supply when the pump has
failed or the power is turned off. Owners will therefore still receive water even
if their pump is not functioning and may choose to turn them off completely if
the noise upsets them or they do not have sufficient funds to replace the pump.
Based on recent discussions with researchers and field technicians, a rain tank
reliability reduction factor was applied in the NPV LCC analysis. A reduction
factor of 0.9 (i.e., 1-in-10 connections estimated as not providing water savings at
any time for the base case scenario) was therefore applied for the base case NPV
LCC assessment.
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16 Alternative Water Supply Systems

1.3.4.3 NPV LCC base case financial model parameters

The financial parameters utilised for the base case scenario are summarised in
Table 1.5. Readers should note that the NPV LCC analysis was considered on a
per connection basis to determine a unit cost for potable water savings resulting
from the installation of IPRWT on detached houses in this scheme. Additionally,
the boundary of the unit cost analysis covers only those costs attributed to the
customer installing the IPRWT (costs and potable water savings to customer).
There are a number of follow-on benefits of IPRWT that have not been considered
herein due to their difficulty to monetise, such as reductions in daily and peak
demand in the pipe network due to demand being assumed by the IPRWT. If
IPRWTs had high rates of diffusion in urban areas, there are potential pumping
and infrastructure deferral savings that accrue to the water utility. However, there
is presently insufficient evidence to quantify the monetary link between IPRWT
and reductions in water distribution network demand and infrastructure deferral
opportunities.

1.3.4.4 Life cycle cost results

The difference between the potable water supplied to a traditional potable-only
household and the potable demand met by the IPRWT scheme is considered to
be the water saving attributed to the IPRWT in this study. As detailed in Table
1.3 this is 46.4 1pd (162.3-115.9 = 46.4 Ipd) or 47.4 m3/hh/y based on the average
household occupancy of 2.8 persons in the city ((365 X 2.8 x46.4)/1000 = 47.4
m?3/hh/y). The initial IPRWT capital outlays make up the majority share (refer to
Table 1.6; 3.36/4.06 = 82.7%) of the total unit cost for this scheme. Initial capital
cost expenditures at the building stage are the most critical component, followed
by pump and tank replacements at the end of their life.

Table 1.6 NPV LCC base case assessment for IPRWTs on a per connection basis.

Financial item description Value Unit

Life cycle potable water savings per connection 1067 mé/connection
NPV LCC per connection 4326 $/connection
Capital cost component of total unit cost 3.36 $/m?3
Operating cost component of total unit cost 0.70 $/m?3

Total unit cost 4.06 $/m3

1.3.5 Sensitivity analysis

A sensitivity analysis was used to explore the unit cost implications for a range
of scenarios where input parameters were modified within a realistic range
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(Table 1.7). The following variations of critical NPV LCC input parameters
were considered:

e Scenario A (SA): discount rates set at 4%, 6%, 7% (base case) and 9%;

* SB: 1% increase in base case operating cost component annual inflation rates
(such as Consumer Price Index (CPI));

e SC: 1% decrease in base case operating cost component annual inflation rates;

e SD: IPRWT water reliability factor reduced from 0.9 to 0.8 (i.e., no supply at
1 in 5 houses at any time);

* SE: reduced life spans for rain tank (25 years reduced to 15) and pump (15
years reduced to 10).

Table 1.7 The influence of variable discount rates on NPV LCC model parameters
for IPRWT’s unit cost.

Scenario Parameter modified Unit cost (AUD$/m3)
discount rate (i) 4% 6% 7% 9%

SA Discount rate change alone 462 422 406 3.80

SB 1% increase in base operating cost 488 440 422 392
inflation rate

SC 1% decrease in base operating cost 440 405 392 3.70
inflation rate

SD IPRWT water reliability reduced from 520 474 456 4.28
0.9t 0.8

SE Reduced life spans of RWT and pump  6.50 5.64 5.30 4.76

The sensitivity analysis indicated a range of unit costs for the IPRWT scheme between
AUD$3.70-6.50/m? (base case = AUD$4.06/m?). Table 1.7 illustrates that scenario
SE, where the life span of the RWT and pump was reduced, led to the highest unit
costs (Table 1.7). Reducing the average base case IPRWT infrastructure life spans
from 25 to 15 years for the RWT and 15 to 10 years for the pump is highly probable
due to a range of reasons. Firstly, while most manufacturers report long life spans,
the industry has a number of low quality manufacturers producing rain tanks with
thin wall thicknesses that are prone to breakages. Also, low cost pumps are now
available that may not be as reliable as the long-established products. Another issue of
concern is that the management of the IPRWT system is presently the responsibility
of homeowners, many of whom rent out the household and do not readily inspect the
tank or pump operation. Urban home occupants are typically unfamiliar with external
pumps and tanks and may not be sufficiently competent to maintain these systems,
thereby reducing their reported life span. The second most influential parameter on the
unit cost is related to the reliability of actually receiving the water saving or demand
from the IPRWT (scenario SD in Table 1.7). It is a real possibility that this scenario
might eventuate given the same arguments presented for the life span of the [IPRWT.
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18 Alternative Water Supply Systems

Additionally, as a household ages and equipment requires replacement,
homeowners will need to consider whether to replace their pump and switch system.
Given that the IPRWT system is designed so that potable water is automatically
supplied when the pump or switching system has become non-operational, there
is a lack of incentive for many homeowners to replace broken equipment. A new
pump with a switching system is approximately $600 installed, which in monetary
terms equates to over four years of utility variable water charges related to the
savings made by the IPRWT.

1.4 INTERNATIONAL COMPARISONS

The method and analysis found in the case study presented above may prove
informative to those outside of Australia. However, due to most parameters being
location sensitive, direct financial comparisons cannot be made between locations.
A number of studies worldwide have investigated the LCC of various RWH
systems, though few have extended this to an incremental or levelised cost. A major
barrier to comparison with other studies relates to dwelling types. In Australia,
approximately 80% of residences are detached houses with a surrounding garden or
lawn (Pink, 2010), which results in most IPRWTs being on an individual household
scale. This is in stark contrast to most European, Asian and Middle Eastern nations.
For example, in the European Union just 34.4% of citizens live in detached houses
(Eurostat, 2012). Therefore, in these nations it is much more common for IPRWTs
to be on a communal scale, collecting rainwater from a single roof area to serve
multiple households.
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Figure 1.2 Selection of internationally reported IPRWT levelised costs compared to
costs for centrally supplied water. Note: USD values derived using 1 AUD = 1.00 USD,
1 GBP =1.55 USD, 1 MYR=0.337 USD, 1 INR=0.0185 USD, 1 CAD =1.00 USD
conversion rates (as at April 2013, xe.com (2013)).
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Nonetheless, a snapshot of internationally reported of IPRWTs levelised costs is
presented in Figure 1.2 and compared to the mains water costs in those locations
at the time each study was conducted (Brewer et al. 2001; Vishwanath, 2001;
Shaaban & Appan, 2003; CRDWS, 2007). Figure 1.2 indicates that there is a wide
range of reported values for the unit cost of IPRWTs. With the exception of India,
the mean unit cost of rainwater supply is higher than the mains water supply.

1.5 DISCUSSION

The study presented in this chapter determined that an IPRWT could save
474 m3/hh/y of potable water and had a unit cost of AUD$4.06 /m3. Other
modelling studies in Queensland have reported yields of 26144 m3hh/y, with an
average of 78 m3/hh/y (Coombes et al. 2003; MWH, 2007, NWC, 2007). However,
Coombes et al. (2003), for instance, assumed that rainwater was used for hot
water and rainfall data was taken in pre-Millennium drought conditions. In 20009,
the Water Corporation (MJA, 2009) released a factsheet indicating that IPRWTs
had a unit cost of $4.00-13.00/m3. Turner et al. (2007) indicated a unit cost of
AUD$3.96/m? while Marsden Jacobs’s (2007) comprehensive investigation on the
cost-effectiveness of IPRWTs indicated a unit cost of AUD$2.29/m? (50 m? roof
area) to AUD$5.47/m3 (200 m? roof area) for a 5 m? tank in Brisbane (plumbed
both internally and externally). The base case unit costs determined by the study
presented herein are close to those reported in the literature, particularly the value
reported by Turner et al. (2007). A sensitivity analysis showed that the reliability of
supply and the life spans of tanks and pumps pose the major hurdles to the overall
cost effectiveness of IPRWTs. Governments could consider additional regulatory
and quality assurance frameworks to manage these problems.

Rainfall is obviously the key factor that is non-property-specific in harvested
rainwater yield. However, harvested rainwater yield in terms of actual harvested
rainwater used by the household is highly dependent on the regular use (emptying)
of the tank; a half-full tank will only capture 50% of its total potential during a
rainfall event. The water demand management campaign in SEQ has been highly
effective in reducing household water consumption and this is extending to prudent
use of rainwater, therefore reducing the maximum potential of the harvested
rainwater to reduce potable water use. Households with high water consumption
are also tending toward higher reductions from potable supply as they are probably
using more harvested rainwater; allowing the tank to empty and refill more
frequently.

IPRWTs can reduce total daily per capita potable demand by approximately one-
third. They also have some flow-on reduction to the peak hour (8—9 am) demand
(litres per person per hour of the day) for potable water. Peak demand parameters
drive the design of most centralised pump and pipe infrastructure for distributing
water. Therefore reductions in peak demand may mean reduced requirements to
upgrade or duplicate existing major trunk mains, reservoirs and pump stations.
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Such infrastructure deferral benefits from IPRWTs have not been considered in
the analysis presented here because they are not yet fully understood and have
not been financially quantified. Nonetheless, the infrastructure deferral benefits
of decentralised systems such as IPRWTs should also be considered alongside the
herein developed unit costs for potable water savings.

House owners with an IPRWT will likely have a lower quarterly water bill due to
reduced consumption. This represents a small proportional saving since the majority
of water bills in Australia are composed of fixed charges (water service and wastewater
charges). Given the lower peak demand contribution from these households discussed
above they could potentially be entitled to a reduction in fixed charges.

Currently Australia’s major population centres are not beset by drought, which
has seen central reservoirs return to high levels and water security fears decrease.
In Queensland, the QDC MP 4.2 legislation has now been suspended to allow the
state government to raise revenue from water sales and building costs. However,
for the GCC consumer the price of water has risen to $3.29/m? since the completion
of the case study (GCCC, 2012), which falls inside the lower end of the range
of levelised LCC costs calculated. In this way, if IPRWTs are not currently cost
effective for consumers in some locations, it is very likely they will become so in
the future as water prices rise.

1.6 SUMMARY AND CONCLUSIONS

This chapter has presented the results of a combination of end-use monitoring
and modelling, which indicated that IPRWTs fed from a 100 m? roof area with a
5 m? tank can save 47.4 m3/hh/y (Table 1.3), when supplying irrigation, laundry
and toilet flushing end-uses for a 2.8 person household, in comparison to potable-
only households in Australia’s SEQ region. Additionally, a life cycle cost analysis
has shown that IPRWTs can produce water at AUD$4.06/m? (Table 1.6) over a
25 year life cycle. This is in excess of the AUD$3.29/m? currently charged for
potable water through central supply lines in GCC, but with water costs forecast
to continue rising well above inflation, [IPRWTs may be cost competitive in the
near future.

Furthermore, a sensitivity analysis revealed a range of costs from $3.70/m3 to
$6.50/m? (Table 1.7). This analysis identified that the most critical factors were the
lifespan of the pump and tank, followed by the reliability of supply. In order for
IPRWTs to be financially effective in any location around the world, these factors
must be adequately controlled.

In summary, the study presented highlighted that IPRWTs can be a suitable
potable source substitution measure, helping governments and communities to
strengthen their water security. However, IPRWT may not be a least cost measure
and must be carefully designed and installed (pump, tank and roof quality and
sizing) to ensure that they deliver desired outcomes, when compared to other
alternatives with a similar unit cost (such as desalination plants, which are usually

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



Performance and economics of rainwater tanks 21

managed centrally). Most importantly, this study highlights the importance of a
detailed assessment of the performance and finance of particular water scheme(s)
before embarking on state or citywide mandated policy or incentive schemes.
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Chapter 2

Evaluating rain tank
pump performance
at a micro-component level

Mohammad Reza Talebpour, Oz Sahin,
Raymond Siems, Rodney Anthony Stewart and
Michael Hopewell

2.1 INTRODUCTION

The global freshwater crisis and its associated risks have been greatly appraised.
Many of the worlds developed nations are faced with water supply and quality
dilemmas, while more than one billion people in the developing world are
without consistent water supply (WWAP, 2012). In Australia, the availability of
freshwater is expected to decline due to climate change (CSIRO, 2011), while
demand for the water is set to increase under a growing population (Pink, 2010).
This supply-demand gap means that new sources of water must be identified,
evaluated and developed. It must be considered that water supply systems are
not only impacted by climate change, but that they also contribute to it through
the consumption of energy (Flower er al. 2007). This energy-water-climate
nexus dictates that water supply systems that are selected to augment traditional
reservoir-based supply must both provide water and consume energy efficiently
to achieve sustainability.

Internally plumbed rainwater tanks (IPRWT), supplying water to residential
households, are a member of the alternative water supply source spectrum. IPRWT
systems typically contain a pump to generate the necessary flow and pressure
required for water end-uses in and around the home. Consequently, these pumps are
responsible for the operational energy consumption of rainwater tank systems. This
consumption generates a cost to the homeowner (through electricity and carbon
tariffs) and to the environment through associated greenhouse gas emissions.

A number of Australian and international studies have determined the energy
intensity of IPRWT pumps on a theoretical basis, while a few empirical studies
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have also been completed. Of empirical home monitoring studies, many have
been completed to determine the net system energy intensity, but not at an end-use
level. This chapter covers a recently completed investigation into rain tank pump
performance conducted in South-east Queensland (SEQ), Australia. The study
is the first known empirical in-home evaluation of rain tank pumps at an end-
use level. This evaluation incorporates water and energy data captured at high
resolution from 19 homes over a 6-month period, combined with socio-economic
and stock inventory data.

2.2 BACKGROUND

Internationally, rainwater tank systems are experiencing a renaissance as they
are perceived to be a low cost source substitution option for many end-uses or
micro-components of water demand (toilet, clothes washer, irrigation). In times
of poor water security, rainwater tank systems are often mandated or subsidised
by the Australian Government for new urban developments or retrofits to existing
buildings. Government policies and installation guidelines are often framed with a
narrow view of rainwater tank systems water savings, with limited consideration of
their design with respect to the energy they consume. In Queensland, Australia, after
the regions’ combined dam levels fell to under 14% in 2007, the state government
introduced the Queensland Government (2008) Development Code Mandatory
Part 4.2 (QDC MP 4.2). This mandated that all new detached residential households
achieve water savings targets of between 16 and 70 m*hh/year, depending on the
local region (DIP, 2009). The most common way to satisfy these requirements
has been the installation of a 5 m* polymer rainwater tank, plumbed internally to
supply the toilets, clothes washer cold feed, as well as external taps (Stewart, 2011).
QDC MP 4.2 triggered the widespread uptake of IPRWT across most of SEQ and
other urban areas of Australia, in the absence of detailed research to advise best
practice design measures.

2.21 Pump energy intensity and associated costs

Table 2.1 lists the key factors influencing the cost and effectiveness of IPRWT. Of
these, energy intensity (the energy consumed by the system pump to deliver water
to the intended end-use) influences the systems’ operational cost and contributes
towards greenhouse gas emissions.

Energy intensity quantification is among the least transparent of these factors
because it is not a fixed or one-off cost, instead it is a function of many variables
(Retamal et al. 2009). These variables include pump systems (pump and related
equipment), end-use water demand and pipe head loss due to friction. This chapter
primarily considers the interaction between pump systems and end-use water
demand and its influence on system efficiency.
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Table 2.1 IPRWT cost elements and effectiveness considerations.

Cost element Effectiveness element

Rainwater tank Roof catchment area

Tank installation and fitting Tank size

Water pump The use of rainwater for outdoor
and indoor use

Energy Intensity Annual rainfall

Maintenance and pump replacement Impact of climate variability

Tank requirements (first flush, gutter guard) Rainfall pattern

Source: Adapted from Tam et al. (2010)

2.2.2 Common configurations for rainwater tank systems

Rainwater tank systems can be setup in a variety of different configurations,
which dictate the end-uses plumbed, pump system installed and how this system
performs. Many early systems installed in urban Australia in the last century were
only designed to supply water for low pressure outdoor non-potable uses. These
relied on gravity head, negating the need for a pump. This non-potable use was
partly due to commonly held fears over rainwater quality at the time (White, 2009).
The next configuration to gain popularity was the trickle-top up system. This is
where the mains water supply is fed into a rainwater tank when the level of harvested
rainwater in a tank falls below a certain volume. These were advocated because they
maintained constant supply through rainwater pipes and prevented the backflow of
rainwater into mains pipes (Coombes et al. 2003). However, these systems are by
nature inefficient because they require re-pressurisation of water after it has already
been in a supply-ready state. Many of these pump dependent systems were configured
to supply water to internal end-uses such as toilet flushing and clothes washing.
Mains switch systems are now the most common IPRWT configuration. This is
where plumbing infrastructure is arranged to supply water to end-uses from both
mains supply and rainwater supply, with a governing switch at the intersection point.
When there is sufficient rainwater supply, the switch allows rainwater only into
supply. If the pump cannot supply an adequate flow rate for an end-use, or if the
rainwater tank is empty, then the switch allows mains water to flow. Readers are
referred to Retamal ef al. (2009) for detailed explanations and explanatory diagrams.
There are two common pump types; single speed and variable speed. Variable
speed pumps are designed to vary output based on the flow-rate requirement, while
fixed speed pumps operate at a single output level regardless of the requirements
of an end-use event. Single speed pumps are generally cheaper than their variable
speed counterparts. Other pump systems that are available to system owners
include pressure vessels, venturi pumps, gutter storage and header tanks. However,
these are uncommon and not widely used in Australia (Retamal et al. 2009).
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Table 2.2 Summary of previous IPRWT energy intensity studies conducted in

Australia.
Study Method Sample Component Pump Energy
size examined type(s) intensity
(kWh/m3)
Cunio and Sproul  Modelled NA Net system  Single 0.10-0.20
(2009) speed
Hallman et al. Modelled  NA Irrigation Single 0.24
(2003) Toilet speed 0.36
Retamal et al. Modelled NA Irrigation Single 0.4-0.8
(2009) Toilet speed 1.7-2.7
Clothes 0.5-0.9
washer
de Haas et al. Modelled NA Net system  Unknown 0.8-1.40
(2011)
Hall et al. (2011) Modelled NA Net system  Unknown 2.3
Hood et al. (2010) Empirical 24 Net system  Single 1.40
speed
Umapathi et al. Empirical 20 Net system  Mixed* 1.52
(2013)
Ferguson (2012) Empirical 52 Net system  Mixed* 0.70-3.00
Beal et al. (2008)  Empirical 5 Net system  Single 2.00-3.90
speed
SEWL (2008) Empirical 31 Net system  Mixed* 0.59-11.61
Retamal et al. Empirical 10 Net system  Mixed* 0.9-2.3
(2009)
Hauber-Davidson  Laboratory 8 Net system  Mixed* 0.4-1.6
and Shortt (2011)
Tjandraatmadja Laboratory 3 Toilet Single 0.6-5.3
et al. (2011) Clothes speed
washer
Dishwasher
Tap
Cunio and Sproul  Laboratory 2 Toilet Mixed* 0.07-1.70
(2009) Clothes
washer

*These studies considered both single and variable speed pumps.

2.2.3 Previous studies

A significant number of Australian and international studies have been
conducted to date, determining the energy intensity of IPRWT and evaluating
pump performance. Known Australian studies are summarised in Table 2.2. The
outcomes of these studies were mainly based on datasets collected using three
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methods, namely: empirical, modelled and laboratory. Studies using the modelling
methods mainly rely on the manufacturers specifications for analyses, while
empirical methods use actual data collected from homes. Laboratory methods use
data obtained from a sample home built in laboratory conditions.

There is a significant disparity between the majority of the modelled and
empirical values. The lowest modelled energy intensities align closely with
manufacturer quotations, which are considered to be unrealistic. This can be due
to, as reported by Retamal er al. (2009), the models used by manufacturers to
determine energy consumption generally underestimating the energy consumed
by the pumps in practice. It should also be noted that the energy intensity values
utilised in some life cycle studies are significantly lower on average than the
empirically reported values (Coombes et al. 2003; Marsden Jacob Associates,
2007 and Tam et al. 2010). Financial assessment of IPRWT can also be improved
by correct determination of pump energy intensity and an understanding of the
factors governing the performance.

Reported international studies display the same incongruity between theoretical
and empirical values. Chiu et al. (2009) (Taiwan), Ghisi and de Oliveira (2007)
(Brazil), Ward et al. (2012) (United Kingdom) and Campling er al. (2008)
(Belgium) report theoretically derived values of 0.06, 0.18, 0.54 and 0.60 kWh/m3
respectively, while Parkes et al. (2010) (United Kingdom) reports an empirical
value of 3.45 kWh/m?.

It is clear that many studies, with reliable sample sizes, have only evaluated
net system energy intensity (energy intensity of total water consumption).
However, there is no known in-home empirical study that has been conducted at
an end-use level. Limited modelling has been carried out at this resolution in a
lab environment (a ‘lab home’). However, the correlation between a model home
in a lab environment and conditions in a real home is unknown. The case study
presented in the following section attempts to assist in narrowing this gap in
knowledge on IPRWT energy intensity values.

2.3 AUSTRALIAN END-USE PUMP PERFORMANCE STUDY
As of 2007, over 20% of Australian households had some form of rainwater tank
system (ABS, 2007). In SEQ, Gardner (2009) estimated there were over 300,000
systems with over 30,000 IPRWT systems installed under the QDC MP 4.2 alone.
This number would have increased steadily until the termination of the QDC
MP 4.2 legislation in late 2012. Given the number of IPRWT in SEQ and across
Australia, it was important to investigate the energy implications of these systems.

2.3.1 Research objectives

Developing an understanding of the energy intensity of various pumping
configurations across a range of end-use events is essential in order to optimise the
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design of, and policy for, future IPRWT installations. Based on this overarching
goal of this research study, the specific objectives devised were to:

(1) Determine the rate of energy and water usage for the four end-uses supplied
by the IPRWT (those being: toilet half flush, toilet full flush, clothes washer,
irrigation);

(2) Determine the energy intensity of each water end-use category for each
sampled household and the overall study sample;

(3) Compare and discuss energy and water usage as well as energy intensity
values for the sampled household and overall study sample.

2.3.2 Methodology

A mixed methods approach was adopted to determine the energy intensity and
evaluate the performance of IPRWT pumps through an in-home monitoring study
of 19 households spread across Gold Coast City (GCC). Quantitative recording of
water and electricity usage was combined with socioeconomic and stock inventory
data recorded through participant surveys and interviews.

Prior to the commencement of the full study, a two-week 5-home pilot study was
conducted (Talebpour et al. 2011). This allowed the verification of the experimental
methodology. The methodology was required to reliably disaggregate high
resolution water and electricity data into individual events to allow classification
under one of four end-uses (toilet full flush, toiler half flush, clothes washer and
irrigation events). The pilot study proved successful and therefore the same method
was employed for the full study.

2.3.2.1 Sample selection process

Owners and occupants of homes constructed under QDCP MP 4.2 (since 2007)
across GCC were engaged to participate in the study. Potential participants were
identified through bulk emails, letters and home visits. All potential participants
were required to complete an Intention to Participate form. Upon completion of the
recruitment and consent process, a Water Audit was conducted. These processes
collected data on:

* Socio-demographics, including the number of occupants, their ages and
when the house was occupied;

e Water consumption habits, including typical frequency of use and time of use;

e Stock-inventory, including make and model of clothes washer, toilet(s),
irrigation equipment and determination of swimming pool ownership.

These data allowed the suitability of participants to be assessed and gave the
opportunity for a wide range of demographics to be selected, such that subsequent
data analysis would better reflect the broad range of usage conditions present in
GCC homes. Interestingly, despite QDC MP 4.2 legally requiring that at least
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100 m? of roof area be plumbed to drain into the rainwater tank (QG, 2008), it
was identified that a large percentage of properties were noncompliant, with areas
ranging from 60-100 m?.

2.3.2.2 Study sample

In total, 19 households were selected to participate in the study. A brief overview
of each household’s descriptive information is summarised in Table 2.3. All were
owner occupied, with IPRWT containing single speed pumps and automatic switch
systems. These composed the overwhelming majority of systems encountered
when selecting participants and is expected to widely reflect the population of
IPRWT installed in SEQ. The mean household occupancy of the study sample was
3.2 persons.

2.3.2.3 Water and energy data capture

Three modified Actaris CTS-5 high resolution water meters (0.014 L/pulse) and
one EDMI Mk7c electricity meter (0.1 Wh/pulse) were installed at each home.
The location of meters is shown in Figure 2.1. One smart water meter and wireless
data logger were installed at each home’s mains water box, to record all mains
consumption. The two other smart water meters and one wireless data logger were
attached to the rainwater tank system; one smart meter before the tank input switch
and one after. This allowed the amount of tank water supplied for an end-use event
to be identified. The electricity meter was installed to record the energy consumption
of the pump and switch systems.

Two loggers were installed at each house due to the distance between the
locations of the mains water meter box and the location of the meters at the tank.
The DataCell-R loggers recorded data at 5 second intervals, with daily data
transmission occurring through the mobile GPRS network via email to Griffith
University’s Smart Meter Information Portal (SMIP). This data was then available
for download in text format.

2.3.2.4 Data preparation and processing

Before the raw data feeds could be processed, a number of small errors needed to be
repaired. These included discontinuities (from logger maintenance down time and
clock resets) and multiple logger formats (due to some loggers being replaced with
upgraded models). To address these issues, a number of MATLAB (MathWorks,
2012) scripts were written to perform these repairs. Additionally, data filtration
was required to separate rainwater tank events from mains-only events, with the
former being of primary interest. Additional MATLAB scripts were also written
to perform this function.

Following the data preparation stage, a trace analysis was conducted. For
this task Trace Wizard (Aquacraft, 1997) was employed to decompose the usage
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information present in the data feed into classified end-use events. The program
gives a visualisation of the data feed and allows the creation of templates. These
user-created templates contain the characteristics that differentiate one end-use
from another (e.g., the duration or flow rate). After a template is created, the
program classifies all consumption data in a file based on these characteristics,
which is an iterative process that is necessary to attain a high accuracy with the
results. The supplementary information that was collected through the stock
inventory and socio-demographic surveys plays an important part in this process.
Further information on the trace analysis can be found in Willis et al. (2009), Beal
et al. (2011) and Stewart (2011).

Wireless Data Logger

Smart Water Meters m

Pump and Switch
System

Figure 2.1 Internally plumbed rainwater tank system, meters and logger setup.

The Trace Wizard database files were used to manually extract data on an event
by event basis from the original logger files, matching the water usage with its
corresponding electricity consumption data. These events were inserted into pre-
formatted Excel (Microsoft Corporation, 2010) templates, which allowed detailed
statistical analysis. In the master sheet for each home, box and whisker plots of flow
rate and electricity consumption were automatically generated to identify outlier
events. Parameters were taken from each event, with the data also forwarded to an
aggregated population master sheet. Thus, both individual home event populations
and total data collected under each end-use were available for analysis.
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2.3.3 Results and analysis
2.3.3.1 Rainwater use event sample size

For the data analysis, it was planned to capture 20 events under each end-use from
the 19 study homes to give a data population of 1520 events. However, the number
of rainwater use events available in any given timeframe depended on household
water usage patterns and climatic conditions. Therefore, a total of 1210 events were
captured and analysed during the study period.

An abundance of toilet half-flush and full-flush events was present in the data
logs for all households, allowing a full component of 20 events to be captured from
each home. Participant surveys indicated that many homes rarely irrigated, but it was
still thought that 20 events could be captured from each home in a 6 month period.
However, during the 4 months of the data collection period, GCC experienced 150%
of average rainfall, while during the whole data collection period GCC experienced
128% of average rainfall (ABoM, 2013). This is thought to have significantly
reduced the number of irrigation events that took place in many households.

All homes indicated in the participant surveys that they used a clothes washer at
least twice per week. Despite this, 20 events could not be found for 6 homes — four of
which had no clothes washer events at all. Discussions with residents indicated that
this was due to hot washes being the cycle of choice (with IPRWT only supplying
the cold source tap). Hand washing was also preferred by some homes.

2.3.3.2 Total sample water end-use results

Table 2.4 displays the mean values for the 4 mandated IPRWT end-uses under
QDC MP 4.2. These values have been calculated by aggregating all the events for
each end-use and dividing by the total number of events. This, arguably, is the best
reflection of how pumps are behaving from an overall sample perspective (rather
than taking the mean of the mean of each end-use from each home).

Table 2.4 Mean event characteristics from aggregated event data population.

End-use Tank SD* for Pump SD*for Event Energy  SD* for

Category supplied tank energy pump duration intensity energy
(U} supplied (Wh) energy (s) (Whll) intensity

water

Toilet 3.22 0.88 5.79 1.31 49.8 1.88 0.53

half-flush

Toilet 5.84 1.32 9.06 1.46 71.97 161 0.36

full-flush

Clothes 70.15 36.51 85.35 39.20 298240 1.32 0.46

washer

Irrigation 221.86 124.05 234.37 111.02 1450.34 1.13 0.26

*Standard deviation
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The statistical analysis reveals that toilet-half flush events are the most energy
intensive. Toilet full-flush events are the next most intensive, followed by clothes
washer events, while irrigation events are the least energy intense (or most energy
efficient). These figures constitute the first known in-home empirically-derived
indicators of pump energy consumption at an end-use level.

In order to understand the determining factors of pump event efficiency
(pump energy and flow rate behaviours), a number of indicators were taken from
the aggregated event data population, presented in Table 2.5. The immediately
obvious trend is the difference between the flow rate (I/s) and the pump energy
(Wh/s). While both vary in accordance with energy intensity, the strength of the
correlation is dissimilar. The peak and mean electricity (Wh/s) consumption
varies less than 10% between the four events types (0.18 Wh/s and 0.19 Wh/s;
and 0.15 Wh/s and 0.17 Wh/s, respectively), while the peak and mean flow rates
show a similar change in magnitude to the overall energy intensities. The peak
rainwater tank supply (I/s) varies by 40% between end-uses (0.14 1/s and 0.21 1/s)
and the mean flow rate (1/s) varies by 36% (0.10 1/s and 0.17 1/s). However, overall
energy intensity (Wh/I) has a similar 45% range from the most efficient to least
efficient end-use (1.80 Wh/I and 1.02 Wh/]).

Table 2.5 Mean end-use event flow rate and energy characteristics.

End-use Peak Mean Peak Mean Event Energy

category tank tank pump pump duration intensity
supply supply* energy energy* (s) (Wh/l)
(Is) (I/s) (wh/s) (Whls)

Toilet half-flush 0.14 0.10 0.18 0.15 49.80 1.88

Toilet full-flush 0.14 0.11 0.18 0.16 71.0 1.61

Clothes washer 0.18 0.13 0.19 0.16 3264.70 1.32

Irrigation 0.21 0.17 0.19 017 145310 113

*Mean is calculated based on non-zero data entries for a given event.

However, it should also be noted that there are homes having the same pump
model that have very different energy intensity values. This indicates that there is
a range of other factors that are also influencing energy intensity ratings, such as
appliance flow rate demands and individual usage habits, which are examined in
the subsequent sections.

2.3.3.3 Individual home end-use results

Whilst clear trends emerged in the previous section when considering the captured
water end-use events in an aggregated form by end-use, a home-by-home analysis
revealed very large variation between systems. The energy intensity from the 380
captured toilet half-flush events ranged from 0.96 Wh/1 to 3.65 Wh/1. The results
for the average of each home are summarised in Table 2.6.
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Table 2.6 Home-by-home results for toilet half-flush events.

Home ID Average Water Average Average Average
consumption electricity event energy
(U] consumption duration intensity
(Wh) (s) (Wh1)
Home 1 216 4.56 50.00 21
Home 2 4.44 6.61 44.25 1.49
Home 3 4.31 6.79 50.00 1.58
Home 4 4.02 4.24 30.00 1.05
Home 5 3.21 7.84 59.00 2.44
Home 6 2.67 7.40 44.75 2.77
Home 7 2.27 4.63 41.00 2.04
Home 8 3.35 6.26 35.75 1.86
Home 9 2.23 3.91 32.50 1.75
Home 10 417 6.31 45.75 1.51
Home 11 3.18 4.81 36.50 1.51
Home 12 3.49 5.95 37.75 1.70
Home 13 2.80 4.99 32.50 1.78
Home 14 1.83 6.07 98.50 3.32
Home 15 4.23 5.59 40.75 1.32
Home 16 4.64 8.51 74.00 1.84
Home 17 2.63 5.97 118.00 2.27
Home 18 3.19 5.75 43.50 1.80
Home 19 2.33 3.80 32.50 1.63
Average 3.22 5.79 49.84 1.88

In general, pumps were able to supply the high volume and high flow rate toilet
half-flush events more efficiently than the low volume and low flow rate flushes.
To illustrate this point, Home 4 and Home 14 results are highlighted. Home 14
has a water efficient 1.8 1 half-flush, which is supplied at a very low flow rate
(98.5 s average duration to fill 1.8 1). This low flow rate led to an energy intensity of
3.32 Wh/l on average over 20 events. In contrast, Home 4 has a high volume toilet
half flush that is supplied quickly. Hence, the toilet has a high flow rate and can be
supplied very efficiently at 1.1 Wh/L. In this particular example, this relationship
poses a problem, with water efficient events being relatively energy inefficient due
to a low flow rate when using the widely utilised single speed pumps. It should
be noted, as illustrated in Table 2.3, that the volumes of half and full-flush toilet
(4 and 8 1, respectively) in Home 4 are much higher than the volumes of half and
full flush toilets in Home 14 (2 and 5 1 respectively).

The total energy intensity of a pump is a function of the pump start-up energy
usage, energy used during the pump operation and the water consumption. In

Downloaded from https://iwaponline.com/ebooks/book-pdf/520888/wio9781780405513.pdf
bv IWA Publichina user



38 Alternative Water Supply Systems

this example, as the pump start-up energy requirement was the same due to the
same pump model and size being used in both homes, the water consumption and
the duration of the pump operation were the defining factors in determining the
energy intensity. Therefore, it may be concluded that if for any reason the intensity
increases, or decreases, these two factors would directly influence the energy
intensity of the pump.

The data collected from each home indicated that toilet flush events are relatively
consistentin nature, with the standard deviation of energy intensity foreach home less
than 0.3 Wh/1. The 380 event sample of full-flush events, summarised in Table 2.7,
mirrored the trends found in their half-flush counterparts. The homes with
the most and least efficient half-flush also exhibited the most and least efficient
full-flush events. Again, flow rate was the primary determinant. Full-flush events
were more consistent than half-flush events and the range of the entire sample
varied from 0.97 Wh/l to 2.68 Wh/l, while the standard deviation of energy
intensity was less than 0.2 Wh/I on average on a home-by-home basis.

Table 2.7 Home-by-home results for toilet full-flush events.

Home ID Average water  Average Average Average
consumption electricity duration energy
({)] consumption (s) intensity
(Wh) (Wh/I)
Home 1 4.49 7.03 73.25 1.56
Home 2 6.57 9.91 65.00 1.51
Home 3 777 10.73 76.25 1.38
Home 4 7.48 7.64 50.50 1.02
Home 5 5.33 10.03 61.75 1.88
Home 6 3.85 8.85 54.00 2.30
Home 7 6.86 9.29 69.75 1.35
Home 8 6.69 11.21 59.75 1.68
Home 9 5.02 7.47 55.50 1.49
Home 10 6.69 9.49 67.50 1.42
Home 11 5.43 7.39 52.50 1.36
Home 12 2.98 7.21 55.25 2.42
Home 13 4.55 6.57 40.50 1.44
Home 14 4.75 10.58 123.25 2.22
Home 15 6.90 8.64 60.75 1.25
Home 16 6.90 10.80 91.50 1.56
Home 17 5.24 9.16 150.25 1.75
Home 18 6.48 10.62 75.75 1.64
Home 19 6.88 9.60 65.50 1.40
Average 5.84 9.06 70.97 1.61
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With respect to pump type, Home 6 and Home 13 had the same pump model,
however, their mean energy intensities for toilet half-flush and full-flush end-uses
vary by approximately 40%. This suggests that when examining these popular
systems, the appliance water demand characteristics and user habits are very
important predictor variables on system energy intensity. For example, a manual
adjustment of flow rate by a resident may easily increase (or decrease) the energy
intensity of a toilet system with comparison to the same system installed at an