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Optimisation Methodologies for the Design and Planning of Water Systems

by Mariya KOLEVA

This thesis addresses current topics of design and planning of water systems from wa-
ter treatment units to a country-wide resources management schemes. The method-
ologies proposed are presented as models and solution approaches using mathematical
programming, and mixed integer linear (MILP) and non-linear (MINLP) programming

techniques.

In Part I of the thesis, a synthesis problem for water treatment processes using su-
perstructure optimisation is studied. An MINLP model is developed for the minimi-
sation of water production cost considering physicochemical properties of water and
operating conditions of candidate technologies. Next, new alternative path options are
introduced to the superstructure. The resulting MINLP model is then partially lin-
earised (pIMINLP) and also presented as a mixed integer linear fractional programming
(MILFP) model in order to improve the convergence of the optimisation model. Various
linearisation and approximation techniques are developed. As a solution procedure to
the fractional model, a variation of the Dinkelbach’s algorithm is proposed. The models

are tested on theoretical examples with industrial data.

In Part II, an optimisation approach formulated as a spatially-explicit multi-period
MILP model is proposed for the design of planning of water resources at regional and
national scales. The optimisation framework encompasses decisions such as installa-
tion of new purification plants, capacity expansion, trading schemes among regions and
pricing, and water availability under climate change. The objective is to meet water
demand while minimising the total cost associated with developing and operating the
water supply chain. Additionally, a fair trade-off between the total cost and reliability of
the supply chain is incorporated in the model. The solution method is applied based on
game theory using the concept of Nash equilibrium. The methodology is implemented

on a case study based on Australian water management systems.
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Impact Statement

Water is used not only for drinking but it is also virtually embedded in food, energy
and clothes. It is predicted that water demand will increase by 55% by 2050. Thus, the
well-known supply = demand rule has begun to dis-balance in favour of demand. As a

consequence, future water shortages can drive to global political and human life crises.

One direction of mitigating those catastrophes is reflected in the acknowledged need
for efficient and cost cutting methods to assist in holistic decision making of water
management. Solely the capital investment on water infrastructure a year is estimated
at 41 bnUSD in USA and 5 bnGBP in the UK and yet to rise.

In 2013 the aforementioned necessity gave birth to the project which aimed to develop
methodologies for water management, implemented using mathematical programming
and optimisation theory. Both of the approaches rest on interdisciplinary research which
combines technical, economic, environmental and regulatory aspects as to allow more
comprehensive representation of practices in reality. The two axes of the project address

two different scales of water management: treatment processes and supply chain.

In the first approach, the best technology path is selected for pre-specified initial water
conditions and final use product which must be in compliance with standards set by
regulatory authorities. The driving force behind the selection is the running and capital
cost of the system design. Alongside with purification units, their operating conditions
for the most efficient usage of the flowsheet are also output. Such a tool will be able
to deliver preliminary design results within 5-6 minutes, which is particularly useful
for water engineers and consultants, who are involved in months-long process of initial

screening of best available technologies.

The second approach is developed to assist governments and authorities to make more
informed water infrastructure decisions in a financially viable manner. The framework
takes into account climatic changes, such as el Nifio oscillations, supply reliability, trad-
ing and governmental targets. A tool of this kind has the power to justify capacity
installations and expansions decisions, location and type of purification plant necessary,

amounts and directions of trading, and how reliable the designed system would be by

iv



seeking for the minimum incurring investment and maintenance costs. The framework

provides a systematic long-term planning which again provides solution in minutes.



Acknowledgements

Like most of the work in this thesis, my PhD time has been unusually non-linear, with multiple
maxima and minima. And if it had not been for all the people who consistently motivated me,
backed me up and believed in me, I would not have discovered the ’global optimum’. Therefore,

they need to be paid respect and gracefully acknowledged here.

For a start, mum and dad, thank you, for bringing me up, so curious and open minded. You
shaped my core and most probably, I would not have pursued a Doctorate degree at first place
if you had not parented me the way you did. Thank you for loving me and supporting me
unconditionally, even when circumstances were not kind with you. Thank you for forgiving me

for all the unrealised conversations on skype I was too busy to have with you!

Then, the most I owe to you, Prof. Lazaros Papageorgiou, for taking me under your supervisory
wing. There are no words I can express my gratitude for the time you spent to discuss our work,
for the hard questions to toughen me up, for the e-mails sent in the early hours just to check the
results are correct. Your expertise and care developed my knowledge and motivated me all the

way through and I sincerely thank you!

Next, Dr. Craig Styan, thank you for bringing sort of ’everything will be fine’ sense into my
experience and for your pieces of advice in the bigger picture. Dr. Eleftheria Polykarpou, I am

appreciative for helping me build the base layer in this work.

I would like to pay massive acknowledgement to Dr. Songsong Liu. Songsong, thank you not
only for improving significantly my GAMS and mathematical formulation know-how but also
being very accurate in your feedback, fair in your judgement and understanding in half a word

what I wanted to implement.

Never did I think I would enjoy London. Never did I think I would be wrong. Thank you, Andrés,
for turning this hostile city into home, for making my days brighter and my heart lighter. Thank

you for the collaboration, for giving me incredible ideas and for always pushing the envelope.

To my housemates in Australia: thank you, Saya and Chris, for being trustworthy, good listeners,
and fun to be around. In particular, thank you, Saya, for teaching me important lessons of life,
food and fashion. Carmen, thank you for your friendship, as well, which still has the power to
hold a plane. Who would have guessed I would find the nicest people in a stuffed office without
windows?! Di, thank you for the warmth, for the adventurous activities together, for being the
truly friend you are, sharing the whole world over a cup of tea. Marta, thank you for the insights,
for living my emotions and for the tightest hugs ever! Kristian, Carlitos, Charry, agent Aguire,

Jave and El Pelao, thank you for all the non-sense conversations. They made a difference.

Last but not least, thanks to the Administration of UCL and UCL Australia for dealing with all
the paper work, Prof. Chris Chow and Prof. John Van Leeuwen for advising me in Australia,
BHP Billiton for the financial support and all the people who I could not address here but they
were part of my PhD journey.

vi



Contents

Declaration of Authorship i
Abstract iii
Impact Statement iii
Acknowledgements vi
List of Figures xi
List of Tables xiii
Abbreviations XV
Nomenclature xvii
1 Introduction 1
1.1 Global water outlook . . . . . . . .. .. .. ... ... ... 1

1.2 Optimisation techniques in water systems . . . . .. .. .. ... ..... 3

1.3 Overview of process synthesis . . . . . .. .. .. ... ... ... ... 4
1.4 Overview of supply chains . . . . . .. .. .. .. .. L. 6

1.5 Thesisaim. . . . . . . . . . . e 7
1.6 Thesisoutline . . . . . . . . . . . ... e 8

I Design and Optimisation of Water Treatment Processes 10
2 Synthesis of Water Treatment Processes with Passes 11
2.1 Theoretical Background . . . . ... ... ... ... ... ... 11
2.2 Problem statement . . . . . . . .. ... 16
2.3 Mathematical formulation . . . . . . ... ... ... ... ... ... .. 20
2.3.1 Performance criteria. . . . . . . . ... ... o 20

2.3.1.1  Rejection coefficient . . . . . .. .. ... 0. 21

2.3.1.2 Recoveryratio . . . . . .. ... 24

2.3.2 Mass balance constraints . . . . . . ... ... .. 25

2.3.2.1 Concentrations constraints . . . . . ... ... ... ... 25

vii



Table of Contents viii

2.3.2.2  Flowrate constraints . . . . . . . ... ... ... 26

2.3.3 Target constraints . . . . . . . ... ... L. 27
2.3.4 Logical constraints . . . . . . ... ... L0 27
2.3.5 Cost constraints . . . . . . ... Lo 28
2.3.5.1 Operating costs . . . . . ... ..o 28

2.3.5.2 Capital costs . . . . ... o 31

2.3.5.3 Totalcost. . . ... ... ... . ... ... ... 32

2.3.6  Objective function . . . . . . . .. ... o 33

2.4 Tlustrative examples . . . . . . . . . .. L e 33
2.4.1 Seawater desalination example . . . . . . ... ... ... 33
2.4.2 'Tertiary wastewater treatment example . . . . . ... ... .. .. 36

2.5  Computational results and discussion . . . . . . . . ... ... ... .... 37
2.5.1 Seawater desalination results . . . . . ... ... ... ....... 37
2.5.2 Tertiary wastewater treatment results . . . . .. .. ... ... .. 43

2.6 Conclusions . . . . . . . . . . . e e 46
3 Synthesis of Water Treatment Processes with Passes and Stages 48
3.1 Theoretical background . . . . . ... ... o oo 48
3.2 Problem statement . . . . . . . .. ... e 49
3.3 Mathematical formulation . . . . .. ... ... ... ... ... ... 53
3.3.1 MINLP model formulation (PO). . . . .. ... ... ... ..... 53
3.3.1.1 Removal efficiencies . . . . .. ... ... ... .. 53

3.3.1.2 Mass balance constraints . . . . . ... ... 58

3.3.1.3 Target constraints . . . . . .. ... ... oL 61

3.3.1.4 Logical constraints . . . . . . ... ... ... ... ..., 62

3.3.1.5  Cost constraints . . . . .. .. ... .. Lo 63

3.3.1.5.1 Operating costs . . . . . ... .. ... ... .. 63

3.3.1.5.2 Capital costs . . . . ... ... L 65

3.3.1.53 Totalcost . . . ... .. ... ... 66

3.3.1.6  Objective function . . . . . . ... ... ... ....... 66

3.3.2 Partially linearised MINLP (pIMINLP) model formulation (P1) . . 67
3.3.2.1 Mass balances linearisations . . . ... ... ... .... 67

3.3.2.2  Approximation of capital cost constraints . . . . . . . .. 70

3.3.2.3 Objective function . . . . . . . . . .. ... ... ... .. 71

3.3.3 MILP model formulation (P2) . . ... ... ... ... ...... 72
3.3.3.1 Rejection coefficient discretisations . . . . . . ... .. .. 72

3.3.3.2  Further linearisations of mass balance constraints . . . . 74

3.3.3.3 Linearisations of operating cost constraints . . . . . . .. 76

3.3.3.4 Objective function . . . . . . .. ... 78

3.3.4 Models summary . . . .. ... 79

3.4 Ilustrative examples . . . . . . . .. Lo 82
3.4.1 Seawater desalination example . . . . . . ... ... ... ..... 82
3.4.2 Surface water treatment example . . . . . . .. ... L. 84

3.5 Computational results and discussion . . . . . . . . .. ... ... ..... 87
3.5.1 Seawater desalination results . . . . . . .. ... ... ... 87
3.5.1.1 Computational statistics . . . ... ... ... ... ... 87

3.5.1.2  Flowsheet configurations . . . ... ... ... ...... 89



Table of Contents ix

11

3.5.1.3 Costing comparisons . . . . . . . . . . . ... 94
3.5.1.4 Comparisons with existing plants . . . . ... ... ... 94
3.5.2  Surface water treatment results . . . . . ... 95
3.5.2.1 Computational statistics . . . ... .. ... ... .... 95
3.5.2.2  Flowsheet configurations . . . ... ... ... ...... 96
3.5.2.3 Costing comparisons . . . . . . . . .. ... 100
3.5.2.4 Comparisons with existing plants . . . . . ... ... .. 100
3.6 Concluding remarks . . . . . . ... 101
Design and Optimisation of Water Supply Systems 102
Design of Water Supply Systems under Hydrological and Allocation
Considerations 103
4.1 Theoretical background . . . . . . . ... Lo 0oL 103
4.2 Problem statement . . . . . ... 108
4.3 Mathematical formulation . . . . . . ... ..o oL 112
4.3.1 Hydrological balances . . . . .. .. .. .. ... ... 0. 112
4.3.2 Supply - demand balances . . . . . .. ... oL 114
4.3.3 Procurement constraints . . . . . . ... ... L. 115
4.3.4 Reliability of water supply . . . . . . ... ... ... 117
4.3.5 Capacity constraints . . . . . . . . . . ... ... 117
4.3.6 Production constraints . . . . . ... ... L oo 119
4.3.7 Operating expenditure constraints . . . . . . ... ... ... ... 120
4.3.8 Capital expenditure constraints . . . . . . . ... ... ... .... 121
4.3.9 Objective function . . . . . . .. ..o 121
4.4 Tlustrative example . . . . . . . .o Lo 122
4.4.1 Geographical representation of Australian regions. . . . . . . . .. 122
4.4.2 Existing plants and dams for providing urban water supply . . . . 122
4.4.3 Urban water sources and demands . . . . . ... ... ... .... 125
4.4.4 Hydrological data . . . . . ... . Lo 126
4.4.5 Water rights and markets in Australia . . . . ... ... ... ... 129
4.4.6 Operating and capital costs . . . . . .. .. ... oL 131
4.5 Computational results and discussion . . . . . . . . .. ... ... ... .. 132
4.6 Concluding remarks . . . . . . ..o 140
Multi-objective Optimisation of Water Management Systems with Sup-
ply Reliability 141
5.1 Theoretical background . . . . . .. .. ..o Lo 141
5.2 Problem statement . . . . .. ... Lo L L 144
5.3 Mathematical formulation . . . . . . .. ... ... ... ... 145
5.3.1 e-constraint method . . . . . .. ... oL 145
5.3.2 Nash bargaining approach . . . . . . . .. .. ... ... 146
5.4 Tlustrative example . . . . . . . ... L L L 148
5.5 Computational results and discussion . . . . . . .. ... ... ... 148
5.5.1 € - constraint multi-objective optimisation . . . . . . . .. ... .. 149
5.5.2 Nash bargaining approach . . . . . . . .. .. .. ... ... ... 149

5.6 Concluding remarks . . . . . .. .. L L 153



Table of Contents X
6 Conclusions and Directions for Future Work 154
6.1 Concluding remarks . . . . .. ... L oo 154
6.2 Directions for future work . . . . . . . . . . Lo 156
Publications 158
161

Bibliography



List of Figures

1.1
1.2
1.3

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

2.13

3.1

3.2

3.3
3.4

3.5

3.6

3.7

3.8

Water path from precipitation to usage . . . . ... ... ... ... ... 2
Steps in process synthesis . . . . . . .. ... o0 5
Supply chain structure, material and information flow . . . . .. ... .. 7
Projected percentage of increase of water utilities by area by 2018 . . . . 12
Progress of top 10 countries - leaders in desalination . . . . .. ... ... 12
Global installed capacity for pretreatment (right) and desalting (left) by

technologies . . . . . . . . . . e 14
Superstructure of the proposed model . . . . . .. ... ... ... .... 17
Schematic representation of two potential candidates . . . . . . .. .. .. 26
Optimal flowsheet configuration for the desalination case study . . . . . . 38
Optimal flowsheet configuration for the desalination case study with one

PASS o o e e e e e e e e e e 40
Optimal flowsheet configuration for the desalination case study with over-

all maximum number of passes 5 . . . . .. .. ... 40
Flowsheet changes with TSS fluctuations. . . . . . . ... ... ... ... 42
Water net cost change with bank interest rate and plant life time . . . . . 43
Optimal flowsheet configuration for the advanced wastewater treatment

casestudy . . . ... e 44
Optimal flowsheet configuration for the advanced wastewater treatment

case study . . . ..o Lo 45
Annual cost breakdown comparison per volume of water . . . . . . .. .. 46

Process superstructure: coagulation-flocculation (CF), sedimentation (SED),
dissolved air flotation (DAF), media filtration (MMF), microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) 50

A schematic representation of concentrations and flows streams in a two-

pass system with two and one stages . . . . .. .. .. .. .. 58
Algorithm for solving MILFP model P2 . . . . .. ... ... ... .... 80
Optimal flowsheet configuration for PO model for seawater desalination
casestudy . . . . . ..o 90
Optimal flowsheet configuration for P1 and P2 models for seawater de-
salination case study . . . . . . . .. L Lo oo 92

Cost breakdown comparison among proposed models for seawater desali-
nation case study . . . . . .. .. 94
Optimal flowsheet configuration for PO model for surface water treatment
casestudy . . . ... 97
Optimal flowsheet configuration for P1 and P2 models for surface water
treatment case study . . . . . ... Lo 99

xi



List of Figures xii

3.9

4.1

4.2

4.3
4.4

4.5

4.6

4.7

4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15
4.16

5.1
5.2

5.3

Cost breakdown comparison among proposed models for surface water
treatment case study . . . . . . . ... 100

Resources supply-demand distribution scenarios: unsustainable pattern,
when supply exceeds demand (left), scarce pattern, when supply is in
deficit (middle) and a sustainable scenario, when supply equals demand
(right) . . . . 104
Hydrological cycle representative scheme showing major inflow and out-
flow streams accounting towards hydrological balances Source: [Aus-
tralian Government & Murray-Darling Basin Authority, 2016] . . . . . . . 105
Schematic representation of the water network system . . . . ... .. .. 110
Inflows (rainfall, run-off, river streamflows, recharges) and outflows (evap-
oration, withdrawals, outflows) from a reservoir system . . . . . . .. ... 113
Visualisation of year and seasonal time discretisation. The sequence of
seasons ¢ depends on the start and end of the fiscal year ¢t a government

USES  « v v v e e e e e e e e e e e e e e e 114
A supply-demand flow diagram, including withdrawals, production, dis-

tribution and trading between region g and region ¢’ . . . . ... ... .. 115
Dams, major plants and urban water demand and source mix in Australia 123
Predicted urban water demand from 2016 to 2041. . . . . . . .. ... .. 126
Total seasonal rainfall in the period 2016 - 2041 . . . . . . . . .. ... .. 127
Total seasonal pan evaporations in the period 2016 - 2041 . . . . . . . .. 128
Total seasonal streamflows in the period 2016 - 2041 . . . . . ... .. .. 128
Components costs and resources intakes in the period 2016 - 2041 . . . . . 134
Total regional plant capacity expansions in the period 2016 - 2041 . . . . 136
Water resource mix in 2040 - 2041 . . . . . . . ... ... ... 137
Total traded volumes of water from state tostate . . . . . ... ... ... 138
Regional trading transactions in the period 2016 - 2041 . . . . . . .. .. 139
Nash bargaining solution on the Pareto curve . . . . . .. .. .. .. ... 149

Total regional plant capacity expansions in the period 2016 - 2041 under
game theory . . . . . . ..o 151
Plants utilisation for the first and last year of the planning horizon without
and with game theory . . . . .. . ... ... L Lo 152



List of Tables

2.1
2.2
2.3
2.4
2.5
2.6
2.7

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

Feed water characteristics and final purity requirements . . . . . .. . .. 34
Operating conditions boundaries . . . . . . . ... .. ... ... ..., 34
Operating costs parameters data . . . . . . . . . .. ... L. 35
Pressure design variables, and efficiency and economic parameters . . . . 36
Feed water characteristics and final purity requirements . . . . . .. . .. 36
Operating conditions for seawater case study . . . ... .. ... ... .. 39
Operating conditions for advanced wastewater case study . . . ... ... 44
Summary of rejection coefficients correlations in MINLP model . . . . . . 57
Summary of rejection coefficients correlations in MILFP model . . . . . . 73
Summary of constraints and objective functions for MINLP, pIMINLP

and MILFP models . . . . . . . . . .. ... ... .. . .. . ... 81
Seawater desalination: pressure design variables, efficiencies and economic

parameters . . . . ... ... 86
Surface water treatment: pressure design variables, efficiencies and eco-

Nomic parameters . . . . . . . . ...t e e e e e e 86
Computational statistics and comparative results of seawater desalination

example . . .. 88
Concentration and flowrate profiles for P0 model for seawater desalination

casestudy . . . . ... 91
Concentration and flowrate profiles for P1 and P2 models for seawater

desalination case study . . . . . . . . ..o 93
Computational statistics and comparative results of surface water treat-

ment example . . . ... 95
Concentration and flowrate profiles for PO model for surface water treat-

ment case study . . . . . ... 98
Concentration and flowrate profiles for P1 and P2 models for surface

water treatment case study . . . . . ... 99
Seawater desalination plants, locations, capacities and cost . . . . . . . . . 124
Demand - supply regional data . . . . . . .. ... ... oL 124
Initial regional storage volumes . . . . . . . .. .. ... L. 129
Regulated entitlements per state and rural water supply . . . . . ... .. 130
Maximum regional sustainable withdrawal limits . . . . .. ... .. ... 131
Capacities for plants installation, expansion and respective costs per state 132
Capacities for dams installation and respective costs per state . . . . . . . 132
Discounted cost components and regional costs of the optimal water man-

agement design . . . . ... L e 133

xiii



List of Tables xiv
4.9 Regional total traded surface water and groundwater volumes for the 25-

year planning horizon . . . . . .. ... oL oo 139

5.1 Nash bargaining approach solutions . . . . . . . ... ... ... ... ... 150



CLR
MSF
MEF
VP

MF

UF

NF

RO

ED
DAF
SED
LP
NLP
MINLP
pIMINLP
MILP
MILFP
SA
VIC
NSW
QLD
WA
NT
TAS
ACT

Abbreviations

CLaRification technologies

Multi-Stage Flash

Multi-Effect Distillation

Vapour Compression

Microfiltration

Ultrafiltration

Nnanofiltration

Reverse Osmosis

Electrodialysis

Dissolved Air Floatation

Sedimentation

Linear Programming

Non-Linear Programming

Mixed Integer Non-Linear Programming
partially linearised Mixed Integer Non-Linear Programming
Mixed Integer Linear Programming
Mixed Integer Linear Fractional Programming
South Australia

VICtoria

New South Wales

QueensLanD

Western Australia

Northern Territory

TASmania

Australian Capital Territory

XV



Abbreviations xvi

GAMS General Algebraic Modelling System

TDS Total Dissolved Solids

TSS Total Suspended Solids
COD Chemical Oxygen Ddemand
B Boron

MMF Multi-Media Filtration
MIP Mixed Integer Programming
SC Supply Chain(s)

DOC Dissolved Organic Carbon
WNS Water Netword system

ANOVA Analysis of Variance



Nomenclature

Indices

C

contaminants

9,9’ states with a maximum number of states G"™%*

i

0]

resources (sw, gw, dw, uw), see Chapter 4 and Chapter 5

passes, see Chapter 2

discretisation points

discrete options for separable approach

capacity option levels for installation or expansion, see Chapter 4 and Chapter 5
positions in multiparametric disaggregation

positions in piecewise approximation with a final position M™% see Chapter 3
trading prices options, see Chapter 4 and Chapter 5

plants

parallel technologies for CLR, see Chapter 2 and Chapter 3

seasonal time periods with a maximum number of seasons QQ™**, see Chapter 4

and Chapter 5

positions in piecewise reformulation

parallel technologies for CLR, see Chapter 2
stages, see Chapter 3

xXvii



Nomenclature xviii

t  technologies, see Chapter 2 and Chapter 3

t  yearly time periods with a maximum number of years T™%* see Chapter 4 and

Chapter 5
z  positions in multiparametric disaggregation
Sets
I_q a set of passes and stages of parallel technologies, ¢, for CLR
I, aset of passes of parallel technologies, s, for CLR
Nigg @ set of neighbourhood for trading flows
I, aset of all the passes ¢ of technology ¢, except for the first pass of technology CF
C; a set of contaminants processed by technology ¢
CF set of coagulation technologies with operating conditions within a given range
CLR clarification processes representative
CT; a set of contaminants processed by technology ¢
I a set of water resources where I = SUW
I; aset of passes and stages of technology ¢ with a final pass, I;***
I;  aset of passes of technology ¢ with a final pass, I;"**
Ji a set of discrete levels for operating conditions of technology ¢
LW a set of land sources (sw, gw)

MF set of microfiltration technologies with operating conditions within a given range

MMF set of multi-media filtration technologies with operating conditions within a

given range
ND a set of newly installed dams
NF set of nanofiltration technologies with operating conditions within a given range

NP a set of newly installed plants



Nomenclature xix

OD a set of installed dams at the start of the planning time horizon
OP a set of installed plants at the start of the planning time horizon
PG, a set of plants in a state g

RO1 set of reverse osmosis technologies with operating conditions within a given

range to remove dissolved solids

RO2 set of coagulation technologies with operating conditions within a given range

to remove boron
S a set of water sources (sw, gw, dw)
SP; a set of plants treating a specific source s
TCLR clarification processes SED and DAF
TCLR clarification processes
TMM membrane processes
TMM membrane processes
TMM B filtration processes

UF set of ultrafiltration technologies with operating conditions within a given range

processes
W a set of water product (uw)

Parameters

Dgj operating pressure at discrete level j for technology g, [MPa]
gqis recovery factor of technology ¢, pass ¢ and stage s, [—]
Y,; recovery factor of technology s and pass 1, [—]
€irip efficiency for plant p for source of water ¢’ for production of product i, [—]

Ytisr clarification technologies’ recovery at discrete level r, [—]

Ar  parameter expressing the natural logarithm of reliability difference for an option

k, (-]



Nomenclature XX

i viscosity of water source, [kg/m - s]
p  viscosity of water source, [kg/m - s
&r  parameter expressing the natural logarithm of cost difference for an option k, [—]
A, parameter associated with the capital cost of technology ¢, -]
A; parameter associated with the capital cost of technology ¢, -]
A; parameter associated with the capital cost of technology ¢, -]

afMCC constant accounting for annualisation for equipment cleaning and mainte-

nance, ]

afMEC constant accounting for annualisation for equipment replacement, [—]

afMEC constant accounting for annualisation for equipment replacement, -]
by parameter associated with the capital cost of technology ¢, -]

by parameter associated with the capital cost of technology ¢, -]

by parameter associated with the capital cost of technology ¢, -]

cchem coagulant price, [$/t]
CP electricity charge, [$/EW h]
c?  electricity charge, [$/kWh)]
cIN initial feed concentration of contaminant c, [m3/h]
cIN initial feed concentration of contaminant c, [mg /L]
Clhem coagulant price, [$/1]
capdam; cost factors for building dams with capacity level [, [bnUSD/GL]
capexp,, cost factors for extending plant p with capacity level [, [bnUSD/GL]
caplanty; cost factors for building plant p with capacity level [, [bnUSD/GL]
bp

ccoy capital cost at point m for unit belonging to technology ¢, pass ¢ and stage s

ism

in piecewise linearisation, (9]
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cdy; coagulant dose at discrete level j for technology ¢, [mg/L]
cdf; capital costs discount factor, [bnUSD /y]
CO3, carbon dioxide equivalent, [kg/kEW h)

CRF capital recovery factor, [—]

CRF capital recovery factor, [—]

cv®HC g conversion constant for the chemical costs, [—]

cv®HC g conversion factor for the coagulant costs, [—]

cv®™s a conversion constant for the emissions taxes, [—]

cvPM a conversion constant for the electrical mixing costs, [—]

cvPM a conversion factor for the electrical mixing costs, [—]

cvPC a conversion constant for the pumping costs, [—]

cvPC a conversion factor for the pumping costs, [—]

cv’¢ a conversion constant for the saturator costs, [—]

cv®C a conversion factor for the saturator costs, [—]
DM fixed cost for downtime, (]
di\;f ED media diameter of multi-stage media filtration at discrete level j for technology

t, [m]
DVM variable cost for downtime, (9]
dct time for building a new dam, []
dem;gty demand for a product w in region g at time ¢, [GL/y]

df fq factor accounting for water distribution losses due to leakages in a region g, [—]
dsf factor for minimum reservoir storage, [—]
E™ maximum number of expansions, [—]

ecap,; expansion capacity of plant p for level [, [GL/y]
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ect, time for expanding a new plant p, [y]
ent;q entitlements of water source 4 in a region g at time ¢, [GL/y]
eps epsilon values for e-constraint solution approach, [—]

fopp: fixed operating costs for plant p at capacity level [ at time t,  [bnUSD/GL]

gft; flocculation energy input at discrete level j for technology ¢, [s71]
icapy installation capacity of plant p for level [, [GL/y]
ict, time for installing a new plant p, [y]
idamgy; installation capacity of dam for level  in region g at time ¢, [GL]
infl, inflation rate for clarification technologies, [—]
infl; inflation rate, [—]
infl; inflation rate, [—]
ir  interest rate, -]
1r  interest rate, ]
Ligtq evaporation in a region g at times t and g, [GL]

ltj  length of the filter in multi-stage media filtration at discrete level j for technology

t, [m]
lcl constant associated with labour cost, -]
lcl constant associated with labour cost, -]
lc2 constant associated with labour cost, ]
lc2 constant associated with labour cost, ]

ldy; load to the multi-stage media filtration at discrete level j for technology ¢, [m/s]

LR{7 land rainfall in a region g at times ¢ and g, [GL]
M  big number, [GL/y]

MPIC big number for contaminant c, mg/L)]
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MCYP big number for coagulant cost, [$/h]
MEONC maximum allowable concentration of a contaminant c, [mg/L]
MEONC maximum allowable concentration of a contaminant c, [mg/L]
MFLOW minimum allowable final effluent from technology ¢, [mg/L]
MFLEOW minimum allowable final effluent from technology t, [m?3/h]
MP big number for pumping pressure, [MPa]

M7TC big number for energy input and time, [—]
MC© operating cost charge rate during maintenance, [—]
muwcoy; molecular weight cut-off at discrete level j for technology t, [Dal
N™2% maximum allowable number of passes, ]
NMM pumber of membrane modules, [—]
Npar maximum allowable number of passes, -]

ns number of shifts per day, (-]

ocap, installed capacity of plant p at the beginning of the planning horizon, [GL/y]

odf; operating costs discount factor, [bnUSD /y]
oldamg; existing capacity of dams in region g at time ¢, [GL]
oldplant, existing capacity of plants, [GL/y]
ptj operating pressure at discrete level j for technology ¢, [MPa]
pc  penalty cost for not meeting urban water demand, [bnUSD/GL]

phy; hydrogen ion concentration at discrete level j for technology t, -]
PY annual production yield, ]
py annual production yield, [—]
QN initial feed flowrate, [m3/h)

Q™ initial feed flowrate, [m?3/h]
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qtpilzn product flowrate at point m for unit belonging to technology ¢, pass ¢ and stage

s in piecewise linearisation, (9]

%Zz direct rainfall to storage in a region g at times ¢ and g, [GL]
reh cost of treatment and post-treatment chemicals per volume of produced water,
[8/m?]

r¢O2 carbon dioxide price, [$/kg]

rinfl infiltration coefficient, -

Rﬁzfg streamflows in a region g at times ¢ and gq, [GL]
rP  pay rate per hour, [$/h]
R;Z;Zf 7 runoff in a region g at times ¢ and g, [GL]
Rig4iq hydrological water inflows in a region g at times ¢ and g, [GL]

Ti; rejection coefficient of a contaminant ¢ at discrete level j for technology ¢, [—]

RCM replacement cost per module, (9]
rcM equipment replacement price for technology ¢ per produced permeate,  [$/m?]

Tqiqc; clarification technologies’ rejection coefficients of a contaminant c at discrete

level j, [-]
SP® maximum sustainable yield of source s in a region g at time ¢, [GL/y]
tqy number of operating days a year, [d/y]
tqy number of operating days a year, [d/y]
t, number of operating hours a day, [h/d]
t, number of operating hours a day, [h/d]
temy; operating temperature at discrete level j for technology t, [°C]
tfi; flocculation time at discrete level j for technology ¢, [min]
treg selling transaction cost, [bnUSD/GL]

trprgum water selling price for region g at time ¢ and option m, [bnUSD/GL]
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U  big number equal to the cardinality of the number of allowed passes, -]
UPIE big number for capital costs, (5]

up utilisation fraction of water which is collected and directed to wastewater treat-

ment plants, (-]
vod; variable cost factor for operating dams at time ¢, [bnUSD/GL]
vopyy; variable operating costs for plant p at capacity level [ at time ¢, [bnUSD/GL]
WSRZ»Z"” minimum water reliability of region g, [—]
yris recovery factor of technology ¢, pass ¢ and stage s, [—]
Y;  recovery factor of technology ¢ and pass 1, [—]
yr years of investment, -]
yr years of investment, -]
nf'f pump efficiency, [—]
nfP pump efficiency, -]
nMT motor efficiency, [—]
nMT motor efficiency, -]

AT saturator efficiency, [—]

7 AT saturator efficiency, -]

m  the ratio of a circle’s circumference to its diameter, [—]

hi; mnatural logarithm of component hydrophobicity at discrete level j for technology
¢, (-]

Binary variables

B;4iq binary variable equal to 1 in the year ¢ and season ¢ when supply exceeds

demand, [—]

Egp; binary variable equal to 1 if capacity level [ of plant p in region g at time ¢ is

expanded, [-]
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FEy;s binary variable equal to 1 if technology ¢, pass ¢ and stage s is selected, otherwise

equal to 0, [—]

I, binary variable equal to 1 if capacity level [ of plant p in region g at time ¢ is

installed, [—]

IDg,; binary variable equal to 1 if capacity level | of dam in region g at time ¢ is

installed, [—]

Wiis; binary variable equal to 1 if level j of technology t, pass 7 and stage s is selected,

otherwise equal to 0, (-]

Wy binary variable equal to 1 if technology ¢ and pass ¢ is selected, otherwise equal

to 0, [-]

W Qt4isj binary variable equal to 1 if level j of technology ¢, pass ¢ and stage s is

selected, otherwise equal to 0, (-]

Xgis binary variable equal to 1 if technology ¢, pass ¢ and stage s is selected, otherwise

equal to 0, [-]

X, binary variable equal to 1 if technology s and pass ¢ is selected, otherwise equal

to 0, [-]

Y, . binary variable equal to 1 if position m of technology ¢, pass ¢ and stage s is

selected, otherwise equal to 0, [—]

Yytm binary variable equal to 1 if a price in a region g, time ¢ and option m is selected,
-]
zZCtisckl binary variable equal to 1 if for technology ¢, pass ¢ and stage s a number k

and for power [ is selected for concentrate, otherwise equal to 0, [—]

Z frisckl binary variable equal to 1 if for technology ¢, pass ¢ and stage s a number k

and for power [ is selected for feed, otherwise equal to 0, [—]

z0cp binary variable equal to 1 if a number k for power [ is selected in effluent,

otherwise equal to 0, (-]

Zprisckl binary variable equal to 1 if for technology ¢, pass ¢ and stage s a number k

and for power [ is selected for permeate, otherwise equal to 0, [—]
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ZT4isck» binary variable equal to 1 if for technology ¢, pass i and stage s a number k and
for power [ is selected for separation efficiency and concentration disaggregation,

otherwise equal to 0, (-]

2Yisr binary variable equal for the reformulation of flowrate and recovery for clarifi-

cation technologies, otherwise equal to 0, [—]
Integer variables

X an SOS type 2 variable equal to 1 if an option k for cost and reliability is selected,
]

Continuous variables

7  non-linear objective function for Nash bargaining approach, [—]

Cout,, auxiliary variable for efluent concentration for digit k, [mg/L]

CTRgsck auxiliary variable for feed concentration for technology ¢, pass i, stage s and

digit k, [mg /L]

Cgs . auxiliary variable for concentrate concentration for technology ¢, pass i, stage
s and digit k, [mg/L]
cF

bisere auxiliary variable for feed concentration for technology ¢, pass i, stage s and

digit k, [mg /L]

C’tj;ck auxiliary variable for permeate concentration for technology ¢, pass i, stage s

and digit k, [mg/L]
Pqis operating pressure of unit ¢, pass 7 and stage s, [MPa]
P,; operating pressure of unit s and pass 1, [M Pal)
QL. auxiliary variable for feed flow for technology ¢, pass i, stage s, [m? /h]

Rgise clarification technologies’ rejection coefficients of a contaminant c in technology
s and pass 1, [—]

R clarification technologies’ rejection coefficients of a contaminant ¢ in technology

s and pass 1, [—]

Y;is recovery factor for CLR in MILFP model, [—]
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ZCyisck continuous variable for disaggregation, [—]
z}"tisck continuous variable for disaggregation, [—]
Zo., continuous variable for disaggregation, [—]
ZPpiser. coOntinuous variable for disaggregation [—]
ZTrisck continuous variable for disaggregation, [—]
7 linear objective function for Nash bargaining approach, [—]
Cout,r auxiliary variable for effluent concentration for digit k& and point [, [mg /L]

A F
CRy;s1, auxiliary variable for feed concentration for technology ¢, pass ¢, stage s,
digit £ and point z, [mg /L]

Cgs . auxiliary variable for concentrate concentration for technology ¢, pass i, stage

s, digit k£ and point [, [mg /L]

Cg seiy Auxiliary variable for feed concentration for technology ¢, pass i, stage s, digit
k and point , [mg/L]

~

Ctlz <oy auxiliary variable for permeate concentration for technology ¢, pass i, stage s,

digit k£ and point [, [mg/L]

Dicotam discrete traded flows of water i from a region g to a region ¢ at time ¢ and
g9’'tq g g g g

q for option m, [GL/y]
Aigiq allocations of source ¢ in region g at time ¢, [GL/y]
AC;4q carry over for source s in region g at time ¢, [GL/y]
ACC total annualised capital cost, [$/yr]
Cgsc concentrate concentration of contaminant ¢ from technology ¢, pass ¢ and stage

s, [mg/L]
cE . feed concentration of contaminant ¢ to technology ¢ and pass i, [mg/L]

Cgsc feed concentration of contaminant ¢ to technology ¢, pass i and stage s, [mg/L]

P

;. Dermeate concentration of contaminant ¢ from technology t and pass ¢, [mg/L]
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CF_ permeate concentration of contaminant ¢ from technology ¢, pass i and stage s,

(mg/L]

Ct‘f}gc concentration to waste of contaminant ¢ from technology t, pass ¢ and stage s,

[mg/L]
CAPEX; total capital expenditure at time ¢, [bnUSD /y]
CCy;s capital cost for unit belonging to technology ¢, pass i and stage s, (9]
CCY; capital cost for unit belonging to technology ¢ and pass 1, (9]

CColy;s capital cost for unit belonging to technology ¢, pass ¢ and stage s in piecewise

linearisation, (9]
CDy;s coagulant dose of technology ¢, pass ¢ and stage s, [mg /L]
CDy; coagulant dose, [mg/L]
CDAM; dams capital expenditure at time ¢, [bnUSD /y)
CHC' chemical cost for technology ¢ and pass 1, [$/y]
CHCy;s coagulant cost for technology ¢, pass i and stage s, ($/y]
ChemC' chemical cost for pH adjustment and post-treatment, [$/y]
Cout, final purity for contaminant c, mg/L)]
CPL; plant capital expenditure for installation at time ¢, [bnUSD /y]

CQF... continuous variable representing multiplication of concentrate concentrate and

flowrate to a technology t, pass ¢ and stage s, [g/h]

CQE < continuous variable representing multiplication of feed concentration and flowrate

to a technology ¢, pass ¢ and stage s, [g/h]

CQ{;’ < continuous variable representing multiplication of permeate concentration and

flowrate from a technology ¢, pass ¢ and stage s, [g/h]

CQout. continuous variable representing multiplication of concentrate concentrate

and flowrate to a technology t, pass ¢ and stage s, [g/h]
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CRf;SC continuous variable representing multiplication of separation efficiency and

concentration to a technology ¢, pass ¢ and stage s, mg/L)]
DMEDP media diameter of multi-stage media filtration, [m]
DMED media diametre of multi-stage media filtration, [m]
D;4tq demand of a water source or end use ¢ in a region g at time ¢, [GL/y]
DAMyg; capacity of dams in region g at time ¢, [GL]
DS;41, dams storage of water ¢ in a region g at times ¢ and g, [GL]
EM mixing cost for technology ¢ and pass 1, [$/y]
EMCy;s mixing cost for technology ¢, pass ¢ and stage s, [$/y]
EMS;; annual carbon emissions for technology ¢ and pass 1, [kg/y]
EMSC emission charges for ¢ and pass 1, ($/y]

Gism continuous variable in piecewise approximation, [—]

G f1;s flocculation energy input of technology ¢, pass ¢ and stage s, [s71]
G fi; flocculation energy input, [s71]
Ly;s length of the filter in multi-stage media filtration, [m]
Ly length of the filter in multi-stage media filtration, [m)]
LC labour cost, [$/y]
LC labour cost, [$/y]
Ldy;s load to the multi-stage media filtration, [m/s]
Ldy; load to the multi-stage media filtration, [m/s]
MCC cleaning and maintenance cost for technology ¢ and pass 1, [$/y]
M RC replacement cost for technology ¢t and pass 1, [$/y]
MRC};s replacement cost for technology t, pass i and stage s, [$/y]

MW COys molecular weight cut-off for a membrane in technology ¢, pass ¢ and stage

$) [Dal
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MW COy; molecular weight cut-off for a membrane in technology ¢ and pass i, [Dal

Oigtq outflow of water 7 in a region g at times ¢t and g, [GL)
ODAM,; dams operational expenditure at time ¢, [bnUSD /y]
OPen; penalty cost at time ¢, [bnUSD /y)
OPEX,; total operational expenditure at time ¢, [bnUSD /y)
OPL; plant operational expenditure at time ¢, [bnUSD /y)
OTR; trading expenditure at time ¢, [bnUSD /y)
P,gtq production of a water source or end use i in a region g at time ¢, [GL/y]
P,;s operating pressure of unit ¢, pass ¢ and stage s, [MPa|
P,; operating pressure of unit ¢ and pass 1, [M Pa
PC pumping cost for technology ¢ and pass 1, [$/y]
PCy;s pumping cost for technology ¢, pass 7 and stage s, [$/y]
PD;4tq penalty for unmet demand for source 4, region g and time ¢, [GL]

pHy;s hydrogen ion concentration in feed to technology ¢, pass i and stage s, ]
pHy; hydrogen ion concentration in feed to technology ¢ and pass i, ]

PP;;. physicochemical properties of flow and operating conditions of technology ¢ in

pass ¢

PPy;s. physicochemical properties of flow and operating conditions of technology ¢ in

pass i and stage s, -]

QAP annual production rate, [m3 /4]
QA" annual production rate, [m?3/y]
Q.. concentrate flowrate from technology ¢, pass i and stage s, [m? /h]
QFLL linearised feed flowrate and binary variable, [m? /h]

QL. feed flowrate to a technology t, pass i and stage s, [m? /h]



Nomenclature xxxii

I feed flowrate to a technology ¢ and pass i, [m3/h)
Qﬁs permeate flowrate from technology ¢, pass ¢ and stage s, [In3 /h]
Qﬁ permeate from technology ¢ and pass i, [m3/ h]
Qg; flowrate to waste from technology ¢, pass ¢ and stage s, [m3/ h]

Qigg'tq traded flows of water ¢ from a region g to a region ¢’ at time ¢ and ¢, [GL/y]

QC Dy;s auxiliary variable to represent the multiplication of flowrate and coagulant

dosage for a technology ¢, pass ¢ and stage s, [g/h]
Qout hourly capacity of the plant, [m? /h]

QP fi;s auxiliary variable to represent the multiplication of flowrate and pressure for

a technology ¢, pass ¢ and stage s, [m3MPa,/h]

QtGy;s auxiliary variable to represent the multiplication of flowrate, flocculation en-

ergy input and time for a technology t, pass ¢ and stage s, [m? /h]

Qv

s continuous variable representing multiplication of feed flowrate and recovery to

a technology t, pass ¢ and stage s, [m? /h]
Ry rejection coefficient of a contaminant ¢ in technology ¢ and pass i, [—]
Ryise rejection coefficient of a contaminant ¢ in technology ¢, pass i and stage s, [—]
RCigiq recharge of water ¢ in a region g at times ¢ and ¢, [GL]
SC operating cost for running the saturator in technology ¢ and pass 1, ($/y]

SC4is operating cost for running the saturator in technology ¢, pass ¢ and stage s,

[3/y]
SSigtq overall storage of water ¢ in a region ¢ at times ¢ and g, [GL]
TC total annualised cost, [$/yr]
TC total annualised cost, [$/yr]
TC total capital and operating costs for the entire planning horizon, [bnU S D]

TC APy, capacity of plant p in region g at time ¢, [GL/y]
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Temy;s operating temperature for technology ¢, pass i and stage s, [°C]
Temy; operating temperature for technology ¢ and pass 1, [°C]
T fis flocculation time of technology ¢, pass i and stage s, [min]
tfii flocculation time, [min]
trpg: water selling price for region g at time ¢, [bnUSD/GL]
Vigptq Plant intake of source s in region g in period t, [GL/y]
WNC water net cost, [$/m?]
WNC water net cost, [$/m?]
W R total reliability of water supply, [—]
W Sigtq natural water storage i in a region g at times ¢ and g, [GL]

W SR;4tq supply reliability of water ¢ in a region g at times ¢ and ¢,

Hy;s natural logarithm of component hydrophobicity of technology ¢, pass ¢ and stage

S,

=

Hy; natural logarithm of component hydrophobicity influencing rejection in technol-

ogy t and pass i,

-]



Chapter 1

Introduction

1.1 Global water outlook

Water is the most precious resource which sustains life by direct and virtual consumption,
meaning through its embedment in clothes, food, electricity, etc. According to the
United Nations, in the last century water demand has been increasing more than twofold
than the population growth rate. By 2050, the world population is projected to reach 9.3
billion, out of which 70% will live in urbanised areas. As a result of the increment, food
consumption will rise 60% from now. Furthermore, hydrological variability with climate
change has profoundly been more ostensible through El Nifio/ La Nifia extreme weather
oscillations. A combination of the aforementioned events have already contributed to a
gap between supply and demand, which would exacerbate to hit 40% by 2030, and turn
into seasonally severe water scarcity in the upcoming decades. Hence, improvements
towards the efficient production and utilisation of the resource throughout the entire
water cycle is crucial in order to address and mitigate water shortage [United Nations,

2016).

The water cycle (Fig. 1.1) begins with evaporation from and precipitation to lakes, rivers,
groundwater and oceans. It is then stored and directed to surface water treatment,
and groundwater and seawater desalination plants. Afterwards, it is distributed to
agriculture, industry and household. Follows collection of sewerage, which is treated
in wastewater treatment plants and safely returned back to their natural storage with

which the cycle is completed.
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Enhancements, therefore, can be performed at the points in the cycle where decisions
are made of efficient water treatment and supply chain designs, which are recognised as
a major solution to the arising burdens on world water resources [United Nations, 2012,
British Petroleum, 2013, Chandrappa et al., 2011, Lior, 2013]. However, the processes
still face challenges such as producing and distributing satisfactorily safe and affordable
water [Hinkebein, 2004, National Centre of Excellence in Desalination Australia, 2011].
Examination of the economically viable purification paths and infrastructure planning at
the early design stage can address those challenges [Barnicki and Siirola, 2005]. Taking
a holistic approach at a project’s conceptual design stage has the benefits of considering
various aspects such as techno-economic, environmental and social domains, which can,

consequently, assist water engineers, governments, institutions to make better informed
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decisions and policies. Often, considering the many miscellaneous components/options
of a system, to select the most optimal one, can prove intricate due to the endless
number of possibilities. Therefore, a systematic approach is required and mathematical

modelling and optimisation theory are used as tools to tackle the complexity.

1.2 Optimisation techniques in water systems

Mathematical programming, or mathematical optimisation, is a powerful technique for
identifying decisions which result in a maximisation/minimisation of an objective. There
are four components to a mathematical programming model: variables, parameters, con-
straints and objective function, which are mathematically interconnected. The general
structure of an optimisation problem is shown in Eq. (1.1), where f(x,y) is the objective
function, z and y are vectors of respectively n continuous variables and integer variables,
h(z,y) are equality and g(z,y) inequality constraints [Floudas, 1999].

min f(z,y)
x?y

s.t. h(z,y) =0
g(x,y) <0 (1.1)
reXCR"

y €Y integer

Depending on the relationship between the variables in the constraints and objective
function, models can be classified into the following categories [Nowatzki et al., 2013,

Croce, 2013]:

e Linear programming (LP) models contain an objective, or objectives, which is a

linear function of the variables and it is subject to linear equalities and inequalities.

e Non-linear programming (NLP) models with continuous variables and non-linearities

either in the constraints or in the objective function, or in both.

e Mized integer programming (MIP) models arise when a subset of the decision vari-
ables is constrained into solely integer values. When in an MIP all constraints
and objective function are linear, it is referred to as a mixed integer linear pro-

gramming (MILP), whereas if non-linear expressions are present, the models are
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referred to as mixed integer non-linear programming (MINLP). A variation of the
MINLP occurs when the non-linearity arises only from the objective function, be-
ing a quotient of two continuous variables. The type of programming is called
mixed integer linear fractional programming (MILFP), which is tackled by solving

iteratively a few MILP models.

In the last few decades, mathematical optimisation theory has advanced and currently,
there are a number of fast commercial and academic solvers available. Such optimisers
developed for linear programs are: CPLEX, GUROBI, MOSEK, SCIP, global solvers
for non-linear programs are BARON, ANTIGONE, SCIP, and local solvers for non-
linear programs are SBB, DICOPT, etc.. All the models in the thesis are implemented
in General Algebraic Modelling System (GAMS) using a variety of the aforementioned

solvers [Rosenthal, 2012]. Details are given in each chapter separately.

1.3 Overview of process synthesis

”The act of combining constituent elements of separate material or abstract en-

tities into a single or unified entity.”

Process, or Systems, Synthesis, as a systematic approach, is a research area originating
in the 1970s. In the context of process synthesis, elements can refer to a technology or
its component, and an entity can be a single technology or an entire flowsheet design.
Two major types of approaches exist when it comes to process synthesis, i.e.: (i). seek
to improve an existing flowsheet and (ii). determine an optimal flowsheet from scratch.
The former case engages evolutionary methods and structural parameter methods as
the initial solution already exists while the latter can be realised through breadth- and
depth-first methods, bounding, heuristic and decomposition methods [Nishida et al.,
2004].

Process design is carried out in a number of steps, illustrated in Fig. 1.2. Firstly, the
most likely and feasible alternatives are identified from a pool of candidate technologies
and interlinks. Together, they comprise the superstructure of possible units and connec-

tions, which contains the feasible sets of solutions. Out of the feasible set, a flowsheet is
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FIGURE 1.2: Steps in process synthesis

returned. A candidate is any possible technology configuration which is contained in the
initial superstructure. Then, the evaluation criteria and tasks executions of technologies
are represented in mathematical programming language. The most important objectives
are identified as of whether it is sought to minimise cost, maximise throughput, min-
imise environmental impacts, maximise social wellness, etc. so as to meet qualitative
and quantitative production targets set by industry, demand and environmental organ-
isations. Due to modelling naturally non-linear systems, process synthesis problems are
featured by MINLP representations [Floudas, 1999]. Finally, out of the given possibili-
ties, one option is singled out which satisfies the given constraints and is an optimal or

nearly optimal solution to the objectives required.

The process synthesis approach in this thesis uses superstructure optimisation and is
formulated as an MINLP at first. As the complexity of the model architecture increases,
approximation and linearisation techniques are applied to transform the problem into

an MILFP model.
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1.4 Overview of supply chains

Definition

”Entire network of entities, directly or indirectly interlinked and interdependent
in serving the same consumer or customer. It comprises of vendors that supply
raw material, producers who convert the material into products, warehouses that
store, distribution centres that deliver to the retailers, and retailers who bring
the product to the ultimate user. Supply chains underlie value-chains because,
without them, no producer has the ability to give customers what they want,
when and where they want, at the price they want. Producers compete with
each other only through their supply chains, and no degree of improvement at the
producer’s end can make up for the deficiencies in a supply chain which reduce

the producer’s ability to compete.”

Entities may refer to any stage of the supply chain (SC), i.e. manufacturers, suppliers,
retailers and customers, from raw materials to distribution of a final product [Sousa
et al., 2007, Sung and Maravelias, 2007]. The flow of materials in supply chain goes
from manufacturers to consumers and is driven by the resources availability and supply,
while the information of demand flows in the opposite direction. General supply chain

structure and supply-demand relationship are illustrated in Fig. 1.3.

Supply chain planning occurs at three different hierarchical levels, namely, long-term,
mid-term and short-term level. Long-term planning involves the strategic supply chains
network design, from beginning to end. In this level, key infrastructure decisions are
made as of where and when to invest in building a warehouse, plant, distribution centre
or transportation system. Typically, the planning horizon takes years and takes into
account projections in demand. Next, mid-term supply chain levels deal with master
and demand planning. The planning horizon can be in the order of months. Finally,
short-term design is executed in a matter of hours and days in order to deal with pur-
chasing, production planning and scheduling, distribution and transport organisation
and demand fulfilment [VoBand Woodruff, 2006]. The objective in supply chain de-
sign, depending on hierarchical level, is to minimise cost, stock-out probability, product
demand variance, maximise profit, available system capacity, or achieve target service

level, etc..
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FIGURE 1.3: Supply chain structure, material and information flow

The supply system framework in this thesis entails long-term strategic level decisions
for water supply systems, such as infrastructure and capacity expansion, which is im-

plemented through an MILP formulation.

1.5 Thesis aim

To address the issued discussed earlier, this thesis aims to develop interdisciplinary ap-
proaches for the design and planning of different scales of water systems in order to assist
water engineers and policy makers in decision processes. The research contributions by

topic are listed below:

o Conceptual Water Treatment Flowsheet Design
An MINLP and an MILFP frameworks are proposed where (i) unique superstruc-
ture accommodating the technologies widely integrated across water and advanced
wastewater treatment, and desalination is developed; this allows to flexibly apply
the problem in various water industries through including the relevant contami-
nants found in the water source; (ii) removal efficiencies are modelled as continuous

variables as a function of the operating conditions of the candidate technologies;
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this allows identifying the optimal operating conditions of every unit on the flow-
sheet. Flowsheet can be referred to as a process flow diagram where only the
major plants’ units their connectivity are depicted.; (iii) operating costs break-
downs and capital costs for every candidate technology are featured; this allows

for more accurate conceptual design production cost estimation.

o Water Supply System Design and Planning
An MILP framework for water supply system is developed which combines (i) cli-
matic change through hydrological modelling, (ii) resources allocation, (iii) trading

schemes and pricing collectively.

o Multi-objective Supply System Optimisation
A multi-objective MILP framework is designed for the minimisation of supply
system infrastructure cost and the maximisation of reliability of supply throughout

the planning horizon using two approaches.

1.6 Thesis outline

The remaining work in the thesis is organised in five chapters in an ascending order of

design scale, starting from the smallest system.

Chapter 2 presents a mathematical framework for the synthesis of water and water-
related treatment processes for the production of water at desired purity at minimum
overall cost. The optimisation problem is formulated as an MINLP model. A general
superstructure is proposed, which incorporates the most common commercial technolo-
gies and the major pollution indicators, such as total suspended solids (TSS) and total
dissolved solids (TDS). The model is tested on two case studies, i.e. seawater desali-
nation and tertiary wastewater treatment. The results are analysed and compared to

existing guidelines in order to examine the applicability of the proposed approach.

Chapter 3 builds further on Chapter 2 by introducing new elements to the problem
superstructure. Due to the model’s numerous non-linearities and consequently, its non-
stability, various linearisation, approximation and reformulation techniques are imple-
mented. Consequently, two improved formulations are derived, i.e. a partially linearised

MINLP (pIMINLP) and a mixed integer linear fractional programming (MILFP) models.
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The applicability of the mathematical formulations are investigated in case studies of
seawater desalination and surface water treatment for the production of potable water.

Finally, the models performance is analysed and compared against each other.

In Chapter 4 an optimisation approach is developed and formulated as a spatially-
explicit multi-period Mixed Integer Linear Programming (MILP) model, for the design
of water supply system at regional and national scales. Assessment of available resources
for withdrawal is performed based on hydrological balances, governmental rules and
sustainable limits. Surface water, groundwater, and seawater are considered, which can
be treated in different purification plants located in disparate regions in a country. The
optimisation framework encompasses decisions such as installation of new purification
plants, capacity expansion, and raw water trading schemes. The objective is to minimise

the total cost incurring from capital and operating expenditures.

Chapter 5 extends the mathematical problem in Chapter 4 to a multi-objective frame-
work. In the light of the increasing importance of reliability of water supply, a second
objective, seeking to maximise the reliability of the supply system, is introduced. The
e-constraint method and Nash bargaining approach are used as solution methods to the
multi-objective formulation. The former provides the possible optimal solutions for de-
sign while the latter identified the optimal Pareto solution at equilibrium. The capability
of the models are addressed through a case study about Australia. The frameworks can
assist local governments in the decision making for the water supply infrastructure of

the country.

In Chapter 6 the contributions of this work are summarised, major concluding remarks

are drawn and potential future work is suggested.
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Design and Optimisation of

Water Treatment Processes
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Chapter 2

Synthesis of Water Treatment

Processes with Passes

This chapter aims at developing an optimisation framework for water and water-related

treatment flowsheet design considering a pool of various candidate technologies.

2.1 Theoretical Background

World water baseline scenario for year 2050 reveals approximately 5,500 km? of fresh-
water withdrawals will be required to meet the demand of water necessary for manu-
facturing, electricity production and domestic use. This represents an increase of 55%
from current global demand where 130% more drinking water will be in demand for
households than volumes nowadays [United Nations, 2015].

Water supply to end users is governed by publicly accepted practices which entail sources
such as groundwater or surface water to undergo water treatment. Seawater desalination
has become an alternative option for the provision of clean water. After purification, the
product water is distributed to agriculture, industry and households. The connecting
domain in the water supply chain belongs to water treatment and desalination. Hence,
with the outlook of future water demand, investments on new purification plants have
been planned. By 2018, for instance, Middle East and Africa are expected to have an
annual growth of water production capacity of 13.2%, followed by Asia with 10.1% and
the Americas with 5.7% (Fig. 2.1). Desalination, on the other hand, has gained popular-

11
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FIGURE 2.1: Projected percentage of increase of water utilities by area by 2018
source:RobecoSam [2015]

ity in less than a century. It has evolved from an idea in 1951 into an industrial process
with large clean water production capabilities today. Fig. 2.2 depicts the progressively
installed desalination plants capacities in selected countries from the discovery of reverse

osmosis to 2016. The global desalination capacity by the end of 2016 is projected to
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FIGURE 2.2: Progress of top 10 countries - leaders in desalination
source:Pacific Institute [2013], DesalData [2014], Global Water Intelligence [2016]

be 86.8 million m? which is predicted to reach 128 million m3 by 2018 [International



Chapter 2. Process Synthesis of Water Treatment Processes with Passes 13

Desalination Association, 2016].

Therefore, there is an increasing interest in developing systematic methods for optimising
water separation units together with their interconnections [Nishida et al., 2004]. The
selection of water technologies, process units and their sequence depends on the influent
and effluent characteristics, nature of contaminants and treatment cost [T'chobanoglous
et al., 2003]. Based on those attributes, water treatment can be classified into a number
of applications, such as brackish and seawater desalination, and water and wastewater

treatment.

Amongst the existing desalination technologies developed in the last decades, thermal
(conventional) and membrane (non-conventional) desalination methods take the upper
hand in large-scale plants. The conventional methods are represented by multi-stage
flash (MSF), multi-effect distillation (MED) and vapour compression (VP), whereas
the commercially available membrane technologies include nanofiltration (NF), reverse
osmosis (RO) and electrodialysis (ED) [Afify, 2010]. The selection between conven-
tional and non-conventional treatment depends on technical, economic and geographical
attributes [Vince et al., 2007]. Water plants, deploying thermal technologies, exhibit
high purification efficiencies, but at the expense of high energy requirements and there-
fore, not economically viable when not coupled with a power plant. Membrane plants,
however, exhibit economic and environmental advantages over thermal plants [Sassi
and Mujtaba, 2010]. Pressure and vacuum-driven membrane processes, in particular,
are preferred because of their efficiency and no need of fluid phase change [Chan and
Tsao, 2003]. Further, pretreatment technologies are also divided into conventional and
non-conventional. The former group is represented by coagulation-flocculation (CF),
sedimentation (SED), dissolved air flotation (DAF) and granular or multi-media filtra-
tion (MMF'), and the latter encompasses microfiltration (MF) and ultrafiltration (UF).
Over the last decade, membrane pretreatment technologies have advanced significantly
and today they accommodate lower footprint, constant permeate quality in cases of
algal blooms, higher retention of organics and reduced chemical consumption [Wilf and
Schierach, 2001, Wilf et al., 2007, Villacorte, 2014]. Fig. 2.3 presents recent statistics
where more than half of the world desalination plant capacities are operated on the

principle of MF /UF for pretreatment and NF/RO for desalting [Villacorte, 2014].
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B MSF, MEDandVC BRO ®ED NF EGMF = DAF ® MF/UF

FIGURE 2.3: Global installed capacity for pretreatment (right) and desalting (left) by
technologies

adapted from: Villacorte [2014]

When inorganic and some organic wastes are treated in wastewater during advanced
wastewater treatment, and when contaminants from surface or ground water are re-
moved, physico-chemical process units predominate. Such technologies are coagulation -
flocculation (CF), sedimentation (SED), dissolved air flotation (DAF), media and mem-
brane filters, ion exchange and carbon adsorption units [Forster, 2003, Cheremisinoff,
2002, Tchobanoglous et al., 2003]. As the technologies for the major water purification
applications coincide, it can, therefore, be possible to develop an approach, followed
by a mathematical model, for the synthesis and optimisation of flowsheets taking into
account the aforementioned water sources and technologies. From now on the authors
would refer to a collective term of all the purification applications solely as water treat-

ment processes.

Numerous works have been published on the design and optimisation of units and pro-
cesses from water treatment applications. Voutchkov [2013] and Lior [2013] reviewed
overall design of seawater desalination processes. Non-linear program and mixed integer
non-linear program models have been proposed for the design and optimisation of MSF,
MED, hybrid MED-RO and RO networks by Mussati et al. [2001], Druetta et al. [2013],
Skiborowski et al. [2012], Sassi and Mujtaba [2013], Ruiz-Saavedra et al. [2014]. Spiller
et al. [2015], Avramenko et al. [2004], Tchobanoglous et al. [2003], Cheremisinoff [2002]
published guidelines for the design of water and wastewater treatment plants. Roberts
and Inniss [2014] experimentally determined the link between source water quality and
treatment sequence. Franceschi et al. [2002] and Rossini et al. [1999] investigated the

optimal operation of coagulation-flocculation to handle raw water qualities by numerical
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methods, taking an iterative approach. Mixed Integer Non-Linear Program (MINLP)
methods for the synthesis of water and wastewater networks were also considered in
some works [Galdn and Grossmann, 2011, Ibri¢ et al., 2014]. Sweetapple et al. [2014]
suggested a multi-objective optimisation of wastewater treatment plant to minimise the
operating cost, greenhouse gas emissions and efluent contaminants concentrations. The
economic appraisal of systems as an essential part of optimisation has been discussed in
various publications. For instance, Pickering and Wiesner [1993] proposed a cost model
for low pressure membrane filtration, Wright and Woods [1993] developed a capital cost
correlation for UF units, whereas Fuqua et al. [1991] published a method for the esti-
mation of RO units. Additionally, Lu et al. Lu et al. [2006] suggested an MINLP cost
model for RO systems in desalination processes with focus on pumping, and membrane
cleaning and replacement. Later a model with multiple feed and multiple product to
minimise the total annual cost of the system was introduced [Lu et al., 2012]. A global
strategy for the estimation of water production cost in water and wastewater treatment
plants was presented by Kumar et al. [2015]. Large scale RO network cost minimisiation
was performed in the work of Jiang et al. [2015] and multi-objective MINLP models for
annaulised cost and energy consumption were presented in the works of Du et al. [2014]

and Vince et al. [2008].

In some of those works, a holistic synthesis and optimisation of wastewater treatment
with single and multiple contaminants have been proposed [Tsiakis and Papageorgiou,
2005, Skiborowski et al., 2012, Gabriel et al., 2015, Teles et al., 2012, Khor et al.,
2012a]. Deterministic design of water, wastewater and seawater treatment processes
formulated as non-linear programming (NLP) or mixed integer non-linear programming
(MINLP) models has been studied in various works [Khor et al., 2012a, Teles et al.,
2012, Sueviriyapan et al., 2016, Koleva et al., 2016a]. Multi-objective optimisation for
minimising operating costs, greenhouse gas emissions and effluent contaminants has been

presented by Sweetapple et al. [2014].

Water network systems (WNS) together with wastewater treatment have been the focus
of copious articles [Tokos and Pintarich, 2009, Khor et al., 2012b, Dong et al., 2008,
Ahmetovi¢ and Grossmann, 2011, Galan and Grossmann, 2011, Rojas-Torres et al.,
2013, Ibri¢ et al., 2014, Yang and Grossmann, 2013]. A recent comprehensive review
analysed and classified the various contributions made to WNS [Ahmetovié et al., 2015].

Integrated water resources management studies have taken into account different water
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and wastewater treatment options formulated as single and multi-objective optimisation
problems [Liu et al., 2010, 2011, Liu and Papageorgiou, 2013]. Guerra et al. [2016a]
have presented a novel method for the design of shale gas supply chain with wastewater

management where total dissolved solids are considered.

Definition

”Water network systems (WNS) can be defined a set of water treatment units
and interconnections which can exist as a secondary system in a chemical plant

or a stand-alone treatment plant.”

Despite the extensive work done on modelling and optimisation of water treatment
units and networks, general methodologies focusing on the optimal design of a range
of water and water-related purification processes seek more research attention. This is
particularly relevant when optimising the performance of individual technologies for the

development of an entire flowsheet.

The present work addresses the gap by presenting a systematic approach for the design
of water treatment processes, with a particular focus on surface water and advanced
wastewater treatment, and brackish and seawater desalination. The problem is for-
mulated as a mixed integer non-linear programming (MINLP) model. The rest of the
chapter is organised as follows: Section 2.2 outlines the scope of the problem, followed
by the presentation of the mathematical model in Section 2.3. Next, two theoretical case
studies are looked at, together with results, computational performance and discussion
in Section 2.4 and Section 2.5. Finally, the main conclusions are drawn and further work

directions are suggested in Section 2.6.

2.2 Problem statement

The aim of the current work is to develop a methodology for the generation of a com-
bination of technologies and number of passes that result in the most economically
favourable flowsheet design. The proposed model involves 4 major groups of contami-
nants, i.e. chemical oxygen demand (COD), dissolved organic carbon (DOC), total sus-
pended solids (TSS) and total dissolved solids (TDS). The presence of Boron (B), which

is classified as part of the TDS group, requires special considerations, consequently, it
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FIGURE 2.4: Superstructure of the proposed model

is considered separately. The technology candidates studied are 9, namely, coagulation-
flocculation (CF), sedimentation (SED), dissolved air flotation (DAF'), multi-stage media
filtration (MMF), microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse
osmosis (RO) for TDS (RO1) and B (RO2) removal. A model superstructure including
all acceptable technology options and connections is presented in Fig. 2.4. The dashed
line boxes represent the blocks of equipment that are associated with the removal of
a group of contaminants. For instance, CF, SED, DAF, MMF, MF and UF remove
the suspended solids, whereas NF removes the dissolved solids, and RO removes both,
dissolved solids and boron. It is assumed that organic matter can be removed by con-
ventional treatment such as CF, smaller pore — size low filtration membranes, such as
UF, and larger pore — size high pressure membrane, such as NF. MMF does not exhibit
a molecular weight cut — off for organics, and irreversible fouling is observed on RO

membranes, hence, not used for that particular application.

General heuristics that apply to process synthesis advise removal of unstable materials
early, separate most abundant components at first and leave the sturdiest operation for
last [Rousseau, 1987]. In this case, suspended solids can be exposed to shear stresses,
break up and consequently, clog the equipment which justifies its removal at first. TDS
is the most plentiful contaminant and boron is difficult to separate from water, which
assigns them a second and third place in the separation sequence, respectively. Filtration
processes units decrease in their molecular weight cut-off, or pore size, from left to right

in the above figure in order to prevent fouling.
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Having defined the separation requirements, the sequence of the technology candidates
in the model is pre-fixed. The water engineering industry practices used for the con-
struction of the superstructure eliminate the possibility of backward flow. A candidate,
however, can be either selected or bypassed. In the majority of cases, coagulation-
flocculation requires a clarification process downstream. Two clarification options are
provided, SED and DAF, represented by the collective name CLR. If any of those two
processes is selected, a clarification process is selected, too. Whenever a clarification pro-
cess is chosen, the selection of CF is mandatory. On its own, CF can be selected if the
separation is efficient enough. In the current work, the filtration processes are allowed to
exist in the flowsheet sequentially, although it is possible to restrict the problem to the
selection of one low pressure membrane process, i.e. MF or UF, and one high pressure
membrane process, i.e. NF and RO. The decision whether a pass from a technology is
singled out or not is represented by one binary variable and as many passes as desired
can be assigned to a technology. A pass, denoted by i, refers to the sequential repetition
of a technology. A pass is used in order to increase product purity. The selection of the
technologies is based on meeting the regulatory requirements for water plant effluent
[The Drinking Water Inspectorate, 2009, U.S. Environmental Protection Agency, 2010]
and minimising the water net cost, expressed in US$/m3. For modelling purposes, the

following simplifications and assumptions were made:
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Assumptions

e rejection coefficients and recoveries are the major technological performance

criteria

modified regression models return a reliable estimation for the rejection
coefficients

TDS, TSS and boron are the only contaminant indicators in seawater source
whereas COD, DOC, TDS and TSS are the contaminants assumed to be
present in secondary wastewater effluent

the removal of a non-targeted group of contaminants from a particular tech-
nology is considered insignificant

the selection of initial removal grids and intake screens are not taken into
account in design

complete recovery of microfiltration and ultrafiltration filters

no fouling and flux decrease take place and therefore, the observed phenom-
ena as a result of those do not apply. This implies removal efficiencies will
remain constant between cleaning cycles due to the absent pressure build.
no system pressure losses

replacement and cleaning costing for RO is assumed to apply for MF, UF
and NF

there are 65 days allocated for major maintenance, i.e. plant shut down
social, political and geographical dimensions are excluded from the cost
model

annual water production and operating expenses remain the same through-
out the plant’s commercial lifespan

no government incentives for the construction and commission of the water
treatment facilities is considered

MWCO, hydrophobicity and pH do not affect membranes’ operating costs
directly

governments do not tax carbon emissions of water treatment plants

The overall optimisation problem is stated below.

Given:



Chapter 2. Process Synthesis of Water Treatment Processes with Passes 20

major constituent contaminants in source water

pool of water treatment technologies

a number of passes, or sequential units, from a technology

source water intake flowrate

key parameters of source water contaminants (e.g. initial concentrations) and key
parameters for treatment technologies (e.g. recoveries, saturator, pump and motor
efficiencies)

candidate technologies characteristics ranges (e.g. flocculation time and energy
input, coagulant concentrations, operating pressures, influent temperature, hy-
drophobicity, hydrogen ion concentrations, molecular weight cut - offs)

cost data (e.g. units upfront costs, chemicals and electricity charges, maintenance

and replacement rates, carbon tax rate, work pay rate, interest rate and plant life)

Determine:

process flowsheet including multiple-pass strategy
optimal operating conditions for the selected units
contaminants and flowrates profiles

annual operating and capital costs

So as to:

minimise the water production cost which equals the total annualised cost divided by

the annual production rate.

2.3

Mathematical formulation

2.3.1 Performance criteria

The main performance criteria for water technologies are based on the purification stan-

dards and productivity that have to be achieved. These depend on the extent to which

they reject major contaminants under specific set of conditions, and to which the product

volumetric flowrate is recovered from the process.
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2.3.1.1 Rejection coefficient

For any separation process, contaminant removal efficiency classifies as an essential per-
formance criterion [Judd and Jefferson, 2003] because it guarantees a product meets
its design purity specifications. The removal efficiency of downstream water purification
processes can be measured by removal, rejection, retention or deactivation coefficient as a
function of the contaminants physicochemical properties (PPyic) (2.1) such as coagulant
concentration, headloss, filtration media dimensions, molecular weight, hydrophobicity,
feed temperature, pressure and concentration, technology characteristics, etc [Benjamin
and Lawler, 2013, Scott and Hughes, 1996, Xu et al., 2005]. It can take values between
0 and 1 as the former refers to no separation from a targeted contaminant and the latter

refers to 100% separation achieved.

P

Rize = f(PPuc) = 1— e Viiel,ceC, (2.1)
tic

where cﬁc and cgc are the concentrations of contaminant ¢ in permeate and feed, respec-
tively, associated with a technology, ¢, and its pass, 7. The removal efficiencies following
are represented in the form of regression models based on Analysis of Variance (ANOVA)

for each of the considered processes.

The coagulation — flocculation treatment stage removes organic matter under the form
of chemical oxygen demand (COD) and dissolved organic carbon (DOC), expressed in
the constraints below, developed from findings in literature [Sangeetha et al., 2014, Park

et al., 2000].

Ry = 0.00058 - CDy; +0.135 - pHy — 0.154, V¢t e CF, i€ I, c€ COD (2.2)

Ryic =0.046 - CDy; +2.915 - pHy; — 0.0003 - CD? —0.002 - CDy; - pHyi— 2.3
2.3
0.235 - pH? —9.486, Vt € CF, i € I}, c € DOC

where CDy; and pHy; are the coagulant dose and the hydrogen ion concentration for
liquid in pass i from technology t. In the presence of organic matter, in literature this
step is referred to as enhanced coagulation, which for simplification purposes, is going

to be called CF in this work.
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In the current model it is assumed the rejection of contaminants occurs at the clari-
fication stage, i.e. sedimentation or dissolved air flotation. This means that rejection
coefficients in the conventional candidates will be affected by the performance of the
coagulation-flocculation process. Vlaski [1998] investigated experimentally the removal
efficiency of sedimentation and dissolved air flotation depending on the operating char-
acteristics of the typically preceding coagulation-flocculation process. If a clarification
technology, CLR, is selected either SED’s or DAF’s rejection coefficient, R, will be
valid (Eq.(2.4)).

Ric= Y  Rue-Xa, VteCLR,i€l,ceTSS (2.4)

seTCLR
where X; is a binary variable denoting the selection of a clarification technology or
not. It has been then reported that sedimentation is strongly influenced by coagulant
dose. After performing a regression analysis on the data provided in Vlaski [1998], the

following equation has been obtained:

Rgie = 0.22154 4+ 0.02516 - CDy;, Vs€ SED,tc CF,i€ I, ce TSS  (2.5)

where C'Dy; is the amount of coagulant used in the coagulation - flocculation process.
DAF, showed dependence not only on the coagulant dose but also on the detention time

and velocity gradient, denoted as tf;; and D fi;, respectively, in Eq.(2.6).

R = 1.85886 — 0.00807 - C'Dy; — 0.00083 - Gfy; + 0.0025 - tfy; —2.47 - P, 26)
2.6
Vse DAF, te CF,icl;,ceTSS

where Py; is the pressure of the saturator.

A model developed by The Commonwealth Scientific and Industrial Research Organi-
sation (CSIRO) predicted the initial steady-state removal of TSS in multi-stage media
filtration (MMF) [Lin et al., 2006]. The relationship is shown in Eq.(2.7).

Ry = 0.0298 - Dp'FP 40.171 - Ldy; + 0.206 - L;;" — 0.245, 2
2.7
Vte MMF,ie€l;,ceTSS

where Dt]‘i/f ED designates the diametre of the media, Ldy; is the load to the filtration

process, L, !is the length of the filter for MMF and pass i.
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The separation efficiency of TSS from water by MF is shown in Eq.(2.8) derived from

experimental work [Benitez et al., 2006].
Ryie = 0.126 + 0.001 - Temy; +0.97- Py,  Vte MF,ic I, ceTSS (2.8)

where T'emy; is the temperature of the influent to technology ¢ and pass ¢, and Pj; is
the pressure of the feed flowrate. Besides TSS, in the work is reported the separation

efficiency of MF from COD, expressed in Eq.(2.9).

Riyje = 0.189+1.09 - Py, Vte MFi€l,,ce COD (2.9)
For the removal of turbidity by UF, Eq.(2.10) holds.

Ryiic = 0.959 — 1.510 - Py, VteUF,ie€l;, ceTSS (2.10)

where the equation has been derived from data obtained from pilot plant experimental
work. It has been reported that turbidity and total suspended solids are related [Galle-
gos, 1993]. Hence, Eq.(2.10) can give an approximate estimation of the suspended solids
removal in water treatment. The removal characteristics of UF embrace the reduction
of COD and DOC, shown in Eq.(2.9) and Eq.(2.12) [Benitez et al., 2006, J. Cho and
Pellegrino, 1999].

Rye = 0.236 — 0.952-P;, WteUF,icl,cecCOD (2.11)

Riie = 1.224 — 0.00011 - MW COy; + 0.79 - Py, Vte UF,i€ I, ce DOC (2.12)

where MW COy; is the molecular weight cut-off in Daltons. The performance charac-
teristics of nanofiltration membranes are affected by solute properties, solution pH and
membrane characteristics such as pore size, hydrophobicity and surface roughness [Ar-
tug, 2007]. Hence, the retention of dissolved uncharged organic compounds for NF can
be approximated using contaminants hydrophobicity and molecular weight cut - off. The
relation has been reported in literature based on laboratory experiments [Boussu et al.,

2008].

Ryie = (0.57 — 0.07- Hy; — 0.0002- MWCOy,)?,  Vte NF,ic I, c€ TDS (2.13)
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where Hy; is the common logarithm of the unit’s hydrophobicity. Eq. (2.14) and
Eq.(2.15) show the retention of COD and DOC, respectively, where both coefficients
depend on the membrane molecular weight cut-off and pressure [M. Tokhy and Bazedi,

2013).
Ryje = 1.138 — 0.00096 - MWCOy; —0.087 - Py,  Vte€ NF,ic I, ce COD (2.14)

Ryje = 1.029 — 0.00037 - MWCOy; +0.001 - P,;,  Vte NF, i€ I, c € DOC (2.15)

RO rejection coefficient for salt is presented in Eq.(2.16) as a function of the operating

pressure [Chen and Guanghua, 2005].
Ryie = 0.890 + 0.340- Py; — 0.003- P2, Vte ROL, i€ I,, c € TDS (2.16)

The above equation was derived following a study on ROSA software developed by The
Dow Chemical Company [2013]. The TDS of interest were composed of K, Na, Mg, Ca,
Ba, Sl", COg, HCOg, NOg, Cl, F, SO4 and NH4.

Boron (B) removal is identified as one of the main issues in processes where saline water
is treated, especially because its concentration in seawater, in particular, is relatively
low [Li et al., 2008]. Typical water treatment plants with source water containing boron,
accommodate an RO pass at an elevated pH, where mainly removal of boron is targeted
[Tu et al., 2010]. Therefore, its rejection profile is to be considered separately, with an
RO unit dedicated to its removal. The regression equation (Eq.(2.17)) for rejection of
boron by a RE4040-SH - module spiral wound RO membrane was derived based on data
from literature [Mane et al., 2009], using ANOVA analysis.

Ryie = 0.408 4 0.046-pHy; + 0.03-P;,  Vte€ RO2,i€ I, c€ B (2.17)

where pHy; is the alkalinity of the solution to achieve desired separation.

2.3.1.2 Recovery ratio

For any process, it is essential to meet the production quantities which depend on the

productivity, or recovery, of the system. The recovery ratio is defined as the fraction
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of product water that has passed through the process unit from the overall feed. As a
fraction, it takes values between 0 and 1. Over a technology and pass, it can be expressed

by Eq.(2.18). .
}/ti = Qi?w
ti

Vt, i€l (2.18)

where Qf:- and Qf; are the permeate and feed flowrates, respectively, associated with a

technology ¢ and pass i.

The recovery is a function of the salinity of the feed water, system pressure and scal-
ing potential [Li et al., 2008]. However, in this work the recoveries for every different
technology are assumed to take values recommended in literature and therefore, are

modelled as parameters.

2.3.2 Mass balance constraints
2.3.2.1 Concentrations constraints

The set of equations below determines the contaminants concentration profile through-
out the separation process. When a technology, ¢, and a pass, i, are selected, the binary
variable, Wy; = 1, and the contaminant is reduced, starting from an initial feed concen-
tration, cIN. Eq.(2.19) estimates the contaminant concentration after the first selected
process pass, i.e. the concentration in the permeate. Every consequent concentration
reduction is calculated by Eq.(2.20). Eq.(2.21) and Eq.(2.22) show the interconnection

between two potential candidate passes and technologies.

b=V (1= Rye) Wy +etN-(1-Wy), VteCFi=1,ceC; (2.19)

(¢

o= Clic (1= Rije) Wy +cli- (1= Wy), Vi€ l,ceC (2.20)
Clite=Cliey VHi€IL,i>1c€C (2.21)
e =Cliey  VE>1i=I""j=1,c€C (2.22)

A similar formulation is implemented in previous works in applications for chromatog-

raphy processes [Vasquez-Alvarez and Pinto, 2004, Polykarpou et al., 2012].
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Technology t

Technology t-1 e e e e -

Pass i-1 Pass i-1

FIGURE 2.5: Schematic representation of two potential candidates

A schematic representation of the connections between two candidates is depicted in

Fig. 2.5.

2.3.2.2 Flowrate constraints

Similarly, the flowrate constraints are formulated. When a candidate is selected, the per-
meate is calculated using Eq.(2.18). Otherwise it takes the value of the feed. Eq.(2.23)
gives the initial mass balances starting from initial flowrate, @'Y, and every consequent

permeate is estimated from Eq.(2.24).

QL =Q™ Y, Wy +Q™ - (1-Wy), VteCF i=1 (2.23)
QL = QL Yu - Wu+QL-(1—Wy),  Vtiel (2.24)

where Yy; is the recovery of a technology t from pass i. The clarification technology
takes either the recovery value of sedimentation or the recovery value of dissolved air

flotation, shown in Eq.(2.25).

Qh =05 ( Y Yu-Xa)+ QF-1- Y Xu), WteCLRiel, (2.25)
seTCLR seTCLR

The principles of designing the interconnections, whether a technology is selected or not,
are formulated below.

in—l = Qt}; Vt,l € Itai > 1 (226)
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Qf1i=Qf  Vt>Li=I""j=1 (2.27)

The effluent is governed by the number of passes for a particular technology. The feed
and permeate flowrates are modelled to present single-stage, multiple-pass system over

each pass.

The annual production rate of the facility is then modelled by Eq.(2.28).
QA =t), - tqy-PY-QL,  Wt=T,i=1"" (2.28)

where t;, and t4 are the respective operating hours per day and days per year. PY is
the production yield of the facility, taking the value of a fraction of the total annual

production capacity.

2.3.3 Target constraints
The final water purity should satisfy the conditions imposed by the following constraint:

b < MEONC Yt e RO2,i= I, ¢ (2.29)

where MSONC

is the maximum allowable concentration of a contaminant. Depending
on the process application, the final required concentration can take different values. An

additional constraint for the minimum effluent at the final stage is enforced by Eq.(2.30).

QL > MFLOW vt e RO2, i = I"™® (2.30)

MFLOW

where is the minimum allowable effluent flow. This constraint allows us to

ensure a minimum plant capacity is met.

2.3.4 Logical constraints

The overall number of the selected passes and technologies should not be greater than

a number, Ny,q., which is modelled by Eq.(2.31).

ZZWH < Nmaa} (231)

t el
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Eq.(2.32) is a logical condition that does not allow the selection of any pass if the previous

one has not been chosen.

Wt,i+1 < Wtﬂ‘, Vi,i € Iy,i+1€ Iy (232)

The clarification processes, sedimentation and dissolved air flotation, have to be chosen
together with the chemical treatment, coagulation-flocculation. Hence, the Eq.(2.33)
applies:

Y Xi<U-Y) Wy,  Vs€TCLRteCF (2.33)
iefs iGIt

where U is a big number that takes the maximum number of allowed passes per tech-
nology. Only one of the clarification processes can be chosen at a time, a condition

expressed by Eq.(2.34).

Z Xy =Wy,  YteCLR,iel (2.34)
s€cTCLR

The same condition as in Eq.(2.32) is introduced for the clarification technologies.

Xsiv1 < Xsi, Vtie I, i+ 1€l (2.35)

2.3.5 Cost constraints

Defining water treatment costs at a preliminary stage often proves intricate due to the
numerous factors participating in their estimation. Such factors are plant size, source
and quality of feed water, site location and accessibility to electricity, distance from final
users, qualified labour, energy costs and estimated plant life [Zhou and Tol, 2004]. All
of them come under the operating or capital costs of treatment facilities, as the majority

of them are included in the cost estimates demonstrated in the subsequent subsections.

2.3.5.1 Operating costs

The operating costs in coagulation are primarily accounted for by chemical consumption.
They are determined by the dosage and the price per metric tonne of product. In the case

of desalination, ferric chloride is often predominating due to the more satisfactory results
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obtained downstream. Aluminium sulphate (alum) and ferric sulphate have exhibited
more solid outcomes in water and wastewater applications, hence, the preferred types

of coagulant. The annual cost for the chemical is calculated from Eq.(2.36).

CHC = Z C’UCHC . CDti . Cchem . th . td . (QIN‘i:1+Qg’i>1) . Wti, Vt c CF (2.36)
i€l

where cv©H

¢ =107 is a conversion factor, t4 is the number of operating days a year, ¢,
is the number of operating hours a day, CDy; is the coagulant dose selected and C.pey, is
the cost of coagulant that alters in accordance with the type of coagulant. The dosage
level mostly lies between the range of 0.5 to 100 mg/ L of water as specifically it is between

10 to 30 mg/L for alum [Cheremisinoff, 2002, Energie- en Milieu-Informatiesysteem,
2010].

The electricity cost for the slow mixing in the flocculant tank, is given by Eq.(2.37).

EMC =Y ™ . CF tg-ty-p-tfi (Q™ic1+Qfsy) - Gff - Wy,  VtECF
i€l
(2.37)

where cvP™ = 16.67 - 107° is conversion factor for the electrical mixing equation. In
Eq.(2.37), p is the dynamic viscosity of the fluid and C¥ is the electricity charge, and

the power required is calculated for an accumulative number of chambers.

The technical and economic performance of DAF depends mainly on its recirculation
ratio and saturator. The former is disregarded in this study and operating cost of the

saturator, SC, is calculated by:

SC.0E.QF .p,.. X,
sc=Y% C7- Q4 - Poi Xoi Vt € CLR,s € DAF (2.38)

SAT ’
i€l K

S SAT

where cv®¢ = 3.67! is the conversion factor for the equation, 7; is the efficiency of
the saturator, P; is the saturator pressure, assumed to be the pressure supplied by the

pump and CF is the electricity cost rate.

The greatest contribution to the operating costs is derived from electricity, and more
specifically, electricity for flowrates distribution and achieving separation pressure. Hence,

the feed pumps are the main electricity consumers and their costs, denoted as PC, are
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expressed in the following equation.

PC  AE IN F
PC = Z Z (Q |}§P1 : ?j%heM) e ti (239)
t il U yn
cvP® = 3.67! is a conversion factor for the pumping cost equation. No pumps are

assigned to the clarification processes in order to avoid breaking the flocs formed in CF.

The maintenance M CC' and replacement M RC' costs are also estimated by the number

of passes.
Mcc= > Y afMC.MCO- (DM 4 NMM.DVM) ., (2.40)
teTMM icl;
where afM¢C is an annualisation factor accounting for 2 times of major cleaning and

maintenance in a year, MC? is the operating cost charge rate during maintenance,
NMM is the number of modules in a unit and DM is fixed cost for downtime and DVM

is a variable cost during maintenance.

MRC = > Y af'f. pmc?.NYM.pcM.w, (2.41)
teTMM i€l
where afMEC is an annualisation factor allowing membrane life of 5 years, i.e. afMEC =

0.2 and RCM is the membrane replacing cost per module.

The labour cost, LC, is the second largest expense in a manufacturing facility. Operators
working hours requirements can be determined by examining the equipment flowsheet.
The method for obtaining the labour cost is first, define the number of operators per
shift for a given production rate, which is normally expressed in terms of a function of
the number of separation units, as shown in Eq.(2.42) (Perry and Green [2007], KLM
Technology Group [2014]).

2
LC =7ty ts ns- |lcl+1c2 - <ZZW“) (2.42)

t el

where 7 is the pay rate per person, t, is the number of hours per shift, lcl = 6.29 and
lc2 = 31.7 are constants associated with the number of operators for all the units. The

parameter ng stands for the number of shifts per day.
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For more than four decades, the EPA has used its authority to set cost-effective emission
standards that ensure newly constructed sources use the best performing technologies to
limit emissions of harmful air pollutants [Agency, 2014]. Owners or operators of facilities
where aggregate annual green house gas (GHG) emissions are equal to or more than
25,000 metric tonnes of COse must report to EPA under the Clean Air Act. Presently,
EPA is not planning on requiring permits for sources that emit less than a 50,000 metric
ton threshold until sometime after April 30, 2016 [McGuckin et al., 2013]. According
to the same literature sources, although there is a continuous encouragement towards
less emissions, there is no existing limit or taxes if limits are exceeded. With the view
that policies of emissions tax will soon come to practice, the plant design can account
for carbon taxes. They are calculated from Eq.(2.44) where the largest component for

the emissions is the power used, reflected in the equation.

EMSti = chms : COQe s tg - th - Rgz . ( ZIiVl +Q£‘i€ft)'wti’ Vt,’i € It (2.43)

EMSC =YY r?% . EMS, (2.44)
t el
where cv?™ = 3.67! accounts for the conversion factor for the carbon emission equation,

COs, is the carbon dioxide equivalent and r©2 is the carbon dioxide tax rate. Compared
to pumping, the mixing footprint is relatively negligible, hence, not considered in the

above constraints.

2.3.5.2 Capital costs

Capital costs for every plant are comprised of four major components, namely, project de-
velopment, plant equipment and buildings, power supply, and piping and pumps [Blaikie
et al., 2013]. In membrane plants especially, the equipment will include membrane ele-
ments, pressure vessels and passes. Despite the availability of tools for estimating capital
cost, the assumptions in deriving those tools have not been clearly stated. When capital
costs are estimated, inflation and other market factors should be taken into account in
order to update existing cost models [Sethi, 1997]. Adham et al. [2006], sponsored by
the U.S. Environmental Protection Agency (EPA) and AWWA Research Foundation,
published correlations for the total construction costs of coagulation — flocculation. The

European Commission issued a report on best available techniques in water treatment
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with construction costs for sedimentation [European Commission, 2003]. L.K. Wang and
Aulenbach [2010] reported DAF construction costs for a specified volume. EPA pub-
lished investment cost equations for production flow ranges [Whitman et al., 2002]. The
cost estimation for low-pressure membranes plants, such as MF and UF, was expressed
as the cost per unit produced water [of New Hampshire, 2016]. In an industrial study for
high pressure membranes, a breakdown for the various capital cost components has been
shown for different capacities [American Water Works Association Research Foundation

et al., 1996]. All the equations can be combined under the common form below.
CCy =infly- Ay - (QE) - Wy,  Vtiel, (2.45)

where in fl; is inflation factor depending on the year of estimation, A; and b; are specific
parameters for every technology. In all the cases, the parameter A; was estimated from
the reference capital cost and equipment capacities stated in literature. The capital cost

for the clarification technologies is calculated from the expression below.
CChi= Y infl-As- Q) Xy, VteCLRi€l, (2.46)
s€TCLR

The capital cost summed and multiplied by the capital recovery factor (CRF) to obtain

the total annual capital cost, ACC, is given in Eq.(2.47).
ACC =CRF- )Y CCy (2.47)
t i€l
as the CRF is expressed in Eq.(2.48).

i

1
L= e

CRF = (2.48)

where ir is the bank interest rate and yr is the number of years for investment which

often coincides with the plant life.

2.3.5.3 Total cost

The total annual cost, T'C, is a sum of the chemical CHC, mixing EM, saturator SC
and pumps PC running costs, membrane cleaning costs M CC, membrane replacement

costs M RC', labour cost LC, emissions cost EmsC and the annual capital costs ACC
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for all the selected technologies.

TC = CHC + EMC + SC + PC + MCC + MRC + LC + EMSC + ACC  (2.49)

2.3.6 Objective function

The objective function is to minimise the water net cost, W NC, which is equal to the

total annual cost divided by the annual plant production rate:

T
minimise WNC = QAcl; (2.50)

which is subject to:

e separation efficiency Eqs.(2.5) - (2.17)

e mass flow balance Egs. (2.19) - (2.28)

e target purity Eq. (2.29) and final effluent Eq. (2.30)
e logical conditions Eqs.(2.31) - (2.35)

e operating costs Eqs.(2.36) - (2.44)

e capital costs Eqs.(2.45) - (2.47)

e total annual cost Eq.(2.49)

Along with minimising the major capital investment and the annualised operating cost
with the objective function, it is aimed to minimise the number of passes for achieving
maximum final water purity, and increase the capacity of the facility. The applicability
of the proposed method is manifested through two case studies discussed in the next

section.

2.4 Illustrative examples

2.4.1 Seawater desalination example

Abundance grants seawater the opportunity to be a major solution to water scarcity.

Thus, the first case study in the present work focuses on seawater desalination for the
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production of potable water. For the case study the influent, Q'™ = 55,000m3/h, as to
agree with existing practices. The minimum allowable efluent MTLOW = 5 000m3/h,
resulting in a minimum 120,000 m3/d, i.e. medium - to - large size facility [Cipollina
et al., 2009]. For the influent and effluent, it is essential to determine the initial con-
taminants concentration in seawater and the final requirements for drinking water. The
American Water Works Association [American Water Works Association, 2007] reported

typical seawater intake qualities in the range 30,000 — 40,000 mg/L TDS.

TABLE 2.1: Feed water characteristics and final purity requirements

Contaminant Initial concentration Final concentration

s ctNimg/ L] MEONCmg/ L]
TDS 40 000 600

TSS 30 1

Boron 5 2.4

Source: Tchobanoglous et al. [2003], Mane et al. [2009], American Water Works Association [2007]

The selection of the technologies is based on meeting the health regulatory requirements
for potable water [The Drinking Water Inspectorate, 2009, U.S. Environmental Pro-
tection Agency, 2010]. The World Health Organization [2011] reported drinking water
of good quality contains less than ca. 600 mg/L TDS. Although, no explicit limits
exist in the Drinking Water Quality Guideline regarding T'SS, they can be correlated
to turbidity, which should not exceed 1 NTU, and in many cases 0.5 NTU [Gallegos,
1993]. Thus, the final purity specification used in the model is less than 1 mg/L TSS.
The World Health Organization [2011] revised the maximum allowable concentration of
boron in drinking water from 0.5 mg/L in 2003 to 2.4 mg/L and the latter value is the
final purity requirement in the model. The initial and final water characteristics are
listed in Table 2.1.

TABLE 2.2: Operating conditions boundaries

Operating conditions Range
CDyi [mg/L] 1-20
Gfy [s7) 10 - 120
tfei [min] 5-35
Dyi [mm)] 2.0-8.0
Ld¢; [m/h] 0.5-1.5
Ly [m] 0.5-25
Tempy; [°C] 20 - 30
Hii [-] -6.2-0.0
MWCOy; [Da] 300 - 1200
pHyi [ 7.5-9.5

Source: Cheremisinoff [2002], Vlaski [1998], Lin et al. [2006], Lu et al. [2006], Bastaki [2004], Hassan
et al. [1999]
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The operating condition boundaries are determined next. Literature suggests recoveries
for MF and UF systems between 85% and 95% which reach 100% depending on the flow
configuration [US Interior Reclamation Department, 2013]. In the current case study,
the recoveries of the low pressure membranes are modelled with the assumption of a full
flow recovery. Typical system recoveries for NF membranes take values between 75%
and 90% whereas they vary from 35% to 50% for RO systems [Lu et al., 2006, Mickley
et al., 2006]. Based on reported values, recoveries of 80% for NF and 40% for RO are

adopted in the model.

In his experimental work, Vlaski [1998] varied the energy input to the flocculation tank
from 10 to 120 s~! and flocculation time from 5 to 35 min to investigate the performance
of downstream clarification processes. The chosen boundaries coincide with the values
used in the experiments. CSIRO performed experiments where the grade of media were
2.18, 5.18 and 7.55 mm in diametre, the load values attempted were 0.5, 1.0 and 1.5
m/h, and the filters lengths were 0.6, 1.2, 1.8, 2.4 m [Lin et al., 2006]. The values taken
in the case study are rounded down to 2 mm for lower bound and 8 mm for upper bound

for diametre. The rest of the boundaries are presented in Table 2.2.

It is assumed that cleaning or replacement takes place simultaneously for all passes, there
are no pressure losses from pump to membrane, every pass contains the same number of
membrane modules, NMM = 360, cleaning is performed every 6 months, replacement is
recommended every 5 years, and the annual operation is 300 days a year. The electricity
charge, CF, has a value of 0.08 US$/kWh to accommodate any future increments from
the U.S. Energy Information Administration [2013] review and to consider literature

values [Lu et al., 2006].

TABLE 2.3: Operating costs parameters data

Parameter Value
Number of modules, N [—] 360
Electricity cost, C¥[US$/kWh] 0.08
Operating cost charge during maintenance, MC©° [US$] 0.2
Membrane replacing cost per module, RC*[US$] 800
Fixed cost for downtime during maintenance, DC“™ [US$] 200
Ferric coagulant cost, Cepem[US$/tonne] 250
Carbon dioxide equivalent, CO2, [kg/kWh] 1.31
Carbon dioxide rate, r°©2[US$/kg] 0.023
Seawater viscosity, p[kg/m - s?] 1.307 -1073
Operating hours a day, tx[h/d] 24
Operating days a year, tq[d/y] 300

Source: UNESCO Centre for Membrane Science and Technology [2008], National Physical Laboratory
[2015], Lu et al. [2006]
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TABLE 2.4: Pressure design variables, and efficiency and economic parameters

Technology CF CLR MMF MF UF NF RO1 RO2
SED / DAF

Py [MPa] 01-02 -/04-07 01-02 01-02 01-03 05-1.6 50-60 5.0-6.0
it 0.75 -/0.75 0.80 0.80 0.75 0.80 0.75 0.75
nMT 0.95 -/0.95 0.93 0.95 0.97 0.95 0.98 0.98
infl; 1.143 1.288/1.087 1.319 1.087 1.087 1.511 1.511 1.511
Ay 121,701 8,334 / 4,167 69,547 45601 45,601 158,177 158,177 158,177
by 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Source: Lu et al. [2006], Bastaki [2004], Hassan et al. [1999], US Inflation Calculator [2013]

To consider updating of the capital costs, the plant location has to be determined.
Assuming the facility to be built in the U.S., the inflation for the capital costs from
the reference year of citation has been considered. The consumer price indices (CPI)
for those years, together with the inflation rates, are reported in Table 3.4, where the
CPI for year 2014 was 236.7 [US Inflation Calculator, 2013]. The term of bank loan
was taken as yr = 30 years, the interest rate was assumed to be ir = 6% and the plant
was considered to produce 95% of its design annual yield based on standard practices
[American Water Works Association, 2011]. The rest of the design parameters are
given in Table 2.3 and Table 3.4. Whenever values in literature could not be found,
assumptions and approximations were used in accordance with practical cases. Finally,

the carbon emissions have been calculated assuming no carbon taxation.

2.4.2 Tertiary wastewater treatment example

Water reclamation and advanced water treatment have recently faced significant en-
hancement due to membrane improvement. Thus, the second case study focuses on

tertiary wastewater treatment for the production of potable water.

It is assumed that wastewater, with the characteristics listed in Table 2.5, enters the

purification system.

TABLE 2.5: Feed water characteristics and final purity requirements

Contaminant Initial concentration Final concentration
s e [mg/L] MEONmg/ L]
COD 70 5

DOC 8 2

TDS 15,000 600

TSS 200 1

Boron 2.4 2.4

Source: Tchobanoglous et al. [2003], Cheremisinoff [2002], Chowdhury et al. [2013]
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The main characteristics of wastewater impose taking into account the organic matter,
such as COD and DOC, in the case study. The initial secondary efluent concentrations
were decided based on similar values in literature [K.Wang and Zhao, 2014, Nieuwenhui-
jzen and Graaf, 2011, C. Kaznaer and Dillon, 2012]. No standards have been mentioned
for the maximum contaminant level (MCL) by the World Health Organisation. How-
ever, a number of sources declare < 5mg/L for COD and roughly < 2 mg/L for DOC
drinking water quality at neutral pH [C. Kaznaer and Dillon, 2012, P. Fox and Reinhard,
2001].

Boron is an issue specifically for seawaters, therefore, in this case study, it was assumed
its influent concentration equals to the required concentration of boron in drinking water.
As the total dissolved solids concentration is significantly lower, the reverse osmosis

systems will work with higher recoveries. For the case study, a value of 0.6 was assumed.

According to the application, aluminium sulphate (alum) coagulant/flocculant is used.
Its dosage is reported to be in the standard range of 10 to 30 mg/L for treatment of
suspended solids [Cheremisinoff, 2002]. Organics necessitate a higher dose, hence, up to
50 mg/L dose was allowed as performed in experiments [K.J.Howe and Clark, 2002]. The
price of alum can be found at approximately US$ 150/tonne [Global B2B Marketplace,

2015]. Additionally, viscosity value of 1.002 kg/m - s at ambient temperature was taken.

The rest of the data overlaps with the given data from Section 2.4.1.

2.5 Computational results and discussion

2.5.1 Seawater desalination results

The model was solved in GAMS 24.4 [Rosenthal, 2012] on a Dell PC OptiPlex 9010, Intel
Core i7 - 3770 CPU at 3.4 GHz and 16 GB RAM. Its computational statistics involve 40
binary variables, 564 continuous variables and 569 constraints. The model was solved
by ANTIGONE which returned a solution within 48.8 seconds, with an optimal gap 0.
The branch - and - bound solving technique was satisfactory for achieving the optimal

solution.
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Flowsheet configuration

The optimal sequence of process units comprised three ultrafiltration passes, primarily
from fouling. Altogether they served as a pretreatment system to the desalting section.
Two nanofiltration and one reverse osmosis passes were chosen, the former for the TDS

removal and the second one for the boron removal (Fig. 2.6).
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FIGURE 2.6: Optimal flowsheet configuration for the desalination case study

Operating conditions

Table 2.6 summarises the operating conditions returned by ANTIGONE. The predomi-
nant results lie in the lower bounds of the variables, showing the constraints are active.
On the other hand, lower power translates into lower costs. It is also worth mentioning
that some of the technological characteristics, such as molecular weight cut - off, hy-
drophobicity and pH, do not influence the operating costs directly. This might result
in observing differences in the final purities, when there is a nanofiltration and reverse
osmosis selected, while the water net cost will remain the same with various non-linear
solvers or few runs with one solver. The reason for this observation lies in the exclusion
of chemicals costs for altering the alkalinity of the feed and also, in the assumption of no
fouling occurring, where cleaning cycles and replacement can be predicted by the pore

size of the membranes.

Cost

The largest contributor to the operating costs was the electricity, followed by the labour

cost, representing 21% of the operating costs. The cleaning and replacement costs were
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TABLE 2.6: Operating conditions for seawater case study

Operating condition Range
PUF [MPa] 0.1
PUF [MPa] 0.1
Pyr [MPa] 0.5
PR02 [MPa] 5.0
TemMF [O C] 20
MWCOnr |Da] 300
Hyr [-] 0.002
pHroz [~] 8.0

relatively insignificant due to the fixation of the number of membrane modules, no

cleaning chemicals costing and assumption of activities repetitiveness.

In 2012 IWA published a book dedicating a chapter on seawater desalination where the
water net cost lay between US$0.5/m3 and US$3.0/m3, depending on the capacity of
the facility [Lazarova et al., 2012]. The optimal solution returned by ANTIGONE was
US$1.044/m? with a daily production of 337,920 m?3/d and consequently, the result fell
into the suggested limits. In addition the report by UNESCO from 2008 gives unit costs
of the desalination plants in Perth (150,000 m?3/d) and Sydney (250,000 m?3/d) with total
product costs US$1.16/m? and US$2.29/m?3, respectively. It should be noted that the
transportation costs for a distance of 100km for those plants is less than U.S$0.06 /m?,

meaning the water net cost will not be significantly influenced if they are added to it.

Sensitivity analysis

Next, sensitivity analysis was performed for the number of passes per technology, max-
imum number of passes, influent contaminants fluctuation, and interest rates and plant

life.

Sensitivity analysis of passes

In the case study four number of passes for every technology were allowed. It was then
investigated how the results change with the number of passes. It is expected that global
solvers do not experience any changes down to two passes as this is the maximum number
from a technology returned in the optimum solution. For ¢ = 1, however, ANTIGONE

returned water net cost UUS$2.105/m3 with flowsheet configuration shown in Fig. 2.7.
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FIGURE 2.7: Optimal flowsheet configuration for the desalination case study with one
pass

Next, the total allowable number of passes was decreased. In the case study, out of 10,
the global solvers return 6 passes, meaning the solution would not change if Ny,q, > 6.
When Ny, = 5, the water net cost returned was US$ 1.982/m3 with a configuration
MF - 2xNF - RO1 - RO2 (Fig. 2.8).

Selecting more passes of the same technology leads to economically more favourable
flowsheets. In the studied case, the difference in price is due to the coagulant cost for
the CF unit and its capital. The flowsheet in Fig. 2.8 differs from the optimal solution,
presented in the previous subsection, by the RO pass for TDS removal. Pumping cost

is, thus, the major contributor to the difference in price between the two.
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FiGUurRE 2.8: Optimal flowsheet configuration for the desalination case study with
overall maximum number of passes 5

Sensitivity analysis of TDS and TSS

Seawater desalination plants are exposed to daily and seasonal contaminant variations.
Hence, it is necessary to explore how the flowsheet can alter or what the fluctuation in
final purity of the initially selected flowsheet will be. The TDS concentration was varied

from 20,000 mg/L to 40,000 mg/L with a step change 5,000 mg/L. No changes occurred
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in the flowsheet configuration and water cost, meaning the system is overdesigned with
respect to total dissolved solids and it is capable to handle feed variations and still
meet model restriction criteria. Another reason is already the mentioned technological
characteristics which do not affect the final cost, meaning fluctuations in TDS would not
change the flowsheet significantly unless additional constraints are introduced or NF is

no longer able to remove the contaminant group down to the required purity.

Although fluctuations in dissolved solids are likely, it is more likely that the seawater is
exposed to turbidity variations due to weather conditions, recycled water streams that
were directed to the sea, etc. Thus, the change of suspended solids feed concentrations
was studied by varying it from 20 mg/L to 40mg/L. Not only did the final TSS con-
centration alter but also the choice of technologies in the relevant section and the final
product cost (Fig. 2.9). The water cost increases with TSS because of the need for
higher number of passes or more efficient technology. As Eqs.(2.8) and (2.10) suggest,
for separation of higher TSS concentration, more units and with higher pressure will be
selected. Therefore, the increase in price stems from the electricity cost for pumping.
From an engineering perspective, the most robust flowsheet, out of the three options,
is the configuration which can handle largest contaminant fluctuations, i.e. the third

option.

Sensitivity analysis of carbon emissions

The designed facility would annually emit greenhouse gases at the rate 634, 040 tonnes/year,
49% less than the desalination plant in Sydney, for instance, while exceeding its pro-
duction by 33% [UNESCO Centre for Membrane Science and Technology, 2008]. Other
sources have demonstrated that the range of kilogram emissions per volume of water
produced can vary from 2.03 kg/m? in Spain to 7.80 kg/m? in Australia [Lattemann,
2010]. The emissions produced for the designed conceptual flowsheet do not exceed
6.25 kg/m?. Current regulatory practices will impose official annual reporting to EPA.
To reflect future intentions of environmental regulatory bodies, an option of carbon tax-
ation of US$0.023/CO3 kg was studied in the model. The option affected the flowsheet
configuration by substituting one of the pretreatment ultrafiltration passes with a mi-

crofiltration. Thus, the emissions and their respective taxation would decrease while the
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water quality would be still met. The water net cost rose to US$1.195/m3, approxi-

mately 14% difference in comparison to the WNS from the base case.

Sensitivity analysis of interest rate and plant life

Local authorities in the US provide financing through low-interest loans and such ini-
tiatives are a common practice for boosting water treatment facilities commissioning
[US Environmental Protection Agency, 2015]. Hence, it is worth examining the water
cost modifications at different interest rates and designing for shorter and longer plant

lifetimes.



Chapter 2. Process Synthesis of Water Treatment Processes with Passes 43

m2-25 ®m152 m®m1-15 m0.5-1 m0-05

Plant life [years]

0.01 0.02 0.03 0.04 0.05 0.06

Interest rate [-]

FIGURE 2.10: Water net cost change with bank interest rate and plant life time

From Fig. 2.10 it is observed that the lower cost range will lie in the low interest rate
- short plant lifetime and high interest rate - longer plant lifetime area. The minimum
water cost is US$0.846/ m> at 1% interest and 40 years project scope. Under these
conditions the water net cost undergoes nearly 23 % reduction as a result of the decrease
in annual capital cost. Currently, the design integrates one of the worst case scenarios

where no governmental incentives are available. From this follows the higher unit cost.

2.5.2 Tertiary wastewater treatment results

For the second case study with 715 constraints and 730 continuous variables, it took

ANTIGONE 204.18 seconds to return a solution, with an optimality gap 0.

Flowsheet configuration

The advanced wastewater treatment flowsheet consisted of one coagulation-flocculation
process unit, followed by a sedimentation step. Two nanofiltration units were allocated
for the removal of the organic matter and the total dissolved solids. This flowsheet
configuration is common for water and advanced wastewater treatment. A schematic of

the optimal flowsheet is given in Fig. 2.11.
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FIGURE 2.11: Optimal flowsheet configuration for the advanced wastewater treatment
case study

Operating conditions

The operating conditions from the advanced wastewater treatment case study are re-
ported in Table 2.7. Unlike in the previous case study, here, some of the operating
conditions have inactive boundaries, such as coagulant dosage and hydrophobicity of

the second NF pass. Consequently, the computational time increased.

TABLE 2.7: Operating conditions for advanced wastewater case study

Stage ANTIGONE
CDcr [mg/1] 30.7
pHeor [-] 7.24
tfor [min] 5.0
Gfcor [S_l] 10.0
PNF [MPa] 0.5

Cost

Al-Hamdi [2010] compared desalination and wastewater treatment where the unit costs
reported only for advanced wastewater treatment are in the range US$0.31/m3 —
US$0.6/m>. The values agree with other literature sources [Alhumoud et al., 2010,
Tchobanoglous et al., 2003] that report values ca. US$0.5/m? as the cost can drop
down to around US$0.14/m?3 [104] for large - scale plants. Compared to the aforemen-
tioned water net values, the obtained optimal solution lies in the low boundary of the

given ranges, i.e. US$0.22/m3, for a designed facility with capacity of 802, 560m?>/d.
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Advanced wastewater treatment for fit-for-purpose

Wastewater and advanced wastewater treatment in particular participate in projects
for specific purposes other than drinking, e.g. industrial uses, agriculture, irrigation,
etc. Such systems have lower water quality objectives in comparison with drinking
water applications, and as a result, the level of treatment varies depending on the end
use. Then, water quality for crops irrigation with the following quality was considered:
TSS 30mg/L, TDS 290mg/L, B 0.75mg/L [National Research Council, 2012]. The
flowsheet configuration was 2eUF/2x N F/ RO2 (Fig. 2.12) producing at water net cost

US$1.236/ m? and the increase in cost is due to the necessity of boron treatment.

200 mg/LTSS 38.4 mg/LTSS 7.4 mg/LTSS 7.4 mg/LTSS
15,000 mg/L TDS 15,000 mg/LTDS 15,000 mg/L TDS 1341.5 mg/L TDS 119.9 mg/L TDS, 119.9 mg/LTDS
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FIGURE 2.12: Optimal flowsheet configuration for the advanced wastewater treatment
case study

7.4 mg/LTSS 7.4 mg/LTSS

Comparison between seawater and advanced wastewater case studies

Lastly, a comparison between the two case studies was conducted based on technologies
selection and costs breakdown. Nowadays pretreatment systems can operate without
sedimentation or dissolved air flotation. Sedimentation basins are capable of producing
seawater with approximately less than 1mg/L. This, however, depends on the source
of water. If T'SS > 100mg/L, SED is recommended to be installed [Voutchkov, 2010].
DAF is more energy intensive than SED and when the total suspended solids are high,
the process is economically unfavourable. On the other hand, the processes are efficient
for intense removal of T'SS without the concerns about equipment fouling. With the
assumption of no need for removing boron, the reverse osmosis becomes redundant. The
choice of equipment pre-determines the operating costs of the systems. In Fig. 2.13 the

breakdown costs per volume for both applications are presented. Seawater desalination
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FIGURE 2.13: Annual cost breakdown comparison per volume of water

demonstrates approximately ten times higher electricity cost because of the pumping
requirements in overcoming osmotic pressure of saline water. When the TSS is high,
coagulants that treat the water are significantly less expensive while their dosage rise
less than double at maximum. Therefore, CF becomes economically advantageous but
accounts for the extra chemical cost. The labour cost per volume of water is significantly
higher in seawater desalination due to the extra pass and lower production rate. The
capital costs are relatively comparable as one of the flowsheets has four process units,
and the other one - six. Future refinements of the mathematical model can lead to a

more accurate representation of the physico-chemical system of water treatment.

2.6 Conclusions

In this work a systematic approach for the design and optimisation of water treatment
processes has been proposed. The problem has been formulated as a mixed integer
non-linear program model. The objective function minimises the water production cost
manipulated by the techno-economic performance of the technologies selected. Two

case studies have been presented with two applications, on seawater desalination and
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advanced wastewater treatment. The computational results have demonstrated an align-
ment with existing water engineering technical and economic practices which proved the

applicability of the proposed approach and model.



Chapter 3

Synthesis of Water Treatment

Processes with Passes and Stages

Chapter 3 advances the optimisation framework presented in Chapter 2 by introducing
alternative paths in the superstructure. Simultaneously, it seeks to improve the compu-
tational performance of the resulting highly non-linear formulation by applying various

linearisation and approximation techniques.

3.1 Theoretical background

Intricacy of water treatment design is, normally, due to bilinearities arising from mixing
of streams of different qualities, which immensely increases the computational effort to
achieve global optimality. Karuppiah and Grossmann [2006] and Castro [2015] have
demonstrated the applicability of bilinear relaxations using McCormick envelopes in
different problems, including wastewater treatment. Teles et al. [2012] implemented
a multiparametric disaggregation technique for water networks design. Castro [2016]
proposed a normalised multiparametric disaggregation (MDT) strategy which has been
demonstrated to improve the convergence of non-convex problems. The technique has

successfully been implemented in wastewater treatment applications [Ting et al., 2016].

This chapter presents a superstructure optimisation approach for the synthesis of water

and water - related treatment processes by introducing essential new alternative paths

48
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to its superstructure in Chapter 2 and hence, illustrating more closely common indus-
trial practices. Three mathematical formulations are developed, an MINLP model (PO0),
a partially linearised MINLP (pIMINLP) model (P1) and a mixed integer linear frac-
tional programming (MILFP) model (P2). The originality of the work lies in: (i) removal
efficiencies modelled as continuous variables. Models PO and P1 consider removal effi-
ciencies as continuous variables whose values are determined by regression models with
independent variables - the operating conditions of the treatment units; (ii) unique su-
perstructure accommodating the technologies used across water, advanced wastewater
treatment and desalination; (iii) operating costs breakdowns and capital costs for every
candidate technology. The rest of the chapter is structured as follows: in Section 3.2
the superstructure optimisation problem is given together with the assumptions along
its development and the problem statement. Next, the mathematical formulations are
presented and the solution strategies are discussed in Section 3.3. The capabilities of
the models are then tested on two case studies in Section 3.4 whose results are discussed
and analysed in Section 3.5. Finally, Section 3.6 draws conclusions from the obtained

results and summarises the major points from this work.

3.2 Problem statement

The aim of the current work is to develop a methodology for the generation of a com-
bination of technologies that result in the most economically favourable flowsheet de-
sign. Similarly to Chapter 2, the proposed model accounts for contaminants classified
into major groups such as total suspended solids (TSS), total dissolved solids (TDS),
chemical oxygen demand (COD) and boron (B). Nine technology candidates are con-
sidered, i.e. coagulation-flocculation (CF), sedimentation (SED), dissolved air flotation
(DAF), multi-stage media filtration (MMF), microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), reverse osmosis (RO) for TDS (RO1) and B (RO2) removal. The
acceptable connections among those technologies have been diversified and illustrated
in the enhanced model superstructure in Fig. 3.1. Every technology is associated with

the removal of a group or groups of contaminants.
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The sequence of the technology candidates in the model is pre-fixed in an order they are
most commonly configured in established practices. A candidate, however, can be either
selected or bypassed. In conventional treatment, coagulation-flocculation is followed by
a clarification process. Two clarification options are provided, SED and DAF. They are
represented by the collective name CLR which is symbolically depicted with a dotted
line in the superstructure. Provided SED or DAF is selected, CLR is selected, too.
A selection of a clarification process serves as a prerequisite for the selection of CF.
Coagulation-flocculation alone can be selected if the separation is efficient enough. Low
pressure membranes (MF and UF) and high pressure membranes (NF and RO) are
allowed to exist sequentially in the superstructure. Nevertheless, the problem can be

restricted to the selection of either of a membrane from a group.

Every unit can be repeated in a sequential manner, or a pass, denoted also by i. A
pass is used in order to increase product purity. Every unit can be repeated to treat
the concentrate or retentate of a preceding unit. This structure is referred to as stage
and is denoted by s. A stage is used in order to increase the productivity of the system.
Whether a pass and a stage from a technology are singled out is decided by a binary
variable. Additionally, a technology can have as many number of passes and stages as
economically viable. The unit selection is based on meeting the regulatory requirements
depending on the purpose of water usage [The Drinking Water Inspectorate, 2009, U.S.
Environmental Protection Agency, 2010]. The flowsheet configuration has to be such as
to minimise the water net cost, expressed in US$/m3. The following assumptions have

been made along the mathematical formulation development:
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Assumptions

e removal efficiencies are the major technological criterion

e coefficients of determination are satisfactorily high for providing a good fit
for removal efficiencies

e the major contaminant groups depend on water source; the rest are untrace-
able

e insignificant removal of a group of contaminants from technologies assigned
for removal of other groups

e initial removal grids, intake screens and post-treatment equipment are not
considered

e no fouling and flux decrease

e 10 system pressure losses

e cost indices can be grouped for lower pressure membranes (MF and UF)
and high pressure membranes (NF and RO)

e plant shut down for maintenance takes 65 days

e annual water production and operating expenses do not fluctuate through-
out the commercial lifespan of the plant

e no government incentives, such as decreased interest rate or no interest rate,

apply

The overall optimisation problem can be stated as follows.

Given:

e contaminant groups and concentrations in intake

e industrially available treatment technologies

e maximum number of passes and stages allowed for a technology

e intake flowrate

e recoveries, pump and motor efficiencies for every unit

e candidate technologies characteristics ranges (P0 and P1) or discrete values (P2)(e.g.
flocculation time and energy input, coagulant concentrations, operating pressures,
influent temperature, hydrophobicity, hydrogen ion concentrations, molecular weight

cut - offs)
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e cost indices (e.g. units upfront costs, chemicals and electricity charges, equipment

replacement rates, labour associated constants, interest rate and plant life)

Determine:

process flowsheet including multiple-pass and multiple-stage strategy

optimal removal efficiencies and operating conditions for the selected units

e contaminants and flowrates profiles

annual operating and capital costs

So as to:

minimise the water production cost which is defined as the total annualised cost divided

by the annual production rate.

3.3 Mathematical formulation

3.3.1 MINLP model formulation (PO0)
3.3.1.1 Removal efficiencies

Meeting product specifications is the most important goal of the model which is achieved
through the separation performance of the technologies composing a flowsheet. The
physicochemical properties of the fluid and the operating conditions of the available
technologies (P Pj;sc) impact their separation efficiency and generically, can be stated as

follows:

ck
Riise = f(PPyise) =1 — CtT Vt,i,s € I;,ce CTy (3.1)

tisc
where Ctlf < and C’g <. are the respective concentrations of contaminant ¢ in permeate and
feed, for a technology, t, its pass, ¢ and stage, s. Ry is the separation efficiency which
can take values between 0, meaning no separation is accomplished, and 1, meaning 100%

separation is attained. Thus, the extent of removal can be presented in the form of re-

gression models based on Analysis of Variance (ANOVA), where the removal efficiencies
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are dependent variables, and the properties and operating conditions are independent
variables. The correlations are readily found from laboratory experiments, modified or

developed for the purpose of this study.

First, CF is considered where its removal efficiency for COD is determined by Eq. (3.2)
[Sangeetha et al., 2014].

Ryise = 0.00058 - CDyis +0.135 - pHys — 0.154, VYt € CF, i,s € I, c € COD (3.2)

where C'Dy;, is the amount of coagulant and pHy;s is the concentration of hydrogen ions
in the water. It is assumed CF has an insignificant effect in the removal of suspended
solids, hence, its separation efficiency for this contaminant group is regarded as zero.
The chemical dosage, the residence time and mixing in CF, however, effect the removal
of TSS in the typically subsequent clarification processes, DAF and SED. Hence, when
CLR is selected, CF also has to be selected. Additionally, if CLR is chosen, either SED’s
or DAF’s removal ratio will be valid (Eq. (3.3)).

Rise = Rgise - Xgis,  VtE€CLR,i,s€ I, c€TSS (3.3)
qeTCLR

where X, is a binary variable for the selection of a clarification technology. It has been
reported that sedimentation is strongly influenced by the coagulant dose used in CF
[Vlaski, 1998]. After performing a regression analysis on the data provided in Vlaski

[1998], the following correlation has been obtained:

Ryise = 0.22154 + 0.02516 - CDys, Vg€ SED,t € CF,i,s€ I, ce TSS (3.4)

where C Dy, is the amount of coagulant used in the CF process. Besides coagulant dose,
DAF also demonstrated dependence of detention time and velocity gradient in CF’s

mixing chamber, denoted as T f;;s and D f;s, respectively, in Eq. (3.5).

Ryisc = 1.85886 — 0.00807 - C'Dy;s — 0.00083 - G fyis + 0.0025 - T fris — 2.47 - Py,
Vge DAF, t € CF,i,s€ Il;,ceTSS
(3.5)

where Pqis is the pressure of the saturator. The Commonwealth Scientific and Industrial
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Research Organisation (CSIRO) developed the initial steady-state removal of TSS in
media filtration (MMF) [Lin et al., 2006]. The relationship is shown in Eq. (3.6).

Riise = 0.0298 - DMED 4 0171 - Ldys + 0.206 - L;;! —0.245,

tis tis

Vte MMF, i,s € l;, ceTSS

(3.6)

where D%ED stands for the diameter of the media, Ld;s is the load to the filtration
process, Lt_wl is the length of the filter for MMF in pass ¢ and stage s. The separation
efficiency of COD from water by MF is shown in Eq. (3.7) derived from experimental

work [Benitez et al., 2006].
Riise = 0.189 + 1.009 - Pys, Vte MF,i,s € Iy, ce COD (3.7)
The rejection of TSS by MF is affected by both pressure and temperature, thus:
Ryise = 0.126 + 0.001 - Temy;s + 0.97 - Py, Vte MF,i,se€l;,ceTSS  (3.8)

where T'emy;, is the temperature of the influent to technology ¢, pass ¢ and stage s, and
P;s is the pressure of the feed flowrate. Cho et al. [2000] studied rejection of natural
organic matter in UF membranes. Eq. (3.9) gives a regression where pressure is the

only independent variable.

Rijse = 0.236 — 0.952- Py, YVt UF,i,s €I, c € COD (3.9)
For the removal of turbidity by UF, Eq. (3.10) holds.

Rijse = 0.959 — 1.510- Pys, YVt e UF, i,s€ I, c€ TSS (3.10)

where the equation has been derived from data obtained from pilot plant experimental
work [Benitez et al., 2006].

Artug [2007] pointed out the NF membranes characteristics such as pore size, hydropho-
bicity and roughness affect their performance. Therefore, the retention for those mem-
branes involves molecular weight cut-off, MW COy;s, and hydrophobicity, Hy;s, shown
in Eq. (3.11) and Eq. (3.12).
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Rijse = 1.138 — 0.00096 - MW COys — 0.087- Pys,  Vt€ NF, i s €I, c € COD
(3.11)

Riise = (0.573 — 0.071 - Hy;s — 0.0002 - MW COys)?, Vte NF,i,s € Iy, ce TDS
(3.12)
The correlation for TDS has been reported by Boussu et al. [2008] based on laboratory
work. RO rejection coefficient for dissolved solids is presented in Eq. (3.13) as a function
of the operating pressure performed on ROSA software [The Dow Chemical Company,
2013] by Chen and Guanghua [2005].

Riise = 0.890 + 0.034 - Py — 0.003 - P2 Vt € ROL,i,s € I,,c€ TDS  (3.13)

1S

A separate contaminant group is dedicated to boron (B) which is detected in some water
sources and its removal is particularly difficult due to its ionic dissolution [Li et al., 2008].
Consequently, elevated pH is necessary for its separation profile that can be modelled

by Eq. (3.14).
Ryise = 0.408 + 0.046-pHy;s + 0.028-Pys, VYt € RO2,i,s €I, c€ B (3.14)

where pHy;s is the alkalinity of the solution to achieve desired separation. The above

equation has been developed using ANOVA analysis and data from Mane et al. [2009].
Summary of separation coefficients

The regression equations described above and used in the model are summarised in Table

3.1.



TABLE 3.1: Summary of rejection coefficients correlations in MINLP model

Correlation Equation
Riise = 0.00058 - CDyys +0.135 - pHy;s — 0.154, Vtc CF,i,s € I, c€ COD (3.2)
Ryise = 0.22154 + 0.02516 - CDyss, Vg€ SED,t € CF, i,s € I;, c€ TSS (3.4)
Rgyisc = 1.85886 — 0.00807 - CDyis — 0.00083 - G fris + 0.0025 - T fris — 2.47 - Pyis Vg€ DAF, tc CF,i,s € I,,c€TSS (3.5)
Riise = 0.0298 - DYFP 10.171 - Ldys + 0.206 - Ly} — 0.245, Vte MMF,i,s €I, cc€TSS (3.6)
Riise = 0.189 + 1.009 - Py, Vt € MF,i,s € I;, c € COD (3.7)
Riise = 0.126 + 0.001 - Temy;s + 0.97 - Py, YVt e MF,i,s €I, c€ TSS (3.8)
Riise = 0.236 — 0.952 - Py, Vtc UF,i,s € I, c € COD (3.9)
Riise = 0.959 — 1.510 - Pyis, VtcUF,i,s €I, c €TSS (3.10)
Riise = 1.138 — 0.00096 - MW COy¢;s — 0.087 - Py, Vt € NF,i,s € I;, c€ COD (3.11)
Riise = (0.57 — 0.07 - Hyis — 0.0002 - MW COyis)3, VYVt NF,i,s € I;, c€c TDS (3.12)
Riise = 0.890 + 0.0340 - Py;s — 0.003 - P, Vt € RO1,i,s € I, c€ TDS (3.13)
Riise = 0.408 + 0.046-pHyis + 0.028- Py, Vt € RO2,i,s € I;, c€ B (3.14)

LG $9b6DIG PUD SISSDJ YN $ISSII0LJ JUIWIDIL], 421D [0 sisoyufig ssaoo4g ¢ 193dery))
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F1GURE 3.2: A schematic representation of concentrations and flows streams in a two-
pass system with two and one stages

3.3.1.2 Mass balance constraints

Next, the concentration and mass balances constraints are presented. A simple schematic

representation of feed, permeate, concentrate and waste streams is depicted in Fig. 3.2.

Concentration constraints

P

The permeate concentrations, Cj, ., of every unit are calculated in Eq. (3.15) and

Eq. (3.16). If a unit is selected, its concentration is reduced to Cgsc. Otherwise, the

concentration remains Cgsc.

Cgsc : (1 - Rtisc) - MCBIG : (1 - Etis) < Ct]i)sc < Cgsc : (1 - Rtisc) + MCBIG ' (1 - Etis)a
Vt,i,s S It,C S CTt
(3.15)

cE.—MP¢. g, <cl_ <CE Vt,i,s € I;,c € CT, (3.16)

tisc tisc 1SC)

where MBI is a big number with a unique value for every c. M2 should be adjusted
for every contaminant because of the difference in concentrations magnitudes. FEj;s is a
binary variable which is activated when a technology ¢, pass ¢ and stage s are selected.

Eq. (3.15) involves a bilinear product of CE and Ryise. When a unit is selected, then

tisc

the retentate concentrations, CS, ., would either equate waste concentrations, C}. ,

or
the feed concentrations of the next stage (Eq. (3.17) - Eq. (3.19)). The expressions are

valid only for the contaminants relevant for a technology.

Cgs_Lc = C’gsc + C't‘?’/s_l’c, Vt,i,s € I1,s > 1,ce CTy (3.17)
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If a next stage is not selected, the stream goes to waste which can be further diluted or

treated, or discharged.

Clo 1o < MPIY.(1-Ey,), Vtisel,s>1,ceCT, (3.18)

If a next stage is chosen, the effluent from the previous stage becomes the feed of the
next stage.

cE . < MPIY. By, Vt,i,s €I, s > 1,ce CT, (3.19)

tisc

In order to ensure no value will be given to the concentrates when a stage is not selected,

we enforce the following constraint:

CS.. < MPIC . Eyu,,  Vti,sel,ceCT, (3.20)

tisc

where MBIC is sufficiently large so that it will always be greater than the concentration
of the concentrate. Furthermore, we would like to ensure the contaminants that cannot

be treated by a technology would have a zero value for their waste concentration:

Che=0, Vtisel,c¢CT, (3.21)

Flowrate constraints

Similarly, the flowrate constraints are modelled in Eq. (3.22) and Eq. (3.23). When a

candidate is selected, the feed Qgs is reduced to Qﬁs.

Ytis Qgs - QIN : (1 - Etis) S Qgs S Ytis Qf;s + QIN : (1 - Etis)a

Vit ¢ CLR, i,S € It

(3.22)

QL. — QN . Eu, <QF <Qf,, Vt ¢ CLR, i,s € I, (3.23)

where yy;5 is the recovery of a technology ¢, pass ¢ and stage s. Although unit recovery,
like removal efficiency, can also be expressed as a function of the system pressure, fluid
salinity, etc. [Li et al., 2008], in this work the recoveries are modelled as parameters

which take different values for every t. Q¥ is the intake flowrate and serves a purpose of
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an upper bound of the product flow. Qﬁs and Qf;s are the permeate and feed flowrates,
respectively, associated with a technology ¢, pass 7 and stage s. As previously mentioned,
SED and DAF are represented by CLR, whose flowrate is determined either by the
recovery value of SED or the recovery value of DAF (Eq. (3.24)).

Qgs = Qgs ) Z (gqis ’ XqiS) + Qgs ’ (1 - Z XqiS)v

g€TCLR q€TCLR (3.24)

V¢t € CLR,i,s € I

In the cases where there are more than one stage selected, the concentrate flow, Qgs

from the previous stage equals the feed flow of the next stage (Eq. (3.25)).
Qo1 =Qlis + Qi 1,  Vtisel,s>1 (3.25)

Qgs S QIN : Eti87 Vt7i7 S € It, S > 1 (326)

If a next stage is not selected, the value of the concentrate flow will be passed to a waste
stream Q..

Q1 < Q™ (1 Eys), Vt,i,s € I8 > 1 (3.27)

In order to ensure no flow is passed to the waste stream when a stage is not selected,

the following constraint is applied:
Qgs < QIN : Et’isa Vta ia ENS It (328)
When the flows are passed from one pass to another, Eq. (3.29) holds.

> Q1 =Qhmr, Vi€ i>1 (3.29)
s€l

When the flows are passed from one technology to another, Eq. (3.30) is used.

P F
Z Qtfl,'isﬂzltm‘” = Quisfi=1,5=1> vt > 1 (3.30)
sel

Balances and interconnections constraints
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The mass and concentration balances over a pass and a stage are expressed in Eq. (3.31)

- Eq. (3.32).

thz‘;c ' Qgs = Cgsc : Qgs - Ctl;‘)sc : in)m Vtﬂ i? s € It7 c (331)

Q.= Qh— Q. Vtisel (3.32)

The interconnection between two passes is expressed in Eq. (3.33) and the interconnec-

tion between two technologies is expressed in Eq. (3.34).

P P F F . .
Z Ct,ifl,sc : Qt,ifl,s = Ctisc|s:1 : Qtz’s|s:17 Vt) (S It7 1> 17 c (333)
s€l

P P _AF F
E :Ct—l,isc\izlg’““” Qi visji=rmer = Cligeim1,6=1 * Quisli=1,5=1/ Vt>1,c  (3.34)
sel;

The hourly, Qout, and annual, Q4% production rates of the facility are then expressed

by Eq. (3.35) and Eq. (3.36), respectively.

Qout=> Qf,,  Vt=T, i=1I"" (3.35)
s€el
QA =t), - tq-py- Qout (3.36)

where t5, is the number of operating hours per day, t4 is the number of operating days

per yvear and py is the production fraction of the facility relative to its capacity.

3.3.1.3 Target constraints

The final contaminant concentrations, Cout,., should satisfy the conditions imposed by
Eq. (3.37) and Eq. (3.38) and do not exceed the maximum allowable concentration,
Mf ONC " The final purity requirements alter with the ultimate purpose of the product,

i.e. drinking water, process water, water for irrigation.

Cout. - Qout = Z(Ctp - QP ), Vi=T,1=1""", c (3.37)

iSC
s€l
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Cout. < MEONC, Ve (3.38)

A supplementary constraint for minimum effluent amount is enforced by Eq. (3.39)

which would ensure the plant design capacity is met.
Qout > MFLOW (3.39)

where MFLOW ig the minimum allowable effluent flow.

3.3.1.4 Logical constraints

The overall number of the selected technologies, passes and stages should not be greater

than a number, N shown in Eq. (3.40).

YY) Euys <N (3.40)

t iEIt SGIt

Eq. (3.41) and Eq. (3.42) are logical conditions that do not allow the selection of any

pass or stage provided the previous one has not been chosen.
Et7i+175 < FEis, Vi, i,s € I1,1+ 1€ I; (341)

Eti7s+1 S Etis; Vt)i7 S € Ita s+ 1 S It (342)

Coagulation-flocculation should be selected when sedimentation or dissolved air flotation

is selected hence, Eq. (3.43) applies:
qu's < FEis, Vge CLR,te CF,i=1,s=1 (343)

Only one of the clarification processes can be chosen at a time, a condition imposed by
Eq. (3.44).

> X4s=Eu, VteCLR,is€l (3.44)
qeTCLR

The same logical conditions for binary variable X;s are needed.

Xq,i+1,s < Xqis: v‘]v iv s € qu +1e I_q (345)
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Xqi,s—i—l < Xqis; Vq,i, s € I_qa s+1e I_q (346)

3.3.1.5 Cost constraints

Economic appraisal of conceptual design owes its complexity to the various cost compo-
nents that must be considered. Such components are plant capacity, intake quality and
quantity, location, accessibility to electricity and occurring electricity charges, qualified
labour, plant life, agreements with banks and local governments [Zhou and Tol, 2004]. In
the following subsections, many of the factors have been included such as chemical costs
for coagulant, pH adjustments and post-treatment, electricity for mixing and pumping,

equipment replacement and labour. No carbon taxation is assumed.

3.3.1.5.1 Operating costs Aluminium sulphate (alum) and ferric sulphate are the
preferred choice of coagulants where the former is widely used in surface water treatment
due to its low cost and the latter is a more common choice in desalination because of its
better performance. The annual cost for the chemical requirements is calculated from

Eq. (3.47).

CHCyis = cv“HC .ty -ty - ™ . CDyy-QEE,  Wte CFi,s eI (3.47)

CHC

where cv is a conversion factor, t4 is the number of operating days a year, tj is the

chem

number of operating hours a day, C'D,;s is the coagulant dose and ¢ is the cost of

coagulant. QFL is the linearised flowrate of a bilinear term for the multiplication of the
feed flowrate and the binary variable Ey;s. The term is determined by Eqs. (3.48) and
(3.49).

QFF <Q™ - Eus,  Vtisel (3.48)
QL — Q™ - (1-Eu) <QEF < QL. +Q™ - (1- Eyu,), Vtisel,  (3.49)

The linearised term is used in calculating the electricity cost for the slow mixing in the

flocculant tank (Eq. (3.50)).

EMCis=cv®™ gty - p-c® - Tf - QEE - GfE, Vvt € CF,i,s € I (3.50)

tis
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In Eq. (3.50), cvPM is conversion factor, p is the dynamic viscosity of the fluid and
c¥ is the electricity charge. The ongoing costs for DAF depend mainly on its saturator

which is expressed in Eq. (3.51).

SC . .E.p F
v - - Pyis - Qs KXgis

SChis = OAT ) Vit e CLR,q € DAF,i,s € I, (3.51)
where SCys is the operating cost of the saturator, cv°C¢ is the conversion factor for
the equation, anT is the efficiency of the saturator, P;is is the saturator pressure,

assumed to be the pressure supplied by the pump and c¢F is the electricity cost rate.
The most significant contribution to the operating costs stems from electricity, and
more specifically, electricity for flowrates distribution and achieving separation pressure.
Hence, the feed pumps are the main electricity consumers and their costs, denoted as

PCy;s, are expressed in the following equation.

wPC . cE.p,, . QFL

tig Vt ¢ CLR,i,s € I (3.52)

PClys = ,
b nf’t . gMT

cvPC is a conversion factor for the pumping cost equation. No pumps are assigned to

the clarification processes in order to avoid breaking the flocs formed in CF.

The replacement costs, M RC};s, are estimated for every pass ¢ and stage s. For media

filtration, they will depend on the volume of media to be purchased.

. DMED?

. L -
i” ' T tis i tis - Elis Vte MMF,i,s € I; (353)

MRCys = anRC - re

For membrane filtration, the replacement cost is governed by the permeate flowrate:

MRCy;s = anRC'th g rc,;M © Ytis QESL Vie TMM,i,s € I, (3.54)

M

fMEC s an annualisation factor allowing membrane life of 5 years and rc™ is

where a
the membrane replacing cost per cubic metre media purchased (for media filtration) or
permeate produced (for membrane filtration). It is assumed that the lifespan of the
chambers for CF, SED and DAF lasts as long as the plant’s life. The chemical costs

for pH adjusting, treatment and post-treatment can also be expressed in terms of the
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capacity of the plant, hence:
ChemC =ty - tq - py - " - Qout (3.55)

where 7" is the cost for chemicals per volume of produced water.

The labour cost, LC', accounts for another large ongoing expense in a manufacturing
facility. It can be estimated based on the production capacity of the plant, as shown in
Eq. (3.56).

LC =lcl - Qout + 12 (3.56)

where Icl and [c2 are, respectively, the coeflicient and intercept of the linear dependency

of daily plant capacity and annual labour cost.

3.3.1.5.2 Capital costs Capital costs for every plant are comprised of four major
components, namely, project development, plant equipment and buildings, power supply,
and piping and pumps [Blaikie et al., 2013]. An estimation of the capital cost, however,
can be given by the capacity for water production and thus, the following expression

can be used:
CClis = infly- Ay - (QF ) - Eys, Vt ¢ CLR,i,s €I, (3.57)

where in fl; is inflation factor depending on the year of estimation, A; and b; are specific
parameters for every technology. The capital cost for the clarification technologies is

calculated from Eq. (3.58).

CCus= Y infly-Ag-(Qfi)" - Xgis,  Vt € CLR,i,s € I (3.58)
qeTCLR

The capital recovery factory (CRF) is expressed in Eq. (3.59) [Badiru and Omitaomu,

2007].
ir

1
1= (I+iryvr

CRF = (3.59)

where ir is the bank interest rate and yr is the number of years for investment which

often coincides with the plant life.
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3.3.1.5.3 Total cost The total annual cost, T'C) is a sum of the coagulant CHC};s,
mixing EM Cy;s, saturator SCls, pumping PCly;s, replacement M RCy;,, chemical condi-

tioning ChemC', labour LC' and the annual capital costs for all the selected technologies.

TC = Z Z Z CHC4is + ChemC+ chemical costs
teCF i€ls s€l

Z Z Z EMCyis + Z Z Z SClis + Z Z Z PCls+ power costs

teCFicl; sel teCLR i€l sel; t¢CLR i€l s€lt

Z Z Z M RClis+ replacement cost

teTMMBiel; sely

LC+ labour cost
Z Z Z CRF - CClys capital cost

t el scly
(3.60)

3.3.1.6 Objective function

The objective function for the MINLP model is to minimise the water net cost, WNC,

which is the quotient of the total annual cost and the annual plant production rate:

T
minimise WNC = QAC; (3.61)

which is subject to:

e separation efficiencies Eq. (3.2) - Eq. (3.14)
e mass balances Eq. (3.15) - Eq. (3.36)

e targets Eq. (3.37) - Eq. (3.39)

e logical conditions Eq. (3.40) - Eq. (3.46)

e operating costs Eq. (3.47) - Eq. (3.56)

e capital costs Eq. (3.57) - Eq. (3.58)

e total annual cost Eq. (3.60)

While minimising the annualised capital investment and running costs, the annual pro-
duction flowrate is increased and the optimum purity is achieved. Nevertheless, the
formulation contains various non-linearities that result in multiple local minima. In pur-

suit for better model stability, the most abundant non-linearities generated from mass
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balance constraints are reformulated, together with the capital cost function which is

demonstrated in the next subsection.

3.3.2 Partially linearised MINLP (pIMINLP) model formulation (P1)

The model presented in Section 3.3.1 is highly non-linear and its convergence is chal-
lenging, resulting in many cases in infeasible solutions. Accordingly, the model has
been linearised. The constraints related to mass balances (Egs. (3.31), (3.33), (3.34)
and (3.37)) and economies of scale (Egs. (3.58) and (3.59)) were initially reformulated.
The relaxation and piecewise approximation procedures are presented in the following

sections.

3.3.2.1 Mass balances linearisations

The bilinear terms Cg’sc . szs, Cgsc . szs, ngc . Qgs arising from the multiplication
of two continuous variables, i.e. contaminants and flowrates, in Eqgs. (3.31), (3.33)
and (3.34) were reformulated using multiparametric disaggregation [Teles et al., 2012,
Kolodziej et al., 2013, Teles et al., 2013, Castro, 2016] where the flowrate is expressed as a
multiparametric sum of active decimal powers determined by binary variables zs;s.; and
continuous variables Z;;s.k, and the concentrations variable is disaggregated into a set of
continuous non-negative variables C’tisckl and Cljsc.. The variables are with superscripts
corresponding to the stream they belong to, i.e. permeate, feed and concentrate. Thus,

the reformulation for permeate, for instance, becomes:

P 9 1
CQle=>_> 10" k- CE 4+ 10° - k- ClLyp  Vtise€le  (3.62)
I=p k=0 k=0

where k£ = {0,1,2,...,9}. The flowrate is represented in Eq. (3.63) where the second

term provides fine tuning and hence, continuity in the domain of the flowrate.

1

P 9
Qs = 10" k  2pjisrs + 3 _10° - k - 2pyisep,  Vti,s€Lc  (3.63)
l=p k=0 k=0

The newly introduced non-negative continuous variables Cg ey and Cg e are bounded

by Mf[ & or zeroed depending on the value the binary and pseudo-binary variables will



Chapter 3. Process Synthesis of Water Treatment Processes with Passes and Stages 68

take.
CE 1 < MPIC . apyicen, Vt,i,s €I, ekl (3.64)
C_'tFi)sck S MCBIG ' Z?)tisckn Vt,i,s S Itaca k S 1 (365>

Eq. (3.66) and Eq. (3.67) relate étjijsck’l and CFE_, with the variable Cf.. additional

constraints are introduced.

9
Z CA'tlijsckl - Ctljsca Vt7 i, s € It7 c, l (366)
k=0
1
Z t]iDsck = Ct]ijsm Vt,i, s € Ita c (367)
k=0

The selection of only one variable over the & set is imposed by Eq. (3.68) and Eq. (3.69).

9
Z ZPtisckl = 1) Vta 7:’ s € Ita ¢, l (368)
k=0
1
Z ZPgisck = 1y Vi, i,s € It, ¢ (369)
k=0

The continuous variable 2p;;,.. is bounded between 0 and 1. The feed and concentrate
have been reformulated using the same method where superscripts F' and C were used
to designate the respective variables. Replacing the bilinear products, transforms Eq.

(3.31) to the following constraint:
CQfoe = CQfiye — CQflye,  Vti,s € Iyc (3.70)

Eq. (3.33) and Eq. (3.34) acquire the form, shown in Eq. (3.71) and Eq. (3.72).

> CQf 1= CQfiujomr,  Vhi€Ii>1c (3.71)
sel

P F
Z CQi_1iscli=rmar = CQigeli=1 51/ vi>1,c (3.72)
sel;

The bilinear terms arising from the multiplication of continuous variables of contaminant

levels and flowrates for final effluent in Eq. (3.37) were reformulated in a similar manner,



Chapter 3. Process Synthesis of Water Treatment Processes with Passes and Stages 69

demonstrated below.

P 9 1
CQoute =Y Y 10" - k- Couteyy + » 107 - k - Couter, Ve (3.73)
I=p k=0 k=0

where Cout.y, and Cout.;, are the auxiliary continuous variables to represent final con-
centrations. The effluent is expressed as a summation of two terms where zo.y is a
binary variable and Zoq a continuous variable, both to determine the selection of a

single digit number k and decimal number raised to power .

P 9 1
Qout = ZZ 10' - k - zoww + Z 10?7 - k - Zou, Ve (3.74)

l=p k=0 k=0

Cc;utckl and Cout,, are bounded by a big number in the following constraints.
Céutckl S MCBIG © ZO0ckl, VC,k,l (3.75)

Coutg, < MCBIG - Z0ck+ Ve, k <1 (3.76)

Cout .y and Cout, and Cout, are related in Eq. (3.77) and Eq. (3.78).

9
Z Cout i = Cout, Ve, 1 (3.77)
k=0
1
Z Cout, = Cout,, Ve (3.78)
k=0

Only the selection of one significant digit for every power is possible:

9
> zogn =1, Ve, (3.79)
k=0
1
Z0ck = 1, Ve (3.80)
k=0

The continuous variable zo. is between 0 and 1. Because permeate, feed, concentrate
and final flowrates are in the same order of magnitude, the power they are raised to is
the same. The bilinear products are now substituted in Eq. (3.37) and it is remodelled
to Eq. (3.81).

CQout, = Y CQfiyer  VE=T,i=1I"" c (3.81)
sel;
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3.3.2.2 Approximation of capital cost constraints

The capital cost is represented by a piecewise linear approximation, defined over the
domain of the flowrate. Taking Q'Y as an initial point and M¥LOW as a final point in
this domain, the optimal number of segments and connecting points are obtained with
the approach published in Natali and Pinto [2009]. The function from Eq. (3.57) and
Eq. (3.58) is expressed through ccoff;m and qﬁiﬂl, parameters representing segments m
of the cost and flowrate, respectively, in Eq. (3.82).

ccol? = infly- Ay - (¢P )P, Vt ¢ CLR,i,s € I,m (3.82)
where in fl; is inflation factor depending on the year of estimation, A; and b, are specific
parameters for every technology. Similar to the formulation in the previous subsection,
the cost function of the clarification processes is calculated separately:

cco®. = inflg-Aq-( o )b, Vg € TCLR,i,s € I;,m (3.83)

qism qqism

The performed piecewise approximation is shown below where Gysm 1S a continuous

variable and Y% is a binary variable.

Qs = (a7 Grism),  Vt& CLR,i,s €I, (3.84)

m

Eq. (3.85) connects the flowrate of CLR with the properties of SED and DAF:

Qs =Y (qi, Ggism), YVt € CLR,q€ TCLR,i,s € I, (3.85)

m

The capital cost CColys is related in Eq. (3.86) and Eq. (3.87).

CColyis = (ccopl,, - Grism), V& CLRi,s €1 (3.86)
bp i =
CColyis = Z(ccoqism -Gyism), Vg e TCLR,i,s € I, (3.87)

Only one segment m for a given technology ¢, pass i and stage s is allowed (Eq. (3.88)).

> Giiom =1, Vtiscl, (3.88)
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Grism < Vi oy + Y, Vti,s € L,m < M™T — 1 (3.89)
Y Yi,=1,  Viscl (3.90)
m<Mmaz_1

Standard piecewise linearisation technique utilising one continuous and one discrete
variables instead of SOS2 variables is implemented as SOS variables are not supported
by most global non-linear solvers. In order to consider the cost only for the selected
units, a bilinear term will appear which has to be linearised. Thus, for non clarification
technologies:

CChis < UPIC . By, Vt ¢ CLR,i,s €I, (3.91)
CColys —UPIY . By < CClis < CColyis +UPIY - By, Vt ¢ CLR,i,s € I; (3.92)

where UPT¢ is a sufficiently big number. The presence or absence of capital cost for
CLR rests on the value of the binary variable X,;; which can take the value of 1 either

for SED or for DAF only.
CCys < UP'C - X4s,  Vt€CLR,qe TCLR,i,s € I, (3.93)

CColyis — UPTC - (1 = Xyis) < CClis < CColgis + UP'Y - (1 — Xyis), o)
Vt € CLR,q € TCLR,i,s € I

3.3.2.3 Objective function

The objective function for the pIMINLP model is to minimise the water net cost, WNC,

which equals the total annual cost divided by the annual plant production rate:

TC
QAP

minimise WNC =

which is subject to:

separation efficiencies Eq. (3.2) - Eq. (3.14)

mass balances Eq. (3.15) - Eq. (3.30), Egs. (3.32), Eq. (3.35),Eq. (3.36), Eq.
(3.62) - Eq. (3.72)

targets Eq. 3.38, Eq. (3.39), Eq. (3.73) - Eq. (3.81)

logical conditions Eq. (3.40) - Eq. (3.46)
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e operating costs Eq. (3.47) - Eq. (3.56)
e capital costs Eq. (3.84) - Eq. (3.94)
e total annual cost Eq. (3.60)

An alternative formulation can be obtained if P1 is completely linearised.

3.3.3 MILP model formulation (P2)

The model presented in Section 3.3.2 can be linearised completely to enhance robust-
ness. Although a linear model is only an approximation to the original problem, the
linearisation of the model guarantees a convex approximation which greatly benefits the
convergence. Egs. (3.2) - (3.14) contain regressions which are not only linear but also
quadratic, logarithmic and reciprocal. Due to the different nature of non-linearities, dis-
cretisation of the physicochemical properties and operating conditions are performed.
Additionally, the running costs, that also contain operating conditions (Egs. (3.47),
(3.50), (3.51), (3.52) and (3.53)), are also reformulated. Finally, it is desirable to in-
crease the throughput of the flowsheet, hence, Q4% remains a variable and the model
becomes fractional. For the purpose of tackling with the non-linearity, a variation of
the Dinkelbach’s algorithm is implemented as a solution approach to the ratio in the

objective function in Eq. (4.61).

3.3.3.1 Rejection coefficient discretisations

The separation efficiencies have been discretised to avoid the nonlinearities in Eq. (3.2)
- Eq. (3.14). A subscript j denotes the levels of discretisations of both, the separation
efficiencies and operating conditions, which vary with the technologies. The form the
correlations take is summarised in Table 3.2 where r4.; is the separation efficiency of every
technology ¢ and contaminant ¢ and at a discrete level j. Furthermore, the equations
differ from the correlations in Section 3.3.1 with the terms being declared as parameters

and denoted with small letters, and the additional index.



TABLE 3.2: Summary of rejection coefficients correlations in MILFP model

Correlation Equation
Tic; = 0.00058 - cdg; 4 0.135 - phyj — 0.154, Vte CF,c € COD,j € J (3.95)
Tqtqe; = 0.22154 4 0.02516 - cdyjp=cr, vVt € CLR,q € SED, c € TSS,j € Ji (3.96)
Tqtqe; = 1.85886 — 0.00807 - cdyjji—cr — 0.00083 - gfijjimcr+ Vt € CLR,q € DAF,c €TSS, j € J, (3.97)
0.0025 - tfijjimcr — 2.47 - Pyj,

Tiej = 0.0298 - dif ®P +0.171 - Idy; + 0.206 - I;;' — 0.245, Vt € MMF,ceTSS,j € J; (3.98)
Ttej = 0.189 + 1.009 - py;, Vt € MF,c€ COD,j € J; (3.99)
Ttej = 0.126 + 0.001 - temy; + 0.97 - pyj, Vte MF,ceTSS,j € J; (3.100)
Ttej = 0.236 — 0.952 - pyj, vVt e UF, c€ COD,j € J (3.101)
Ttc; = 0.959 — 1.510 - pyj, Vte UF,ce TSS,j € J; (3.102)
Tte; = 1.138 — 0.00096 - mwcos; — 0.087 - pj¢;, Vte NF,ce COD,je€ J; (3.103)
Tiej = (0.57 — 0.07 - hyj — 0.0002 - mwcoy;)?, Vt € NF,c€ TDS,j € J, (3.104)
Ttej = 0.890 + 0.0340 - pe; — 0.003 - p7;, Vt € ROl,c € TDS,j € J; (3.105)
Tte; = 0.408 + 0.046 - phyj + 0.028 - pyj, Vit € RO2,c € B,j € J; (3.106)

¢), $abD1g puD $ISSDJ YLPM SISSII0LT JUIWIDILT, 493D A fO s1saYypufiq ss9004 "¢ 103deyD)
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The selection of the rejection coefficient is expressed through a binary variable, Wi,
which designates if an combinatorial option from the given operating conditions is se-

lected or not.

Riise = Y 71ejWhisj, V¢ ¢ CLR,i,s € I,c € CT, (3.107)
JjeJt
Then, the discrete levels selected, should equal the binary variable Ej;s, shown in Eq.
(3.108).

> Wisj = Eus,  Vt¢ CLR,i,s € I, (3.108)
JjeJdt

For the clarification technologies, WQy;s; triggers the selection (Eq. (3.109) and Eq.
(3.110)).

Riisc = Y Ttqej W Qugisj; ~ V€ CLR,q € TCLR,i,s € I,c € CT,  (3.109)
JEJt
where rqiq.j is the separation efficiency of a clarification technology SED or DAF.

> WQuisj = Euis,  Vt€ CLR,q€ TCLR,i,s € I, (3.110)
JjEJt

3.3.3.2 Further linearisations of mass balance constraints

Concentration constraints

Section 3.3.2 demonstrated the reformulation of some of the material balances involved.
The bilinear product of the concentrations and removal efficiencies is addressed by sub-

stituting Eq. (3.15) with the constraint below:

ck . —CRE - MPIC.(1-E,;) <cl. <ck —CRE,.+MPIY. (1-E,,),

tisc c tisc tisc
Vt,i,s € I, c € CTy
(3.111)

where CRESC replaces the aforementioned bilinear product using multiparametric disag-

gregation technique described previously.
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P 9 1
~ F _
CRLe =Y 3107 - k- Cryjee + > 107 - k - Crij,  Vtis€l,c (3.112)
z=lp k=0 k=0

where CTryjser, and Cryser are a set of continuous non-negative variables the concen-
trations variable is disaggregated into . The separation efficiency is expressed as a
multi-parametric sum of active decimal powers determined by binary variables zrysck.

and continuous variables Zr;sck.

P 9 1
Riise = Z Z 10 - k - 2ryiseks + Z 107 - k - Zrpiscks Vit i,s € Iy,c (3.113)

z=lp k=0 k=0
~ F )
Criiserr < MCBIG < ZTisckzs Vt,i,s € I, e, k, z (3.114)
C_rgsck < MfIG © ZTtischs Vt,i,s € I, e,k <1 (3.115)

The connection of Crysers and Cryiser with Ct};sc is given in Eq. (3.116) and Eq. (3.117).

9
s F
Z Ttisckz = Cgsc) Vit i,s € Iy, ¢,z (3116)
k=0
1 —
Z Crfzsck‘ = Cgsca Vt,i, s € Ita C (3117)
k=0
9
ertisckz = 17 Vt,i,S S It,C,Z (3118)
k=0

Only one significant digit can exist for every technology t, pass i, stage s, contaminant
c:
1
> Fyser =1,  Vtis€Lc (3.119)
k=0

The separation efficiency ranges between 0 and 1 and therefore, the power [p is chosen

accordingly.

Flowrate constraints
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As the recovery for clarification technologies becomes a variable (Eq. (3.120)), the

product for the feed flowrate and the recovery has to be linearised.

Yis= Y (Ugis - Xgis) V€ CLR,i,s€ T (3.120)
qeTCLR

It is known that the recovery can take either one or another value which does not
necessitate a complicated representation such as the multiparametric disaggregation.

Therefore, a simple approximation where the recovery is discretised is sufficient.

QY = (Qfis - Yiir)  Vt€CLR, i s €], (3.121)

r

where QY;Z represents the bilinear product of flowrate and recovery and Qf;sr is an

auxiliary continuous variable.

Yiis = (YViisr = 2Ytisr) ~ Vt € CLR, i,5 € Iy (3.122)

r

where zy;;s- is a binary variable.

> (ethiw) =1 VteCLR,i,s €, (3.123)

-
QL. <Q™ . 2yys,  VteCLR,i,scl; (3.124)
> (Qfis - 2yrisr) =Qfiy  VtE€CLR, i,s € I (3.125)

T

Thus, the equivalent equations representing the permeate flowrate for CLR are:
QYL —-Q™ . (1-Ey,) < Qf, < QVE+Q™ - (1-Eys),  Vt€CLR,i,s € I; (3.126)

Qtis — Q™ - Bus < Qlis < Qfis,  VtE€CLR,i,s €, (3.127)

3.3.3.3 Linearisations of operating cost constraints

After having discretised operating conditions, the decision of which level to pick has to
be addressed in the ongoing costs which depend on flow, already linearised capacity or

production rate, operating conditions and a binary variable. Eq. (3.47) will then alter
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to Eq. (3.128).
CHCyis = cv“HY -ty -ty - ™. QCDys, Vte CF,i,s € I, (3.128)

where QC Dy;; is the product of flow and selected operating condition when the cost is
active. Thus, the additional constraint for the chemical dosage and flowrate is given in
Eq. (3.129).

QCDyis < cdyj - QEL + MCP . (1 —= Wyy;), VteCFji,scl,jeJ;  (3.129)
where MYP is a big number for the chemical dosage. Minimising the dosage will pre-
sumably lead to lower cost, thus, the constraint provided is sufficient. Electrical costs

for mixing are modified accordingly in the equation below where QtGYy;s is the linearised

product of flowrate, retention time and energy input.
EMCyis = cv"M -ty -ty - - ¥ - QtGus,Vt € CF i s € I, (3.130)

Two constraints are necessary for representing QQtGys because its resulting cost is a
trade-off among the participating variables.

QtGys < tftj . gftQ] - QEL + MTE . (1 — Wtisj)a Vte CF,i,s € I,j € Jy (3.131)

tis

QtGis > tfy; - gfy - Qhl =M™ - (1 -Wyy;),  VteCFji,sel,je ], (3.132)

tis

where M7TC is a big number for energy input and time. In the saturator and pumping
costs, the product of the pressure and flowrate appear (Eq. (3.51) and Eq. (3.52)) which
is also substituted by a single continuous variable, QP f;;s, shown in Eq. (3.133) and

Eq. (3.134).
057 ¢ QP fs

SCiis = nSAT , Vi e CLR,i,s € I} (3133)
PC.E.QPF,
PCyy = = nFPC U%Tf Bs  Vt¢ CLR,i,s €I, (3.134)
t T

QP fiis is derived from py;, Qf;f and Wy in Eq. (3.135) and Eq. (3.136).

QPfris <pij - QEE+ MP - (1 = Whj),  Vhi,sel,jed; (3.135)

tis

QPfus > pij - QEL — MP - (1 — Wy)), Vt,i,s €1y, 5 € J; (3.136)

tis
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where M* is a big number for the pressure. It should be pointed out that the pressure
values for DAF are the ones CLR adopts. The replacement cost of media for MMF
involves only operating characteristics of the filter from which one is singled out in the
formulation below.

MED?
iy -

4

™

MRClys = Z afMEC. rciw .
JEJt

Wy  Vt€ MMF,i,s € I, (3.137)

3.3.3.4 Objective function

The objective function for the MILFP model is to minimise the water net cost, WNC,

which equals the total annual cost divided by the annual plant production rate:

minimise WNC = 51461;
As the objective function is a fraction of two variables, a reformulation is applied for its
linearisation. It has been demonstrated that the Dinkelbach’s algorithm [Dinkelbach,
1967] finds optimal solution for both, MILFP maximisation and minimisation problems
[You et al., 2009, Yue and You, 2013, Liu et al., 2014]. A variation of the algorithm is
used in this work to reformulate the objective function and accommodate the MILFP

as follows:

minimise TC — a- QAT (3.138)

where « is a parameter. The objective function is subject to:

e separation efficiencies Eq. (3.107) - Eq. (3.110)

e mass balances Eq. (3.16) - Eq. (3.23),Eq. (3.25) - Eq. (3.30), Egs. (3.32),Eq.
(3.35),Eq. (3.36), Eq. (3.62) - Eq. (3.72), Eq. (3.111) - Eq. (3.127)

e targets Eq. (3.38), Eq. (3.39), Eq. (3.73) - Eq. (3.81)

e logical conditions Eq. (3.40) - Eq. (3.46)

e operating costs Eq. (3.48), Eq. (3.49), Eq. (3.54) - Eq. (3.56), Eq. (3.128) - Eq.
(3.137)

e capital costs Eq. (3.84) - Eq. (3.94)

e total annual cost Eq. (3.138)
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The algorithm is implemented in two loops whose steps are outlined below and shown

in Fig. 3.3.

1. Initialise the parameter «;

2. Relax binary variables related to multi-parametric disaggregation , i.e. 2z fiiscki,
ZPtisckly ZCtisckls Z0ckl and 2Ttisckz;

3. Solve the MILP model where the values of the total cost, T'C', and the annual
production flow, Q47| returned are designated as TC* and QAF*;

4. When ’TC’* —a- QAP*‘ < ¢, terminate and return the optimal solution WNC' =
TC*/QAF*; otherwise update o = TC*/QA"* and return to 3;

5. Fix Ey;, for pass 1 and stage 1 of selected Fy;s from step 4;

6. Unrelax z frisckl, ZPtisckl, ZCtisckis 20ckl and 2Tiisckz;

7. Solve the MILP model where the values of the total cost, T'C', and the annual
production flow, Q47| returned are designated as TC* and QAF*;

8. When ‘TC’* -« QAP*‘ < ¢, terminate and return the optimal solution WNC' =
TC*/QAP*; otherwise update o = TC*/Q4"* and return to 7.

The approximations and linearisations contribute to the heavy size of the model and
therefore, increase in the computational performance. Therefore, Dinkelbach’s algorithm
has been applied two consecutive times, once with relaxed binary variables derived from
reformulations and a second time when the binary variables are not relaxed. It has been

deducted this strategy reduces the computational time immensely.

3.3.4 Models summary

The objective functions and constraints valid for models PO, P1 and P2 are summarised

and listed in Table 3.3.
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Start

A 4

Initialise a

A 4
Relax binary variables zftiscki

Zptisckl, ZCtisckl, ZOckl and zrtisckz

<&
<

v

Solve MILP model P2

a= TC*/QAP*
2
no
TC* - a-Q*P* < €?
yes
Fix Etisji=1,s=1 if Etisi=1,s=1 = 1
v
Unrelax binary variables zftisck/
Zptisckl, ZCtisckl, ZOckl and zrtisckz
\
Solve MILP model P2
a = TC*/Q*P*

A

no
TC* - a-Q*P* < €?

FicUure 3.3: Algorithm for solving MILFP model P2



TABLE 3.3: Summary of constraints and objective functions for MINLP, pIMINLP and MILFP models

Constraints MINLP model (P0) pIMINLP model (P1) MILFP model (P2)
separation efficiencies  Eq. (3.2) - Eq. (3.14) Eq. (3.2) - Eq. (3.14) Eq. (3.107) - Eq. (3.110)
mass flow balance Eq. (3.15) - Eq. (3.36) Eq. (3.15) - Eq. (3.30), Egs. (3.32), Eq. (3.35),  Eq. (3.16) - Eq. (3.23),Eq. (3.25) - Eq. (3.30),
Eq. (3.36), Eq. (3.62) - Eq. (3.72) Eq. (3.35),Eq. (3.36),
Eq. (3.62) - Bq. (3.72), Eq. (3.111) - Eq. (3.127)
target purity Eq. (3.37) - Eq. (3.39) Eq. 3.38, Eq. (3.39), Eq. (3.73) - Eq. (3.81) Eq. (3.38), Eq. (3.39), Eq. (3.73) - Eq. (3.81)
logical conditions Eq. (3.40) - Eq. (3.46) Eq. (3.40) - Eq. (3.46) Eq. (3.40) - Eq. (3.46)
operating costs Eq. (3.47) - Eq. (3.56) Eq. (3.47) - Eq. (3.56) Eq. (3.48), Eq. (3.49), Eq. (3.54) - Eq. (3.56),
Eq. (3.128) - Eq. (3.137)
capital costs Eq. (3.57) - Eq. (3.58) Eq. (3.84) - Eq. (3.94) Eq. (3.84) - Eq. (3.94)
total annual cost Eq. (3.60) Eq. (3.60) Eq. (3.60)
objective function Eq. (4.61) Eq. (4.61) Eq. (3.138)
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Unlike in models PO and P1, in model P2, a hierarchical solution approach is applied
by solving the Dinkelbach’s algorithm twice in a sequential manner - once with relaxed
binary variables which appear in the multiparametric disaggregation technique. The
results from both, P1 and P2 are post-processed with PO immediately after P1 and P2
in order to (i) obtain exact and not approximated solution and (ii) be able to compare
the solutions with the ones obtained from P0. Scaling the variables and equations for

the models has been performed accordingly.

3.4 Illustrative examples

To illustrate the capability of the four proposed approaches, they have been applied
to two theoretical examples with data from industrial practices. The first case study
looks at seawater desalination while the latter examines surface water treatment; both

to produce drinking water.

3.4.1 Seawater desalination example

Countries with arid land and prolonged droughts have included in their water supply
planning sources such as seawater. Consequently, a number of seawater desalination
projects have already been realised and many are contracted to be completed in the near
future. With an outlook of the foreseen trends, the first example focuses its attention

on seawater desalination plants design. Thus:

e Intake and production capacities. The water intake Q'Y = 55,000 m3/h for
a system with minimum allowable efluent MOV = 5 000m?3/h which, for in-
stance, corresponds to the production capacity of Carboneras SWRO plant in
Spain. Additional production capacities of membrane desalination plants not
only in Spain but in Algeria, US, China and India predominantly vary between
4,000 m?/h and 10,000 m3/h [Abengoa Water, 2016]. One of the largest membrane
seawater desalination projects is situated in Ras Alkhair (Saudi Arabia) where it
provides circa 41,667 m3/h [Better World Solutions, 2016]. Seawater intakes, on
the other hand, must be more than twice as much as the desired production rate

in order to overcome the low yield of the membrane plants. For example, Adelaide
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Desalination Plant’s (Australia) intake capacity approximates 28,400m?/h with
production capacity of roughly 12,500m3/h and Qingdao Desalination Plant’s
(China) intake capacity surpasses 10,000 m?3/h with an output of 4, 167 m>/h [Ac-
ciona Agua, 2016, Clemente, 2013].

e Intake and product quality. The quality of the seawater ranges from 30,000 mg/L
to 40,000 mg/L TDS depending on the location of the sea or ocean [American Wa-
ter Works Association, 2007]. The TSS and boron have typical values of 30 mg/L
and 5mg/L, respectively [Tchobanoglous et al., 2003, Mane et al., 2009], which
are the values used for the initial concentrations of contaminants in the source
water. The final contaminants concentrations for drinking water must not exceed
600mg/L, 1 mg/L and 2.4mg/L for TDS, TSS and boron according to regulatory
standards [The Drinking Water Inspectorate, 2009, U.S. Environmental Protection
Agency, 2010, World Health Organization, 2011].

e Performance parameters. Conventional technologies using chemicals exhibit
a removal mechanism where it can be assumed that essentially they operate at
almost full recovery. Hence, CF, SED and DAF’s recoveries are set at 99 %. The
recoveries of the filters can reach 100 %, however, it is more likely they lie between
85% and 95% [US Interior Reclamation Department, 2013], therefore, a value of
95 % is used. The high pressure membranes manifest lower percentage recoveries
and based on reported values in literature [Lu et al., 2006, Mickley et al., 2006],
80 % is effective for NF and 45% for RO. A satisfactorily performing coagulant
in seawater and hence, often the choice is ferric coagulant which costs roughly
$250/tonne. The dosage range used in the model is 1mg/L-20mg/L. The labour
cost coefficients Icl = 148.9 and Ic2 = 69, 289 are derived from a set of data from
Contra Costa Water District et al. [2007]. In the same source, chemical costs
involved in filtration, desalination and post-treatment as a function of the filtered
product have been reported which have been aggregated in the current work to
7" = 0.0326%/m3. The costs have been converted to SI units and the inflation has
been accounted for. Additional performance and costing parameters for models
can be found in Table 3.4 and the remaining of the data are reported elsewhere
[Koleva et al., 2016a]. It must be noted that in Table 3.4, the replacement cost,

rc¢M, for MMF and the membrane technologies differs significantly as the former is
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the cost per cubic metres media while the latter is the cost per filtrate produced.

The discretised data for model P2 is located in the Supplementary Material.

e Passes and stages. Considering that the recovery of the CF and CLR is practi-
cally complete, and furthermore, following the pattern of industrial practices where
vessels are attached in series only, in this work, the number of passes (chambers in
series) equals to 3 and the number of stages - to 1. Filters, in particular membrane
systems can take up configurations of various numbers of passes and stages where
London’s Desalination Plant, for example, has a 4-pass, 4-stage RO system. In

this example, we allow 3 passes and 3 stages for every filtration technology.

3.4.2 Surface water treatment example

Despite disruptive climatic changes and aquifer depletion, drinking water treatment
plants (DWTP) with surface water intake are the main and socially accepted method
for obtaining potable water. Consequently, the pick for the second case study in the

current chapter.

e Intake and production capacities. The water intake Q'Y = 10,000 m3/h
for a system with minimum allowable effluent MFLOW = 2 000m3 /h which,
for instance, falls in the middle of the production capacities of the DWTPs in
Dogubayazit, Turkey (1,458.3m?/h) and El Conquero, Spain (3,750 m3/h). Drink-
ing water treatment plants generally exhibit a higher yield with maximum ab-
straction twice as much as the production capacity. At Ballyfarnan DWTP for
instance, the intake is 135m3/h whereas the production rate capacity is estimated
as 75m?/h. Similarly, Rockingham DWTP abstracts 500 m?3/h at most to produce
maximum 250 m3/h [Doris, 2015, Doris et al., 2015]. At the world’s largest Water
Purification Plant in Chicago, Illinois - the James W. Jardine 41,666,666 m?/h
are treated on average [Center for Mechanical Simulation Technology, 2011]. Typ-
ical DWTP sizes enclose production capacities from 1,000m3/h to 15,000 m3/h
[Abengoa Water, 2016].

e Intake and product quality. Unlike in seawater, boron is not present in abun-
dance. In surface water, however, the organic content of the water is taken into

account. Hence, the quality of the source water is: 200mg/L TSS, 800 mg/L TDS
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and 30mg/L COD [Tchobanoglous et al., 2003, Cheremisinoff, 2002, Chowdhury
et al., 2013]. The final contaminants concentrations for drinking water must not
exceed 600mg/L, 1mg/L and 5mg/L for TDS, TSS and COD according to reg-
ulatory standards [The Drinking Water Inspectorate, 2009, U.S. Environmental
Protection Agency, 2010, World Health Organization, 2011].

e Performance parameters. In surface water treatment, the preferred choice for
coagulant is aluminium sulphate (alum) due to its cheaper price of approximately
$150/tonne [Global B2B Marketplace, 2015]. Its dosage also differs by increasing
to 10mg/L - 30mg/L. CF cannot take a full recovery because of its separating
performance for COD. Thus, a value of 0.99 is assumed. Additionally, viscosity
value of 1.000 kg/m - s at ambient temperature is taken. Reverse osmosis has a
higher recovery (see Table 3.5) due to the lower salt content in the water. The

rest of the data overlaps with the given data from Section 3.4.1.

e Passes and stages. The same number of allowed passes and stages is adopted

from the example in Section 3.4.1.



TABLE 3.4: Seawater desalination: pressure design variables, efficiencies and economic parameters

Technology CF CLR MMF MF UF NF RO1 RO2
SED / DAF
Yeis Tange [—| 1 0.99/0.99 0.95 0.95 0.95 0.80 0.45 0.45
Pys range [MPa) 0.1-02 -/04-07 01-02 01-02 01-03 05-16 50-60 50-6.0
it -] 0.75 -/0.75 0.80 0.80 0.75 0.80 0.75 0.75
T -] 0.95 -/0.95 0.93 0.95 0.97 0.95 0.98 0.98
rc [$/m?] - -/- 12,359  0.00396  0.00396  0.0528 0.0528 0.0528
infly [ 1.143 1.288/1.087 1.319 1.087 1.087 1.511 1.511 1.511
Ay [-] 121,701 8,334 / 4,167 69,547 45,601 45,601 158,177 158,177 158,177
be[—] 0.6 0.6 / 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Source: Lu et al. [2006], Bastaki [2004], Hassan et al. [1999], Adham et al. [2006], European Commission [2003], Wang et al. [2010], Whitman et al. [2002], University of
New Hampshire [2016], Mallevialle et al. [1996], Contra Costa Water District et al. [2007], FilterWater [2016], US Inflation Calculator [2016]

TABLE 3.5: Surface water treatment: pressure design variables, efficiencies and economic parameters

Technology CF CLR MMF MF UF NF RO1 RO2
SED / DAF
Ytis range [—) 0.99 0.99/ 0.99 0.95 0.95 0.95 0.80 0.6 0.6
Pys range [MPa] 01-02 -/04-07 01-02 01-02 01-03 05-16 30-50 3.0-5.0
nft -] 0.75 -/ 0.75 0.80 0.80 0.75 0.80 0.75 0.75
nMT -] 0.95 -/ 0.95 0.93 0.95 0.97 0.95 0.98 0.98
ret! -] - -/ - 12,359  0.00396  0.00396  0.0132 0.0132 0.0132
infly [ 1.143 1.288/1.087 1.319 1.087 1.087 1.511 1.511 1.511
A [-] 121,701 8,334 / 4,167 69,547 45,601 45,601 158,177 158,177 158,177
be[—] 0.6 0.6 / 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Source: Lu et al. [2006], Bastaki [2004], Hassan et al. [1999], Adham et al. [2006], European Commission [2003], Wang et al. [2010], Whitman et al. [2002], University of
New Hampshire [2016], Mallevialle et al. [1996], US Inflation Calculator [2016], Contra Costa Water District et al. [2007], FilterWater [2016], Nunes and Peinemann [2006]
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Multiparametric disaggregation with p = {2,3,4} for concentrations and flowrates, and
with Ip = {-3,—2,—1,0} for concentrations and separation efficiencies have lead to
reaching optimality gaps 0% for P1 and P2 and no further refinement was necessary.

The conclusion applied to both case studies.

3.5 Computational results and discussion

The developed MINLP and pIMINLP models have been tested on various solvers while
the MILFP model has been implemented using CPLEX 12.6.3 in GAMS 24.7.1 on a PC
with Intel Core i7 — 3770 CPU 3.40 GHz, RAM 16 GB. The relative optimal gap has
been set to 0% for models PO and P1. A 90 % gap has been used for each MILP model,
in both loops of the Dinkelbach algorithm, which does not compromise the optimality of
the final solution, unless larger than 100 % gap is used [Liu et al., 2014]. The reason is
that during the last iteration of the algorithm, the objective function is very close to zero,
while the upper bound is always positive and the lower bound - always negative. The
difference between the two will always be larger than 100% until the epsilon condition

is fulfilled.

3.5.1 Seawater desalination results

First, the performance of the proposed models with respect to their computational
statistics and objective function is investigated. Then, the flowsheet configurations,
and cost breakdown analysis and comparison are performed relative to each model and

common industrial practices.

3.5.1.1 Computational statistics

Several deterministic non-linear solvers have been used for models PO (MINLP) and P1
(pIMINLP). A time limit of 10,000 s has been set for all of them. As shown in Table 3.6,
ANTIGONE demonstrates overall better results with significantly lower CPU times than
BARON. Although BARON finds the best optimal solution for the MINLP model, its
solution deteriorates for the pIMINLP model. The former solution is found at CPU time

632 s corresponding to a 0.004 % gap which did not improve by the end of the resource



Chapter 3. Process Synthesis of Water Treatment Processes with Passes and Stages 88

limit time. However, a complete convergence does not occur within the assigned resource
limit. The pIMINLP model terminates at a gap of 50 % and an objective function of
US$1.0588/m? is returned. SCIP, DICOPT and SBB do not provide any solution for
any of the two models. The post-processing of the results is a necessary step to obtain
a corrected result of the linearisations and approximations made in P1 and P2. For the
pIMINLP model, post-processing is performed with the same solver that is implemented

in the optimisation runs, whereas for the MILFP model, ANTIGONE was used.

TABLE 3.6: Computational statistics and comparative results of seawater desalination

example
MINLP model PIMINLP model MILFP model
(P0) (P1) (P2)

Discrete variables 96 18,780 27,243
Continuous variables 1,237 23,239 31,295
Equations 1,673 28,217 39,992
Solvers Objective function [US$/m”] (CPU time)

Antigone 0.8363 (120s) 0.7346* (1,499s) -

Baron 0.7346 (10,000s) 1.0588* (10,000s) -

Cplex - - 0.7346* (388s)

* after post-processing results with MINLP

The models statistics of the seawater desalination case study are also given in Table
3.6. It can further be concluded from the table that all the implemented reformulations
in P2 have lead to almost 24 times larger model size than P0. Although the number
of equations and variables increase with the models, it can be observed the solution
improves with ANTIGONE. Compared to P1, PO returns results one order of magnitude
as fast, at the expense of a worse solution. The post-processed results for P1 and P2
prove a better solution exists which is 11% better than the solution in P0. Furthermore,
the implemented approximations have translated in a tight difference, i.e. 0.4% from the
real solutions. From the table it becomes ostensible that model P2 has the upper hand
in the trade-off between computational times and objective function, with respect to the
rest of the models. The reported solution for MILFP at optimal gap 90% translated to

3 iterations for the first loop and 4 iterations for the second one.

The flowsheet configurations and cost comparisons in the following sections are presented
based on the solutions reported by ANTIGONE of PO and P1, and the post-processed
results of P1 and P2. Post-processing of the results involved fixing the optimal flowsheet
obtained from the linearised models and solving the original PO model, which resulted
in the reported values in Table 3.6. This is a proof that the solution obtained from P2

is a real solution and its computational performance is superior to model PO and P1.
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3.5.1.2 Flowsheet configurations

The flowsheet configurations for the proposed models are depicted in Fig. 3.4 and Fig.
3.5. The conceptual design for the MINLP model contains one CF, three DAF chambers
in series, two passes MMF, two passes NF and one-pass, two-stage RO system. The
choice for conventional technologies in pre-treatment with a sequence of coagulation-
flocculation and dissolved air flotation is one of the typical possible combinations in
practice. Globally, DAF and UF have an installed capacity of 19 % while MMF’s installed
capacity accounts for 49% [DesalData, 2014]. The second stage in the reverse osmosis
configuration contributes to the higher overall recovery of the flowsheet, i.e. 39 %, which
is slightly lower than in existing desalination plants. The total number of units is 10,
which is the maximum allowed number of units, i.e. the constraint is active. The final
purity of the product is 1.000mg/L TSS, 600 mg/L TDS and 0.799 mg/L boron thus,
meeting drinking water requirements. The full concentrations and flowrates profiles of

the flowsheet in Fig. 3.4 are shown in Table 3.7.



CF DAF, DAF, DAF, MMF, MMF, NF, NF, RO2,
pass 1 pass 2 pass 3 pass 1 pass 2 pass 1 pass 2 stage 1

R, G@' G@ T

FIGURE 3.4: Optimal flowsheet configuration for PO model for seawater desalination case study

»
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TABLE 3.7: Concentration and flowrate profiles for PO model for seawater desalination

case study

Stream Concentrations Flowrates

TSS [mg/L] TDS [¢g/L] B [mg/L]  [m*/h]
1 30.00 40.00 5.00 55,000
2 30.00 40.00 5.00 55,000
3 21.21 40.40 5.05 54,450
4 12.34 40.81 5.10 53,906
5 3.37 41.22 5.15 53,366
6 1.14 43.39 5.42 50,698
7 0.45 45.68 5.71 48,163
8 0.56 4.12 7.14 38,531
9 0.69 0.42 8.92 30,824
10 1.55 0.93 0.78 13,871
11 - - 15.58 16,953
12 - - 0.83 7,629
13 1.00 0.60 0.79 21,500

Since the same objective function was observed for P1 and P2, their technology selection
is also the same, hence, presented in a common figure. In Fig. 3.5, the flowsheet consists
of three UF passes, two NF passes and one - pass, three - stage RO system. Although,
solely 1 % of desalination worldwide is performed by NF, it has been gaining more interest
recently due to lower operating costs and higher yield [DesalData, 2014]. Therefore, the
flowsheet has kept the selection of TDS removal system from P0. The selection of a three
- stage configuration for the RO system has been a preferred choice in order to increase
the productivity of the plant and therefore, decrease the cost. With this configuration,
the plant is capable of producing 25,158 m?/h, i.e. circa 46% total recovery, which
means 7% improvement compared to the recovery for the flowsheet in Fig. 3.4. The
water quality of the effluent is 0.40mg/L TSS, 600mg/L TDS and 0.29mg/L boron for
P1 and 0.40mg/L TSS, 600mg/L TDS and 0.61mg/L boron for P2. The discrepancy in
the boron concentrations come from the different pH selected for stage 2 of the reverse
osmosis. The pH is not reflected in the operating cost therefore, it affects only the
rejection. In Table 3.8 all the concentrations and flowrates of flowsheet in Fig. 3.5 are

listed.



UF,
pass 1

UF, UF, NF, NF, RO2,
pass 2 pass 3 pass1 pass 2 stage 1

FIGURE 3.5: Optimal flowsheet configuration for P1 and P2 models for seawater desalination case study
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TABLE 3.8: Concentration and flowrate profiles for P1 and P2 models for seawater desalination case study

Stream pIMINLP model MILFP model
Concentrations Flowrates Concentrations Flowrates

TSS [mg/L] TDS [g/L] B [mg/L] [m?/h]  TSS[mg/L] TDS [g/L] B [mg/L]  [m’/h]
1 30.00 40.00 5.00 55,000 30.00 40.00 5.00 55,000
2 5.76 42.07 5.26 52,250 5.76 42.07 5.26 52,250
3 1.11 44.27 5.54 49,638 1.11 44.27 5.54 49,638
4 0.21 46.65 5.83 47,156 0.21 46.65 5.83 47,156
5 0.27 4.20 7.28 37,725 0.27 4.20 7.28 37,725
6 0.33 0.50 9.11 30,180 0.33 0.50 9.11 30,180
7 0.74 1.12 0.18 13,580 0.74 1.11 0.18 13,580
8 - - 16.42 16,599 - - 16.42 16,599
9 - - 0.32 7,470 - - 1.44 7,470
10 - - 29.68 9,129 - - 28.68 9,129
11 - - 0.57 4,108 - - 0.55 4,108
12 0.40 0.60 0.29 25,158 0.40 0.60 0.61 25,158
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3.5.1.3 Costing comparisons

The cost breakdown differences in the MINLP model, and the pIMINLP and MILFP
models are disclosed in Fig. 3.6 where every cost component is represented as a per-
centage of the cost per water volume produced. Included in the cost breakdown are the
annual labour, power, capital, replacement, chemical for treatment and conditioning,
and post-treatment chemical costs. The lower number of units in models P1 and P2
contribute to capital cost representing 30 % of the total cost compared to a capital cost
share of 35% for P0. Typical ranges of capital costs are between 30 % and 40 % of the
total cost for seawater desalination facilities. The elevated percentage of power cost for
P1 and P2 with respect to PO is due to the higher number of RO units selected, which
overall contribute to a lower water net cost. Approximately 13 % of running costs is
for maintenance and consumables which is also observed for all of the presented models
and is comparable to the lower range of operating and maintenance costs in existing

practices [Voutchkov, 2013].

FI1GURE 3.6: Cost breakdown comparison among proposed models for seawater desali-
nation case study

3.5.1.4 Comparisons with existing plants

According to the International Water Association (IWA), seawater desalination water
net cost lies between US$0.5/m? and US$3.0/m?3 [Lazarova et al., 2012]. Furthermore,

this range coincides with the range reported by Voutchkov [2013]. The optimal solution
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returned by ANTIGONE and CPLEX was US$0.7346/m? and consequently, the result
fell into the suggested limits. Kurnell and Victorian desalination plants in New South
Wales and Victoria, for instance, produce at maximum 500, 000 m?3 /d and 550,000 m?/d
at respective costs US$1.75/m3 and US$1.78/m3 [UNESCO Centre for Membrane Sci-
ence and Technology, 2008]. In comparison, the production rate of the best optimal
solution obtained from pIMINLP and MINLP models is around 600, 000m?/d with 60 %

lower cost.

3.5.2 Surface water treatment results
3.5.2.1 Computational statistics

The models statistics and comparative results of the surface water treatment case study
are shown in Table 3.9.

TABLE 3.9: Computational statistics and comparative results of surface water treat-
ment example

MINLP model pIMINLP model MILFP model
(PO) (P1) (P2)

Discrete variables 87 16,305 23,568
Continuous variables 1,117 20,230 26,640
Equations 1,652 24,695 34,790
Solvers Objective function [US$/m?] (CPU time)

Antigone 0.5346 (160s) 0.1888* (466s) -

Baron No solution (10,000s) 0.1888* (3,946s) -

Cplex - - 0.1888* (138s)

* after post-processing results with MINLP

Unlike ANTIGONE, BARON fails to return a solution for P0. It can be observed,
however, both ANTIGONE and BARON perform equally well and obtain the same
results for P1. Yet, ANTIGONE outperforms BARON with CPU times 90 % lower.
SCIP, DICOPT and SBB do not provide any solution for any of the two models.

Models P1 and P2 returned the same solution of US$0.1870/m? which has been cor-
rected by post-processing those results to US$0.1888/m?, meaning only approximately
0.5% has been the underestimation in the objective function. On the other hand, the
improvement from the MINLP model is more than twofold. The best trade-off between
CPU times and obtained solution is seen in the MILFP model which is an order of
magnitude faster than model P1. The reported solution for MILFP at optimal gap 90%

translated to 4 iterations in the first loop and 3 iterations in the second loop. Overall,
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the results from the surface water treatment case study follow the same trends as the

results from seawater desalination case study.

The flowsheet configurations and cost comparisons are presented based on the solutions

reported by ANTIGONE of PO and P1, and the post-processed results of P1 and P2.

3.5.2.2 Flowsheet configurations

The locally optimal solution for PO translates into a technology configuration (Fig.
3.7) of two CF chambers in series, one pass MMF, three MF passes, two UF passes
and a one-pass, two-stage RO system. The design is capable of an hourly production
rate of 12,104 m3/h. The final concentrations of COD, TSS and TDS are, respectively,
4.08mg/L, 1.00mg/L and 275mg/L thus, meeting drinking water requirements. Addi-
tionally, the maximum allowable number of technologies is reached. In practice, drinking
water treatment plants have less complicated flowsheet design than the one illustrated in
the figure. Table 3.10 displays the concentrations and flowrates profiles of the flowsheet
in Fig. 3.7.



CF, CF, MMF MF, MF, MF, UF, UF, RO1,
pass 1 pass 2 pass 1 pass 2 pass 3 pass 1 pass 2 stage 1

FI1GURE 3.7: Optimal flowsheet configuration for PO model for surface water treatment case study
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TABLE 3.10: Concentration and flowrate profiles for PO model for surface water treat-
ment case study

Stream Concentrations Flowrates
COD [mg/L] TSS [mg/L] TDS [g/L]  [m?/h)]
1 30.00 100.00 4.00 20,000
2 21.21 99.99 4.04 19,800
3 12.34 99.99 4.08 19,602
4 12.98 52.98 4.30 18,622
5 9.21 39.92 4.52 17,691
6 6.54 30.16 4.76 16,806
7 4.65 22.79 5.01 15,966
8 3.99 4.38 5.27 15,168
9 3.43 0.84 5.55 14,409
10 5.72 1.40 0.19 8,646
11 - - 13.59 5,764
12 - - 0.48 3,458
13 4.08 1.00 0.27 12,104

The flowsheet configuration of P1 and P2, like in the seawater desalination case study,
is the same and shown in Fig. 3.8. The sequence of technologies is with three UF passes
and one NF pass. This flowsheet is capable of producing 13, 71 m?/h and potable water
with COD, TSS and TDS specifications 4.05mg/L, 0.885mg/L and 600mg/L for P1
and 5.0mg/L, 0.885mg/L and 600mg/L for P2 (see Table 3.11). The discrepancy in
the COD concentrations arises from the different values for molecular weight cut-off
of nanofiltration, in P1 MWCO = 300 Da and in P2 MW CO = 372 Da. Molecular
weight cut-off, like pH, is also not expressed in the operating costs, hence, differences

are plausible.



UF, UF, UF, NF
pass 1 pass 2 pass 3

FI1GURE 3.8: Optimal flowsheet configuration for P1 and P2 models for surface water treatment case study

TABLE 3.11: Concentration and flowrate profiles for P1 and P2 models for surface water treatment case study

Stream pIMINLP model MILFP model
Concentrations Flowrates Concentrations Flowrates

COD [mg/L] TSS [mg/L] TDS [g/L] [m3/h] COD [mg/L] TSS [mg/L] TDS [g/L] [m?/h]
1 30.00 100.00 4.00 20,000 30.00 100.00 4.00 20,000
2 25.78 19.20 4.21 19,000 25.78 19.20 4.21 19,000
3 22.15 3.69 4.43 18,050 22.15 3.69 4.43 18,050
4 19.04 0.71 4.67 17,148 19.04 0.71 4.67 17,148
5 4.05 0.89 0.60 13,718 5.00 0.89 0.60 13,718
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3.5.2.3 Costing comparisons

The costs breakdown and comparisons for PO, and P1 and P2 are manifested in Fig. 3.9.
Unlike for seawater desalination, surface water treatment capital costs in general take
a more considerable fraction from the total costs. Opposed to capital costs, the power
expenses percentage is lower. The commonly involved lower and upper percentages for
power costs in industry are 10 % and 22 % and it can be deducted both of the values
in the figure fall in the interval. Mixing and pumping account for 37% in PO and
pumping represents 16% of the total cost in P1 and P2, which falls in the reported
range. In practice, low salinity plants exhibit capital cost fraction between 0.4 and 0.6
[Voutchkov, 2013]. All of the models have a capital cost percentage in the middle of the
range. Ongoing costs to total cost ratio is higher (8 % - 22 %) in water treatment plants
due to the chemicals usage for removal of COD and TSS. The increase of conditioning
chemical from PO to P1 and P2 can be explained with the lower unit number and higher

effluent, therefore, greater amount of chemicals used.

FIGURE 3.9: Cost breakdown comparison among proposed models for surface water
treatment case study

3.5.2.4 Comparisons with existing plants

The production cost of drinking water from surface water is situated at the lower end
of brackish water treatment processes costs. Ben Aim [2013] reported costs between

US$0.2/m? and US$0.3/m? whereas Voutchkov [2013] gave a range of US$0.2/m? -



Chapter 3. Process Synthesis of Water Treatment Processes with Passes and Stages101

US$0.4/m3. For the minimisation problem we are considering, the water net cost of the
improved formulations is US$0.188/m?. The results are in proximity of the lower end

of the reported ranges and thus, show conformity with existing practices.

3.6 Concluding remarks

In this chapter, optimisation-based frameworks for the synthesis of water treatment pro-
cesses have been proposed. First, the MINLP model has been extended to incorporate
alternative purification paths with the objective to minimise water net cost. The large
number of non-linearities have compromised the stability of the model by using various
commercial MINLP solvers, which either obtained local optimum or even failed to re-
turn a feasible solution. To overcome the difficulties, key bilinear terms and non-linear
functions have then been reformulated, and the pIMINLP model has been introduced.
Finally, the MILFP model has been proposed, which includes further discretisations
of continuous domains together with a two-step iterative solution procedure based on
Dinkelbach’s algorithm. The applicability of the models has been demonstrated through
two case studies: (i) seawater desalination and (ii) surface water treatment, both for the
production of drinking water. The solutions obtained are in a good agreement with
existing industrial practices. Comparing the results among the proposed approaches, it
can be concluded the proposed MILFP model performs most efficiently in obtaining the

best solution with shorter computational times.
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Chapter 4

Design of Water Supply Systems
under Hydrological and

Allocation Considerations

This chapter zooms out from water treatment to consider the general picture from water
withdrawal to supply. It aims at developing a supply system optimisation framework
taking into consideration climatic patterns, cost, allocations and trading schemes among

market participants.

4.1 Theoretical background

Concurrent population growth, economic development and climate change are the main
culprit for the acute and chronic water shortages Morrison et al. [2009], Dizikes [2016],
US Environmental Protection Agency [2016]. To mitigate and adapt to the changes,
authorities examine strategic options to enhance the supply-demand management for a
long term resilience. Planning for 15-35 years ahead by water industries ensures adequate
facilities and infrastructure in place to maintain the security of supplies throughout those
periods. The gap between supply and demand can be filled by diversifying the portfolio
of options for water supply. For instance, alternative sources of water, investing in stor-

age and production capacities, expanding market participants and water quality grade
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trading options, alongside with interconnectivity and distribution losses minimisation,

should be included in the list [Pricewaterhouse Coopers, 2010].

Besides the conventional surface water sources diverted from rivers and lakes, and
groundwater extracted from aquifers, non-conventional sources such as seawater, brack-
ish and recycled water have been taking place in the source mix for water provision.
Although treated wastewater is not the publicly accepted source for drinking, it is es-
sential for other, non-potable applications in order to meet overall demand. On the other
hand, non-conventional sources require more extensive treatment and therefore, more
expensive purification techniques hence, they often serve as a back-up during prolonged

droughts [Pricewaterhouse Coopers, 2010].

Unsustainable Scarcity Ideal scenario
pattern

FIGURE 4.1: Resources supply-demand distribution scenarios: unsustainable pattern,
when supply exceeds demand (left), scarce pattern, when supply is in deficit (middle)
and a sustainable scenario, when supply equals demand (right)

As a limited resource, water usage by an entity can affect its availability to another.
Fig. 4.1 demonstrates the three possible patterns, when availability exceeds demand,
when demand exceeds availability and when they are equal. The first case results in
unsustainable exploitation of resources, the second case demonstrates scarcity, and the
third pattern manifests an ideal case scenario when supply is driven by the demand and
resources are more evenly distributed among users. Conflict and competition among
entities, when it comes to resources, is likely to arise, hence, a coordinated allocation
system is sought. Such a system is represented by water markets, operating on the

principle of ’cap and trade’ system where:

e the cap illustrates the water available for sustainable extraction
e market participants hold water abstraction rights or licences which are a part of

the total available pool
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e the rights and the allocations in every season can be traded among participants

e the trading price is set by the participants in the water market

Such water trading schemes exist in Spain, Chile, South Africa, Australia, UK and some
states in the United States of America. Water market participants may include users
such as industry, irrigation operators, urban water utilities, etc. [Australian Govern-
ment, 2016a]. In a regulated market, the availability of water would govern the extent
of trade of an entity with another entity. A thorough way of assessing water availability
is by taking into account the environmental flows, such as precipitation, evaporation,
run-off, infiltration, etc., shown in Fig. 4.2, which can be expressed by an inflow-outflow

water balance for a particular system in a region.

HYDROLOGICAL
CYCLE v

RAIN CLOUDS "} CLOUD FORMATION

EVAPORATION

A\ INFILTRATION

Surface water soaks into soil

B\ PERCOLATION

Surface water soaks into soil and
mikes with groundwater

C\ DEEP PERCOLATION
Surface water soaks down into deep

Anstralian Government
rock and misxes vith groundvwater

% ' MURRAY—
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FI1GURE 4.2: Hydrological cycle representative scheme showing major inflow and out-
flow streams accounting towards hydrological balances Source: [Australian Govern-
ment & Murray-Darling Basin Authority, 2016]

Affordable and secure water supply is crucial for the domestic and industrial conduct
of daily activities [Zhu et al., 2015]. Water supply reliability can be defined as the
probability of meeting demand or the probability of not meeting demand subtracted
by one [Hawk, 2003]. Over a time period, reliability becomes the frequency or the
quantity of supply shortfalls measured against demand. Governments and water entities,

however, are facing numerous challenges providing an adequate supply reliability. Such
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challenges are climate change, population growth, environmental regulations, decaying
infrastructure and calamities. Enhancing trading, and expanding storage and treatment
capacities would increase supply reliability [Shamir, 1987, Goulter, 1995, Zhu et al.,
2015]. Therefore, satisfactory water management planning and design have to be in

place [California Urban Water Agencies, 2012].

Much attention has been paid to optimisation techniques in water supply infrastruc-
ture planning as they provide a systematic way of making decisions on future invest-
ments. Ray et al. [2010] addressed the issue through a linear programming model for
the minimum cost configuration of future water supply, wastewater disposal, and reuse
options for the city of Beirut. Koleva et al. [2016b, 2017] proposed linear and non-
linear programming models for the optimal design of water and water-related treatment
processes. Li et al. [2009] developed a multi-stream, multi-reservoir and multi-period
mixed integer linear programming (MILP) model that was integrated into an inexact
multistage joint-probabilistic programming to investigate the decision under uncertainty
and surplus-flow diversions. Kondili et al. [2010] presented a mathematical framework
for the water supply design taking into consideration various sources and users as well
as possible conflicting demand over a time period. The model was applied to a case
study for the Aegean Islands. Liu et al. [2010, 2011, 2012], Liu [2011], Padula et al.
[2013] and Padula [2015] proposed mathematical formulations for the minimisation of
proposed installations of plants, storages, pipelines applied on specific case studies. Ma-
trosov et al. [2015] looked at multi-objective optimisation for water supplies focused on
London and based on € - dominance non - dominated sorting genetic algorithms and
simulation. Saif and Almansoori [2014] suggested a multi-period MILP model for the
desalination supply chains with decisions on locations for new and extended plants, stor-
ages and pipelines. Al-Nory and Graves [2013] proposed a mathematical programme for
the design of desalination supply chain taking into consideration locations of new plants
installations. Guerra et al. [2016b] and Saif and Almansoori [2016] integrated water
management in different supply chain contexts. Loucks et al. [2005] and Joshi and Joshi
[2016] contributed with comprehensive insight into water resources planning, modelling

and management and advances in supply systems.

Various works on modelling of water resources allocation and pricing have been pub-

lished in Brebbia [2015]. Heydari and Qaderi [2015] developed an MILP model for the
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multi-purpose reservoirs operation. Veintimilla-Reyes et al. [2016] introduced a spatio-
temporal mixed integer formulation for water allocation. Yildiran et al. [2015] formulated
an MILP model for the short-term scheduling of water reservoirs considering day-ahead
market prices. He et al. [2015] proposed an MILP model and applied Benders decom-
position method for dynamic resource allocation and traffic assignment in evacuation
network. Li et al. [2016] presented a stochastic quadratic model applicable to discrete,
fuzzy and random input data for water resources allocation with a case study on Heihe
River basin, China. Roozbahani et al. [2015] proposed an approach and a mathemati-
cal model for the allocation of water resources among stakeholders. Zeng et al. [2014]
constructed a model based on inexact credibility-constrained programming method to
investigate the efficiency of water trading under multiple uncertainties. Britz et al. [2013]
proposed a Multiple Optimisation Problems with Equilibrium Constraints (MOPEC) for
hydro-economic river basin models to account for the decentralised access to water use.
Qureshi et al. [2013] introduced a mathematical programming model with an application
on agricultural water use in Murray-Darling Basin, Australia. Rinaudo et al. [2016] pro-
posed a price-endogenous model for the trading activity and equilibrium prices in urban
water markets. Blanco and Viladrich-Grau [2014] analysed the outcomes of irrigating
water trading scheme through a nonlinear mathematical programming model, applied
to a case study in Spain. Erfani et al. [2014] presented an optimisation model for short-
term pair-wise spot-market trading of surface water rights. It is based on a node-arc
multi-commodity approach following a transaction tracking method [Erfani et al., 2013].
Peng et al. [2015] proposed an optimisation model for water transfer decision making

process considering shortages in reservoirs of both, recipients and donors.

In the light of the increasing stress on water resources, their planning should no longer
be based on a single-dimensional analysis. Instead, decision making needs to entail the
economically viable infrastructure design in climatic, regulatory and reliability contexts.
To the best of the author’s knowledge, no work addresses this necessity. The chapter
addresses this gap by not only combining all the aforementioned separate concepts but
also considering the entire water cycle with legislative regulations altogether in a mixed
integer linear programming (MILP) formulation. The chapter, thus, aims at investigat-
ing how to consolidate those multiple-aspects into a single optimisation framework. A
multiple number of sources, users, trading and time periods are geographically consid-

ered. The locations and capacities for surface, groundwater, seawater plants and the
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trading volumes of each source among regions are to be optimised.

The rest of this chapter is structured as follows: Section 4.2 sets out the problem state-
ment whose mathematical formulation is presented in Section 4.3. The applicability of
the model is investigated in a case study, described in Section 4.4, followed by results

and discussion in Section 4.5. Finally, concluding remarks are made in Section 4.6.

4.2 Problem statement

The supply system problem at hand entails strategic decisions for the allocation of
water resources, procurement and treatment of sources types, locations and capacities

augmentations for dams and treatment plants, trading directions and volumes.

A geographical area is considered where water demands can be met by surface water,
groundwater and seawater. Options such as reclaimed water and individually collected
storm water are disregarded in this work. The area is divided into sub-regions, or
states, based on their federal governance and autonomy. The water demand for each
territory is estimated according to the population predictions and consumption patterns
per capita. Additionally, the water demand varies seasonally, peaking in summer and
plummeting in winter. Spring and autumn seasons are characterised with moderate
consumption volumes. Regulated water services of every region are provided by water
suppliers to meet the urban water demand, which occurs from residential, commercial,
municipal and industrial usage. A state might not be able to meet its regional demand
consequently, it should identify a strategy for dealing with water deficit. In case source
water is in deficit, trading among regions is considered. On the other hand, if storage or
production capacities are not sufficient, optimal decisions for the capacity and location

for the expansion of existing plants, and installation of new dams and plants are made.

Water is diverted from lakes and reservoirs, and abstracted from aquifers taking into
account the seasonal hydrological cycles and sustainable yields (withdrawals) within the
territories. Water balances, or budgets, are performed over the total regional available
water storages. Reservoirs, dams, ponds, lakes and groundwater aquifers are referred
to as storages. The inflows into the storages are the seasonal precipitations, run-off,
streamflows and recharge while the outflows consist of evaporation, discharge and di-

verted /abstracted volumes. Precipitation refers to the rainfall that falls directly onto
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the storage area. Run-off represents excess of moisture turning into the streamflow from
the catchments or drainage basins to the storage. Streamflows refer to the river flowing
into the storage. Evaporation is the direct evaporation from the storage surface, while
discharge refers to the river stream leaving the system. Diversions are the water flows
withdrawn for human usage. Groundwater discharge or seepage is ignored due to the
scarce historical data available. As a matter of convenience, the streamflows for differ-
ent river systems in a region have been summed up. It is assumed that dead storage
comprises 10% of the water storage capacity. Further, by a rule of thumb, 10% of the
rainfall in drainage basins infiltrates to become groundwater inflow. Climatic data is
extracted for the entire planning horizon reflecting fluctuations in the weather conditions
and mimicking el Nino and la Nina events, which occur every 5-7 years. Oceans and

seas are not taken into account in water budgets due to their abundance.

In every region there are rights for maximum water sources diversions/extractions. They
are called target allocations, or entitlements, and apply for surface water and ground-
water. In a season when availability in storage is sufficient, the allocations in a region
can reach target allocations. The amount of water that has been allocated for with-
drawal and has not been used in a given year can be rolled to the next year unless
regulations oblige a return to the abstraction basin. After the resources are withdrawn,
they are processed in surface water treatment plants (SWTP), groundwater treatment
plants (GWTP) and seawater desalination plants (SDP) which operate with different
efficiencies. Then, the product water is distributed for urban usage, after which it is
assumed 60% of that water is collected as sewerage. The wastewater is then treated in
wastewater treatment plants (WWTP) and returned as recharge. It must be noted that
no decisions are made with respect to WWTPs and the concept is introduced merely to

close the water cycle. A scheme, representing the problem, is illustrated in Fig. 4.3.
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Assumptions

e Dead storage accounts for 10% of total storage
e Percolation accounts for 10% of the land rainfalls
e Outflow and moving of groundwater is disregarded
e Self-supplied water and recycled water to meet urban demand are disre-
garded
e Purification plants operate 300 days a year
e Efficiencies of plants are adopted based on their treatment technologies
e 60% of the water supplied is collected in sewage
e Historic traded volumes and prices apply for state water providers
e Trading occurs for regions sharing a basin or being connected through a
pipeline
e No carry-over clearance, i.e. in every year it is allowed to carry allocations
over
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FIGURE 4.3: Schematic representation of the water network system

Thus, the problem description with key parameters can be stated below.
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Given:

e geographical divisions into regions/states/territories

e planning time horizon, e.g. a 25 - year horizon

e water sources, i.e. surface water, groundwater, seawater, etc.

e final water uses, i.e. urban, rural, etc., and seasonal demand over planning horizon

e regional and seasonal climatic data, i.e. precipitation, evaporation, run-off, stream-
flows

e initial water storages in drainage basins and reservoirs

e geographical distribution, capacities, operating efficiencies, and operating and cap-
ital cost parameters of existing and potential dams and plants

e maximum allocated water sources per end-use, i.e. entitlements

e trading topology and prices options

e inflation and discount factors

e regional sustainable diversions/abstractions

e penalty costs for not meeting demand

Determine:

e available water sources for diversion/abstraction

e procurement rate for each water source and end-use water production rate

e trading and carry-over flowrates

e water supply reliability

e location and capacities of new dams and plants installations, and existing plants

expansions

So as to: to minimise the annualised total cost for operating and building the network
proposed subject to environmental, operational, logical and economic constraints. The
supply system problem is formulated as a spatially-explicit multi-period Mixed Integer

Linear Programming (MILP) model.
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4.3 Mathematical formulation

In this section the mathematical formulation is presented as a single objective problem,
where key constraints are the water cycle balances, procurement and production con-
straints, logical constraints, supply reliability, and operating and capital expenditures.
The objective is to minimise the total cost for the entire region within the planning

horizon.

4.3.1 Hydrological balances

The estimation of water availability in storage rests on the inflows into the system,
Rigiq, recharges, RC;4q and the total storage from the previous season, Sigt ¢—1. RCigtq
are the flows returned to nature after having been collected from users and treated.
R;giq represents a summation of rainfall, run-off and streamflows for surface water, and

infiltrated rainfall for groundwater, shown in Eq.(4.1) and Eq.(4.2).

Rigtq = fgiz] + R;ﬁ;ff + Rigfg, Vi="sw",g,t,q (4.1)

unof f

where R%" is the direct rainfall to the reservoir, Rzgtq

iat is the run-off seeping into

the reservoirs and ngfg represents the stream inflows to the storage. It is assumed
that run-off occurring in one region fills the reservoirs in the same region and no other
neighbouring regions. It must be noted that run-off data have been collected through
personal communication with the Australian Water Assessment Modelling Section of

the Bureau of Meteorology. A proportion of the rainfall which falls onto the mainland,

LR%%, infiltrates into the ground and becomes an inflow for aquifers.

Rigtq = infl : LR?;Z]? V’L = ”gw”aga ta q (42)
where 7! is the fraction of the rainfall that infiltrates. Simultaneously, the total

outflows from the system are the evaporation losses, L;gtq, outflows, O;4¢, and allocated
water, Ajgiq. It is assumed no additional losses occur for both, surface water and ground-
water systems. The inflows and outflows are illustrated in Fig. 4.4. The seasonal and

yearly formulations are shown in Eq. (4.3) and Eq. (4.4), respectively.
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FIGURE 4.4: Inflows (rainfall, run-off, river streamflows, recharges) and outflows (evap-
oration, withdrawals, outflows) from a reservoir system

DSigtqli:”sw” + Wsigtq = DSigt,q—1|i:”sw” + WSigt,q—l + Rigtq + RCigtq+
AC’L’gtq - Ligtq|i=”sw” - Aigtq - Oigtqli:”sw”y (43)

Vie LW, g,t,q > 1

DSigtq|i=”sw” + WSigtq = DSig,t—l,qli:”sw”,q:4 + WSig,t—l,q

g=4 + Rigtq + RCigtq+

ACigtq — Ligtgli=> sw> — Aigtq — Oigtqli=>sw

Vie LW, g,t,q=1
(4.4)

where LW is a set containing the inland water sources, i.e. surface water and groundwa-
ter. Surface water storages include dams, and natural storages, i.e. lakes and wetlands.
In this work, a cumulative term to refer to both, human-made and natural storages, is
storage or reservoir. Aquifers are the only storage for groundwater which occurs in its
natural form. The sum of dams’ storage, DS, and natural storage, WS4 add up to

the total storage, Sigiq, shown in Eq. (4.5).
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Sigtq = DSigtq‘i:”sw” + WSigtqa Vi € LW,g, t,q (4'5)

where at ¢ = 0 and ¢ = 0 the storage is the summation of the initial reservoirs’ and
lakes’ storages. A representation of the time disretisation in years, seasons and their

sequence is demonstrated in Fig. 4.5.

FIGURE 4.5: Visualisation of year and seasonal time discretisation. The sequence of
seasons ¢ depends on the start and end of the fiscal year ¢t a government uses

The maximum natural storage capacity per region, WSi7¢*, should not be exceeded in

any year ¢t and season ¢ in order to prevent overflows (Eq. (4.6)).

Wsigtq < WSZ_;MI’ Vi = ”Sw”vg) t7 q (46)

4.3.2 Supply - demand balances

Fig. 4.6 delineates the water supply system flows for given regions g and ¢'.
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FIGURE 4.6: A supply-demand flow diagram, including withdrawals, production, dis-
tribution and trading between region g and region ¢’

Eq.(4.7) represents those interactions through a global mass balance equation which
entails the water type flows i (I = S UW) at every node of the WSC: withdrawals of
raw water s, Psgtq, according to purification plant intake demand, D444, and production
of final grade water w, Pygtq, to meet populated centres demand, Dy,q4. It also takes
into account Q;ggtq and Q;grgtq, Which are the traded flows sent to and received from

other regions, respectively.

Digtq + Z Qigg’tq - PDigtq = Pigtq + Z Qig’gtqa Vi, g, t, q (47)

9'EN; gy 9'EMigrg
where 744 and 7;4, define the allowed directions of flow from region to region. Regions
with hydrological or physical connectivity are selected for trading. When a demand
cannot be met by the treatment plants, water flows, PD;gy,, are allowed to compensate

for the shortage. These flows are penalised in the objective function.

4.3.3 Procurement constraints

The amounts of diverted surface water and extracted groundwater are determined by the
allocated water rights, or allocations A;44, a region g is allowed to withdraw in year ¢ and

season q. The carry-over volumes, ACj4,, are the amounts rolled over from one season
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to the next after ensuring enough water is set aside for meeting the regional demand.

The seasonal and annual expressions are shown in Eq.(4.8) and Eq.(4.9), respectively.

Acigtq — Acigt,qfl + Aigtq - f)igtqy Vl S LVV, g, t7 q >1 (4'8)

Acigtq = ACig,t—l,q|q:4 + Aigtq - Pz’gtqy Vi € LWaga t, q= 1 (49)

The central principle behind carry-over is that unused water can be carried over, but
it must not displace inflows that support new allocations. Only inland water LW is
affected by allocation rules due to the associated finiteness with those resources. The
allocations are calculated on the basis of the water rights, or the entitlements ent;g,

which are the maximum water volumes that can be withdrawn in year t.

> Aigtg < entigr, Vi € LW, g, (4.10)

q
The entitlements are treated as parameters based on the assumption that they are
automatically renewed from year to year. In this work, it is assumed that maximum

100% of the entitlements can be received in a year t.

Additionally, a limitation is considered that a region g can trade water with other regions
¢’ only when g satisfies its regional demand from the seasonal allocations available (Eqs.

(4.11)-(4.13)).

Z Qigg’tq < entigt . Bith7 Vi € LW)gat7 q (411)
glenigg/

Pz'gtq < Dz’gtq + entigt : Bigtqa Vi e LW, 9:t,q (412)

Pigtq > Digtq —entigr - (1 - Bigtq)v Vie LW, g,t,q (4'13)

where B;gq is a binary variable, equal to 1 when demand for a source ¢ in a region g
is lower than the supply. Further, the diverted or abstracted volumes should be within

the limit of sustainable withdrawals, recommended by local governments (Eq.(4.14)).

19t

> Pigtg <SP, Vi = LW, g, t (4.14)
q
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where SP//* is the maximum sustainable water diversion or abstraction in a year t.
These limits are in place to ensure the withdrawn volumes would not exhibit a detri-

mental impact on the environment.

4.3.4 Reliability of water supply

It is a common practice in many cities to be under agreed volumetric or temporal water
restrictions, or an agreed reliability of supply. The reliability of water supply is calculated
based on the volumetric shortage, when the demand exceeds supply. The water supply

reliability, W SR;gt4, is shown in Eq.(4.15).

WSRigtqg =1 — PDjgq/demigq, Vi € W, g,t,q (4.15)

where PD;g, is the import in a period of water shortage and dem g4 is the urban water
demand. The normalised reliability for the entire country is an average of the regional

reliabilities (Eq. (4.16)).

WR=>"3"3"3 WSRigy/(G™* - T™ . Q™) (4.16)

W g ¢

where W R is the normalised reliability, 77%* is the planning horizon period, Q"** - the

number of seasons and G™%" is the total number of regions.

4.3.5 Capacity constraints

At a given time ¢, every region g and plant p have production capacity, TC APy, which
is a limiting factor for the plant feed flow, Vjgpty. Therefore, the effluent should not

exceed the total plant capacity, demonstrated in Eq.(4.17).

Z Z (S ‘/igptq S TCAngt/Qmax>v9ap € PGg,t, q (4'17)

i€SNSP, ' €W
where ¢€;;7 is the production yield, depending on water source i. PGy is a subset of g
which contains the operating plant p in region g, and Q%" is the number of seasons used
to obtain seasonal capacity. Provided more water has to be processed to meet demand,

the total capacity will increase by installing new plants or expanding old ones. A binary
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variable Ig,; is assigned for the installation of new plant p with capacity [ in region g
at time £. When an increase in capacity is necessary, Igy; is activated and equals 1,
otherwise it equals 0. Another binary variable, E,;, is assigned for the expansion of

existing plants, which operates on the same principle.

TCAngt = TCAng,t—l + Z Z‘cappl : Igpl,tfictp ‘pENP + Z ecapyy - Egpl,tfectpa
. l (4.18)

Vg,p € PGy,t

where ict, and ect, are the respective construction and expansion times for plant p,
ecapp represents the available options of capacity expansion [ and icap,; - the capacity
installation options of new plants (NP) throughout the planning horizon. At most one

capacity level [ from a given number of options can be chosen (Eq.(4.19)).
> Iy <1,¥g,p € PGyN NP (4.19)
1ot

Egpi; is a binary variable that is active when a plant is expanded which can happen up

to E™* number of times (Eq. (4.20)).

Z ZEQP” S Emaz’vgjp € PGg (420)
l t

Only one capacity level [ from a given number of options can be chosen to be expanded
at a time (Eq.(4.21)).
> Byt < 1,Yg,p € PGy, t (4.21)
!

Expansions can occur only after a plant has been installed, imposed by Eq.(4.22).

> EBpu <> Y Igw,Vg,p€ PGyN NPt (4.22)
l

It/ <t—ict,

The surface water that is kept in dams’ storage should be less or equal than the current

existing dams’ capacity.
DSigtq S DAMgtv\v/i = ”SU}”,g,t,q (423)

In Eq.(4.23), DAMy; is the total capacity of dams in every region g at time t. As DS;g4

is the water volume related to the ability to withdraw water from it, the volume of water
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which stagnates should be considered. Hence, simultaneously, the storage should not

fall below the dead storage of the reservoir, expressed in Eq.(4.24).
DSigig > dsf - DAMg, Vi ="sw",g,t,q (4.24)

where dsf is a factor for the typical dead storage which remains in dams. The total
dams capacity in a region equals the capacity of the existing dams and the newly built

dams. The decision of building a new dam is executed through a binary variable ID ;.
DAMy = DAMg, 1+ idamg - IDgis—qet, V9, t (4.25)
1

where dct is the time for dam construction and idam,g represents the option [ for capacity
installation of dams in region g. Only one capacity option [ can be selected in a region
g, given in Eq.(4.26).

> > IDgy <1,V (4.26)

It
4.3.6 Production constraints

The water flows that are withdrawn to be processed in plants must equal the demand

for raw sources, Djgq, calculated from Eq.(4.27).

Digtq - Z V;'gpt(pVi € Sag7t7q (427)

peESP,NPGy
The above equation applies only to raw sources, .S, i.e. surface water, groundwater and
seawater. The production of water for usage, P44, equals the summation of the efluents

from plants treating different raw waters (Eq.(4.28)).

Pigtq = Z Z €ig - V;’gptani € I/V,g,t,q (428)
i'€S peSP,NPG,
The regional user demand, dem;gq, must be met and this condition is enforced from the
equation below.

(1 — dffg) . Digtq = demigtq,Vi S W,g, t, q (429)

where the equation applies only for final product water purpose W. The parameter df f,

accounts for the distribution losses due to broken pipes and leakages varying regionally.
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The recharge volumes, RCjgq, are estimated by the amount of water that has been
collected in sewerage, treated by wastewater treatment plants and returned to surface

and groundwater storages (Eq.(4.30)).

RCigtq = Z up - €y - Digrq, Vi € LW, g,t,q (4.30)

ieWw
where up is the water utilisation percentage, i.e. the fraction of distributed water which
is collected as sewage, and €;; is the operating efficiency of the wasterwater treatment

plant.

4.3.7 Operating expenditure constraints

The operating expenditures are calculated in a similar manner. The operating costs for

maintaining the dams, ODAM;, are calculated by Eq.(4.31).

ODAM, = wod;, - DAMy, vt (4.31)
g
where vod; are the variable operating costs of dams at time ¢t. The operating costs of

plants consist of fixed, fopp; and variable, vop,; costs (Eq.(4.32)).

OPLt = Z Zfopplt +Z Z Zfopplt . Inglt+

peOP 1 g peEPG4NNP |

Z Z Z Z Z Zvopplt - €iit - Vigptq, Vt

g peEPGy | i:peSPVeW q

(4.32)

The penalised cost for not meeting the product water demands is calculated by Eq.(4.33).

OPen; = Z Z ch - PDjgq, V1 (4.33)

€W g g

where pc is a penalty cost rate, chosen as a number, significantly higher than trading
costs. The total OPEX is a summation of the operating dams’ and plants’ costs and

trading costs, expressed from Eq.(4.34).

OPEX; = ODAM; + OPL; + OTR;,Vt (4.34)
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4.3.8 Capital expenditure constraints

Next, the capital expenditure for dams, plants installation and expansion is discussed.
The CAPEX of dams, C D AM;, depends on the capacity option [ for installation selected

and the corresponding cost for construction, capdam; (Eq.(4.35)).

CDAM, = Y Y capdam - IDgy, Vit (4.35)
geND 1

The capital cost of plants, CPL;, is a summation of the costs for installations and

expansions, and is calculated from Eq.(4.36).

CPLt = Z Z anplantpl . Igplt + Z Z anpel’ppl ' Egplty vt (436)

g pePG4ONP | g pePG, I

where caplant, and capexp, are the capital costs associated with a plant p and its
respective installed or expanded capacity [. The total capital cost is the sum of all the

capital cost components and is shown in Eq.(4.37).
CAPEX, =CDAM, + CPLy, Vt (4.37)

where CAPFE X, is the capital expenditure at time ¢.

4.3.9 Objective function

The total cost, T'C, represents the addition of the capital, operating costs and penalty

over the planning time horizon (Eq.(4.38)).
minimise TC = Z(cdft - CAPEX; + odft - OPEX; + odf; - OPeny) (4.38)
t

where cdf; and odf; are discount factors of the capital and operating costs, respectively.

The objective function is subject to:

hydrological and supply-demand balances Eq.(4.3) - Eq.(4.7)
e procurement constraints Eq.(4.8) - Eq.(4.14)

reliability constraints Eq.(4.15) - Eq.(4.16)

capacity constraints Eq.(4.17) - Eq.(4.26)
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e production constraints Eq.(4.27) - Eq.(4.30)
e operating expenditure constraints Eqgs.(4.31),(4.32), Eq.(4.33) - Eq.(4.34)

e capital expenditure constraints Eq.(4.35) - Eq.(4.37)

Next, the mathematical formulation is tested on a specific problem, explained in Section

4.4.

4.4 Illustrative example

The applicability of the proposed framework is investigated on a case study about Aus-
tralia. The objective is to minimise the total country’s cost for obtaining an optimal
water network by meeting the regional urban water demands. In this section, the major
data on regional divisions, water demands, efficiency factors, hydrological data, instal-

lation and expansion capacities, and cost factors are presented.

4.4.1 Geographical representation of Australian regions

Australia is divided into 8 internal state and territory governments, namely: Queens-
land (QLD), New South Wales (NSW), Victoria (VIC), South Australia (SA), Western
Australia (WA), Northern Territory (NT), Australian Capital Territory (ACT) and Tas-
mania (TAS). Each state has its local state government which owns all or most of the
water providers operating within the state [Australian Government, 2017]. Australian
water providers can supply urban and rural areas with drinking as well as different
quality grades water. Due to the large number of providers and the available data on re-
gional water demand and hydrological balances, the spatial discretisation is performed
on a state basis. Besides water supply, the majority of the suppliers offer sewerage

management, too. A map showing the considered regions is shown in Fig. 4.7.

4.4.2 Existing plants and dams for providing urban water supply

Each state possesses assets for the treatment of any of the three sources considered:

seawater, surface water and groundwater.
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The prolonged lack of rainfall from 2000 - 2010 in Australia necessitated finding alterna-
tive sources of water supply. Seawater desalination, although an expensive option, has
been considered as the leading solution to water shortages. Currently, in every state but
TAS, NT and ACT exists at least one large capacity seawater desalination plant (Fig.
4.7). Their locations, capacities and construction costs are summarised in Table 4.1.
The plants are in operation as a non-conventional measure in drought periods, when
there is insufficient freshwater in the states’ storages. In 2016 all desalination sites were

producing drinking water.

Groundwater in Australia is extracted from underground aquifers and after the appro-

priate treatment it can be used for water supply, agriculture and industry. Its salinity
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TABLE 4.1: Seawater desalination plants, locations, capacities and cost

Name State Max capacity ~ Construction cost
[ML/d] [M USD]

Gold Coast Desalination Plant Queensland 167 912

Perth Desalination Plant Western Australia 130 294
Kurnell Desalination Plant New South Wales 500 1,444
Southern Seawater Desalination Plant ~ Western Australia 290 726
Victorian Desalination Plant Victoria 550 2,660

Port Stanvac Desalination Plant South Australia 270 1,391

source: Australian Government [2016b]

can be high enough to be considered for brackish water and hence, its purification can
sometimes be referred to as brackish water desalination. States that count on groundwa-
ter availability are Western Australia and the Northern Territory due to their remoteness
from the main river basin - Murry - Darling. Fig. 4.7 depicts the locations of the larger

groundwater treatment plants in Australia.

Dams can be defined as ”an artificial barrier that has the ability to impound water,
wastewater, or any liquid-borne material, for the purpose of storage or control of water”
[International Commission on Large Dams, 2016]. They can vary immensely in size and
shape, from small dams that serve for watering farms to large dams that can provide
the storage for urban centres. In Australia there are altogether more than 600 dams
numbering a total capacity of approximately 80,000 GL. A spatial representation of all
Australian dams’ locations is shown in Fig. 4.7. The cumulative capacity of all dams in

a state is reported in Table 4.2.

TABLE 4.2: Demand - supply regional data

Accumulative dams’ capacity =~ Urban water consumption per capita Distribution losses

[CL] [kl /year] 1%
SA 2,257 125 11.9
VIC 12,864 188 7.9
NSW 21,352 104 11.1
QLD 10,429 123 12.0
ACT 158 102 7.2
NT 285 211 19.5
WA 11,474 136 22.0
TAS 22,141 112 36.4

source: Australian Bureau of Statistics [2015a,b]

Surface water in Australia is diverted from lakes, rivers and streams and dams, and its
abstraction volumes depend on the precipitation in the territories. Tasmania possesses
sufficient amounts of freshwater whereas SA, VIC, QLD and NSW rely predominantly
on the availability in Murry - Darling Basin (MDB). The availability of freshwater in
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WA and NT is limited. Surface water treatment plants may involve full treatment
with coagulation and filtration or membrane purification, or only chlorination or UV
disinfection. In the former case, the facilities have maximum capacity while in the latter
one, the reservoirs capability to supply water is considered. A full list of entities is

provided in the supplementary material of this manuscript.

4.4.3 Urban water sources and demands

In Fig. 4.7 the percentage of the different water source origins per state used for urban
water supply in 2014-2015 are shown. It can be deduced from the figure that the eastern
territories rely mostly on surface water due to the presence of Murray Darling Basin
(MDB) while the territories to the west and north provide their urban water by treating
groundwater from aquifers and desalinating seawater [Australian Bureau of Statistics,
2015b]. The desalination plants in QLD, VIC and NSW were on a stand-by mode for
the period. Additional source origin-related assumptions in this work include: (i) self-
supplied and reuse water are not accounted for, and (ii) surface water treatment, and

groundwater and seawater desalination provide the majority of the urban water supply.

The consumption of urban water comes from residential, commercial, municipal and in-
dustrial water usage [Planning Institute Australia, 2016]. Its projections heavily depend
on population growth, climate change, type of houses, economic growth, water efficient
appliances, demographics, etc. The total urban water resources predictions are calcu-
lated by multiplying the projected population by the consumption per capita, which,
on the other hand, is a quotient of the urban water demand and population in the base
year of calculation (2014). The regional consumption per capita is given in Table 4.2.
It is assumed the consumption rate does not alter from the patterns observed in 2014
[Australian Bureau of Statistics, 2015a]. Population projections follow three scenarios:
a high, medium and low one. The medium scenario is seen as the most probable course
and therefore, the scenario used as a prediction in the case study. Interpolation was
used to determine the population between 2026 and 2030 for Western Australia. The

derived urban water demand predictions are illustrated in Fig. 4.8.

The population projections for Victoria and Queensland indicate approximately a 47%
and 56% respective increase and consequently, affecting the predicted water consump-

tions in those states with the same estimated percentage. Almost insignificant change
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FIGURE 4.8: Predicted urban water demand from 2016 to 2041

in the predicted consumption in ACT, SA, TAS and NT is seen as a relatively steady
population expected for that period. The highest consumption at the end of the plan-
ning horizon would be in VIC, where the demand will reach approximately 1,550 GL in
year 2041.

The seasonal variation in demand is also considered where water consumption in summer
is approximately twice as much as consumption in winter, whereas spring and autumn are
characterised with moderate demands. The assumption follows the outcome of studies

for urban water use varying with seasonal rainfall and temperatures [Maidment et al.,

1985).

A high percentage from the urban water, which has been distributed, is lost due to
leakages, broken pipes, etc. The percentage varies for different states as shown in Table

4.2 [Australian Bureau of Statistics, 2015b].

4.4.4 Hydrological data

Climate in Australia varies from year-to-year due to the shifting and alternating exten-
sive dry and wet patterns in the Pacific Ocean. The phenomena refer to EI Nino and
La Nina and cause prolonged droughts occurring every three to eight years followed by
prolonged rainfalls occurring with the same frequency [Australian Bureau of Meteorol-

ogy, 2008]. Consequently, hydrological components, which determine the availability of
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water, are affected. The water cycle, or budget, is a balance of the inflows, outflows
and changes in storage within a geographic area, or catchment. In this case study, the
inflows, which are given as data, are rainfalls, run-off and streamflows, and the outflow,

given as data, is evaporation.

Regional seasonal changes in the rainfall and pan evaporation are considered, where
depicted in Fig. 4.9 and Fig. 4.10 are the total values for Australia for the period 2016-
2041. The data are the recorded historical data per state which is available from the
Australian Bureau of Meteorology [Australian Bureau of Meteorology, 2016a,b]. Pan
evaporation is the evaporation that occurs in a pan and therefore, has to be corrected
with a correction factor which can range between 0.47 and 1.18 [Finch and Calver,
2008]. A value of 0.75 is adopted in this case study. Australian summer takes place
in months January - March, autumn in April - June, winter in July - September and
spring in October - December. The largest numbers for precipitation and evaporation are

recorded in autumn and winter while both decrease in the spring and summer seasons.
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FIGURE 4.9: Total seasonal rainfall in the period 2016 - 2041
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FIGURE 4.10: Total seasonal pan evaporations in the period 2016 - 2041

Run-off is taken from personal correspondence with the Bureau of Meteorology. Infiltra-
tion is the recharge inflow to groundwater and is a fraction of the rainfall. A worst-case

scenario of 10% recharging aquifers is assumed [American Planning Association, 2006].
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FIGURE 4.11: Total seasonal streamflows in the period 2016 - 2041

The streamflows data have been collected from the official site of the Australian Bureau
of Meteorology Australian Bureau of Meteorology [2016¢] where all the major rivers
gauged historical flowrates were recorded. The flows from different river systems were
added up. It can be observed from Fig. 4.11 that the volumes of the streams follow
rainfall trends. The data is processed per region but the total streamflows in a given

period are depicted in the figure.
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TABLE 4.3: Initial regional storage volumes

State Initial natural surface Initial natural groundwater Initial reservoir

water storage [GL] storage [GL] storage [GL]

SA 5,321 15,031,350 2,223
VIC 9,040 1,840,000 9,963
NSW 9,040 5,257,000 15,880
QLD 7,030 45,500,000 7,383
ACT 2,061 23,000 147

NT 7,480 8,647 223

WA 368 46,458,150 7,624
TAS 12,207 16,000,000 12,207

source: Australian Bureau of Meteorology [2017], Australian Government [2016¢], Lew, Vaillant
[2015], Murray-Darling Basin Commission [1999], Department of Natural Resources, Environment, the
Arts and Sport [2009]

The initial storages of surface and groundwater are reported in Table 4.3. Surface
water storages are divided into natural reservoirs and dams while groundwater storages

appear only in their natural form, i.e. in aquifers. It must be noted that the groundwater

storages are based on estimations.

4.4.5 Water rights and markets in Australia

Water markets in Australia have gone a long way from their emergence in 1980s, through
their expansion in 1990s and early 2000, to the transition to sustainable water markets
since 2007. Although Australian water market is increasingly mature, it can still benefit
from further reforms to improve efficiency and the availability of information for decision-
making of market participants. The largest trading activities occur in the MDB. In
particular, interstate trade is possible in the southern connected basin between the
various trading zones in NSW, ACT, VIC and SA, as well as between NSW and QLD
in the northern parts of the basin. The allowed trading neighbourhoods in this case
study are the neighbouring where trading activities exist or where they can potentially
exist. The available resources around Brisbane and Sydney are assumed not to be
participating in the trading. Instead the states’ capitals water demand is met through
their desalination plants and existing water treatment plants in proximity. Surface water

and groundwater are allowed to be traded.

In this work, the national Australian equivalent terms of ”allocation” and ”entitlement”
are used, where ”allocation” is defined as ”the specific volume of water allocated to
water access entitlements in a given water year or allocated as specified within a water

resource plan” and ”entitlement” is defined as ”exclusive access to a share of water from
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a specified consumptive pool as defined in the relevant water plan” Australian Bureau of
Meteorology [2016d]. Allocation trade involves transferring a volume of water allocation
from a seller to a buyer. Allocation trade is allowed when its volume is equal or lower
than the amount of unused allocated water of the seller [Victorian Water Register, 2017].

TABLE 4.4: Regulated entitlements per state and rural water supply

State  surface water entitlements groundwater entitlements rural water consumption

[GL] [GL] (GL]
SA 844 530 161.7
VIC 4,729 870 1,874.0
NSW 9,940 1,154 3,160.3
QLD 4,705 899 1,541.6
ACT 75 1 0
NT 132 126 0
WA 946 1,491 167.6
TAS 1,650 0 33.3

source: Commission [2010], Australian Bureau of Statistics [2015b]

The entitlements reported in Table 4.4 are the rights to withdraw water from surface
and groundwater sources. The Tasmanian licences largely consist of unregulated surface
water entitlements. Because of the year-round availability of water in Tasmanian rivers,
complemented by releases from the hydro-electricity generation scheme, flow volumes
largely exceed urban and irrigation demand. As the entitlements are given for both, ur-
ban and rural water consumption, the latter is taken into account under the assumption
it will change insignificantly within the planning horizon. Hence, there has been no need
to issue entitlements that could be limited by allocation announcements. Entitlements
are allocated on 1st July every year which is considered the beginning of the water
market year. Therefore, the start and end of the time periods are adjusted to match
the water market year in Australia. It is worth mentioning that Australia does not im-
port water from abroad. It is assumed that the entitlements remain steady throughout
the planning horizon and that carry-overs are possible for all states. It must be noted
that there is a maximum volume that can ensure sustainable abstraction. Surface water

withdrawals are also constrained by a maximum yield (Table 4.5).

Two major grades of water depending on their reliability exist, i.e. high and low. How-
ever, the prices are expressed in volume weighted average price. This is the agreed price
among entities exclusive of transaction costs. Prices of allocation trades are determined
by the value placed on water by buyers and sellers in response to factors such as purpose
of water use, weather patterns, available allocations, jurisdictional arrangements, etc.

The trading prices in each state are determined following a number of assumptions: (i)



Chapter 4. Design of Water Supply Systems under Hydrological and Allocation
Considerations 131

TABLE 4.5: Maximum regional sustainable withdrawal limits

State surface water groundwater
sustainable abstraction limits [GL]  sustainable diversion limits [GL]

SA 750.8 1,979.2

VIC 6,326.2 3,355.5

NSW 6,010.0 5,914.4

QLD 3,244.0 2,693.1

ACT 18.0 17.7

NT 54.4 5,476.4

WA 856.8 7,223.5

TAS 3,5642.7 2,5630.8

source: Harrington and Cook [2014]

the prices have been derived using historical data which have been extrapolated; (ii)
the price is mostly affected by the rainfall rather than water demand. Reliable record-
ing of groundwater temporary trading exists, for instance, only in two cases in WA: 51
USD/ML and 165 USD/ML [Legislative Assembly Committee, 2000]. These prices are
similar and in the range of surface water trading prices and therefore, taken as values
for groundwater allocation trading prices. Inter-state transfers have trading price that
includes applicable transaction costs or the so called gross transfer price. The transac-
tion cost, which is charged by the selling state, is based on percentages from the total
trade cost, reported by The Allen Consulting Group [2006]. These percentages for each
state are NSW - 3.1%, VIC - 2.7%, SA - 21%. Further, it is assumed QLD, NT and WA
charge 3.5% from the trade price.

4.4.6 Operating and capital costs

Three options for installation and expansion capacities of each plant type are provided
and reported in Table 4.6. The respective capital costs are estimated from correlations
obtained from data observations and from economies of scale expressions [Independent
Pricing and Regulatory Tribunal, 2011]. For the capital and operating costs it is consid-
ered the seawater desalination plants operate with high salinity rejection reverse osmosis
membranes while the groundwater treatment plants utilise brackish water reverse osmo-
sis membranes as desalination technologies. A conversion rate of 1 AUD = 0.754 USD

is adopted [XE, 2016].

It is assumed it takes two years to build a surface water treatment or groundwater
treatment plants, and four years to install a seawater desalination plant. It is also

assumed that an expansion of any plant and building a dam take a year. Only installation
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TABLE 4.6: Capacities for plants installation, expansion and respective costs per state

Plants type Installation Expansion Operating costs
Capacity  Capital cost Capacity Capital cost Fixed Variable
[ML/y] [M USD] [ML/y] [M USD] [USD/ML] [USD/ML]
50,000 52.32 10,000 10.75 528.6 1,233
SWTP 100,000 84.67 25,000 24.53 528.6 1,233
200,000 149.38 50,000 45.78 528.6 1,233
20,000 191.74 10,000 43.94 585.9 1,367
GTP 50,000 479.35 25,000 100.23 585.9 1,367
100,000 958.70 50,000 187.04 585.9 1,367
50,000 970.00 50,000 456.18 2,000 1,386
SDP 100,000 1,943.60 100,000 851.27 2,000 1,386
150,000 2,916.60 150,000 1,226 2,000 1,386

source: Wittholz et al. [2008], Urban Water Cycle Solutions [2015], Campbell and Brown [2003]

TABLE 4.7: Capacities for dams installation and respective costs per state

State Capacity Capital cost State Capacity Capital cost
[GL] [M USD] [GL] [M USD]
1,000 756 500 378

SA, ACT 2,000 1,512 NT 1,000 756
3,000 2,268 2,000 1,512
5,000 3,780 10,000 7,560

VIC, QLD, WA, TAS 10,000 7,560 NSW 20,000 15,120
15,000 11,340 30,000 22,680

source: [Australian Government, 2014]

of total dams capacity per state is considered. Table 4.7 shows the options of capacities
and their respective costs. The operating costs for dams are assumed to be 120USD /M L
[State Government Victoria, 2011].

The capital and operating discount factors are calculated using a discount rate of 6%,
which is commonly used in water and wastewater treatment, desalination and water

sanitation [Souza et al., 2011, Whittington et al., 2008].

4.5 Computational results and discussion

In this section are discussed the computational results and performance of the single
solution approach presented in Section 4.3 and applied to the case study described in
Section 4.4. The MILP models are implemented in GAMS 24.7.1, using solver CPLEX
12.6.1, on a PC with Intel Core 7 — 3770 CPU 3.40GHz, RAM 16 GB. The relative
optimal gap has been set to 0.01%.
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The model is comprised of 78,529 equations, 70,177 continuous and 19,550 discrete
variables. The solution is returned within 823 seconds with an objective function of
327.94 bnUSD. A breakdown of the total cost is given in Table 4.8, alongside with total

regional costs. Forty two water treatment plants are expanded and one new plant is built

TABLE 4.8: Discounted cost components and regional costs of the optimal water man-
agement design

Cost component [bnUSD] | State Regional cost
[bnUSD]

Capital expenditure of installed/expanded plants and dams 2.33 SA 14.49
Operating expenditure of plants and dams 320.82 VIC 87.18
Penalties for unmet demand 4.79 NSW 80.75
QLD 51.99

ACT 2.90

NT 3.99

WA 48.37

TAS 38.27

Total cost 327.94 327.94

in the light of the increasing 25-year period demand, which is reflected in the capital cost
expenditure, shown in Table 4.8. The ongoing costs for operating water services account
for approximately 95% of the total cost. In OECD [2009], the Australian gross domestic
product of total water and wastewater services per year have been reported with average
annual expenditures of 6.86 bnUSD by 2015 and projected average annual expenditures
of 9.95 bnUSD by 2025. Extrapolating the latter estimate for the period 2016-2040,
results in approximately 249 bnUSD without expenditure increase and 311 bnUSD with
3 bnUSD increase every 10 years for the total expenditure. Consequently, the solution
returned is in the same order of magnitude as the projected costs and roughly 6% off
from the second estimation. The occurring difference can be caused by a number of
assumptions. Firstly, the reported values in the report by OECD [2009] are average
values for provision and maintenance of adequate water infrastructure. Secondly, the
expenditure increase assumed is linear which may not be the case in reality. Addition-
ally, the report does not specify the targeted reliability of future infrastructure while
optimisation model returns the highest possible reliability which is geq 99%. Finally,
not accounting for self-supply in the model does not lower the demand hence, decisions

for larger and more capacity expansions and build out are made.

The regional costs are reported in Table 4.8, from where it can be observed the highest
costs, 87.18 bnUSD, 80.75 bnUSD and 51.99 bnUSD, incur in VIC, NSW and QLD,

respectively. Those areas are densely populated and projections shown in Fig. 4.8
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manifest a substantial water demand belongs to them, which can explain the difference
in total cost in comparison with the rest of the states. The penalty is triggered in 2016-
2017 in VIC, QLD, NSW, NT and WA due to the capacity shortage to produce clean

water.

In the same year the groundwater abstractions are on average 4 times higher than the
annual abstractions for the rest of the periods and the seawater diversions are almost
twice as high as the annual intakes towards 2040-2041 (Fig. 4.12). In the figure, it is
observed the groundwater abstraction rises steadily, reaching 77 GL/year, while seawa-
ter intake increases exponentially to approximately 131 GL/year towards the end of the
planning horizon. Although seawater desalination is available, it is not an economically
viable option until demand cannot longer be met by conventional water resources. Sur-
face water procurement remains the major source of water provision, and grows steadily
for 25 years, starting at 2,534 GL in the first period and ending at 4,972 GL in the last
period. This is under the assumption that the total precipitation will remain the same
as precipitation in the last 25 years. Diversifying the water source mix is associated
with the yearly gradual operating costs increment from 21.4 to 28.8 bnUSD. Fig. 4.12
demonstrates the long-term necessity of alternative water treatment facilities in place in

order to prevent the risk of supply shortages.
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FIGURE 4.12: Components costs and resources intakes in the period 2016 - 2041

Fig. 4.13 illustrates the total regional plant capacity in the period 2016-2041. Water

scarcity develops in the areas where the rainfalls are relative to the population. VIC and
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NSW, for instance, exhibit lowest average precipitation per capita of respectively 15.3
ML and 45 ML per person. According to Fig. 4.13, both states secure the largest water
processing capabilities in Australia in order to mitigate the danger of supply failures.
The highest step-changes are made by QLD from approximately 717 GL/y to almost
1,342 GL/y, by VIC from 1,043 GL/y to 2,343 GL/y, and by WA from 508 GL/y
to 1,158 GL/y production capacities. The three states which have the largest total
costs also possess the largest production capacities, followed by WA. Although NSW
necessitates 375 GL/y of extra capacity for the entire planning horizon, the operation of
its already existing facilities contributes to its cost. In 2040-2041, the water demand for
QLD, VIC and WA is estimated at, respectively, 960 GL, 1675 GL and 805 GL, including
distribution losses. The plants’ utilisation in the three states is kept at or above 70%
at the last year of the planning span. ACT and NT necessitate two expansions each,
of 20 GL/y total additional capacity in the former state, and 35 GL/y in the latter.
SA possess enough plant capacity to be able to meet its increasing demand therefore,
no installations or expansions are needed in the state. Its plants operate at 45% of
their capacities in 2016-2017, and at 54% of their capacities in 2040-2041. It must be
noted that maximum two expansions per plant have been allowed, which are preferred
over installations of new plants due to their lower cost and shorter building period. The
options for capacities have been provided taking into account real capacities of each plant
type, translating into the smaller and more frequent selection of capacities expansions,

as seen in Fig. 4.13.
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FI1GURE 4.13: Total regional plant capacity expansions in the period 2016 - 2041

Fig. 4.14 illustrates the regional water source mix in year 2040-2041. The size of the
bubbles is relative to the total plants capacity in a state, meaning the bubbles, which are
larger than the one in the legend, have a production capacity larger than 550 GL/year
and vice versa. The results show a portfolio of procured resource types where surface
water plays a predominant role. Approximately 4% of the urban water demand in VIC
and 2% in QLD is met through desalinated water. WA counts approximately 1% on
seawater desalination while NT relies on 5% of groundwater. TAS and SA have solely
surface water in their water mix to provide urban water supply. Fig. 4.14 resembles
the regional water source mix presented in Fig. 4.7 for year 2014-2015, which shows an
agreement with current practices as historical hydrological and availability data have
been used with a final year 2015-2016. The reason for the slightly stronger preference
towards surface water treatment can be explained not only with the cheapest purification

cost but also with the extensive trading among the states.
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It has been allowed SA, VIC, NSW and QLD to be able to trade with its neighbouring
states where there is a hydrological connection in MDB. Additionally, Sydney and Bris-
bane are isolated from trading and they are assumed to provide services only through
their locally existing plants and through building new infrastructure. Surface water and
groundwater, which are the current transferable sources in Australia, are allowed to be
traded. The total surface water and groundwater volumes traded in and out from each
state are depicted in Fig. 4.15(a) and Fig. 4.15(b), respectively, and summarised in
Table 4.9. The darker colour shades at the rim of the circles represent each state and
the respective lighter coloured chords correspond to the flows that are sold by that state.
The arc length is indicative of the amount of water sent out from that region. Hence,
it can be deduced that the highest trading surface water activities take place between

NSW (72,047 GL sold in total), VIC (51,449 GL sold in total) and SA (5,100 GL sold
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in total). On average, surface water trading provides from 8% up to 30% of the water
demand in the country. In Fig. 4.15(b) the volumes as a whole are significantly lower
which is due to the environmental restrictions for groundwater abstractions and to the
greater costs associated with its treatment. The highest trading activities occur between

NSW and QLD with a total sold groundwater of 29,898 GL and 29,903 GL, respectively.

(a) Surface water trades

ACT VIC

NSW

- QLD

(b) Groundwater trades

FIGURE 4.15: Total traded volumes of water from state to state

The total regional costs arising from trading per year are shown in Fig. 4.16. In the
figure, the positive values count towards a state’s expenditures, while the negative values
are the money received for selling water and they occur as profit. The low trading at the

beginning of the planning horizon is due to the procurement of a region’s own sources,
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TABLE 4.9: Regional total traded surface water and groundwater volumes for the
25-year planning horizon

From/ Surface water trades Groundwater trades

To SA VIC NSW QLD ACT | SA VIC NSW QLD ACT
SA 861 4,001 236 228 139 8
VIC 502 50,947 0.1 5
NSW | 2,710 60,010 8,161 1,166 5 29,815 78
QLD 269 3,153 71 29,832
ACT 85

such as groundwater and seawater. Surface water is in a higher demand in a dry year,
therefore, more transfers happen in those periods, which, on the other hand are coupled
with higher transfer prices. From Fig. 4.9 and Fig. 4.11 it can be deduced that periods
2018-2019, 2026-2029 and 2030-2034 are exposed to lower rainfalls and streamflows. In
those periods, VIC has trading expenses varying up to to 0.28 bnUSD. On the contrary,

NSW and QLD gain profit at various points throughout the planning horizon.
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FIGURE 4.16: Regional trading transactions in the period 2016 - 2041

For a total cost of 327.94 bnUSD, the volumetric supply reliability for the country is
99.44%. So far, Perth have investigated the water supply planning process and incurring
costs at a targeted reliability of 90% [PMSEIC Working Group, 2007], which is lower
than the obtained value from the model. In years when rainfall is below average in
conjunction with water production capacity shortage and increasing demand, reliability

that high is uncommon. Further, it has been a historical practice for the industry to
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agree at an ’accepted level” of reliability with the urban communities, which involves
temporal or volumetric restrictions households are subject to. Such an accepted level is
set by the communities’ willingness to pay for extra security of supply, which is difficult
to determine [Hughes et al., 2009]. In order to explore a better and fairer trade-off
between the two, the multi-objective optimisation solutions with e-constraint method

and game theory are discussed in the next chapter (Chapter 5).

4.6 Concluding remarks

A spatially-explicit multi-period Mixed Integer Linear Programming (MILP) model has
been developed for the design and management of water supply system. The optimi-
sation framework encompasses decisions such as installation of new purification plants,
capacity expansion, and raw water trading schemes. The objective is to minimise the
total cost incurring from capital and operating expenditures in order to meet demand.
Assessment of available resources for withdrawal is performed based on hydrological
balances, governmental rules and sustainable limits. The applicability of the model has

been investigated through a case study based on Australia.

Key findings suggest a trend in plants expansions and trading can keep surface water as
the major source in the next 25 years. Nevertheless, diversifying the water source mix
benefits from lowering the dependency on precipitation and securely meeting the urban
water demand. The possibility of all the neighbouring states situated on Murray-Darling
Basin to trade, offers the advantage of providing surface water and groundwater in
periods of drought. Supply reliability increases towards the end of the planning horizon,
when larger capacities for conventional sources are in place. The results indicate a
preference towards expansions to building plants where the majority new infrastructure

is located in VIC, QLD and WA.



Chapter 5

Multi-objective Optimisation of
Water Management Systems with

Supply Reliability

In the light of the increasing importance of reliability, the objective is no longer to only
minimise cost, as presented in Chapter 4, but also ensure the system is reliable to an
economically adequate level while shortfalls are brought to minimum. This chapter aims
to develop multi-objective formulations for obtaining the Pareto-optimal and the fairest

solution of all using two approaches.

5.1 Theoretical background

Damelin et al. [1972] first introduced the concept of reliability of water supply in a
simulation context. Barlow [1984] presented a historical angle of mathematical theory
of reliability. Glueckstern [1999] assessed the reliability of small to medium desalination
plants. Koss and Khawaja [2001] conducted a contingent valuation method study on
water supply reliability in California and the willingness of customers to pay to avoid
shortages. Papadakis et al. [2007] focused on a case study about Northern Greece
to demonstrate that adequate water supply planning was needed in order to ensure
high supply reliability. Wang and Au [2009] presented Monte Carlo simulations for the

probabilistic performance of water supply where reliability varied spatially. Abunada
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et al. [2014] incorporated demand balancing tanks in network optimisation and reliability
assessment into a newly developed Networks Optimisation and Reliability Assessment
Tool (NORAT). Gupta et al. [2014] assessed reliability of supply based on shortfall of
water distribution networks using node flow analysis. Peng et al. [2015] presented a
mathematical formulation for water allocations accounting for reliability. Reliability
has also been the focus of numerous works which consider it alongside calamities and
changing climate [Wang and Au, 2009, Simonit et al., 2015, Clark et al., 2015, Yoo et al.,
2016].

Multi-objective optimisation approaches have been the focus of a large number of litera-
ture works. Pokharel [2008] was one of the first works to use multi-objective optimisation
in supply network design where two-objective decision-making model for the choice of
suppliers and warehouses for a supply chain network design was proposed. Amodeo
et al. [2009] integrated evolutionary algorithms and supply system simulation for the
maximisation of customer service level and the total inventory cost. Liu and Papageor-
giou [2013] developed an MILP model for cost, responsiveness and customer service level
using e-constraint method and lexicographic minimax method as solution approaches.
Chen and Andresen [2014] applied a weighted-sum approach minimising costs, emis-
sions, and employee injuries in a supply system. Fraga et al. [2017] presented a dynamic
programming model for the infrastructure decisions versus reliability. Campana et al.
[2017] proposed a multi-objective genetic algorithm for an energy-water framework to
minimise the system life cycle costs, and maximize renewables and water harvesting

reliability.

When a fair strategic decision is sought in a multi-objective problem, game theory is
most commonly applied. Game theory can be utilised for various applications, such as
engineering, life sciences, management and economics. Games can be collaborative, when
the best strategies for the players are to cooperate, and competitive, when the players
can maximise their outcome if they do not take into consideration the outcomes of the
rest of the players. Games can also be simultaneous and sequential, when the decisions
of the players are taken at the same time or one after another, like in a leader - follower
type of game. The former often implies the information is not well known and in cases
of the latter, normally the follower makes a decision based on the action of the leader.
This leads to dealing with perfect and imperfect information games. Recent works on

game theory in mixed integer programming have been classified qualitatively based on
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the aforementioned applications. A typical leader - follower game is the Stackelberg
game which has been the chosen strategy in different literature sources [Yue and You,
2014, Bard et al., 2000, Yang et al., 2015, Pita et al., 2010, Yin, 2013]. Zhang et al.
[2013] developed mathematical models for fair electricity pricing microgrid, scheduling,
planning, and in Zhang et al. [2017] - carbon capture and storage following cooperative

Nash approach [Nash, 1950].

Definition

”Nash approach rests on the situation of bargaining where individuals or strategies

have the opportunity to collaborate for mutual benefit in such a manner that no

action taken by one agent can affect the well-being of the other one. ”

Nash equilibrium has been applied in supply chains and scheduling [Zamarripa et al.,
2013, Gjerdrum et al., 2002, Banaszewski et al., 2013, Pira and Artigues, 2016, Ortiz-
Gutierrez et al., 2015, Tushar et al., 2014]. Supply chain game theory and transfer prices
have been covered by Simchi-Levi et al. [2004], Rosenthal [2008]. Additionally, Shelton
[1997], Tambe [2012] have published exhaustive compilation books on game theory, secu-
rity and markets. Madani [2010] compiled a literature review on game theory concepts
applied to water resources management. Sechi et al. [2011] suggested a decision making
tool using game theory to determine fair water pricing with sustainability principles.
M. Daumas and Ventou [2009] proposed a mathematical model for the theory of co-
operative games for transferable utilities. [Souza Filho et al., 2008] investigated game
theory on water users’ strategic behaviour. Nikjoofar and Zarghami [2013] simulated

water distribution networks using multi-objective optimisation and game theory.

In this chapter, a multi-objective optimisation is formulated from the mathematical
formulation presented in Chapter 4. The objectives are the simultaneous minimisation
of total cost and maximisation of reliability using e-constraint method. Nash bargaining
approach is then used to determine the fairest operating point from the optimal Pareto

front.
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5.2 Problem statement

The supply chain problem replicates the description in Chapter 4. In addition, strategic
decisions re made for the allocation of water resources, procurement and treatment of
sources types, locations and capacities augmentations for dams and treatment plants,

trading directions and volumes for setting a specific country’s reliability of supply target.

Assumptions

e Volumetric reliability can represent accurately reliability of supply
e Absence of water management plan means no infrastructure and no trading

are taking place

Hence, the problem can be stated below.

Given:

e geographical divisions into regions/states/territories

e planning time horizon, e.g. a 25 - year horizon

e water sources, i.e. surface water, groundwater, seawater, etc.

e final water uses, i.e. urban, rural, etc., and seasonal demand over planning horizon

e regional and seasonal climatic data, i.e. precipitation, evaporation, run-off, stream-
flows

e initial water storages in drainage basins and reservoirs

e geographical distribution, capacities, operating efficiencies, and operating and cap-
ital cost parameters of existing and potential dams and plants

e maximum allocated water sources per end-use, i.e. entitlements

e trading topology and prices options

¢ inflation and discount factors

e regional sustainable diversions/abstractions

e penalty costs for not meeting demand

a set of minimum supply reliability values

Determine:

e available water sources for diversion/abstraction
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e procurement rate for each water source and end-use water production rate
e trading and carry-over flowrates
e location and capacities of new dams and plants installations, and existing plants

expansions

So as to: minimise total cost for the design of the water supply chain and maximise the
reliability of supply. The problem is formulated as a multi-objective spatially-explicit
multi-period MILP model. Two solution approaches are implemented next, i.e. an

e-constraint method and a game theoretic approach.

5.3 Mathematical formulation

In this section, reliability of supply is added as a second objective function to the opti-
misation framework presented in Chapter 4. The problem is solved using an e-constraint
method in Section 5.3.1, and game theory in Section 5.3.2. A multi-objective optimisa-
tion for minimising total cost and maximising reliability of supply is going to determine
the extent the supply chain network design is influenced by both factors. Additionally,

game theory will provide a fair trade-off between the two.

5.3.1 e-constraint method

An € - constraint method is applied for the solution of the multi-objective optimisation
where the first objective is to minimise the total cost for the supply system and the
second objective is to maximise the reliability. Opposed to the weighted sum method,
the € - constraint method is suitable as the relative importance of each objective is
unclear. Furthermore, the method will result in an evenly distributed Pareto frontier.
In the € - constraint approach, the cost objective remains as it is while the remaining
objective is turned into inequality with a set of lower bounds. The reliability, however,
is implicitly related to the penalty, O Peny, in Eq.(4.38), which is the reason it has to be

excluded from the objective function of the total cost. Hence,

Objectivel: minimise TC =Y (cdfs - CAPEX, + odf; - OPEX) (5.1)
t
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which is subject to:

Objective2: WR > eps (5.2)

and

e hydrological and supply-demand balances Eq.(4.3) - Eq.(4.7)
e procurement constraints Eq.(4.8) - Eq.(4.14)

e reliability constraints Eq.(4.15) - Eq.(4.16)

e capacity constraints Eq.(4.17) - Eq.(4.26)

e production constraints Eq.(4.27) - Eq.(4.30)

e capital expenditure constraints Eq.(4.35) - Eq.(4.37)

e operating expenditure constraints Eqs.(4.31),(4.32), Eq.(4.34)

The obtained solutions will be Pareto optimal and any of them can be chosen to plan
the water supply chain. The Nash bargaining approach, however, can provide the exact

point on the Pareto curve where the two strategies can co-exist at equilibrium.

5.3.2 Nash bargaining approach

A cooperative game is considered to obtain the best strategies for expenditures and
supply reliability using Nash bargaining approach. The deployment of the method is
necessary as to investigate whether and how a satisfactory agreement between the two
strategies could be reached. It is aimed to minimise total country’s cost by increasing
the difference between the status quo point and the optimisation variable. On the other
hand, it is aimed to maximise the reliability by increasing the difference between the
variable and its status quo point. The status quo point represents the situation where
both agents will not be able to achieve an agreement. By maximising the product of all
the strategies’ deviations, a fair solution distribution is ensured where no strategy can
be improved. Two relevant axioms stem from classical theory: (i) none of the strategies
will deteriorate from the status quo pay-off, or individual rationality axiom and (ii) the
solution could not be improved on to both strategies’ advantage, hence, Pareto optimal

solution is obtained. The dependency is expressed in Eq.(5.3).

mazimise 7= (WR-WRM) . (TC™ —TC) (5.3)
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where T'C'7° is the upper cost bound for the country, which is obtained in a case no
infrastructure is planned and no trading occurs. Then, TC < TC%°. W Ry, is the
second point for the status quo pair. Then, WR > W R%°. Eq.(5.3) results in a non-
linear formulation which can result in local optima. Therefore, it follows to be further
linearised. Eq.(5.3) is expressed as a separable function by taking the logarithm of both

hand sides and using logarithmic properties:
InT = In(WR— WR) 4+ In(TC" —TC) (5.4)

Then, an additional parameter, & is introduced to equal the logarithm of the cost
difference (Eq. (5.5)).
& = In(TC —TCy),Vk (5.5)

where T'C}, is a parameter representing option k for the total cost. A parameter, Ay is

assigned for the logarithm reliability difference, shown in Eq.(5.6).
A = In(W Ry, — WRI), Yk (5.6)

where W Ry, is a parameter representing option k for the normalised reliability. An SOS

type 2 variable, X}, is used to represent the selection of the cost, shown below:

Y TCy - Xy =Y (cdfy - CAPEX, + odf; - OPEX;) (5.7)
t

The same variable is used for the reliability, expressed below:

SWRE - Xp=Y > 3 WSRigy/(GM - TM . QM) (5.8)

W g t ¢

The active option k should add up to 1, represented in Eq.(5.9).

Y Xp=1 (5.9)
And the auxiliary variable has to be positive.

X, > 0,Vk (5.10)
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Then, the objective function becomes:

[(Ek + Ae) - Xi] (5.11)

<>
Il

maximize

i
I

which is subject to:

e hydrological and supply-demand balances Eq.(4.3) - Eq.(4.7)
e procurement constraints Eq.(4.8) - Eq.(4.14)

e reliability constraints Eq.(4.15)

e capacity constraints Eq.(4.17) - Eq.(4.26)

e production constraints Eq.(4.27) - Eq.(4.30)

e capital expenditure constraints Eq.(4.35) - Eq.(4.37)

e operating expenditure constraints Eqs.(4.31),(4.32), Eq.(4.34)
e game theory constraints Eq.(5.7) - Eq.(5.11)

The applicability of the mathematical models is investigated through an illustrative

example.

5.4 Illustrative example

The case study of Chapter 4 is adopted for consistency purposes.

5.5 Computational results and discussion

In this section are discussed the computational results and performance of the multi-
objective solution approaches presented in Section 5.3 and applied to the case study
described in Section 4.4. The MILP models are implemented in GAMS 24.7.1, using
solver CPLEX 12.6.1, on a PC with Intel Core i7 — 3770 CPU 3.40GHz, RAM 16 GB.

The relative optimal gap has been set to 0.1%.
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5.5.1 ¢ - constraint multi-objective optimisation

For the € - constraint method, 11 MILP problems are solved with an average CPU time
of 11 seconds and a total CPU time of 120 seconds. At WR = 0, the total cost contains
the fixed operating cost of the existing plants, 159.6 bnUSD. Until 174.5 bnUSD, the
total cost increases gradually while no capital expenditures from newly built plants
contribute to it. That point corresponds to a supply reliability of 40%. From that
point onwards, the cost grows almost exponentially until it reaches 323.3 bnUSD with
a maximum reliability achieved - 99.5%. The obtained Pareto curve is plotted in Fig.
5.1, demonstrating all the optimal solutions, possible for the supply chain design and
operation. The decision of the local governments and authorities to determine the point
where they would like to stand is an intricate task. Hence, applying game theory can

find the exact point where cost and reliability are at equilibrium.
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FIGURE 5.1: Nash bargaining solution on the Pareto curve

5.5.2 Nash bargaining approach

The choice of a status quo pair(s) (W R, T'C?) in the Nash bargaining approach
would define the outcome of the game theory. To select the two pay-offs, it is assumed
no agreement can be settled between the two strategies, total cost and supply reliability.

Hence, a worst case scenario is adopted where no improvement of reliability through
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building new infrastructure and water transfers can be achieved. Simultaneously, it is
desired to maximise the reliability subject to the cost. W R%" is equivalent to W R™"
while T'C7%° is equivalent to T'C"™** (Fig. 5.1). In order to find out the negotiation set,
where W R < WR < WR™* and TC™" < TC < TC9, and the pair (WR,TC) is
Pareto optimal, WR™%* and TC™™" are obtained. W R™% is the value obtained when
reliability is maximised at TC = TC™ whereas TC™" is found by minimising the
total cost subject to WR = WR™". The separable approach is executed using 100
discretisation points taken from W R to W R™%** and the corresponding points from
TC™" to TC9. The maximum bargaining solution is shown in Fig 5.1 and reported
in Table 5.1.

TABLE 5.1: Nash bargaining approach solutions

Objective values CPU [s]
Water supply reliability WR [-] ~ Total cost TC [bnUSD]
Status quo pair 0.748 284.43 5
Max WR/ Min TC 0.944 223.41 100/ 20
Nash approach 0.859 250.45 396

From Fig. 5.1, it can be observed that the solution lies in the middle of the subset of
optimal solutions considered. Reliability of 85.9% translates into a total cost of 250.45
bnUSD. The pay-off where the two strategies are in equilibrium coincides with a point
on the Pareto front. The Nash bargaining solution is optimal because it is obtained
from the maximum product of two strategy gains and following from the second classic
axiom presented earlier, this product will attain a Pareto-optimal solution. The value
for reliability has worsened by 14% and total cost value has improved by 25% from the
monolithic approach. It must be noted that if a different methodology for deriving the

status quo pair is used, the results obtained will differ.

The corresponding capacity expansions for the Nash equilibrium are illustrated in Fig.
5.2. From the figure, it can be deduced the expansions spread out throughout the
planning horizon instead of taking place at its beginning, as seen in Fig. 4.13. The
delay in the decisions is due to the compromise in supply reliability where decisions for
augmenting the infrastructure are made at the times when the reliability would otherwise
deteriorate. At the end of the planning horizon VIC reaches a final total capacity of
approximately 1,100 GL/y, 1,200 GL/y less in comparison with the monolithic approach.
QLD and WA reach production capacities of 1,342 GL/y and 1,108 GL/y, respectively.
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As the supply reliability is normalised for the entire country, it is observed VIC undergoes

largest cuts in reliability due to needed production capabilities.
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FI1GURE 5.2: Total regional plant capacity expansions in the period 2016 - 2041 under
game theory

The plants utilisations for the first and last year, for both, the monolithic approach and
game theory, are shown in Fig. 5.3(a) and Fig. 5.3(b). From Fig. 5.3(a), it can be
observed the difference of the plants utilisation in the monolithic approach and game
theory throughout the first year of the planning horizon. The states which do not need
to expand their capacities coincide roughly with their utilisation for both approaches
which appears as a darker area in the figure. VIC and QLD build more capacities in
the monolithic model opposed to importing water while in Nash bargaining approach
not all of the available capacity in NSW is utilised in order for variable operating costs
to be reduced. In 2040-2041, the radar shades coincide better for the two approaches.
As demand increases and capacities have to be built, both models add capacities. It
has already been seen, however, that for the game theoretic approach majority of the
expansions happen in 2024-2030. Towards the end of the planning horizon, the reliability
increases and hence, the utilisation profile of plants. Any shrinkages in the patterns are
due to the augmented capacities of plants, which are operating at a higher production
rate without reaching their full capacities. As manifested from Fig. 5.3(a) and Fig.
5.3(b), this is the case in VIC, for instance, where at the end of the planning horizon,

the utilisation of plants has dropped from almost full operating capacity in 2016-2017 to
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71% utilisation of plants in 2040-2041 for the monolithic approach, and the utilisation

has increased from 9% to 34% for the game theoretic approach.
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FIGURE 5.3: Plants utilisation for the first and last year of the planning horizon without
and with game theory
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5.6 Concluding remarks

The reliability of water supply in the monolithic mathematical formulation in Chapter
4 has become the second objective function in a multi-objective formulation using e-
constraint method. The trade-off between total cost and reliability has been determined
by using the Nash bargaining approach. The applicability of the model has been inves-
tigated through the case study based on Australia (Chapter 4). The results manifest
a decrease in total cost from 327 bnUSD to 250 bnUSD, which corresponds to a 14%
total supply reliability decrease. These optimal results from game theory indicate the
sacrifices in total cost and supply reliability to obtain the fair design between the two
objectives. The decisions for capacity expansions are spread out throughout the plan-
ning horizon unlike what is observed in the monolithic approach where the decisions are
concentrated in the first part of the planning horizon. This gives a set of outcomes for

governments to consider in decision making when investing in infrastructure.



Chapter 6

Conclusions and Directions for

Future Work

This thesis addresses the design and optimisation of water management systems on two
levels, i.e. process design, addressed in Chapters 2 and 3, and supply chains, addressed
in Chapters 4 and 5. The former aims to construct a wide spectre-superstructure consist-
ing of the most commonly used treatment technologies in industry. It involves decisions
on the topology, technology choice and operating conditions driven by economic perfor-
mance. The latter integrates supply chains with hydrological, regulatory and reliability
aspects to investigate the least cost intensive infrastructure in a given country. This
chapter aims to draw the major conclusions of the work presented in this thesis and

provide potential directions for future work.

6.1 Concluding remarks

In Chapter 2 a systematic approach for the design of water and water-related treatment
processes using superstructure optimisation has been proposed. The optimisation frame-
work has been formulated as an MINLP model where the major non-linearities arise
from removal efficiency, mass balances, and cost constraints. The objective has been
the minimisation of total production cost while simultaneously maximising the produc-
tion flow. Two case studies with applications on seawater desalination and advanced

wastewater treatment have been discussed. Sensitivity analysis has shown flowsheets are

154
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most sensitive for various T'SS concentrations. Preference over membrane technologies
for pre-treatment is seen which is a global trend today. The computational results have

demonstrated an agreement with industrial flowsheets and production costs.

Chapter 3 has added alternative paths to the superstructure in Chapter 2, which has
resulted in a highly non-linear MINLP model. To overcome the model instability, key
bilinear terms and non-linear functions have then been reformulated, and the pIMINLP
model has been introduced. Finally, the MILFP model has been proposed, which in-
cludes further discretisations of continuous domains together with a two-step iterative
solution procedure based on Dinkelbach’s algorithm. The three methods have been
tested and compared in an illustrative example of seawater desalination and surface wa-
ter treatment. The proposed MILFP model has taken the upper hand with respect to
CPU times and solution quality despite the 30 times increase of model size. In com-
parison with the formulation in Chapter 2, the objective function decreases due to the
flexibility of recovering a portion of the concentrate, which is also a preferable option,

in particular, in industries counting on membrane filtration.

In Chapter 4 a spatially-explicit multi-period MILP model has been developed for the
design and management of water supply chains. The features in the proposed optimi-
sation framework cover hydrological balances which can be used for the determination
of water storage and seasonal availability of water. On the other hand, temporal alloca-
tions and trading schemes are also governed by the availability of water in a given area.
Decisions entail the volumes and time periods for production capacity augmentations
in order to meet urban water demand at minimum total country cost. The applica-
bility of the approach is investigated in a case study based on Australia. Expansions
and installations of predominantly surface water treatment plants with more significant
overtake of seawater desalination towards the end of the planning horizon is observed.
As opposed to the general view of a growing need of desalination in Australia, the model
selects the most economically suitable build options. However, it has to be kept in mind,

the hydrological data taken is historical which shifts the technologies’ choice.

In Chapter 5 a second objective has been included to the objective function in Chapter
4 to account for the reliability of water supply. Two methods have been applied as
solution methods, i.e. e-constraint method and Nash bargaining approach. The former

has been used for deriving the Pareto-optimal front. A status-quo situation is assumed
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when no negotiation can exist between reliability and cost, and Nash equilibrium finding
the fairest trade-off between the two has been located on the Pareto curve. The solution
has moved to a 24% lower cost and 14% lower reliability values in comparison to the

solution in Chapter 4.

6.2 Directions for future work

This thesis has examined topics of process design and supply chains, and although it
has attempted to cover various aspects from both, the work is subject to limitations.

Furthermore, it can be extended in several research directions as future work as follows:

Chapter 2 and Chapter 3

e The presented superstructures can be extended to accommodate primary and sec-
ondary wastewater treatment, as well as sludge treatment. Hence, an integrated
process design and partially self-energy supplying system would be able to be

investigated.

e It has been determined that variation of input results in different flowsheet con-
figurations. Design with input uncertainty could be a future possible direction
of this work which is particularly important in diurnal and seasonal variations in

concentration.

e Membranes are the preferred technology taking place in water treatment design.
Their environmental burden, however, should not be ignored. Life cycle assess-
ment of the employment of the membranes can contribute to a more precise cost

estimation. Thus, a shift in technologies is likely to be observed.

e Removal efficiencies have been modelled through regressions. Surrogate models
if substituted with first principle models will allow for more accurate removal

representation.

e Metaheuristic methodology can be implemented as a black box function to simu-

lation procedures to obtain output performance measures of the model.
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e Addressing all of the above will inevitably increase the computational burden of
the model. Benders decomposition approach as a solution procedure is applicable

due to the distinctive blocks of technologies involved in the superstructure.

Chapter 4

e The problem statement involves common sources, purification methods and urban
water as an end use. A future area of improvement may consider the extension
of the superstructure to capture more water sources, such as reclaimed water,
treatment plants installation options such as wastewater treatment plants, and

end users, such as industrial and rural usages.

e Transportation costs, which account for a significant proportion of water man-
agement cost, were not part of this work. Taking into consideration piping and
pumping will also influence the decisions regarding water infrastructure. They will
be useful to be included in the future as to obtain a more comprehensive economic

picture.

e Demand and hydrological inputs uncertainty through stochastic optimisation would
contribute to the framework by designing a more flexible infrastructure. Further-
more, predictions rather than historical hydrological data will alter the choice of

building technologies.

e Engineering psychology and the human preferences aspect of determining prices,

treatment options, etc. will be an interesting domain in the supply chains design.

Chapter 5

e Volumetric reliability is in the focus of this work. Volumetric versus temporal

reliability, however, can be examined next as future work.

e The method of determining the status quo in this work is not the only one possible.
Different methods for determining the status quo pair can be looked at, for scenar-
ios with and without trading, and with and without infrastructure decisions, for
instance, in order to determine which is the least fair of all, i.e. that will provide

a better starting point for Nash equilibrium.
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e The objective function has been reformulated using a separable approach. Alter-
native techniques for linearising the objective function can be applied in search
for better formulation performance. For instance, the multi-parametric disaggre-
gation technique can be compared against the separable approach to analyse their

computational performance.

A number of publications have arisen from the work in this thesis. They are listed next.
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The publications which have arisen from this work are listed below.

Peer reviewed journal publications:

1. Koleva, M.N., Polykarpou, E.M., Liu, S., Styan, C.A., Papageorgiou, L.G., 2016.
Optimal synthesis of water treatment processes. Desalination and Water Treat-

ment, 1 — 22

2. Mariya N. Koleva, Craig A. Styan, Lazaros G. Papageorgiou, Optimisation ap-
proaches for the synthesis of water treatment plants, Computers & Chemical En-

gineering, Available online 3 January 2017

3. Koleva, M.N.; Calderon, A.J., Zhang, D., Styan, C.A., Papageorgiou, L.G., 2018.
Integration of Environmental Aspects in Modelling and Optimisation of Water

Supply Chains. Manuscript accepted for publication.
Peer reviewed conference publications:

1. Koleva, M. N., Polykarpou, E. M., Papageorgiou, L. G. (2013). An MILP Model
for Cost — Effective Water Treatment Synthesis. Piantadosi, J., Anderssen, R.S.
and Boland, J. (eds). Adapting to change: the multiple roles of modelling, 1-6
December 2013, Adelaide, Australia MODSIM, 2716 — 2722

2. Koleva, M. N., Polykarpou, E. M., Liu, S., Styan, C. A., Papageorgiou, L. G.
(2015). Synthesis of Water Treatment Processes using Mixed Integer Program-
ming. In: Krist, V. Gernaey, J.K.H., Gani, R. (eds.), 12th International Sympo-
sium on Process Systems Engineering and 25th European Symposium on Com-
puter Aided Process Engineering. Elsevier. Vol. 37 of Computer Aided Chemical
Engineering, 1379 — 1384
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ter Treatment Processes using Mixed Integer Programming. Paper presented at

ChemEngDay UK, Bath ,UK, 30th Mar — 1st Apr, 2016.
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Bibliography

Australian Government & Murray-Darling Basin Authority. Discover sur-
face water, 2016. URL http://www.mdba.gov.au/discover-basin/water/

discover-surface-water. Accessed on 24/01/2017.

United Nations. The united nations world water development report 2016. water and

jobs, 2016.

RobecoSam. Robecosam study. water: The market of the future, 2015. URL http:

//www .robecosam.com/. (accessed 02.06.2016).

United Nations. Managing water under uncertainty and risk: The united nations world

water development report 4, 2012. pp.1-909.

British Petroleum. BP Enegry Outlook 2030, 2013. URL http://www.bp.com/content/
dam/bp/pdf/statisticalreview/BP_World_Energy_Outlook_booklet_2013.pdf.
Accessed 17/12/2013.

R. Chandrappa, S. Gupta, and U.C. Kulshrestha, editors. Coping with Climate Change:

Principles and Asian Context. Springer, Heidelberg, 1st edition, 2011. pp. 113 - 114.
N. Lior. Advances in water desalination. Wiley, New Jersey, US, 2013.

T. Hinkebein. Water and sustainable development: Opportunities for the chemical
sciences: A workshop report to the chemical sciences roundtable. desalination: Limi-

tations and challenges, 2004. Accessed 19/12/2013.

National Centre of Excellence in Desalination Australia. Awustralian Desalination Re-
search Roadmap. Murdoch University, Rockingham, Western Australia 6168, 2011.
pp.1 - 114.

161


http://www.mdba.gov.au/discover-basin/water/discover-surface-water
http://www.mdba.gov.au/discover-basin/water/discover-surface-water
http://www.robecosam.com/
http://www.robecosam.com/
http://www.bp.com/content/dam/bp/pdf/statisticalreview/BP_World_Energy_Outlook_booklet_2013.pdf
http://www.bp.com/content/dam/bp/pdf/statisticalreview/BP_World_Energy_Outlook_booklet_2013.pdf

Bibliography 162

S.D. Barnicki and J.J. Siirola, editors. Formal Engineering Design. Systematic Chemical

Process Synthesis. Cambridge University Press, UK, 1st edition, 2005. pp.362 - 366.

C. Floudas. Nonlinear and Mized-Integer Optimization: Fundamentals and Applications.

Oxford University Press, UK, 1999. ISBN 0195100565.

Toni Nowatzki, Michael Ferris, Karthikeyan Sankaralingam, Cristian Estan, Nilay
Vaish, and David Wood. Optimization and mathematical modeling in computer
architecture. Synthesis Lectures on Computer Architecture, 8(4):1-144, 2013. doi:
10.2200/S00531ED1V01Y201308 CAC026.

Frédérico Della Croce. Mized Integer Linear Programming Models for Combinatorial
Optimization Problems, pages 101-133. John Wiley & Sons, Inc., 2013. doi: 10.1002/
9781118600245.ch5. URL http://dx.doi.org/10.1002/9781118600245. chb.

E. Rosenthal. GAMS - A User’s Guide. GAMS Development Corporation, Washington,
DC, US, 2012.

N. Nishida, G. Stephanopoulos, and A.W. Westerberg. A review of process synthesis.
AIChE Journal, 27:321-351, 2004. 10.1002/aic.690270302.

Rui T. Sousa, Nilay Shah, and Lazaros G. Papageorgiou. Supply Chains of High-Value
Low-Volume Products, pages 1-27. Wiley-VCH Verlag GmbH & Co. KGaA, 2007. doi:
10.1002/9783527631278.chl. URL http://dx.doi.org/10.1002/9783527631278.

chi.

Charles Sung and Christos T. Maravelias. Production Planning in Process Systems
Engineering, pages 269-284. Wiley-VCH Verlag GmbH & Co. KGaA, 2007. doi: 10.
1002/9783527631278.ch9. URL http://dx.doi.org/10.1002/9783527631278. ch9.

Stefan Vofland David L. Woodruff. Introduction to Computational Optimization Models
for Production Planning in a Supply Chain. Springer-Verlag New York, Inc., Secaucus,
NJ, USA, 2006. ISBN 3540298789.

United Nations. The united nations world water development report 2015. Wa-
ter for a sustainable world, 2015. URL http://www.zaragoza.es/contenidos/
medioambiente/onu/1455-eng-ed2015_Water_for_a_sustainable_world.pdf.
(accessed 01/06/2016).


http://dx.doi.org/10.1002/9781118600245.ch5
http://dx.doi.org/10.1002/9783527631278.ch1
http://dx.doi.org/10.1002/9783527631278.ch1
http://dx.doi.org/10.1002/9783527631278.ch9
http://www.zaragoza.es/contenidos/medioambiente/onu/1455-eng-ed2015_Water_for_a_sustainable_world.pdf
http://www.zaragoza.es/contenidos/medioambiente/onu/1455-eng-ed2015_Water_for_a_sustainable_world.pdf

Bibliography 163

Pacific Institute. Water data: Table 16. desalination capacity by country, January 1,
1996, 2013. URL http://worldwater.org/water-data/. (accessed 03.06.2016).

DesalData. Plants, 2014. URL https://www.desaldata.com/. (accessed 06.11.2014).

Global Water Intelligence. Global water intelligence magazine, 2016. URL https:

//www.globalwaterintel.com/. (accessed 06.06.2016).

International Desalination Association. Desalination by numbers, 2016. URL http:
//idadesal.org/desalination-101/desalination-by-the-numbers/. (accessed

02.06.2016).

G. Tchobanoglous, F. Burton, and H. Stensel. Wastewater Engineering, Treatment and

Reuse. McGraw-Hill, New York, 4th edition, 2003.

A. Afify. Prioritizing desalination strategies using multi-criteria decision analysis. De-

salination, 250:928 — 935, 2010. doi:10.1016/j.desal.2009.03.005.

F. Vince, F. Marechal, E. Aoustin, and P. Breant. Multi-objective optimisation of RO
desalination plants. Desalination, 222:96 — 118, 2007. doi:10.1016/j.desal.2007.02.064.

K.M. Sassi and .M. Mujtaba. Simulation and optimization of full scale reverse osmosis
desalination plant. 20th European Symposium on Computer Aided Process Engineer-

ing, 28:895 — 900, 2010. doi:10.1016/S1570-7946(10)28150-6.

W.H. Chan and S.C. Tsao. Fabrication of nanofiltration membranes with tunable separa-
tion characteristics using methods of uniform design and regression analysis. Chemo-
metrics and Intelligent Laboratory Systems, 65:241-256, 2003. doi:10.1016/S0169-
7439(02)00141-7.

M. Wilf and M.K. Schierach. Improved performance and cost reduction of RO seawater
systems using UF pretreatment. Desalination, 135:61-68, 2001. doi:10.1016/S0011-
9164(01)00139-4.

M. Wilf, L. Awerbuch, C. Bartels, Mickley M., G. Pearce, and N. Voutchkov. The
Guidebook to Membrane Desalination Technology. Balaban Desalination Publications,

Italy, 2007. pp.524.

L.O. Villacorte. Algal Blooms and Membrane Based Desalination Technology. PhD
thesis, Delft University of Technology, The Netherlands, January 2014.


http://worldwater.org/water-data/
https://www.desaldata.com/
https://www.globalwaterintel.com/
https://www.globalwaterintel.com/
http://idadesal.org/desalination-101/desalination-by-the-numbers/
http://idadesal.org/desalination-101/desalination-by-the-numbers/

Bibliography 164

C. Forster. Wastewater Treatment and Technology. Thomas Telford Publishing, London,
UK, 3rd edition, 2003. pp. 1 - 90.

N.P. Cheremisinoff. Handbook of Water and Wastewater Treatment Technologies.
Butterworth-Heinemann, USA, 2002.

N. Voutchkov. Desalination Engineering: Planning and Design. McGraw Hill, USA,
2013.

S. Mussati, P. Aguirre, and N.J. Scenna. Optimal MSF plant design. Desalination, 138:
341 — 347, 2001. doi:10.1016/S0011-9164(01)00283-1.

P. Druetta, P. Aguirre, and S. Mussati. Optimization of multi-effect evaporation desali-

nation plants. Desalination, 311:1-15, 2013. doi:10.1016/j.desal.2012.10.033.

M. Skiborowski, A. Mhamdi, K. Kraemer, and W. Marquardt. Model-based structural
optimization of seawater desalination plants. Desalination, 292:30 — 44, 2012. doi:

10.1016/j.desal.2012.02.007.

K.M. Sassi and I.M. Mujtaba. Optimal operation of RO system with daily variation of
freshwater demand and seawater temperature. Computers & Chemical Engineering,

59:101 — 110, 2013. doi:10.1016/j.compchemeng.2013.03.020.

E. Ruiz-Saavedra, A. Ruiz-Garcia, and A. Ramos-Martin. A design method of the
RO system in reverse osmosis brackish water desalination plants (calculations and
simulations).  Desalination and Water Treatment, 55:2562 — 2572, 2014. doi:
10.1080/19443994.2014.939489.

M. Spiller, J.H.G. Vreeburg, I. Leusbrock, and G. Zeeman. Flexible design in water
and wastewater engineering — definitions, literature and decision guide. Journal of

Environmental Management, 149:271 — 281, 2015. doi:10.1016/j.jenvman.2014.09.031.

Y. Avramenko, A. Kraslawski, and N. Menshutina. Decision supporting system for de-
sign of wastewater treatment. 18:337 — 342, 2004. ISSN 1570-7946. doi:10.1016,/S1570-
7946(04)80122-6.

C.M. Roberts and E.C. Inniss. Implementing treatment sequences to promote reduction
of dbps in small drinking water systems. Water Resources Management, 28:1631-1643,
2014. doi:10.1007/s11269-014-0570-x.



Bibliography 165

M. Franceschi, A. Girou, A.M. Carro-Diaz, M.T. Maurette, and E. Puech-Costes. Op-
timisation of the coagulation - flocculation process of raw water by optimal design

method. Water Research, 36:3561 — 3572, 2002. doi:10.1016/S0043-1354(02)00066-0.

M. Rossini, M.G. Garrido, and M. Galluzzo. Optimization of the coagulation flocculation
treatment: influence of rapid mix parameters. Water Research, 33:1817 — 1826, 1999.
d0i:10.1016,/S0043-1354(98)00367-4.

B. Galén and Ignacio E. Grossmann. Optimal design of real world industrial wastewater
treatment networks. Comput. Aided Chem. Eng., 29:1251 — 1255, 2011. doi: 10.1016/
B978-0-444-54298-4.50029-5.

N. Ibrié¢, E. Ahmetovié¢, and Z. Kravanja. Synthesis of water, wastewater treatment, and
heat-exchanger networks. In Varbanov P.S. Klemes, J.J. and P.Y. Liew, editors, 2/th
FEuropean Symposium on Computer Aided Process Engineering, pages 1843 — 1848.
2014. doi: 10.1016/B978-0-444-63455-9.50142-2.

C. Sweetapple, G. Fu, and D. Butler. Multi-objective optimisation of wastewater treat-
ment plant control to reduce greenhouse gas emissions. Water Res., 55:52 — 62, 2014.

doi: http://dx.doi.org/10.1016/j.watres.2014.02.018.

K.D. Pickering and M.R. Wiesner. Cost model for low - pressure membrane filtration.
Journal of Environmental Engineering, 119:772-797, 1993. 10.1061/(ASCE)0733-
9372.

D.G. Wright and D.R. Woods. Evaluation of capital cost data. Part 7: Liquid waste
disposal with emphasis on physical treatment. The Canadian Journal of Chemical

Engineering, 71:575 — 590, 1993. do0i:10.1002/cjce.5450710411.

T. Fuqua, R. Ortiz, P. Bowen, and R. Creighton. Membrane treatment and the use
of the floridan aquifer in south florida. Technical report, American Water Works

Association, US, 1991. pp. 63 - 78.

Y. Lu, Y. Hu, D. Xu, and L. Wu. Optimum design of reverse osmosis seawater desali-
nation system considering membrane cleaning and replacing. J. Membrane Sci., 282:

7-13, 2006. doi: 10.1016/j.memsci.2006.04.019.

Y. Lu, A. Liao, and Y. Hu. The design of reverse osmosis systems with multiple-feed and

multiple-product. Desalination, 307:42 — 50, 2012. doi: 10.1016/j.desal.2012.08.025.



Bibliography 166

S. Kumar, A. Groth, and L. Vlacic. Cost evaluation of water and wastewater treatment
plants using water price index. Water Resources Management, 29:3343-3356, 2015.
doi:10.1007/s11269-015-1002-2.

A. Jiang, J. Wang, L.T. Biegler, W. Cheng, C. Xing, and Z. Jiang. Operational cost
optimization of a full-scale SWRO system under multi-parameter variable conditions.

Desalination, 355:124 — 140, 2015. do0i:10.1016/j.desal.2014.10.016.

Y. Du, L. Xie, J. Liu, Y. Wang, Y. Xu, and S. Wang. Multi-objective optimization of
reverse osmosis networks by lexicographic optimization and augmented epsilon con-

straint method. Desalination, 333:66 — 81, 2014. doi:10.1016/j.desal.2013.10.028.

F. Vince, F. Marechal, E. Aoustin, and P. Bréant. Multi-objective optimization of RO
desalination plants. Desalination, 222:96 — 118, 2008. doi:10.1016/j.desal.2007.02.064.

Panagiotis Tsiakis and Lazaros G. Papageorgiou. Optimal design of an electrodialysis
brackish water desalination plant. Desalination, 173(2):173 — 186, 2005. doi: http:
//dx.doi.org/10.1016/j.desal.2004.08.031.

Kerron J. Gabriel, P. Linke, and M.M. El-Halwagi. Optimization of multi-effect distilla-
tion process using a linear enthalpy model. Desalination, 365(0):261 — 276, 2015. doi:
http://dx.doi.org/10.1016/j.desal.2015.03.011.

Joao P. Teles, Pedro M. Castro, and Henrique A. Matos. Global optimization of water
networks design using multiparametric disaggregation. Comput. Chem. Eng., 40:132

— 147, 2012. doi: http://dx.doi.org/10.1016/j.compchemeng.2012.02.018.

Cheng Seong Khor, Benoit Chachuat, and Nilay Shah. A superstructure optimiza-
tion approach for water network synthesis with membrane separation-based regen-
erators. Comput. Chem. Eng., 42:48 — 63, 2012a. doi: http://dx.doi.org/10.1016/].
compchemeng.2012.02.020. European Symposium of Computer Aided Process Engi-

neering - 21.

Natthapong Sueviriyapan, Uthaiporn Suriyapraphadilok, Kitipat Siemanond, Alberto
Quaglia, and Rafiqul Gani. Industrial wastewater treatment network based on recy-
cling and rerouting strategies for retrofit design schemes. J. Clean. Prod., 111, Part

A:231 — 252, 2016. doi: http://dx.doi.org/10.1016/j.jclepro.2015.07.101.



Bibliography 167

Mariya N. Koleva, Eleftheria M. Polykarpou, Songsong Liu, Craig A. Styan, and
Lazaros G. Papageorgiou. Optimal design of water treatment processes. Desalin.

Water Treat., pages 1-22, 2016a. doi: 10.1080/19443994.2016.1173595.

H. Tokos and Z. N. Pintarich. Development of a MINLP model for the optimization of
a large industrial water system. Optimization and Engineering, 13:625 — 662, 20009.
doi:10.1007/s11081-011-9162-2.

C.S. Khor, B. Chachuat, and N. Shah. A superstructure optimization approach for
water network synthesis with membrane separation - based regenerators. Computers

and Chemical Engineering, vol. 14:265 — 272, 2012b.

Hong Guang Dong, Chih Yao Lin, and Chuei Tin Chang. Simultaneous optimization
approach for integrated water-allocation and heat-exchange networks. Chemical Engi-
neering Science, 63(14):3664 — 3678, 2008. doi: http://dx.doi.org/10.1016/j.ces.2008.
04.044.

Elvis Ahmetovi¢ and Ignacio E. Grossmann. Global superstructure optimization for the
design of integrated process water networks. AIChE J., 57(2):434-457, 2011. doi:
http://dx.doi.org/10.1002/aic.12276.

Ma. Guadalupe Rojas-Torres, José Maria Ponce-Ortega, Medardo Serna-Gonzalez,
Fabricio Napoles-Rivera, and Mahmoud M. El-Halwagi. Synthesis of water networks
involving temperature-based property operators and thermal effects. Ind. Eng. Chem.

Res., 52(1):442-461, 2013. doi: 10.1021/ie301433w.

Linlin Yang and Ignacio E. Grossmann. Water targeting models for simultane-
ous flowsheet optimization. Ind. Eng. Chem. Res., 52(9):3209-3224, 2013. doi:
10.1021/ie301112r.

Elvis Ahmetovi¢, Nidret Ibri¢, Zdravko Kravanja, and Ignacio E. Grossmann. Water
and energy integration: A comprehensive literature review of non-isothermal water
network synthesis. Comput. Chem. Eng., 82:144 — 171, 2015. ISSN 0098-1354. doi:
http://dx.doi.org/10.1016 /j.compchemeng.2015.06.011.

Songsong Liu, Petros Gikas, and Lazaros G. Papageorgiou. An optimisation-based ap-
proach for integrated water resources management. In S. Pierucci and G. Buzzi Fer-
raris, editors, 20th FEuropean Symposium on Computer Aided Process Engineering,

pages 1075 — 1080. 2010. doi: http://dx.doi.org/10.1016/S1570-7946(10)28180-4.



Bibliography 168

Songsong Liu, Flora Konstantopoulou, Petros Gikas, and Lazaros G. Papageorgiou.
A mixed integer optimisation approach for integrated water resources management.
Comput. Chem. Eng., 35(5):858 — 875, 2011. doi: http://dx.doi.org/10.1016/j.
compchemeng.2011.01.032.

Songsong Liu and Lazaros G. Papageorgiou. Multiobjective optimisation of production,
distribution and capacity planning of global supply chains in the process industry.
Omega, 41(2):369 — 382, 2013. ISSN 0305-0483. doi: http://dx.doi.org/10.1016/].
omega.2012.03.007.

Omar J. Guerra, Andrés J. Calderén, Lazaros G. Papageorgiou, Jeffrey J. Siirola, and
Gintaras V. Reklaitis. An optimization framework for the integration of water man-
agement and shale gas supply chain design. Comput. Chem. Eng., 92:230 — 255, 2016a.
doi: http://dx.doi.org/10.1016/j.compchemeng.2016.03.025.

R.W. Rousseau, editor. Handbook of separation process technology. John Wiley & Sons,
Inc., US, 1987.

The Drinking Water Inspectorate. Drinking Water Safety. Guidance to Health
and Water Professionals, 2009. URL http://dwi.defra.gov.uk/stakeholders/

information-letters/2009/09_2009annex.pdf. (accessed 06.05.2015).

U.S. Environmental Protection Agency. Development Document for Effluent Limitations
Guidelines and Standards for the Centralized Waste Treatment Industry - Final. U.S.
Environmental Protection Agency, Washington DC, US, 2010.

S. Judd and B. Jefferson, editors. Membranes for Industrial Wastewater Recovery and
Re-use. Chapter 2: Membrane Technology. Elsevier, UK, 1st edition, 2003. pp. 362 -
366.

M.M. Benjamin and D.F. Lawler. Water Quality Engineering: Physical/ Chemical Treat-

ment Processes. Wiley, New Jersey, 1st edition, 2013. pp.1 - 904.

K. Scott and R. Hughes, editors. Industrial Separation Technology. Blackie Academic
and Professional, UK, 1st edition, 1996. pp.75 - 76.


http://dwi.defra.gov.uk/stakeholders/information-letters/2009/09_2009annex.pdf
http://dwi.defra.gov.uk/stakeholders/information-letters/2009/09_2009annex.pdf

Bibliography 169

P. Xu, J.E. Drewes, C. Bellona, G. Amy, T. Kim, M. Adam, and T. Heberer.
Rejection of emerging organic micropollutants in nanofiltration - reverse osmo-
sis membrane applications.  Water FEnvironment Research, 77:40 — 48, 2005.

doi:10.2175/106143005X41609.

V. Sangeetha, V. Sivakumar, A. Sudha, and K. S. P. Devi. Optimization of process
parameters for COD removal by coagulation treatment using Box-Behnken design.

Int. J. Eng. Technol., 6:1053 — 1058, 2014. doi: 10.1.1.636.8908.

K. Park, Y.T. Seo, G.D. Whang, and D. Lee. Optimizing enhanced coagulation for doc
removal with ultrafiltration membrane separation using response surface methods and

particle trajectory analysis. Water Science & Technology, 42:187 — 192, 2000.

A. Vlaski. Microcystis aeruginosa Remowval by Dissolved Air Flotation (DAF). Options
for Enhanced Process Operation and Kinetic Modelling. PhD thesis, UNESCO-IHE
Institute of Water Education, The Netherlands, 1998.

E. Lin, D. Page, P. Pavelic, P. Dillon, S. McClure, and J. Hutson. Evaluation of rough-
ing filtration for pre-treatment of stormwater prior to aquifer storage and recovery
(asr). CSIRO land and water science report, Flinders University and CSRO, Febru-
ary 2006. URL https://publications.csiro.au/rpr/download?pid=procite:
ba31bc88-08ef-4d3e-b69f-d3a13d4494d4&dsid=DS1. (accessed 05.05.2014).

F. Benitez, L. Acero, and I. Leal. Application of microfiltration and ultrafiltration
processes to cork processing wastewaters and assessment of the membrane fouling.

Sep. Purif. Technol., 50:354 — 364, 2006. doi: 10.1016/j.seppur.2005.12.010.

D. Gallegos. Determination of optical water quality requirements in the Indian river near
Ft. Pierce, FL, with emphasis on the impact of colored water discharges. Technical

report, South Florida, US, 1993.

G. Amy J. Cho and J. Pellegrino. Membrane filtration of natural organic matter: ini-
tial comparison of rejection and flux decline characteristics with ultrafiltration and

nanofiltration membranes. Wat. Res., 33:2517-2526, 1999.

G. Artug. Modelling and Simulation of Nanofiltration Membranes. PhD thesis, Cuvillier

Verlag Gottingen, Germany, 2007.


https://publications.csiro.au/rpr/download?pid=procite:ba31bc88-08ef-4d3e-b69f-d3a13d4494d4&dsid=DS1
https://publications.csiro.au/rpr/download?pid=procite:ba31bc88-08ef-4d3e-b69f-d3a13d4494d4&dsid=DS1

Bibliography 170

K. Boussu, C. Vandecasteele, and B. Van Der Bruggen. Relation between membrane
characteristics and performance in nanofiltration. J. Membrane Sci., 310:51 — 65,

2008. doi: 10.1016/j.memsci.2007.10.030.

A .M. Sharaky N.M. El-Monem M. Tokhy, H.F. Shaalan and G.A. Bazedi. Performance
analysis of upgrading of secondary treated wastewater by nanofiltration. World Appl.

Sci. J., 25:384-390, 2013.

J. Chen and L. Guanghua. Marine reverse osmosis desalination plant - a case study.

Desalination, 174:299 — 303, 2005. doi: 10.1016/j.desal.2004.10.004.

The Dow Chemical Company. Rosa System Design Software, 2013. URL http://www.
dowwaterandprocess.com/en/Resources/ROSA_System_Design_Software. (ac-

cessed 06.05.2015).

N. Li, A. Fane, W. Ho, and T. Matsuura. Advanced Membrane Technology and Appli-
cations. Wiley, New Jersey, US, 2008.

K.L. Tu, L.D. Nghiem, and A. Chivas. Boron removal by reverse osmosis membranes
in seawater desalination applications. Separation and Purification Technology, 75:87

— 101, 2010. doi:10.1016/j.seppur.2010.07.021.

P.P. Mane, P. Park, H. Hyung, J. Brown, and J. Kim. Modeling boron rejection in pilot-
and full-scale reverse osmosis desalination processes. J. Membrane Sci., 338:119 — 127,

2009. doi: 10.1016/j.memsci.2009.04.014.

E. Vasquez-Alvarez and J. M. Pinto. Efficient MILP formulations for the optimal syn-
thesis of chromatographic protein purification processes. Journal of Biotechnology,

110:295 — 311, 2004. doi:10.1016/j.jbiotec.2004.02.009.

E.M. Polykarpou, P.A. Dalby, and L.G. Papageorgiou. A novel efficient optimization
system for purification process synthesis. Biochemical Engineering Journal, 67:186 —

193, 2012. doi:10.1016/j.bej.2012.06.012.

Y. Zhou and R.S.J. Tol. Evaluating the costs of desalination and water transport. Water
Resour. Res., 43:1 — 16, 2004. doi: 10.1029/2004WR003749.

Energie- en Milieu-Informatiesysteem. Coagulation and floculation, 2010. URL http:
//emis.vito.be/techniekfiche/coagulation-and-flocculation?language=en.

Accessed 10/05/2014.


http://www.dowwaterandprocess.com/en/Resources/ROSA_System_Design_Software
http://www.dowwaterandprocess.com/en/Resources/ROSA_System_Design_Software
http://emis.vito.be/techniekfiche/coagulation-and-flocculation?language=en
http://emis.vito.be/techniekfiche/coagulation-and-flocculation?language=en

Bibliography 171

R.H. Perry and D.W Green. Perry’s Chemical Engineers’ Handbook. McGraw-Hill, New
York, US, 8th edition, 2007. pp.2640.

KLM Technology Group. General process plant cost estimation, 2014.
URL http://kolmetz.com/pdf/egd2/engineering_design_guidelines_general_

plant_cost_estimating_rev_web.pdf. Accessed 05/05/2015.

Environmental Protection Agency. Standards of Performance for Greenhouse Gas Emis-
sions From New Stationary Sources: Electric Utility Generating Units. 79:1 — 91, 2014.
doi:EPA-HQ-OAR-2013-0495.

R. McGuckin, A. Contreras, and J. G. Jacangelo. Toolbox for Water Utility Management
and Greenhouse Gas Emission Management. Water Research Foundation, US, 2013.

pp. 15 - 119.

M. Blaikie, C. Pelekani, G. Hijos, J. Artal, and M. Kumar. Innovative design: Commis-
sioning and early operational performance of the Adelaide desalination plant. South

Australian Water Corporation, pages 1-8, 2013.

S. Sethi. Transient permeate flux analysis, cost estimation and design optimization in

crossflow membrane filtration. PhD thesis, Rice University, Houston, Texas, US, 1997.

S. Adham, K. Chiu, G. Lehman, K. Howe, A. Marwah, C. Mysore, J. Clouet, Z. Do-
Quang, and O. Cagnard. Optimization of membrane treatment of direct and clarified

water filtration, 2006.

Furopean Commission. Integrated pollution prevention and control. reference document
on best available technologies in common waste water and waste gas treatment/man-
agement systems in the chemical sector, 2003. URL http://eippcb. jrc.ec.europa.
eu/reference/BREF/cww_bref_0203.pdf. (accessed 10.02.2016).

W.A. Selke L. K. Wang, N.K. Shammas and D.B. Aulenbach, editors. Handbook of

Environmental Engineering. Flotation Technology. Humana Press, 2010.

C.T. Whitman, G.T. Mehan, G.H. Grubbs, S.E. Frace, D.F. Anderson, W. Anderson,
G. Jett, Y. Guilaran, and J. Freeman, editors. Development Document for Final
Effluent Limitations Guidelines and Standards for the Iron and Steel Manufacturing
Point Source Category. Environmental Protection Agency, US, 2002.


http://kolmetz.com/pdf/egd2/engineering_design_guidelines_general_plant_cost_estimating_rev_web.pdf
http://kolmetz.com/pdf/egd2/engineering_design_guidelines_general_plant_cost_estimating_rev_web.pdf
http://eippcb.jrc.ec.europa.eu/reference/BREF/cww_bref_0203.pdf
http://eippcb.jrc.ec.europa.eu/reference/BREF/cww_bref_0203.pdf

Bibliography 172

University of New Hampshire. Membrane filtration systems, 2016. URL http://web.
utk.edu/~ghe2/MembraneModule/Costs.html. Accessed 10/02/2016.

American Water Works Association Research Foundation, Lyonnaise des Eaux, and
Water research Commission of South Africa. Water Treatment Membrane Processes.

McGraw Hill, 1996.

A. Cipollina, G. Micale, and L. Rizzuti, editors. Seawater Desalination: Conventional
and Renewable Energy Processes. Springer - Verlag, Heidelberg, Germany, 6th edition,
2009. pp. 103 - 106.

American Water Works Association. Reverse Osmosis and Nanofiltration, M46. US,

2nd edition, 2007.

World Health Organization. Guidelines for Drinking - Water Quality. World Health
Organization, Malta, 4th edition, 2011.

N. Bastaki. Performance of advanced methods for treatment of wastewater: UV TiO2,
RO and UF. Chem. Eng. and Process., 43:935-940, 2004. doi: 10.1016/j.cep.2003.08.
003.

A. Hassan, M. Al-Sofi, A. Farooque, A. Dalvi, A. Jamaluddin, N. Kither,
A. Al-Amoudi, and I. Al-Tisan. A nanofiltration membrane pretreatment
of SWRO feed and MSF make-up. Technical Report No 3807/98008-
I, Saudi Arabia, 1999. URL https://www.scribd.com/document/257592910/
Nano-Filtration-Nf-Membrane-Pretreatment-of-Swro-Feed-and. (accessed

16/07/2013).

US Interior Reclamation Department. Water treatment primer for communities in need,
2013. URL http://www.usbr.gov/pmts/water/publications/primer.html. Ac-
cessed on 16/07/2013.

M.C. Mickley, R. Hamilton, L. Gallegos, and J. Truesdall. Membrane concentrate dis-
posal. Technical report, American Water Works Association Research Foundation and
American Water Works Association, Colorado, USA, 2006. URL https://www.usbr.
gov/research/AWT/reportpdfs/report123.pdf. (accessed 03.04.2014).


http://web.utk.edu/~qhe2/MembraneModule/Costs.html
http://web.utk.edu/~qhe2/MembraneModule/Costs.html
https://www.scribd.com/document/257592910/Nano-Filtration-Nf-Membrane-Pretreatment-of-Swro-Feed-and
https://www.scribd.com/document/257592910/Nano-Filtration-Nf-Membrane-Pretreatment-of-Swro-Feed-and
http://www.usbr.gov/pmts/water/publications/primer.html
https://www.usbr.gov/research/AWT/reportpdfs/report123.pdf
https://www.usbr.gov/research/AWT/reportpdfs/report123.pdf

Bibliography 173

U.S. Energy Information Administration. Electric Power Monthly. 2013. URL http://
www.eia.gov/electricity/monthly/epm_table_grapher.cfm?t=epmt_5_6_a. Ac-
cessed 05/04/2015.

UNESCO Centre for Membrane Science and Technology. Emerging trends in desalina-
tion: A review. Technical report, National Water Commission, Canberra, Australia,

2008.

National Physical Laboratory. Physical properties of sea water, 2015. URL http://www.
kayelaby.npl.co.uk/general_physics/2_7/2_7_9.html. Accessed 02/05/2015.

US Inflation Calculator. Historical inflation rates: 1914 - 2013, August 2013. URL http:

//www.usinflationcalculator.com/inflation/historical-inflation-rates/.

American Water Works Association, editor. Desalination of Seawater, M61. American

Water Works Association, US, 1st edition, 2011. pp.1 - 99.

M. Chowdhury, M.G. Mostafa, T.K. Biswas, and A.K. Saha. Treatment of leather
industrial effluents by filtration and coagulation processes. Water Resour. Ind., 3:11

— 22, 2013. doi: 10.1016/j.wri.2013.05.002.

H.D. Zhang K.Wang, B. Liu and W. Zhao. Commissioning and operation of heze some
leather wastewater treatment plant. In: Proceedings of the 2014 International Confer-
ence on Mechatronics Engineering and Electrical Engineering (CMEEE 2014), 2014.
Hainan, P.R. China.

A.V. Nieuwenhuijzen and J.V. Graaf, editors. Handbook on Particle Separation Pro-
cesses. IWA Publishing, 2011.

T. Wintgens C. Kaznaer and P. Dillon, editors. Water Reclamation Technologies for
Safe Managed Aquifer Recharge. European Commission and IWA Publishing, 2012.

P. Westerhoff J.E. Drewes-M. Neilor W.Yanko R.Baird M.Rincon R.Arnoid K.Lansey
R. Bassett C.Gerba M.Karpiscak G. Amy P. Fox, S. Houston and M. Reinhard. Soil
Aquifer Treatment for Sustainable Water Reuse. AWWA Research Foundation and

U.S. Environmental Protection Agency, 2001.

K.J.Howe and M.M. Clark, editors. Coagulation Pretreatment for Membrane Filtration.
AWWA Research Foundation, 2002.


http://www.eia.gov/electricity/monthly/epm_table_grapher.cfm?t=epmt_5_6_a
http://www.eia.gov/electricity/monthly/epm_table_grapher.cfm?t=epmt_5_6_a
http://www.kayelaby.npl.co.uk/general_physics/2_7/2_7_9.html
http://www.kayelaby.npl.co.uk/general_physics/2_7/2_7_9.html
http://www.usinflationcalculator.com/inflation/historical-inflation-rates/
http://www.usinflationcalculator.com/inflation/historical-inflation-rates/

Bibliography 174

Global B2B Marketplace. Alum, 2015. URL http://manufacturer.ec21.com/alum_

flocculant.html. (accessed 03.05.2015).

V. Lagzarova, K.H. Choo, and P. Cornel. Water - energy Interaction in Water Reuse.

IWA Publishing, London, UK, 1st edition, 2012.

S. Lattemann. Development of an Environmental Impact Assessment and Decision Sup-
port System for Seawater Desalination Plants. Taylor & Francis Group, LLC, US, 1st
edition, 2010. pp.1 - 105.

US Environmental Protection Agency. Regulatory Information By Sector, 2015. URL

http://www2.epa.gov/regulatory-information-sector. Accessed 10/05/2015.

M.I. Al-Hamdi. Competition for Scarce Groundwater in the Sana’a Plain, Yemen. A
study on the incentive systems for urban and agricultural water use. PhD thesis, Delft

University of Technology, The Netherlands, 2010.

J.M. Alhumoud, H. Al-Humaidi, I.N. Al-Ghusain, and A.M. Alhumous. Cost/Benefit
Evaluation of Sulaibiya Wastewater Treatment Plant in Kuwait. International Busi-

ness & Economics Research Journal, 9:271 — 281, 2010. doi: N/A.

National Research Council. Water Reuse. Potential for Exzpanding the Nation’s Water
Supply through Reuse of Municipal Water. The National Academies Press, Washington
D.C., US, 1st edition, 2012. pp.171 - 186.

N. Voutchkov. Considerations for selection of seawater filtration pretreatment system.

Desalination, 261:354 — 364, 2010. doi:10.1016/j.desal.2010.07.002.

Ramkumar Karuppiah and Ignacio E. Grossmann. Global optimization for the synthesis
of integrated water systems in chemical processes. Comput. Chem. Eng., 30(4):650 —

673, 2006. doi: http://dx.doi.org/10.1016/j.compchemeng.2005.11.005.

Pedro M. Castro. Tightening piecewise McCormick relaxations for bilinear prob-
lems. Comput. Chem. Eng., 72:300 — 311, 2015. doi: http://dx.doi.org/10.1016/].
compchemeng.2014.03.025.

Pedro M. Castro. Normalized multiparametric disaggregation: an efficient relaxation
for mixed-integer bilinear problems. J. Glob. Optim., 64(4):765-784, 2016. doi: 10.
1007 /s10898-015-0342-z.


http://manufacturer.ec21.com/alum_flocculant.html
http://manufacturer.ec21.com/alum_flocculant.html
http://www2.epa.gov/regulatory-information-sector

Bibliography 175

Li Ting, Pedro M. Castro, and Lv Zhimin. Models and relaxations for the wastewater
treatment design problem. Chem. Eng. Res. Des., 106:191 — 204, 2016. doi: http:
//dx.doi.org/10.1016/j.cherd.2015.12.013.

Jaeweon Cho, Gary Amy, and John Pellegrino. Membrane filtration of natural organic
matter: factors and mechanisms affecting rejection and flux decline with charged
ultrafiltration (uf) membrane. J. Membrane Sci., 164(1-2):89 — 110, 2000. doi: http:
//dx.doi.org/10.1016/S0376-7388(99)00176-3.

A.B. Badiru and O.A. Omitaomu. Computational Economic Analysis for Engineering

and Industry. CRC Press, USA, 2007.

Scott Kolodziej, Pedro M. Castro, and Ignacio E. Grossmann. Global optimization of
bilinear programs with a multiparametric disaggregation technique. J. Glob. Optim.,

57(4):1039-1063, 2013. doi: 10.1007/s10898-012-0022-1.

Joao P. Teles, Pedro M. Castro, and Henrique A. Matos. Multi-parametric disaggrega-
tion technique for global optimization of polynomial programming problems. J. Glob.

Optim., 55(2):227-251, 2013. doi: 10.1007/s10898-011-9809-8.

Joao M. Natali and José M. Pinto. Piecewise polynomial interpolations and approxima-
tions of one-dimensional functions through mixed integer linear programming. Optim.

Method. Softw., 24(4-5):783-803, 2009. doi: 10.1080/10556780802614507.

Werner Dinkelbach. On nonlinear fractional programming. Management Science, 13(7):

492-498, 1967.

Fengqi You, Pedro M. Castro, and Ignacio E. Grossmann. Dinkelbach’s algorithm as an
efficient method to solve a class of {MINLP} models for large-scale cyclic scheduling
problems. Comput. Chem. Eng., 33(11):1879 — 1889, 2009. doi: http://dx.doi.org/10.
1016/j.compchemeng.2009.05.014.

Dajun Yue and Fengqi You. Sustainable scheduling of batch processes under economic
and environmental criteria with {MINLP} models and algorithms. Comput. Chem.

Eng., 54:44 — 59, 2013. doi: http://dx.doi.org/10.1016/j.compchemeng.2013.03.013.

Songsong Liu, Ana S. Simaria, Suzanne S. Farid, and Lazaros G. Papageorgiou. Opti-

mising chromatography strategies of antibody purification processes by mixed integer



Bibliography 176

fractional programming techniques. Comput. Chem. Eng., 68:151 — 164, 2014. doi:
http://dx.doi.org/10.1016 /j.compchemeng.2014.05.005.

Abengoa Water. Main projects. http://www.abengoawater.com/web/en/actividad/proyectos,
2016. (accessed 31.08.2016).

Better  World  Solutions. The largest desalination plants in  the
world, 2016. URL https://www.betterworldsolutions.eu/

the-largest-desalination-plants-in-the-world/. (accessed 31.08.2016).

Acciona Agua. Adelaide SWRO, 2016. URL http://www.acciona-agua.com/
areas-of-activity/projects/dc-water-treatment-plants/swro/adelaide/.

(accessed 31.08.2016).

R. Clemente. China’s mega-desalination plant experience, 2013. URL
http://www.energyrecovery.com/wp-content/uploads/2014/12/ERI-WP_
China-MegaPlants_0ct2013.pdf. (accessed 01.09.2016).

Contra Costa Water District, East Bay Municipal Utility District, San Francisco
Public Utilities Commission, Santa Clara Valley Water District, and Zone 7 Wa-
ter Agency. Bay area regional desalination project. Appendix A. Cost evalua-
tion, 2007. URL http://www.regionaldesal.com/downloads/BARDP%20V0l%20I_

Feasibility%20Study_2%200f%202_Appendices.pdf. (accessed 30.05.2016).

Y. Doris. Drinking water audit report, 2015. URL https://www.epa.ie/pubs/
advice/drinkingwater/epadrinkingwaterauditreports/Arigna.pdf. (accessed

31.08.2016).

Y. Doris, B. Wall, and D. Page. Drinking water audit report, 2015. URL https:
//www.epa.ie/pubs/advice/drinkingwater/epadrinkingwaterauditreports/

Boyle.pdf. (accessed 31.08.2016).

Center for Mechanical Simulation Technology. Worlds largest water treatment plant
optimizes procedures based on algor fluid flow results, 2011. URL http://www.algor.

com/news_pub/cust_app/jardine/jardine.asp. (accessed 31.08.2016).

L.K. Wang, N.K. Shammas, W.A. Selke, and D.B. Aulenbach, editors. Handbook of

Environmental Engineering. Flotation Technology. Humana Press, 2010.


https://www.betterworldsolutions.eu/the-largest-desalination-plants-in-the-world/
https://www.betterworldsolutions.eu/the-largest-desalination-plants-in-the-world/
http://www.acciona-agua.com/areas-of-activity/projects/dc-water-treatment-plants/swro/adelaide/
http://www.acciona-agua.com/areas-of-activity/projects/dc-water-treatment-plants/swro/adelaide/
http://www.energyrecovery.com/wp-content/uploads/2014/12/ERI-WP_China-MegaPlants_Oct2013.pdf
http://www.energyrecovery.com/wp-content/uploads/2014/12/ERI-WP_China-MegaPlants_Oct2013.pdf
http://www.regionaldesal.com/downloads/BARDP%20Vol%20I_Feasibility%20Study_2%20of%202_Appendices.pdf
http://www.regionaldesal.com/downloads/BARDP%20Vol%20I_Feasibility%20Study_2%20of%202_Appendices.pdf
https://www.epa.ie/pubs/advice/drinkingwater/epadrinkingwaterauditreports/Arigna.pdf
https://www.epa.ie/pubs/advice/drinkingwater/epadrinkingwaterauditreports/Arigna.pdf
https://www.epa.ie/pubs/advice/drinkingwater/epadrinkingwaterauditreports/Boyle.pdf
https://www.epa.ie/pubs/advice/drinkingwater/epadrinkingwaterauditreports/Boyle.pdf
https://www.epa.ie/pubs/advice/drinkingwater/epadrinkingwaterauditreports/Boyle.pdf
http://www.algor.com/news_pub/cust_app/jardine/jardine.asp
http://www.algor.com/news_pub/cust_app/jardine/jardine.asp

Bibliography 177

University of New Hampshire. Membrane filtration systems, 2016. URL http://web.

utk.edu/~ghe2/MembraneModule/Costs.html. (accessed 10.03.2016).

J. Mallevialle, P.E. Odendaal, and M.R. Wiesner. Water Treatment Membrane Pro-
cesses. McGraw Hill, US, 1996.

FilterWater. Multi-media filtration mix, 2016. URL http://www.filterwater.com/

pc-305-20-multi-media-filtration-mix.aspx. (accessed 30.05.2016).

US Inflation Calculator. Inflation calculator, 2016. URL http://wuw.

usinflationcalculator.com/. (accessed 25.08.2016).

S.P. Nunes and K.V. Peinemann, editors. Membrane Technology in the Chemical Indus-

try. Wiley-VCH, Weinheim, Germany, 2nd edition, 2006.

R. Ben Aim. Reuse and recycling of water in industry, 2013. URL http://www.sswn.

info/sites/default/files/reference_attachments/. (accessed 16.08.2016).

J. Morrison, M. Morikawa, M. Murphy, and P. Schulte. Water scarcity & climate
change: Growing risks for business & investors, 2009. URL http://www2.pacinst.

org/wp-content/uploads/2013/02/full_report30.pdf. Accessed on 29/10/2016.

P. Dizikes. Water problems in Asia’s future?, 2016. URL http://news.mit.edu/2016/
water-problems-asia-0330. Accessed on 29/10/2016.

US Environmental Protection Agency. International climate impacts, 2016. URL https:
//www.epa.gov/climate-impacts/international-climate-impacts. Accessed on

29/10/2016.

Pricewaterhouse = Coopers. Infrastructure  Australia. Review of ur-
ban water security strategies May 2010,  2010. URL  http://
infrastructureaustralia.gov.au/policypublications/publications/files/
UrbanWaterSecurityReportForInfrastructureAustralia.pdf. Accessed on

13/03/2016.

Australian Government. Water market information, 2016a. URL http://www.

nationalwatermarket.gov.au/about/index.html. Accessed on 24/02/2016.

Qiang Zhu, John Gould, Yuanhong Li, and Chengxiang Ma, editors. Rainwater Har-
vesting for Agriculture and Water Supply, volume 74. Springer Singapore, Singapore,
1 edition, 2015. doi: 10.1007/978-981-287-964-6.


http://web.utk.edu/~qhe2/MembraneModule/Costs.html
http://web.utk.edu/~qhe2/MembraneModule/Costs.html
http://www.filterwater.com/pc-305-20-multi-media-filtration-mix.aspx
http://www.filterwater.com/pc-305-20-multi-media-filtration-mix.aspx
http://www.usinflationcalculator.com/
http://www.usinflationcalculator.com/
http://www.sswm.info/sites/default/files/reference_attachments/
http://www.sswm.info/sites/default/files/reference_attachments/
http://www2.pacinst.org/wp-content/uploads/2013/02/full_report30.pdf
http://www2.pacinst.org/wp-content/uploads/2013/02/full_report30.pdf
http://news.mit.edu/2016/water-problems-asia-0330
http://news.mit.edu/2016/water-problems-asia-0330
https://www.epa.gov/climate-impacts/international-climate-impacts
https://www.epa.gov/climate-impacts/international-climate-impacts
http://infrastructureaustralia.gov.au/policypublications/publications/files/UrbanWaterSecurityReportForInfrastructureAustralia.pdf
http://infrastructureaustralia.gov.au/policypublications/publications/files/UrbanWaterSecurityReportForInfrastructureAustralia.pdf
http://infrastructureaustralia.gov.au/policypublications/publications/files/UrbanWaterSecurityReportForInfrastructureAustralia.pdf
http://www.nationalwatermarket.gov.au/about/index.html
http://www.nationalwatermarket.gov.au/about/index.html

Bibliography 178

D. Hawk. Water supply reliability, 2003. URL http://www.science.calwater.ca.
gov/pdf/water_supply.pdf. Accessed on 22/03/2017.

Uri Shamir. Reliability of Water Supply Systems, pages 233—-248. Springer Netherlands,
Dordrecht, 1987. doi: 10.1007/978-94-009-3577-8_13.

Ian Goulter. Analytical and Simulation Models for Reliability Analysis in Water Distri-
bution Systems, pages 235-266. Springer Netherlands, Dordrecht, 1995. doi: 10.1007/
978-94-017-1841-7_10. URL http://dx.doi.org/10.1007/978-94-017-1841-7_10.

California Urban Water Agencies. California urban water agencies’ wa-~
ter supply reliability report, 2012. URL http://www.cuwa.org/pubs/CUWA_
WaterSupplyReliability.pdf. Accessed on 22/03/2017.

Patrick A. Ray, Paul H. Kirshen, and Richard M. Vogel. Integrated optimization of a
dual quality water and wastewater system. Journal of Water Resources Planning and

Management, 136(1):37-47, 2010. doi: 10.1061/(ASCE)WR.1943-5452.0000004.

Mariya N. Koleva, Eleftheria M. Polykarpou, Songsong Liu, Craig A. Styan, and
Lazaros G. Papageorgiou. Optimal design of water treatment processes. Desalina-
tion and Water Treatment, 57(56):26954-26975, 2016b. doi: 10.1080/19443994.2016.
1173595.

Mariya N. Koleva, Craig A. Styan, and Lazaros G. Papageorgiou. Optimisation ap-
proaches for the synthesis of water treatment plants. Computers & Chemical Engi-

neering, pages —, 2017. doi: http://dx.doi.org/10.1016/j.compchemeng.2016.12.018.

Y. P. Li, G. H. Huang, and S. L. Nie. Water resources management and planning under
uncertainty: an inexact multistage joint-probabilistic programming method. Water

Resources Management, 23(12):2515-2538, 2009. doi: 10.1007/s11269-008-9394-x.

E. Kondili, J.K. Kaldellis, and C. Papapostolou. A novel systemic approach to water
resources optimisation in areas with limited water resources. Desalination, 250(1):297
—301, 2010. ISSN 0011-9164. doi: http://dx.doi.org/10.1016/j.desal.2009.09.046. URL

http://www.sciencedirect.com/science/article/pii/S0011916409010789.


http://www.science.calwater.ca.gov/pdf/water_supply.pdf
http://www.science.calwater.ca.gov/pdf/water_supply.pdf
http://dx.doi.org/10.1007/978-94-017-1841-7_10
http://www.cuwa.org/pubs/CUWA_WaterSupplyReliability.pdf
http://www.cuwa.org/pubs/CUWA_WaterSupplyReliability.pdf
http://www.sciencedirect.com/science/article/pii/S0011916409010789

Bibliography 179

Songsong Liu, Flora Konstantopoulou, Petros Gikas, and Lazaros G. Papageorgiou.
A mixed integer optimisation approach for integrated water resources manage-
ment. Computers & Chemical Engineering, 35(5):858-875, 2011. doi: 10.1016/j.
compchemeng.2011.01.032.

Songsong Liu, Petros Gikas, and Lazaros G. Papageorgiou. A two-step optimisation
approach for integrated water resources management. Computer Aided Chemical En-
gineering, 30:96 — 100, 2012. doi: http://dx.doi.org/10.1016/B978-0-444-59519-5.
50020-4.

Songsong Liu. Supply Chain Management for the Process Industry. PhD thesis, Univer-
sity College London, 2011.

S. Padula, J.J.Harou, L.G.Papageorgiou, Y.Ji, M.Ahmad, and N.Hepworth. Least eco-
nomic cost regional water supply planning — optimising infrastructure investments and
demand management for South East England’s 17.6 million people. Water Resources

Management, 27(15):5017 — 5044, 2013. doi: 10.1007/s11269-013-0437-6.

Silvia Padula. Capacity expansion modelling to aid water supply investment decisions.

PhD thesis, University College London, 2015.

Evgenii S. Matrosov, Ivana Huskova, Joseph R. Kasprzyk, Julien J. Harou, Chris Lam-
bert, and Patrick M. Reed. Many-objective optimization and visual analytics reveal
key trade-offs for london’s water supply. Journal of Hydrology, 531, Part 3:1040 —
1053, 2015. doi: http://dx.doi.org/10.1016/j.jhydrol.2015.11.003.

Y. Saif and A. Almansoori. Design and operation of water desalination supply chain
using mathematical modelling approach. Desalination, 351(0):184 — 201, 2014. ISSN
0011-9164. doi: http://dx.doi.org/10.1016/j.desal.2014.07.037. URL http://www.

sciencedirect.com/science/article/pii/S0011916414004184.

M. T. Al-Nory and S. C. Graves. Water desalination supply chain modelling and opti-
mization. In 2018 IEEE 29th International Conference on Data Engineering Work-
shops (ICDEW), pages 173-180, April 2013. doi: 10.1109/ICDEW.2013.6547447.

Omar J. Guerra, Andrés J. Calderén, Lazaros G. Papageorgiou, Jeffrey J. Siirola, and
Gintaras V. Reklaitis. An optimization framework for the integration of water man-
agement and shale gas supply chain design. Computers € Chemical Engineering, 92:
230 — 255, 2016b. doi: http://dx.doi.org/10.1016/j.compchemeng.2016.03.025.


http://www.sciencedirect.com/science/article/pii/S0011916414004184
http://www.sciencedirect.com/science/article/pii/S0011916414004184

Bibliography 180

Y. Saif and A. Almansoori. A capacity expansion planning model for integrated water
desalination and power supply chain problem. Energy Conversion and Management,

122:462 — 476, 2016. doi: http://dx.doi.org/10.1016/j.enconman.2016.06.011.

D. P. Loucks, E. van Beek, J. R. Stedinger, J. P.M. Dijkman, and M. T. Villars. Water
Resources Systems Planning and Management: An Introduction to Methods, Models

and Applications. UNESCO, Paris, France, 1st edition, 2005.

Sudhanshu Joshi and Rohit Joshi, editors. Designing and Implementing Global Supply
Chain Management, volume 1. Business Science Reference, Hershey, 1 edition, 2016.

ISBN 9781466697201.

C.A. Brebbia, editor. Water Resources Management VIII volume 8. WITPress, Wessex
Institute, UK, 2015. ISBN 978-1-84564-960-9.

Othman-F. Heydari, M. and K. Qaderi. Developing optimal reservoir operation for
multiple and multipurpose reservoirs using mathematical programming. Mathematical

Problems in Engineering, 2015:1-11, 2015. doi: 10.1155/2015/435752.

Jaime Veintimilla-Reyes, Dirk Cattrysse, Annelies De Meyer, and Jos Van Orshoven.
Mixed integer linear programming (MILP) approach to deal with spatio-temporal
water allocation. Procedia Engineering, 162:221 — 229, 2016. doi: http://dx.doi.org/
10.1016/j.proeng.2016.11.045.

U. Yildiran, I. Kayahan, M. Tung, and S. Sisbot. MILP based short-term centralized
and decentralized scheduling of a hydro-chain on Kelkit River. International Journal
of Electrical Power & Energy Systems, 69:1 — 8, 2015. doi: http://dx.doi.org/10.1016/
j-ijepes.2014.12.082.

Xiaozheng He, Hong Zheng, and Srinivas Peeta. Model and a solution algorithm for
the dynamic resource allocation problem for large-scale transportation network evac-
uation. Transportation Research Part C: Emerging Technologies, 59:233 — 247, 2015.
doi: http://dx.doi.org/10.1016/j.trc.2015.05.005.

Mo Li, Ping Guo, Vijay P. Singh, and Jie Zhao. Irrigation water allocation using an
inexact two-stage quadratic programming with fuzzy input under climate change.
Journal of the American Water Resources Association, 52(3):667-684, 2016. doi:
10.1111/1752-1688.12415.



Bibliography 181

R. Roozbahani, B. Abbasi, and S. Schreider. Optimal allocation of water to competing
stakeholders in a shared watershed. Annals of Operations Research, 229(1):657 — 676,
2015. doi: 10.1007/s10479-015-1806-8.

Xueting Zeng, Yongping Li, Guohe Huang, and Liyang Yu. Inexact mathematical mod-
eling for the identification of water trading policy under uncertainty. Water, 6(2):
229-252, 2014. doi: 10.3390/w6020229. URL http://www.mdpi.com/2073-4441/6/
2/229.

Wolfgang Britz, Michael Ferris, and Arnim Kuhn. Modeling water allocating institutions
based on multiple optimization problems with equilibrium constraints. Fnvironmental
Modelling & Software, 46:196 — 207, 2013. doi: http://dx.doi.org/10.1016/j.envsoft.
2013.03.010.

M. Ejaz Qureshi, Stuart M. Whitten, Mohammed Mainuddin, Steve Marvanek, and
Amgad Elmahdi. A biophysical and economic model of agriculture and water in the
Murray-Darling Basin, Australia. Environmental Modelling € Software, 41:98 — 106,
2013. doi: http://dx.doi.org/10.1016/j.envsoft.2012.11.007.

Jean-Daniel Rinaudo, Javier Calatrava, and Marine Vernier De Byans. Tradable water
saving certificates to improve urban water use efficiency: an ex-ante evaluation in a
French case study. Australian Journal of Agricultural and Resource Economics, 60

(3):422-441, 2016. doi: 10.1111/1467-8489.12132.

M. Blanco and M. Viladrich-Grau. The introduction of a water rights trading scheme
in the Segre Basin and the contribution of reused irrigation water. ITEA, 110(4):
374-399, 2014.

Tohid Erfani, Olga Binions, and Julien J. Harou. Simulating water markets with
transaction costs. Water Resources Research, 50(6):4726-4745, 2014. doi: 10.1002/
2013WR014493.

Tohid Erfani, Ivana Huskova, and Julien J. Harou. Tracking trade transactions in water
resource systems: A node-arc optimization formulation. Water Resources Research,

49(5):3038-3043, 2013. ISSN 1944-7973. doi: 10.1002/wrcr.20211.


http://www.mdpi.com/2073-4441/6/2/229
http://www.mdpi.com/2073-4441/6/2/229

Bibliography 182

Yong Peng, Jinggang Chu, Anbang Peng, and Huicheng Zhou. Optimization opera-
tion model coupled with improving water-transfer rules and hedging rules for inter-
basin water transfer-supply systems. Water Resources Management, 29(10):3787—
3806, 2015. doi: 10.1007/s11269-015-1029-4.

Australian  Government. State and territory government, 2017. URL
http://www.australia.gov.au/about-government/how-government-works/

state-and-territory-government. Accessed on 01/02/2017.

Australian Government. National major desalination plants
database, 2016b. URL https://data.gov.au/dataset/

national-major-desalination-plants-database. Accessed 12/04/2016.

International Commission on Large Dams. Role of dams, 2016. URL http://www.

icold-cigb.net/GB/Dams/role_of_dams.asp. Accessed on 20/08/2016.

Australian Bureau of Statistics. =~ Water account, Australia, 2013-2014, 2015a.
URL http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/4610.02013-147

OpenDocument. Accessed on 15/04/2016.

Australian Bureau of Statistics. = Water account, Australia, 2014-2015, 2015b.
URL http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/4610.02014-157
OpenDocument. Accessed on 02/02/2017.

Planning Institute Australia. Policy. water and planning, 2016. URL https://www.
planning.org.au/policy/water-and-planning. Accessed on 29/10/2016.

David R. Maidment, Shaw-Pin Miaou, and Melba M. Crawford. Transfer function models
of daily urban water use. Water Resources Research, 21(4):425-432, 1985. doi: 10.
1029/WRO021i004p00425.

Australian Bureau of Meteorology. El Nifo Southern Oscillation (ENSO), 2008.
URL http://www.bom.gov.au/climate/about/7bookmark=enso. Accessed on

05,/11,/2016.

Australian Bureau of Meteorology. Archive - monthly rainfall totals, 2016a. URL
http://www.bom.gov.au/jsp/awap/rain/index. jsp. Accessed on 13/08/2016.


http://www.australia.gov.au/about-government/how-government-works/state-and-territory-government
http://www.australia.gov.au/about-government/how-government-works/state-and-territory-government
https://data.gov.au/dataset/national-major-desalination-plants-database
https://data.gov.au/dataset/national-major-desalination-plants-database
http://www.icold-cigb.net/GB/Dams/role_of_dams.asp
http://www.icold-cigb.net/GB/Dams/role_of_dams.asp
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/4610.02013-14?OpenDocument
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/4610.02013-14?OpenDocument
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/4610.02014-15?OpenDocument
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/4610.02014-15?OpenDocument
https://www.planning.org.au/policy/water-and-planning
https://www.planning.org.au/policy/water-and-planning
http://www.bom.gov.au/climate/about/?bookmark=enso
http://www.bom.gov.au/jsp/awap/rain/index.jsp

Bibliography 183

Australian Bureau of Meteorology. Australian climate variability & change - time se-
ries graphs, 2016b. URL http://www.bom.gov.au/climate/change. Accessed on
13/08/2016.

J. Finch and A. Calver. Methods for the quantification of evaporation from lakes
prepared for the world meteorological organization’s commission for hydrology,
2008. URL http://nora.nerc.ac.uk/14359/1/wmoevap_271008.pdf. Accessed on
15/01/2017.

American Planning Association, editor. Planning and urban design standards, volume 1.
John Wiley & Sons, Inc., New Jersey, United States, 1 edition, 2006. ISBN 10:0-471-
47581-5.

Australian Bureau of Meteorology. Seasonal streamflow forecasts, 2016c. URL http:

//www.bom.gov.au/water/ssf/index.shtml. Accessed on 16/12/2016.

Australian Bureau of Meteorology. Water storage, 2017. URL http://water.bom.gov.

au/waterstorage/awris/. Accessed on 18/01/2017.

Australian Government. The Great Artesian Basin: Water in the Dry Interior,
2016¢c. URL http://www.agriculture.gov.au/SiteCollectionDocuments/water/

great-artesian-basin-teacher-kit.pdf. Accessed on 09/01/2017.

P. Vaillant. Water, Kimberley/ Canning Basin,
2015. URL http://organicsocieties.org/index.php/
2-c-8-calculation-of-the-water-necessary-for-shale-gaz-in-the-canning-basin-includ
lower-fitzroy-river-with-the-information-of-the-last-reports-of-2015/

?lang=en. Accessed on 09/01/2017.

Murray-Darling Basin Commission. Murray-darling basin groundwater-a resource
for the future, 1999. URL http://www.mdba.gov.au/sites/default/files/
archived/mdbc-GWreports/2173_GW_a_resource_for_the_future.pdf. Accessed
on 09/01/2017.

Department of Natural Resources, Environment, the Arts and Sport. Ti tree basin water
resource report, 2009. URL https://denr.nt.gov.au/__data/assets/pdf_file/
0019/254602/basin_water_resource_report_09.pdf. Accessed on 09/01/2017.


http://www.bom.gov.au/climate/change
http://nora.nerc.ac.uk/14359/1/wmoevap_271008.pdf
http://www.bom.gov.au/water/ssf/index.shtml
http://www.bom.gov.au/water/ssf/index.shtml
http://water.bom.gov.au/waterstorage/awris/
http://water.bom.gov.au/waterstorage/awris/
http://www.agriculture.gov.au/SiteCollectionDocuments/water/great-artesian-basin-teacher-kit.pdf
http://www.agriculture.gov.au/SiteCollectionDocuments/water/great-artesian-basin-teacher-kit.pdf
http://organicsocieties.org/index.php/2-c-8-calculation-of-the-water-necessary-for-shale-gaz-in-the-canning-basin-included-\lower-fitzroy-river-with-the-information-of-the-last-reports-of-2015/?lang=en
http://organicsocieties.org/index.php/2-c-8-calculation-of-the-water-necessary-for-shale-gaz-in-the-canning-basin-included-\lower-fitzroy-river-with-the-information-of-the-last-reports-of-2015/?lang=en
http://organicsocieties.org/index.php/2-c-8-calculation-of-the-water-necessary-for-shale-gaz-in-the-canning-basin-included-\lower-fitzroy-river-with-the-information-of-the-last-reports-of-2015/?lang=en
http://organicsocieties.org/index.php/2-c-8-calculation-of-the-water-necessary-for-shale-gaz-in-the-canning-basin-included-\lower-fitzroy-river-with-the-information-of-the-last-reports-of-2015/?lang=en
http://www.mdba.gov.au/sites/default/files/archived/mdbc-GWreports/2173_GW_a_resource_for_the_future.pdf
http://www.mdba.gov.au/sites/default/files/archived/mdbc-GWreports/2173_GW_a_resource_for_the_future.pdf
https://denr.nt.gov.au/__data/assets/pdf_file/0019/254602/basin_water_resource_report_09.pdf
https://denr.nt.gov.au/__data/assets/pdf_file/0019/254602/basin_water_resource_report_09.pdf

Bibliography 184

Australian Bureau of Meteorology. Water market information, 2016d. URL http:
//www.nationalwatermarket.gov.au/site-information/water-words.html. Ac-

cessed on 21/08/2016.

Victorian Water Register. Allocation trading, 2017. URL http://waterregister.vic.

gov.au/water-trading/allocation-trading. Accessed on 20/02/2017.

National Water Commission.  Australian water markets report 2009-10, 2010.
URL http://www.mdba.gov.au/kid/files/1795%20-%20Australiany20Watery
20Markets%20R_2009-2010.pdf. Accessed on 11/01/2017.

N. Harrington and P. Cook. Groundwater in Aus-
tralia, 2014. URL http://www.groundwater.com.au/media/
W1siZiIsIjIwMTQvMDMvMjUvMDFENTFEMTNEMTMzX0dyb3VuZHdhdGVyX21uXO0F1c3RyYWxpYVIOGSUSBTF O
Groundwater’20in%20Australia_FINALY%20for%20web.pdf. Accessed  on
09/01/2017.

Legislative Assembly Committee. Data on water trading in Western Australia, 2000.
URL http://www.parliament.wa.gov.au/Parliament/commit.nsf/(Evidence+
Lookup+by+Com+ID) /2F59FD83CFBEAA75482578310040CFOD/$file/Submission+
No+46+Dept+of+Water.pdf. Accessed on 31/01/2017.

The Allen Consulting Group. Transaction costs of water markets and envi-
ronmental policy instruments, 2006. URL http://www.pc.gov.au/inquiries/
completed/water-study/transaction-costs/waterstudyreport.pdf. Accessed

on 30/01/2017.

Independent Pricing and Regulatory Tribunal. Review of water prices for Sydney
Desalination Plant Pty Limited, 2011. URL https://www.ipart.nsw.gov.au/
files/cb824878-2ece-4fad-86ba-9fb400a8238a/Final_Report_-_Review_of_
water_prices_for_Sydney_Desalination_Plant_Pty_Limited_-_From_1_July_

2012_-_December_2011_-_Website_Document.pdf. Accessed on 17/10/2016.

XE. Xe currency converter, 2016. URL http://www.xe.com/currencyconverter/.

Accessed on 29/07/2016.

Michelle K. Wittholz, Brian K. O’Neill, Chris B. Colby, and David Lewis. Estimating
the cost of desalination plants using a cost database. Desalination, 229(1-3):10 — 20,
2008. doi: http://dx.doi.org/10.1016/j.desal.2007.07.023.


http://www.nationalwatermarket.gov.au/site-information/water-words.html
http://www.nationalwatermarket.gov.au/site-information/water-words.html
http://waterregister.vic.gov.au/water-trading/allocation-trading
http://waterregister.vic.gov.au/water-trading/allocation-trading
http://www.mdba.gov.au/kid/files/1795%20-%20Australian%20Water%20Markets%20R_2009-2010.pdf
http://www.mdba.gov.au/kid/files/1795%20-%20Australian%20Water%20Markets%20R_2009-2010.pdf
http://www.groundwater.com.au/media/W1siZiIsIjIwMTQvMDMvMjUvMDFfNTFfMTNfMTMzX0dyb3VuZHdhdGVyX2luX0F1c3RyYWxpYV9GSU5BTF9mb3Jfd2ViLnBkZiJdXQ/Groundwater%20in%20Australia_FINAL%20for%20web.pdf
http://www.groundwater.com.au/media/W1siZiIsIjIwMTQvMDMvMjUvMDFfNTFfMTNfMTMzX0dyb3VuZHdhdGVyX2luX0F1c3RyYWxpYV9GSU5BTF9mb3Jfd2ViLnBkZiJdXQ/Groundwater%20in%20Australia_FINAL%20for%20web.pdf
http://www.groundwater.com.au/media/W1siZiIsIjIwMTQvMDMvMjUvMDFfNTFfMTNfMTMzX0dyb3VuZHdhdGVyX2luX0F1c3RyYWxpYV9GSU5BTF9mb3Jfd2ViLnBkZiJdXQ/Groundwater%20in%20Australia_FINAL%20for%20web.pdf
http://www.parliament.wa.gov.au/Parliament/commit.nsf/(Evidence+Lookup+by+Com+ID)/2F59FD83CFBEAA75482578310040CF0D/$file/Submission+No+46+Dept+of+Water.pdf
http://www.parliament.wa.gov.au/Parliament/commit.nsf/(Evidence+Lookup+by+Com+ID)/2F59FD83CFBEAA75482578310040CF0D/$file/Submission+No+46+Dept+of+Water.pdf
http://www.parliament.wa.gov.au/Parliament/commit.nsf/(Evidence+Lookup+by+Com+ID)/2F59FD83CFBEAA75482578310040CF0D/$file/Submission+No+46+Dept+of+Water.pdf
http://www.pc.gov.au/inquiries/completed/water-study/transaction-costs/waterstudyreport.pdf
http://www.pc.gov.au/inquiries/completed/water-study/transaction-costs/waterstudyreport.pdf
https://www.ipart.nsw.gov.au/files/cb824878-2ece-4fa4-86ba-9fb400a8238a/Final_Report_-_Review_of_water_prices_for_Sydney_Desalination_Plant_Pty_Limited_-_From_1_July_2012_-_December_2011_-_Website_Document.pdf
https://www.ipart.nsw.gov.au/files/cb824878-2ece-4fa4-86ba-9fb400a8238a/Final_Report_-_Review_of_water_prices_for_Sydney_Desalination_Plant_Pty_Limited_-_From_1_July_2012_-_December_2011_-_Website_Document.pdf
https://www.ipart.nsw.gov.au/files/cb824878-2ece-4fa4-86ba-9fb400a8238a/Final_Report_-_Review_of_water_prices_for_Sydney_Desalination_Plant_Pty_Limited_-_From_1_July_2012_-_December_2011_-_Website_Document.pdf
https://www.ipart.nsw.gov.au/files/cb824878-2ece-4fa4-86ba-9fb400a8238a/Final_Report_-_Review_of_water_prices_for_Sydney_Desalination_Plant_Pty_Limited_-_From_1_July_2012_-_December_2011_-_Website_Document.pdf
http://www.xe.com/currencyconverter/

Bibliography 185

Urban Water Cycle Solutions. Costs of water grids with security infrastructure next,
2015. URL http://urbanwatercyclesolutions.com/watergridcostsl/. Accessed
on 15/11/2016.

H.F. Campbell and R.P.C. Brown. Benefit-Cost Analysis. Financial and Economic Ap-
praisal using Spreadsheets, volume 1. Cambridge University Press, Cambridge, United

Kingdom, 2003. ISBN 978-0-521-52898-6.

Australian Government. Cost-benefit analysis of current and proposed dams in
GBR catchments, 2014. URL http://agwhitepaper.agriculture.gov.au/GP%
20Submissions%20for%20publication/GP284%20WWF_Part%202.pdf. Accessed on
17/11/2016.

State Government Victoria. Future farming systems research division, 2011. URL http:
//www.dairyaustralia.com.au/~/media/Documents/Stats’20and),20markets/
Farm}20facts/Dairy%20Dierctions’20-%20Irrigation’20re-use’20dams . pdf.
Accessed on 17/10/2016.

S. Souza, J. Medellin-Azuara, N. Burley, J. Lund, and R.E. Howitt. Guidelines
for preparing economic analysis for water recycling projects, 2011. URL https:
//watershed.ucdavis.edu/files/biblio/EAGD_Final_V2003_05182011.pdf. Ac-
cessed on 18/08/2016.

D. Whittington, W.M. Hanemann, C. Sadoff, and M. Jeuland. The Challenge of Im-
proving Water and Sanitation Services in Less Developed Countries, Foundations and

Trends in Microeconomics, volume 4. Publishers Inc., Hanover, United States, 2008.

ISBN 978-1-60198-248-3.

OECD. Managing water for all. an OECD perspective on pricing and financing, 2009.
URL http://www.oecd.org/tad/sustainable-agriculture/44476961.pdf. Ac-
cessed on 23/03/2017.

PMSEIC Working Group. Water for our cities: building resilience in a climate of
uncertainty, 2007. URL https://industry.gov.au/science/PMSEIC/Documents/
WaterforOurCities.pdf. Accessed on 27/03/2017.

Neal Hughes, Ahmed Hafi, and Tim Goesch. Urban water management: optimal price
and investment policy under climate variability*. Australian Journal of Agricultural

and Resource Economics, 53(2):175-192, 2009. doi: 10.1111/j.1467-8489.2007.00446.x.


http://urbanwatercyclesolutions.com/watergridcosts1/
http://agwhitepaper.agriculture.gov.au/GP%20Submissions%20for%20publication/GP284%20WWF_Part%202.pdf
http://agwhitepaper.agriculture.gov.au/GP%20Submissions%20for%20publication/GP284%20WWF_Part%202.pdf
http://www.dairyaustralia.com.au/~/media/Documents/Stats%20and%20markets/Farm%20facts/Dairy%20Dierctions%20-%20Irrigation%20re-use%20dams.pdf
http://www.dairyaustralia.com.au/~/media/Documents/Stats%20and%20markets/Farm%20facts/Dairy%20Dierctions%20-%20Irrigation%20re-use%20dams.pdf
http://www.dairyaustralia.com.au/~/media/Documents/Stats%20and%20markets/Farm%20facts/Dairy%20Dierctions%20-%20Irrigation%20re-use%20dams.pdf
https://watershed.ucdavis.edu/files/biblio/EAGD_Final_V2003_05182011.pdf
https://watershed.ucdavis.edu/files/biblio/EAGD_Final_V2003_05182011.pdf
http://www.oecd.org/tad/sustainable-agriculture/44476961.pdf
https://industry.gov.au/science/PMSEIC/Documents/WaterforOurCities.pdf
https://industry.gov.au/science/PMSEIC/Documents/WaterforOurCities.pdf

Bibliography 186

E. Damelin, U. Shamir, and N. Arad. Engineering and economic evaluation of the
reliability of water supply. Water Resources Research, 8(4):861-877, 1972. ISSN
1944-7973. doi: 10.1029/WR008i004p00861.

R. E. Barlow. Mathematical theory of reliability: A historical perspective. IEEE Trans-
actions on Reliability, R-33(1):16-20, 1984. doi: 10.1109/TR.1984.6448269.

P. Glueckstern. Design and operation of medium- and small-size desalination plants in
remote areas: New perspective for improved reliability, durability and lower costs.
Desalination, 122(2):123 — 140, 1999. ISSN 0011-9164. doi: https://doi.org/10.1016/
S0011-9164(99)00033-8.

Patricia Koss and M.Sami Khawaja. The value of water supply reliability in california::
a contingent valuation study. Water Policy, 3(2):165 — 174, 2001. ISSN 1366-7017.
doi: https://doi.org/10.1016/S1366-7017(01)00005-8.

Nikolaos Papadakis, Nikolaos Veranis, and Nikolaos D. Arvanitidis. Sustainable devel-
opment of natural resources in northern greece, focusing on water supply reliability
and public health protection. Desalination, 213(1):199 — 204, 2007. ISSN 0011-9164.
doi: https://doi.org/10.1016/j.desal.2006.03.608.

Yu Wang and Siu-Kui Au. Spatial distribution of water supply reliability and critical
links of water supply to crucial water consumers under an earthquake. Reliability
Engineering €& System Safety, 94(2):534 — 541, 2009. doi: http://dx.doi.org/10.1016/
j-ress.2008.06.012.

M. Abunada, N. Trifunovi¢, M. Kennedy, and M. Babel. Optimization and reliabil-
ity assessment of water distribution networks incorporating demand balancing tanks.
Procedia Engineering, 70:4 — 13, 2014. ISSN 1877-7058. doi: https://doi.org/10.1016/
j.proeng.2014.02.002.

R. Gupta, A. Baby, P.V. Arya, and L. Ormsbee. Segment-based reliability /supply short
fall analysis of water distribution networks. Procedia Engineering, 89:1168 — 1175,
2014. ISSN 1877-7058. doi: https://doi.org/10.1016/j.proeng.2014.11.244.

Silvio Simonit, John P. Connors, James Yoo, Ann Kinzig, and Charles Perrings. The
impact of forest thinning on the reliability of water supply in central arizona. Plos

One, 10(4):1-21, 04 2015. doi: 10.1371/journal.pone.0121596.



Bibliography 187

R. Clark, D. Gonzalez, P. Dillon, S. Charles, D. Cresswell, and B. Naumann. Reliability
of water supply from stormwater harvesting and managed aquifer recharge with a
brackish aquifer in an urbanising catchment and changing climate. FEnvironmental
Modelling € Software, 72:117 — 125, 2015. doi: http://dx.doi.org/10.1016/j.envsoft.
2015.07.009.

Do Guen Yoo, Doosun Kang, and Joong Hoon Kim. Optimal design of water supply
networks for enhancing seismic reliability. Reliability Engineering & System Safety,

146:79 — 88, 2016. doi: http://dx.doi.org/10.1016/j.ress.2015.10.001.

Shaligram Pokharel. A two objective model for decision making in a supply chain.
International Journal of Production Economics, 111(2):378 — 388, 2008. doi: http:
//dx.doi.org/10.1016/j.ijpe.2007.01.006.

Lionel Amodeo, Christian Prins, and David Ricardo Sanchez. Comparison of Meta-
heuristic Approaches for Multi-objective Simulation-Based Optimization in Supply
Chain Inventory Management, pages 798-807. Springer Berlin Heidelberg, Berlin,
Heidelberg, 2009. doi: 10.1007/978-3-642-01129-0_90.

Zhixiang Chen and Svenja Andresen. A multiobjective optimization model of
production-sourcing for sustainable supply chain with consideration of social, envi-
ronmental, and economic factors. Mathematical Problems in Engineering, 2014:1 —

11, 2014. doi: doi:10.1155/2014/616107.

Caetano C.S. Fraga, Josue Medellin-Azuara, and Guilherme F. Marques. Planning for
infrastructure capacity expansion of urban water supply portfolios with an integrated
simulation-optimization approach. Sustainable Cities and Society, 29:247 — 256, 2017.
ISSN 2210-6707. doi: https://doi.org/10.1016/j.s¢s.2016.11.003.

Pietro Elia Campana, Steven Jige Quan, Federico Ignacio Robbio, Anders Lundblad,
Yang Zhang, Tao Ma, Bjorn Karlsson, and Jinyue Yan. Optimization of a residential
district with special consideration on energy and water reliability. Applied Energy,
194:751 — 764, 2017. ISSN 0306-2619. doi: https://doi.org/10.1016/j.apenergy.2016.
10.005.

Dajun Yue and Fengqi You. Game-theoretic modeling and optimization of multi-echelon

supply chain design and operation under Stackelberg game and market equilibrium.



Bibliography 188

Computers & Chemical Engineering, 71:347 — 361, 2014. ISSN 0098-1354. doi: http:
//dx.doi.org/10.1016/j.compchemeng.2014.08.010.

Jonathan F. Bard, John Plummer, and Jean Claude Sourie. A bilevel programming
approach to determining tax credits for biofuel production. FEuropean Journal of
Operational Research, 120(1):30 — 46, 2000. ISSN 0377-2217. doi: http://dx.doi.org/
10.1016,/S0377-2217(98)00373-17.

Dong Yang, Jianxin (Roger) Jiao, Yangjian Ji, Gang Du, Petri Helo, and Anna Valente.
Joint optimization for coordinated configuration of product families and supply chains
by a leader-follower Stackelberg game. European Journal of Operational Research, 246

(1):263 — 280, 2015. doi: http://dx.doi.org/10.1016/j.ejor.2015.04.022.

James Pita, Manish Jain, Milind Tambe, Fernando Ordénez, and Sarit Kraus. Robust
solutions to Stackelberg games: Addressing bounded rationality and limited obser-
vations in human cognition. Artificial Intelligence, 174(15):1142 — 1171, 2010. doi:
http://dx.doi.org/10.1016/j.artint.2010.07.002.

Zhengyu Yin. Addressing Uncertainty in Stackelberg Games for Security: Models and
Algorithms. PhD thesis, University of Southern California, 2013.

Di Zhang, Nouri J. Samsatli, Adam D. Hawkes, Dan J.L. Brett, Nilay Shah, and
Lazaros G. Papageorgiou. Fair electricity transfer price and unit capacity selection for
microgrids. Energy Economics, 36:581 — 593, 2013. doi: http://dx.doi.org/10.1016/].
eneco.2012.11.005.

Di Zhang, Yousef Alhorr, Esam Elsarrag, Abdul Hamid Marafia, Paola Lettieri, and
Lazaros G. Papageorgiou. Fair design of CCS infrastructure for power plants in Qatar
under carbon trading scheme. International Journal of Greenhouse Gas Control, 56:

43 — 54, 2017. doi: http://dx.doi.org/10.1016/j.ijggc.2016.11.014.

J. Nash. The bargaining problem. FEconometrica, 18:155 — 162, 1950. doi: 10.2307/
1907266.

Miguel A. Zamarripa, Adrian M. Aguirre, Carlos A. Méndez, and Antonio Espuia.
Mathematical programming and game theory optimization-based tool for supply chain
planning in cooperative/competitive environments. Chemical Engineering Research
and Design, 91(8):1588 — 1600, 2013. doi: http://dx.doi.org/10.1016/j.cherd.2013.06.
008.



Bibliography 189

Jonatan Gjerdrum, Nilay Shah, and Lazaros G. Papageorgiou. Fair transfer price
and inventory holding policies in two-enterprise supply chains. Furopean Journal
of Operational Research, 143(3):582 — 599, 2002. doi: http://dx.doi.org/10.1016/
S0377-2217(01)00349-6.

Roni F. Banaszewski, Licia V. Arruda, Jean M. Simao, Cesar A. Tacla, Ana P. Barbosa-
Pévoa, and Susana Relvas. An application of a multi-agent auction-based protocol to
the tactical planning of oil product transport in the Brazilian multimodal network.
Computers €& Chemical Engineering, 59:17 — 32, 2013. doi: http://dx.doi.org/10.
1016/j.compchemeng.2013.06.007.

Clement Pira and Christian Artigues. Line search method for solving a non-preemptive
strictly periodic scheduling problem. Journal of Scheduling, 19(3):227-243, 2016. doi:
10.1007/s10951-014-0389-6.

Ricardo A. Ortiz-Gutierrez, Sara Giarola, Nilay Shah, and Fabrizio Bezzo. An approach
to optimize multi-enterprise biofuel supply chains including Nash equilibrium models.

volume 37, pages 2255-2260, 2015. doi: 10.1016/B978-0-444-63576-1.50070-4.

Mosaddek Hossain Kamal Tushar, Chadi Assi, Martin Maier, and Mohammad Faisal
Uddin. Smart Microgrids: Optimal Joint Scheduling for Electric Vehicles and Home
Appliances. IEEFE Transactions of Smart Grid, 5(1):239-250, JAN 2014. doi: 10.
1109/TSG.2013.2290894.

D. Simchi-Levi, S.D. Wu, and Shen Z.M., editors. Handbook of Quantitative Sup-
ply Chain Analysis, volume 74. Springer, New York, US, 2004. doi: 10.1007/
978-1-4020-7953-5.

Edward C. Rosenthal. A game-theoretic approach to transfer pricing in a vertically
integrated supply chain. International Journal of Production Economics, 115(2):542

~ 552, 2008. doi: http://dx.doi.org/10.1016/j.ijpe.2008.05.018.

Ronald B. Shelton, editor. Gaming the Market. Applying Game Theory to Create Win-
ning Trading Strategies, volume 1. John Wiley & Sons, INC, New York, 1 edition,
1997. ISBN 0471168130.

Milind Tambe, editor. Security and Game Theory. Algorithms, Deployed Systems,
Lessons Learned, volume 1. Cambridge University Press, New York, 1 edition, 2012.

ISBN 9781107096424.



Bibliography 190

Kaveh Madani. Game theory and water resources. Journal of Hydrology, 381(3—4):225
— 238, 2010. doi: http://dx.doi.org/10.1016/j.jhydrol.2009.11.045.

G. M. Sechi, R. Zucca, and P. Zuddas. The Water Pricing Problem in a Complex Water
Resources System: A Cooperative Game Theory Approach, pages 511-516. Springer
Berlin Heidelberg, Berlin, Heidelberg, 2011. doi: 10.1007/978-3-642-20009-0_-81.

A. Truffert M. Daumas, E. Martin-Dorel and M. Ventou. A formal the-
ory of cooperative TU-games, pages 81-91. Springer Berlin Heidelberg,
Berlin, Heidelberg, 2009. URL https://pdfs.semanticscholar.org/2cd3/
40e1bcd636700d0df1435db32030b174f8cb.pdf. Accessed on 08/01/2017.

Francisco Assis Souza Filho, Upmanu Lall, and Rubem La Laina Porto. Role of price
and enforcement in water allocation: Insights from game theory. Water Resources

Research, 44(12), 2008. doi: 10.1029/2007WR006163.

Ali Nikjoofar and Mahdi Zarghami. Water distribution networks designing by the mul-
tiobjective genetic algorithm and game theory. In Xin-She Yang, Amir Hossein Gan-
domi, Siamak Talatahari, and Amir Hossein Alavi, editors, Metaheuristics in Water,
Geotechnical and Transport Engineering, pages 99 — 119. Elsevier, Oxford, 2013. doi:
http://dx.doi.org/10.1016/B978-0-12-398296-4.00005-2.


https://pdfs.semanticscholar.org/2cd3/40e1bcd636700d0df1435db32030b174f8cb.pdf
https://pdfs.semanticscholar.org/2cd3/40e1bcd636700d0df1435db32030b174f8cb.pdf

	Declaration of Authorship
	Abstract
	Impact Statement
	Acknowledgements
	List of Figures
	List of Tables
	Abbreviations
	Nomenclature
	1 Introduction
	1.1 Global water outlook
	1.2 Optimisation techniques in water systems
	1.3 Overview of process synthesis
	1.4 Overview of supply chains
	1.5 Thesis aim
	1.6 Thesis outline

	I Design and Optimisation of Water Treatment Processes
	2 Synthesis of Water Treatment Processes with Passes
	2.1 Theoretical Background
	2.2 Problem statement
	2.3 Mathematical formulation
	2.3.1 Performance criteria
	2.3.1.1 Rejection coefficient
	2.3.1.2 Recovery ratio

	2.3.2 Mass balance constraints
	2.3.2.1 Concentrations constraints
	2.3.2.2 Flowrate constraints

	2.3.3 Target constraints
	2.3.4 Logical constraints
	2.3.5 Cost constraints
	2.3.5.1 Operating costs
	2.3.5.2 Capital costs
	2.3.5.3 Total cost

	2.3.6 Objective function

	2.4 Illustrative examples
	2.4.1 Seawater desalination example
	2.4.2 Tertiary wastewater treatment example

	2.5 Computational results and discussion
	2.5.1 Seawater desalination results
	2.5.2 Tertiary wastewater treatment results

	2.6 Conclusions

	3 Synthesis of Water Treatment Processes with Passes and Stages
	3.1 Theoretical background
	3.2 Problem statement
	3.3 Mathematical formulation
	3.3.1 MINLP model formulation (P0)
	3.3.1.1 Removal efficiencies
	3.3.1.2 Mass balance constraints
	3.3.1.3 Target constraints
	3.3.1.4 Logical constraints
	3.3.1.5 Cost constraints
	3.3.1.5.1 Operating costs
	3.3.1.5.2 Capital costs
	3.3.1.5.3 Total cost

	3.3.1.6 Objective function

	3.3.2 Partially linearised MINLP (plMINLP) model formulation (P1)
	3.3.2.1 Mass balances linearisations
	3.3.2.2 Approximation of capital cost constraints
	3.3.2.3 Objective function

	3.3.3 MILP model formulation (P2)
	3.3.3.1 Rejection coefficient discretisations
	3.3.3.2 Further linearisations of mass balance constraints
	3.3.3.3 Linearisations of operating cost constraints
	3.3.3.4 Objective function

	3.3.4 Models summary

	3.4 Illustrative examples
	3.4.1 Seawater desalination example
	3.4.2 Surface water treatment example

	3.5 Computational results and discussion
	3.5.1 Seawater desalination results
	3.5.1.1 Computational statistics
	3.5.1.2 Flowsheet configurations
	3.5.1.3 Costing comparisons
	3.5.1.4 Comparisons with existing plants

	3.5.2 Surface water treatment results
	3.5.2.1 Computational statistics
	3.5.2.2 Flowsheet configurations
	3.5.2.3 Costing comparisons
	3.5.2.4 Comparisons with existing plants


	3.6 Concluding remarks


	II Design and Optimisation of Water Supply Systems
	4 Design of Water Supply Systems under Hydrological and Allocation Considerations
	4.1 Theoretical background
	4.2 Problem statement
	4.3 Mathematical formulation
	4.3.1 Hydrological balances
	4.3.2 Supply - demand balances
	4.3.3 Procurement constraints
	4.3.4 Reliability of water supply
	4.3.5 Capacity constraints
	4.3.6 Production constraints
	4.3.7 Operating expenditure constraints
	4.3.8 Capital expenditure constraints
	4.3.9 Objective function

	4.4 Illustrative example
	4.4.1 Geographical representation of Australian regions
	4.4.2 Existing plants and dams for providing urban water supply
	4.4.3 Urban water sources and demands
	4.4.4 Hydrological data
	4.4.5 Water rights and markets in Australia
	4.4.6 Operating and capital costs

	4.5 Computational results and discussion
	4.6 Concluding remarks

	5 Multi-objective Optimisation of Water Management Systems with Supply Reliability
	5.1 Theoretical background
	5.2 Problem statement
	5.3 Mathematical formulation
	5.3.1 -constraint method
	5.3.2 Nash bargaining approach

	5.4 Illustrative example
	5.5 Computational results and discussion
	5.5.1  - constraint multi-objective optimisation
	5.5.2 Nash bargaining approach

	5.6 Concluding remarks

	6 Conclusions and Directions for Future Work
	6.1 Concluding remarks
	6.2 Directions for future work

	Publications
	Bibliography


