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ABSTRACT

Increased water scarcity problems, coupled with the immense scale of water-
intensive industrial activities in the region demands for the development of optimal
water reuse and recycling strategies in industrial cities. Hence, industrial water and
wastewater management is a key research priority. As a result, several necessary aspects
that have not been addressed previously in water integration methods have been
considered in this work, by developing and implementing a framework which allows for
improved applications of macroscopic water integration in complex industrial regions.
The main components relevant to the planning of cost-effective water networks in a
devised city plan have been captured with a focus on identifying cost-effective water
allocations within an industrial city.

Detailed information associated with water-using and water-consuming entities
have been captured, using both flowrate and contamination information as well as site
location information. Hence, a spatial representation that is capable of capturing an
industrial city arrangement, has been developed to assist in water network design, an
aspect which has often been overlooked in existing methods. Moreover, the presence of
a number of different options during the selection process of appropriate treatment
technologies, as well as the efficient placement of corresponding treatment facilities,
have also been considered. In addition to the above aspects, two different pipeline
merging representations that are capable of identifying cost-effective opportunities have

also been captured in this work. Both approaches allow for the screening of less complex
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pipeline networks, by assembling together commonly existing pipe sections, in the
course of determining optimal water networks. All methods were implemented and
demonstrated using several industrial city layout scenarios, and each method was able to

identify a number of optimal synergies.

il



DEDICATION

To my parents, who taught me to learn from success and failure

v



ACKNOWLEDGEMENTS

I am truly grateful to everyone who has assisted me throughout this course of
study. This has been one of the most fantastic periods in my life, and all the hard work,
determination and perseverance that was eventually culminated by this dissertation
would have never been possible without the guidance, encouragement and support that I
have received.

First and foremost, I would like to extend my deepest gratitude to my advisors,
Dr. Linke, and Dr. El-Halwagi for providing me with their valuable expertise, as well
as for their sincere guidance and support. Dr. Linke has been, and will always be, an
immense source of encouragement and inspiration. Throughout this entire journey, and
from the very beginning, his genuine caring and constant guardianship has been
momentous. Dr. El-Halwagi was one of the warmest and most supportive advisors, both
in spirit and expertise. [ am truly grateful for his very generous and insightful feedback,
as well as for his great assistance throughout. I would also like to thank the remaining
members of my committee, Dr. Holste and Dr. Masad, for their incredible
encouragement, assistance, and support, as well as for all of the insightful and valuable
discussions they provided.

I was also very fortunate to be part of an extremely vibrant and enthusiastic
research group. I would like to express my gratitude to Dr. Mirko Stijepovic, for

being constantly supportive, helpful, and kind, as well as for the all the inspiring and



motivating discussions that helped me grasp a better understanding of many things. 1
would also like to thank all my friends and fellow colleagues who inspired me, helped
me remain focused during rough days, and made the process of doing a PhD an
invaluable, as well as an enjoyable experience. Likewise, I would like to thank all CHEN
faculty and staff, both in and College Station and Qatar, for making my time at Texas
A&M University a wonderful experience.

Last but not least, I would to thank my family, for loving me unconditionally,
and allowing me to be as ambitious as I wanted. I will forever be grateful for all the
support and encouragement I have received. I owe you a huge debt of gratitude for
everything you have done, and everything I have put you through. I am truly blessed to
have you, and I would like to thank you with all my heart.

The research presented in this dissertation has been supported by the NPRP
grant no. 4-1191-2-468 from the Qatar National Research Fund (a member of Qatar

Foundation). The statements made herein are solely the responsibility of the authors.

vi



min
cl,p

max
¢Jp

Jp

tp

Source
c,ip

NOMENCLATURE

Plant/Process

Water Source

Water Sink

Treatment Interceptor Within Plant

Central Treatment Interceptor

Freshwater Type

Central Treatment Interceptor Type

Contaminant

First Level Node Associated with Pipeline Branching

Second Level Node Associated with Pipeline Branching

Third Level Node Associated with Pipeline Branching

N™ Level Node Associated with Pipeline Branching

Minimum Permissible Pollutant ¢ Composition in Sink j, Plant p
(ppm)

Maximum Permissible Pollutant ¢ Composition in Sink j, Plant p
(ppm)

Flowrate Required in Sink j, Plant p (kg/h)
Flowrate Available in Sink j, Plant p (kg/h)

Pollutant ¢ Composition in Source i, Plant p (ppm)

vii



xg RESH Pollutant ¢ Composition in External Freshwater of Type | (ppm)

L Lower Bound For Flow into a Treatment Unit (kg/h)

U Upper Bound For Flow into a Treatment Unit (kg/h)

RR; rp Removal Ratio of Pollutant c in treatment Interceptor r, Plant p

RR s Removal Ratio of Pollutant ¢ in Central Treatment Interceptor s of
Type t

xMax Maximum Permissible Discharge Concentration of Pollutant ¢

€ Pipe Roughness

Koy Expansion Loss at Pipe Exit

K, Contraction Loss at Pipe Entrance

K, Loss At Pipe Elbow/Bend

p Density (kg/m’)

7 Viscosity (kg/ms)

a Coefficient Associated with Piping Cost Calculations

p Power Coefficient Associated with Piping Cost Calculations

CWASTE Cost of Wastewater Discharge ($/kg)

CFRESH Cost of Freshwater of Type 1 ($/kg)

H, Operating Hours per Year (h/yr)

Kr Treatment Annualized Factor (yr'")

chy’ Treatment Within Plant p Unit Cost ($)

civ Central Treatment Type t Unit Cost ($)

viii



REM
Cryp

REM
Cst

SU

SN

ip,jp’

ip.jp’'

ip,jp’'

Treatment Within Plant p Mass Removed Cost ($/kg)
Central Treatment Type T Mass Removed Cost ($/kg)
Piping Cost Annualized Factor (yr™)

Efficiency

Set of Plants/Processes in Industrial City

Set of Water Sources In Plant p

Set of Water Sinks In Plant p

Set of Decentralized Treatment Interceptors

Set of Central Treatment Interceptor Locations

Set of Central Treatment Interceptor Types

Set of Freshwater Types

Set of Contaminants/Pollutants

Set of 1*' Level Nodes Associated With Stream Connecting
Source i Plant p To Sink j Plant p’ using either a Forward or
Backward Branching Scenario

Set of 2" Level Nodes Associated With Stream Connecting
Source i Plant p To Sink j Plant p’ using either a Forward or
Backward Branching Scenario

Set of 3" Level Nodes Associated With Stream Connecting
Source i Plant p To Sink j Plant p’ using either a Forward or

Backward Branching Scenario

X



Nip ip Set of N Level Nodes Associated With Stream Connecting
Source i Plant p To Sink j Plant p’ using either a Forward or
Backward Branching Scenario

Xip Set of 1* Level Nodes Associated with Stream Connecting
Freshwater Mains to Sink j Plant p’ using a Forward Branching
Scenario

Yip Set of 2™ Level Nodes Associated with Stream Connecting
Freshwater Mains to Sink j Plant p’ using a Forward Branching
Scenario

Zip Set of 3" Level Nodes Associated with Stream Connecting
Freshwater Mains to Sink j Plant p’ using a Forward Branching
Scenario

Nj, Set of N™ Level Nodes Associated with Stream Connecting
Freshwater Mains to Sink j Plant p’ using a Forward Branching
Scenario

Xip Set of 1* Level Nodes Associated with Stream Connecting
Source i Plant p to Wastewater Mains using a Backward
Branching Scenario

Yip Set of 2™ Level Nodes Associated with Stream Connecting

Source i Plant p to Wastewater Mains using a Backward

Branching Scenario



ip,rp

Yip,rp

ip,rp

N;

b,Trp

X ip,st

Set of 3" Level Nodes Associated with Stream Connecting
Source i Plant p to Wastewater Mains using a Backward
Branching Scenario

Set of N™ Level Nodes Associated with Stream Connecting
Source i Plant p to Wastewater Mains using a Backward
Branching Scenario

Set of 1*' Level Nodes Associated with Stream Connecting
Source i Plant p To De-Central Treatment Facility R in the
Same Plant p Using a Forward Branching Scenario

Set of 2™ Level Nodes Associated with Stream Connecting
Source i Plant p To De-Central Treatment Facility R in the
Same Plant p Using a Forward Branching Scenario

Set of 3" Level Nodes Associated with Stream Connecting
Source i Plant p To De-Central Treatment Facility R in the
Same Plant p Using a Forward Branching Scenario

Set of N™ Level Nodes Associated with Stream Connecting
Source i Plant p To De-Central Treatment Facility R in the
Same Plant p Using a Forward Branching Scenario

Set of 1* Level Nodes Associated with Stream Connecting
Source i Plant p to a Central Treatment Facility of Type t

using a Forward Branching Scenario

xi



Yip,st

A ip,st

Nip,st

XT

128y

er.jp'

Zy

N,

p.jp’

p.jp!

Set of 2™ Level Nodes Associated with Stream Connecting
Source i Plant p to a Central Treatment Facility of Type t

using a Forward Branching Scenario

Set of 3" Level Nodes Associated with Stream Connecting
Source i Plant p to a Central Treatment Facility of Type t

using a Forward Branching Scenario

Set of N™ Level Nodes Associated with Stream Connecting
Source i Plant p to a Central Treatment Facility of Type t

using a Forward Branching Scenario

Set of 1*' Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r In Plant p to Sink j in Plant p’ using a
Backward Branching Scenario

Set of 2™ Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r In Plant p to Sink j in Plant p’ using a
Backward Branching Scenario

Set of 3" Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r In Plant p to Sink j in Plant p’ using a
Backward Branching Scenario

Set of N™ Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r In Plant p to Sink j in Plant p’ using a

Backward Branching Scenario

xii



XS

t,jp

Yst, jp

st,jp

NS

t.jp

p

Set of 1* Level Nodes Associated with Stream Connecting Central
Treatment Facility S of Type t to Sink j in Plant p using a
Backward Branching Scenario

Set of 2™ Level Nodes Associated with Stream Connecting
Central Treatment Facility S of Type t to Sink j in Plant p using a
Backward Branching Scenario

Set of 3* Level Nodes Associated with Stream Connecting
Central Treatment Facility S of Type t to Sink j in Plant p using a
Branching Scenario

Set of N™ Level Nodes Associated with Stream Connecting
Central Treatment Facility S of Type t to Sink j in Plant p using a
Backward Branching Scenario

Set of 1* Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r on Plant p to Wastewater Mains
using a Backward Branching Scenario

Set of 2™ Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r on Plant p to Wastewater Mains
using a Backward Branching Scenario

Set of 3" Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r on Plant p to Wastewater Mains

using a Backward Branching Scenario

Xiii



FC

TC

PC

wc
in

¢.jp

ip.jp’

Set of N™ Level Nodes Associated with Stream Connecting De-
Central Treatment Facility r on Plant p to Wastewater Mains
using a Backward Branching Scenario

Set of 1* Level Nodes Associated with Stream Connecting Central
Treatment Facility s of Type t to Wastewater Mains using a
Backward Branching Scenario

Set of 2™ Level Nodes Associated with Stream Connecting
Central Treatment Facility s of Type t to Wastewater Mains using
a Backward Branching Scenario

Set of 3" Level Nodes Associated with Stream Connecting
Central Treatment Facility s of Type t to Wastewater Mains using
a Backward Branching Scenario

Set of N™ Level Nodes Associated with Stream Connecting
Central Treatment Facility s of Type t to Wastewater Mains using
a Backward Branching Scenario

Total Freshwater Costs ($)

Total Central and De-Central Treatment Costs ($)

Total Piping Costs ($)

Total Wastewater Discharge Costs ($)

Pollutant ¢ Composition in Sink j, Plant p (ppm)

Mass Flowrate from Source 1, Plant p to Sink j, Plant p’ (kg/h)

X1v



Fijp

Tip,rp

YEpst

Trp,jp

Tst.jp

total
T

total
7;t
l)total

in
xcmp

Vst

Yk

External Freshwater Mass Flowrate of Type | Required in Sink j,
Plant p (kg/h)

Wastewater Mass Flowrate Discharged by Source i, Plant p (kg/h)
Mass Flowrate From Source i, Plant P to Interceptor r Plant p
(kg/h)

Mass Flowrate from Source 1, Plant p to Interceptor s of Type t
(kg/h)

Mass Flowrate From Interceptor r Plant p to Sink j, Plant p (kg/h)
mass flowrate from interceptor s of type to sink j, plant p (kg/h)
Wastewater Mass Flowrate Discharged by Interceptor r, Plant p
(kg/h)

Wastewater Mass Flowrate Discharged by Central Interceptor s of
Type t (kg/h)

Total Mass Flowrate into Interceptor r, Plant p (kg/h)

Total Mass Flowrate into Central Interceptor s of Type t (kg/h)
Total Wastewater Discharged (kg/h)

Inlet Concentration of Contaminant ¢ into Interceptor r, Plant p
(ppm)

Binary Variable Associated with the Selection of Treatment Type
t, In a Centralized Treatment Location s

Binary Variable Associated with Discrete Diameter dix

XV



out
xc,rp

REM
Xc,st

in
Xc st

out
Xc st

REM
Xc,st

Discharge
X g

Ly jp

ip,rp

Lip,st

TD,JjD

st,jp

Outlet Concentration of Contaminant ¢ into Interceptor r, Plant p

(ppm)

Total Mass Removed of Contaminant ¢ in Interceptor r, Plant p

(ppm)

Inlet Concentration Of Contaminant ¢ Into Central Interceptor S

of Type t (ppm)

Outlet Concentration of Contaminant C into Central Interceptor S

of Type t (ppm)

Total Mass Removed Contaminant ¢ in Central Interceptor S

of Type t (ppm)

Total Discharge Concentration of Contaminant ¢

Length of Pipe from Source i, Plant p to Sink j Plant p’ (m)
Length of Pipe Carrying Unused Wastewater from Source 1, Plant

p to Mainstream Waste (m)

Length of Pipe Carrying Type | Freshwater from Mainstream to
Sink j, Plant p (m)

Length of Pipe from Source i, Plant p to Interceptor r Plant p (m)
Length of Pipe from Source i, Plant p to Interceptor s of Type t
(m)

Length of Pipe from Interceptor r Plant p to Sink j, Plant p (m)

Length of Pipe from Interceptor s of Type to Sink j, Plant p (m)

Xvi



Jp

a,b,c
Lipjp'

Length of Pipe Carrying Unused Wastewater from Interceptor r,
Plant p to Mainstream Waste (m)

Length of Pipe Carrying Unused Wastewater from central
Interceptor s, Type t to Mainstream Waste (m)

Length of Pipe Segment up to the 1* Level Node a, Carrying

water from Source i, Plant p to Sink j Plant p’

Length of Pipe Segment up to 1* Level Node a, Carrying

Wastewater from Source i, Plant p to the Waste Mainstream

Length of Pipe Segment up to 1* Level Node a, Carrying
Freshwater from Mainstream to Sink j, Plant p

Length of Pipe Segment from 1 Level Node a to 2™ Level Node
b, Carrying water from Source i, Plant p to Sink j Plant p’
Length of Pipe Segment from 1% Level Node a to 2™ Level Node

b, Carrying Wastewater from Source i, Plant p to the Waste

Mainstream

Length of Pipe Segment from 1 Level Node a to 2™ Level Node
b, Carrying Freshwater from Mainstream to Sink j, Plant p
Length of Pipe Segment from 2™ Level Node b to 3™ Level Node

¢, Carrying water from Source i, Plant p to Sink j Plant p’ through

1*" Level Node a

xvii



a,b,c

a,b,c
Ljp

a,b,c,,n—-1n
Lipjp'

b,c,..n—-1n
L(-l"" ,
p

a,b,c,,n—-1n
Ljp

DI ip,jp’

DI;

p

DI j,

Length of Pipe Segment from 2™ Level Node b to 3™ Level Node

c, Carrying Wastewater from Source i, Plant p to the Waste

Mainstream through 1% Level Node a

Length of Pipe Segment from 2™ Level Node b to 3™ Level Node
¢, Carrying Freshwater from Mainstream to Sink j, Plant p
through 1% Level Node a

Length of Pipe Segment from (n-1)" Level Node (n-1) to n™ level
node n, Carrying water from Source i, Plant p to Sink j Plant p’
through nodes a, b and ¢ onwards

Length of Pipe Segment from (n-1)" Level Node (n-1) to n™ level
node n, Carrying Wastewater from Source i, Plant p to the Waste
Mainstream through nodes a, b and c onwards

Length of Pipe Segment from node (n-1)" Level Node (n-1) to n™
Level Node n, Carrying Freshwater from Mainstream to Sink j,
Plant p through nodes a, b and ¢ onwards

Calculated Diameter of Pipe from Source i, Plant p to Sink j Plant
p’ (m)

Calculated Diameter of Pipe Carrying unused Wastewater from

Source 1, Plant p to Mainstream Waste (m)

Calculated Diameter of Pipe Carrying Type | Freshwater from
Mainstream to Sink j, Plant p (m)

xviii



Dliprp

Dlip,st

D Irp,jp

Dl jp

DI,

DI,

ipjp’

a
Dy,

Calculated Diameter of Pipe from Source 1, Plant p to Interceptor r
Plant p (m)

Calculated Diameter of Pipe from Source 1, Plant p to Interceptor
of Type t (m)

Calculated Diameter of Pipe from Interceptor r, Plant p to Sink j,
Plant p (m)

Calculated Diameter of Pipe from Central Interceptor s of Type t
to Sink j, Plant p (m)

Calculated Diameter of Pipe Carrying unused Wastewater from

Interceptor r, Plant p to Mainstream Waste (m)
Calculated Diameter of Pipe Carrying unused Wastewater from
Central Interceptor s, Type t to Mainstream Waste (m)

Flowrate in Pipe Segment up to the 1% Level Node a, Carrying

Water from Source i, Plant p to Sink j Plant p’

Flowrate in Pipe Segment up to 1* Level Node a, Carrying

Wastewater from Source i, Plant p to the Waste Mainstream

Flowrate in Pipe Segment up to 1* Level Node a, Carrying
Freshwater from Mainstream to Sink j, Plant p
Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level

Node b, Carrying Water from Source i, Plant p to Sink j Plant p’

Xix



ip

Fa,b

a,b,c
M ipjp’

a,b,c

a,b,c
Fip

ab,c,.,n—-1n
M ipjp’

ab,c,.,n—-1,n
Dl-p

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level

Node b, Carrying Wastewater from Source i, Plant p to the Waste

Mainstream

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level
Node b, Carrying Freshwater from Mainstream to Sink j, Plant p
Flowrate in Pipe Segment from 2™ Level Node b to 3" Level

Node ¢, Carrying Water from Source i, Plant p to Sink j Plant p’

through 1% Level Node a
Flowrate in Pipe Segment from 2™ Level Node b to 3" Level

Node ¢, Carrying Wastewater from Source i, Plant p to the Waste

Mainstream through 1% Level Node a
Flowrate in Pipe Segment from 2™ Level Node b to 3" Level

Node c, Carrying Freshwater from Mainstream to Sink j, Plant p

through 1% Level Node a
Flowrate in Pipe Segment from (n-1)" Level Node (n-1) to n™

Level Node n, Carrying Water from Source i, Plant p to Sink j

Plant p’ through Nodes a, b and ¢ Onwards
Flowrate in Pipe Segment from (n-1)" Level Node (n-1) to n™

Level Node n, Carrying Wastewater from Source i, Plant p to the

Waste Mainstream through Nodes a, b and ¢ Onwards

XX



a,b,c,.,n—-1n
Fyp

a
ip,rp

a
ip,st

a .
rp,jp’

a
st,jp!

a
D&,

a
st

Flowrate in Pipe Segment from node (n-1)" Level Node (n-1) to
N™ Level Node n, carrying Freshwater from Mainstream to Sink
J, Plant p through Nodes a, b and ¢ Onwards

Flowrate in Pipe Segment up to the 1% Level Node a, Carrying
Water from Source i, Plant p to De-Centralized Treatment Unit r
in Plant p

Flowrate in Pipe Segment up to the 1% Level Node a, Carrying
Water from Source i, Plant p to Centralized Treatment Unit s of
Type t

Flowrate in Pipe Segment up to the 1% Level Node a, Carrying
Water from De-Centralized Treatment Unit r in Plant p to Sink j
Plant p’

Flowrate in Pipe Segment up to the 1% Level Node a, Carrying

Water from Centralized Treatment Unit s of Type t to Sink j Plant

b

p

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level
Node b Carrying Wastewater from De-Centralized Treatment Unit
r in Plant p to the Waste Mainstream

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level
Node b Carrying Wastewater from Centralized Treatment Unit s

of Type t to the Waste Mainstream

xxi



ip,rp

ip,st

D, jp!

st,jp’

a,b,c
Drp

ab,c
Dst

ab,c
Tip.rp

Flowrate in Pipe Segment from 1% Level Node a to 2™ Level
Node b, Carrying Water from Source i, Plant p to De-Centralized
Treatment Unit r in Plant p

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level
Node b, Carrying Water from Source 1, Plant p to Centralized
Treatment Unit s of Type t

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level
Node b, Carrying Water from De-Centralized Treatment Unit r in
Plant p to Sink j Plant p’

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level
Node b, Carrying Water from Centralized Treatment Unit s of
Type t to Sink j Plant p’

Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level

Node b, Carrying Wastewater from De-Centralized Treatment
Unit r in Plant p to the Waste Mainstream
Flowrate in Pipe Segment from 1*' Level Node a to 2™ Level

Node b, Carrying Wastewater from Centralized Treatment Unit s

of Type t to the Waste Mainstream
Flowrate in Pipe Segment from 2™ Level Node b to 3" Level

Node c, Carrying Water from Source 1, Plant p to De-Centralized

Treatment Unit r in Plant p

xxii



ab,c
Tip,st

a,b,c
Trp,jp'

ab,c
Tst,jp'

ab,c
Drp

ab,c
Dst

ab,c,.n—-1n
Tip.rp

ab,c,.n—-1n
Tip,st

Flowrate in Pipe Segment from 2™ Level Node b to 3™ Level
Node ¢, Carrying Water from Source 1, Plant p to Centralized
Treatment Unit s of Type t

Flowrate in Pipe Segment from 2™ Level Node b to 3" Level
Node c, Carrying Water from De-Centralized Treatment Unit r in
Plant p to Sink j Plant p’

Flowrate in Pipe Segment from 2™ Level Node b to 3" Level
Node ¢, Carrying Water from Centralized Treatment Unit s of
Type t to Sink j Plant p’

Flowrate in Pipe Segment from 2™ Level Node b to 3" Level

Node c, Carrying Wastewater from De-Centralized Treatment

Unit r in Plant p to the Waste Mainstream
Flowrate in Pipe Segment from 2" Level Node b to 3" Level

Node c, Carrying Wastewater from Centralized Treatment Unit s

of Type t to the Waste Mainstream
Flowrate in Pipe Segment from node (n-l)th Level Node (n-1) to

N™ Level Node n, Carrying Water from Source i, Plant p to De-

Centralized Treatment Unit r in Plant p
Flowrate in Pipe Segment from node (n-l)th Level Node (n-1) to

N™ Level Node n, Carrying Water from Source i, Plant p to

Centralized Treatment Unit s of Type t

xxiii



ab,c,..n—-1n
Trp,jp'

ab,c,..n—-1n
Tst,jp'

ab,c,.,n—-1,n
Dy,

b,c,.n—-1n
Da, 1Ceny ),
st

a
Dlipjp'

DIg,

a,b
DI ipjp’

Flowrate in Pipe Segment from node (n-1)" Level Node (n-1) to

N™ Level Node n, Carrying Water from De-Centralized Treatment

Unit r in Plant p to Sink j Plant p’

Flowrate in Pipe Segment from node (n-1)" Level Node (n-1) to
N™ Level Node n, Carrying Water from Centralized Treatment
Unit s of Type t to Sink j Plant p’

Flowrate in Pipe Segment from node (n-l)th Level Node (n-1) to

N™ Level Node n, Carrying Wastewater from De-Centralized
Treatment Unit r in Plant p to the Waste Mainstream

Flowrate in Pipe Segment from node (n-l)th Level Node (n-1) to
N™ Level Node n, Carrying Wastewater from Centralized
Treatment Unit s of Type t to the Waste Mainstream

Diameter of Pipe Segment up to the 1* Level Node a, Carrying

Water from Source 1, Plant p to Sink j Plant p’

Diameter of Pipe Segment up to 1% Level Node a, Carrying

Wastewater from Source 1, Plant p to the Waste Mainstream

Diameter of Pipe Segment up to 1% Level Node a, Carrying
Freshwater from Mainstream to Sink j, Plant p
Diameter of Pipe Segment from 1*' Level Node a to 2™ Level

Node b, Carrying Water from Source i, Plant p to Sink j Plant p’

XXiv



DIl.ap'b

a,b,c
Dlipjp'

ab,c
DI %

ab,c
DI i

a,b,c,.,n—-1,n
Dlim‘p'

b,c,..n—1n
DI{I,,.. ,
lp

Diameter of Pipe Segment from 1*' Level Node a to 2™ Level

Node b Carrying Wastewater from Source i, Plant p to the Waste

Mainstream

Diameter of Pipe Segment from 1*' Level Node a to 2™ Level
Node b Carrying Freshwater from Mainstream to Sink j, Plant p
Diameter of Pipe Segment from 2™ Level Node b to 3™ Level

Node ¢, Carrying Water from Source i, Plant p to Sink j Plant p’

through 1% Level Node a
Diameter of Pipe Segment from 2™ Level Node b to 3™ Level

Node ¢, carrying Wastewater from Source 1, Plant p to the waste

Mainstream through 1% Level Node a
Diameter of Pipe Segment from 2™ Level Node b to 3" Level

Node c, Carrying Freshwater from Mainstream to Sink j, Plant p

through 1% Level Node a
Diameter of Pipe Segment from (n-1)" Level Node (n-1) to n™

Level Node n, Carrying Water from Source i, Plant p to Sink j

Plant p’ through Nodes a, b and ¢ Onwards
Diameter of Pipe Segment from (n-1)" Level Node (n-1) to n™

level node n, Carrying Wastewater from Source i, Plant p to the

Waste Mainstream through Nodes a, b and ¢ Onwards

XXV



ab,c,,n—-1n
DI i

AFS
A PDrop
pv

fip,rp

fip,st

Diameter of Pipe Segment from node (n-1)" Level Node (n-1) to
n" Level Node n, Carrying Freshwater from Mainstream to Sink j,
Plant p through nodes a, b and ¢ Onwards

Number of Elbows/Bends in Pipe

Reynolds’s Number of Water Stream

Velocity (m/s)

Fanning Friction Factor

Parameter Based on Churchill’s Equation for Fanning Friction
Factor Calculations

Friction Losses

Pressure Drop due to Friction

Shaft Power Required to Overcome Pressure Drop

Split Fraction of Stream from Source i Plant P to Decentral
Treatment Plant r in the Same Plant p

Split Fraction of Stream From Source i Plant p to Central
Treatment Plant s of Type t

Number of Discrete Diameter Values

XXV



TABLE OF CONTENTS

Page
ABSTRACT .ttt ettt ettt et e bttt e et et il
DEDICATION ...ttt ettt ettt et sae et e eate st e enseeseesseenseeneesseenseeneens v
ACKNOWLEDGEMENTS ...ttt sttt st A%
NOMENCLATURE ...ttt ettt e e e s neeene e vii
TABLE OF CONTENTS ..ottt s XXVil
LIST OF FIGURES ...ttt ettt ettt eneenaeens XXX
LIST OF TABLES ... .ottt sttt XXxiil
CHAPTER I INTRODUCTION .....ociiitiiiieieciieieee ettt 1
CHAPTER II WATER INTEGRATION IN INDUSTRIAL ZONES: A SPATIAL
REPRESENTATION WITH DIRECT RECYCLE APPLICATIONS .....cccceeiiivieienee 3
TL 1. INErOAUCLION ..ttt sttt st 4
I1.2. Literature REVIEW .......ccciiiiiiiiiiiiiiie ettt s 5
I1.2.1 Local Water Integration Methods............cccooviiiiiiiiieiiieniiciieie e 5
I1.2.2 Global (Inter-Plant) Water Integration Methods ............cccveeviieeniieeniieeieens 8
I1.3. Water Integration Framework ...........ccccoooieiiiiiiiniieiiecieeeecc e 12
I1.4. Research Problem DIimensions.........ccc.eeiuiiiieniiiiiienieeiiesee e 14
I1.4.1 Water Source-Sink Targeting and Allocation............ccceecveeveienieiiiienieenieennens 15
I1.4.2 Water Piping: Routing and Connectivity.........cceeevveeecuieeriiieeniiieesieeeeveeeiveens 16
IL.5. Industrial City Representation...........c.c.eecuierieeiiienieeiiiesie et 17
I1.5.1 Layout deSCTIPION ...cccuvviiieiieeiiieeiieeeiieeeieeeeieeeeaeeesveeesveeessaeeeseseeesseeenneens 17
I1.5.2 Routing and Piping Connectivity OPtionS.........cocvereeevierieneenienieneeieseenneenne 19
I1.6. Shortest Paths Between Water Sources and Sinks ........c.ccoccevvivieieeieniencnniennen. 24
I1.6.1 Dijkstra’s Algorithm EXECUtion.........cccooviiiiiiiieiiienieeiieee e 26
I1.7. Water Integration Problem Statement and Mathematical Formulation................ 28
I1.8. Case Study IUSIration .........c.ccoeiiiriiniiiinieeeeet et 34
I1.8.1 Single Contaminant Considered ............covveeieerieiiiienieeieerie e 41
11.8.2 Multiple Contaminants Considered ............coceeverieneriiinienieienienecieeeceeane 45
I1.8.3 Interplant Network Cost COMPATiSON .........ecueeeveeruieeieeiieeieeieeeveereeeereeeeens 48
11.8.4 Un-integrated vs. Integrated Water Consumption Comparison ..................... 52

XXVvil



T1.9. CONCIUSIONS ..ceeveeeeeieeeeeeeeeeeeeeeeeeeeee ettt ee e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaees 54

CHAPTER III' A SYNTHESIS APPROACH FOR INDUSTRIAL CITY WATER
REUSE NETWORKS CONSIDERING CENTRAL AND DISTRIBUTED

TREATMENT SYSTEMS ...ttt 56
TIL 1. INEOAUCTION ...ttt ettt st 57
II1.2. Synthesis Problem ..........ccoooiiiiiiiiiiiice et 61
II1.3. Water Integration Framework with Treatment Options Introduction.................. 64

II1.3.1 Source-Interceptor-Sink AllOCAtION ........c.ccceuvieeiiiieriiieeiie e 65
I11.3.2 Water Piping: Routing and Connectivity Planning.........c..cccceevevcvenennicnnnne 68
II1.4. Problem Statement & Mathematical Formulation ..............ccoccoiiniiiiiniinnn. 71
[I1.4.1 Model FOrmulation.............ccoeevuerieriiienienieeieseesieeeeeteeeee e 71
II1.4.2 Pressure Drop Calculations ............cccvveeiiiieiiiesiieecie e 79
IT1.4.3 TMPIeMENTATION. ....cctieiiiieiieeie ettt ettt tee s eebeesareesaesaneas 81
II1.5. Case Study HTUSTration ........ceeeeiiieeiiieeiie et 81
II1.5.1 Wastewater Information and Case Study Parameters .............ccceevueerneennens 89
II1.5.2 Case Study ReSUILS.......ccccuiiiiiieeiieeeee ettt e 94
IT1.6. CONCIUSIONS ...ttt sttt sttt e sbe et e 117

CHAPTER IV OPTIMAL INTERPLANT WATER NETWORKS FOR
INDUSTRIAL ZONES: ADDRESSING INTERCONNECTIVITY OPTIONS

THROUGH PIPELINE MERGING .......cooiiiiiiiiiiieieeeeeeeeee e 118
IV 1L INEOAUCHION ...ttt 119
IV.2. Background and Synthesis Problem ...........ccccoociiiriiiiniiiiiiece e, 124
IV.3. MEthOAOIOZY ....oonviieiiieiiectiee ettt et et 127

IV.3.1 Forward Branching Scheme............ccccooviiiiiiiiiciiiece e 130
IV.3.2 Backward Branching Scheme ............cccoccuiiviiiiieiiiniieeeceeee 131
IV.4. Problem Statement and Mathematical Formulation.............cccccocoiiiiniinnenee. 133
IV.4.1 Forward Branching Formulation............cccocceiiiiiiiiiiiniiieeeeeeee 136
IV.4.2 Backward Branching Formulation ..............cccoceveeviiiniieiieniiciieie e, 142
IV.4.3 Problem Implementation.............coceeriieiiieniieiienie e 148
TV.5. Ca8€ STUAY ouvtieeiiie ettt et et e et e et e e eaaeeeaeeas 148
TV.6. CONCIUSIONS .....oiiiiiiiiiieeiiee ettt et ree et e e sabe e eeaseeeaseeeneeas 172

CHAPTER V PIPELINE MERGING CONSIDERATIONS FOR THE SYNTHESIS
AND DESIGN OF INTERPLANT WATER NETWORKS WITH WASTEWATER

TREATMENT, REGENERATION AND REUSE ......cccoiiiiiiiiiieeseeceeeeene 174
V.1 INtOAUCTION ..ottt ettt et as 175
V.2. Research Background............ccceeiiieiiiiniiiiieiecieeieeie e s 176
V.3. Methodology and Problem Formulation ............cc.cceceeoiniininiinnninicniceene 177

V.3.1. Forward Branching SCheme .............ccccovviiiiiieiiiiniiciecieceeeeee e 178
V.3.2. Backward Branching Scheme.........c..ccccooiiiiniiiiniiniiiicceccccen 185

XXviii



V.3.3 IMPIemMENtation.......cocueieiieiieeiieiie ettt ettt ettt sae et ee e ebeesabeeaee e 199

V4. THustrative Case STUAY.....c.eeeeiviriiiiieeeiie ettt eaee st eessaeeessveeennee s 199
V.5, CONCIUSIONS ...ttt et e et e e e et e e e e eetaeeeeeeareeeeeenraeeeeeans 218
CHAPTER VI SUMMARY ..ottt eaae e e eeaes 219
REFERENCES ... ..ottt e e e et e e e e eaae e e e eetaaee s 220

XXiX



LIST OF FIGURES

Page

Figure 1. Water re-use concept on a local vs. global level...........cccooeviiniiiinincnnnnnn. 14
Figure 2. Required input, stipulated output and research problem dimensions............... 15
Figure 3. Required input, stipulated output and research problem dimensions............... 19
Figure 4. Piping Connectivity OPtiONS.......cueeeriieeiieeeiiiieeiieeeieeesieeesaeeesveeessaeeessseeennes 20
Figure 5. Piping Connectivity illustrated for Figure 3’s Small-Scale Illustration............ 23
Figure 6. Industrial City Case Study Layout, with Type 1 connectivity mesh

TTUSTEALEA ...t 35
Figure 7. Industrial City Layout (Fresh and Waste mains positioning

switched), with Type 2 connectivity mesh illustrated ...........cccceoerviniineennenn 37
Figure 8. Optimum network cost comparison based on contaminant

Information for all CASES ......c.evvuirieriiiiiiiieee e 50
Figure 9. Best solution amongst all single contaminant cases (Case 4).........c.cccceeveenneee. 51
Figure 10. Best solution amongst all multiple contaminant cases (Case 4).................... 52
Figure 11. Wastewater treatment options illustrated (a) centralized treatment

scenario and (b) decentralized treatment SCENATIO...........cocvveeeveeerveeerreeeerene, 67
Figure 12. Active and Inactive regions categories illustrated, together with an

input prototype with water treatment introduced............cccceeeviiiriiniiienienene. 70
Figure 13. Industrial City Layout, with Type 1 connectivity mesh illustrated ................ 83
Figure 14. Industrial City Layout, with Type 1 connectivity mesh illustrated ................ 85
Figure 15. Example Solution Illustrated for Case 2.........ccccveeviiieviieeniieeciee e 109
Figure 16. Example Solution Illustrated for Cases 4 and 6...........cccccoceevuerieneinennicnnene 110
Figure 17. Example Solution Illustrated for Cases 8 and 9.........c.cccceevvvevvieciienieenenne. 111
Figure 18. Example Solution Illustrated for Case 10.........ccceverriiniininiiniineiienicneene 112

XXX



Figure 19. Example Solution Illustrated for Case 10.........ccceveriienieniniiinieneeienienene 113

Figure 20. Typical output of a source-sink mapping activity, for the design of
interplant water NetWOTKS .........cccveiiiiiiiiiiieee e 125

Figure 21. An unmerged pipeline connectivity demonstration for a given water
source, distributing water to several nearby water Sinks............c.cceeeveerrennen. 128

Figure 22. An unmerged pipeline connectivity demonstration for a given water
sink, receiving water from several nearby water SOUICeS .........cccceeveruervuenenens 129

Figure 23. A merged pipeline connectivity demonstration via forward
branching, for a given water source, distributing water to several
NEATDY WALET SINKS ...cuvviiiiiieiiiieeiieeeiie et et e et e et e e e eee e s aeeesbeeesabeeesaaeeenes 130

Figure 24. A merged pipeline connectivity demonstration via backward
branching, for a given water sink, receiving water from several

NEATDY WALET SOUICES. ...eutietreeutiereieetieniteeteesereeseessreeseessseaseassseenseesssesnseassnes 131
Figure 25. Node level illustration (for both forward and backward branching) ............ 133
Figure 26. Industrial Zone arrangement for Case Study .........c.ccoceeevienciieiieniieiniieneene, 150
Figure 27. Case 1 unmerged interplant network solution illustrated .............ccceeuneenee. 161
Figure 28. Case 2 unmerged interplant network solution illustrated ..............ccccecueneee. 162
Figure 29. Case 3 unmerged interplant network solution illustrated .............ccceeueeenee. 163
Figure 30. Case 4 unmerged interplant network solution illustrated ..............cccceeueneene. 164

Figure 31. Case 1 interplant piping illustrated after merging, via forward

DIANCHING ..ottt ettt ettt s 166
Figure 32. Case 2 interplant piping illustrated after merging, via forward

DIANCHING ..ottt ettt et ettt s 167
Figure 33. Case 3 interplant piping illustrated after merging, via backward

DIANCHING ...ooiiiiiieiieciiee ettt ettt et e e e ebee e 168
Figure 34. Case 4 interplant piping illustrated after merging, via backward

DIANCHING ..ottt ettt 169
Figure 35. Case Study Layout........ccceeeiiiiiiiiieiiieeiieeeeee e e e 200

XxXx1



Figure 36. Forward pipeline branching with 90° pipe bending illustrated

(O TS 1 TSRS 204
Figure 37. Forward pipeline branching with 90°, 45° and 135° pipe bending

TTUSTIAtEd (CASE 2) .uvieeiiiieeiieeeiie ettt ettt e e b e e eve e eareeenaees 205
Figure 38. Backward pipeline branching with 90° bending illustrated (Case 3)............ 206

Figure 39. Backward pipeline branching with 90°, 45° and 135° pipe bending
HIUSIIAtEd (CASE 4) ...t e e 207

XXXxil



LIST OF TABLES

Page

Table 1. Connectivity Existence based on node coordinates .............cceceeveereenierieneennens 22
Table 2. Case 1,5 shortest distance data extracted and total number of edges using

right-angled pathways within corridors (Original Layout)........c..cccceevveveennnne. 38

Table 3. Case 2,6 shortest distance data extracted and total number of edges using
right-angled pathways within corridors (Switching positioning of Fresh and
WaASEE IMAINS) ..eeeueiieeiiieeiiee ettt et e et e et e e e aeeensaeesnaeeesnseeensseeesseeensseens 38

Table 4. Case 3,7 shortest distance data extracted and total number of edges using
diagonally integrated pathways within corridors (Original Layout) ................ 39

Table 5. Case 4,8 shortest distance data extracted and total number of edges using
diagonally integrated pathways within corridors (Switching positioning of
Fresh and Waste Mains) ......c..ccocviieiieeiiiiceieeceeeeeee e e e 40

Table 6. Single Contaminant Source and Sink Data ............ccccceeeviiiiiiiiniiieeieeeee e, 42

Table 7. Optimum Piping Cost Source-Sink mapping Implementation obtained for a
SINGIE CONEAMINANT ....eeeevieeeiiieeeiieeetieesieeesteeesaeeesereeeeaeeesaeeesseessneessseeesneens 43

Table 8. Pressure drops obtained in pipes for cases assuming a single contaminant

SCRIMATIO ..ttt et et et et et e et e ehteeab e e sbeeeab e e beeeabe e beeeabe e bt e sabeebeesateanbeeeneeenes 44
Table 9. Multiple Contaminant Source Data............cccocvveeviieriiiiiienieeiiee e 45
Table 10. Multiple Contaminant Sink Data ...........ccccccveeiiiiiiiiieciiece e 45

Table 11. Optimum Piping Cost Source-Sink mapping Implementation obtained for
MUItIPle CONTAMINANTS........cciiieiiiieeiie et et e e e e saeeeeeaee s 46

Table 12. Pressure drops obtained in pipes for cases assuming a multiple contaminant

SCRIMATIO .ttt et ettt et ettt et ettt et e e bt e e et e e sbeeeabeebbeeabe e beeeabeebeesateenbeeeneeeneee 47
Table 13. Summary of total costs obtained for all Cases..........ccceverviervieneniiiniincncicnens 49
Table 14. Single vs. Multiple Contaminant Water Savings ............cccecvevveerieenveeireenneans 53

Xxxiii



Table 15. Shortest distance data extracted and total number of edges that are
associated with right-angled pathways within corridors for water source and
SINK 10CALIONS ...oueiiniiiiieiiieiecee e 86

Table 16. Shortest distance data extracted and total number of edges that are
associated with right-angled pathways within corridors, for central and de-
central water treatment l0CAtIONS ..........eevuiiiiierieiiierie e 86

Table 17. Shortest distance data extracted and total number of edges that are
associated with diagonally integrated pathways within corridors for water
source and SINK 10CATIONS .......evueeriiiiiriiiieieeie e 87

Table 18. Shortest distance data extracted and total number of edges that are
associated with diagonally integrated pathways within corridors, for central
and de-central water treatment..............ccooueiiieriiiiiinieeee e 88

Table 19. Flow and composition water source data for cases considering a single
CONAMINANT ONY 1eveviiiiiieeiiee ettt etre et e e s e e sbeeesebeeesaseeennneeens 90

Table 20. Flow and composition water source data for cases considering multiple

CONTAMNINANES ...ttt ettt ettt e st e e bt e sateebeesabeebeesabeenbeesnseenns 90
Table 21. Flow and composition water sink data............ccccoerieriienieniiiinienieeeeeie e 91
Table 22. Contaminant removal ratios and cost of respective treatment scenario........... 92
Table 23. Case Study Parameters..........cccoevieeiiiiiieeiiienie ettt e 93
Table 24. Case DESCIIPIIONS........ccccvieiitieeiiieerteeesteeerteeesreeetreessaeeesseeessseeessseesnsseeensseens 95

Table 25. Optimum Source-Interception-Sink mapping implementation obtained for
CaSeS 1,3, 4 aNA O .uueeveiiiiieeeeeeeeee e 97

Table 26. Optimum Source-Interception-Sink mapping implementation obtained for
S 2, 5 ettt ————————————————————————————————————————————————————————————— 98

Table 27. Optimum Source-Interception-Sink mapping implementation obtained for
CASES 7, 10 ittt —a———————————————————————————————————— 98

Table 28. Optimum Source-Interception-Sink mapping implementation obtained for
Cases 8,9, 11 AnNd 12 ....eueiiiiiiiiiieiiieeieeeeeeeee ettt aesaeeaaaeeesaeessnenanes 99

Table 29. Optimum Source-Interception-Sink mapping implementation obtained for
Cases 14 and 17 ..c.ooiiiiiiiiiiiee s 100



Table 30.

Table 31.

Table 32.
Table 33.
Table 34.
Table 35.
Table 36.

Table 37.

Table 38.

Table 39.

Table 40.

Table 41.

Table 42.

Table 43.

Table 44.
Table 45.

Table 46.

Table 47.

Optimum Source-Interception-Sink mapping implementation obtained for

Cases 15 and 18 .....ooiiiieie e 100
Optimum Source-Interception-Sink mapping implementation obtained for

Cases 20,21, 23 and 24 ......eeeeeeeeeeeeeeeeeeeee e 101
Summary of costs using lower end concentration data............ccccevveevernenen. 105
Summary of costs using higher end concentration data.............cccceecvveernnennn. 107
Summary of pressure drop values..........ccoccveviieiiieniiiiienieceee e 116
Multiple Contaminant Source Data..........cccceeeveeeiiiiiiiieniieeciee e 152
Multiple Contaminant Sink Data ...........ccoecieriiiiiiiiiiiiieeiiee e 152

Optimized distances (km) and flows (t/h) associated with Forward
Branching, using multiple contaminant information (Case 1).......c..ccccceeene.e. 154

Diameters (m) associated with Forward Branching, using multiple
contaminant information (Case 1) .......ccceevviiieiiieeiiie e 155

Optimized distances (km) and flows (t/h) associated with Backward
Branching, using multiple contaminant information (Case 3).........c.cccveeuens 157

Diameters (m) associated with Backward Branching, using multiple
contaminant information (Case 3) .......ccceeeviieriieeciie e 159

Cost summary of all scenarios investigated with pipeline merging and a
comparison of the network cost obtained before and after pipeline merging. 170

Water Sink and Source Data ...........coouieiiiiiiiiiiniieeeeeeee e 201
Wastewater treatment parameters in terms of pollutant removal ratios, and

COSES -ttt ettt ettt ettt e ettt et e et e e bt e e bt e e bt e e bt e e et e e st e e e b et et e e it e e e anees 202
Water allocation obtained for Cases 1-4 .........ccccooeviiveniiiniineniieniceeeee 208
Summary of Costs obtained for Cases 1-4.........ccceevveeeiieenieeeeie e, 209

Summary of flowrate distribution obtained for forward branching scenarios
(O TS 1 1 16 1) TR 210

Summary of flowrate distribution obtained for backward branching
scenarios (Cases 3and 4)......cceevieeiieiieeiieeie ettt 212

XXXV



Table 48. Pipeline length and diameter segments obtained for forward branching
SCENATIO, CASE 1 evvvviiiiiiiiiiieiieeeeee et e e e e s e et e e e e e e s e eennaees 213

Table 49. Pipeline length and diameter segments obtained for forward branching
SCENATIO, CASE 2 .vvvvivviiiiieeieieitiee et e e e eetee e e e e e e e et r e e e e e e e s sesabbaeeeeeeeesssnnnanes 214

Table 50. Pipeline length and diameter segments obtained for backward branching
SCENATIO, CASE 3 .eeeviiiiiiiiiiieeieteeeeee ettt e e e e e e e e e e e e s eessbtaeeeeeseseeeennanes 216

Table 51. Summary of flowrate distribution obtained for backward branching
SCENATIO, CASE 4 ..eevvveeiiee oottt e e e et e e e e e s e et baeeeeeeeeseennnaees 217

XXXVi



CHAPTER I

INTRODUCTION

Industrial water and wastewater management is a research priority in many
regions, due to the global increase in various water-intensive industrial activities.
Wastewater reuse certainly alleviates the depletion of available freshwater sources that
are present around industrial areas. Wastewater reuse also helps reduce the excessive
waste quantities being discharged into natural water bodies. Many industrial sites that lie
in proximity to coastal areas involve large volumes of unused wastewater being diverted
back into the sea, which negatively impacts aquatic life. Identifying appropriate
wastewater treatment alternatives is also of significant importance due to the stringent
discharge limits being imposed on industrial wastewater, as well as the strict effluent
standards that industries are expected to adhere to. Potential opportunities for industrial
wastewater reuse would absolutely vary from one industry to another, depending on a
number of important factors such as the quantity and quality of wastewater produced.

Therefore, one of the main aspects of this research is the development of an
effective methodology that assists in determining efficient wastewater reuse practices in
accordance to produced wastewater qualities, within industrial sites. The concept of an
eco-industrial park (EIP) has also been utilized in this context, for the integration of on-
site water resources. For instance, several wastewater-producing operations that exist
within a number of industrial facilities can be identified as appropriate to partially or

exclusively satisfy a number of coexisting water-consuming operations, by matching



their corresponding flows and water qualities. Moreover, wastewater treatment
opportunities can also be introduced whenever found necessary. Several different
options for the selection of appropriate treatment technologies, as well as the efficient
placement of corresponding treatment facilities, have also been incorporated as follows:
(1) the possibility of a cluster of processing establishments sharing a common treatment
facility (centralized), (2) the possibility of placing a treatment facility as an individual
entity that belongs to a particular industrial site (decentralized).

Moreover, the main components relevant to the effective planning and design of
macroscopic water networks have been captured in this work with a focus on the
following aspects: (1) existing processing facilities, water consumption and wastewater
production capacities, (2) site locations and the spatial distribution of all site entities that
entail water use or production, and (3) common infrastructure boundaries, such as the
existence of industrial corridors that can be utilized for water transportation. A structured
representation has been developed to effectively capture the spatial elements of the
problem. Hence, the proposed framework unifies water integration and network design
approaches by identifying and exploiting optimal synergies for wastewater minimization
and reuse across several processes within an industrial complex. Moreover, the
methodology allows cost-effective interplant water reuse and treatment network designs
to be identified, by implementing a systematic approach for interplant water network
synthesis and design. Additional considerations that account for pipe merging scenarios

have also been incorporated.



CHAPTER II
WATER INTEGRATION IN INDUSTRIAL ZONES: A SPATIAL

REPRESENTATION WITH DIRECT RECYCLE APPLICATIONS*

This work introduces a representation of spatial aspects in water integration
problems within industrial zones, which can be applied to problems involving any type
of water integration strategies. The representation is flexible and takes into consideration
the respective plant locations, and any barriers that exist in between. Moreover,
industrial city corridors that are allocated for water transport have also been accounted
for. This allows effective water integration and matching amongst available water
streams using a spatially constrained approach that utilizes the shortest path options
available. The proposed representation has been illustrated using direct recycling
integration strategies, which in turn are commonly recognized to employ the simplest
techniques for water integration, as a first instance. A case study involving several water
using and producing processes that belong to a group of plants all operating in a
common industrial zone has been carried out as a demonstration, and several different
scenarios have been studied. In doing so, cost effective water network designs that
involve attractive wastewater reuse schemes amongst adjacent and nearby processing
facilities have been identified, while considering the spatial constraints of water

transport.

*Reprinted with kind permission from “Water Integration in Industrial Zones — A Spatial Representation
with Direct Recycle Applications” by Sabla Alnouri, Patrick Linke, and Mahmoud El-Halwagi. Clean
Technologies and Environmental Policy. Volume 16, 1637-1659. Copyright 2014 by Springer.
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II.1. Introduction

The use of water is essential in numerous industrial applications. However,
freshwater is turning into a scarce and valuable resource as a result of the rapid growth
in global water consumption. Moreover, wastewater streams have turned into a
predicament in many industrial processes, as a result of the increasingly stringent
environmental regulations pertaining to its discharge. Due to potential saving
opportunities foreseen as a result of wastewater reuse that can partially replace
freshwater consumption, the concept of wastewater treatment, recycling and re-use in
processing facilities has received considerable attention throughout the past four
decades. Generally speaking, previous work that involves wastewater reuse outlooks
dates back to the 1970’s (Carnes, Ford et al. 1973; Hospondarec and Thompson 1974;
Skylov and Stenzel 1974; Sane and Atkins 1977),in which attempts that involve
treatment and reuse of wastewaters within freshwater-consuming processes have been
considered. Additionally, specific water management theories, schemes and concepts
have been discussed. As of today, efforts directed towards the design and retrofit of
water networks that consider wastewater treatment, recycling and distribution are being
successfully implemented in numerous processes through the application of existing

water integration methodologies.



I1.2. Literature Review
11.2.1 Local Water Integration Methods

The application of mathematical and computer aided optimization techniques for
the design of wastewater treatment systems has been applied in previous water
integration studies. (Mishra, Fan et al. 1975; Takama, Kuriyama et al. 1980). For
instance, Takama et al. (1980) relied on the use of mathematical programming tools to
optimize a superstructure for the distribution of water streams in a petroleum refinery.
Eliminating irrelevant and uneconomical connections from the superstructure helped
condense the problem, and thus limit the number of water allocation options available
within the process.

By the end of the 1980’s, the concept of synthesizing mass exchanger networks
(MENS), as well as the development of systematic tools for their optimal design was
introduced and applied by El-Halwagi and Manousiouthakis (1989a; 1989b, 1990a,
1990b) which involves an analogous philosophy that is used for creating heat exchanger
(Linnhoff and Flower 1978; Linnhoff and Hindmarsh 1983). The idea of obtaining the
cumulative mass exchanged in relation to contaminant composition for a set of rich and
lean streams, then applying a pinch analysis to enable the identification of rigorous
targets for Mass Separating Agents (MSAs) for a single component, as well as
economical MEN solutions using the same targets. The work was then extended to
incorporate multicomponent targets (El-Halwagi and Manousiouthakis 1989b), as well
as the integration of regeneration networks within MEN designs (El-Halwagi and

Manousiouthakis 1990b). Wang and Smith (1994a, 1994b) proposed a theoretical



methodology that is aimed towards maximizing water reuse in process industries for
both single and multiple contaminants, in which constraints such as minimum mass
transfer driving force, fouling and corrosion limitations can be specified. Moreover,
water regeneration opportunities were also identified via a targeting stage.

Since then many subsequent developments for water targeting and maximum
water reuse have been attempted. For instance, Dhole et al. (1996) presented a targeting
approach for networks that involve fixed flowrate operations. Studies that account for
water effluent treatment, as well as interactions between water reuse and wastewater
treatment were also conducted (Kuo and Smith 1997; Kuo and Smith 1998). Doyle and
Smith (1997) presented a superstructure optimization approach for targeting water reuse
in which multiple contaminants are involved, and a special iterative procedure is used to
solve the problem. Olesen and Polley (1997) developed a procedure for water network
design involving simple direct water re-use, water draw-off, and regenerated water re-
use. Alva-Argéez et al. (1998) introduced a decomposition scheme that utilizes a
recursive technique, for a superstructure optimization model that includes all the
possible features of a water network design. A network featuring minimum total
annualized cost can be found where the complexity of the network structure is under the
control of the designer. Savelski and Bagajewicz (2000) investigated the necessary
conditions associated with optimal water allocation planning (WAP) problems, as well
as consider wastewater reuse by minimizing the total water intake based on a single
contaminant. Hallale (2002) introduced a graphical method for obtaining freshwater and

wastewater targets by constructing water surplus diagrams, that are analogous to the



grand composite curves utilized in heat integration pinch studies. El-Halwagi et al.
(2003) presented a rigorous graphical targeting approach that minimizes freshwater
consumption by means of direct recycling schemes using mixing and segregation
principles. Manan et al. (2004) estimated the minimum water target using the water
cascade analysis (WCA) technique, which is a numerical alternative to the graphical
water targeting technique and can quickly yield an accurate estimate of the minimum
water target, the pinch-point locations, and the water allocation target for maximum
water recovery. Almutlaq et al. (2007) developed a systematic non-iterative algebraic
approach that identifies rigorous targets for minimum usage of impure fresh resources,
and minimum discharge of waste by identifying these targets without any obligations to
the design details of the water allocation network. Prakash and Shenoy (2005) adopted a
methodology that utilizes the nearest-neighbor principle to design networks with a
minimized consumption of freshwater for fixed contaminant load, and fixed flow rate
scenarios. Moreover, there exist many other contributions addressing water reuse that
Foo (2009) subsequently detailed in a review paper.

Later and more recent studies concerning Water Allocation Problems (WAPs)
have also been made, due to the growing interest for achieving sustainability within
industries. De Faria et al. (2009) developed a non-linear program (NLP) model targeting
the minimization of freshwater consumption and/or operating costs. The solutions were
achieved using a two-step procedure in which the cost was optimized while fixing a
previously obtained minimum freshwater consumption target. Poplewski et al. (2010)

utilized a mixed-integer linear programming (MILP) model for a water network



superstructure that could account for the presence of multiple contaminants. The study
applied certain extensions to the standard formulation by enabling the exploration of
various performance indices, as well as imposing conditions on continuous variables and
network topology. In all methods that have been detailed above, much of the focus has

been on a local level, i.e. within a single operating industrial facility.

11.2.2 Global (Inter-Plant) Water Integration Methods

Larger-scale problems that involve water integration across multiple operating
facilities were then attempted, in which very similar principles that have been applied on
a local water integration level were also utilized. Such problems are often referred to as
Interplant Water Integration (IPWI) problems, as described by Chew et al. (2008). In the
long run, achieving effective water integration amongst multiple coexisting plants would
eventually call for the establishment of a setting that resembles an Eco-Industrial Park
(EIP), which involves a cluster of several industrial processes operating in
harmony(Cdoté and Hall 1995; C6té and Cohen-Rosenthal 1998). The processes need not
be part of the same establishment or organization, but would usually share certain
common resources or infrastructure facilities. EIP’s are primarily designed in a way that
would induce various integration options for water, energy and other materials. The
participation of multiple facilities would need to offer attractive economic advantages
over having stand-alone un-integrated processes running simultaneously (Gertler 1995).

EIP problems for managing industrial water were attempted previously in some

studies, and were solved using a variety of mathematical programming techniques: NLP



(NonLinear Programming), MILP (Mixed-Integer linear Programming), and MINLP
(Mixed-Integer NonLinear programming). Chew et al. (2008) studied the various
opportunities for Interplant Water Integration (IPWI) problems, and both MILP and
MINLP models were formulated to obtain global solutions for direct and indirect
integration scenarios. Liao et al. (2007) investigate the design of flexible multiple plant
water networks in terms of operating flexibility and cost, and combines both pinch
techniques and mathematical programming. The number of cross plant interconnections
was an important parameter in the water minimization problem. A MILP model was
proposed for the design of flexible water networks of individual plants, which can be
applied to fixed contaminant and fixed flow operations, while being limited to a single
contaminant. Lovelady and El-Halwagi (2009) developed an optimization-based
approach for water allocation amongst multiple processes in a common EIP facility. A
source-interception-sink structural representation was used to embed all potential
configurations, by accounting for direct recycling, as well as options for water treatment
in interception units. Lim and Park (2009) reported a nonlinear programming method
that remodeled a conventional industrial park as a green eco-industrial park, in which the
objective function was to minimize the total consumption of industrial water. Aviso et al.
(2010a, 2010b) presented models for optimizing water and wastewater reuse amongst
several independent plants within an eco-industrial park setting. Moreover, identifying
optimal network designs which were able to satisfy the objectives of participating plants
were handled through fuzzy mathematical programming (Aviso, Tan et al. 2010a). Kim

et al. (2010) introduced a systematic approach to optimize the utility network of an



industrial complex with both economic and environmental considerations. The proposed
approach consisted of unit modeling using thermodynamic principles, mass and energy
balances, as well as the development of a multi-period Mixed Integer Linear
Programming (MILP) model for the integration of utility systems in an industrial
complex. Later on, Chew et al. (2010a, 2010b) utilized a new algorithm for targeting
minimum freshwater use and waste discharges for an interplant resource conservation
network (IPRCN). Taskhiri et al. (2011) presents a mixed-integer linear programming
(MILP) model for interplant water network synthesis that involves minimizes the
emergy of the network, by accounting for environmental impacts of water use, energy
consumption, and capital goods within an EIP setting. Rubio-Castro et al. (2011) studied
water integration in eco-industrial parks, using a superstructure representation that
accounts for wastewater reuse both within the plant, as well as amongst different plants.
A global optimal formulation was utilized to solve the problem. Later on, Rubio-Castro
et al. (2012) examined ways to retrofit existing water networks from different plants
within the same industrial zone, by accounting for both intra-plant and inter-plant
structural modifications, using a MINLP model. Boix et al. (2012) utilized an MILP
formulation for designing an Eco-Industrial Park (EIP) for three different EIP
regeneration scenarios, based on the necessary conditions of optimality defined by
Savelski and Bagajewicz (2000). More recently, Lee et al. (2013a) developed a two-
stage optimization approach for inter-plant water network synthesis, for processing units

that operate in a mix of both continuous and batch modes.
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One of the major shortcomings of applying the existing methodologies is the
inability to effectively capture industrial city layouts by locating the various plant
arrangements, as well as any barriers and obstacles that affect water transport. Moreover,
industrial cities have defined infrastructure boundaries that are available for water
transport, more commonly known as service corridors. Due to the problem dependence
on the layout of the industrial zone being investigated, accounting for the spatial aspects
of the industrial zone provides the necessary information that can allow effective
planning and structuring of piping and connectivity amongst the various plants. Even
though most of the studies describe the problem as a water minimization problem, piping
costs were considered an important aspect that needs to be appropriately addressed for
designing cost effective interplant water networks. Previous studies that do account for
piping in their objective function (Rubio-Castro, Ponce-Ortega et al. 2011; Boix,
Montastruc et al. 2012), often rely on simplifying computations associated with pipe
costing usually by assuming piping segments to be equal in length, or associated with a
constant parameter that would reflect either intra presence (within a single plant) or inter
presence (amongst several neighboring plants). Moreover, pressure drops in pipe
segments are often disregarded, since they greatly depend on how the piping is
structured. As a result, accounting for spatial constraints for water transport is inevitably
essential. This work will address such limitations that have been reported, in an attempt
to demonstrate the application of water allocation problems within industrial cities from

a slightly different context.
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I1.3. Water Integration Framework

It has been shown that freshwater use, as well as wastewater generation can be
minimized through the application of conventional targeting and direct recycle
techniques. As mentioned in the introduction of this paper, there exist common methods
and practices for water integration through direct recycling that have been developed
over the past 20 years. Such methods would naturally require a fundamental
understanding of the global water flow in a typical process for effective identification of
performance targets. Generally speaking, the design objective in water-using networks is
to minimize freshwater consumption by maximizing water reuse. Smith (2005) discusses
several water system design scenarios for water integration: (1) water re-use, (2)
regeneration re-use, and (3) regeneration recycling. All water system designs go from a
linear scenario, which would naturally involve freshwater being is used in all operations,
to a more effective circular design for which freshwater consumption is reduced through
process water recycling. Introducing regeneration units that can reduce the amount of
contaminants present in wastewater as indicated in the second and third scenarios can
permit additional recycling of process water, especially highly contaminated streams.
This could help achieve further reductions in external freshwater utilization, even though
additional water treatment expenditures are involved.

Similarly, and in the context of macroscopic water reuse, Chew et al. (2008)
described two different schemes for interplant water integration (1) a direct integration
scheme in which water sources are directly integrated with water sinks existent within

different plants, and (2) an indirect integration scheme that involves the utilization of a
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centralized system for utilities amongst all plants. Figure 1 (a) & (b) illustrate the
existing direct water recycling concept discussed by Smith(2005), on a local level.
Figure 1 (c) & (d) illustrate an analogy of the same concept from a macroscopic ‘direct
integration’ perspective. Therefore, in an attempt to expand the scope of water
integration problems, this paper focuses on the optimal spatial allocation of water
streams amongst various water-using and wastewater producing facilities in multiple
plant facilities, so as to achieve attractive matching of water streams within an industrial
zone. The devised approach involves the application of direct recycling as the sole water
integration strategy for a first instance, as an illustration, since it offers the simplest
techniques for water integration. However, the proposed methodology can be applied to
more complex problems involving any form of water integration, while simultaneously
addressing the spatial aspects of the problem, while seeking potential opportunities for
wastewater re-use amongst multiple processing facilities all existing and running

simultaneously in a given industrial city region.
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Figure 1. Water re-use concept on a local vs. global level

I1.4. Research Problem Dimensions

The development of a strategic macroscopic optimization framework for water

networks through direct recycling within an industrial city was carried out whilst taking

into consideration the following dimensions, as illustrated in Figure 2.
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I1.4.1 Water Source-Sink Targeting and Allocation

This stage necessitates the utilization of water integration direct recycle

techniques, as it has been pointed out in the section discussed previously, so as to

identify plausible water allocation strategies within a defined Industrial city/zone. The

various water users (Sinks) and water discharges (Sources) within the different plants

operating on-site need to be specified, in addition to water input data in the form of flow

and contaminant concentrations. Water users need to be associated with maximum

specifications for acceptable contaminant levels in order to ensure that tolerable
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contaminant quantities are not exceeded. Subsequently, having identified and obtained
all required data, a source-sink allocation problem can be established to deliver plausible
options for the assignment of certain water discharge streams to supply certain water
users amongst all industrial city processing facilities that are involved. In addition to the
identification of feasible source-sink allocation strategies, target limits for the minimum
use of freshwater across all plants, as well as the minimum water discharge, will also be

obtained.

11.4.2 Water Piping: Routing and Connectivity

This stage will focus on the formulation of a water transportation problem. This
involves developing a planning model that is capable of minimizing the required total
piping costs and construction expenses, for achieving desirable water integration
schemes. It is important to obtain information on water source & sink locations within
individual processing facilities, for which routing to and from can be provided.
Moreover, proper identification of common service corridor availability, as well as
access points for water sources and sinks within individual plants are essential for a
convenient water transportation strategy amongst the different plants, and were
considered and manifested in the solutions obtained. On another note, this work only
considers the option of constructing a separate pipe associated with each source-sink
allocation identified for water re-use. Information for pipe materials, as well as standard
pipe diameter availability was utilized to help reflect a practical scenario. Moreover, the

number of pipe bends and elbows based on the routing between corridor spaces were all
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obtained, so as to provide estimations for the pressure drops associated with water

transportation.

IL.5. Industrial City Representation
11.5.1 Layout description

A simple representation that can be used to specify any industrial city layout was
defined, from which source/sink locations, corridor availability, and barriers that need to
be considered whilst routing the water transportation could all be extracted. An equally
spaced grid was employed to define the industrial city terrain that can be of any size.
Depending on the grid spacing used, manifold uniformly-sized regions of equal area are
obtained, which are then used to assemble the overall layout. Each of the regions
encompassed in the industrial city zone can be assumed to be one of the following: (1)
individual processing plants, (2) water sources and sinks, (3) service corridors available,
(4) access ports within each plant that connect sources/sinks to available corridors, and
(5) obstructions or barriers within the layout for which no infrastructure is assumed to be
provided. A single plant area can involve either water sources, sinks, or a combination
of both, depending on what the facility is defined to produce or consume. Each source/
sink contained within a plant is accompanied with a certain location defined within the
plant boundaries. The presence of corridors and access ports in the layout were
considered essential in order to facilitate the water transportation, since all routes would
depend on their respective locations as explained in the two sub-sections below:

11.5.1.1 Service Corridors

In order to follow industrial zone spatial plans, clearly defined corridor
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boundaries need to be followed for pipeline construction that in turn would facilitate the
flow of water from a certain water source to a desired water sink. Service corridor
arrangements will significantly impact water transportation routes between the various
sources and sinks involved in different plants. Several types of service corridors can
exist; therefore, the same industrial city layout can be described independently for each
corridor type involved in the problem, in which each can clearly state the specifications
of the types of materials carried within. For instance, examples of service corridors that
could potentially involve water transport scenarios within an industrial city can include:
(1) product pipes that carry aqueous liquid product streams, (2) high-pressure gas
corridors are provided for pipelines that can contain water vapor, gaseous and mixed
phase feed streams and products, (3) wet utility corridors that provide space for utilities
such as desalinated water, cooling and potable water, (4) seawater corridors that

provide space for seawater pipelines directed to industrial plants, as well as return water

pipelines from industrial plants to outfall channels.

11.5.1.2 Access Ports

Since sources and sinks within a plant can lie at various different locations,
depending on how the plant is operating, it could happen that some water sources and
sinks are not present next to a corridor facility, but instead would need to be transported
from within the plant in order to access available corridors. In such cases, it is imperative

to define information regarding source and sink on-site access ports that reach common
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service corridor facilities. Such information will be utilized as start & end route options
when considering water transportation possibilities.

When defining the industrial city layout onto the grid, each region type was
associated with a different annotation in order to be able to distinguish the presence of

the various entities involved. Figure 3 illustrates a small-scale example involving 2

plants, each containing a water source and a water sink.

Service Corridor D water Sink
5 II Water Source
i ;
E . )
S ; [ ] service Corridor/
3 @ Access Port
g < .
@ | Plant Site

& None/Barrier

Figure 3. Required input, stipulated output and research problem dimensions

11.5.2 Routing and Piping Connectivity Options

Having defined an industrial city layout, it is then imperative to investigate
piping options for water transport. Hence, based on the layout established, all the
annotated uniformly-sized regions can be classified as active and inactive areas on the
grid, according to the region/area type. All available areas (active regions) constitute

passageways for water piping and transport. Barriers and plant infrastructure settings
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were excluded from the active water transportation regions. Moreover, water transport
areas or active regions (i.e. sources, sinks, corridors and access ports) were associated
with a central node, as well as connectivity options branching out.

Depending on the directions enabled, two different connectivity types were
established. Type 1 connectivity involves only right angled directions, and thus a
maximum of 4 directions to branch out to. Type 2 on the other hand, allows both right
angled as well as diagonal connectivity, and thus a maximum of eight directions from a
single node.

Figure 4 illustrates the pipe connectivity branching scenarios that were involved. It is
very possible in certain layout arrangements that some directions need to be
automatically eliminated depending on the connectivity type involved, since branching
out from one node to the other to establish a connection would certainly depend on the

location of consecutive nodes.

| 1]

® _r & o

(a) Type 1 Connections: (b) Type 2 Connections: Diagonal &
Onlgélzi’ght-angled Connectivity Right-angled Connectivity enabled
ena

Figure 4. Piping Connectivity Options

20



Moreover, active regions could sometimes happen to be cornered, or even
involve some inactive regions in between. Such scenarios would definitely require the
elimination of connectivity directions that branch out to inactive regions or infeasible
corners. Therefore, when defining the existence of an edge (or connection) between two
nodes, Table 1 summarizes the theory that was utilized assuming all nodes that
associated with active regions constitute a finite set Z. Defining a node p as p=(x,y) with
coordinates x=x(p) and y=y(p), and a node q as q=(x,y) with coordinates x=x(q) and
y=y(q), the logic behind the presence of a connection between any two nodes p and q is
provided in Table 1 below.

Type 1 connectivity mesh A(Z,T) thus consists of a set of nodes Z, and set of
edges T. Moreover, a single path G in A is a sequence of nodes (pj, .., pn) such that (p;,
pir1) €T forall 1 <i<nandp € Z. Similarly, Type 2 connectivity mesh B(Z,V) consists
of the same set of nodes Z, and set of edges V, and a single path G in B is a sequence of

nodes (pi, .., pn) such that (p;, pi+1) eV forall 1 <i<nandp € Z.
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Table 1. Connectivity Existence based on node coordinates

Connectivity

Types

Logic for connectivity (edge) existence

Type 1:

Defined as a set

ofedges T

VpeZ ifIx(@) =x(p) +1&y(@ =y®): qx,y) €Z
then[p,ql ={s€T:s=ap+ (1 —a)q,0 <a < 1}elseBs

VpeZ ifIx(g) =x(p) -1&y(@ =y®): qx,y) €Z
then[p,ql ={s€T:s=ap+ (1 —a)q,0 <a < 1}elseBs

vpeZ if3x(q) =x(p)&y(q@) =y(p)+1: qlx,y) €Z
then[p,ql ={s€T:s=ap+ (1 —a)q,0 <a < 1}elseds

VpeZ if3x(q) =x(p) &y(@) =y(p)—1: qlx,y) €Z
then[p,ql={s€T:s=ap+ (1 —a)q,0 < a < 1}elseds

Type 2:

Defined as a set

of edges V

VpeZ ifIx(g) =x(p)+1&y(@) =y : qx,y) €Z
then[p,ql={s€V:s=ap+(1—a)q,0 < a < 1}else s

VpeZ if3x(qg) =x(p)+1&y(@) =y(P)+1: qlx,y) €Z
then[p,ql ={s€eV:s=ap+(1—-a)q,0<a < 1}else As

VpeZ fIx(q)=x(p)—-1&y(q) =y{p): qx,y) €Z
then[p,ql={s€V:s=ap+(1—-a)q,0<a < 1}else?s

VpeZ ifdx(g) =x(p)-1&y(@=ylp)-1: qx,y) €Z
then[p,ql ={s€V:s=ap+(1—-a)q,0<a < 1}else As

VpeZ ifIx(g) =x(p)&y(@ =y@)+1: qx,y) €Z
then[p,ql={s€V:s=ap+(1—a)q,0 < a < 1}else s

vpeZ if3ax(qg) =x(p)-1&y(@ =y@)+1: qix,y) €Z
then[p,ql={s€V:s=ap+(1—-a)q,0<a < 1}else s

vpeZ if3x(@) =x(p) &y(@ =y@)-1: qx,y) €Z
then[p,ql ={s€V:s=ap+(1—-a)q,0<a < 1}else As

VpeZ if3x(@) =x(p) +1&y(@) =y(p)—1: qlx,y) €Z
then[p,ql={s€V:s=ap+(1—a)q,0 < a < 1}else s
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Based on the logic provided in Table 1, and as an illustration of the theory
utilized, Figure 5 shows a comparison between the connectivity scenarios that can be
developed. An assembly of edges that represent a connection from Plant 1°s water
source to Plant 2°s water sink is provided in Figure 5 (a) and (b). Slight differences as to
how the branching is made between consecutive nodes can be noted. The complete
meshes of connectivity options according to all corridor and access port spaces defined
are shown in Figure 5 (c) and (d). It is evident that Type 2 has more branching options

than Type 1.

(a) Type 1 connectivity from Plant 1 Source to (b) Type 2 connectivity from Plant 1 Source to
Plant 2 Sink, through service corridor area Plant 2 Sink, through service corridor area

(0 1 connectivity mesh through entire (d) Type 2 connectivity mesh through entire
se corridor region service corridor region

Figure 5. Piping Connectivity illustrated for Figure 3’s Small-Scale Illustration
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I1.6. Shortest Paths Between Water Sources and Sinks

In order to find the shortest distance between two points given multiple routes
and obstructed areas, a separate algorithm was utilized to extract all required distance
information. An optimization problem that could determine water integration options,
utilizing all the shortest path information between water sources and sinks within a given
industrial city plot would then be carried out. There are several algorithms mentioned in
literature (Levitin 2007; Cormen, Leiserson et al. 2009), and the selection included the
following algorithms: Breadth-first search, Dijkstra’s algorithm, A* search algorithm,
Bellman-Ford algorithm, Floyd-Warshall algorithm and Johnson’s algorithm. The
Breadth-first search is a graph search algorithm that explores all neighboring nodes for a
root node, followed by unexplored neighbor nodes associated with each of the nearest
nodes to the root node till destination is reached (Damak 2010). All edges are treated
equally since the weights are uniform. The weight of a path is defined to be the sum of
the weights of all its edges(Zhan 2010).

Dijkstra’s algorithm was introduced in 1950’s (Dijkstra 1959). The algorithm
solves a shortest path problem for a graph from a given source to a destination point with
no negative edge path costs, producing a shortest path tree. The A* search algorithm
attains single pair shortest path problems using heuristics, and is an extension of
Dijkstra's algorithm (Damak 2010). Bellman—Ford’s algorithm, named after its
developers, Richard Bellman and Lester Ford, is a graph search algorithm that considers
negative edge weights (Damak 2010). The algorithm assigns the distance to the source

vertex an initial value of zero, and the distance to all other vertices an infinite value, then
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explores all edges whilst relaxing, or updating the distance to the destination. A final
check for each edge is performed to detect negative weight cycles. Floyd-Warshall is an
algorithm that uses a weighted, directed graph by multiplying an adjacency-matrix
representation of the graph several times in order to solve for all pairs of shortest paths
(Cormen, Leiserson et al. 2009). Floyd-Warshall requires dynamic programming since
independent sub-problems are solved stored. Edges are allowed to have negative
weights, but no negative weight cycles. Johnson’s algorithm solves for all pairs of
shortest paths in a sparse weighted, directed graph (Damak 2010). The algorithm inserts
a new node with zero weighted edges to all other nodes, and runs the Bellman-Ford
algorithm to check for negative weight cycles, then finds the least weight of a path from
the new node to an existing node (Damak 2010). All new edges are reweighted, and for
each node, Dijkstra’s algorithm is used to find the least weight to other nodes.

In this work, finding the shortest distance between two points (a water source and
a water sink), given multiple routes, was one of the focal aspects that needed to be
effectively addressed. For this purpose, Dijkstra’s shortest path algorithm was utilized.
The reason it was selected over the rest was because it balances the time needed to find
pathways within a plot, along with the amount of iterations required to reach the best
solution heuristically. While other algorithms may accomplish the same task, Dijkstra’s
algorithm was highly compatible with the PHP environment used in the execution phase,
and was found to be reliable in solving multiple problems, given a set of predefined

sources and sinks.
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11.6.1 Dijkstra’s Algorithm Execution

The principle behind Dijkstra’s algorithm is the comparison between all
connectivity options from a source to a sink location within a plot. Following the
initiation of the program, the algorithm would iterate for each defined set of nodes and
their corresponding neighbors until all the shortest paths to all defined nodes have been
identified. The iteration starts with a single source node and visits all neighboring nodes.
It then compares the distances to these neighbors and selects the nearest unvisited
neighbor. Then for each of those selected neighboring nodes, the algorithm explores
their unexplored neighbor nodes, and so on, until it the target node is reached. The
search is performed in a systematic manner, and avoids duplication of checks. Even after
the target node is reached, the iteration will continue until everything has been visited so
that it ensures no shorter path exists. Keeping in mind, all nodes included in the search
are not within any obstructed region, due to the imposed active and inactive region
classification. Therefore, any barrier region is automatically removed by the program
and will not participate in the iterative search, since the nodes are only associated with
active regions. Following the completion of the iteration the program proceeds to reverse
iterate from the chosen target until it reaches the source in order to correctly display the
complete sequence of nodes that constitute the final pathway for a single source/sinks
mapping alternative. This allows for the extraction of all shortest pathways from a given
starting set sources to a set of destinations.

The implementation for carrying out Dijkstra’s algorithm was adapted from a

previously developed work. A separate code was developed so that the PHP program can
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easily automate the input imported from MS Excel spreadsheet which consists of the
defined layout of the plot and its barriers, corridors, plants, sources and sink locations as
well as associated access regions. Two functions were defined in the PHP code, which
act to convert a 2 dimensional table storage type into a 1 dimensional sequential storage
array and vice-versa. These functions were greatly needed as the input from MS Excel
was given in the form of a table, which was not compatible with conventional storage in
PHP. Note that, the table may have been used if the program utilized the services of a
MY SQL database which would enable a much more diverse type of storage, but it was
not used in order to save coding and processing time. The MS Excel table was exported
into a csv file (comma delimited table). This simplified the input and allowed it to be
directly used as an array in the PHP program. Two additional arrays were implemented
in order to specify all the nodes associated with sources/sinks locations. Inherently, this
would also inform the program of the number of reverse iterations needed to run in total.
Following the completion of array input, the program walks through each node from the
csv input and defines vertices in a graph such that each vertex connects to either 4 or 8
neighbors. If an edge or a barrier is encountered the program will create from 0 to 3
neighbors based on multiple variables. The use of 4 or 8 depends on whether or not
diagonal connections are allowed, as explained in Section 4.2. Diagonal edges
(connections) were assigned a higher weight than the rest. The generated plot is then sent
to the Dijkstra function, which produces a raw array consisting of the every node in the

pathway from the source to the target.
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The raw array output is then taken and used to create a table similar to the one
imported from MS Excel where only the shortest path is shown. This table can be used
for visualization and as an input back into MS Excel. Since the weight of a path is the
sum of the weights of all its edges, the path distance was also calculated based on weight
inputs of vertex-to-vertex connections based on their corresponding classifications (i.e,
Type 1 or Type 2). Finally the angles along the shortest path are calculated in order to
easily determine the number of elbows within the path, in order to be used for pressure

drop calculations.

I1.7. Water Integration Problem Statement and Mathematical Formulation

The problem statement can be summarized as follows: Given an industrial city
scheme encompassing multiple plants P, each containing a set of water sources SU,, and
a set of water sinks SN,,, it is required to develop a strategy for optimal water reuse and
recycle across individual processes, in the form of a water network design that would in
turn allow for effective and economical global water resource conservation across the
industrial city. The solutions need to offer attractive economic operations and
environmental benefits (in the form of reduced wastewater disposal) when compared to
the scenario involving all plants as stand-alone processing facilities operating separately.

The standard Non-Linear Problem (NLP) mathematical objective of fresh (and

waste) targeting that was used is as follows.

Minimize ¥ Ypep jesn, Fip (1
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It should be pointed out that the targeting stage is independent of the of network
structure, and is carried out based on conventional water pinch theories. Additionally,
single contaminant material recycle pinch diagrams can offer insight in terms of the
targets that can be achieved.

The Non-Linear Problem (NLP) mathematical formulation with minimum piping

cost embedded into the objective function was defined as follows:
.. . lod b C b
Minimize. y [Z X Ypep {€SU,jESN, a(DIip,jpl) Lip jpr + X Xpep JESNy, a(Dij) Li, +

% Yper iesu, A(DI5) Lip| + HyCTFEM 5 S ep jesn, Fip 2)
Equations (3)-(5) describe the mass balances around water sources, water sinks,
and the component balance around water sinks respectively. The summations of all
terms must equal the values provided for available water source flowrates W;,,, and the
specified sink flow required Gj,. Equation (6) describes the allowable sink contaminant
range, according to the maximum and minimum tolerable pollutant information that is
associated with each sink. Equations (7)-(9) were used to specify non-negativity

conditions for flowrates.

X Ypep jesn, Mip,jpr + Dy = Wy, Vp,p' € P Vi € SU, 3)
ZZpEP iESUp Mip jpr + Fip = Gi VD, p'EP VjE SN, (4)
2. Ypep iesu, Mip,jpr X2 g5 + FpxFRESH = Gz,

Vp,p' €P; VjESN,; VcEC (5)
205y < Zogp < 2y 6)
Mip,jpl =0 Vp, p' EP; VjE SNp : Vi E SUp (7)
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Dy, =0 Vp € P; Vi € SU, (8)
>0 Vp € P; Vj € SN, ©)

As described above, two objective functions are utilized in this work. The first
objective (Equation (1)) was used for targeting freshwater consumption and wastewater
discharge, based on provided water source and sink data in terms of flow rates and
contaminant information. The second objective (Equation (2)) minimizes piping and
freshwater costs of the interplant water network design. Hence, the solutions are
developed based on a water reuse strategy that achieves a minimized cost. The
constraints given by Equations (3)-(9) were applied in both optimization problems.

The optimum pipe diameters were found according to recommended velocity

ranges (Peters, Timmerhaus et al. 2003) and are described by equations (10)-(12).

My i, 045

Dlyy ipr = 0.363 <(%) p0-13) vp,p' € P; Vj € SN, ; Vi € SU, (10)
D\ 045

DI, =0.363 ((7”) p°-13) Vp € P; Vi € SU, (11)
Fip\>* 013 ;

DI, =0363 ((7) p° ) Vp € P; Vj €SN, (12)

Since pipe diameters are often available in standard sizes, all piping diameters
were then obtained by rounding up calculated diameter values to an appropriate value

that would reflect a standard size, according to Equations (13)-(15) .

DIf, i, = Roundup(DIy, ;1) vp,p' € P, Vj € SN, ; Vi € SU,, (13)
DIf, = Roundup(DI,) Vp € P,Vi€ SU, (14)
DIy, = Roundup(Dl;,) Vp € P,Vj € SN, (15)
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Moreover, since water transport would be associated with some pressure drops
being carried in a pipeline, the Equations (16)-(36) were used for determining pressure

drop levels (Geankoplis 2008). Equations (16)-(18) were used to compute the velocities.

Vip o = ——22— Wp,p' € P; Vj € SN, ; Vi € SU,, (16)
"(Dlicpjp') P

vy =2 Vp € P; Vi € SU,, (17)
n(p1,) p

v, = ——dr Vp € P; Vj € SN, (18)
”(lep) p

All Reynolds number calculations were obtained according to Equations (20)-(22):

c L
Dl jpiVipjpr P

Naegy = — 225 Vp,p' € P,Vj € SN,,, Vi € SU, (19)
Npey, = D”’% vp € P,Vi € SU, (20)
Npo,, =228 vp € P,V € SN, Q1)

Subsequently, fanning friction factors were calculated for based on Churchill’s

equations (Geankoplis 2008), according to Equations (23)-(25):

1
1.5]5

[ 12
8 + 1
16
NRep, jpr 37530 )

Aipjp""(

fipjpr =8

NReip,jpr

Vp,p' € P;Vj € SN, ; Vi € SU, (22)
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Vp € P;Vi € SU, (23)

fip = 8( 8 >1Z+ /;\Lsu

NRe.
Re“,J

Vp € P; Vj € SN, (24)
Churchill parameters were found according to Equations (25)-(27)

(Geankoplis 2008):

0.9 16
—2.4571n < ! ) +0.27 —
NReipjpl Dlipjpr

Vp,p' € P,Vj € SN, ; Vi € SU, (25)

0.9 16
Ap = [—2.457111(( ! ) +0.27 = )]
NRej,, DI,

Vp € P; Vi € SU, (26)

0.9 16
A = |-2.457In( [ +0.27 -
Jp Nrej, DIf,

Vp € P; Vj € SN, (27)

A jpr =

All friction losses were computed according to Equations (28)-(30)
(Geankoplis 2008):

fipjprlip,jpr E 2
f < DI, i HRex tKc+KpNipjpr | Vipjpr
AF; ‘

ipjp’ 2

Vp,p' € P; Vj € SN,; Vi € SU, (28)
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fipLip E 2
< DIC +Kex+Kc+KbNip Vip

f _ ip
AFl.p = >
Vp € P; Vi € SU, (29)
; (—4f;fCL“’+Kex+KC+KbNﬁ,> Vip?
_ jp
AF}'p - 2
Vp € P; Vj € SN, (30)

Finally, pressure drops were computed from friction losses, and power
requirements that are needed to overcome calculated pressure drops were then obtained

by using Equations (31)-(33), and (34)-(36) respectively:

APE™P = pyiwFL . Vp,p’ € P,Vj € SN,, Vi € SU, 31)

APigmp = pipjplAFi]; Vp € PVi € SU, (32)

AP™P = p,AF) Vp € P,Vj € SN, (33)

w g(Ml.p‘jp/)(0.0001Piz?Z; , _ .

Pipjpr = 3ox1057 Vp,p' € P;Vj € SN,; Vi € SU, (34)
_ 90ip)(00001757P) o

Pip N 3.6x1067) Vp € P; Vi € SU, (35)
_ 9(Fjp)(0.0001P)"°P) _

Pip N 3.6Xx106 7 Vp € P,Vj € SN, (36)

The optimization problem was solved using “what’sBest9.0.5.0” LINDO Global
Solver for Microsoft Excel 2010 , and run on a desktop PC (Intel® Core ™ i7-2620M,

2.7 GHz, 8.00 GB RAM, 64-bit Operating System).
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The approach to the problem was therefore carried out as follows: (1) defining an
industrial city layout to be studied, plant arrangements, source and sink locations,
available corridors and any barriers in between, using the representation that has been
defined; (2) extracting optimum source-sink routing, and associated path distances, to be
utilized for designing economical water network piping arrangements; (3) executing a
water integration problem using the provided mathematical formulation so as to
determine viable and optimum source-sink implementations that involve wastewater

reuse within industrial city processing facilities.

I1.8. Case Study Illustration

An artificial case study was carried out as an illustration to the aspects considered
in this work. The notion of water integration through direct recycling within industrial
city infrastructures has been examined for several different cases, with their respective
spatial layouts considered Figure 6 shows the overall industrial city arrangement that has
been considered, which consists of a total of 6 plants, a total of 6 water sources, and 6
water sinks distributed across all plants. The plot was assumed to have a total area of 64
km?, spread over a total of 1600 equally-spaced regions, each region corresponding to
0.04 km? of area. Moreover, the respective arrangements of the plants, barriers, as well
as service corridors available for water transport were all assumed, in addition to the
locations of the various water sources and sinks, for the purpose of illustrating the
methodology that has been proposed. However, it should be pointed out that the

representation can easily accommodate different cases of industrial city arrangements
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once provided, which greatly assists in the planning for effective designs of interplant
water networks, regardless of the layout dimensions or the respective arrangement of

plants involved.
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Figure 6. Industrial City Case Study Layout, with Type 1 connectivity mesh illustrated
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Collective fresh and waste mains were utilized, that supply freshwater to all plants, and
receive disposed wastewater from all plants respectively. Independent fresh and
wastewater mains could be assumed for a single plant facility, by specifying their
respective locations on the plot, as needed. Moreover, additional information would need
to be provided as to which of each fresh mains can water be obtained from for a given
plant, and to which waste mains could receive the plant’s disposed water. In this case
study, fresh and waste mains were kept shared to and from all plants involved, as
demonstrated in Figure 6. Two different scenarios have been assumed for the locations of
fresh and waste mains by having their respective positioning altered, in order to
investigate whether the piping costs are drastically affected. Figure 6 demonstrates the
first scenario, whereas Figure 7 shows the second scenario when their respective
positions are switched. For each of these two cases, the two different connectivity
options were implemented. Type 1 connectivity mesh is illustrated in Figure 6, and Type
2 is given in Figure 7. Thus, a total of four different settings were assumed when
extracting the shortest path distances using Dijkistra’s algorithm.

All active regions (i.e, water sources, sinks, corridors and access ports) were
labeled, based on the industrial city layout that has been assumed in order to identify all
nodes associated with active regions, and thus easily extract the shortest pathways that
connect each source to all destinations involved. Distance information that has been
obtained by executing Dijkistra’s algorithm is provided in Tables 2-5, for all scenarios

that have been considered. Moreover, information regarding how many elbows and
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bends are associated with the shortest paths extracted have also been obtained and

provided in Tables 2-5, so as to be used in pressure drop calculations.
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Figure 7. Industrial City Layout (Fresh and Waste mains positioning switched), with Type 2

connectivity mesh illustrated
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Table 2. Case 1,5 shortest distance data extracted and total number of edges using right-angled

pathways within corridors (Original Layout)

Path Distance
(P1D1) (P1D2) (P3D1l) (P4D1) (P5D1) (P5D2) (WASTE)

(km)

(P2S1) 3.6 3.2 6.2 5 8.2 9.8 3.6
90° Edges 2 3 4 3 7 7 1

(P2S2) 5.4 5 8 4 10 11.6 2.6
90° Edges 3 4 4 1 7 7 1

(P3S1) 9.6 4 42 10.2 7.8 9.4 9.2
90° Edges 4 3 3 6 6 6 2

(P4S1) 12.6 11.4 9.6 5.6 10.4 11.2 8.6
90° Edges 6 7 7 4 8 6 6

(P6S1) 8 6.8 3.8 4.6 4.6 6.2 7.6
90° Edges 3 4 4 3 5 5 5

(P6S2) 8.2 7 4.8 4.4 5.6 7.2 7.4
90° Edges 4 5 5 4 6 6 6
(FRESH) 11.6 10.4 8.6 4.6 7.4 7.4 7.6
90° Edges 4 5 5 2 2 2 4

Table 3. Case 2,6 shortest distance data extracted and total number of edges using right-angled

pathways within corridors (Switching positioning of Fresh and Waste Mains)

Path Distance
(P1D1) (P1D2) (P3D1) (P4D1) (P5D1) (P5D2) (WASTE)

(km)
(P2S1) 3.6 3.2 6.2 5 8.2 9.8 8
90° Edges 2 3 4 3 7 7 3
(P2S2) 5.4 5 8 4 10 11.6 7
90° Edges 3 4 4 1 7 7 1
(P3S1) 9.6 4 4.2 10.2 7.8 9.4 11.6
90° Edges 4 3 3 6 6 6 4
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Table 3. Continued

Path Distance
P1D1) (P1D2) (P3D1) (P4D1) (P5D1) (P5D2) (WASTE)

(km)

(P4S1) 12.6 11.4 9.6 5.6 10.4 11.2 42
90° Edges 6 7 7 4 8 6 4

(P6S1) 8 6.8 3.8 4.6 4.6 6.2 5.2
90° Edges 3 4 4 3 5 5 3

(P6S2) 8.2 7 4.8 4.4 5.6 72 5
90° Edges 4 5 5 4 6 6 4
(FRESH) 7.2 6 8.6 4.6 10.6 12.2 7.6
90° Edges 4 3 7 4 10 10 4

Table 4. Case 3,7 shortest distance data extracted and total number of edges using diagonally

integrated pathways within corridors (Original Layout)

Path Distance
(P1D1) (P1D2) (P3D1) (P4D1) (P5D1) (P5D2) (WASTE)

(km)

(P2S1) 3.36 2.84 5.72 4.64 7.24 8.84 3.36
135° Edges 2 3 6 6 9 10 4

(P2S2) 5.04 4.52 7.28 3.88 8.8 10.4 2.48
135° Edges 4 5 10 2 13 14 2

(P3S1) 9 3.52 3.84 9.48 7.08 8.68 8.96
135° Edges 8 5 6 12 11 12 4

(P4S1) 11.64 1032  8.64 5.12 9.44 10.24 8
135° Edges 12 13 16 8 15 14 8

(P6S1) 7.64 6.2 3.32 4.24 4 5.6 6.76
135° Edges 5 6 7 5 8 9 9

(P6S2) 7.84 6.4 4.2 3.92 4.88 6.48 6.8
135° Edges 5 6 10 7 11 12 7
(FRESH) 10.88  9.56 7.88 4.36 7.16 7.16 7.24
135° Edges 7 8 11 3 3 4 3

39



Table 5. Case 4,8 shortest distance data extracted and total number of edges using diagonally

integrated pathways within corridors (Switching positioning of Fresh and Waste Mains)

Path Distance
(P1D1) (P1D2) (P3D1) (P4D1) (P5D1) (P5D2) (WASTE)

(km)

(P2S1) 3.36 2.84 5.72 4.64 7.24 8.84 7.64
135° Edges 2 3 6 6 9 10 5

(P2S2) 5.04 4.52 7.28 3.88 8.8 10.4 6.88
135° Edges 4 5 10 2 13 14 1

(P3S1) 9 3.52 3.84 9.48 7.08 8.68 10.76
135° Edges 8 5 6 12 11 12 11

(P4S1) 11.64 10.32 8.64 5.12 9.44 10.24 3.6
135° Edges 12 13 16 8 15 14 7

(P6S1) 7.64 6.2 3.32 4.24 4 5.6 4.84
135° Edges 5 6 7 5 8 9 4

(P6S2) 7.84 6.4 4.2 3.92 4.88 6.48 4.52
135° Edges 5 6 10 7 11 12 6
(FRESH) 6.72 5.76 7.76 4.24 9.28 10.88 7.24
135° Edges 4 1 12 6 15 16 5

When comparing the data in Tables 2 and 3 to Tables 4 and 5, it can be noted that
Type 2 connectivity provides path options with slightly shorter distances, as compared to
Type 1. Moreover, when evaluating the original layout, against having the fresh and
waste mains positions interchanged, the distances from the fresh mains to all water sinks
is reduced, even though the number of elbows in the pipeline was found to increase in

some pathways. Moreover, three out of a total of seven distances that associate the water
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sources to the waste mains decrease, and two out of the seven distances between the
fresh mains and the water sinks decrease after implementing this interchange.

Having obtained all required data for shortest paths within corridors, two
different scenarios have been considered for contaminant information: (a) single
contaminant and (b) multiple contaminants. It should be pointed out that for illustration
purposes, all flowrate and contaminant composition values were assumed in this case
study. However, in case real data may be obtainable, similar analysis is certainly
possible. For each of these two contaminant scenarios all the four settings in terms of

distance information that are provided in Tables 2-5 have been assumed.

11.8.1 Single Contaminant Considered

Table 6 provides flowrate and contaminant composition data that were utilized
when considering a single contaminant in the problem for water integration, via direct
recycling amongst the different plants within the industrial city plot that has been

assumed.
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Table 6. Single Contaminant Source and Sink Data

Max.
Water Flow Conc. Load Water Flow Inlet Load
Sources (ton/h) (ppm) (ka/h) Sinks (ton/h) Conc.  (kg/h)
(ppm)
pP2S1 80 140 11.2 P1D2 80 50 4
P2S2 120 100 12 P1DI 120 0 0
P3s1 140 180 252 P3DI 80 50 4
P4S1 100 100 10 P4D1 195 240  46.8
P6S2 80 230 18.4 P5DI 140 140 19.6
P6S1 195 250 48.75 P5D2 80 170 13.6

When minimizing the global freshwater consumption as the objective, a total of

200t/h and 220 t/h of minimum fresh and waste were attained respectively. When

minimizing the total freshwater expenditures plus piping costs required for achieving

interplant water integration, a source-sink mapping implementation that satisfies target

values for fresh and waste has been obtained for all Cases (1-4). Table 7 provides the

matching flowrates that were found when minimizing the cost of the network. All cases

gave the same implementation, thus indicating a single optimum source-sink mapping

solution despite the minor deviations in the scenarios involved.
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Table 7. Optimum Piping Cost Source-Sink mapping Implementation obtained for a single

contaminant

Flow

kg/h P1D1 P1D2 P3D1 P4D1 P5D1 P5D2 Waste
pP2S1 0 0 0 80,000 0 0 0
pP2S2 0 0 0 60,000 60,000 0 0
P3S1 0 0 0 0 70,000 70,000 0
P4S1 0 40,000 40,000 0 10,000 10,000 0
P6S1 0 0 0 0 0 0 195,000
P6S2 0 0 0 55,000 0 0 25,000
Fresh 120,000 40,000 40,000 0 0 0 0

Table 8 provides the pressure drops obtained for all the cases, and the results
show that all lie in the range of 1~25 bar, having the upper end of the pressure drop
range associated with instances involving larger distances between the water sources and
the respective destination, as well as increased flows in the corresponding pipelines. A
0.75 loss at pipe elbow/bend factor was utilized for the 90° angle bends, as

recommended by Geankoplis (2008).
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Table 8. Pressure drops obtained in pipes for cases assuming a single contaminant scenario

Pressure
Drop P1D1 P1D2 P3D1 P5D1 P5D2 P4D1 Waste
(bar)
Casel- Right Angled Pathways only Original Positioning of Fresh and Waste Mains

P2S2 0 0 0 5.76 0 2.30 0
P2s1 0 0 0 0 0 4.87 0
P3S1 0 0 0 5.95 7.17 0 0
P6S2 0 0 0 0 0 2.17 25.48
P6S1 0 0 0 0 0 0 5.24
P4S1 0 3.15 2.65 6.82 7.34 0 0
Fresh 23.86 2.87 2.38 0 0 0 0

Case 2- Right Angled Pathways only, Switched Positioning of Fresh and Waste Mains
P2S2 0 0 0 5.76 0 2.30 0
P2s1 0 0 0 0 0 4.87 0
P3S1 0 0 0 5.95 7.17 0 0
P6S2 0 0 0 0 0 2.17 17.22
P6S1 0 0 0 0 0 0 3.59
P4S1 0 3.15 2.65 6.82 7.34 0 0
Fresh 14.82 1.66 2.38 0 0 0 0

Case 3-Diagonally Integrated Pathways, Original Positioning of Fresh and Waste Mains
P2S2 0 0 0 5.07 0 2.23 0
P2s1 0 0 0 0 0 4.52 0
P3S1 0 0 0 5.41 6.63 0 0
P6S2 0 0 0 0 0 1.93 23.41
P6S1 0 0 0 0 0 0 4.67
P4S1 0 2.85 2.39 6.19 6.71 0 0
Fresh 22.39 2.64 2.18 0 0 0 0
Case 4-Diagonally Integrated Pathways, Switched Positioning of Fresh and Waste Mains

P2S2 0 0 0 5.07 0 2.23 0
P2s1 0 0 0 0 0 4.52 0
P3S1 0 0 0 5.41 6.63 0 0
P6S2 0 0 0 0 0 1.93 15.57
P6S1 0 0 0 0 0 0 3.34
P4S1 0 2.85 2.39 6.19 6.71 0 0
Fresh 13.83 1.59 2.15 0 0 0 0
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11.8.2 Multiple Contaminants Considered

Tables 9 and 10 provide flowrate and contaminant composition data for the case

of multiple contaminants being considered (3 in this illustration) in the water integration

problem.

Table 9. Multiple Contaminant Source Data

SOURCES Flow ton/h Conc. X1(ppm) cone. X2 Conc. X3 (ppm)
(ppm)
P2s1 80 140 100 60
P2S2 120 100 50 30
P4S1 100 100 190 210
P3s1 140 180 150 130
P6S1 195 250 190 200
P6S2 80 230 180 180
Table 10. Multiple Contaminant Sink Data
Max. Inlet
SINKS Flow ton/h Max. Inlet Conc. Conc. Max. Inlet Conc.
X1(ppm) X2 (ppm) X3(ppm)

P1D1 120 0 0 30
P1D2 80 50 50 80
P3D1 80 50 70 100
P4D1 195 240 130 150
P5D1 140 140 100 100
P5D2 80 170 120 130
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A total of 226.8t/h and 246.8 t/h of minimum fresh and wastewater targets were

found respectively, which are evidently higher than the single contaminant case, as the

problem becomes more constrained. It was found that the piping costs associated with

the target value of the freshwater being used in all sinks, as well as the corresponding

target wastewater from all sources going to waste to also be the least expensive option.

However, when minimizing the total piping and freshwater costs based on the objective

function provided in Equation (2), an implementation that satisfies both the freshwater

and wastewater targets of 226.8t/h and 246.8 t/h respectively was found, and is provided

in Table 11.

Table 11. Optimum Piping Cost Source-Sink mapping Implementation obtained for multiple

contaminants

Flow kg/h P1D1 P1D2 P3D1 P4D1 P5D1 P5D2 Waste
P2S1 0 0 0 0 32,000 48,000 0
P2S2 0 25,714 14,286 66,263 13,737 0 0
P3S1 0 0 0 40,579 67,421 32,000 0
P4S1 0 14,286 25,714 0 0 0 60,000
P6S1 0 0 0 8,158 0 0 186,842
P6S2 0 0 0 80,000 0 0 0
Fresh 120,000 40,000 40,000 0 26,842 0 0
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Moreover, similar to the single contaminant scenarios, the same implementation
was obtained for all the cases (5-8) involving multiple contaminant information, with no
deviations from minimum fresh and waste targets. Table 12 provides the pressure drop
values obtained, and all of which were found to lie in the range of 1~34 bar. The range
slightly decreases when compared to the single contaminant cases, due since a 0.5 loss at
pipe elbow/bend factor was utilized for the 135° angle bends that are associated with the

diagonal paths extracted.

Table 12. Pressure drops obtained in pipes for cases assuming a multiple contaminant scenario

Pressure

Drop P1D1 P1D2 P3D1 P5D1 P5D2 P4D1 Waste
(bar)

Case 5- Right Angled Pathways only Original Positioning of Fresh and Waste Mains
P2S2 0 18.13 9.94 11.58 0 2.76 0
P2s1 0 0 0 1.52 3.77 0 0
P3S1 0 0 0 5.56 1.74 2.89 0
P6S2 0 0 0 0 0 4.29 0
P6S1 0 0 0 0 0 2.10 4.85
P4S1 0 14.17 34.81 0 0 0 4.95
Fresh 23.86 2.87 2.38 2.90 0 0 0

Case 6- Right Angled Pathways only, Switched Positioning of Fresh and Waste Mains
P2S2 0 18.13 9.94 11.58 0 2.76 0
pP2s1 0 0 0 1.52 3.77 0 0
P3S1 0 0 0 5.56 1.74 2.89 0
P6S2 0 0 0 0 0 4.29 0
P6S1 0 0 0 0 0 2.10 3.32
P4S1 0 14.17 34.81 0 0 0 242
Fresh 14.82 1.66 2.38 4.16 0 0 0
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Table 12. Continued

Pressure

Drop P1D1 P1D2 P3D1 P5D1 P5D2 P4D1 Waste
(bar)

Case 7-Diagonally Integrated Pathways, Original Positioning of Fresh and Waste

Mains
pP2S2 0 16.39 9.05 10.20 0 2.68 0
P2S1 0 0 0 1.34 3.40 0 0
P3S1 0 0 0 5.05 1.61 2.69 0
P6S2 0 0 0 0 0 3.83 0
P6S1 0 0 0 0 0 1.93 4.31
P4S1 0 12.83 31.34 0 0 0 4.61
Fresh 22.39 2.64 2.18 2.81 0 0 0
Case 8-Diagonally Integrated Pathways, Switched Positioning of Fresh and Waste Mains

pP2S2 0 16.39 9.05 10.20 0 2.68 0
P2S1 0 0 0 1.34 3.40 0 0
P3S1 0 0 0 5.05 1.61 2.69 0
P6S2 0 0 0 0 0 3.83 0
P6S1 0 0 0 0 0 1.93 3.09
P4S1 0 12.83 31.34 0 0 0 2.08
Fresh 13.83 1.59 2.15 3.64 0 0 0

11.8.3 Interplant Network Cost Comparison

The optimal costs, for implementing direct recycle, in addition to the total fresh
costs, the total annualized piping and fresh costs, as well as the required pumping costs
which in turn consider pressure adjustment costs (i.e, annualized pumping capital costs
and yearly operating costs) according the pressure drop values provided in Tables 8 and

12, are presented in Table 13.
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Table 13. Summary of total costs obtained for all cases

Case 1l Case 2 Case 3 Case 4
Total P'g)ng Costs 11,538,681 10,182,951 10,516,101 9313791
Total Fresh Costs 227,760 227,760 227,760 227,760
($yr)
Annualized Piping + 804,694 736,908 753,565 693,450
Fresh Costs ($/yr)
Total Pumping Costs 118,349 91,811 109,310 84,937
($yr)
Case 5 Case 6 Case 7 Case 8
Total Piping Costs
(%) 12,763,004 11,211,408 11,668,973 10,219,886
Total Fresh Costs
($/yr) 258,328 258,328 258,328 258,328
Annualized Piping +
Fresh Costs
($/yr) 896,478 818,898 841,776 769,322
Total Pumping Costs
($lyr) 122,950 104,538 113,416 95,098

Carbon steel Schedule 80 welded pipes were assumed (having cost parameters
a=696.58 and b=1.215 (Peters, Timmerhaus et al. 2003)). A freshwater cost (C"*>>") of
0.13 $/ton was used (Rubio Castro et al. 2011), in addition to a total of 8760 hr/yr
operating hours (Hy), and an annualized factor y= 0.05. Moreover, an 80% efficiency (1)
in the pump calculations were assumed, with a total power cost of 0.05 $/kWh. Figure 8
illustrates optimum cost comparison obtained for both the single and multiple

contaminant scenario cases.
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Figure 8. Optimum network cost comparison based on contaminant information for all cases

The results show that Type 2 connectivity allow less expensive piping options to
be implemented in most of the cases that have been examined. Moreover, the results
indicate that the positions of fresh and waste streams as in Figure 7, are more effective in
terms of piping costs due to the distances extracted, compared to Figure 6. It is also
evident that multiple contaminant information is associated with higher optimum cost
figures. Moreover, Case 4 in which the fresh and waste mains positioned were altered,
that allowed diagonally integrated pathways for piping connectivity (i.e. Type 2) yield

the best results for interplant water network designs. Figure 9 illustrates the best case
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solution amongst all single contaminant scenarios, and Figure 10 shows the best solution

amongst all multiple contaminant cases.
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Figure 9. Best solution amongst all single contaminant cases (Case 4)
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Figure 10. Best solution amongst all multiple contaminant cases (Case 4)

11.8.4 Un-integrated vs. Integrated Water Consumption Comparison
Comparing the initial situation of having all plants within the industrial city

operating individually, each managing its fresh and waste separately, to the modified

52



setting after implementing global water integration direct recycling strategies, abundant
water savings can be achieved, for both the single and multiple contaminant scenarios. A
comparison of the respective use of fresh and wastewater in each plant is provided in

Table 14 for the various cases.

Table 14. Single vs. Multiple Contaminant Water Savings

Initial Case, Integrated Initial Case, Integrated
Single Solution- Single Multiple Solution -
Contaminant Contaminant Contaminants Multiple
Contaminants
Plant 1
FRESH 200 t/h 160 t/h 200 t/h 160 t/h
WASTE 0 t/h 0 t/h 0 t/h 0 t/h
Plant 2
FRESH 0 t/h 0 t/h 0 t/h 0 t/h
WASTE 200 t/h 0 t/h 200 t/h 0 t/h
Plant 3
FRESH 80 t/h 40 t/h 80 t/h 40 t/h
WASTE 140 kg/h 0 t/h 140 kg/h 0 t/h
Plant 4
FRESH 95 t/h (DR*) 0 t/h 195 t/h 0 t/h
WASTE 0 t/h (DR*) 0t/h 100 t/h 60 t/h
Plant 5
FRESH 220 t/h 0 t/h 220 t/h 26.84 t/h
WASTE 0t/h 0t/h 0 t/h 0t/h
Plant 6
FRESH 0 t/h 0 t/h 0 t/h 0 t/h
WASTE 275 t/h 220 t/h 275 t/h 186.8 t/h
TOTAL 595 t/h 200 t/h 695 t/h 226.8 t/h
FRESH
TOTAL 615 t/h 220 t/h 715 t/h 246.8 t/h
WASTE

*Implementing direct recycle within plant
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The initial case involves no integration amongst plants, with freshwater being
used in all sinks, and wastewater from all sources going to waste. A total of 595 t/h of
fresh and 615 t/h of waste found using single contaminant data, and 695 t/h of fresh and
715 t/h of waste found using multiple contaminant data. This is because water
consumption in plant 4 can be reduced by 100 t/h, when incorporating an in-process
direct recycling for the single contaminant case, since the concentration limits for the
sink involved is not violated, unlike the multiple contaminant scenario. Implementing
water integration amongst the various plants allows many instances of water-saving
opportunities. For example, the single contaminant scenarios involves both fresh and
waste elimination from plant 4, in addition to completely cutting off freshwater
consumption in plant 5 and wastewater discharge in plant 2. Moreover, the freshwater
consumption in plants 1 and 3 were reduced. Water-savings for all multiple contaminant
cases were not as much as the former cases, but nevertheless much fresh and waste
reduction were achieved. For instance, wastewater discharge in plant 2 was completely

eliminated, and freshwater utilization in plants 1, 3 and 5 were decreased.

I1.9. Conclusions

This work involves the use of direct recycling water integration strategies for
achieving a macroscopic optimization framework of water networks within an industrial
city plot. This approach is more conventionally known as “direct integration”. A simple
representation that can capture an industrial city layout has been developed, which

would allow the exploration of any infrastructure setting for water integration
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possibilities. The representation takes into consideration industrial city corridors, access
ports, as well as obstructed areas, in addition to the ability of specifying all water source
and sink locations. This in turn could effectively be used for obtaining the shortest paths
that allow source-sink mapping. Dijkistra’s algorithm has been utilized to extract all
shortest path distances, given a set of sources and water destinations within the plot. A
case study has been carried out, assuming two types of connectivity for an industrial city
example, as a demonstration. It was shown that effective freshwater savings and waste
minimization via direct recycling can be achieved. Moreover, it was found the location
of fresh and waste mains affect optimal piping costs, as each case was associated with
different sets of distance data. As a result, it can be concluded that the industrial city
layout, as well as how individual plants are arranged would significantly affect the water
integration options available.

Accounting for “indirect integration” opportunities by introducing partial
treatment options for wastewater streams before re-use, at the expense of having to
invest in treatment facility infrastructure, will be the subject of future studies. The
approach introduced in this work can also be helpful when conducting macroscopic
energy integration studies (Stijepovic and Linke 2011; Stijepovic et al. 2012). Other
potential areas for future work can also involve investigating situations in which
individual plants are owned by different companies, and the various opportunities that
could possibly lead to mutual benefits amongst the plants, based on game theory

principles have been reported in earlier studies (Chew et al. 2009).
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CHAPTER III
A SYNTHESIS APPROACH FOR INDUSTRIAL CITY WATER REUSE
NETWORKS CONSIDERING CENTRAL AND DISTRIBUTED TREATMENT

SYSTEMS*

This work introduces a representation of spatial aspects in water integration
problems within industrial zones, which can be applied to problems involving any type
of water integration strategies. The representation and takes into consideration the
respective plant locations, and any barriers that exist in between. Moreover, industrial
city corridors that are allocated for water transport have also been accounted for. This
allows effective water integration and matching amongst available water streams using a
spatially constrained approach that utilizes the shortest path options available. The
proposed representation has been illustrated using direct recycling integration strategies,
which in turn are commonly recognized to employ the simplest techniques for water
integration, as a first instance. A case study involving several water using and producing
processes that belong to a group of plants all operating in a common industrial zone has
been carried out as a demonstration, and several different scenarios have been studied. In
doing so, cost effective water network designs that involve attractive wastewater reuse
schemes amongst adjacent and nearby processing facilities have been identified, while

considering the spatial constraints of water transport.

*Reprinted with Permission from “A synthesis approach for industrial city water reuse networks
considering central and distributed treatment systems” by Sabla Alnouri, Patrick Linke, and Mahmoud El-
Halwagi. Journal of Cleaner Production. Volume 89, 231-250. Copyright 2015 by Elsevier.
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II1.1. Introduction

Excessive utilization of freshwater resources in industrial sectors negatively
affects water stressed regions (Jhansi and Mishra 2013). Therefore, the application of
effective water management strategies within industrial cities is undoubtedly an
important aspect to consider for the sustainability of industrial operations. In addition to
the need for reducing stress on expensive fresh water resources, industries are challenged
with increasingly strict environmental regulations on wastewater discharge, due to its
adverse impacts on natural ecosystems (Englert, Zubrod et al. 2013). Reductions in
fresh water use and discharge flows are typically realized through the re-processing and
reuse of wastewater streams (Jhansi and Mishra 2013). Chen and Chen (2014) studied
various factors affecting the reuse of reclaimed water, and proposed a mathematical
model to analyze the extent to which effluent should be reclaimed for industrial use.
Moreover, water integration within processing facilities has been the subject of
numerous foregoing studies, as a means of effectively reducing industrial water
footprints. The reliability of many of the existing methodologies in terms of achieving
water integration has instigated very promising advances in the field, as well as many
significant contributions. Generally speaking, the design of water networks was initially
carried out for stand-alone processes in numerous studies, either using graphical or
mathematical programming techniques. For instance, early contributions in the field of
water integration were by Wang and Smith (1994a,1994b) in which they introduced a
graphical targeting approach that ultimately minimizes freshwater consumption, as well

as wastewater discharge, within a process. Additionally, many methodologies that were
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first introduced were limited to the design of water networks involving a single
contaminant only. Later on, research efforts were then extended to handle multiple
contaminants. For instance, Alva-Argaez et al. (1999), optimized a water network
problem involving multiple contaminants was optimized by combining water-pinch
analysis techniques with mathematical programming tools.

The design of water networks has also been applied to problems involving
multiple processing facilities, in the context of achieving Industrial Ecology (Ehrenfeld
and Gertler, 1997). Eco-Industrial Parks were introduced as clusters of processes that
efficiently share common resources (Coté and Hall 1995). Lowe (1997) explored
resource recovery facilities and possible strategies for creating resource and by-product
exchanges, amongst a cluster of neighboring companies. Soon after, the design of water
exchange networks in Eco-industrial parks (EIPs) became the subject of many research
contributions. Various methods such as mathematical programming, pinch analysis, as
well as game theory procedures have been utilized for the design of water exchange
networks in EIPs. Yoo et al. (2007) utilized a pinch analysis technique for wastewater
minimization, as well as explored simultaneous water-energy minimization, and energy-
pinch design in eco-industrial parks (EIP). Kim and Lee (2007) addressed Pareto optimal
networks, based on the principal of sharing resources amongst participating entities. Liao
et al. (2007) developed an MILP model for designing flexible water networks that can be
applied to problems involving fixed contaminant and fixed flow operations, while
accounting for the number of cross plant interconnections in the water minimization

problem. Foo (2008) targeted plant-wide integration using numerical tools for water
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cascade analysis. Lovelady and El-Halwagi (2009) introduced a mathematical
formulation for the design of EIP water networks based on a source-interception-sink-
representation. Chew et al. (2008) proposed a centralized hub topology used for
collecting and redistributing water, for Inter-plant Water Integration (IPWI).

Later on, Chew and Foo (2009) formulated a linear programming model that was
used for automated targeting of interplant water networks, based on pinch analysis
techniques. Chew et al. (2009) also developed a game theory scheme for designing IPWI
networks, by assessing various interactions between participating companies. Lim and
Park (2009) conducted environmental and economic feasibility studies to demonstrate
benefits from industrial symbiosis, and developed interfactory and intrafactory water
network systems. Kim et al. (2010) introduced a systematic approach for optimizing
utility networks in an industrial complex, using a multi-period Mixed Integer Linear
Programming (MILP) model. Rubio-Castro et al. (2010) modeled wastewater reuse
among different industries, for which an optimal selection of treatment units was
determined, satisfying all the process and environmental regulations for waste
discharges. Later on, Chew et al. (2010a, 2010b) presented a new algorithm for the
design of interplant resource conservation networks, by targeting minimum freshwater
use and wastewater discharge. Aviso et al. (2010a, 2010b) presented models for
optimizing water and wastewater reuse amongst independent processing facilities in an
EIP, through fuzzy mathematical programming. Taskhiri et al. (2011) developed an
MILP model for interplant water networks that accounts for environmental impacts of

water use, energy consumption, and capital goods within an EIP, by minimizing the total
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emergy of the network. Rubio-Castro et al. (2011) proposed a global optimal
formulation to design water integration networks in eco-industrial parks, in which a
superstructure that accounts for wastewater reuse both within the plant, as well as
amongst different plants was utilized. Rubio-Castro et al. (2012) then examined ways of
retrofitting several single-plant water networks into an eco-industrial park using a
MINLP model, by accounting for both intra-plant and inter-plant decisions. Boix et al.
(2012) developed a methodology to design industrial water networks using a multi-
objective optimization strategy, in which a Mixed-Integer Linear Programming problem
(MILP) was proposed, based on the necessary conditions of optimality defined by
Savelski and Bagajewicz (2000).

Following this work, Montastruc et al., (2013) formulated a triobjective MILP, in
which the fresh water flows, regenerated water flows, and the number of connections
were minimized. Moreover, the flexibility of the water supply system for an EIP of any
size was also investigated. Lee et al. (2013a) developed a mathematical optimization
model for inter-plant water network synthesis, using a two-stage approach in which the
individual processing units operate in a mix of both continuous and batch modes. More
recently, Alnouri et al. (2014a) investigated the design of interplant water networks via
direct water reuse, whilst considering spatial aspects within industrial city layouts.
Moreover, Alnouri et al. (2014b) also addressed interconnectivity options in water
network designs by introducing pipeline merging opportunities. Soon afterwards,
Bishnu et al. (2014) introduced a multi-period approach for the design of interplant

water networks. It is good to note that many of the methods developed aim to improve
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the overall performance of real eco-industrial park applications. For instance, Tian et al.
(2014) assess the economic and environmental performance several existing eco-
industrial parks, based on the quantity of energy and fresh water consumption,
wastewater and solid waste generation. Their work also highlights the importance of
effectively developing interplant water network methodologies that could then be

applied to real case scenarios.

II1.2. Synthesis Problem

As discussed in the previous section, many available water integration
methodologies either use pinch analysis techniques, mathematical programming tools, or
a combination of both to target the minimum freshwater usage and wastewater
discharges in water network synthesis problems. The problems usually range from those
involving direct water recycle, to problems that involve introducing wastewater
treatment before reuse, via intermediate treatment interception units. Despite all research
efforts that have been made so far, an interplant water integration methodology that
explicitly addresses all the different options available for the placement of intermediate
water treatment interception options, has not been addressed as of yet. Even though most
interplant water network studies that have been previously carried out do consider
treatment, much of the cases that have been investigated involved introducing shared
water treatment amongst an existing cluster of plants (Chew, Tan et al. 2008; Lovelady

and El-Halwagi 2009; Rubio-Castro, Ponce-Ortega et al. 2010).
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Some studies such as Boix at al. (2012), did compare the design of water networks
within an EIP setting for with different treatment scenarios involved For instance, one of
the scenarios assumed that each company owns a treatment unit, while another scenario
assumed a number of shared treatment units amongst all companies. However,
incorporating both company-owned and shared treatment units simultaneously into the
model has not been explored in any of the studies that have been made so far. In an
attempt to bridge the research gap, and due to decision-making that is often required for
the placement of water treatment units amongst a cluster of processing facilities in an
industrial zone, this work integrates both company-owned and shared treatment units,
simultaneously. Thus, the proposed method assists in evaluating whether participating
entities would benefit from a shared treatment facility that is allowed to treat wastewater
from all plants, versus the case that would involve each company treating its wastewater
separately before reuse, in a company owned facility. A combination of both scenarios
can sometimes be attractive, depending on what plants are involved, the type of
wastewater being produced, and the plant arrangement considered.

Moreover, since investigating an effective strategy for the integration of
company-owned, and shared treatment units within an water network design can be
carried out more effectively once a given industrial city layout is captured, this paper
discusses the planning of interplant water networks through regeneration and reuse,
whilst accounting for spatial problem features. The respective water allocations in
between the different plants can be planned out more effectively if a spatial

representation is utilized, as it facilitates the integration of available water streams based
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on their locations (both treated and untreated), as the problem would allow for optimal
routing and allocation of flows amongst the different participants, while accounting for
available city infrastructure. Therefore, this paper is an extension to our previous work
(Alnouri, Linke et al. 2014a), in which we introduced a systematic approach for
capturing industrial city layouts. The methodology allows plant locations, service
corridors and city boundaries to be defined accordingly, and hence interactions between
clusters of processing facilities can be investigated more effectively based on a provided
input layout scheme. Furthermore, optimal placement strategies for water treatment units
onto a given layout can also be attempted, as it would involve identifying several
respective potential locations according a provided industrial city arrangement, and then
selecting the best scenarios available. All treatment interception units introduced into the
designs should be capable of removing unwanted pollutants in wastewater streams
before being sent over to water sink locations across the city, thus located in easily
accessible regions. The piping required to achieve cost-effective water integration
amongst different plants was also accounted for by calculating the respective pipe
lengths and diameters, in a similar manner to our previous work. The described approach
has been applied by considering both direct water re-use, and wastewater treatment
options in this paper. The optimization model has been formulated as a Mixed Integer
Non-Linear Program (MINLP) to determine economically-effective interplant water
network designs that are able to satisfy water demands, as well as wastewater discharge
requirements, within a given plant cluster. Section 3 outlines the proposed water

integration representation, and Section 4 presents the mathematical formulation.
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II1.3. Water Integration Framework with Treatment Options Introduction

The optimal design of interplant water networks within an industrial city is
greatly affected by many technical and economic factors. One of the important elements
that determine the economical attractiveness of interplant water integration networks is
the industrial city infrastructure. Moreover, the availability of excess water/wastewater
within individual plants, and the potential allocation options associated with each, also
plays a key role in determining viable solutions. Hence, the arrangement of process
sources and sinks within existing plants greatly influences the feasibility of source-sink
water distribution options, together with their respective flow rates, as well as the
pollutant specifications and/or limits. Additionally, introducing a set of wastewater
treatment units, with effective pollutant removal capabilities, can help reduce freshwater
supply requirements. Moreover, water treatment might also be necessary in order to
meet imposed limits for pollutant concentrations in wastewater streams being discharged
to the environment. Therefore, as it has been described in Section 2, this work
investigates water treatment opportunities when designing interplant water networks
amongst multiple processing, by taking into consideration industrial city infrastructures
and cost-effective pipe arrangements. It should be pointed out that the term ‘industrial
city’ refers to a cluster of processing facilities, located within geographic proximity.
Implementing potential water integration options, amongst different plants located
within an industrial city, can be achieved applying efficient schemes for sharing water

resources. This contributes to its transformation to a form of Eco-Industrial Park (EIP),in
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which both treated and untreated water reuse options can be realized. The following

sections describe the methodology that has been adopted.

111.3.1 Source-Interceptor-Sink Allocation

Water integration through recycle and reuse, as well as treatment and separation
using interception devices were both considered possible strategies for managing
wastewater. A source-interception-sink representation was utilized for embedding the
following potential configurations of interest: direct wastewater re-use from source(s) to
sink(s), treatment of wastewater in interception units, treated water allocation to process
sink(s), freshwater utilization in process sink(s), wastewater discharge form process
sink(s), treated water discharge. The various water users (Sinks) and water discharges
(Sources) within the different plants need to be specified, in addition to water flow and
contaminant compositions. Maximum specifications for acceptable contaminant levels in
water sinks are also specified in order to ensure that pollutant levels are not exceeded.
All required data is then used as input into a source-interceptor-sink allocation so as to
deliver plausible options for the assignment of wastewater water streams to treatment
units and/or to water users amongst the various processing facilities within the city. The
main objective is to minimize the cost of the water network design, whilst considering
water recycle, separation and treatment strategies. In doing so, two different treatment

strategies were accounted for:
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1. Decentralized Treatment “On-site Treatment™: this option involves on-site treatment
arrangements in which only wastewater from within the plant itself is handled. These
treatment units are located within the plant boundaries, and no wastewater is allowed
to be received for treatment in the facility except wastewater sources that originate
from the same plant itself. Moreover, no wastewater from the plant involved is
allowed to be sent for treatment to another on-site treatment facility that is within the

borders of an adjacent/nearby plant.

2. Centralized Treatment “Shared Treatment”: this option involves off-site collective
treatment arrangements in which wastewater streams from within the entire city are
handled. All centralized treatment units are located within common infrastructure
boundaries, which would ultimately allow processing wastewater from sources that

originate from any of the plants within the city.

Figure 11 illustrates the adopted water treatment concept and stream distribution
options that are associated with each of the central and decentral treatment options. All
treated water streams are allowed to be sent to any of the water users within the
industrial city boundaries, as required, regardless of the processing facility that the

respective sinks are located in.
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111.3.2 Water Piping: Routing and Connectivity Planning

In addition to determining an optimal source-interception-sink allocation of
streams, a water transportation problem is also formulated in order to effectively plan the
routing and piping options for a cost-effective water network design. As described in our
previous work (Alnouri, Linke et al. 2014a), information on water source and sink
locations within individual processing facilities are first identified, for which routing to
and from can be one of the feasible options. Moreover, service corridors as well as
access points associated with water sources and sinks within the individual plants are
also identified. This work also considers treatment options; therefore, water treatment
locations (both on-site and centralized) need to be specified. The corresponding routing
to and from each of the treatment units are additionally incorporated as possible
connectivity options. This overall planning model for piping meshes would ultimately
include all the different possible stream allocations: (1) source-to-sink; (2) source-to-
interceptor; (3) interceptor-to-sink; (4) fresh-to-sink; (5) source-to-waste; and (6)
interceptor-to-waste. For each of the connectivity categories described, shortest routing
can be extracted, based on an input layout scheme for the industrial city. The procedure
was carried in a similar manner to our previous work considering direct reuse without
treatment (Alnouri, Linke et al. 2014a), and is summarized in the following steps: (1)
input industrial city layout; (2) identify corresponding active and inactive regions; (3)
locate source and destination points; (4) shortest routing extraction for piping
connectivity options according to desired constraints. Figure 12 illustrates active and

inactive region categories for Step 2, having introduced treatment options. All active
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regions are utilized to determine routing options between the sources, sinks and
treatment interception locations. It can be noted that all treatment unit locations (both
on-site and off-site) are associated with source and destination cells, which are
respectively designated to receive process wastewater, and provide regenerated water
after treatment. Effective routing between source and destination cells for step 4 can be
executed using any desired algorithm that achieves shortest path results (Damak 2010).
In this paper, Dijkstra’s Algorithm has been employed (Dijkstra 1959). Moreover, two
different connectivity scenarios for the piping were assumed. Type 1 only allows right-
angles within the routes extracted, while Type 2 enables diagonal node-to-node linking
(Alnouri, Linke et al. 2014a). Thus, two different connectivity mesh scenarios for piping
were utilized. A counting function that provides the number of diagonal bends and 90°
elbows in each of the routes extracted was employed. This information was necessary to
compute the pressure drops in the network. Moreover, this work involves the
construction of a separate pipe for each of the allocations identified, and standard pipe

diameters sizes and material costs were employed in the calculations.
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II1.4. Problem Statement & Mathematical Formulation

It is required to determine the optimal design of an interplant water network
given an industrial city scheme encompassing multiple plants P, each containing a set of
water sources SU,, and a set of water sinks SN, with specified flow rates and pollutant
concentration specifications and/or limits for a set of contaminants C. In this problem we
are also given a set of on-site decentral water treatment interceptors R with specified
pollutant removal capabilities. Moreover, several centralized water treatment
interceptors that are shared amongst all plants within the industrial city with respective
locations S are given, each associated with a number of different treatment options T
with certain pollutant removal capacities. Furthermore, a set of fresh water supply
options L is given, with different costs and pollutant concentrations. It is required to
develop a strategy for the optimal water reuse, recycle and treatment across individual
processes, in the form of a cost-effective water network designs that would ultimately
allow for economical global water resource conservation across the industrial city, whilst
considering environmental discharge regulations that are imposed on unused wastewater

streams.

[11.4.1 Model Formulation

The objective function consists of the minimization of a total annualized cost,
which includes the costs of fresh water, wastewater treatment, piping and waste disposal
costs as described by Equation (37) below:

Minimize. FC +TC + PC + WC (37)
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The piping expenses utilize costs per m® of length that are calculated according to

the diameters of the various piping segments:
b b
Ypprep Kiesu, Ljesn, a(Dlip jpr) Lipjpr + Zpep Yiesu, a(Dl;) Ly +
b b
ZlEL ZpEP ZjESNp a(DIl,jp) Ll,jp + ZpEP ZrER ZiESUp a(DIip,rp) Lip,rp +
b b
ZpEP ZiESUp ZSES ZtET a(DIip,st) Lip,st + ZpEP ZrER ZjESNp a(DIrp,jp) Lrp,jp +

b b
ZpeP ZjeSNp ZSES ZteT a(DIst,jp) Lst,jp + ZpeP ZreR a(DIrp) Lrp +

ZSES ZteT a(DIst)bLst (38)

Freshwater costs are based on the required flowrates, using costs of freshwater

for the different types available, as well as the operating hours per year:

FC =H, YleL ZpEP ZjeSNp Fl'ijlFRESH o)

Wastewater discharge costs refer to the costs of disposing all unutilized
wastewater streams through a collective waste mains. Options available for wastewater
disposal depend on the policies and regulations applicable to the industrial city being
considered, as well as the costs associated per flow discharged. In this study, wastewater
discharge costs only involve the extra handling costs via piping and pumping required
for disposal, since wastewater treatment costs have already been accounted for in the
central/decentral treatment systems. The costs were based on the obtained discharge

flowrates, and the operating hours per year:
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WC = HyCWASTED total (40)
Total water treatment costs involve summation terms for both central and

decentral types, and each includes fixed and operating costing terms.

a a
TC = Kr Z 2 (Tt " ClpY + K Z Z(T;g’ml) ci’

PEP re€R SES teT

total ,.,REM rREM total ,,REM rREM
Hily ) ) ) TRCRICE 4 ) ) ) TR Ch

PEP TER cEC SES teT ceC
(41)
The model formulation includes a set of mass balances for each of the sources,
sinks, and interceptors in the system as described by Equations (42)-(44) below. Note
that a comma was used to separate a connection’s starting point, and endpoint in all
variables that have been defined. Moreover, a comma was also employed to indicate
component information. The summation of source-to-sink, source-to-interceptor (both
central and decentral), and source-to-waste flowrates must equal the total mass balance

for the specified process water source flowrate.

Z Z Mip,jpr + Z Z Tiprp + Z Z Tipst + Dip = Wy

p.DIEP JESN, PEP TER SES tET

Vp €P; Vi€ SU, (42)
The summation of source-to-sink, interceptor-to-sink (both central and

decentral), and fresh-to-sink flowrates must equal the total mass balance for the specified

process water sink flowrate.

z Z Mip,jpr + Z Z Tipjp + z z Tstjp + Z Fjp = Gjp

p.p’EP IESUYp PEP TER SES teET LEL
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Vp €EP; Vj€ESN, (43)
The summation of source-to-sink, interceptor-to-sink (both central and

decentral), and fresh-to-sink flowrates each multiplied by their respective pollutant

contaminants must equal the total flow balance specified process water sink flowrate

multiplied by the respective pollutant concentration.

Source out out FRESH

D.p/EP IESUp PEP TER SES teT leL
= GipZ(jp
VpEP; VjESN,; VcEC (44)

Moreover, each contaminant concentration must be within the specified limits for

acceptable pollutant concentration within process water sinks, (Alnouri, Linke et al.

2014a).
min in max
Zejp = Zejp = Zejp

Vp€eP; VieESN,; VceC (45)
All treatment options utilized in the problem represent a sequence of treatment
stages, with specified removal ratios. Moreover, multiple centralized treatment locations
and treatment options were allowed in the case of centralized treatment. In order to
choose the best treatment option for a corresponding location, only one option was
allowed for each. Therefore, Equation 46 below ensures a consistent selection process,

amongst all potential centralized treatment options:

YterYse <1 VSES (46)
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Equations (47) and (48) were also utilized to ensure that all corresponding flows

are in consistency with the treatment options selected.

Ysel < Tip st < YseU

VpEP; VieSU,; Vs€S;VteT;Vy, € {0,1} (47)

Ystl < Tspjp < yseU

VpEP; VjESN,; VsE€S;VtE€T;Vy, €{0,1} (48)
Total interceptor flowrates (both central and decentral) must be equal to the

summation of all source-to-interceptor flows into the respective units.

Trt{g’t‘” = ZpEP > iESUp Tip,rp

VpeEP; VreR (49)

T =Y ,ep Y iesuy, Tip,st

VseS; VteT (50)
Total interceptor flowrates (both central and decentral) multiplied by their

respective inlet pollutant compositions must be equal to the summation of all source-to-

interceptor flows multiplied by their corresponding pollutant concentrations.

T Source

total ,.in _—
Trp “ Xcrp = ZpepZ iesup Liprp Xc,ip

VpEP; VrER ;c€eC (51)
total ..in Source

Tst xc,st = ZpEP Z iESUp Tip,st xc,ip

VseES; VteET; ceC (52)
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Moreover, total outlet interceptor flowrates (both central and decentral) must be

equal to the summation of all interceptor-to-sink flows, and interceptor-to-waste flows.
TR = Yep X jesny Trp,jp + Drp
Vp€EP; Vr€R (53)
T =Y ep Yjesn, Tst,jp + Dst
VSES;VtET (54)
The model has been made capable of including a separate removal ratio per
treatment technology, for every pollutant considered in the problem. Therefore, each
treatment technology is associated with several removal ratios, one for each pollutant
involved. If a treatment technology is capable of removing a certain pollutant more
effectively than another, the respective removal ratio associated with each pollutant can
be assigned as appropriate. As a result, wastewater treatment technologies are selected
according to the efficiency that is required to be available, so as to achieve effective
removal per pollutant involved. All outlet pollutant concentrations from each treatment
unit (both central and decentral) were calculated according to the specified pollutant
removal ratios, and the inlet pollutant concentration into the interceptor, according to
Equations (19) and (20). Additionally, the amount of pollutant removed was calculated
based on the difference between inlet and outlet interceptor pollutant concentrations, as
given by Equations (21) and (22) below:

out — ,.in

Xc,rp c,rp(l - RRc,rp) Vp€eEP; VreR; VceC (55)
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x0Ut =x" (1—RR.s;) VSES; VLtET; VcEC (56)

xBEM = xin — x4 VYp€eP; VreR; VceC (57)
XREM — yin — x%% VYs€S; VtET; Vc€EC (58)

Combining equations (13)-(16), (19) and (20) yields an alternative form of Equation (8),

provided by Equation (23) below, in which x5%“"°¢,RR, ., & RR, are all known

c,ip
parameters.
Source Source
20 2 M ) D Tooin 2, 0 D Fiorn KB (1 RRery)
D,p/EP iESU)p PEP TER DEP TER IESU,,
S FRESH
+ Z Z Tst,jp Z Z Z fip,st xc,?grce(l - RRC,St) + Z Fl,jp xc,l
SES teET SES teT iESUp leL

— in

= GjpZcjp
VpeP; VjeSN,; VceCl (59)

In Equation (59), fip rp& fipst represent two split fraction variables. The former
corresponds to the flow fractions from all water sources that are fed into decentralized
treatment units, while the latter corresponds to the flow fractions from all water sources
that are fed into centralized treatment. Hence, Equations (60)-(63) were also required to
ensure that the corresponding fraction values remain in the 0-1 range, as well as satisfy
the mass balances into each of the treatment units, respectively.
0<fipmp=1
VpeP; VieSU,; Vr €R (60)
0<fipse=<1
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VpEP; VieSU,; VseS; VteT (61)

Source _ ..in
z E fivrp Xip = Xcrp

PEP iESU,

VpEP; VrER ;c€EC (62)
ST fiexiguree = i

PEP iESU,

VseS; VteT ;ceC (63)

The total discharge flowrates were found by summing up the flows from source-

to-waste, and interceptor-to waste, as follows:

Dot =3 N Dy + 3 Y Dty Y D

PEP ieSUp PEP TER SES teT
(64)
total ,.Discharge __ Source out out
D xC - Z Z lpxc lp + Z Z Drp xc + DSt xC st
DEP IESUY PEP TER
VceC (65)

Moreover, all pollutant discharge concentration must not exceed the maximum
specified limits associated with each contaminant.
xPischarge < yMax  yc g C (66)
The optimum pipe diameters were obtained according to recommended velocity
ranges (Peters, Timmerhaus et al. 2003). Moreover, the standard diameterswere then
obtained by rounding up the calculated values to the nearest standardized values, as

specified.
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0.45
DI = Roundup <0.363 ((Fl::(/)r(;)te) ,00'13)) (67)

Alternatively, the roundup function can be replaced by Equations (68) and (69) if a set of

discrete pipeline diameters is provided, for which DIe {DI,, DI, DI5__ DI}, such that:

Yie=1Yi DI (68)

Yik=1Yk =1 Yy €{0,1} (69)

111.4.2 Pressure Drop Calculations

Since water transport would be associated with some pressure drops being
carried in a pipeline, the following calculations for determining pressure drop levels
were used (Geankoplis 2008). The velocities in the pipelines were calculated by dividing
the stream flowrates with the cross sectional area of the pipe, obtained using the

customary diameters of the respective pipe segments

4XFlowrate
— w(DI9?p (70)
Reynolds number was also obtained using the stream customary diameter,

velocity, density and viscosity (Geankoplis 2008):

__ DIvp

N
Re U

(71)
The fanning friction factor was obtained according to Churchill’s equation

(Geankoplis 2008):

79



1.5712

12
f=8(G) + W (72)

The required parameter A was obtained using the following:

Ay = [—2.4571n ((NL)O'9+0.27L>]16 (73)

Re DI¢

The friction losses in the respective pipe segments were then obtained using the
fanning friction factor, pipe entrance and exit loss parameters, as well as by obtaining
the total numbers of elbows/bends in the pipe and identifying the loss parameters
associated with their respective angles.

4fL
(#+K€x+KC+Kb NE) p2

AFS =

(74)

2

Pressure drops were then computed, by multiplying the stream density with the
calculated friction loss value.
APPTOP = pAFf (75)
In addition to computing the pressure drops, total power requirements that are
needed to overcome the pressure differences during transportation are then computed

(Peters, Timmerhaus et al. 2003) , and were later used to find the total pumping costs.

g(M)(0.0001PDP70D)
3.6x10° 7

pw (76)

Equations (71)-(76) were only part of the model that involves pressure drop
computations. However, these equations were not part of the optimization problem that

involves the determination of viable water allocations.
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111.4.3 Implementation

Various solvers that can handle non-convex NLP and MINLPs have been
developed (Nannicini & Belotti, 2012). Many of these solvers are primarily based on the
branch-and-bound algorithm, which basically involves the identification of lower bounds
at each node of the branch-and-bound tree. Such bounds are typically obtained by
solving a linear program (LP), based on a relaxation of the corresponding NLP/MINLP
problem. Examples of LP-based branch-and-bound solvers for non-convex
NLP/MINLPs are Baron, Couenne, and Lindoglobal (Nannicini & Belotti, 2012). In this
work, the MINLP optimization problem - given by Equations (1) through (31) - was
solved using “what’sBest9.0.5.0” LINDO Global Solver for Microsoft Excel 2010, and
run on a desktop PC (Intel® Core ™ i7-2620M, 2.7 GHz, 8.00 GB RAM, 64-bit

Operating System).

II1.5. Case Study Illustration

In order to demonstrate the application of the methodology within industrial
cities based on a given layout and structuring, an industrial city arrangement that has
been utilized previously without any treatment considerations (Alnouri, Linke et al.
2014) was used in this work for illustration. Figure 13 shows the industrial city
infrastructure with both centralized and decentralized treatment options considered, so as
to allow the selection of optimal treatment interception. The total area of the plot is 64
km2, spread over a total of 1600 equally-spaced regions, with each corresponding to an

area of 0.04 km2. A total of 6 plants, 6 water sources, and 6 water sinks were used, with
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similar locations to our previous illustration (Alnouri, Linke et al. 2014a). However, in
this case, two different locations for freshwater mains were enabled, with option 1 being
a slightly cheaper than option 2, at the expense of providing a lower freshwater quality.
Moreover, Figure 13 also illustrates the locations that were retained for water treatment
facilities. Plants 2, 3, 4 and 6 all involve on-site treatment options for their respective

wastewater discharges.
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Figure 13. Industrial City Layout, with Type 1 connectivity mesh illustrated

As it has been mentioned before, on-site treatment is restricted to wastewater
from within the plant itself, hence no wastewater was allowed to be sent for treatment to

a facility located within different plant boundaries. On the other hand, all centralized

&3



treatment locations that are indicated on Figure 13 allow wastewater treatment for
sources that originate from any of the plants involved. Three different centralized
treatment locations are designated, and each of which was allowed to be associated with
a selection of treatment technologies (two different options for each) to choose from as
desired. Moreover, two different connectivity possibilities were implemented as it has
been done previously (Alnouri, Linke et al 2014a). Type 1 and Type 2 connectivity
differ in the branching directions that are allowed from node to node, with Type 1
involving right angled turnings only while Type 2 enables diagonal movements from one
node to the other. Both types of connectivity meshes are illustrated in Figures 13 and 14

respectively.

Both connectivity settings were utilized as input to a developed Runtest file that
allows an automated inputting layout scheme whilst executing Dijkstra’s algorithm
(Dijkstra 1959). Distance information for all shortest routes that have been attained by
executing Dijkstra’s algorithm according to the provided layout is summarized in Tables
15-18. Moreover, numbers of elbows and bends within each of shortest routes extracted
were also obtained to be utilized in computing pressure drop values, as required. It
should be noted that Tables 15 and 16 provide all necessary information based on Type 1
connectivity bounds via available service corridors, while the values in Tables 17 and 18
summarize all necessary information that has been obtained according to Type 2

connectivity mesh boundaries.
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Table 15. Shortest distance data extracted and total number of edges that are associated with

right-angled pathways within corridors for water source and sink locations

Path Distance (km) P1D1 P1D2 P3D1 P4D1 P5D1 P5D2  Waste

P2S1 3.6 3.2 6.2 8.2 9.8 5 3.6

S 90° Edges 2 3 4 7 7 3 1
@ P252 5.4 5 8 10 11.6 4 2.6
§ 90° Edges 3 4 4 7 7 1 1
n 2 P3S1 9.6 4 4.2 7.8 9.4 10.2 9.2
=z 90° Edges 4 3 3 6 6 6 2
2 P4S1 126 114 96 10.4 112 5.6 8.6
jog 90° Edges 6 7 7 8 6 4 6
e 38 P6S1 8 6.8 3.8 4.6 6.2 4.6 7.6
Lo 90° Edges 3 4 4 5 5 3 5
= % P6S2 8.2 7 4.8 5.6 7.2 4.4 7.4
=2 90° Edges 4 5 5 6 6 4 6
5 Fresh 1 1.6 104 8.6 7.4 7.4 4.6 38
£ 90° Edges 4 5 5 2 2 2 4
A Fresh 2 7.8 6.6 8 4 10 11.6 17
90° Edges 6 5 5 2 8 8 2

Table 16. Shortest distance data extracted and total number of edges that are associated with

right-angled pathways within corridors, for central and de-central water treatment locations

Path Distance (km) P2T1 P3T1 P4T1 P6T1 CT1 CT2 CT3

pP2S1 1.8 - - - 2.4 6 8.2
90° Edges 0 - - - 3 4 3
s p2S2 0.8 - - - 2.2 5 7.2
g 90° Edges 1 - - - 3 2 1
8 P3S1 - 0.4 - - 8 10.4 11.8
E 90° Edges - 0 - - 4 7 6
é P4S1 - - 1.6 - 8.2 5 4.4
& 90° Edges - - 0 - 6 5 4
= P6S1 - - - 1 6.4 4 5.4
2 90° Edges - - - 2 5 4 3
P6S2 - - - 04 6.6 3.8 52
90° Edges - - - 1 6 5 4
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Tablel6. Continued

Path Distance (km) PID1 P1D2 P3D1 P4D1 P5D1 P5D2 Waste
P2T1 6.4 52 7.8 3.8 9.8 11.4 12
S 90° Edges 5 4 8 5 11 11 1
‘g P3T1 7.4 6.2 7.6 3.6 9.6 11.2 3
=1 90° Edges 7 6 6 3 9 9 3
£ P4T1 7.2 6 2.6 5.4 4.6 6.2 6.8
= 90° Edges 3 4 2 5 5 5 7
R P6T1 12 9.2 5.8 5 6.6 7 8
5= 90Edges 5 6 4 3 5 5 5
S CT1 4.8 3.6 6.2 5 8.2 9.8 3.6
5 90° Edges 3 4 4 3 7 7 1
g CT2 6.6 5.4 52 3.2 7.2 8.8 4.6
5 90° Edges 3 4 4 3 7 7 5
= CT3 116 88 54 8.2 54 54 11.2
90° Edges 4 5 3 4 4 4 6

Table 17. Shortest distance data extracted and total number of edges that are associated with

diagonally integrated pathways within corridors for water source and sink locations

Path Distance (km) P1D1 P1D2 P3D1  P4D1 P5D1 P5D2  Waste
P2S1 336 284 572 7.24 8.84 4.64 3.48
& 135° Edges 2 3 6 9 10 6 2
@ P2S2 504 452 728 8.8 10.4 3.88 2.48
§ 135° Edges 4 5 10 13 14 2 2
» B P3S1 9 352 3.84 7.08 8.68 9.48 8.96
= 135° Edges 8 5 6 11 12 12 4
29 P4S1 11.64 1032  8.64 9.44 10.24 5.12 8
;;) %') 135° Edges 12 13 16 15 14 8 8
e 8 P6S1 764 62 332 4 5.6 4.24 6.76
Lo 135° Edges 5 6 7 8 9 5 9
= P6S2 784 64 42 4.88 6.48 3.92 6.8
2= 135° Edges 5 6 10 11 12 7 7
*é‘ Fresh 1 10.88 9.56  7.88 436 7.16 7.16 36.2
= 135° Edges 7 8 11 3 3 4 3
& Fresh 2 6.96 6 7.28 3.76 8.8 10.4 15.8
135° Edges 6 3 10 4 13 14 4
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Table 18. Shortest distance data extracted and total number of edges that are associated with

diagonally integrated pathways within corridors, for central and de-central water treatment

Path Distance (km) P2T1  P3T1 P4T1 P6T1 CT1 CT2 CT3
P2S1 1.8 - - - 204 552 7.84
135° Edges 0 - - - 5 7 6
. P2S2 0.68 - - - 1.84 476 7.08
= 135° Edges 2 - - - 3 3 2
o P3S1 - 0.4 - - 752 9.44 10.96
£ 135° Edges ; 0 ; ; 7 11 12
S P4S1 - - 1.6 - 7.48 4.4 3.8
& 135° Edges - - 0 - 9 9 8
= P6S1 - - - 0.76 5.8 3.52 5.04
2 135° Edges - - - 1 8 4 5
P6S2 - - - 0.28 6 32 4.72
135° Edges - - - 0 8 6 7
Path Distance (km) P1D1 P1D2 P3D1 P4D1 P5D1 P5D2  Waste
P2T1 5.8 484 684 332 836  9.96 1.08
S 135° Edges 7 2 11 5 14 1 1
g P3T1 6.44 548 676 324 828  9.88 2.64
=1 135° Edges 8 5 12 6 15 6 6
& P4T1 6.84 5.4 2.36 4.8 3.88  5.48 5.96
< 135° Edges 6 7 4 10 7 10 10
R P6T1 11.16 836 532  4.64 6 6.28 7.52
5= 135"Edges 9 10 7 5 8 5 5
S CT1 4.44 324 572 464 724 884 3.48
5 135° Edges 4 3 6 6 9 2 2
g CT2 6.12 468 472 284 624  7.84 4
5 135° Edges 6 7 8 6 11 6 6
= CT3 11 8.08  5.04 7.6 492 492 10.12
135° Edges 8 9 6 6 7 12 12
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I11.5.1 Wastewater Information and Case Study Parameters

In this case study, two different set-ups have been explored for wastewater
pollutants: (a) having single contaminant information only and (b) having multiple
contaminant information (3 pollutants in this case). For each of these two set-ups, two
sets of source wastewater data were considered, lower-end and higher-end contaminant
values. A total of four pollutant information scenarios were therefore studied, and each
of these cases was explored using both types of connectivity information summarized in
Tables 15-18. Tables 19 and 20 show the case study flowrate data, and contaminant
composition values that were used for both single and multiple contaminant scenarios,
each of which having a lower end and a higher end set of contaminant data for process
wastewater sources. Table 21 provides the required flow rates and maximum permissible
pollutant limits for each water sink involved. In this case study, the same pollutants were
considered to be present in all plants involved. However, different pollutant scenarios
can be explored according to the proposed methodology, together with the central and

decentral treatment options required for their removal to the appropriate limits.
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Table 19. Flow and composition water source data for cases considering a single contaminant

only
Lower-end Conc.  Higher-end Conc.

SOURCES Flow (W) kg/h X1 X1
(ppm) (ppm)

P2S1 80,000 140 400

P2S2 120,000 100 550

P3S1 140,000 180 240
P4S1 100,000 100 1000

P6S1 195,000 250 780

P6S2 80,000 230 810

Table 20. Flow and composition water source data for cases considering multiple contaminants

Conc. Conc. Conc. Conc. Conc.
Flow(W) Conc. X3
SOURCES X1 X2 X1 X2 X3
kg/h (Ppm)
(ppm) (ppm) (ppm)  (ppm)  (ppm)
Lower-end Higher-end
P2S1 80,000 140 100 60 400 730 290
pP2s2 120,000 100 50 30 550 500 450
P3S1 140,000 180 150 130 240 150 1130
P4S1 100,000 100 190 210 1000 340 670
P6S1 195,000 250 190 200 780 190 500
P6S2 80,000 230 180 180 810 1800 220
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Table 21. Flow and composition water sink data

Flow (G) Max. Inlet Conc. Max. Inlet Max. Inlet Max. Inlet
SINKS kg/h Z1 Conc. Conc. Conc. Z3
(ppm) Z1(ppm) Z2 (ppm) (ppm)
Single C. Cases Multiple Contaminant Cases

P1D1 80,000 50 50 50 80
P1D2 120,000 0 0 0 30
P3D1 80,000 50 50 70 100
P4D1 195,000 240 240 130 150
P5D1 140,000 140 140 100 100
P5D2 80,000 170 170 120 130

Table 22 summarizes all the parameters associated with the different water
treatment interceptor options in terms of pollutant removal ratios, as well as costing.
Fixed unit costs for all on-site (decentralized) water treatment were considered to be
zero, since it was assumed that they already exist as part of the plant’s infrastructure, and
hence no investment costs were expected to be involved, and only operating costs were
incorporated. On the other hand, all off-site (centralized) treatment interceptor selections
were assumed to incorporate both a fixed investment parameter, as well as an
operational cost per the amount of pollutant removed. Moreover, two different treatment
choices were associated with each of the off-site treatment locations, and the information
for which is also summarized in Table 22. The model also takes into consideration the
costs of the different treatment options that are put forth, when selecting the different

treatment technologies to be used in the network. Moreover, in this study, the calculated
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pipeline diameters were rounded up to the nearest standard size in meters, in increments
of 0.1. However, any set of standard sizes can be incorporated, depending on what the

user would like to specify.

Table 22. Contaminant removal ratios and cost of respective treatment scenario

Unit Cost of mass

X1 X2 X3 Unit cost of
Treatment removed
Removal Removal Removal Interceptor
Interceptor ) ) ] CUM ($-kg
Ratio Ratio Ratio CU (%)
removed)
P2T1 0.9 0.5 0.5 0 1.06
P3T1 0.6 0.8 0.6 0 1.53
PAT1 0.7 0.7 0.7 0 1.78
P6T1 0.8 0.7 0.7 0 1.82
CT1 Option 1 0.7 0.8 0.9 2,400 1.54
CT1 Option 2 0.7 0.9 0.9 3,700 0.695
CT2 Option 1 0.9 0.8 0.7 9,200 0.85
CT2 Option 2 0.8 0.8 0.9 8,800 1.005
CT3 Option 1 0.9 0.9 0.9 10,200 1.102
CT3 Option 2 0.95 0.95 0.95 11,600 1.34

Moreover, cost parameters (a and b) depend on the material of construction
utilized, which was assumed to be carbon steel in this study. Therefore, different
pipeline materials would definitely require utilizing the corresponding values for these
parameters, based on the material specified. Table 23 outlines all the additional
parameters that were required in this case study, and most of the values were adopted
form a study by Rubio-Castro et al. (2011). The costs of fresh water, wastewater

92



discharge, treatment units, and interplant pipelines were accounted for. Moreover,

environmental regulations for streams discharged to the environment were also

incorporated.

Table 23. Case Study Parameters

Parameter Value
Pipe Roughness & 4.6x107
Expansion loss at pipe exit K, 0.55
Contraction loss at pipe entrance K., 0.55
Loss at pipe elbow/bend K, 0.75
Loss at pipe elbow/bend K, 0.5
Density p 1000 (kg/m’)
Viscosity p 0.00155 (kg/ms)
Coefficient associated with piping cost calculations a 1.215
Coefficient associated with piping cost calculations b 2.843
Cost of Wastewater Discharge CWASTE 0.3 $/ton
Cost of Freshwater of type 1 CYRESH 0.1 $/ton
Cost of Freshwater of type 2 CYRESH 0.13 $/ton

Pollutant 1-3 compositions in External Freshwater of type 1 xf 5557

Pollutant 1-3 compositions in External Freshwater of type 2 x£555H#

Maximum permissible discharge concentration of pollutants 1-3 for

Lower-End CasexMax

10 ppm; 10 ppm;
10 ppm
5 ppm; 5 ppm;
S ppm
120 ppm; 100 ppm;
90 ppm
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Table 23. Continued

Parameter Value

Maximum permissible discharge concentration of
] 120 ppm; 150 ppm; 200ppm
pollutants 1-3 for Higher-End Casexa*

Operating hours per yearH,, 8760 h/yr
Treatment Annualized FactorKp 0.05 yr'
Piping Cost Annualized Factor y 0.05 yr’'
Efficiency n 80%
111.5.2 Case Study Results

All the cases that have been considered were optimized based on three different
settings: (1) allowing on-site ‘decentral’ treatment only (2) allowing off-site ’central’
treatment only and (3) allowing both on-site and off-site treatment simultaneously.
Table 24 provides a summary of descriptions for the 24 cases studied. All cases have
been solved by means of global optimization for non-convex problems, via branch-and
bound algorithm. The number of equations, continuous, and binary variables involved in
each of the 3 settings described were as follows: (1) 17,778 numerics, 769 variables, 532
constraints, 0 binaries and 1510 coefficients; (2) 17483 numerics, 997 variables, 532
constraints, 6 binaries and 2270 coefficients; (3) 17,427 numerics, 1,118 variables, 532
constraints, 6 binaries and 2784 coefficients. The number of iterations varied between
10,000-2,000,000 depending on the cases described, with a solver feasibility tolerance of
0.00001. The current implementation of the model in LINDO WHAT’SBEST has been

able to converge using the roundup function for determining pipeline diameters.

94



Table 24. Case Descriptions

Case Description
Single Contaminant; lower-end concentrations for wastewater sources;
! Type 1 connectivity; onsite treatment enabled only
Single Contaminant; lower-end concentrations for wastewater sources;
2 Type 1 connectivity; offsite treatment enabled only
Single Contaminant; lower-end concentrations for wastewater sources;
3 Type 1 connectivity; both onsite and offsite treatment enabled simultaneously
Single Contaminant; lower-end concentrations for wastewater sources;
4 Type 2 connectivity; onsite treatment enabled only
Single Contaminant; lower-end concentrations for wastewater sources;
° Type 2 connectivity; offsite treatment enabled only
Single Contaminant; lower-end concentrations for wastewater sources;
° Type 2 connectivity; both onsite and offsite treatment enabled simultaneously
Multiple Contaminants; lower-end concentrations for wastewater sources;
! Type | connectivity; onsite treatment enabled only
Multiple Contaminants; lower-end concentrations for wastewater sources;
] Type 1 connectivity; offsite treatment enabled only
Multiple Contaminants; lower-end concentrations for wastewater sources;
? Type | connectivity; both onsite and offsite treatment enabled simultaneously
Multiple Contaminants; lower-end concentrations for wastewater sources;
10 Type 2 connectivity; onsite treatment enabled only
Multiple Contaminants; lower-end concentrations for wastewater sources;
H Type 2 connectivity; offsite treatment enabled only
12 Multiple Contaminants; lower-end concentrations for wastewater sources;

Type 2 connectivity; both onsite and offsite treatment enabled simultaneously
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Table 24. Continued

Case Description
Single Contaminant; higher-end concentrations for wastewater sources;
3 Type 1 connectivity; onsite treatment enabled only
Single Contaminant; higher-end concentrations for wastewater sources;
1 Type 1 connectivity; offsite treatment enabled only
Single Contaminant; higher-end concentrations for wastewater sources;
o Type 1 connectivity; both onsite and offsite treatment enabled simultaneously
Single Contaminant; higher-end concentrations for wastewater sources;
10 Type 2 connectivity; onsite treatment enabled only
Single Contaminant; higher-end concentrations for wastewater sources;
o Type 2 connectivity; offsite treatment enabled only
Single Contaminant; higher-end concentrations for wastewater sources;
1o Type 2 connectivity; both onsite and offsite treatment enabled simultaneously
Multiple Contaminants; higher-end concentrations for wastewater sources;
1o Type | connectivity; onsite treatment enabled only
Multiple Contaminants; higher-end concentrations for wastewater sources;
20 Type | connectivity; offsite treatment enabled only
Multiple Contaminants; higher-end concentrations for wastewater sources;
ot Type 1 connectivity; both onsite and offsite treatment enabled simultaneously
Multiple Contaminants; higher-end concentrations for wastewater sources;
2 Type 2 connectivity; onsite treatment enabled only
Multiple Contaminants; higher-end concentrations for wastewater sources;
23 Type 2 connectivity; offsite treatment enabled only
Y Multiple Contaminants; higher-end concentrations for wastewater sources;

Type 2 connectivity; both onsite and offsite treatment enabled simultaneously

The various water network solutions were obtained in relatively reasonable CPU

timings, for all the different scenarios that have been studied. All cases converged in less
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than 7 minutes of CPU time. The results obtained indicate various interesting trends, and
Tables 25-31 outline the various source-interception-sink implementations that have
been found. Similar implementations were obtained for more than one case, and each of
the solutions greatly depends on the conditions involved and type of treatment enabled.
All cases in which both on-site and off-site treatment options were allowed
simultaneously yield the best performing results, with the least freshwater consumption

and wastewater discharge.

Table 25. Optimum Source-Interception-Sink mapping implementation obtained for Cases 1, 3, 4

and 6

Flows (ton/h)

P1D1 P1D2 P3D1 P4D1  P5D1  P5D2 Waste

Source-to- pP2S1 0 0 0 0 0 0 0
Sink; P2S2 0 0 0 0 0 1.44 0
Fresh-to- P3s1 0 0 6.38 8.39 50.75 74.49 0
Sink; P4Ss1 0 0 22.59 0 77.41 0 0

Source to- P6S1 12.88 0 0 118.5 0 0 63.65
Waste; P6S2 0 0 0 68.15 11.85 0 0
Fresh —to-  Fresh 1 0 0 0 0 0 0 0
Waste Fresh 2 0 120.0 0 0 0 0 0

P2T1 P3T1 PAT1 P6T1 CT1 CT2 CT3
P2S1 80.0 0 0 0 0 0 0
P2S2 118.5 0 0 0 0 0 0
Source-to- P3S1 0 0 0 0 0 0 0
interceptor P4S1 0 0 0 0 0 0 0
P6S1 0 0 0 0 0 0 0
P6S2 0 0 0 0 0 0 0

P1D1 P1D2 P3D1 P4D1 P5D1 P5D2 Waste

Interceptor P2T1 67.17 0 51.02 0 0 4.06 76.3
-to-Sink; P3T1 0 0 0 0 0 0
Interceptor P4T1 0 0 0 0 0 0 0
-to-Waste P6T1 0 0 0 0 0 0 0
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Table 26. Optimum Source-Interception-Sink mapping implementation obtained for Cases 2, 5

Flows (ton/h)

Source-to-
Sink;
Fresh-to-
Sink;
Source to-
Waste;
Fresh —to-
Waste

Source-to-
interceptor

Interceptor-
to-Sink;
Interceptor-
to-Waste

pP2s1
p2S2
P3sS1
P4s1
P6S1
P6S2
Fresh 1
Fresh 2

P2S1
P2S2
P3S1
P4S1
P6S1
P6S2

CT1

CT2
CT3

P1D1

58.44
P2T1

P1D2

P3D1
0

P4D1

P5D1

10.19
0
47.46
0
10.42
30.54
0
41.38

CT1

[=ReleNeoNeN =)

P5D1
0

0
0

P5D2

0
0
31.83
0
8.15
25.35

14.66
CT2

[=ReleNeX =)

P5D2

0
0

Waste

69.81
120.0
0
100.0
23.11

SO O

CT3

S oo oo

Waste
0

0
0

Table 27. Optimum Source-Interception-Sink mapping implementation obtained for Cases 7, 10

Flows (ton/h)

Source-to-
Sink;
Fresh-to-
Sink;
Source to-
Waste;
Fresh —to-
Waste

Source-to-
interceptor

pP2s1
pP2S2
P3s1
P4Ss1
P6S1
P6S2
Fresh 1
Fresh 2

P2S1
P2S2
P3S1
P4S1
P6S1
P6S2

58.95
P2T1
12.62

S OO OO

120.0
P3T1

P3D1

0

0

0
26.52

0

0

0
34.78
P4T1

[eReNeNeNel =]

P4D1

0
0
0

1.77
120.1
68.15

S O

P6

[=NeNeNeNeN =]

—

P5D1
15.39
0
0
0
61.55
11.85
0
58.8
CT1

P5D2
0

0

0

0
13.34

0

0

2.16
CT2

Waste
51.99
120.0

0
50.66
0
41.54
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Table 27. Continued

Interceptor-
to-Sink;
Interceptor-
to-Waste

P2T1
P3T1
P4T1
P6T1

P1D1

SO o O

P1D2
0 0
0
0 0
0 0

18.69

P3D1

P4D1

0

73.12

0
0

P5D1
0

0
0
0

P5D2

0

30.3

0
0

Woaste

12.62
17.88
0
0

Table 28. Optimum Source-Interception-Sink mapping implementation obtained for Cases 8,9,

11 and 12
Flows (ton/h)
P1D1 P1D2 P3D1 P4D1 P5D1 P5D2 Waste
Source-to- p2s1 0 0 0 0 0 37.38 42.62
Sink; p2s2 0 0 0 60.29  53.52 6.19 0
Fresh-to- P3S1 0 0 0 0 0 0 24.13
Sink; P4S1 0 0 10.38 0 0 0 0
Source to- P6S1 8.26 0 0 105.3 53.77 27.66 0
Waste; P6S2 0 0 8.68 9.11 0 0 24.88
Fresh —to- Fresh 1 0 0 0 0 0 0 0
Waste Fresh 2 0 120 0 0 0 0 0
P2T1 P3T1 P4T1 P6T1 CT1 CT2 CT3
Opn.1
pP2S1 0 0 0 0 0 0 0
p2s2 0 0 0 0 0 0 0
Source-to- P3S1 0 0 0 0 0 115.8 0
interceptor P4S1 0 0 0 0 0 89.6 0
P6S1 0 0 0 0 0 0 0
P6S2 0 0 0 0 0 37.32 0
P1D1 P1D2 P3D1 P4D1 P5D1 P5D2 Waste
Interceptor CT1 0 0 0 0 0 0 0
“to-Sink; €12 5173 0 6093 2029 3271 877 4835
Interceptor Opn.1
-to-Waste CT3 0 0 0 0 0 0 0
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Table 29. Optimum Source-Interception-Sink mapping implementation obtained for Cases 14
and 17

Flows (ton/h)

P1D1 P1D2 P3D1 P4D1 P5D1 P5D2  Waste

Source-to- P2S1 0 0 0 0 0 0 0
Sink; P2Ss2 0 0 0 0 0 0 0
Fresh-to- P3S1 0 0 0 0 0 0 0
Sink; P4S1 0 0 0 37.55 12.09 9.46 10.66
Source to- P6S1 0 0 0 0 0 0 0
Waste; P6S2 0 0 0 0 0 0 0
Fresh —to- Fresh 1 0 0 0 0 0 0 0
Waste Fresh 2 11.85 120.0 11.85 0 0 0 0
P2T1 P3T1 P4T1 P6T1 CT1 CT2 CT3
Opn. 1
P2s1 - - - - 0 80.0 0
pP2s2 - - - - 0 120.0 0
Source-to- P3S1 - - - - 0 140.0 0
interceptor P4S1 - - - - 0 30.22 0
P6S1 - - - - 0 195 0
P6S2 - - - - 0 80 0
P1D1 P1D2 P3D1 P4D1 P5D1 P5D2  Waste
Interceptor- CT1 0 0 0 0 0 0 0
to-Sink; cT2 68.15 0 6815 1574 12791 7054  153.0
Interceptor-  Opn. 1
to-Waste CT3 0 0 0 0 0 0 0

Table 30. Optimum Source-Interception-Sink mapping implementation obtained for Cases 15
and 18

Flows (ton/h)

P1D1 P1D2 P3D1 P4D1 P5D1 P5D2  Waste

Source-to- pP2S1 0 0 0 0 0 0 0
Sink; p2S2 0 0 0 22.17 16.66 14.68 0
Fresh-to- P3s1 0 0 0 128.6 0 0 11.39
Sink; P4S1 0 0 0 0 0 0 0
Source to- P6S1 0 0 0 0 0 0 4.58
Waste; P6S2 0 0 0 0 0 0 0
Fresh —to- Fresh1 0 0 0 0 0 0 0

Waste Fresh 2 0 120.0 0 0 0 0 0
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Table 30. Continued

CT2

P2T1 P3T1 P4T1 P6T1 CT1 CT3
Opn.1
P2s1 80.0 0 0 0 0 0 0
P2S2 66.48 0 0 0 0 0 0
Source-to- P3S1 0 0 0 0 0 0 0
interceptor P4S1 0 0 0 0 0 100 0
P6S1 0 0 0 0 0 190.4 0
P6S2 0 0 0 0 0 80.0 0
P1D1 P1D2 P3D1 P4D1 P5D1 P5D2  Waste
P2T1 73.24 0 73.24 0 0 0 0
P3T1 0 0 0 0 0 0 0
Interceptor-  P4T1 0 0 0 0 0 0 0
to-Sink; P6T1 0 0 0 0 0 0 0
Interceptor- CT1 0 0 0 0 0 0 0
to-Waste  CT2 6.75 0 675 4422 12333 6531 1240
Opn.1
CT3 0 0 0 0 0 0 0

Table 31. Optimum Source-Interception-Sink mapping implementation obtained for Cases 20,21,

23 and 24

Flows (ton/h)

P1D1 P1D2 P3D1 P4D1 PSD1 P5D2 Waste

Source-to- P2S1 0 0 0 0 0 0 3.86
Sink; p2S2 0 0 0 0 0 0 0
Fresh-to- P3S1 0 0 0 0 0 0 0
Sink; P4S1 0 0 0 0 0 0 0

Source to- P6S1 2.20 0 0.99 49.70 17.96 12.61 27.72

Waste; P6S2 0.29 0 0.70 7.47 4.29 2.76 12.42
Fresh —to- Fresh 1 51.59 0 40.0 125.5 98.53 46.62 0
Waste Fresh 2 0 120 0 0 0 0 0
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Table 31. Continued

CT2

P2T1 P3T1 P4T1 P6T1 CT1 Op! CT3
p2S1 0 0 0 0 0 76.14 0
p2S2 0 0 0 0 0 120 0
Source-to- P3S1 0 0 0 0 0 140 0
interceptor P4S1 0 0 0 0 0 100 0
P6S1 0 0 0 0 0 83.82 0
P6S2 0 0 0 0 0 52.06 0
P1D1 P1D2 P3D1 P4D1 P5D1 P5D2 Waste
-to-Sink; cT2 2591 0 38.31 12.26 19.21 18.00 458.1
Interceptor ~ Opn.1
-to-Waste CT3 0 0 0 0 0 0 0

Tables 32 and 33 summarize all costs of the solutions attained for the different
cases, using lower end and higher end contaminant information respectively. The costing
included piping, freshwater intake, wastewater discharge, water treatment, and pumping
costs required to overcome pressure drops. The lowest freshwater consumption and
wastewater discharge flowrate values were 120 t/h and 140 t/h respectively, whereas the
highest were 482.2 t/h and 502.3 t/h. Moreover, the results show that piping and
pumping costs are important factors that must be considered in the design stage, since
the costs constitute a significant portion of the total costs, and can significantly vary
depending on the water allocations achieved (38-53% for cases1-6; 31-43% for cases 7-

12; 21-23% for cases 13-18; and 20-21% for cases 19-24).
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Additionally, all cases have been re-solved by utilizing a continuous value for all
pipeline diameters, so as to compare the effect of retaining a continuous diameter value,
on the solutions attained.. It has been found that the water allocations obtained were not
influenced by replacing the roundup diameter function with a continuous diameter value.
However, all piping and pumping costs were affected. The corresponding results for all
resolved cases have been summarized in Tables 32-33. Even though pipeline costs
decrease when a continuous diameter variable is utilized, pumping costs increase due to
larger pressure drop differences obtained, as a result of increased friction losses.
However, since pipeline costs outweigh pumping costs, the total annualized costs

decrease in all cases.

Table 25 summarizes the solution attained using the lower-end single
contaminant information, whilst enabling on-site treatment only (Cases 1 and 4). When
both central and decentral treatment options were allowed simultaneously (Cases 3 and
6), a similar implementation was attained. Additionally, it can be noted that the second
freshwater option was mostly chosen due to the more accessible location and cleaner
source, despite it being slightly more expensive in terms of cost per ton of supply. Table
26 outlines the optimum cost implementation obtained for Cases 2 and 5, in which only
off-site central treatment was enabled. It was observed that no central treatment options
were chosen, even after allowing the option. When comparing Cases 1-6, it can be noted
that on-site decentral treatment was found to give the most economical results. For the

cases that only allowed off-site central treatment, water integration was mainly achieved
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via direct recycling of existing process wastewater sources. Table 27 provides the
optimum cost source-interception-sink mapping implementation obtained using the
lower-end multiple contaminant compositions, whilst only allowing on-site decentral
treatment options (Cases 7 and 10). It can be observed that ultimately, more freshwater
was required than when a single contaminant was involved. The optimum cost
implementation for Cases 8,9, 11 and 12 is outlined in Table 28, and was found to be
similar for the case employing of off-site treatment only (Cases 8 and 11) as well as
allowing both on-site and off-site treatment (Cases 9 and 12). When comparing Cases 7-
12, in which lower end multiple pollutant information was involved, it was observed that
off-site central treatment was found to give the most economical results, unlike the cases
that employed lower end single contaminant data. Moreover, the solutions were found to
incorporate location 2 for off-site centralized water treatment, with option 1 selected.
Figures 15-19 provide some example illustrations for the water network connectivity that

have been obtained, according to the solutions outlined.
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Table 32. Summary of costs using lower end concentration data

Right Angled Pathways Diagonally Integrated Pathways
Decentral  Central Both Decentral Central Both
Treat. Treat. Enabled Treat. Treat. Enabled
Only Only Only Only
Single Contaminant Considered
Annualized
Piping Costs 566,477 580,621 566,477 516,520 527,320 516,520
(PC) $lyr
External
Freshwater 136,656 333,573 136,656 136,656 333,573 136,656

Costs (FC) $lyr
Annual Water
Treatment Costs 192,676 0 192,676 192,676 0 192,676
(TC) $lyr

Wastewater

Discharge Costs 367,920 822,345 367,920 367,920 822,345 367,920
(WC) $lyr
Total
PC+FC+TC+W
C

($/yr)
Freshwater
Required (kg/h)
Wastewater
Discharged 140,000 312,916 140,000 140,000 312,916 140,000
(kg/h)

Pumping Costs
Required $/yr
Total
PC+FC+TC+W
C

($lyr)*
Annualized
Piping Costs 384,683 380,743 384,683 350,577 345,845 350,577
(PC) $lyr*
Pumping Costs
Required $/yr*

1,263,729 1,736,540 1,263,729 1,213,773 1,683,238 1,213,773

120,000 292,916 120,000 120,000 292,916 120,000

114,325 128,487 114,325 103,636 117,719 103,636

1,081,935 1,536,662 1,081,935 1,047,829 1,501,763 1,047,829

314,991 364,101 314,991 286,304 331,934 286,304

* Results when all diameter variables were kept as continuous variables, and no rounding
functions were utilized in the calculations
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Table 32. Continued

Right Angled Pathways Diagonally Integrated Pathways
Decentral  Central Both Decentral  Central Both
Treat. Treat. Enabled Treat. Treat. Enabled
Only Only Only Only
Multiple Contaminants Considered
Annualized
Piping Costs 666,807 722,768 722,768 604,157 655,489 655,489
(PC) $lyr
External
Freshwater 312,816 136,656 136,656 312,816 136,656 136,656

Costs (FC) $lyr
Annual Water
Treatment Costs 594,802 813,258 813,258 594,802 813,258 813,258
(TC) $lyr

Wastewater

Discharge Costs 774,443 367,920 367,920 774,443 367,920 367,920
(WC) $lyr
Total
PC+FC+TC+W
C

($/yr)
Freshwater
Required (kg/h)
Wastewater
Discharged 294,689 140,000 140,000 294,689 140,000 140,000
(kg/h)

Pumping Costs
Required $/yr
Total
PC+FC+TC+W
C

($lyr)*
Annualized
Piping Costs 420,531 493,818 493,818 381,323 448,561 448,561
(PC) $lyr*
Pumping Costs
Required $/yr*

2,348,869 2,040,602 2,040,602 2,286,219 1,973,323 1,973,323

274,689 120,000 120,000 274,689 120,000 120,000

125,529 154,595 154,595 114,097 140,959 140,959

2,102,594 1,811,652 1,811,652 2,063,385 1,766,395 1,766,395

353,410 387,862 387,862 320,877 351,235 351,235

* Results when all diameter variables were kept as continuous variables, and no rounding
functions were utilized in the calculations
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Table 33. Summary of costs using higher end concentration data

Right Angled Pathways Diagonally Integrated Pathways
Decentral Central Both Decentral Central Both
Treat. Treat. Enabled Treat. Treat. Enabled
Only Only Only Only
Single Contaminant Considered
Annualized
Piping Costs - 787,624 692,128 - 778,568 680,945
(PC) $lyr
External
Freshwater Costs - 163,652 136,656 - 163,652 136,656
(FC) $lyr
Annual Water
Treatment Costs - 2,734,887 2,806,208 - 2,734,887 2,806,208
(TC) $lyr
Wastewater
Discharge Costs - 430,220 367,920 - 430,220 367,920
(WC) $lyr
Total
\F;\?CJ’ FCaTCr | 4116384 4002912 - 4107328 3,991,729
($/yr)
Freshwater 143,706 120,000 i 143,706 120,000
Required (kg/h) ’ ’ ’ ’
Wastewater
Discharged - 163,706 140,000 - 163,706 140,000
(kg/h)
Pumping Costs 151,646 188,809 i 151,000 183,491
Required $/yr
Total
PCHFCHTCH - 3,886,953 3,822,236 - 3,881,951 3,813,390
WC
($lyr)*
Annualized
Piping Costs - 558,193 511,451 - 553,191 502,606
(PC) $lyr*
Pumping Costs
407,276 353,933 - 402,760 345,758

Required $/yr*

* Results when all diameter variables were kept as continuous variables, and no rounding
functions were utilized in the calculations
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Table 33. Continued

Right Angled Pathways

Diagonally Integrated Pathways

Decentral  Central Decentral Central
Both Both
Treat. Treat. Enabled Treat. Treat. Enabled
Only Only Only Only
Multiple Contaminants Considered

Annualized
Piping Costs - 827,226 827,226 - 800,140 800,140
(PC) $lyr
External
Freshwater - 454,061 454,061 - 454,061 454,061
Costs (FC) $lyr
Annual Water
Treatment Costs - 5,933,909 5,933,909 - 5,933,909 5,933,909
(TC) $lyr
Wastewater
Discharge Costs - 1,320,137 1,320,137 - 1,320,137 1,320,137
(WC) $lyr
Total
2C+FC+TC+W - 8,535,334  §,535,334 - 8,508,248 8,508,248
($1yr)
Freshwater ; 482335 482,335 i 482,335 482335
Required (kg/h) ’ ’ ’ ’
Wastewater
Discharged - 502,335 502,335 - 502,335 502,335
(kg/h)
Pumping Costs 934172 934,172 i 905,463 905,463
Required $/yr
Total
(P:C+FC+TC+W - 8,273,850 8,273,850 - 8,258,828 8,258,828
($lyr)*
Annualized
Piping Costs - 565,743 565,743 - 550,720 550,720
(PC) $lyr*
Pumping Costs 1,799.326 1,799,326 - 1728502 1,728,502

Required $/yr*

* Results when all diameter variables were kept as continuous variables, and no rounding
functions were utilized in the calculations

108



sink Il Prant

Decentral TR [ Central TR

AccessPot  fifiBarier [ |Coidor  [—|Piping

C.TR
FACILITY 2

D
DC.'IF

" FRESH SOURCE 1

Figure 15. Example Solution Illustrated for Case 2
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Figure 16. Example Solution Illustrated for Cases 4 and 6
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Figure 17. Example Solution Illustrated for Cases 8 and 9
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Figure 19. Example Solution Illustrated for Case 10

For all cases that utilized higher-end contaminant data for wastewater sources,
infeasibility in obtaining a solution was reported for the cases that only allowed on-site

decentral treatment options (ie, Cases 13, 16, 19, 22), as a result of not being able to
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satisfy the discharge limits imposed on the system. Table 29 provides the optimum cost
stream matching for the higher-end single contaminant data cases, when central
treatment is enabled only (Cases 14 and 17). Similar to previous implementations
involving lower-end pollutant concentration data, the solutions were found to
incorporate location 2 for off-site water treatment, and similarly, option 1 was selected
for water treatment. However, the most economical results amongst Cases 13-18 were
obtained when both on-site and off-site treatment were incorporated (i.e, Cases 15 and
18); the implementation for which is outlined in Table 30, and involves a mix of both
centralized and decentralized water treatment. It was also observed that the second
freshwater option was also favored for the higher-end single contaminant data. Table 31
provides source-interception-sink stream matching for the optimum cost solution
obtained, in which higher-end multiple contaminant data was utilized (Cases 20, 21, 23
and 24). As it has been mentioned, Cases 19 and 22 were reported as infeasible, and thus
off-site central treatment was necessary to satisty all the problem conditions and
constraints. The solutions were found to incorporate both freshwater options when
higher-end multiple contaminant data were used. Additionally, central off-site treatment
location 2 was also selected, which in turn involves option 1 for water treatment.
Comparing the different scenarios involving the two types of piping connectivity,
it was observed that cases that utilize Type 2 connectivity were always found to yield
more economical piping costs. This also translated to better performing solutions overall
when all other costing entities are summed up. However, stream matching and solutions

obtained in terms of source-interception-sink implementations were unaffected by the
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type of connectivity. This was mainly due to constraints imposed on the system, since
achieving a viable solution would ultimately depend on the ability to satisfy all the mass
balances for water sources, water sinks, and treatment interceptors. Besides, the
solutions would need to yield acceptable contaminant concentrations that do not violate
any maximum allowable limits, as well as discharge restrictions imposed on the system
as a whole.

Table 34 provides a summary for some of the pressure drop values that were
obtained amongst all the different connection categories (source-to-sink, source-to-
interceptors, interceptors-to-sink, source-to-waste, interceptors-to-waste, and fresh-
source). The pressure drops were found to greatly depend on the implementation
scenario from the solutions extracted, as well as on the type of piping connectivity
enabled. Cases involving Type 2 connectivity were mostly found to yield comparatively
lower pressure drop values for the same respective categories. Moreover, the relatively
high pressure drops were observed for pipes associated with the most elbows/bends in

the network, per unit length of pipe.
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Table 34. Summary of pressure drop values

Right Angled Pathways

Diagonally Integrated Pathways

Decentral ~ Central Both Decentral Central Both
Treat. Treat. Enabled Treat. Treat. Enabled
Only Only Only Only
Single Contaminant Considered - Lower End
Sources-to-Sinks 0.09 0.25 0.09 0.09 0.22 0.09
Sources-to-Int. 1.62 0.00 1.62 1.38 0.00 1.38
Int.-to-Sinks 1.53 0.00 1.53 1.33 0.00 1.33
Sources-to-Waste 4.88 2.73 4.88 4.34 2.55 4.34
Int.-to Waste 1.08 0.00 1.08 0.97 0.00 0.97
Fresh1-Sources 0.00 0.00 0.00 0.00 0.00 0.00
Fresh2-Sources 13.59 2.94 13.59 12.35 2.59 12.35
Multiple Contaminants Considered - Lower End
Sources-to-Sinks 0.33 1.12 1.12 0.30 1.09 1.09
Sources-to-Int. 0.15 0.93 0.93 0.15 0.78 0.78
Int.-to-Sinks 1.88 1.39 1.39 1.66 1.20 1.20
Sources-to-Waste 1.60 1.12 1.12 1.49 1.04 1.04
Int.-to Waste 1.19 1.79 1.79 1.08 1.56 1.56
Fresh1-Sources 0.00 0.00 0.00 0.00 0.00 0.00
Fresh2-Sources 0.52 13.59 13.59 0.47 12.35 12.35
Single Contaminant Considered - Higher End
Sources-to-Sinks - 2.57 5.22 - 2.33 5.07
Sources-to-Int. - 0.84 0.56 - 0.84 0.56
Int.-to-Sinks - 1.49 1.06 - 1.49 1.06
Sources-to-Waste - 6.32 1.26 - 5.88 1.12
Int.-to-Waste - 2.04 10.08 - 2.03 10.07
Fresh1-Sources - 0.00 0.00 - 0.00 0.00
Fresh2-Sources - 6.93 13.59 - 6.93 13.58
Multiple Contaminants Considered - Higher End

Sources-to-Sinks - 0.02 0.02 - 0.02 0.02
Sources-to-Int. - 1.69 1.69 - 1.69 1.69
Int.-to-Sinks - 1.33 1.33 - 1.33 1.33
Sources-to-Waste - 0.44 0.44 - 0.41 0.41
Int.-to-Waste - 3.77 3.77 - 3.77 3.77
Fresh1-Sources - 5.08 5.08 - 4.76 4.76
Fresh2-Sources - 13.59 13.59 - 13.58 13.58
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II1.6. Conclusions

This paper addresses the application of water integration strategies for the
synthesis and optimal design of interplant water networks within an industrial city setup,
in which centralized and decentralized water treatment options were introduced.
Industrial city layouts have been captured according to a similar approach that was
introduced in our previous work (Alnouri, Linke et al. 2014a), which enables the
exploration of any infrastructure setting for the industrial city in terms of source and sink
locations, and available service corridors for water transport. Two different types of
wastewater treatment are incorporated, off-site centralized options, as well as on-site
decentral arrangements, with pressure drops within pipelines being accounted for.
Hence, this work introduces an approach that helps decision-makers systematically
explore various wastewater treatment and reuse scenarios amongst a cluster of plants.

Developing efficient strategies for wastewater disposal ultimately entails an
integrated understanding of potential consequences on public health, agricultural
practices, as well as other environmental concerns. For these reasons, some industrial
cities are starting to enforce policies that involve Zero Liquid Discharge (ZLD) practices
for wastewater disposal. Currently, ZLD aspects were not part of the proposed
methodology; however, these additional considerations could certainly be the subject of
future work. Additionally, addressing interconnectivity scenarios for wastewater
treatment and reuse networks by introducing pipeline merging options have not been
accounted for in this work; hence, introducing such design aspects into the problem

could also be investigated.
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CHAPTER IV
OPTIMAL INTERPLANT WATER NETWORKS FOR INDUSTRIAL ZONES:
ADDRESSING INTERCONNECTIVITY OPTIONS THROUGH PIPELINE

MERGING*

To date, alternative design options that exist for interconnecting transmission and
distribution networks have not been considered in water reuse network synthesis.
Existing approaches that do incorporate piping expenses in the design of interplant water
networks assign a separate pipeline for every water allocation. However, merging
together common pipeline regions for the transmission of water from, or to nearby but
different processing facility destinations may improve the overall water network
performance not only in terms of cost efficiency but also in terms of complexity. This
paper introduces a novel approach that is capable of accounting for pipeline merging
scenarios that could exist within a water reuse network. Two different pipeline branching
possibilities have been introduced in this work, for the purpose of merging: (1) forward
branching, and (2) backward branching. The approach is implemented for the design of
interplant water networks considering direct water re-use amongst several coexisting
processing facilities within an industrial zone. A case study is presented to illustrate the

application of the approach and its benefits.

*Reprinted with Permission from “Optimal Interplant Water Networks for Industrial Zones: Addressing
Interconnectivity Options through Pipeline Merging” by Sabla Alnouri, Patrick Linke, and Mahmoud
El-Halwagi. AIChE Journal. Volume 60, 2853-2874. Copyright 2014 by Wiley.
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IV.1. Introduction

Water integration methodologies offer reliable tools for identifying optimal
wastewater reuse strategies that would allow industries to minimize their water
footprints, either individually (in-plant integration) or collectively (inter-plant
integration). Many water integration approaches have been developed and successfully
applied with a strong focus on water integration in individual plants or facilities.

Early work by Wang and Smith (1994a, 1994b) led to the water pinch analysis
approach that provides insight regarding potential opportunities for wastewater
minimization in process industries. Olesen and Polley (1996) introduced a simple
adaptation of the methodology in which additional constraints were incorporated into the
water network design problem, in terms of the plant’s geographical location, as well as
the piping costs involved. Alva-Argaez et al. (1998) developed a superstructure
optimization model that includes all the possible features of a water network design,
using a recursive decomposition scheme that combines insights from water-pinch
analysis together with mathematical programming. Savelski and Bagajewicz (2000)
introduced a design methodology for water-using networks in processing plants, by
investigating the necessary optimality conditions for a water allocation problem
involving a single contaminant. El-Halwagi et al. (2003) utilized insightful mixing and
segregation principles to develop a rigorous graphical targeting approach for minimizing
the overall freshwater consumption within a process by means of direct recycling
schemes. Manan et al. (2004) developed a water cascade analysis technique to establish

the minimum water and wastewater targets for the synthesis and design of water
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networks. Prakash and Shenoy (2005) presented an algorithm to design minimum
freshwater networks for fixed flowrate problems, based on the principle of having source
streams with the nearest contaminant concentrations being chosen to satisfy a particular
water demand. Liu et al. (2007) proposed a new method to determine the pinch points
and freshwater targets for water-using networks involving a single contaminant, based
on the characteristics of the pinch point in the problem, before carrying out any targeting
calculations. Hu et al. (2011) studied the effect of different process decomposition
strategies on freshwater savings, using concentration—mass load diagrams. Lee et al.
(2013Db) explored chilled water reuse and recycle opportunities using a superstructure
approach that accounts for all possible network connections, and a conflicting objective
was utilized to reduce network complexity, and improve flexibility within the solutions
obtained. Chaturvedi and Bandyopadhyay (2014) proposed a multi-objective mixed
integer linear programming formulation that simultaneously targets minimum fresh
water utilization, and maximum production in a batch process. A Pareto optimal front
was used to investigate trade-offs between production and fresh flows within the system.
Other contributions expanded existing water integration approaches by
considering wastewater reuse amongst an existing cluster of processing facilities, which
is referred to as interplant water integration. Liao et al. (2007) investigated the design of
flexible interplant water networks by combining mathematical programming techniques
with pinch analysis insights. Lovelady and El-Halwagi (2009) utilized a source-
interception-sink representation to develop an optimization-based approach for water

allocation amongst multiple processes within a shared eco-industrial facility. Chen et al.
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(2010) presented a novel integration scheme for inter-plant water integration within an
industrial complex, in which both centralized and decentralized water mains were used
to connect the water-using units within the individual plants. Aviso et al. (2010a, 2010b)
utilized fuzzy mathematical programming techniques to identify optimal network
designs that maximize wastewater reuse amongst a cluster of plants. Chew et al. (2010a,
2010b) introduced a new algorithm for targeting minimum fresh and waste flowrates for
interplant resource conservation problems, which can also be applied for the design of
water networks. Rubio-Castro et al. (2011) developed a global optimal formulation for
water integration in eco-industrial parks, based on a superstructure that allows the
wastewater reuse within the same plant, as well as water exchange amongst different
plants. Additionally, Rubio-Castro et al. (2012) utilized a MINLP model to retrofit
existing water networks from different plants within the same industrial zone, by
accounting for both intra-plant and inter-plant structural modifications. Boix et al.
(2012) formulated a Mixed-Integer Linear Programming problem based on the necessary
conditions of optimality defined by Savelski and Bagajewicz (2000), for designing an
Eco-Industrial Park (EIP) using three different EIP regeneration scenarios. Lee et al.
(2013a) introduced a mathematical optimization model involving a two-stage approach,
for inter-plant water network synthesis in which the individual processing units operate
in a mix of both continuous and batch modes. More recently, Alnouri et al. (2014a)
introduced a spatial representation for the design of interplant water networks within
industrial zones, whilst accounting for optimum routing strategies for water allocation,

by considering the layout of assigned corridor regions that available for water transport.

121



The work was then extended to account for the presence of centralized and decentralized
wastewater treatment locations, as possible interception options, before water reuse
(2014b). It was found that the design of water pipeline networks that achieve interplant
integration certainly depends on the topography of an industrial zone; in terms of how
the various plants and their respective processing facilities are arranged.

To date, all work has considered network connections between water sources and
sinks are segregated, i.e. one pipeline is associated with each connection. No work has
been proposed to consider the interconnectivity options that exist for a network as a
result of merging interconnecting water pipelines to reduce network complexity and
capitalize on potential economies of scale. In terms of studies that involve the design of
efficient pipeline networks, most contributions have been made regarding the design of
gas pipelines. For instance, Wong and Larson (1968) applied dynamic programming
techniques to determine the optimal operating conditions for and unbranched natural gas
pipeline. Graham et al. (1971) performed studies on a single-phase gas network, and
utilized steady-state flow and pressure distribution conditions when optimizing the
design of the gas pipeline network. Flanigan (1972) conducted a series of optimization
problems, using the generalized reduced gradient method, for the design of optimal
compressor sizes and pipeline diameters on a pre-selected network configuration.
Baskaran and Salzborn (1979) studied the problem of designing gas pipeline collection
networks in a desert environment, in which no physical obstacles were considered. An
efficient method for determining optimal positioning of pipeline junction points, and the

respective diameter of the pipes was presented. Olorunniwo and Jensen (1982a,1982b)
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developed a methodology that accounts for capacity expansion in natural gas
transmission networks. Almisned and and Alkahtani (1996) studied the design of an
optimal pipeline network for transporting natural gas amongst GCC countries. Their
study takes into account the type of fluid, transportation distances, location, and
topography for determining all the optimization criteria required for the pipeline
network. Amado (2011) introduced a new modeling approach for multi-commodity
network flow schemes that can be utilized for sequencing refined products in pipeline
systems. The overall design of the pipeline system is capable of generating the optimal
sequences of batches of products and their destination, as well as the amount of product
to be pumped, while satisfying the product demands. Bonnas et al.(2011) developed a
methodology for the design pipe networks via global optimization. Their study involved
the investigation of a gas network optimization problem, based on the hypothesis of a
stationary flow.

Enabling water reuse strategies within industrial zones requires an effective
synthesis and design strategy for pipeline networks to implement interplant water
transmission and distribution. Network cost is always considered a key item that would
determine the viability of a developed network design. Existing water integration
methods do not consider the pipeline aspect of the water network design in depth, even
though a great portion of the network’s total expenses would usually involve pipeline
construction and maintenance costs. So far, problems involving the design of water
networks associate a separate standalone pipeline with every water allocation. Such an

implementation is likely not practical, especially within a typical multi-stakeholder
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setting. In a first effort towards overcoming these limitations, this paper presents a novel
approach to exploring interplant water integration whilst considering less complex
interconnecting networks with merged segments. So far, all research contributions that
involve interplant water network design do not incorporate such merged pipeline options
as a design possibility within the network. Section 2 of this paper describes the synthesis
problem, Section 3 outlines the methodology that has been adopted, Section 4 details the

mathematical formulation, and Section 5 provides a case study illustration.

IV.2. Background and Synthesis Problem

Pipelines are the prevalent infrastructures to facilitate low-cost material exchange
across processing locations. The pipeline construction costs depend on the material of
construction, diameter and length of the pipeline being assembled and their
implementation (surface or buried).Parallel pipelines of small diameters are typically
more expensive to construct, maintain and operate compared to large diameter pipelines
conveying the same water flow. The design of effective and cost efficient pipeline
networks for interplant water transmission and distribution is very important, because
economics and complexity play an important role in the development of sustainable
strategies for water reuse. The exploration of pipeline design alternatives within the
boundaries of industrial zones is necessary to identify effective solutions from the
different options that exist for assembling interconnecting networks.

Even though existing interplant water integration methods may reveal substantial

water savings through wastewater reuse amongst an existing cluster of plants, water
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transmission via pipelines is often a major cost item. A typical output of a water
integration approach considers each source-sink interconnection to constitute a separate

pipeline (Figure 20).

L ___—_-_-"'--.
Plant 2

O[T o ®

Corridor

=— Pipeline Pla nt1

. Plant 3 [ ]

.—_ Plant 5

O L. O——
@ water sink

\/ O Water Source

Figure 20. Typical output of a source-sink mapping activity, for the design of interplant water

networks

Given the spatial layout of an industrial zone with the requirements to maintain
pipelines within defined corridor regions (Alnouri, Linke et al. 2014a), parallel pipelines

can be expected to emerge when implementing optimal water reuse allocations amongst
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a cluster of plants. Moreover, the stakeholders responsible for the development of water
networks across an industrial zone are typically different entities from the ones owning
or operating the facilities within the city. Therefore, a pipeline network to be
implemented in such a multi-stakeholder setting would require acceptably low
complexity which is unlikely to be achieved if each source-sink connection would
require a separate pipeline.

The complexity of a water network design could often be reduced through fewer
connections, by identifying pipelines with common segments that are transporting water
of similar quality to different but relatively close destinations. Moreover, substantial
economies of scale are often achieved when transporting materials in bulk. These
economies of scale typically result in low operating costs, when compared to the
construction costs entailed. Pipelines are often attributed with the ability to effectively
transport large quantities of material from one location to another, since a slight increase
in the diameter of a pipeline can exponentially enhance its respective transportation
capacity. This makes it more efficient to build one large pipeline rather than two or more
small pipelines in many situations. Moreover, networks involving relatively larger
pipelines are often easier to operate and maintain, and their governance simplifies when
fewer pipes and segments are involved. On the other hand, it might in some cases be
more economical to build parallel piping arrangements for smaller systems that do not
require high transmission capacities or where water qualities significantly differ.

The identification of low cost pipeline networks for a given industrial zone water

integration challenge requires the ability to represent and assess the various possible
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network options. Given that existing approaches only consider water networks with
segregated source-sink connecting pipelines, the purpose of this work is to develop a
representation for use in water integration that is capable of capturing the opportunities
for merging pipelines so as to enable the screening of less complex pipeline networks in
the course of determining optimal water integration strategies. The efficiency of
implementing merged pipeline scenarios is compared to results from previous work

(Alnouri, Linke et al. 2014a), which assigns a separate pipeline for each water allocation.

IV.3. Methodology

As mentioned above, all current approaches that involve synthesis and design of
water networks associate a separate pipeline with every water allocation. We refer to an
‘unmerged connectivity’ when we describe such networks. This section presents a
methodology to enable the design of water networks whilst incorporating merged
pipeline transmission options, amongst several coexisting processing facilities within an
industrial zone. For the purpose of keeping the methodology illustration relatively
simple in this paper, this work considers the case of direct water re-use to achieve water
integration across plants in an industrial zone. However, it should be noted that the same
principles that are introduced in this paper can be extended and applied for cases in
which water regeneration and reuse strategies are explored for water integration.

A strategy for the systematic development of pipeline merging and assembling
strategies in interplant water networks is required to capture alternative pipeline network

options. We first identify the different types connectivity involved within the network
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for direct water reuse: (a) source-to-sink, (b) fresh-to-source, and (c) sink-to-waste. For a
given water source (or freshwater source) feeding into multiple sinks, a common
unmerged interconnectivity scenario would usually involve separate pipelines to the
individual water sinks, as illustrated in Figure 12. Similarly, for a given water sink (or
wastewater discharge sink), an unmerged scenario would involve water being received

from several water sources, as illustrated in Figure 22.

Sink 2

Sink 3

Source

Sink 4

Sink 1

Figure 21. An unmerged pipeline connectivity demonstration for a given water source,
distributing water to several nearby water sinks

Merging pipelines can result in various stream mixing options. Such mixing of
wastewater streams with different qualities might hinder their usage in a number of

potential water sinks, when mixed in the same pipeline with other water streams with
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different contamination levels. This can be avoided with a merging scenario that yields
no change in quality, compared to the case of being transported in a separate pipe

scenario; hence, the merged pipeline will be associated with a uniform water quality.

Source 2

Source 3

Sink

Source 4

Source 1

Figure 22. An unmerged pipeline connectivity demonstration for a given water sink, receiving

water from several nearby water sources

This case considers only pipelines that originate from same water source location
to be merged together. Similarly, pipelines to the same water sink destination can also be
merged without undesired mixing. The two merging options lead to two different
pipeline branching schemes that could be adopted, whilst avoiding any mixing in

between water qualities within the pipelines.
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IV.3.1 Forward Branching Scheme

This scheme involves a given water source (or freshwater mains) being
distributed to several nearby water sinks. Figure 23 illustrates the concept of forward
branching to determine merged pipeline segments. The pipeline is constructed using
relatively larger diameters at the very beginning of the transmission, and narrows down
to smaller diameters to accommodate the changes in flow rates from section to section.

The forward branching applies to source-to-sink and fresh-to source connectivity

categories.
Sink 2
Sin¢ 3
Source
Sink 4
Sink 1
Source - can be either of the following: Sink = must be
(1) a water source in a given facility (1) a water sink from a given facility

(2) a freshwater mains

Figure 23. A merged pipeline connectivity demonstration via forward branching, for a given

water source, distributing water to several nearby water sinks
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IV.3.2 Backward Branching Scheme

This scheme involves water from several nearby water sources being collectively
transmitted to a given water sink (or wastewater discharge mains). Figure 24 illustrates
the concept of backward branching to determine merged pipeline segments. The pipeline
is constructed using relatively smaller diameters at the beginning of the transmission,
and increases to larger diameters as flows increase. Backward branching applies to

source-to-sink, and sink-to-waste connectivity categories.

Source 4
Source 3
——
Source 2
Source 1
Source — must be Sink - can be either of the following:
(1) a water source in a given facility (1) a water sink in a given facility

(2) a wastewater disposal mains

Figure 24. A merged pipeline connectivity demonstration via backward branching, for a given

water sink, receiving water from several nearby water sources
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Figures 23 and 24 show that regardless of the branching scheme that is selected
for assembling a merged pipeline, both options share several common characteristics.
Merged pipelines feature nodes that connect the various branches together, with each
node intersection resulting in a flow and size (diameter) change. Hence, every pipeline
branch is defined between two consecutive nodes, and is associated with a different size
when compared to both preceding and subsequent branches. In this work, all pipeline
nodes have been defined according to levels, which are named according to the degree of
branching involved. For instance, first level nodes consist of the first set of nodes that
form pipelines braches, and have no preceding nodes within the pipeline, except the
starting point, whereas a second level node would originate from a preceding first level
node and so on. Figure 25 illustrates the node level classification procedure that has been
followed which defines the endpoints of the various segments or branches within a
merged pipeline. All first level branches in the pipeline are formed by connecting the
point(s) from which the pipeline originates to the different first level nodes that exist
within the pipeline. Similarly, All second level branches in the pipeline are formed by
connecting first level nodes to second level nodes that exist within the pipeline. In case
further branching is considered, third level nodes would then form another set of third
branches, by connecting to third level nodes. The procedure is repeated until the
different node levels consistently connect to successive levels, and keep forming new

sets of pipeline branches, up until reaching the destination point(s).
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1t level (A)
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279 level (B)

274 |evel (B) Nt levels

Figure 25. Node level illustration (for both forward and backward branching)

IV.4. Problem Statement and Mathematical Formulation

The problem statement can be summarized as follows. Given an industrial zone
consisting of a cluster of plants P, each containing its own set of water sources SU,, and
water sinks SN, it is required to develop a strategy for optimal water reuse across the
different water processes subject to minimizing the total piping and freshwater costs of
the interplant water network design. In this work, the optimal solutions are sought for a

direct water reuse strategy that achieves a cost-optimal network, while taking into
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account the various pipeline merging scenarios that could be incorporated into the
network design, for interplant water transmission and distribution. The objective

function is specified as:

Minimize. y :E::E::E::E: a(DI .,) LE .,
l DEP lESUp}ESNpaEX ( tp.jp ) tp.Jp

ip,jp’
+ZZZ a(DI )ﬁ
PEP lGSUpaEle
+ZZ Z a(DIf, +ZZZZ a(DIZP VL%
( PEP LESUp]ESNpaEX rbEY ( PP ) P

PEP jESNpa€Xjy ip.jp’

+ZZZ a(DIEP) +ZZ Z a(Dla”) Ly
PEP LESUpaEle beYip

pEP jeSNpaEX]p bEY jp

+ 2000 a(DIge) Ly,
pEP LESUp]ESNp aex. 1 bEY . 1 CEZ.

ip.jp ip.jp ip.jp’

+ZZZ (Dlabc) Labc
PEP IESUpa€EXyy, DEY iy CEZyy,
,b, b,
+ZZ Z a(DIj; C) Ly

pEP jeSNpann, bEYjp cE€Zjp

b, 1, b -1,
FLLLL AP U
DEP (ESUpjESNy, a€X; 1 beY; 1 CEZ, r.(n-1)e(N- 1)ip ipr neNLp jpr

ip.jp ip.jp ip.jp

+ZZZ (X(Dlabc N— 1n) Labc n-1n
pEP LESUpaEle b€Yip c€Zjp .. .(n-1)e(N- 1)1pn€N1p

ab,c,..n—-1,n B ab,c,.n—1,n
+ ZZ a(DI; ) L}

PEP jESNpaEij bEYjp CEij...(n—l)G(N—l)jp neN jy,

FRESH
HHCTD Dy
PEP JESNp

(77)
The water integration problem is subject to a number of constraints that involve
total mass balances around all water sources (Equation (78)) and sinks (Equation (79)),

in which the individual flow terms must equal all given water source flows (W;;,), and
the specified sink flows (Gj,) respectively. Additionally, the network is also subject to

component mass balances around the water sinks, as described by Equation (80).
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Equation (81) sets limits on the allowable sink contaminant range, according to the
maximum and minimum pollutant limits that are allowed into each sink. Additionally,
Equations (82)-(84) associate all flowrate variables with a non-negativity condition.

Equations (78)-(84) were all based on direct water reuse formulations.

X Xpep jesn, Mip jpr + Dip =Wy, Vp,p" € P Vi € SU, (78)
X Xpep iesu, Mip jpr + Fjp = G Vp,p" € P Vj E SN, (79)
2. Ypep iesu, Mip,jpr xogy"e + FipxREH = Gy 2,

Vp,p' €P; VjESN,; VcEC (80)
z <z < 2T (81)
Mip jpr = 0 vp,p' € P; Vj € SN, ; Vi € SU, (82)
Dy =0 Vp € P; Vi € SU, (83)
Fip =0 Vp €P; Vj € SN, (84)

Additionally, pipe diameters are calculated using Equation (85), according to the
recommended velocity ranges by Peters et al. (2003), using the mass flowrate (kg/s) of
each respective stream. All diameters were then rounded up to the nearest size, so as to

reflect the use of a standardized, instead of customized pipe sizes.

0.45
DI = Roundup [0.363 ((”;’W) p0'13>] (85)

In addition to the above source-sink mapping formulation for direct water reuse,
the constraints relating to pipeline merged segments are derived below. Each merging

scenario can is implemented separately.
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IV.4.1 Forward Branching Formulation
Equations (86)-(111) below detail the mathematical formulation associated with
a forward branching scheme in a pipeline.

The flow allocated from source i in plant p to sink j in plant p’ (M;), j,,) must equal the

a

summation of all flows (M, j,,,

) from the various branches that connect source i in plant

p to all 1*" level nodes a, associated with the stream connection.

SoPI MG =M

am1 ip.jpr Vi € SU,; Vj € SN; Vp,p' € P (86)

ip.jp!
The flow allocated from the freshwater mains to sink j in plant p” (Fj,)must
equal the summation of all flows (F}%)from the various branches that connect the fresh

mains to all 1¥ level nodes a, associated with the stream connection.

Y® F% =F, Vj€eSN,;VpeP (87)

The flows allocated from each of the 1% level nodes in the stream that connects

a

source 1 in plant p to sink j in plant p* (Mjy, jp,,

) must equal the summation of all flows

(M, jp,) from the various branches that connect each 1* level node a, to all 2™ level

a .
p,J

nodes b associated with the stream connection.

e gab = M3, Va€X

bt Mip i ip.jpr Vi € SU,; Vj € SNy; Vp,p' € P (88)

ip,jp’
The flows allocated from each of the 1% level nodes in the stream that connects

the freshwater mains to sink j in plant p* (Fj;,) must equal the summation of all flows
(Fj‘;,’b) from the various branches that connect each 1% level node a, to all 2" level nodes

b associated with the stream connection.
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P FY = F%  vaeXx,

p=1"Ljp ip s Vj € SNp; Vp € P (89)

The flows allocated from each of the 2™ level nodes in the stream that connects

source 1 in plant p to sink j in plant p’ (M ) must equal the summation of all flows

ip.jp!

(Mg,"bj';,) from the various branches that connect each 2™ level node b, to all 3™ level

nodes ¢ associated with the stream connection.

Zip,jp! nsa,b,c _ agab
Zc=1 Mip,jp' - Mip,jp'

Va € X; Vb EY; ;Vi € SU,; Vj € SNy; Vp,p' €P (90)

ip,jp'’ ipjpo'

The flows allocated from each of the 2™ level nodes in the stream that connects

the freshwater mains to sink j in plant p’ (Fj‘;,’b ) must equal the summation of all flows

( Fb *“) from the various branches that connect each 2" level node b, to all 3 level

nodes C associated with the stream connection.

yZip pabe _ pab  yo e x

JrEL " in: Vb €Y, ;Vj € SNy; Vp € P (91)

jp
The flows allocated from each of the (n-1)" level nodes in the stream that connects

a,b,c,.,n—1

ip.jpr ) must equal the summation of all

source 1 in plant p to sink j in plant p> (M,

Mabc Jn

ip,jpr ) from the various branches that connect each (n-1)" level node, to all n"

flows (

level nodes associated with the stream connection.

Nip,jpr 5 ra,b,c,.n—1n _ asab,c..n—1
anl Mlp,]p’ - Mlp,]p’ Va € Xip’]'p’, Vb € Ylp ]p ) VC € le’]p’ ..V(‘I’l -
1) € (N — 1), Vi € SUp; Vj € SN,; Vp,p’ € P
(92)
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The flows allocated from each of the (n-1)" level nodes in the stream that

connects the freshwater mains to sink j in plant p’(I*"jC;'b ©-"=1y must equal the

ab,c,.,n—-1n
Fyp

summation of all flows ( ) from the various branches that connect each (n-

1)™ level node, to all n™ level nodes associated with the stream connection.

Njp rab.c,.n-1,n _ pabc,.n-1 . .
Yineq Fip =F, Va € Xjp; Vb €Y, ;VcEZy .. V(n—1)€

(N—=1)j,; Vj ESN,; VpEP
(93)
The flow from a source i in plant p to a 1* level node a that eventually connects

to sink j in plant p* (M, ;,,) must be equal to the flow associated with the same 1% level

node a connecting source i in plant p to any other sink j’ in plant p”(Mi‘; j,pu).

Mg, ipr = M, i Vi € SUp; V(j,j') € SNy; V(p,p’,p") € P;Va € X;

p.jp’
(94)
The flow from the freshwater mains to a 1* level node a that eventually connects

to sink j in plant p* (Fj,) must be equal to the flow associated with the same 1% level
node a connecting the freshwater mains to any other sink j’ in plant p’ (Pﬁp,).

= I

ipr v(j,j") € SNy; V(p,p') € P;Va € Xip (95)

The flow from a source i in plant p to a 2" level node b through a 1* level node a

a,b

that eventually connects to sink j in plant p* (M;, ),

) must be equal to the flow

associated with that 2" level node b through the same 1 level node a connecting source

a,b

11in plant p to any other sink j’ in plant p”(Mlp’j,pu).
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1 Vb €

ME, =MD, Vi € SUy; Y(j,j") € SNy; Y(p,p',p") € P;Va € X, s

p,jp! p, ]’P”

Y (96)

iv,jp’
The flow from the freshwater mains to a 2" level node b through a 1% level node
a that eventually connects to sink j in plant p’ (Fj';,'b ) must be equal to the flow

associated with that 2™ level node b through the same 1% level node a connecting the

freshwater mains to any other sink j’ in plant p’(F:" b

jnp!
FoP = F22 V(j,j") € SNy; V(p,p') € P;Va € X;; Vb €Y, (97)

The flow from a source 1 in plant p to a 3" Jevel node ¢ through a 2" level node b

a,b,c

and a 1* level node a that eventually connects to sink j in plant p’ (M ips

) must be

equal to the flow associated with that 3" Jevel node ¢ through the same 2" level node b

and 1% level node a connecting source i in plant p to any other sink j’ in plant

29 b
p (Mf;]/cpn)

MEPe = MEPS | Vi € SU,; ¥(j,j") € SN,; Y(p,p',p") € P;Va € X,

ip,jp’ ip,jrpr 1, Vb €

ip.jp"’

Y. 1 Yc € Z;

ip,jp"’ (98)

ip.jp’

The flow from the freshwater mains to a 3 level node ¢ through a 2™ level node

ab,c

b and a 1% level node a that eventually connects to sink j in plant p’ (F;~") must be

equal to the flow associated with that 3™ level node ¢ through the same 2™ level node b

and 1* level node a connecting the freshwater mains to any other sink j’ in plant

) a,b,c
P’ (Fj
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F2Pe = EXPCv(j,j") € SN,; V(p,p') € P;Va € Xj; Vb € Yy, 113 V€ € Z,

ip Fi o Jjp’ ip,jp"’ ip.jp’

99)
The flow from a source i in plant p to an n" level node n through an (n-1)" level

node (n-1) all the way to a 1* level node a that eventually connects to sink j in plant p’

(Ma,b,c,..,n—l,n

ip.jpr ) must be equal to the flow associated with that n™ level node n through the

same (n-1)" level node (n-1) all the way to the 1* level node a connecting source i in

plant p to any other sink j’ in plant p”(ML(;l; ,Cpu" b ™

,b,c,.n—-1n _ b, 1, Ty . oo .
My = My Vi€ SU; V() j') € SNp; V(p,p',p"") € P;Va €

X, i VDb EY,

ip,jp'; Ve € Z;

ip,jp'’ V(n - 1) € (N - 1)ip'jpr;Vn EN

ip,jp'* ip,jp’

(100)
The flow from the freshwater mains to an n level node n through an (n-l)th level

node (n-1) all the way to a 1% level node a that eventually connects to sink j in plant p’

(Fy be-n=1My must be equal to the flow associated with that n™ level node n through the

same (n-l)th level node (n-1) all the way to the 1* level node a connecting the freshwater

mains to any other sink j’ in plant p’ (F&2,-"~1™m),

Jnp!
FPemmmn = Fbe-m=I1 y(j, i) € SNy; ¥(p,p') € P;Va € Xjp; Vb € Yy Ve €
Zip..¥(n—1) € (N —1);,;Vn € Ny, (101)

The total flows across all branches connecting a source i in plant p to sink j in
plant p’ must be equal to the individual sum of all flows across each of the branches that

establish the connection:
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a,b a,b,c ab,c,.,n—1 ab.c,..n _
Mlap]p’ +Mlp]p’ +Mlp]p' + -+ Mlp]p +Mip,jp’ = Mip,]'pl Vi ESU V] €
SN,; Vp,p' € P;Va € Xy, i1y ;YD €Yy i ;VC € Zyyy iy . V(n—1) € (N —
Dip,jp's V1L € Ny (102)

Similarly, the total flows across all branches connecting the freshwater mains to
sink j in plant p’ must be equal to the individual sum of all flows across each of the

branches that establish the connection:

F}% + F}%’b + M;zz;b,c +ot F.a,b,c,..,n—l + Fa,b,c,..,n =F.

jp jp ip V] € SNp; Vp € P;Va €

Xip;Vb €Yy ;Vc € Zp. . V(n—1) € (N —1)j,;Vn € N, (103)

Non-negative constraints are required for flows across any branch associated

with establishing a connection from source 1 plant p to sink j plant p’

Mf;]p, > 0Vi € SU,; Vj € SN,; Vp,p' € P; Va € Xy iy (104)
a,b . / .
Mlp]p, = 0VieSUy; Vj €SN, Vp,p' € P;Va € Xy, s Vb € Yy iy (105)
a,b,c .
Mlp]p, > 0Vi € SU,; Vj € SN,; Vp,p' € P;Va € KXipjp's VD € Yip jpr ;VC € Zipy iy
(106)
a,b,c,.n .
Mlp]p > 0 Vi € SU,; Vj € SNy; Vp,p' € P;Va € Xy, j,1; Vb € Yy jyy s VC E
Zip,jpr+- Y1 € Nip,jpy
(107)

Similarly, non-negative constraints are required for flows across any branch
associated with establishing a connection from the freshwater mains to sink j plant p’

F% > 0Vj € SN,; Vp € P;Va € X, (108)
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F&" >0 Vj € SN,; Vp € P;Va € X;,; Vb € Y, (109)

jp’
Fiy"° = 0 Vj € SNy; Vp € P;Va € Xj; Vb € Yy Ve € Zp, (110)
Fabe™ > 0Vj € SNy; Vp € P;Va € X;; Vb € Yy, ; Ve € Zjy,..Vn € Ny, (111)

IV.4.2 Backward Branching Formulation
Equations (112)-(136) below detail the mathematical formulation associated with
a backward branching scheme in a pipeline.

The flow allocated to sink j in plant p’ from source i in plant p (M, j,,) must

a

ip,jpr) from the various branches that connects sink |

equal the summation of all flows (M

in plant p’ to all 1* level nodes a, associated with the stream connection.

ZXiPJP’ M2 =M

a=1 ip,jpr Vi € SU,; Vj € SNy; Vp,p' €P (112)

ip,jp’
The flow allocated to wastewater mains from source i in plant p (D;;, )must equal

the summation of all flows (Dl-‘;,)from the various branches that connect the waste mains

to all 1* level nodes a, associated with the stream connection.
X; 3
Zazpngg =Dy, VieSU, VpeP (113)

The flows allocated from each of the 1% level nodes in the stream that connects

a

ip,jpr) Must equal the summation of all flows

sink j in plant p’ and source i in plant p (M
(M®P._ ) from the various branches that connect each 1% level node a, to all 2™ level

ip,jp’

nodes b associated with the stream connection.
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Yipjpr npab  _ vy R )
por My on = My i, V@ € Xy, 113 Vi € SU,; Vj € SNy; Vp,p’ € P

(114)
The flows allocated from each of the 1% level nodes in the stream that connects

the wastewater mains and source i in plant p (D7, )must equal the summation of all flows

(Di‘;‘b) from the various branches that connect each 1% level node a, to all 2" level nodes

b associated with the stream connection.

Y; .
Yot D’ =Df  Va € Xy,; Vi € SU,; Vp € P (115)

The flows allocated from each of the 2™ level nodes in the stream that connects

sink j in plant p’ and source i in plant p (M;;f’jp,) must equal the summation of all flows

(Mi‘;;f’j’g,) from the various branches that connect each 2™ level node b, to all 3™ level

nodes C associated with the stream connection.

Zi .
Z ip,jp! Ma,b,c — Ma,b Va € X.

c=1 ip,jpr ip,jp! ip,jp's VD € Y;

p.jp's Vi € SUp; Vj € SN; Vp,p' € P
(116)
The flows allocated from each of the 2™ level nodes in the stream that connects

the wastewater mains and source i in plant p (Dl-ap’b)must equal the summation of all

flows (Diap’b’c) from the various branches that connect each 2™ level node b, to all 3

level nodes ¢ associated with the stream connection.

S.® DEPC = DI Va € Xyp; Vb € Yip; Vi € SU,; Vp € P (117)

The flows allocated from each of the (n-1)" level nodes in the stream that

a,b,c,.,n—1

connects sink j in plant p’ and source i in plant p (M) 77 ) must equal the
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a,b,c,.,n—-1n

summation of all flows (M, :7

) from the various branches that connect each (n-

1)™ level node, to all ™ level nodes associated with the stream connection.

Nip,jpr 4 ra,b,c,.n—1n __ ab,c,.,n—1
anl Mlp;]p’ —_ Mlp.]p’ Va E le ]p’, Vb E Ylp ]p’, VC E le ]p’ - V(n -
1) € (N — 1), j,; Vi € SUp; Vj € SN,; Vp,p’ € P (118)

The flows allocated from each of the (n-1)" level nodes in the stream that

ab,c,.,n—1

connects the wastewater mains and source i in plant p (D, )must equal the

summation of all flows (D, .M from the various branches that connect each (n-

1)™ level node, to all ™ level nodes associated with the stream connection.

N; — -
Yy pabe.n-in _ Dga'b'c'"'" 1 vae Xip; Vb €Yy, Ve € Zyy .. V(n—1) €

(N —1)i; Vi €SU,; VP EP (119)
The flow to sink j in plant p’ from a 1** level node a that receives flow from

source i in plant p (M2 ..,) must be equal to the flow associated with the same 1* level

ip,jp!

node a connecting any other source i’ in plant p’’ to the same sink j in plant p’

(Mllpll Jjror
Mg, i = Migp jp Y (i, 0") € SUp; Vj € SN,; Y(p,p',0"") € P;Va € Xy,

(120)
The flow to the wastewater mains from a 1% level node a that receives flow from

source i in plant p (D;5,) must be equal to the flow associated with the same 1* level

node connecting any other source i’ in plant p’ to the waste mains (D;7 p,)
Di, = Djj,, V(i,i") € SU,; Y(p,p') € P;Va € Xy, (121)
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The flow to sink j in plant p’ from a 2™ level node b that receives flow through a

1" level node a that eventually connects back to source i in plant p (M ) must be

ip,jpr’

equal to the flow associated with that 2" level node b through the same 1% level node a

connecting any other source i’ in plant p’* to the same sink j in plant p’> (M2

irpri,jrpr
b .y . "
MEP =MD, ., V(i,1') € SUy; Vj € SN,; V(p,p',p'") € P;Ya € X, ;1 Vb €
Vo (122)

The flow to the wastewater mains from a 2™ level node b that receives flow
through a 1* level node a that eventually connects back to source i in plant p (Dg;b ) must

be equal to the flow associated with that 2™ level node b through the same 1* level node

a connecting any other source i’ in plant p’ to the waste mains (Dl p,)
D’ = D2, W(i,i") € SUp; V(p,p") € P;Va € X;p; Vb € Yy, (123)

The flow to sink j in plant p’ from a 3" level node c that receives flow through a

2" Jevel node b and a 1" level node a that eventually connects back to source i in plant p

(Mg,"bj';,,) must be equal to the flow associated with that 3™ level node ¢ through the

same 2" level node b and 1* level node a connecting any other source i’ in plant p’’ to

b,
the same sink j in plant p’ (Mffp,,c jrpr
Mt%,bj’;f = M%)f'fc,jpr V(i,i") € SUp; Vj € SN,; V(p,p',p") € P;VYa € X, ;,; Vb €
Ylp ip'; Vc € le ip' (124)

The flow to the wastewater mains from a 3™ level node ¢ that receives flow

through a 2" level node b and a 1% level node a that eventually connects back to source i
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ab,c

in plant p (D;;™") must be equal to the flow associated with that 3" Jevel node ¢ through

the same 2™ level node b and 1% level node a connecting any other source i’ in plant p’

to the waste mains(D{j’p,
ab,c _ D& b,c
D" = Diipf V(i,1") € SUp; Y(p,p') € P;Va € Xy Vb €Yy Ve €2 (129)

The flow to sink j in plant p’ from an n™ level node n through an (n-1)" level

node (n-1) all the way to a 1*' level node a that eventually connects back to source i in

a,b,c,,n—-1n

ip,jpr ,) must be equal to the flow associated with that n™ level node n

plant p (M;

through the same (n-1)" level node (n-1) all the way to the 1** level node a connecting

a,b,c,.,n— 1n)

any other source i’ in plant p*” to the same sink j in plant p* (M1, "7,/

Mg;f’j’;',"’"_l'n = Mﬁ%f’,‘f}:;,’,“l” v(i,i") € SU,; Vj € SN,; V(p,p',p") € P;Va €

Xi,in; Vb EY;

ip,jp"’ 1Vn € N;

Ve € Z; in,jp's

o' V(n—1) €N -1),

ip,jp' ip,jp’

(126)
The flow to the wastewater mains from an n™ level node n through an (n-1)"

level node (n-1) all the way to a 1% level node a that eventually connects back to source i

ab,c,.,n—-1n

in plant p (D, ) must be equal to the flow associated with that n™ level node n

through the same (n-1)" level node (n-1) all the way to the 1** level node a connecting

any other source i’ in plant p’ to the waste mains (D] Z,C nobny
Do = poDber-m=IT g (i,i") € SU,; Y(p,p") € P;Va € X;p; Vb € Yy Ve €
Zip..V(n—1) € (N = 1)y; ¥n € Ny (127)
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The total flows across all branches connecting a source i in plant p to sink j in
plant p’ must be equal to the individual sum of all flows across each of the branches that

establish the connection:

Ma ,+Mab,+Mabc,+ o Mabc n=M_

!
iv,jp ip,jp ip,jp ip,jp’ ip,jpr V1 € SUp; Vj € SNy; Vp,p' €

P;Yvae€e X, ..1;VbEY. ..:VcE€ELZ

ip.jp' ip,jp' ip,jp’++ YT € Nip jpr (128)

Moreover, the total flows across all branches connecting a source i in plant p to
the wastewater mains must be equal to the individual sum of all flows across each of the

branches that establish the connection:

D& + D + DG 4+ DEPe™ = Dy, Vi € SU,; Vp € P;Va € Xy, ; Vb €

ip lp>

Yy ; Ve € Zyy.. ¥ € Ny (129)

Moreover, non-negative constraints are required for flows across any branch

associated with establishing a connection from source i plant p to sink j plant p’

ip.jp' = 0 Vi € SUy; Vj € SNy; Vp € P;Va € Xy, (130)
a,b
M,y 2 0Vi€SUy,; Vj €SNy, Vp € P;Va € Xy, i Vb € Yy ) (131)

Mabc,_OVlESU V]ES ; Vp € P;Va € X, ’VbEYlp]pIiVCEle]p’(56)

ip,jp ip.jp"’
ab,c,.n .
Mlp]p = 0Vi € SUp; Vj € SNy,; VpEPVaEle]p,VbEYm]p,, CcE
Zip,jpl vn € Nlp jpr (132)

Similarly, non-negative constraints are required for flows across any branch
associated with establishing a connection from source i plant p to the wastewater mains.
D, = 0 Vi € SUy; Vi € SUp; Vp € P;Va € Xy, (133)

p —
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D&P = 0 Vi € SU,; Vi € SUp; Vp € P;Va € X;p; Vb € Yy, (134)

Lp
D€ > 0 Vi € SUy; Vi € SU,; ¥p € P;Va € Xy; ¥ € Yy 3 Ve € Zy, (135)
DG = 0 Vi € SU,; Vi € SU; Vp € P;Va € Xy Vb € Yy ; Ve € Zy,. . ¥ € Ny,

(136)

IV.4.3 Problem Implementation

Since all source-to-sink connectivity options can take on both forms of
branching, two different NLP optimization problems were solved in this work: (a)
applying the forward merging formulation for source-to-sink and fresh-to-source
connectivity (Equations ((86)-(111)); and (b) applying the backward merging
formulation for the source-to-sink and sink-to-waste connectivity (Equations (112)-
(136)). Both problems were implemented using “what’sBest9.0.5.0” LINDO Global
Solver for Microsoft Excel 2010 on a desktop PC (Intel® Core ™ i17-2620M, 2.7 GHz,

8.00 GB RAM, 64-bit Operating System).

IV.5. Case Study

In order to demonstrate the pipeline merging aspects that have been accounted
for in interplant water network synthesis problems, an illustrative case study example
has been carried out as an illustration. The case study is adopted from Alnouri et al.
(2014a), which considers each source-sink connection to be a separate pipeline. We have
solved the two different problem formulations separately so as to compare the

differences between applying forward and backward branching for the source-to-sink
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connectivity. The aim of this case study is to illustrate that merged networks can
outperform segregated networks and are therefore important to consider in optimal inter-
plant water integration. It was observed that merged pipelines offer more attractive
solutions in terms of overall network cost-efficiency when compared to solutions
attained when utilizing a single pipeline for each allocation involved within the network.
Figure 26 shows the industrial city layout that has been considered, which
consists of an arrangement of 6 different industrial facility entities, 6 water sources, and
6 water sinks distributed across the cluster of plants. The plot was assumed to have a
total area of 64 km®. A case study that involves the same arrangement of plants has been
previously implemented using a separate pipeline for every water allocation achieved
(Alnouri, Linke et al. 2014a). In this work, results from both the previous and current
implementation will be compared, so as to identify the best performing scenarios in
terms of pipeline assembling options. Two interchanging locations have been assumed
for the freshwater supply and the wastewater discharge mains, as illustrated in Figure 7.
This helps in examining the influence of altering their respective positions on the piping
arrangements attained, as well as the overall networks costs achieved. For each of these
two cases, both forward and backward branching scenarios are applied on all source-to-
sink connectivity within the network. Two different scenarios of merged pipeline
instances, for source-to-sink interplant water transmission were studied. Thus, a total of
four different options have been considered for the case study: (a) Case 1- forward
branching on all source-to-sink connectivity, with position 1 for the fresh mains and

position 2 for the waste mains; (b) Case 2- forward branching on all source-to-sink
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connectivity, with position 2 for the fresh mains and position 1 for the waste mains; (c)
Case 3- backward branching on all source-to-sink connectivity, with position 1 for the
fresh mains and position 2 for the waste mains; and (d) Case 4-backward branching on
all source-to-sink connectivity, with position 2 for the fresh mains and position 1 for the

waste mains.
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Figure 26. Industrial Zone arrangement for Case Study
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Based on the explanation provided in the methodology section of this paper, it
should be noted that only forward branching was implemented on the freshwater mains,
and only backward branching was implemented for the wastewater mains in the various
cases described above, even though both types of branching arrangements were
investigated for source-to-sink connectivity involved.

Extracting the various optimum routing options, as well as the shortest path
lengths associated with the respective pipeline branches was carried out using an
analogous approach to the methodology that has been introduced in earlier work
(Alnouri, Linke et al. 2014a). In this work, only Type 1 connectivity was employed for
illustration purposes. Hence, a single connectivity mesh was developed for extracting
optimum routing in right-angled pathways (Alnouri, Linke et al. 2014a). All cases were
carried out using multiple contaminant information, whilst implementing all the four
different settings that have been described above. Water source and sink flows, as well
as source and sink contaminant information utilized in each of the different cases, are
provided in Tables 35 and 36 respectively. Carbon steel Schedule 80 welded pipes, with
cost parameters a=696.58 and b=1.215, were employed for all cases (Alnouri, Linke et

CRESH) 6£0.13 $/ton was utilized, in addition

al. 2014a). Moreover, a freshwater cost (
to assuming 8760 hr/yr of operating hours (Hy). Additionally, all capital expenses were

annualized using a constant factor (y) = 0.05.
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Table 35. Multiple Contaminant Source Data

Water Flow kg/h Conc. X1 Conc. X2 (ppm) Conc.
Sources (ppm) X3
(ppm)
P2S2 120,000 100 50 30
P2S1 80,000 140 100 60
P3sS1 140,000 180 150 130
P6S2 80,000 230 180 180
P6S1 195,000 250 190 200
P4S1 100,000 100 190 210
Table 36. Multiple Contaminant Sink Data
Water Sinks Flow kg/h Max. Inlet Max. Inlet Max. Inlet
Conc. X1 Conc. Conc. X3
(ppm) X2 (ppm) (ppm)
P1D1 120,000 0 0 30
P1D2 80,000 50 50 80
P3D1 80,000 50 70 100
P5D1 140,000 140 100 100
P5D2 80,000 170 120 130
P4D1 195,000 240 130 150

When minimizing the total network costs for the different cases in terms of

merged pipeline expenses as well as freshwater consumption, a total of 226.8t/h and

246.8t/h of minimum freshwater use and wastewater discharge were achieved
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respectively, for all the different scenarios that have been investigated (Cases 1-4). All
source-sink mapping implementations that have been obtained were found to satisfy the
same target values of minimum fresh and waste. Table 37 summarizes all optimized
pipeline branch lengths using a forward branching scenario, as well as provides the
values of the water flowrates associated with each branch, for Case 1. For that same
case, Table 38 lists all the pipeline diameters that were obtained for each branch. Table
39 on the other hand summarizes all optimized pipeline branch lengths using a backward
branching scenario (Case 3), as well as provides the values for all water flowrates
associated with each branch.

Table 40 provides all the pipeline diameters that were obtained for each branch.
According to the results obtained, interchanging the fresh and wastewater mains
positions had no effect on the implementation obtained, neither on the diameters of the
respective branches within the implementation. The only values changed were the
optimized pipeline branch lengths associated with the fresh mains supplying water to the
different sinks (i.e, the forward branching — Case 2), as well as the pipe branch lengths
associated with waste mains receiving water from the various sources (i.e, the backward

branching — Case 4).
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Table 37. Optimized distances (km) and flows (t/h) associated with Forward Branching, using multiple contaminant information (Case 1)

N 32 0 PIDI
04 0 N 2.8 0 P1D2

N 14 0 N 1.6 0 WASTE

P2S1 N ' N 3 0 P4D1

0.6 80 N N 3 0 P3D2

N 2.6 80 N 48 20 N 0.2 32 P5D1
N N ' N 1.8 48 P5D2
N 1.6 0 WASTE
N N 3 0 PID1
N 26 257 N 1.8 2571 P1D2

P2S2 1 120 N N 1.6 66.26 P4D1
N 1 4 942 N N 3 14.28 P3D2
N ’ ’ N 2.6 28.02 N 48 13.73 N 0.2 13.7 P5D1
N N N N 1.8 0 P5D2
N N 0.4 0 P1D2
N 1.8 0 N 25 0 N 3.8 0 PIDI
N N ’ N 34 0 WASTE

P3S1 1.8 140 N N 0.6 0 P3D2
N 18 140 N N 5.8  40.57 P4D1
N ’ N 0.8 140 N 32 9942 N 02 6742 P5D1
N N N ’ ’ N 1.8 32 P5D2
N N 36 0 N 3.6 0 PIDI
N 06 195 N ’ N 24 0 P1D2
N ’ N 3 195 N 3.8 186.8 WASTE

P6S1 0.2 195 N N N 0.8 815 P4D1
N N 0 P3D2
N 1.6 0 N 26 0 N 0.2 0 P5D1
N N ’ N 1.8 0 P5D2
N N N 3 0 P3D2
N N 1.2 0 N 24 0 N 24 0 PID2
N 0.2 0 N N ' N 3.6 0 PIDI

P6s2 08 80 N N 438 0 N 0.2 0 P5D1
N N ' N 1.8 0 P5D2
N 2.8 80 N 0.8 80 P4D1
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Table 37. Continued
P6S2 N N 3.8 0 WASTE
N 94 0 P5D2
N N N 0.8 0 P4D1
N N 12 7470 N N 2.2 60 WASTE
P4S1 1.8 100 N 18 100 N ’ : N 1.6 74.28 N 5 1428 N 4.2 0 P1D1
N : N N N ’ N 42 1428 PID2
N N N 4.2 2571 P3D2
N N 182571 N 5 0 P5D1
N N 6 40 P3D2
N N N 0.8 0 P4D1
N 24 200 N 12 160 N N 2.2 0 WASTE
FRESH 0.2 226.8421 N N ’ N 1.6 160 N ) 160 N 4.2 120 P1D1
N N N N N 3 40 P1D2
N N 1 26.84 P5D1
N 6.2 26.84 N | 0 P5D2
Table 38. Diameters (m) associated with Forward Branching, using multiple contaminant information (Case 1)
0 0 N 0 0 PID1
N 0 0 P1D2
N 0 0 N 0 0 WASTE
p2S1 N N 0 0 P4D1
0.16 0.2 N N 0 0 P3D1
N 0.16 0.2 N 0.16 0.2 N 0.106 0.2 P5D1
N N N 0.127 0.2 P5D2
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Table 38. Continued

P2S2

P3S1

P6S1

P6S2

0.192

0.206

0.239

0.16

0.2

0.3

0.3

0.2

Z 2222222222222 222Z2Z222222Z2ZZZZ

0.096

0.173

0.206

0.239

0.16

0
0.1

0.2

0.3

0.3

0.2

WASTE

2222222222222 2222222222Z2272ZZZ

0.096
0.147

0.101

0.206

0.231

0

0.16
0

0.1
0.2

0.2

0.3

0.3

0.2
0

la~]
2222222522222 27

P4D1
WASTE

0.074
0.072

0.118

0.177

0.235
0.057

oS O (e] S OO

0.1
0.1

P3D1

PIDI
WASTE

P4D1

PIDI
PID2
WASTE
P4D1

P5D1
P5D2
P3D1

P5D1
P5D2

0.072

0.148
0.106

0.1

0.2
0.2

P5D1
P5D2

P5D1
P5D2

PID2
PIDI
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Table 38. Continued

N 0 0 P5D2
N N N 0 0 P4D1
N N 0155 0.2 N N 0.141 0.2 WASTE
P4S1 0.177 0.2 N 0177 02 N ’ ’ N 0.155 0.2 N 0074 0.1 N 0 0 P1D1
N ’ ’ N N N ’ ’ N 0.074 0.1 P1D2
N N N 0.096 0.1 P3D1
N N 0.0964 0.1 N 0 0  Ps5D]
N N 0.117 0.2 P3D1
N N N 0 0 P4D1
N 0242 03 N 0219 03 N N 0 0 WASTE
FRESH 0256 03 N N ’ ’ N 0.219 0.3 N 0219 03 N 0.192 0.2 P1D1
N N N N ’ ’ N 0.117 0.2 P1D2
N N 0.098 0.1 P5D1
N 0.098 0.1 N 0 0  P5D2
Table 39. Optimized distances (km) and flows (t/h) associated with Backward Branching, using multiple contaminant
information (Case 3)
N 0.4 0 P2S1
N N 2.8 0 P2S2
N N 5.8 0 P3S1
P1D1 3.2 120 N 0.6 120 N N 0.8 0 P6S1
N N 34 120 N N 0.8 0 P6S2
N N ’ N 0.2 120 N 26 120 N 2.6 0 P4S1
N N N N ’ N 1.6 120 FRESH
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Table 39. Continued

P1D2

P3D1

P4D1

P5D1

P5D2

0.2

0.6

0.8

0.2

80

80

195

140

80

222222222222 22222222222222222Z2Z2ZZZZZ

0.6

0.2

3.6

0.8

9.4

0.8
72

2.6

34

6.2

80

80

40.57

88.15

66.26
26.84

113.1

80

P2S1

22222252222 2ZZH2Z2Z2Z2ZZZ

o]
=
f
2]
T

22222222222 2Z7Z

3.6

22

2.4

1.2

1.6

1.4

0.4

1.6

0.4

1.6
0.2

80

14.28

65.71

88.15

66.26

113.1

80

0

P3S1

Zz ZZZZ

zzzZZZ

nZ2Z2222222222 ZZZZZZ

P4S1

2.8

3.4

2.4
42

0.8
2.6
1.6

4.6
2.6
0.2

4.6
2.6

0.2
1.6

25.71

54.28

14.28
40

25.71

P2S2

z Z Z Z

P2S1
P2S2
FRESH

P6S1
P6S2
P4S1
FR
P2S1
P2S2

0.8

0.2

0.2
0.8

2.4
42

0.8
5.2

2.4
42

0

54.28

25.71

32
13.73

48

P6S1

N

P6S1

Zz Z

P2S1
P2S2

P6S2
P4S1

P2S1
P2S2

0.8
2.6

0.8
52

0
54.28

0
25.71

P6S2
N
N

P6S2
P4S1

1.6
1.6

40
14.28

FR
P4S1
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Table 39. Continued

N N 1 0 P2S2
N 0.2 0 N 14 0 N 0.6 0 P2S1
N N ’ N 6.2 0 P3S1
WASTE 1.4 246.84 N N N 1 186.8 P6S1
N 36 246.84 N 1.6 186.84 N 0.8 0 P6S2
N N 1 60 N 2.6 60 P4S1
N N N 1.6 0 FRESH
Table 40. Diameters (m) associated with Backward Branching, using multiple contaminant information (Case 3)
N 0 0 P2S1
N N 0 0 P2S2
N N 0 0 P3S1
P1D1 0.192 0.2 N N N 0 0 P6S1
N 0.192 0.2 N 0192 02 N N 0 0 P6S2
N N ' ' N 0.192 0.2 N 0192 02 N 0 0 P4S1
N N N N ' ' N 0.192 0.2 FRESH
N 0 0 P2S1
N N 0 0 P3S1
N N N 0.096 0.1 P2S2
P1D2 0.16 0.2 N 016 02 N N N 0 0 P6S1
N ’ ’ N 0.16 0.2 N 0134 02 N N 0 0 P6S2
N N N ’ ' N 0.134 0.2 N 0.134 0.2 N
N N N N N N
N 0 0 P3S1
N N N 0 0 P2S1
N N 0.074 0.1 N 0.074 0.1 P2S2
P3D1 0.16 0.2 N 0.16 02 N N 0.117 0.2 FRESH
N ' ' N 0147 02 N N 0 0 P6S1
N N ' ' N 0.096 0.1 N 009 01 N 0 0 P6S2
N N N N ) ) N 0.096 0.1 P4S1
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Table 40. Continued

N 0118 02  P3SI
N N N 0057 01  P6SI
N e oo N 016702 N 016 02  P6S2
PAD1 0239 03 N U : N . . N 0 0 P4sl
N N N 0 0  FRESH
N N N 0 0 P2l
N 0147 02 N 0147 02 N o 0n  mo
N 0098 01 FRESH
N N N 0148 02  P3SI
N N 0187 02 N s on N 0106 02  P2SI
PSDI 0206 03 N oo oo N N : : N 0072 01 P2s2
N O : N N 0 0 P6SI
N N 0 0 N . . N 0 0 P6S2
N N N N 0 0  P4sl
N N N 0106 02  P3SI
N N 016 02 N N 0127 02 P2SI
N 016 02 N N 012702 N 0 0 P22
P5SD2 016 02 N N . . N 0 0 P6SI
N N N 0 0 P6S2
N . . N 0 0  FRESH
N N 0 0 P4sl
N N 0 0 P2s2
N 0 0 N . . N 0 0 P2sI
N N N 0 0  P3SI
WASTE 0266 03 ¢ N oas 0s N 0235 03  P6SI
N 0266 03 N : : N 0 0 P6S2
N N 0141 02 N 0141 02  P4SI
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Figures 27, 28, 29 and 30 provide illustrations of unmerged interplant network
connectivity for Cases 1-4 respectively, utilizing the shortest routing options within the

boundaries of the industrial city arrangement that has been provided.

FRESH/WASTE MAINS

FRESH/WASTE MAINS

Figure 27. Case 1 unmerged interplant network solution illustrated
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FRESH/WASTE MAINS

Figure 28. Case 2 unmerged interplant network solution illustrated
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_FRESH/WASTE MAINS

Figure 29. Case 3 unmerged interplant network solution illustrated
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PLANT 2

FRESH/WASTE MAINS

FRESH/WASTE MAINS

Figure 30. Case 4 unmerged interplant network solution illustrated

In all cases, many pipeline connections were attained in the optimal solution,
thus indicating that it would be quite difficult to track and manage all pipeline
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transmission implementations attained. Figures 31, 32, 33 and 34 illustrate the
corresponding merged pipeline solutions attained for the various interplant network
designs. Figure 31 provides schematics of each optimal merged pipeline schematics via
forward branching, for each given water source, distributing water to all sinks involved,
whilst assuming position 1 for the fresh mains and position 2 for the waste mains. Figure
32 illustrates the different pipeline merging schematics via forward branching, when the
fresh and waste mains positions are interchanged. It should be noted that the only single
unmerged pipeline was associated with water source 2 in plant 6, transmitting water to
sink 1 in plant 4, and hence was not shown in Figures 31 and 32. As mentioned earlier in
this section, both forward and backward branching schemes, were investigated. Figure
33 illustrates the different pipeline merging schematics for all connections via backward
branching, for each water sink, receiving water from all sources involved, whilst
assuming position 1 for the fresh mains and position 2 for the waste mains. Similarly,
Figure 34 illustrates the different pipeline merging schematics via backward branching,
when the fresh and waste mains positions are interchanged. Similar to the forward
branching cases, it should be noted that the only single unmerged pipeline was
associated with freshwater being delivered to water source 1 in plant 1, and hence was
not shown in Figures 33 and 34. Based on the solutions attained, it was evident that both
forward and backward branching scenarios, the pipeline schematics do change according
to the two different locations for the mains that have been assumed, as well as according

to the branching scheme involved.
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Figure 31. Case 1 interplant piping illustrated after merging, via forward branching
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Figure 32. Case 2 interplant piping illustrated after merging, via forward branching
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Figure 33. Case 3 interplant piping illustrated after merging, via backward branching
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Figure 34. Case 4 interplant piping illustrated after merging, via backward branching
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The respective network costs attained for the different scenarios that have been

investigated are summarized in Table 41. The results indicate that forward branching was

found to be more economical than backward branching in some cases, and vice versa,

depending on the fresh and waste positions that have been assumed on the plot. For

instance, forward branching was found to yield more cost effective solutions when

compared to backward branching, assuming position 1 for the fresh mains and position 2

for the waste mains. On the other hand, when position 2 was assumed for the fresh mains

and position 1 was assumed for the waste mains, backward pipeline branching gave more

attractive solutions.

Table 41. Cost summary of all scenarios investigated with pipeline merging and a comparison of

the network cost obtained before and after pipeline merging

Cost Item Forward Forward Backward Backward
Branching  Branching Branching  Branching
Case 1 Case 2 Case 3 Case 4
Pipeline costs ($) 12,011,167 11,655,738 12,562,751 9,954,339
Total Fresh Costs ($/yr) 258,328 258,328 258,328 258,328
Annualized Piping + Fresh Costs 858,886 841,115 886,465 756,045
($/yr)
% Savings -4.193% +2.713 -1.117% -7.675
Savings (No Savings Savings
savings)
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The annualized piping costs that were obtained when no merging in between
pipelines was implemented were all taken from previous work (Alnouri, Linke et al.
2014a), are had the following values: $896,478/yr for the case assuming position 1 for the
fresh mains and position 2 for the waste mains, that was compared with Cases 1 and 3 of
this paper, and $818,898/yr assuming position 2 for the fresh mains and position 4 for the
waste mains, that was compared with Cases 2 and 4 of this paper. When assessed against
the current results, after implementing the various pipeline merging scenarios that have
been discussed, it was found that some of the merged cases do yield savings in terms of
the piping costs obtained for the network. All savings were calculated accordingly, and
provided in Table 41. It was observed that backward branching allowed for more savings
in terms of network costs, compared to forward branching, with Case 4 being the highest
in overall savings. Moreover, the results show that Case 2 incurs slight additional
expenses after implementing pipeline merging schemes. This case resulted in no savings
achieved, which was attributed to the fact that no extra flow was added to already existing
pipeline diameters. The corresponding pipeline diameters utilized after merging had to be
substantially increased, so as to accommodate for the combined water flowrate values to

be transmitted and distributed within the network.
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IV.6. Conclusions

Interplant water integration often entails the use of methodologies that could
provide insight into how much freshwater consumption and wastewater discharge can be
minimized to reach their respective targets, so as to allow for maximized water reuse
amongst the various processing industries. This work investigates opportunities for
carrying out interplant water network synthesis, whilst implementing pipeline merging
arrangements within the designs, for water allocation, transmission and distribution
amongst a given arrangement of plants within an industrial zone. For the purpose of
attaining merged pipeline implementations, two different pipeline branching schemes
were carried out in this work, forward branching, and backward branching. An illustrative
case study has been carried out to demonstrate the proposed methodology, in which both
different branching scenarios were investigated, using multiple contaminant information.

We have presented the first approach to address pipeline merging to water
network synthesis. The main motivation has been to highlight that merged pipeline
options can offer cost as well as complexity advantages over the standard assumption of
segregated pipe connections between sources and sinks. The proposed scheme of pipe
merging is not exhaustive and other merged pipeline options may exist that offer benefits.
Future work will further develop the representation towards the inclusion of larger
numbers of option.

For the two different formulations were adopted for the branching schemes, the

type of branching utilized for all connections associated with each of the connectivity
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categories, i.e. (1) source-to-sink, (2) fresh-to-source, and (3) sink-to-waste, has been
assumed to be the same in each case. As mentioned in the methodology discussion,
connectivity categories (2) and (3) can only involve one of the branching types. However,
source-to-sink connectivity has been allowed to incorporate a mix of both options. The
case study illustrates the application of each branching scheme separately, and does not
combine more than one merging choice for source-to-sink connectivity. However, there
could be options in which a certain degree of mixing between forward and backward
branching within the same connectivity category, that can outperform a single branching
scheme solution. As a potential extension to this work, this aspect could be further
investigated. Additionally, other merging options can be further investigated in terms of
incorporating water quality specifications for interplant water transfer, which may be less
efficient in terms of water use due to stream mixing, but could possibly lead to more

efficient designs in terms of infrastructure cost.
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CHAPTER V
PIPELINE MERGING CONSIDERATIONS FOR THE SYNTHESIS AND DESIGN
OF INTERPLANT WATER NETWORKS WITH WASTEWATER TREATMENT,

REGENERATION AND REUSE

The development of effective wastewater regeneration and reuse networks has
been a prominent research focus, in response to the growing demand for freshwater use
by the industrial sector. Moreover, many industrial cities are recognizing the benefits of
reducing freshwater utilization, and wastewater discharge, by promoting effective
wastewater treatment. Much of the research attention so far has primarily involved
identifying optimal wastewater treatment and reuse strategies, in which several
wastewater-producing operations are matched with a number of water-consuming
operations, and/or assigned to undergo a series of treatment steps before reuse, if
necessary. Moreover, a single pipeline is designated for every viable water allocation
identified. This has been consistently observed in many of the previous research
contributions that involve interplant water network synthesis. In an attempt to enhance
the water network design process, several representations that account for a number of
pipeline merging scenarios have been investigated for wastewater reuse networks. In
addition to the improved design-screening ability of less complex pipeline networks,
merging together common pipe segments that carry similar water qualities have been

found to allow for various cost-enhancements in the designs obtained.
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V.1. Introduction

Industrial water and wastewater management has become a crucial research
priority in many regions, due to the immense scale of water-intensive industrial
activities. Wastewater reuse certainly alleviates the depletion of available freshwater
sources that are present around industrial areas. Moreover, many industrial sites that lie
in proximity to coastal areas involve large volumes of unused wastewater being diverted
back into the sea, which negatively impacts aquatic life (Englert, Zubrod et al. 2013).
Hence, wastewater reuse also helps reduce the excessive wastewater quantities being
discharged back into natural water bodies. Identifying appropriate wastewater treatment
alternatives is considered of significant importance due to the stringent discharge limits
being imposed on industrial wastewater, as well as the strict effluent standards that
industries are expected to adhere to. Potential opportunities for industrial wastewater
reuse (Ehrenfeld and Gertler, 1997) would absolutely vary from one industry to another,
depending on the quantity and quality of wastewater produced.

The design of cost-effective wastewater regeneration and reuse networks has
been the primary focus of many previous studies. For instance, Chew et al. (2008, 2009)
developed a centralized hub topology for collecting, treating and redistributing water
amongst groups of coexisting plants. Rubio-Castro et al. (2010, 2011) devised a MINLP
optimization model for interplant water networks whilst incorporating environmental
regulations for wastewater discharge. A problem reformulation that handles bilinear

terms was also proposed. Biox et al. (2012) also studied water network design using a

175



multi-objective optimization strategy. Later on, a structured representation has also been
proposed, so as to capture the spatial aspects of water network design (Alnouri et al.,
2014a). Effective planning of wastewater reuse networks have been captured with a
focus on the following elements: (1) existing processing facilities, water consumption
and wastewater production capacities, (2) site locations and the spatial distribution of all
site entities that entail water use or production, and (3) common infrastructure
boundaries, such as the existence of industrial corridors that can be utilized for water
transportation. Subsequently, the spatial aspects of wastewater regeneration and reuse
networks have also been studied (Alnouri, Linke et al. 2014b). Several different options
for the selection of appropriate treatment technologies, as well as the efficient placement
of corresponding treatment facilities, have been incorporated as follows: (1) a cluster of
processing establishments sharing a common treatment facility (centralized), (2) the
placement of a treatment facility as an individual entity belonging to a particular
industrial site (decentralized). So far, most interplant water integration problems that
have been studied associate every water allocation with a separate pipeline. In this work,
a pipeline merging and assembling strategy for wastewater regeneration and reuse

networks has been carried out.

V.2. Research Background
Exploring interplant water integration in terms of less complex and more

economical options for the transmission and distribution of water in pipelines has been
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previously introduced for wastewater reuse networks (Alnouri et al., 2014c). In this
work, efforts have been made to further improve the design process for wastewater reuse
and regeneration networks. Most importantly, constructing interplant pipeline networks
for water collection and transmission requires infrastructure availability, usually
amongst a group of plants within geographic proximity. Moreover, the decision-making
procedure involved with designing a cost-effective pipeline network for water transport
can range from simple to complex. Various factors can greatly influence the design, such
as the material choices available, as well as pipe construction and installation costs.
Generally speaking, it is always considered more economical to employ a single-pipe
transmission rather than multiple parallel pipes, especially when multiple locations are
simultaneously involved. Hence, pipelines are usually constructed to accommodate a
number of supply and destination points. Moreover, since pipeline systems are often
made available in standard sizes, optimal diameter selection strategies for various pipe

segments must also be incorporated, based on size availability.

V.3. Methodology and Problem Formulation

This work provides an extension to our work (Alnouri, Linke et al. 2014a) by
incorporating options for the synthesis and design of merged pipeline networks
involving wastewater treatment, regeneration, and reuse. In order to avoid unwanted
water mixing in the merging procedure, the proposed methodology can be carried out on

pipelines that carry treated, and untreated water qualities, individually. Hence,
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identifying cost-effective opportunities that allow the screening of less complex pipeline
networks by assembling together commonly existing pipe sections, in the course of
determining optimal water networks, have been based on the following two schemes:
V.3.1. Forward Branching Scheme

This pipeline branching approach corresponds to the transmission of water from
a common location, to multiple nearby destinations. Hence, pipelines that apply a
forward branching scheme is assembled by starting with one large pipe segment that
combines all water in a given location to be distributed. The segments then narrows
down to smaller ones that connect to multiple destinations. Forward branching can be
applied to (1) source-to-sink and (2) fresh-to-source, and (3) source-to-treatment, (4)
treatment-to-sink, and (5) treatment-to-waste connectivity categories. In addition to
Equations (37)-(76) provided in Alnouri et al. (2010b), as well as Equations (86)-(111)
provided in Alnouri et al. (2010c), Equations (137)-(162) below must also be utilized to
devise the proposed forward branching scheme for the design of wastewater regeneration
and reuse networks, and are described below.

The flow allocated from source i in plant p to decentralized treatment facility r in

the same plant p (T;p,;-,) must equal the summation of all flows (Ti‘;,,rp) from the

various branches that connect source i in plant p to all 1* level nodes a, associated with

the stream connection.

ZXip,Tp T_a _ Ti

an P T 1y = Vi€ SU,; Vp € P; Vr €R (137)

p'rp
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The flow allocated from source i in plant p to centralized treatment facility s of
type t (Tip,s¢) must equal the summation of all flows (Tl-‘;,'st) from the various branches

that connect source i in plant p to all 1** level nodes a, associated with the stream

connection.

Yo TS =Ty Vi€SUy; VpEP;VSES;; VEET (138)

a=1
The flows allocated from each of the 1% level nodes in the stream that connects

source i in plant p to decentralized treatment facility r in the same plant p (Tj,,,,) must

equal the summation of all flows (Ti?)',?‘p) from the various branches that connect each 1*

level node a, to all 2™ Jevel nodes b associated with the stream connection.

Y' T 'b —_— . ’ . .
Yoer Tignp = Tiprp VY € Xiprp; Vi € SUp; Vp € P; VT €R (139)

The flows allocated from each of the 1% level nodes in the stream that connects

source i in plant p to centralized treatment facility s of type t (Tj, ;) must equal the

summation of all flows (Ti;‘ls’t) from the various branches that connect each 1% level

node a, to all 2™ Jevel nodes b associated with the stream connection.

Zyip,st T-a'b — T'a

b=1 lipst ipst VA EXipo; VIiESU,; VpEP; VSES; ; VtET (140)

The flows allocated from each of the 2™ level nodes in the stream that ¢ connects

source 1 in plant p to decentralized treatment facility r in the same plant p (Ti‘;,’,?p) must

T'a,b,c

equal the summation of all flows (T}, -,

) from the various branches that connect each

2" Jevel node b, to all 3™ level nodes ¢ associated with the stream connection.

179



Ziprp ma,b,c _ mab
Zc:l Tip,rp - Tip,rp

vVa € Xiprp; Vb €Yy Vi € SU,; Vp € P; VP ER (141)

The flows allocated from each of the 2™ level nodes in the stream that connects

source 1 in plant p to centralized treatment facility s of type t (Ti‘;”l;t) must equal the

T.a,b,c

ip.st ) from the various branches that connect each 2" Jevel

summation of all flows (

node b, to all 3" Jevel nodes ¢ associated with the stream connection.

Zzip,st Ta,b,c _ T.a,b

c=1 ‘ip,st — ‘ipst
Va € Xipse; Vb € Yip s Vi €SU,; VPEP; VSES; ; VEET (142)
The flows allocated from each of the (n-1)" level nodes in the stream that

connects source i in plant p to decentralized treatment facility r in the same plant p

(T.a,b,c,..,n— 1

ab,c,.,n—-1,n
ip,rp T;

) must equal the summation of all flows (T;,,

) from the various

branches that connect each (n-1)™ level node, to all n™ level nodes associated with the

stream connection.

N; - -
TP T2 = TN g € Xy s VD € Vi s VC € Ziyy . ¥(n— 1) €
(N = Diprp; Vi € SU,; Vp € P; VT ER (143)

The flows allocated from each of the (n-1)" level nodes in the stream that

Ta,b,c,..,n— 1

connects source i in plant p to centralized treatment facility s of type t (T},

) must

Ta,b,c,..,n—l,n

equal the summation of all flows (T},

) from the various branches that connect

each (n-1)™ level node, to all n™ level nodes associated with the stream connection.
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Nipst ma,b,c,,n-1n _ mab,c,.n—1
ZTl:l Tip,St —_— Tip,st Va E Xip,st' Vb E Yip,st' VC E Zip,st . .V(Tl - 1) E

(N=1)ips; Vi€ESU,; VPEP; VSES; ; VLET (144)
The flow from source i in plant p to a 1* level node a that eventually connects to
a decentralized treatment facility r in the same plant p (T}, ,-,) must be equal to the flow

associated with the same 1 level node a connecting source i in plant p to the same

decentralized treatment facility r* in the same plant p (T}, ).

a — a
Tip,rp - Tip.r'p

Vi € SU,;Vp € P;V(r,1") ER; Va € X, (145)
The flow from source i in plant p to a 1* level node a that eventually connects to

a centralized treatment facility s of type t (Tj, ;) must be equal to the flow associated

with the same 1* level node a connecting source i in plant p to any other centralized
treatment facility s* of type t’ (Tj, g1/
=T

TS ipsitr VI € SU,;Vp € P;V(s,s") €S; V(L t") €ET; Va € Xy, o (146)

ip,st
The flow from source i in plant p to a 2" level node b through a 1% level node a

that eventually connects to a decentralized treatment facility r in the same plant p
(Ti‘;"?p) must be equal to the flow associated with that 2™ level node b through the same
1** level node a connecting source i in plant p to any other decentralized treatment
facility r’ in the same plant p (Ti;”lr’,p).

ToY =TSP, Vi€ SUyVp € P;V(r,7') €ER; Ya € X,

ip,rp ip,rrp’ Vb €Y,

(147)

prp’ DD
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The flow from source i in plant p to a 2" level node b through a 1* level node a

that eventually connects to a centralized treatment facility s of type t (Ti?,:ls’t) must be

equal to the flow associated with that 2" level node b through the same 1% level node a

connecting source i in plant p to any other centralized treatment facility s’ of type
s b
t (Ti(;,sltl)'

b _ mab : : . . :
Tipot = Tipsie Vi € SUp; VD € P;V(s,s") € S; V(t,t") €T; Va € Xip 3 Vb € Vi ot

(148)
The flow from source i in plant p to a 3" level node ¢ through a 2™ level node b

and a 1* level node a that eventually connects to a decentralized treatment facility r in

Ta,b,c

iprp ) Must be equal to the flow associated with that 3 Jevel node ¢

the same plant p (
through the same 2" level node b and 1% level node a connecting source i in plant p to

any other decentralized treatment facility 1’ in the same plant p (Ti‘;"l;’,;).

Tov< = T%2C i € SU,; Vp € P;V(r,7") ER; Ya € X

ip,rp ip,rip’ Vb €Y,

iprp; prp3 VC € Zip jip!
(149)
The flow from source 1 in plant p to a 3" Jevel node ¢ through a 2" level node b

and a 1* level node a that eventually connects to a centralized treatment facility s of type
t (Ti;”ls’f) must be equal to the flow associated with that 3 level node ¢ through the same

2" level node b and 1% level node a connecting source i in plant p to any other

centralized treatment facility s’ of type t’(Ti;”Z;i,).
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b, b e
Tipor = Tt Vi € SUL; VD € P;V(s,8") €S; V(t,t") €T; Va € Xy, 53 Vb €

Yipse; V€ € Z (150)

iv,jp’
The flow from source i in plant p to an n™ level node n through an (n-1)" level

node (n-1) all the way to a 1*' level node a that eventually connects to a decentralized

ab,c,.n—-1n
T

treatment facility r in the same plant p (T,

) must be equal to the flow

associated with that n™ level node n through the same (n-1)" level node (n-1) all the way

to the 1*' level node a connecting source i in plant p to any other decentralized treatment

facility r* in the same plant p (T225"~M™),

Lp,r'p
:b: » —_ ,b, » 1 . . . . .
Tipry " = Ty Vi € SU; Vp € P;V(r,1") € R; VYA € Xjpyrp; Vb € Yy s VC €
Zip,Tp V(Tl — 1) € (N — 1)ip,7’p; Vn € Nip,Tp (151)

The flow from source i in plant p to an n™ level node n through an (n-1)" level

node (n-1) all the way to a 1* level node a that eventually connects to a centralized

Tabpwn—Ln

treatment facility s of type t (T,

) must be equal to the flow associated with that

n™ level node n through the same (n-1)" level node (n-1) all the way to the 1% level node

a connecting source 1 in plant p to any other centralized treatment facility s’ of type

,b,c,..,n—1,
t’(Ti(zl),Slil " n)'

T ol = TE2e-" "1 vi € SU,; Vp € P;V(s,s") €S; V(t,t') €T; Va €

Xip,st; Vb E Yip,st; VC E Zip,st - V(Tl - 1) E (N - 1)ip,st; Vn E Nip,st (152)
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Additionally, the total flows across all branches connecting a source i in plant p
to a de-central treatment facility r within the same plant p, or to a shared central
treatment facility s of type t must be equal to the individual sum of all flows across each

of the branches that establish the connection, respectively:

T-a + T'a,b + Ta,b,c 4ot Ta,b,c,..,n—l + Ta,b,c,..,n — Ti

irp T Liprp T Liprp iprp inrp Vi€ SUp;Vp € P;Vr €

p,rp

R;Va € X; Vb €Y; Vc € Z;

iprp-- .V(Tl - 1) E (N - 1)ip,rt; Vn E Nip,rt

prp prp

(153)

a a,b ab,c a,b,c,.,n—1 ab,c,.,n __
Tip,st + Tip,st + Tip,st +-t Tip,st + Tip,st - TiP,S

¢t Vi € SU,;Vp € P;Vs €
S;VtET;Va € Xip ot ; Vb € Vip ot ;VC € Zip . . V(N —1) € (N — 1) 5¢; VN € Ny ¢
(154)
Non-negative constraints are required for flows across any branch associated
with establishing a connection from source i plant p to sink j plant p’
In addition, non-negative constraints must be maintained for all flows across any branch

associated with establishing a connection from a source i in plant p to a de-central

treatment facility r in the same plant p.

Tiprp = 0 Vi € SU,;Vp € P;Vr € R;Va € Xy (155)
b .

Ti(;,rp 2 O Vi e SUp: Vp € P, VYr € R,Va € Xip,rp; Vb (S Yip,rp (156)

Ti;_rpc > 0Vi€SU,; Vp€P;Vr € R;Va € X, ;,; Vb € Yy, ;VC € Zipy 1 (157)
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TSP > 0 Vi € SU,; Vp € P;Vr € R;Va € Xy, ; Vb €Y,

iprp iprp ; Ve € Z; vn €

p,rp’ p,rp**

N, (158)

p.rp
Similarly, non-negative constraints must be maintained for all flows across any

branch associated with establishing a connection from a source i in plant p to a central

treatment facility s of type t.

Tist = 0Vi€SU,; Vp EP;Vs €ES;VEET;Va € Xy (159)
Ti‘;f;t > 0 Vi € SU,; Vp € P;Vs € S;Vt ET;Va € Xipor; Vb € YVip ot (160)

T2 = 0 Vi € SU,; Vp € P;Vs € S;Vt € T;Va € Xy i Vb € Vi 0 5 VC € Zypy

(161)
Toof™ 2 0 Vi € SU,; Vp € P;Vs € S;Vt € T;Va € Xy 53 Vb € Vi 5 VC €
Zip,st'-vn € Nip,st (162)

V.3.2. Backward Branching Scheme

This pipeline branching approach corresponds to the transmission of water from
a number of nearby locations, to a single destination. Hence, pipelines that apply a
backward branching scheme is assembled by starting with multiple small pipe segment
that connect to a single location. The segments widen up and combine as the destination
is approached. Backward branching can be applied to (1) source-to-sink and (2) sink-to-

waste, (4) treatment-to-sink, and (5) treatment-to-waste connectivity categories. Similar

185



to the forward branching scenario case, Equations (163)-(214) described below must
also be utilized to devise the proposed backward branching scheme for the design of
wastewater regeneration and reuse networks, in addition to Equations (37)-(76) provided
in Alnouri et al. (2010b), as well as equations (112)-(136) provided in in Alnouri et al.
(2010c).

The flow allocated to sink j in plant p’ from decentralized treatment facility r in
plantp (Typ, jp,) must equal the summation of all flows (Tﬁ;,, jp,) from the various
branches that connect sink j in plant p’ to all 1* level nodes a, associated with the stream

connection.

ZXTPJ'P’ a =T
= Iy

a=1 p,jp! vj € SNp} VP.P’ EP;, VreR (163)

p.jp!

The flow allocated to sink j in plant p’ from centralized treatment facility s of
type t (Ts;,jp) must equal the summation of all flows (TS‘? jp) from the various branches
that connect sink j in plant p’ to all 1 level nodes a, associated with the stream

connection.

YOPTE =Ty, VjESN,; VpEP;VSES; VtET (164)

The flow allocated to wastewater mains from decentralized treatment facility r in
plant p (D,,) must equal the summation of all flows (Drap)from the various branches
that connect the waste mains to all 1% level nodes a, associated with the stream
connection.

YX% D& =D, Vr€R;VpeP (165)
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The flow allocated to wastewater mains from centralized treatment facility s of
type t (Dg;) must equal the summation of all flows (D&) from the various branches that

connect the waste mains to the 1% level nodes a, associated with the stream connection.
YXt D& =Dy, VsSES; VtET (166)

The flows allocated from each of the 1% level nodes in the stream that connects

a

sink j in plant p* and decentralized treatment facility r in plant p (T}, j,,) must equal the

summation of all flows (Tr(;"bjp,) from the various branches that connect each 1% level

node a, to all 2™ Jevel nodes b associated with the stream connection.

SImTel 7 vaeX

b=1 ‘rpjpr ~ 'rpjp! Vj € SNy; Vp,p' € P; Vr € R (167)

.jp"
The flows allocated from each of the 1% level nodes in the stream that connects
sink j in plant p’ and centralized treatment facility s of type t (T ;,,) must equal the

tjp

summation of all flows (Tsi‘?p) from the various branches that connect each 1% level

node a, to all 2™ Jevel nodes b associated with the stream connection.

S TAE = T& . Va € Xy p;Vj €SN,; VpEP; VSES; VEET (168)
The flows allocated from each of the 1% level nodes in the stream that connects

the wastewater mains and decentralized treatment facility r in plant p (D7,) must equal

the summation of all flows (Dféb) from the various branches that connect each 1% level

node a, to all 2" Jevel nodes b associated with the stream connection.

Y
Y, P DX =DE Vaé€X,

e Vr €R; Vp EP (169)

p)
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The flows allocated from each of the 1% level nodes in the stream that connects

the wastewater mains and centralized treatment facility s of type t (Dg;) must equal the

summation of all flows (Dsat’b) from the various branches that connect each 1* level node

a, to all 2" level nodes b associated with the stream connection.

Yt DEP =D& Va € Xy;Vs€ES; VEET (170)
The flows allocated from each of the 2™ level nodes in the stream that connects

sink j in plant p’ and decentralized treatment facility r in plant p (Tr‘;,'fj-p,) must equal the

summation of all flows (Ta'b € ) from the various branches that connect each 2™ level

p.jp!

node b, to all 3" Jevel nodes ¢ associated with the stream connection.

Z .
yoreaptpabl — pab - wae X

c=1  ‘rpjpr = lrpjor Vb EY

rp,Jjp rp,jp' Vj € SNp; Vp, p’ € P; Vr €R
(171)
The flows allocated from each of the 2™ level nodes in the stream that connects

sink j in plant p’ and centralized treatment facility s of type t (Ta'b ) must equal the

st,jp

summation of all flows (Ta’b'c) from the various branches that connect each 2™ level

st,jp

node b, to all 3" Jevel nodes ¢ associated with the stream connection.

Z .
S TRS = TS Va € Xop jp; Yb € Yoy jy; Vj € SN, Vp EP; VS € S; VEET

(172)

The flows allocated from each of the 2" level nodes in the stream that connects the

wastewater mains and decentralized treatment facility r in plant p (Draz’,b) must equal the
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a,b,c

e ) from the various branches that connect each 2™ level

summation of all flows (D

node b, to all 3" Jevel nodes ¢ associated with the stream connection.

Z
Y.? DEC =D va€EX,

™ o Vb €Y,

" » VI ER; Vp €P (173)

The flows allocated from each of the 2™ level nodes in the stream that connects

the wastewater mains and centralized treatment facility s of type t (th'b) must equal the

a,b,c

&7¢) from the various branches that connect each 2" Jevel

summation of all flows (D

node b, to all 3" Jevel nodes ¢ associated with the stream connection.

YZst pEPC = DAY va € Xy Vb €Yy VS ES; VEET (174)
The flows allocated from each of the (n-1)" level nodes in the stream that

connects sink j in plant p’ and decentralized treatment facility r in plant p

Ta,b,c,..,n—l,n

ab,c,.,n—1
(@ TDp,jp!

g ) from the various

) must equal the summation of all flows (

branches that connect each (n-1)" level node, to all n™ level nodes associated with the

stream connection.

Nyp,jpr ma,b,c,..,n-1,n _ ma,b,c,,n—-1 . ) _
ZTl:l TTp,jpl - Trp,jpl Ya € er,jp" Vb € er,jp" Vc € er,jp' . V(n
1) € (N — 1), p13 Vi € SNy; Vp,p' € P; Vr €R (175)

The flows allocated from each of the (n-1)" level nodes in the stream that

Ta,b,c,..,n—l

connects sink j in plant p’ and centralized treatment facility s of type t (T, ;,,

) must

ab,c,..n—-1n
T,

St.jp ) from the various branches that connect

equal the summation of all flows (

each (n-1)" level node, to all n™ level nodes associated with the stream connection.
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Nstjp ma,b,c,.,n-1,n _ mab,c,.n—1 ) )
Yoot Tetim =Ty 1 Va € Xgp j; Vb € Yoy jp; Ve € Zgy 1y .. V(n— 1) €
(N —=1)gjp';Vj € SNp; VD EP; VSES; VLET (176)

The flows allocated from each of the (n-1)" level nodes in the stream that

connects the wastewater mains and decentralized treatment facility r in plant p

ab,c,..n—-1n

,b,c,..n—1
(Da C,.,n &

e ) from the various

) must equal the summation of all flows (D
branches that connect each (n-l)th level node, to all n™ level nodes associated with the

stream connection.

2:;”1 DD = pEPnTl yg € X5 Vb € Yo Ve € Zyy . ¥ (n—1) €
(N—1),,;Vr €R; VpEP 177
14

The flows allocated from each of the (n-l)th level nodes in the stream that

a,b,c,..,n—l)

connects the wastewater mains and centralized treatment facility s of type t (Dg;

=1 .
D&Pe-"1™) from the various branches that

must equal the summation of all flows (
connect each (n-1)" level node, to all n™ level nodes associated with the stream
connection.

YNt pEPe-nTin — pabe-n-l yg e x Vb € Yo Ve € Zg, .. V(n—1) €
(N—1);VsES; VLtET (178)

The flow to sink j in plant p’ from a 1* level node a that receives flow from a

decentralized treatment facility r in plant p (T}, j,,,) must be equal to the flow associated
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with the same 1* level node a connecting any other decentralized treatment facility r’ in
plant p to the same sink j in plant p* (T)5,, i,/

.jpr = Trrp.jpr VJ € SNy; Vp,p' € P;VY(r,r") ER; Va € X, i (179)

The flow to sink j in plant p from a 1* level node a that eventually connects to a

centralized treatment facility s of type t (Ts; ;,,) must be equal to the flow associated with
the same 1% level node a connecting any other centralized treatment facility s’ of type t’
to the same sink j in plant p (Tg,, jp))-

st.jp = Tsitrjp V] € SNp; Vp € P;V(s,s') €S; V(t,t') €T; Va € X jp (180)

The flow to the wastewater mains from a 1% level node a that receives flow from

a decentralized treatment facility r in plant p(Dy},) must be equal to the flow associated

with the same 1* level node connecting any other decentralized treatment facility r’ in

plant p’ to the waste mains (Dy, ;).

Df, = Df,,, V(r,7") ER; V(p,p') € P;Va € X,,, (181)
The flow to the wastewater mains from a 1* level node a that receives flow from

a centralized treatment facility s of type t (D&;) must be equal to the flow associated with

the same 1* level node connecting any other centralized treatment facility s’ of type t’ to

the waste mains (D&,).

st = D3 v V(s,s") ES; V(t, t") ET;Va € X (182)

The flow to sink j in plant p’ from a 2™ level node b that receives flow through a

1" level node a that eventually connects back to a decentralized treatment facility r in
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plant p (Trci,l;p,) must be equal to the flow associated with that 2™ level node b through

the same 1% level node a connecting any other decentralized treatment facility r’ in plant

p to the same sink j in plant p’ (Trcf;’ i

T =TS Vj€SN,;Vp,p' €P;V(r,r") ER; Va€X

rp,jp! rrp jp! 5 Vb € er jp! (183)

p,jp"’
The flow to sink j in plant p from a 2" level node b that receives flow through a

1" level node a that eventually connects back to a centralized treatment facility s of type
t (T ]p) must be equal to the flow associated with that 2" level node b through the same
1* level node a connecting any other centralized treatment facility s” of type t’ to the

same sink j in plant p (Tscftl: ]p)

T, = Tow p Vi € SN, Vp € P;V(s,s") €S; V(t,t") € T; Ya € Xy jpy; Vb € Yy
(184)

The flow to the wastewater mains from a 2™ level node b that receives flow

through a 1* level node a that eventually connects back to a decentralized treatment
facility r in plant p(D ”) must be equal to the flow associated with that 2™ level node b

through the same 1* level node a connecting any other decentralized treatment facility r

in plant p’ to the waste malns(Dr, D1

sz'gb— r,p,v(rr)ER V(p,p') € P;Va € X,,; Vb €Yy, (185)
The flow to the wastewater mains from a 2™ level node b that receives flow

through a 1*' level node a that eventually connects back to a centralized treatment facility
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s of type t (Dgy ®) must be equal to the flow associated with that 2™ level node b through

the same 1* level node a connecting any other centralized treatment facility s> of type t’

to the waste mains (DZ2).

D&’ = D32 v(s,s") €S; V(t,t") € T;Va € Xg; Vb € Yy, (186)
The flow to sink j in plant p’ from a 3" level node c that receives flow through a

2" Jevel node b and a 1 level node a that eventually connects back to a decentralized

Tabc

vp.jpr) Must be equal to the flow associated with that 31

treatment facility r in plant p (

level node ¢ through the same 2™ level node b and 1% level node a connecting any other

decentralized treatment facility r’ in plant p to the same sink j in plant p’ (Tf;’]cp ).

a,b,c _ mab,c . . . .
Tipipr = Trip jpr Vi € SNy Vp,p" € PV (r,7') € R; Va € Xy ;s VD €Y, i3 VC €
Zyp o (187)

The flow to sink j in plant p from a 3" Jevel node c that receives flow through a

2" level node b and a 1*' level node a that eventually connects back to a centralized

abc

st.jp ) Must be equal to the flow associated with that 31

treatment facility s of type t (T,
level node ¢ through the same 2" level node b and 1% level node a connecting any other

centralized treatment facility s’ of type t’ to the same sink j in plant p (T, b )-

st jp
Teos = Taw's, Vj € SNy; Vp € P;V(s,s') €S; V(t,t') €T; Va € Xy jpp; Vb €
YSt,jp; Vc € ZSt,jp (188)
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The flow to the wastewater mains from a 3™ level node ¢ that receives flow through a 2™
g

level node b and a 1% level node a that eventually connects back to a decentralized

ab,c

treatment facility r in plant p(D;., ) must be equal to the flow associated with that 31

level node ¢ through the same 2" level node b and 1% level node a connecting any other

decentralized treatment facility 1’ in plant p’ to the waste mains(Df,’ll;’,C )

DYPC = DEYE Y (r,r") € R; V(p,p") € P;Va € X,p; Vb € Yy Ve € Zy (189)

The flow to the wastewater mains from a 3™ level node ¢ that receives flow

through a 2™ level node b and a 1% level node a that eventually connects back to a

@b,y must be equal to the flow associated

centralized treatment facility s of type t (Dg/
with that 3" level node ¢ through the same 2™ level node b and 1% level node a

connecting any other centralized treatment facility s’ of type t’ to the waste

mains(D&2¢
D& =D& v(s,s") € S; V(t,t') € T;Va € Xg3 Vb € Y3 Ve € Zg, (190)

The flow to sink j in plant p’ from an n level node n through an (n-1)" level

node (n-1) all the way to a 1* level node a that eventually connects back to a

Tabc n—-1n

decentralized treatment facility r in plant p (T, 7))

) must be equal to the flow

associated with that n™ level node n through the same (n-1)" level node (n-1) all the way

to the 1* level node a connecting any other decentralized treatment facility r’ in plant p

to the same sink j in plant p’ (Tra zl: JCP A
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DMl = TODEn"I yj € SN,,; Vp,p' € P;Y(r,7') € R; Va € X, ;i Vb €

Yop, '3 V€ € Zypy i V(10 = 1) € (N = 1)y 13 V1 E Ny (191)

D.jP
The flow to sink j in plant p from an n™ level node n through an (n-1)" level node

(n-1) all the way to a 1* level node a that eventually connects back to a centralized

treatment facility s of type t (T%2:"~1™) must be equal to the flow associated with that

st,jp

n™ level node n through the same (n-1)" level node (n-1) all the way to the 1% level node

a connecting any other centralized treatment facility s’ of type t’ to the same sink j in

a,b,c,,n—-1,n
plant p (Tsltlljp )

T oot = D=1 yj € SN,; Vp € P;V(s,s") €S; Y(t,t') €T; Va €

XSt,jp; Vb E YSt,]p’ VC E ZSt,jp' .V(n - 1) E (N - 1)St,jp; VTL E NSt,jp (192)
The flow to the wastewater mains from an n™ level node n through an (n- "

level node (n-1) all the way to a 1* level node a that eventually connects back to a

ab,c,.,n-1n

decentralized treatment facility r in plant p(D;,

) must be equal to the flow
associated with that 3 level node ¢ through the same 2™ level node b and 1% level node
a connecting any other decentralized treatment facility r’ in plant p’ to the waste mains
G}

p&ber-n=1n — Df,"l;,’,c"""_l'n v(r,v") ER; Y(p,p') € P;Va € X,.,; Vb € Y,;Vc €

rp rp’ rp’

Zyp N —1) € (N = 1),,;Yn € N, (193)

195



The flow to the wastewater mains from an n™ level node n through an (n-1)"

level node (n-1) all the way to a 1% level node a that eventually connects back to a

centralized treatment facility s of type t (DZ”*"~>™) must be equal to the flow

associated with that n™ level node n through the same (n-1)" level node (n-1) all the way

to the 1* level node a connecting any other centralized treatment facility s” of type t’ to

a,b,c,..,n—l,n).

the waste mains (D,

Da,b,c,..,n—l,n

& = p&he-nTIy (s sy € S; V(t,t') € T;Va € X5 Vb € Yyp; Ve €

sntr
Zege ..V(n—1) € (N —1)4;Vn € Ny, (194)

Additionally, the total flows across all branches whether connecting a de-central
treatment facility r within a plant p to a sink j in plant p’, or connecting a shared central

treatment facility s of type t to a sink j in plant p, must all be equal to the individual sum

of all flows across each of the branches that establish the connection, respectively:

a + Ta,b + Ta,b,c +o Ta,b,c,..,n — Tr

y " ! . "
oot Trpipr + Trp i g s Vj € SNy; Vp,p' € P;Vr € R;Va €

D.Jjp!

er'jp, ,Vb € er,jp, ;VC € er,jp,. .Vn e N‘r‘p,jpl (195)

& i+ TS‘;;;?p + T;;;;?; 4t Ts‘gj?;'"'” = Tyejp Vj € SNy; Vp € P;Vs € S;Vt €

T;Va € Xt jp Vb € Ysp jp ;VC € Zgt jpp. . V1 € Ny iy (196)
Moreover, the total flows across all branches connecting either a de-central

treatment facility r within a plant p to the wastewater mains, or a central treatment

facility s of type t to the wastewater mains must respectively be equal to the individual

sum of all flows across each of the branches that establish the connection:
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DE, + DY + DY + -+ Di™ = Dy, Vi € SU; Vp € P;Va € X,y ; Vb €

Yips

Vc € Zpp.. VN E Ny (197)
&+ DE” + DEYC + -+ DG = Dy, Vi € SU,; Vp € P;Va € Xy ; Vb €

Yot ;VC € Zg.. YN € N (198)

In addition, non-negative constraints must be maintained for all flows across any

branch associated with establishing a connection from a de-central treatment facility r in

plant p to sink j in plant p’.

& ipr = 0Vj € SN,;Vp,p' € P;Vr € R;Va € Xpp i (199)
TS0, = 0Vj € SN,; Vp,p' € P;Vr € R;Ya € Xy 1 Vb € Yy ) (200)
%0 > 0 V) € SNy; Vp,p' € P;Vr € R;Va € Xy 133 Vb € Yy 1) ;Y€ € Zyp iy

(201)

T%bC-1 > 0 yj e SNy;Vp,p' € P;Vr € R;Va € X, jpi; Va € X, Vb €

D,jp! p.Jp! p.Jp!

Y, Ve € Z,

p,jp! .Vn € NT

p.jp’ (202)

p.jp’
Similarly, non-negative constraints must be maintained for all flows across any

branch associated with establishing a connection from a central treatment facility s of

type t to a sink j in plant p.

stjp = 0Vj € SNy; Vp € P;Vs € S;Vt €ET;Va € Xy ji, (203)
Ty, = 0 Vj € SN,; Vp € P;Vs € S;Vt € T;Va € Xy j; Vb € Yoy j (204)
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T3¢ > 0Vj € SN,; Vp € P;Vs € S;Vt € T;Va € X j; ¥b € Yy 1 3 Ve € Zg

St,jp - t:jp’ t,]p ’ t']p
(205)
T 5™ > 0 Vj € SNy; Vp € P;Vs € S;Vt € T;Va € Xy jpy i Vb € Yoy jpy s Ve €
Z.S‘t,jp' .Yn € Nst,jp (206)

Moreover, non-negative constraints are required for flows across any branch
associated with establishing a connection from a decentralized treatment facility r in
plant p to the wastewater mains.

Da

@ >0 Vi € SUy; Vi € SU,; Vp € P;Va € X,,, (207)

Vb € Yy, (208)

DY’ > 0 Vi € SU,; Vi € SUy; Vp € P;Va € X,

DX > 0 Vi € SU,; Vi € SU,; Vp € P;Va € X,p; Vb € Yy ;VC € Z,y

rp) Tp

(209)

D™ > 0 Vi € SU,; Vi € SUp; ¥p € P;Va € X,y ;Vb € Yy ;Y€ € Zyp.. YN € Ny

p;
(210)
Lastly, non-negative constraints are required for flows across any branch associated with
establishing a connection from a centralized treatment facility s of type t to the
wastewater mains
st = 0 Vi € SUy; Vi € SUp; Vp € P;Va € X (211)

D& > 0 Vi € SU,; Vi € SUy; Vp € P;Va € Xy; Vb € Yy (212)
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D&P > 0 Vi € SU,; Vi € SU,; Vp € P;Va € Xg; Vb € Yy ; Ve € Zg, (213)

D&PS™ > 0 Vi € SU,; Vi € SU,; Vp € P;Va € X3 Vb € Yy ; Ve € Zg,..Vn € Ny,
(214)
V.3.3 Implementation
The problem described above has been formulated as a mixed integer nonlinear
optimization problem (MINLP) for treatment and direct recycling. The corresponding
water allocation strategy has been obtained using “what’sBest9.0.5.0” LINDO Global
Solver for Microsoft Excel 2010, using a desktop PC with Intel® Core ™ 17-2620M, 2.7

GHz, 8.00 GB RAM, and a 64-bit Operating System.

V.4. Illustrative Case Study
An artificial case study, described in this section, has been carried out to
demonstrate the proposed methodology. Figure 35 provides the layout of the industrial

zone that has been assumed.
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A total of 4 co-locating plants are incorporated, 3 of which involve an on-site

wastewater treatment facility. Additionally, a centralized treatment unit shared amongst

all plants has also been provided, for which a specified treatment option can be selected.

The total area of the region was assumed to be 64 km?, and the respective plants were
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assumed to span a total area of 17.25 km?, according to the following distribution: area
of plant 1= 5.95 km?; area of plant 2= 4.5 km® area of plant 3= 1.4 km?; and area of
plant 4= 5.4 km®. Table 42 provides the case study flowrate and composition data for all
available source and sink water streams. Varying amounts of three different
contaminants were assumed to be present in all process water streams, hence, 3 pollutant
concentrations for each have been provided for this case study. Moreover, a maximum
inlet concentration for each water sink has also been specified, for the same pollutants
indicated in the all water source streams. Table 43 outlines all contaminant removal
ratios, as well as the corresponding fixed and operating cost elements that are associated
with the decentralized treatment units, as well as the centralized treatment option. It can
be noted that Plants 1, 2 and 4 were associated with their own on-site wastewater

treatment units.

Table 42. Water Sink and Source Data

Zmax Zmax Zmax

Sink Flow 1 2 3 Source  Flow Y1 Y2 Y3
t/d ppm  ppm  ppm t/d ppm  ppm  ppm
P1D1 180 50 50 60 P1S1 100 100 80 50
P1D2 150 90 80 50 P2S1 70 120 130 110
P3D1 90 100 70 60 P2S2 160 170 130 180
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Table 43. Wastewater treatment parameters in terms of pollutant removal ratios, and costs

Interceptor Y1 Y 2 Y3 CAP.EX (%) OP.EX ($-kg)
TR-P1 0.7 0.6 0 0 0.203
TR-P2 0.8 0 0.6 0 0.444
TR-P4 0 0.9 0.8 0 0.752
CTR-1 0.9 0.9 0.9 12,400 0.908

Additional information requirements that have been specified for all plants
involve the following: (1) freshwater cost =0.13 $/t, (2) waste disposal cost =0.9 $/t, and
(3) operating hours =8760 h/y. Moreover, carbon steel Schedule 80 welded pipes were
assumed for all designs, and the calculated pipeline diameters were rounded up in
increments of 0.1, to the nearest standard size in meters. All piping costs were
annualized over a 20-year lifetime. In this case study, both forward branching as well as
backward branching has been applied for the purpose of pipeline merging. Each
branching case has been investigated using two types of pipeline bending options: (1)
allowing only 90° pipeline bends and (2) allowing 45° , 90° and 135° pipeline bends
throughout the design. In doing so, a specific set of constraints have been imposed on the
pipeline route extraction process. This procedure has been described in our previous
work (Alnouri, Linke et al. 2010a).

As per the descriptions for this case study, a total of 4 scenarios have been

implemented for the purpose of illustration. Case 1 applies a forward branching scenario
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for pipeline merging, allowing only 90° bends in the design. Case 2 applies the same
forward branching scheme, but allows more flexibility by implementing 45° , 90° and
135° pipeline bends throughout. Case 3 on the other hand applies a backward branching
scenario, using only 90° pipeline bends. Lastly, Case 4 adopts a similar setup to Case 2,
only to utilize a backward branching scheme for pipeline merging instead. For all cases
described above, the overall source-interceptor-sink water allocations have been
reported. Table 44 summarizes the respective flowrates for allocation strategy attained.
However, much of the differences in the designs lie in the branching schemes attained.
Figures 36 and 37 illustrate the pipeline merging scenario that have been achieved via
forward branching for Cases 1 and 2, respectively. Figures 38 and 39 illustrate the
pipeline merging scenario that have been achieved via backward branching for Cases 3
and 4, respectively. The main differences in the designs obtained for Cases 1 and 2 were
the pipeline bending procedure involved. The nodes at which branching were to occur

were mostly different. A similar trend was observed when comparing Cases 3 and 4.
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Figure 36. Forward pipeline branching with 90° pipe bending illustrated (Case 1)
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Figure 37. Forward pipeline branching with 90°, 45° and 135° pipe bending illustrated (Case 2)
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Figure 38. Backward pipeline branching with 90° bending illustrated (Case 3)
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Figure 39. Backward pipeline branching with 90°, 45° and 135 pipe bending illustrated (Case 4)
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Table 44. Water allocation obtained for Cases 1-4

C-
P1D1 P1D2 P3D1 P4D1 TR-P1 TR-P2 TR-P4 TR

P1S1 0 0 0 0 100.00 0 0 0
P2S1 0 0 10.51 0 0 59.49 0 0
P2S2 0 0 0 9.69 0 150.31 0 0
P4S1 0 0 5.51 8.94 0 0 11556 0
TR-P1 100.00 0 0 0 0 0 0 0
TR-P2 41.32 84.71 28.08 55.69 0 0 0 0
TR-P4 21.42 49.36 9.09 35.69 0 0 0 0
C-TR 0 0 0 0 0 0 0 0

It can be noted that decentralized treatment was primarily utilized in Plants 1,2
and 4, and the utilization of a centralized treatment facility was found to be necessary in
this case. In all 4 cases, freshwater consumption was found to be 70 t/h, while no
wastewater discharge was obtained. Table 45 summarizes the cost breakdown of the
water network designs attained. The total treatment costs and freshwater costs were
found to be 4.66x10°$/yr and 7.97x10* $/yr respectively. Moreover, no wastewater
disposal costs were reported. A comparison of the total annualized costs were
summarized for all cases, when no pipeline merging was involved. According to the

results presented in Table 45, it is evident that total costs were found to decrease when
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pipeline merging was implemented, allowing up to 5.64% savings on pipeline costs,

when compared to the standard unmerged pipeline costs.

Table 45. Summary of Costs obtained for Cases 1-4

Forward Backward
Forward Branching, 90°, Backward Branching,
Branching, 90°  45%°and 135°  Branching, 90°  90°, 45° and
($ty) Bends only Bends Bends only 135° Bends
Freshwater Costs 79,716 79,716 79,716 79,716
Treatment Costs 466,022 466,022 466,022 466,022
Wastewater
Disposal Costs 0 0 0 0
Pipeline Costs-
Unmerged 493,603 436,702 493,603 436,702
Total Costs-
Unmerged Scenario 1,039,341 982,440 1,039,341 982,440
Pipeline Costs-
Unmerged 438,059 400,221 449,655 407,028
Total Costs- Merged
Scenario 983,798 945,959 995,393 952,766
% Savings on
pipeline costs 12.68 9.12 9.77 7.29
% Savings on total
costs 5.65 3.86 442 3.11
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Moreover, it was also found that allowing more pipeline bending opportunities
help improve the cost performance of the designs achieved. When comparing the total
costs achieved in Cases 1 and 2, Case 2 yielded a total of 4.01% of total cost
improvement (corresponding to a 9.45% pipeline cost savings). Similarly, comparing
the total costs achieved in Cases 3 and 4, Case 3 yielded a total of 4.47% of total cost
improvement (corresponding to a 10.47% pipeline cost savings). Table 46 provides the
water flowrate breakdown and distribution attained within the various merged pipeline
segments and branches for Cases 1 and 2. Likewise, Table 47 provides the flowrate
breakdown and distribution for Cases 3 and 4. Tables 48 and 49 outline all length and
diameters details attained for Case 1 and 2 designs, respectively. Tables 50 and 51
outline the same information in terms of length and diameters details attained for Case 3
and 4 designs, respectively. Tables 47-50 also indicate the branching features associated
with each design, as all merged pipeline segments, common node junctions, and the

number of branching levels attained are also presented.

Table 46. Summary of flowrate distribution obtained for forward branching scenarios

(Cases land 2)

Flow (Uh) (Uh) (Uh) (h) (t/h)
N 0 N 0 P1D1
N N 0 P1D2
N N 100.00 DTR-PI

P151 100.00 N N N 0 N 0 P3D1
N 100 N 0 N N 0 CTRD
N N N 0 N 0 WASTE
N N N N 0 P4D1
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Table 46. Continued

Flow (t/h) (t/h) (t/h) (t/h) (t/h)
N 5949 DTR-P2
N N 0 P1D2
P2S1 N N N 0 PID1
70.0 N 10506 N N 1051 N 0 CTRD
N N 10.51 N ' N 10.51 P3D1
N N N 0 N 0 WASTE
N N N N 0 P4D1
N 0 N 0 P1D1
N N 0 P1D2
p252 N N 15031 DTR-P2
160.00 N N N 0 N 0 CTRD
N 160 N 9.69 N N 0 P3D1
N N N 9.6 N 0 WASTE
N N N : N 9.69 P4D1
N N 8.94 P4D1
N 12449 N o0 N 115.56 DTR-P4
pas1 N N N 0 WASTE
130.00 N N 0 N 0 P1D1
N 550 N N 0 P1D2
N : N 551 N 5.51 P3D1
N N : N 0 CTRD
N 100 N 100.00 PID1
N N 0 P1D2
STRPL 10000 N N 0 P3DI
N 0 N 0 N 0 P4D1
N N N 0 WASTE
N 8471 P1D2
N N 4132 PIDI
STRPZ - 50980 N 12509 N 28.08 P3DI
N : N o N 55.69 P4D1
N N ' N 0 WASTE
N 9.09 P3D1
N N N 35.68 P4D1
STRPA 11556 N 10647 N 35687 0 WASTE
N : N o3 N 21.41 PIDI
N N : N 49.36 P1D2
N 0 P4D1
FRESH .., N N 36816 P3D1
: N 7000 N o0 N 17.26 P1D1
N N : N 15.92 P1D2
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Table 47. Summary of flowrate distribution obtained for backward branching scenarios

(Cases 3and 4)

Flow  (th) (th) (th) (th) (t/h) (t/h) (t/h)

0 P2S2
0 P1S1
100 STR-P1
0 P4S1
N 41 STR-P2
N 0 P2S1
17.26 FRESH
N 21 STR-P4
N 0 CTRS
P2S2
84.71 STR-P2
0 P2S1
0 P1S1
0 STR-P1
0 P4S1
N 15.92 FRESH
6528 N N 49 STR-P4
N 49.36 N 0 CTRS
36.816 FRESH
0 CTRS
9.08 STR-P4
5.50 P4S1
28.08 STR-P2
10.50 P2S1
N 0 P2S2
0 STR-P1
0 P1S1
8.935 P4S1
0 STR-P1
0 P1S1
55.68 STR-P2
N 0 P2S1
N  9.69 P2S2
35.68 STR-P4
N 0 CTRS
N 0 FRESH
DTR-P1 100 P1S1
DTR-P2 N 59.4 P2S1
209.80 N 1503 P2S2
DTR-P4  115.55 P4S1

PiD1
180 180 180 41.32
80

80

21.41

zzz2z2z2zZ2Z
z zZz2Z2z2Z
z Z ZZ 2z

4.71
84.7 84.71

Z Z

P1D2 150

65.28
65.28 65.28

ZzZZZ2Z2Z2Z2ZZ2ZZZZZZZZZ
ZzZZZ22Z22Z222ZZZZZZZZZZ
(==}

z Zz ZZ 2z
z Zz Z Z

14.59
14.59

P3D1

d
53.18 38.58 10.50
38.58 '

Z 2z Z ZZ Z Z
Z ZZZZZZ
z

P4D1

110 65.37

101.06 9.69

101.06
35.68

2222222222 2ZZ2Z2Z2ZZZ

ZZz2Z 2ZzZZ
ZZz2Z 2ZzZZ
Z ZZzZZ Z Z
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Table 48. Pipeline length and diameter segments obtained for forward branching

scenario, Case 1

m L D L D L D L D L D
PISI 14 02 N 08 0 N 08 0 PIDI
N N 18 0 PID2
N 06 02 N 06 02 DTR-P1
N N 2 0 N 08 0 N 28 0 P3DI
N N N N 06 0 CTRD
N N N 54 0 N 58 0 WASTE
N N N N 22 0 P4DI
P2s1 12 02 N 04 02 DTR-P2
N 12 01 N 56 0 PID2
N N 1 01 N 44 0 PIDI
N N N 06 01 N 06 0 CTRD
N N N N 28 0.1 P3DI
N N N 56 0 N 58 0 WASTE
N N N N 22 0 P4DI
P22 06 03 N 66 0 N 12 0 PIDI
N N 14 0 PID2
N 1.6 03 N 04 03 DTR-P2
N N 22 01 N 06 0 N 06 0 CTRD
N N N N 28 0 P3DI
N N N 56 01 N 58 0 WASTE
N N N N 22 0.1 P4DI
PASI 04 02 N 06 02 N 06 0.1 P4D1
N N 08 02 N 08 02 DTR-P4
N N N 34 0 WASTE
N 44 01 N 54 0 N 08 0 PIDI
N N N 18 0 PID2
N N 02 01 N 42 0.1 P3DI
N N N 32 0 CTRD
STR-PL 04 02 N 28 02 N 08 02 PIDI
N N 18 0 PID2
N 06 0 N 36 0 P3DI
N N 54 0 N 22 0 P4DI1
N N N 58 0 WASTE
STRP2 1 03 N 56 02 PID2
N 1 02 N 44 02 PIDI
N N 34 02 P3DI
N N 56 02 N 22 02 P4D1
N N N 58 0 WASTE
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Table 48. Continued

(m) L D L D L D L D L D

STR-P4 16 02 N 4 0.1 P3D1
N 02 02 N 36 02 N 22 02 P4D1
N N N 58 0 WASTE
N N 56 02 N 08 0.1 P1D1
N N N 1.8 02 P1D2

FRESH 6.2 02 N 8 0 P4D1
N 06 02 N 14 02 P3D1
N N 72 02 N 08 0.1 P1D1
N N N 1.8 0. P1D2

Table 49. Pipeline length and diameter segments obtained for forward branching

scenario, Case 2

(m) L D L D L D L D L D

P1S1 1.1 02 N 038 0 N 08 0 P1DI
N N 188 0 P1D2
N 048 02 N 068 0.2 DTR-P1
N N 176 0 N 08 0 N 28 0 P3D1
N N N N 07 0 CTRD
N N N 5 0 N 59 0 WASTE
N N N N 2 0 P4D1

P2S1 1. 02 N 04 02 DTR-P2
N 1 0.1 N 532 0 P1D2
N N 08 01 N 4 0 P1D1
N N N 05 01 N 07 O CTRD
N N N N 28 0.1 P3Dl1
N N N 54 0 N 59 0 WASTE
N N N N 2 0 P4D1

P2S2 04 03 N 624 0 N 128 0 P1D1
N N 148 0 P1D2
N 148 03 N 048 03 DTR-P2
N N 208 01 N 05 0 N 07 O CTRD
N N N N 28 O P3D1
N N N 54 01 N 59 0 WASTE
N N N N 2 0.1 P4D1
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Table 49. Continued

m L D L D L D L D
P4ST 02 02 N 048 02 N 056 0.1 P4D1
N N 068 02 N 08 02 DTR-P4
N N N 35 0 WASTE
N 404 001 N 48 0 N 09 0 PIDI
N N N 19 0 PID2
N N 02 01 N 42 0.1 P3DI
N N N 3 0 CTRD
STR-PL 02 02 N 244 02 N 088 02 PIDI
N N 188 0 PID2
N 06 0 N 356 0 P3DI
N N 504 0 N 2 0 P4D1
N N N 59 0 WASTE
STR-P2 07 03 N 532 02 P1D2
N 088 02 N 42 02 PIDI
N N 324 02 P3DI
N N 536 02 N 2 02 P4DI1
N N N 59 0 WASTE
STR-P4 13 02 N 384 0. P3DI
N 028 02 N 328 02 N 2 02 P4DI1
N N N 59 0 WASTE
N N 492 02 N 09 0. PIDI
N N N 19 02 PID2
FRESH 5.5 N 792 0 P4D1
0o N 048 N 136 02 P3DI
“ N 02 N 66 ., N 08 0l PIDI
N N “ N 18 0.1 PID2
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Table 50. Pipeline length and diameter segments obtained for backward branching scenario, Case 3

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

P1D1

P1D2

P3D1

P4D1

DTR-P1
DTR-P2

DTR-P4

0.8

1.4

8.2
0.8

1.2

2.6
1.0

2.6

0.3

0.3

0.2
0.2

0.2

0.2
0.3

0.2

Z2Z ZZ2ZZ2ZZ2Z2ZZ2ZZ2ZZ2Z2ZZZZ2ZZZ2ZZ ZZZZZZZZZZZZZZZZZZ

7.6
0.8

2.8

1.2

0.8

2.6

0.4

4.4

0.6
1.6

0
0.3

0.2

0.2

0.1

0.2

0.1

0.2

0.2
0.3

22222222 ZZZZZZ2Z2ZZ ZZZZZZZZZZZZZZZZZ

1.4
2

44
1.8

1.4

0.8
2.4

1.4

0.8

2.6

0.2

0
0.3

0.2

0.2

0.1

0.2

0.2

zzzzz 2Z ZZZZZZZ

ZZ2222222Z ZZZZZZZ

0.4
0.6

0.6

0.4
0.6

1.6
52
0.6
1.4

0.4
3.4

0.4
3.4

0.2

0.2

0.2

0.2

0.2

0.1
0.1
0.2
0.1

0.2

Z2ZZZZZ

zZz2ZZz

ZZ

Z222722772Z

6.8
0.2

6.8
0.2

0.6
1.6

0.6
1.4

1.6

0
0.2

0.2

0.1

0.2
0.1

0.2

ZzZzZ2ZZ

ZzZZ

zzZ ZZ

1.4

10
22

10
2.2

0.6
1.6

0.6
7.2

0.2

0.1
0.1

0.1
0.2

0.1

zz ZZ

Zz Z

0.6

1.6
1.6

1.6
1.6

0.2

0.1

0.2

P2S2
P1S1
STR-P1
P4S1
STR-P2
P2S1
FRESH
STR-P4
CTRS
P2S52
STR-P2
P2S1
P1S1
STR-P1
P4S1
FRESH
STR-P4
CTRS
FRESH
CTRS
STR-P4
P4S1
STR-P2
P2S1
P2S2
STR-P1
PIS1
P4S1
STR-P1
PIS1
STR-P2
P2S1
P2S2
STR-P4
CTRS
FRESH
PIS1
P2S1
P2S2
P4S1
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Table 51. Summary of flowrate distribution obtained for backward branching scenario, Case 4

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

L(m)

D(m)

P1D1

P1D2

P3D1

P4D1

DTR-P1
DTR-P2

0.6

7.4
0.6

0.8

22
0.7

0.3

0.3

0.2

0.2

0.2

0.2
0.3

2222222222222 22Z2Z2ZZ

2272 2222222222222 Z2ZZZ

7.1
0.7

2.6

0.9

2.4

0.5

4.2

0.7
1.7

0
0.3

0.2

0.2

0.1

0.2

0.1

0.2

0.2
0.3

2222272222 ZZZZZ2Z2Z2Z227Z ZZZZZZZZZZZZZZZZZ

44
1.6

0.7
2.3

1.2

0.8

24

0.2

0
0.3

0.2

0.2

0.1

0.2

0.2

Z222227ZZ z222z2272 22 Z2Z222ZZZZ

zzzz2z222ZZ

0.5
0.5

0.7
1.7

0.5
0.5

0.7
1.4

0.6
3.1

0.2

0.2
0.2

0.2

0.2

0.1
0.1
0.2
0.1

=]

0.2

0.2

ZZZZZZ

zZ2ZZ

ZzZz

227227277

6.4
0.2

6.4
0.2

0.7
1.7

0.7
1.4

1.6

0
0.2

0.2

0.1

0.2
0.1

0.2

ZzZzZZZ

ZzZZ

zZ ZZ

1.2

9.8
1.9

9.8
1.9

0.7
1.7

0.7

0.2

0.1
0.1

0.1
0.2

0.1

[

zz ZZ

Z Z

0.68
1.68

1.76
1.76

1.76
1.76

0.2

0.1

0.2

P2S2
P1S1
STR-P1
P4S1
STR-P2
P2S1
FRESH
STR-P4
CTRS
P2S2
STR-P2
P2S1
P1S1
STR-P1
P4S1
FRESH
STR-P4
CTRS
FRESH
CTRS
STR-P4
P4S1
STR-P2
P2S1
P2S2
STR-P1
P1S1
P4S1
STR-P1
P1S1
STR-P2
P2S1
P2S2
STR-P4
CTRS
FRESH
PIS1
P2S1
P2S52
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V.5. Conclusions

In this work, additional considerations that account for pipeline merging
scenarios have been studied for wastewater regeneration and reuse networks. The
proposed framework allows cost-effective interplant water reuse and treatment network
designs to be identified, by implementing a systematic approach for interplant water
network synthesis and design that account for pipeline merging. An artificial case study
has been implemented, and a number of centralized and decentralized wastewater
treatment options were incorporated. . In addition to the improved design-screening
ability of less complex pipeline networks, merging together common pipe segments that
carry similar water qualities was observed to achieve various cost-enhancements in the

overall design of the system.
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CHAPTER VI

SUMMARY

In this work, several methods that assist in the design of interplant water
networks for industrial water and wastewater management strategies have been
introduced. Methods that involve accounting for interplant spatial aspects, as well as
interconnectivity considerations within wastewater reuse and regeneration networks,
have been studied. Each of the proposed frameworks allow cost-effective interplant
water reuse and treatment network designs to be identified, by implementing a
systematic design approach for interplant water network synthesis. Several case studies
have been implemented to demonstrate each of the proposed methods, by assuming a
spatial layout for the city, as well as by incorporating locations for a number of water-
consuming and wastewater producing processes. Moreover, the potential options for
using centralized and decentralized wastewater treatment facilities were also
incorporated, in the course of determining wastewater regeneration and reuse networks.
The results indicate very attractive wastewater treatment and reuse schemes for the water
network designs extracted. Moreover, cost-efficient water networks that involve merged

pipeline segments in the overall design were also identified.
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