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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. A
novel approach that is capable of accounting for pipeline merging scenarios that could exist within a water reuse net-
work is introduced in this article. 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 reuse amongst several coexisting processing facilities
within an industrial zone. A case study is presented to illustrate the application of the approach and its benefits. © 2014

American Institute of Chemical Engineers AICRE J, 60: 2853-2874, 2014
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Introduction

Water integration methodologies offer reliable tools for
identifying optimal wastewater reuse strategies that allow
industries to minimize their water footprints, either individu-
ally (in-plant integration) or collectively (interplant integra-
tion). 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'* led to the water-pinch
analysis approach that provides insight regarding potential
opportunities for wastewater minimization in process indus-
tries. Olesen and Polley3 introduced a simple adaptation of
the methodology in which additional constraints were incor-
porated into the water network design problem, in terms of
the plant’s geographical location, as well as the piping costs
involved. Alva-Argéez et al.* 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

Correspondence concerning this article should be addressed to P. Linke at

patrick.linke@qatar.tamu.edu.

© 2014 American Institute of Chemical Engineers

AIChE Journal

Bagajewicz® introduced a design methodology for water-
using networks in processing plants, by investigating the
necessary optimality conditions for a water allocation prob-
lem involving a single contaminant. El-Halwagi et al.® uti-
lized 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.” developed a water
cascade analysis technique to establish the minimum water
and wastewater targets for the synthesis and design of water
networks. Prakash and Shenoy® presented an algorithm to
design minimum freshwater networks for fixed flow rate
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.’? 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 prob-
lem, before carrying out any targeting calculations. Hu
et al.'” studied the effect of different process decomposition
strategies on freshwater savings, using concentration—mass
load diagrams. Lee et al.'' explored chilled water reuse and
recycle opportunities using a superstructure approach that
accounts for all possible network connections, and a conflict-
ing objective was utilized to reduce network complexity, and
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improve flexibility within the solutions obtained. Chaturvedi
and Bandyopadhyay'? proposed a multiobjective mixed inte-
ger linear programming formulation that simultaneously tar-
gets minimum freshwater 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.”? investigated the
design of flexible interplant water networks by combining
mathematical programming techniques with pinch analysis
insights. Lovelady and El-Halwagi'® utilized a source-
interception-sink representation to develop an optimization-
based approach for water allocation amongst multiple proc-
esses within a shared eco-industrial facility. Chen et al.'
presented a novel integration scheme for interplant water
integration within an industrial complex, in which both cen-
tralized and decentralized water mains were used to connect
the water-using units within the individual plants. Aviso
et al.'® utilized fuzzy mathematical programming techniques
to identify optimal network designs that maximize waste-
water reuse amongst a cluster of plants. Chew et al.'” intro-
duced a new algorithm for targeting minimum fresh and
waste flow rates for interplant resource conservation prob-
lems, which can also be applied for the design of water net-
works. Rubio-Castro et al.'® developed a global optimal
formulation for water integration in eco-industrial parks
(EIP), 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.'’
utilized a MINLP model to retrofit existing water networks
from different plants within the same industrial zone, by
accounting for both intraplant and interplant structural modi-
fications. Boix et al.?® formulated a Mixed-Integer Linear
Programming problem based on the necessary conditions of
optimality defined by Savelski and Bagajewicz,” for design-
ing an EIP using three different EIP regeneration scenarios.
Lee et al.?' introduced a mathematical optimization model
involving a two-stage approach, for interplant water network
synthesis in which the individual processing units operate in
a mix of both continuous and batch modes. More recently,
Alnouri et al.*? introduced a spatial representation for the
design of interplant water networks within industrial zones,
while accounting for optimum routing strategies for water
allocation, by considering the layout of assigned corridor
regions that available for water transport. The work was then
extended to account for multiperiod planning when designing
water reuse networks.”® 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 facili-
ties are arranged.

To date, all work has considered network connections
between water sources and sinks are segregated, that is, 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 con-
tributions have been made regarding the design of gas pipe-
lines. For instance, Wong and Larson** applied dynamic
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programming techniques to determine the optimal operating
conditions for and unbranched natural gas pipeline. Graham
et al.? 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. Fla-
nigan®® conducted a series of optimization problems, using
the generalized reduced gradient method, for the design of
optimal compressor sizes and pipeline diameters on a prese-
lected network configuration. Baskaran and Salzborn®” stud-
ied the problem of designing gas pipeline collection
networks in a desert environment, in which no physical
obstacles were considered. An efficient method for determin-
ing optimal positioning of pipeline junction points, and the
respective diameter of the pipes was presented. Olorunniwo
and Jensen®® developed a methodology that accounts for
capacity expansion in natural gas transmission networks.
Almisned and Alkahtani*® 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 deter-
mining all the optimization criteria required for the pipeline
network. Amado®! introduced a new modeling approach for
multicommodity 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 desti-
nation, as well as the amount of product to be pumped,
while satisfying the product demands. Bonnans and Spiers32
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 hypoth-
esis of a stationary flow.

Enabling water reuse strategies within industrial zones
requires an effective synthesis and design strategy for pipe-
line networks to implement interplant water transmission
and distribution. Network cost is always considered a key
item that would determine the viability of a developed net-
work 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 multistake-
holder setting. In a first effort toward overcoming these lim-
itations, this article presents a novel approach to exploring
interplant water integration while 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. Background and Syn-
thesis Problem section of this article describes the synthesis
problem, Methodology section outlines the methodology
that has been adopted, Problem Statement and Mathemati-
cal Formulation section details the mathematical formula-
tion, and Case Study section provides a case study
illustration.

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

August 2014 Vol. 60, No. 8 AIChE Journal



Corridor
—— Pipeline

Plant 5

O

@ watersink
O water source

Figure 1. Typical output of a source-sink mapping
activity, for the design of interplant water
networks.

construction, diameter and length of the pipeline being
assembled, and their implementation (surface or buried).Par-
allel pipelines of small diameters are typically more expen-
sive 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 impor-
tant, 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 transmis-
sion via pipelines is often a major cost item. A typical out-
put of a water integration approach considers each source-
sink interconnection to constitute a separate pipeline (Figure
1). Given the spatial layout of an industrial zone with the
requirements to maintain pipelines within defined corridor
regions,22 parallel pipelines can be expected to emerge when
implementing optimal water reuse allocations amongst 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 oper-
ating the facilities within the city. Therefore, a pipeline net-
work to be implemented in such a multistakeholder setting
would require acceptably low complexity that 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. More-
over, substantial economies of scale are often achieved when
transporting materials in bulk. These economies of scale typ-
ically 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
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respective transportation capacity. This makes it more effi-
cient 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 oper-
ate and maintain, and their governance simplifies when fewer
pipes and segments are involved. Conversely, 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 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 effi-
ciency of implementing merged pipeline scenarios is com-
pared to results from previous work,? which assigns a
separate pipeline for each water allocation.

Methodology

As aforementioned, 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 while incorporating merged pipeline trans-
mission options, amongst several coexisting processing
facilities within an industrial zone. For the purpose of keep-
ing the methodology illustration relatively simple in this arti-
cle, this work considers the case of direct water reuse to
achieve water integration across plants in an industrial zone.
However, it should be noted that the same principles that are
introduced in this article 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 net-
works is required to capture alternative pipeline network
options. We first identify the different types connectivity
involved within the network for direct water reuse: (a)
source-to-sink, (b) fresh-to-source, and (c) sink-to-waste. For

Sink 2
Sink 3

Source

Sink 4

Figure 2. An unmerged pipeline connectivity demon-
stration for a given water source, distributing
water to several nearby water sinks.
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Figure 3. An unmerged pipeline connectivity demon-
stration for a given water sink, receiving
water from several nearby water sources.

a given water source (or freshwater source) feeding into mul-
tiple sinks, a common unmerged interconnectivity scenario
would usually involve separate pipelines to the individual
water sinks, as illustrated in Figure 2. Similarly, for a given
water sink (or wastewater discharge sink), an unmerged sce-
nario would involve water being received from several water
sources, as illustrated in Figure 3. 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 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. This case considers only pipelines that originate
from same water source location to be merged together. Sim-
ilarly, 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, while avoiding any mixing in between
water qualities within the pipelines.

Forward branching scheme

This scheme involves a given water source (or freshwater
mains) being distributed to several nearby water sinks.

Sink 2
Sink 3

Source

Figure 4 illustrates the concept of forward branching to
determine merged pipeline segments. The pipeline is con-
structed using relatively larger diameters at the very begin-
ning 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.

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 5 illustrates the con-
cept 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 con-
nectivity categories.

Figures 4 and 5 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
6 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 connect-
ing 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,

Source 4

Source 3

rSmk 4

Sink — must be
(1) a water sink from a given facility

Source - can be either of the following:
(1)a water source in a given facility
(2)a freshwater mains

Figure 4. A merged pipeline connectivity demonstra-
tion via forward branching, for a given water
source, distributing water to several nearby
water sinks.
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Source 2 |

Sink - can be either of the following:
(1)a water sink in a given facility
(2)a wastewater disposal mains
Figure 5. A merged pipeline connectivity demonstra-
tion via backward branching, for a given
water sink, receiving water from several
nearby water sources.

Source - must be
(1) a water source in a given facility
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by connecting to third level nodes. The procedure is repeated
until the different node levels consistently connect to succes-
sive levels, and keep forming new sets of pipeline branches,
up until reaching the destination point(s).

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 strat-
egy that achieves a cost-optimal network, while taking
into account the various pipeline merging scenarios that
could be incorporated into the network design, for inter-
plant water transmission and distribution. The objective
function is specified as
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The water integration problem is subject to a number of
constraints that involve total mass balances around all water
sources (Eq. 2) and sinks (Eq. 3), in which the individual

3 level (O N level

3 level ()

2" level (8)

N Ievelli

Figure 6. Node level illustration (for both forward and
backward branching).

2" level (B)
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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 Eq. 4. Equation 5
sets limits on the allowable sink contaminant range, accord-
ing to the maximum and minimum pollutant limits that are
allowed into each sink. Additionally, Eqs. 6-8 associate all
flow rate variables with a non-negativity condition. Equa-
tions 2—8 were all based on direct water reuse formulations

Zzpep jeSN,,MiPJP’+Dip:Wi1I Vp,p' € P VieSU, (2)
ZZPEP feSU,nypJp’+Fjp:Gjp Vp,p' €P Vj €SN, (3)
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Fj >0 YpeP; YjeSN, ®)

Additionally, pipe diameters are calculated using Eq. 9,
according to the recommended velocity ranges by Peters
et al.,*® using the mass flow rate (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 cus-
tomized pipe sizes

Flow %% s
DI =Roundup [0.363 p P )

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.

Forward branching formulation

Equations 10-35 below detail the mathematical formula-
tion associated with a forward branching scheme in a
pipeline.

The flow allocated from source i in plant p to sink j in plant
p' (Mjpy) must equal the summation of all flows (M, ;) from
the various branches that connect source 7 in plant p to all 1st

level nodes a, associated with the stream connection

X:p./p’

ZM" =M,

i =My Vi €SUy; Vj€SN,; Vp,p' € P (10)

a=1

The flow allocated from the freshwater mains to sink j in
plant p’ (Fj,) must equal the summation of all flows (FJ‘;,)

from the various branches that connect the fresh mains to all
1st level nodes a, associated with the stream connection

ZF;/:FJP

The flows allocated from each of the 1st level nodes in
the stream that connects source 7 in plant p to sink j in plant
p' (Mj,;,) must equal the summation of all flows (Mg, )
from the various branches that connect each 1st level node
a, to all 2nd level nodes b associated with the stream

connection

Vj € SN,; Vp € P (11)

’I’ 4

ZMI[I,/[I Mrp/p Va € Xil’;fP';Vi € SU/U V] € SN[H vp7p, eP
12)

The flows allocated from each of the 1st level nodes in the
stream that connects the freshwater mains to sink j in plant p’

(F¢,) must equal the summation of all flows (F;’ph) from the

various branches that connect each 1st level node «a, to all
2nd level nodes b associated with the stream connection

Yjp

b=1

Va € Xj,; Vj € SN,; VpeP (13)

The flows allocated from each of the 2nd level nodes in
the stream that connects source i in plant p to sink j in plant

/ a,b . a,b,c
p' (M;,},) must equal the summation of all flows (M)
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from the various branches that connect each 2nd level node
b, to all 3rd level nodes c¢ associated with the stream
connection

'I7 i’

ab,c ab . .
E Mlpjp ijp’ Va € Xfp;il’" Vb € Y,',,_j[,f,

(14)

Vie SU,; Vj€SN,; Vp,p'€P

The flows allocated from each of the 2nd level nodes in
the stream that connects the freshwater mains to sink j in
plant p’ (F;;h) must equal the summation of all flows (F;;h"')
from the various branches that connect each 2nd level node
b, to all 3rd level nodes ¢ associated with the stream

connection

Zjp
ZF;;”"=F;;” Va € Xj; Vb € Yj,;Vj € SN,; Vp € P

=1

5)

The flows allocated from each of the (n—1)th level nodes
in the stream that connects source i in plant p to sink j in
plant p’ (M‘;ﬁp‘ 1) must equal the summation of all flows
(szf;; ~") from the various branches that connect each
(n—1)th level node, to all nth level nodes associated with

the stream connection

Nin,m
ab,c,..n—1.n ab.c,..n—1 . .
Z Mlp,]p _Mlpjp Ya € Xipjp’a Vb € Yip,/‘p’7
n=1
Ve € Zipjy N(n—1) € (N—l)l-pd-p,; Vi € SU,;

Vj € SN,; Vp,p' €P
(16)

The flows allocated from each of the (n—1)th level nodes
in the stream that connects the freshwater mains to sink j
in plant p/(F“"“~"~1) must equal the summation of all flows
(Febe-n=11Y" from the various branches that connect each
(n—1)th level node, to all nth level nodes associated with
the stream connection

Nip

a,b,c,..n—1,n _ yab,c,..n—1 . .
;Fjp =F Va € Xjp; Vb € Yjy; an
Ve eZy, .N(n—1) e (N—l)jp; Vj e SN,; VpeP

The flow from a source i in plant p to a Ist level node a
that eventually connects to sink j in plant p’ (MZ, i /) must be
equal to the flow associated with the same Ist level node a
connecting source i in plant p to any other sink ;' in plant p”
(M 16;),/' p" )

a —
M’I’ Jr' MIP J'p

. Vi e SU,; Y(j,J) € SN,; Y(p,p',p")
€ P; Vae X,',,J,,/ (18)

The flow from the freshwater mains to a Ist level node a
that eventually connects to sink j in plant p’ (Fj,) must be
equal to the flow associated with the same 1st level node a

connecting the freshwater mains to any other sink j/ in plant
p/ (ch'z/4p’)
Fip=Fjy V(i.J) € SNy ¥(p,p') € P; Va € X (19)

The flow from a source 7 in plant p to a 2nd level node b
through a Ist level node «a that eventually connects to sink j
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in plant p’ (MZ)Z,) must be equal to the flow associated with
that 2nd level node b through the same Ist level node a con-
necting source i in plant p to any other sink ; in plant p”
(M*", )

pJp

ab __
M ipjp’ wp

» Vi € SU,; Y(j,j) € SN,; V(p,p',p") € P;Va
€ Xipyps Vb €Yy iy
(20

The flow from the freshwater mains to a 2nd level node b
through a Ist level node «a that eventually connects to sink j
in plant p’ (Fjapb) must be equal to the flow associated with
that 2nd level node b through the same Ist level node a con-
necting the freshwater mains to any other sink j/ in plant p’

(Fyy)

Fil=F3% 9(j.j') € SNy ¥(p,p') € P;Va € X;;¥b € Y,
(21)

The flow from a source i in plant p to a 3rd level node ¢
through a 2nd level node b and a 1st level node a that even-
tually connects to sink j in plant p’ (M p];p ) must be equal to
the flow associated with that 3rd level node ¢ through the
same 2nd level node b and st level node a connecting

source i in plant p to any other sink j in plant p” (Mf;b] )

Mhs=Mgle, Vi€ SUy; Y(j,f') € SNy ¥(p,p,p") € P;Va
€ Xipjps Yo €Yipjps Ve € Zipjy

(22)

The flow from the freshwater mains to a 3rd level node ¢

through a 2nd level node b and a 1st level node a that even-

tually connects to sink j in plant p’ (F;’[;b“c) must be equal to

the flow associated with that 3rd level node ¢ through the

same 2nd level node b and Ist level node a connectlng the
freshwater mains to any other sink j in plant p’ (Fab‘)

b.c b .
Fi =Fp Y(j,j') € SNp; Y(p,p') € P;Va € Xj;
Vb € YiI’JP/; Ve € Zip.jp’

(23)

The flow from a source i/ in plant p to an nth level node n
through an (n—1)th level node (n—1) all the way to a
Ist level node a that eventually connects to sink j in plant p’
( ;,3;,"71") must be equal to the flow associated with that
nth level node n through the same (n—1)th level node (n—1)
all the way to the 1st level node a connecting source I in

plant p to any other sink j in plant p” (M Wﬁ; by
a,b,c,..,n—1, _Mabc, n—1n i c SU.: \V/(] ./)
ipjp’ ipj'p" P 5J

€ SN,; V(p,p'.p") € P;Va
S X,'pJ'pf; Vb € Yi[,Jp/; Ve

S Z,',,JI,/..V(I/I 1)

e (N—1) Vn € N jpy

(24)

ipjp's

The flow from the freshwater mains to an nth level node n
through an (n—1)th level node (n—1) all the way to a 1st
level node a that eventually connects to sink j in plant p’
(F“b‘ “"~1) must be equal to the flow associated with that
nth level node n through the same (n—1)th level node (n—1)
all the way to the 1st level node a connecting the freshwater

mains to any other sink ;' in plant p’ (Fj‘.f:z}""""_l’")
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F;;;b‘c',“,n—l,n:F;JI,’Z,,L',“,n—l,n V(I;],) c SNp, VCD pl) c P
Va € Xjp; Vb € Yy Ve € Zj, .N(n—1) € (N=1),;Vn €N,

(25)

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

a a,b,c ab.c,..n—1 ab.c,...n o
Mlp Jr' +lep +thp -+ MlPJP +wap MIP:/P

Vi € SUp; Vj € SN,; Vp,p' € PiVa € Xy jy;
Vb € Yprpr;VC S Z,‘,,J,,/..V(I’l—l) € (N_ ) 3 Vn € N,pJp

(26)

ipjp

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

a,b.c,
}TJI7

Vj € SNp; Vp € P;Va € X,;Vb € Yy, 27)
VYeeZy, N(n—1)e (N—1),;Vn €N,

a a,b a,b,c ab,c,..n _ o
Fjp+Fjp +Mjp + - +FJ,; =F,

i’

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’

M ., >0 VieSU, Vj€SN,; Vp,p' € P;Va € Xy (28)

ip.jp’

wa >0VieSy,

Vb € Y,‘p_jpf

; Vj €SNy Vp,p' € PiVa € Xipjy:

(29)
M3 >0 Vi€ SUy; Vj € SNy; Vp,p' € P;Va € Xip s

Vb € Yipjp’§ Ve € ZipJp/

(30)
ab.c,...n . . . . . .
M " >0 Vi€ SUp; Vj € SNy; Vp,p' € PiVa € Xip s

Vb e YipJpr;VC S Z,‘,,J,,/..Vl’l S NiP;fP’
(€20)]

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’

Fi >0 VYj €SN, VpeP; YacX, (32)

Fi’ >0Vj €SN, YpePiYaeXy; VbeY, (33)

FiP“ >0 Vj € SNy; Vp € Py Ya € Xj Vb €Yy Ve €2, (34)

Jl

Foleo > 0 Vj € SN,y Vp € PiVa € Xjp; 35)
Vb e€Yj; Ve €Zy,.Vn€N

Backward branching formulation

Equations 36-61 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, ;y) must equal the summation of all flows
(M¢ p) from the various branches that connects sink j in
plant p' to all 1st level nodes a, associated with the stream
connection
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’17 i’

§ : Mlp_]p 'Pf["

The flow allocated to wastewater mains from source i in

Vi € SUp; Vj € SNp; Vp,p' €P (36)

plant p (Dj;,) must equal the summation of all flows (DZ,)

from the various branches that connect the waste mains to
all 1st level nodes a, associated with the stream connection

zp

ZD =D, VieSU,; YpeP (37)

The flows allocated from each of the 1st level nodes in
the stream that connects sink j in plant p’ and source i in
plant p (M¢ .,) must equal the summation of all flows

ipjp’

(M;ﬁp) from the various branches that connect each Ist
level node a, to all 2nd level nodes b associated with the

stream connection

’17 i

Z M i~ w’p’

Va € Xy jp; Vi € SUp; Vj € SNy;

Vp,p' € P
(38)

The flows allocated from each of the Ist level nodes in
the stream that connects the wastewater mains and source i
in plant p (Dj,) must equal the summation of all flows

(Dz,’b> from the various branches that connect each 1st level

node a, to all 2nd level nodes b associated with the stream
connection

ZD‘”’—D"

The flows allocated from each of the 2nd level nodes in
the stream that connects sink j in plant p’ and source i in

plant p (M;ﬁy,,) must equal the summation of all flows

(M;,ﬁp‘,) from the various branches that connect each 2nd

level node b, to all 3rd level nodes ¢ associated with the
stream connection

Va e Xj,; VieSU,; YypeP  (39)

Zipjp/

ab,c _ b . . H .
ZM’PJP MZUP Va € Xil’;fl’" Vb € Y,'p_‘/'pf, Vi e SU[,,
Vj € SN,; Vp,p' € P

(40)

The flows allocated from each of the 2nd level nodes in
the stream that connects the wastewater mains and source i

in plant p (D?p’b) must equal the summation of all flows

(Df;h"') from the various branches that connect each 2nd

level node b, to all 3rd level nodes ¢ associated with the
stream connection

Zip

ab,c __ ~ab
E D,-,7 —D,-,7

=1

Va € Xjp; YbeY,; YieSU,; VpeP (41)

The flows allocated from each of the (n—1)th level nodes
in the stream that connects sink j in plant p’ and source i in

plant p (M;;Z’.;‘“’”_l) must equal the summation of all flows
(Mz;};;}""'rl’") from the various branches that connect each
2860 DOI 10.1002/aic Published on behalf of the AIChE

(n—1)th level node, to all nth level nodes associated with
the stream connection

INI’ b, b, -1
Z Ad’lﬂ/]’7 1 _M’pa/py o
Ve € Zl'[Lj]?’ V(l’l_ 1)
Vj € SN,; Vp,p' €P

Va € X,'p‘/'p/;Vb S Y,‘,,_‘,‘pf;

(N—1),,.,;Vi € SU;

ipjp"

(42)

The flows allocated from each of the (n—1)th level nodes
in the stream that connects the wastewater mains and source

i in plant p (D”’”""" ") must equal the summation of all

flows (Dz,'h'(' e 1'") from the various branches that connect

each (n—1)th level node, to all nth level nodes associated
with the stream connection

l])

ab,c,.,n—1, a,b,c,..n—1 . .
ZD "=Dy" Va € X;p; Vb € Yyy; “3)

Ve € Zy .V(n—1) € (N—1),; Vie SUy; VpeP
The flow to sink j in plant p’ from a 1st level node a that

receives flow from source 7 in plant p (Mg, ) must be equal to

the flow associated with the same 1st level node @ connecting any
o /" H . / a
other source /' in plant p” to the same sink j in plant p’ (M’ iy p,)
a
M; ipjp' tp” Jp
Va € X,'p Jr’

,V(i,i) € SU,; YjeSN,; Y(p,p',p") € P;

(44)

The flow to the wastewater mains from a 1st level node a
that receives flow from source 7 in plant p (DZ]) must be equal
to the flow associated with the same 1st level node connecting
any other source ¢ in plant p’ to the waste mains (D, ,)

D¢ =DS , V(l,z ) € SU,; Y(p,p') € P; Va € X, (45)

ip i’,p
The flow to sink ; in plant p’ from a 2nd level node b that
receives flow through a 1st level node a that eventually con-

nects back to source i in plant p (Mi”p’};p,,)
the flow associated with that 2nd level node b through the

same st level node a connecting any other source i’ in plant

must be equal to

p" to the same sink j in plant p’ (Mﬁ;hﬂp,)

MZ,};,, _Mza;’ Jr’ V(g i,) € SUp; Vj € SNy V(p,p’,p”)

€ P, Ya € XiPJ'P/; Vb € YipJp’ (46)

The flow to the wastewater mains from a 2nd level node b
that receives flow through a 1st level node a that eventually
connects back to source i in plant p (Dz;b) must be equal to
the flow associated with that 2nd level node b through the
same st level node @ connecting any other source i in plant

p’ to the waste mains (D;’,Z,)

D =D3" W(i,i') € SUy; V(p,p') € P; Ya € Xy Vb €Y,
47)

The flow to sink j in plant p’ from a 3rd level node ¢ that
receives flow through a 2nd level node b and a Ist level
node a that eventually connects back to source i in plant p
(MZ,};;,,) must be equal to the flow associated with that 3rd
level node ¢ through the same 2nd level node b and Ist level

August 2014 Vol. 60, No. 8 AIChE Journal



node a connecting any other source / in plant p” to the

same sink j in plant p’ (Mﬁl’,lf,’;,],,)

a,b,c __ g ga.b,c .Y . : .
M =M, W (i1) € SUp; vj € SNy

Y(p,p',p") € P; Va € Xipp; (48)
Vb € Yip,jp’§ Ve € Zip.jp’

The flow to the wastewater mains from a 3rd level node ¢
that receives flow through a 2nd level node b and a Ist level
node a that eventually connects back to source i in plant p (
D;;;b"') must be equal to the flow associated with that 3rd
level node ¢ through the same 2nd level node b and Ist level
node a connecting any other source i’ in plant p’ to the waste
mains (D?,’:,’,C)

Dy C=D57e (i, i) € SUp; V(p.p') € P; Va € Xip;

v (49)
Vb S Yip; Ve € Z,'p

The flow to sink j in plant p’ from an nth level node n
through an (n—1)th level node (n—1) all the way to a 1st level
node a that eventually connects back to source i in plant p (
M;;ﬁ;,"“’”_l’",) must be equal to the flow associated with that
nth level node n through the same (n—1)th level node (n—1)
all the way to the 1st level node a connecting any other source

i’ in plant p” to the same sink j in plant p’ (Ml‘-fl’,b,,‘;‘-}},‘?"fl‘")

ab,c,..n—1n_qyrabc,..n—1n P )
MI-N-[,, —M,vp,/d-p, V(l,z ) € SU,;

Vj € SNp; V(p,p/,p,l) € P;Va € X,‘p_jpf; Vb € Yip,jp’; (50)

Ve e ZiI,Jp/..\V/(I’I_ 1) S (N_ l)ip.jp’:' Vn e Ni[kjp’

The flow to the wastewater mains from an nth level node n
through an (n—1)th level node (n—1) all the way to a 1st
level node a that eventually connects back to source i in plant
p (DZ;b“""’"fl‘”) must be equal to the flow associated with
that nth level node n through the same (n—1)th level node
(n—1) all the way to the 1st level node a connecting any

b . b.Crn—1;
other source i’ in plant p' to the waste mains (D', ")

bern—1,n _ pyah,crn—1, . g i .
Dy =Dg o (i) € SU,; Y(p,p') € P
Va € Xip; Vb € Yip; Ve € Zj, .N(n—1) € (N=1),,;Vn €N
(51)
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

a a,b a,b,c a,b,c,...n __
M M M 4 M=,

Vi € SUp; Vj € SN,; Vp,p' € PyVa € Xy j; (52)
Vb € Yim,,r;Vc S ZipJp/..Vn € Ni]’JP/

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

a,b a,b,c ab,c,..n_ . )
D4 +DE+D 4+ D" =Dy Vi € SU;

(53)
Vp € P; Va € X;p; Vb €Yyy; Ve €Z,,.¥n €Ny,
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’
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Mj, ., >0 Vi€ SUy; Vj €SN, YpeP; YaeXyy (54)
a,b . . . . . e
M,y =20 VieSU,; Vje SN, Vp € Py Va € Xipjp; 55)
Vb € Y"PJP/

M’ >0 Vi€ SUy; Vj € SN, Vp € P; Va € X p; (56)
Vb € Yipjp; V¢ € Zipjy

MZ,J;/ ">0VieSUy,; VjeSN,; VpeP; Yae Xy
Vb € Yil’;fl?/; Ve € Z,«,,‘,«,,/.,Vn € Nil’:fl”
(57
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;;, >0VieSU, VieSU,; VpeP; VacX, (58)
D;? >0 Vi€ SUy; Vi€ SU,; VpeP; YacX,y; YheY,

(39

D¢ >0 Vi€ SUy; Vi€ SUy; Vp € P; Va € Xyy; ©0)
Vb € Yl'p; Ve € Z,'p

DPe" > 0 Vi € SU; Vi € SUp; Vp € Py Va € Xip; 61

Vb € Y,'p; Ve € Z,'I,..Vi’l € N,'p

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 (Egs. 10-35) and (b) applying the backward
merging formulation for the source-to-sink and sink-to-waste
connectivity (Eqgs. 36-61). Both problems were implemented
using “what’sBest9.0.5.0” LINDO Global Solver for Micro-
soft Excel 2010 on a desktop PC (Intel® Core™ i7-2620M,
2.7 GHz, 8.00 GB RAM, 64-bit Operating System).>*

Case Study

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.,>? 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 differ-
ences between applying forward and backward branching for
the source-to-sink 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
interplant 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 7 shows the industrial city layout that has been
considered, which consists of an arrangement of six different
industrial facility entities, six water sources, and six 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
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Figure 7. Industrial Zone arrangement for Case Study.??

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

implemented, using a separate pipeline for every water allo-
cation achieved.?? In this work, results from both the previ-
ous 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 differ-
ent 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 l-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 connectivity, with Position 2 for the fresh
mains and Position 1 for the waste mains; (c) Case

Table 1. Multiple Contaminant Source Data

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. Based on the
explanation provided in the methodology section of this arti-
cle, 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 earlier, 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 pipe-
line branches was carried out using an analogous approach
to the methodology that has been introduced in earlier
work.?? In this work, only Type 1 connectivity was used for
illustration purposes. Hence, a single connectivity mesh was
developed for extracting optimum routing in right-angled

Table 2. Multiple Contaminant Sink Data

Max. Inlet Max. Inlet Max. Inlet
Water Flow Conc. X1 Conc. X2 Conc. X3 Water Flow Conc. X1 Conc. X2 Conc. X3
Sources (kg/h) (ppm) (ppm) (ppm) Sinks (kg/h) (ppm) (ppm) (ppm)
P2S2 120,000 100 50 30 P1D1 120,000 0 0 30
P2S1 80,000 140 100 60 P1D2 80,000 50 50 80
P3S1 140,000 180 150 130 P3D1 80,000 50 70 100
P6S2 80,000 230 180 180 P5D1 140,000 140 100 100
P6S1 195,000 250 190 200 P5SD2 80,000 170 120 130
P4S1 100,000 100 190 210 P4D1 195,000 240 130 150

2862 DOI 10.1002/aic Published on behalf of the AIChE August 2014 Vol. 60, No. 8 AIChE Journal
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Figure 8. Case 1 unmerged interplant network solution illustrated.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Case 2 unmerged interpla

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AIChE Journal August 2014 Vol. 60, No. 8

nt network solution illustrated.

Published on behalf of the AIChE

DOI 10.1002/aic

2867



{ P1D1 |

D
! P1D2 !

—
(o]

e

PLANT 2

P151

FRESH/WASTE MAINS _ |

FRESH/WASTE MAINS

Figure 10. Case 3 unmerged interplant network solution illustrated.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Case 4

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Case 1 interplant piping illustrated after merging, via forward branching.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

pathways.22 All cases were carried out using multiple con-
taminant information, while implementing all the four differ-
ent settings that have been described above. Water source
and sink flows, as well as source and sink contaminant infor-

mation utilized in each of the different cases, are provided in
Tables 1 and 2, respectively. Carbon steel Schedule 80
welded pipes, with cost parameters a=696.58 and
b =1.215, were used for all cases.””> Moreover, a freshwater
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Figure 13. Case 2 interplant piping illustrated after merging, via forward branching.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. Case 3 interplant piping illustrated after merging, via backward branching.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cost (CFRESH

) of 0.13 $/ton was utilized, in addition to
assuming 8760 h/yr of operating hours (H,). Additionally, all
capital expenses were annualized using a constant factor

When minimizing the total network costs for the different
cases in terms of merged pipeline expenses as well as fresh-
water consumption, a total of 226.8 and 246.8 t/h of mini-

(y) =0.05. mum freshwater use and wastewater discharge were
ol f me — i I s
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Figure 15. Case 4 interplant piping illustrated after merging, via backward branching.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 7. Cost Summary of All Scenarios Investigated with Pipeline Merging and a Comparison of the Network Cost Obtained
Before and After Pipeline Merging

Forward Branching

Forward Branching

Backward Branching Backward Branching

Cost Item 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 858,886 841,115 886,465 756,045

costs ($/yr)

% Savings —4.193% Savings

+2.713 (No savings)

—1.117% Savings —7.675 Savings

achieved 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 sat-
isfy the same target values of minimum fresh and waste.
Table 3 summarizes all optimized pipeline branch lengths
using a forward branching scenario, as well as provides the
values of the water flow rates associated with each branch,
for Case 1. For that same case, Table 4 lists all the pipeline
diameters that were obtained for each branch. Table 5 con-
versely summarizes all optimized pipeline branch lengths
using a backward branching scenario (Case 3), as well as
provides the values for all water flow rates associated with
each branch. Table 6 provides all the pipeline diameters that
were obtained for each branch. According to the results
obtained, interchanging the freshwater and wastewater mains
positions had no effect on the implementation obtained, nei-
ther on the diameters of the respective branches within the
implementation. The only values changed were the opti-
mized 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 asso-
ciated with waste mains receiving water from the various
sources (i.e., the backward branching—Case 4).

Figures 8, 9, 10, and 11 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. In all
cases, many pipeline connections were attained in the opti-
mal solution, thus indicating that it would be quite difficult
to track and manage all pipeline transmission implementa-
tions attained. Figures 12, 13, 14, and 15 illustrate the corre-
sponding merged pipeline solutions attained for the various
interplant network designs. Figure 12 provides schematics of
each optimal merged pipeline schematics via forward
branching, for each given water source, distributing water to
all sinks involved, while assuming Position 1 for the fresh
mains and Position 2 for the waste mains. Figure 13 illus-
trates 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 12 and 13. As aforementioned in
this section, both forward and backward branching schemes,
were investigated. Figure 14 illustrates the different pipeline
merging schematics for all connections via backward branch-
ing, for each water sink, receiving water from all sources
involved, while assuming Position 1 for the fresh mains and
Position 2 for the waste mains. Similarly, Figure 15 illus-
trates 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

AIChE Journal August 2014 Vol. 60, No. 8
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associated with freshwater being delivered to water source 1
in plant 1, and hence was not shown in Figures 14 and 15.
Based on the solutions attained, it was evident that both for-
ward and backward branching scenarios, the pipeline
schematics do change according to the two different loca-
tions for the mains that have been assumed, as well as
according to the branching scheme involved.

The respective network costs attained for the different sce-
narios that have been investigated are summarized in Table 7.
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. Con-
versely, when Position 2 was assumed for the fresh mains and
Position 1 was assumed for the waste mains, backward pipe-
line branching gave more attractive solutions.

The annualized piping costs that were obtained when no
merging in between pipelines was implemented were all
taken from previous work,?? 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 article, 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 article.
When assessed against the current results, after implement-
ing 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 pro-
vided in Table 7. It was observed that backward branching
allowed for more savings in terms of network costs, com-
pared 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 substan-
tially increased, so as to accommodate for the combined
water flow rate values to be transmitted and distributed
within the network.

Conclusions

Interplant water integration often entails the use of meth-
odologies that could provide insight into how much fresh-
water 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

DOI 10.1002/aic 2871



out interplant water network synthesis, while 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 pur-
pose of attaining merged pipeline implementations, two differ-
ent 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 represen-
tation toward 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 catego-
ries, that is, (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, connec-
tivity 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 for-
ward 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. These aspects will be
addressed in subsequent publications.
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Notation
Indices

p = plant/process

i = water source

Jj = water sink

¢ = contaminant

a = first level node associated with pipeline branching

b = second level node associated with pipeline branching
¢ = third level node associated with pipeline branching

n = Nth level node associated with pipeline branching

Sets

P = set of plants/processes in industrial city
SU, = set of water sources in plant p

2872 DOI 10.1002/aic
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SN, = set of water sinks in plant p
C = set of contaminants/pollutants
Xipjp = set of 1st level nodes associated with stream connecting source
i plant p to sink j plant p’ using either a forward or backward
branching scenario
Y, = set of 2nd level nodes associated with stream connecting source
i plant p to sink j plant p’ using either a forward or backward
branching scenario
Zipjr = set of 3rd level nodes associated with stream connecting source
i plant p to sink j plant p’ using either a forward or backward
branching scenario
Njpjp = Set of nth level nodes associated with stream connecting source
i plant p to sink j plant p’ using either a forward or backward
branching scenario
(ip = set of 1st level nodes associated with stream connecting fresh-
water mains to sink j plant p’ using a forward branching
scenario
Y, = set of 2nd level nodes associated with stream connecting fresh-
water mains to sink j plant p’ using a forward branching
scenario
Z;, = set of 3rd level nodes associated with stream connecting fresh-
water mains to sink j plant p’ using a forward branching
scenario
Nj, = set of nth level nodes associated with stream connecting fresh-
water mains to sink j plant p’ using a forward branching scenario
Xi, = set of Ist level nodes associated with stream connecting source
i plant p to wastewater mains using a backward branching
scenario
Y, = set of 2nd level nodes associated with stream connecting source
i plant p to wastewater mains using a backward branching
scenario
Z;, = set of 3rd level nodes associated with stream connecting source
i plant p to wastewater mains using a backward branching
scenario
N, = set of nth level nodes associated with stream connecting source
i plant p to wastewater mains using a backward branching

scenario
Parameters
z{?}[i,“ = minimum permissible pollutant ¢ composition in sink j,
plant p, ppm
g, = maximum permissible pollutant ¢ composition in sink j,
plant p, ppm

Gj, = flow rate required in sink j, plant p, kg/h
W, = flow rate available in source 7, plant p, kg/h

Source _ 3 : :
X = pollutant ¢ composition in source i, plant p, ppm

x, FRESH _

pollutant ¢ composition in external freshwater, ppm

p = density, kg/m*

= viscosity, kg/m s

o= coefficient associated with piping cost calculations

S = power coefficient associated with piping cost calculations

CFRESH — cost of freshwater, $/kg

H, = operating hours per year, h/yr
7 = annualized piping cost factor, yr~'
Li,;,» = length of pipe segment up to the Ist level node a, carrying
water from source i, plant p to sink j plant p’
Lj, = length of pipe segment up to Ist level node a, carrying
wastewater from source i, plant p to the waste mainstream
Lj, = length of pipe segment up to Ist level node a, carrying
freshwater from mainstream to sink j, plant p
length of pipe segment from 1Ist level node @ to 2nd level
node b, carrying water from source i, plant p to sink j
plant p’
L;-Ip‘h = length of pipe segment from Ist level node a to 2nd level
node b carrying wastewater from source 7, plant p to the
waste mainstream
L/“ph = length of pipe segment from Ist level node @ to 2nd level
node b carrying freshwater from mainstream to sink j, plant p
L‘,.’p'z;f = length of pipe segment from 2nd level node b to 3rd level
node ¢, carrying water from source i, plant p to sink j
plant p’ through 1st level node a
L%"¢ = LENGTH of pipe segment from 2nd level node b to 3rd
level node ¢, carrying wastewater from source 7, plant p to
the waste mainstream through 1st level node a

ab _
Li/ljp’ -

August 2014 Vol. 60, No. 8 AIChE Journal



L;p‘h“‘ = length of pipe segment from 2nd level node b to 3rd level
node ¢, carrying freshwater from mainstream to sink j,
plant p through Ist level node a

Lj.’p‘z;f""‘"_l‘" = length of pipe segment from (n—1)th level node (n—1) to
nth level node n, carrying water from source 7, plant p to
sink j plant p through nodes a, b, and ¢ onward)

L?I;b’”‘""'*lﬂ = length of pipe segment from (n—1)th level node (n—1) to
nth level node n, carrying wastewater from source 7, plant
p to the waste mainstream through nodes a, b, and ¢
onward)

L;;b"""‘"*l‘" = length of pipe segment from node (n—1)th level node
(n—1) to nth level node n, carrying freshwater from main-
stream to sink j, plant p through nodes a, b, and c¢
onward)

Continuous variables

Ma‘b‘c‘...‘n* In _

ipip’
Da.h,

ip

b,
jp

zi.’;p pollutant ¢ composition in sink j, plant p
M;y;y = mass flow rate from source i, plant p to sink j plant p'

Fj, = external freshwater mass flow rate required in sink j,

plant p
D;, = wastewater mass flow rate discharged by source i,
plant p
« L
M;,,, = flow rate in pipe segment up to the Ist level node a,

carrying water from source i, plant p to sink j plant p’
Dj, = flow rate in pipe segment up to Ist level node a, carry-
ing wastewater from source i, plant p to the waste
mainstream
Fj, = flow rate in pipe segment up to Ist level node a, carry-
ing freshwater from mainstream to sink j, plant p

MI‘.;;]'.;, = flow rate in pipe segment from Ist level node a to 2nd
level node b, carrying water from source i, plant p to
sink j plant p’/

D;-’r;h = flow rate in pipe segment from Ist level node @ to 2nd
level node b carrying wastewater from source 7, plant p
to the waste mainstream

F;;h = flow rate in pipe segment from Ist level node a to 2nd
level node b carrying freshwater from mainstream to
sink j, plant p

Mf;z,f = flow rate in pipe segment from 2nd level node b to 3rd
level node ¢, carrying water from source i, plant p to
sink j plant p’ through 1st level node a

D;;;h"' = flow rate in pipe segment from 2nd level node b to
3rd level node ¢, carrying wastewater from source i,
plant p to the waste mainstream through 1st level
node a

FZ;”'C = Flow rate in pipe segment from 2nd level node b to 3rd

level node c¢, carrying freshwater from mainstream to

sink j, plant p through 1st level node a

flow rate in pipe segment from (n—1)th level node

(n—1) to nth level node n, carrying water from source

i, plant p to sink j plant p through nodes a, b, and ¢

onward)

flow rate in pipe segment from (n—1)th level node

(n—1) to nth level node n, carrying wastewater from

source 7, plant p to the waste mainstream through nodes

a, b, and ¢ onward)

= flow rate in pipe segment from node (n—1)th level node

(n—1) to nth level node n, carrying freshwater from
mainstream to sink j, plant p through nodes «, b, and ¢
onward)

DI}, = diameter of pipe segment up to the Ist level node a,
carrying water from source /, plant p to sink j plant p’

DI}, = diameter of pipe segment up to Ist level node a, carry-
ing wastewater from source i, plant p to the waste
mainstream

DIj, = diameter of pipe segment up to Ist level node a, carry-

ing freshwater from mainstream to sink j, plant p

, = diameter of pipe segment from 1st level node a to 2nd
level node b, carrying water from source i, plant p to
sink j plant p’/

Dli’;;b = diameter of pipe segment from Ist level node a to 2nd
level node b carrying wastewater from source 7, plant p
to the waste mainstream

Dlj'j;h = diameter of pipe segment from 1st level node a to 2nd
level node b carrying freshwater from mainstream to
sink j, plant p

C.n—1ln _

Crn—1n

a,b
Di ipjp’

ab,c _
DIy =

DI =

ip

ab,c _
D ]jp -

Dla,h,(‘...,.n— 1,n -

ipip'
DI abc,..n—1n -

ip

ab,c,..n—1n _
D 1./'17 -

diameter of pipe segment from 2nd level node b to 3rd
level node ¢, carrying water from source i, plant p to
sink j plant p’ through 1st level node a

diameter of pipe segment from 2nd level node b to 3rd
level node ¢, carrying wastewater from source i, plant p
to the waste mainstream through 1st level node a
diameter of pipe segment from 2nd level node b to 3rd
level node ¢, carrying freshwater from mainstream to
sink j, plant p through 1st level node a

diameter of pipe segment from (n—1)th level node
(n—1) to nth level node n, carrying water from source i,
plant p to sink j plant p through nodes a, b, and ¢
onward)

diameter of pipe segment from (n—1)th level node
(n—1) to nth level node n, carrying wastewater from
source 7, plant p to the waste mainstream through nodes
a, b, and ¢ onward)

diameter of pipe segment from node (n—1)th level node
(n—1) to nth level node n, carrying freshwater from
mainstream to sink j, plant p through nodes a, b, and ¢
onward)
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