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Apart from in-plant water recovery, inter-plant water integration (IPWI) offers another promising mean
for the reduction of fresh water and wastewater flowrates for process plants. This paper extends the
automated targeting technique that was developed for single water network into IPWI. This optimisation-
based technique is based on the concept of pinch analysis, which enables the setting of various network
targets prior to detailed design. The automated targeting technique is formulated as a linear programming
model for which global optimum is guaranteed. The proposed technique is demonstrated using several
industrial and literature examples.
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1. Introduction

Based on the assessment on water resources, two third of the
world population will face water stress by year 2025. It is esti-
mated that by 2025, industrial water usage (which includes utility
cooling and heating, processing, transportation, air conditioning,
cleaning, etc.) will climb to 235km?, accounted for about 11% of
the total world water consumption [1,2]. Rapid industrial growth
has contributed to serious water pollution in the world; hence,
effective measures are needed to reduce industrial water with-
drawals and discharges. Water recovery has hence been identified
as a promising means in reducing the water stress faced by the
worldwide community [3,4]. Concurrently, many systematic design
methods for water recovery in the process plants based on process
integration techniques have emerged in recent years. In particular,
the insight-based technique of pinch analysis is perhaps the most
established tool that attracts attention from both research com-
munity and industrial practitioners. It enables the setting of the
minimum fresh water and wastewater flowrate targets for a water
network, prior its detailed design. In the past decades, research
in water network synthesis based on insight-based pinch analy-
sis techniques has evolved from the targeting of minimum fresh
water and wastewater flowrates [5-15] to the targeting of minimum
regeneration [5,6,13,16-20] and wastewater treatment flowrates
[12,21-24].

Apart from the insight-based approaches, various mathemat-
ical optimisation techniques were also developed, which may
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be further classified into deterministic [25-29] and stochastic
[30-34] approaches. These mathematical techniques comple-
ments the insight-based approach in dealing with more complex
problems, e.g. multi-contaminant systems [25-27,31], complex
operational constraints such as limited piping connections [32], for-
bidden/compulsory matches between the water-using processes
[28,33], as well as process uncertainty [29,35]. More recently, Ng
et al. [36,37] incorporated the pinch-based targeting concept in
the mathematical formulation. This technique simplifies the two-
step targeting procedure of the cascade analysis technique [8,13,20]
while maintaining the advantage of setting network targets (e.g.
minimum flowrates/cost) prior to detailed design.

Nevertheless, note that all the above-mentioned works were
developed for a single water network, where water recovery is
achieved by integrating water-using processes within the same
network. A further mean to enhance water recovery is inter-plant
water integration (IPWI), i.e., integration between different water
networks. In this case, water-using processes may be grouped
according to their geographical location or as different plants that
are operated by different business entities. Hence, water source(s)
in one network may be fed to satisfy sink(s) in another network.

The seminal work on IPWI was reported by Olesen and Polley
[38] using the pinch-based load table technique that was developed
for the fixed load problems. Spriggs et al. [39] later proposed the use
of material recovery pinch diagram [7,10] for minimum flowrate tar-
geting in IPWI for the fixed flowrate problems. However, the detailed
targeting procedure was not reported until the work of Chew et al.
[40]. Recently, Foo [15] extended the use of water cascade analy-
sis which was developed for flowrate targeting in a single water
network [8,13,14] to IPWI. However, the approach requires itera-
tive steps in order to generate alternative water network schemes
before the minimum water flowrates targets can be determined.
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Nomenclature

Sets

1 {i=1,2, ..., Nsources | i is set of process sources}

J {j=1,2, ..., Nsinks | j is set of process sinks}

M {m=0,1,...,n|mis set of water quality levels}

S {s=0,1, ..., n|sis set of wastewater quality levels}

K {k | k is water networks}

Q {q | q is set of regeneration units}

L {I| lis set of treatment units}

Variables

Cm impurity concentration at level m in water
reuse/recycle cascade

Cs impurity concentration at level s in wastewater cas-
cade

F,'{M,f import flowrate from network k' to network k

F,f”,‘{',’ export flowrate from network k to network k’

g’,‘\f’,‘{ fresh water flowrate in network k after inter-plant

water integration

le . wastewater flowrate in network k after inter-plant
water integration

Fp total flowrate of wastewater discharge to the envi-
ronment

Fk‘f';G total regeneration flowrate for regeneration unit q

' in network k

ka’ q regeneration flowrate sent from source i of network
k to regeneration unit q

Frriy wastewater flowrate sent from source i to treatment
unit |

Fwwi wastewater flowrate emitted from source i

Fry total treatment flowrate in treatment unit [

MRegq  total impurity load removed by the regeneration
unit q

XE’)%’ binary variable indicates the existence of export
pipelines connecting between networks k and k’

x}(’)"}z binary variable indicates the existence of import
pipelines connecting between networks k’ and k

Emk residual impurity load at concentration level m in
network k

Bk residual impurity load at property level m in net-
work k

Smk net material flowrate at concentration level m in
network k

Y property operator at level m in water reuse/recycle
cascade

Ws net wastewater flowrate at concentration level s in
wastewater cascade

Vs residual impurity load at concentration level s in
wastewater cascade

Parameters

AF factor for annualising capital cost

a fractional interest rate per year

D distance between two plants

Cp wastewater discharge limit

Cr regeneration outlet quality

Cr treatment outlet quality

Crw fresh water concentration

Csrik limiting concentration of source i in network k

Cskjk limiting concentration of sink j in network k

Fspik limiting flowrate of source i in network k
Fskjk limiting flowrate of sink j in network k
Wecost  fresh water unit cost

Pcost annualised cross-plant piping cost
Rcostg  unit cost for regeneration unit g

Ecostt unit cost for treatment unit |

AWH annual working hour

LB¢p lower bound for cross-plant flowrate
UB¢p upper bound for cross-plant flowrate

y number of years

This is cumbersome especially while dealing with problems with
large number of water networks.

A few works on the use of mathematical optimisation techniques
for IPWI were also reported. This includes the superstructural-
based optimisation techniques by Lovelady et al. [41] for an
integrated pulp and paper production case, multi-period problem
by Liao et al. [42], eco-industrial park design with centralised water
interception facility [43] as well as the recent developed work on
direct and indirect IPWI schemes by Chew et al. [44].

In this paper, the automated targeting technique that was devel-
oped for single water network [36] is extended into IPWI scheme.
Several industrial and literature examples involving concentration
and property-based integration are used to illustrate the proposed
technique. Depending on the problem, objective functions for some
cases are set to determine the minimum fresh water and wastew-
ater flowrate targets for the overall inter-plant as well as for the
individual water networks; while others are set to minimise oper-
ation or total network costs. Note that these various targets are
determined prior to the detailed design of the inter-plant water
network.

2. Problem statement

Given a set of water networks k of the fixed flowrate type
problem, with process sinks and sources are denoted as set j
and i, respectively. Each process sink and source has its limit-
ing water flowrate and quality that may be considered for water
reuse/recycle. Water sources may also be sent for regeneration
(for further reuse/recycle) or for treatment prior to environmen-
tal discharge. External fresh water source(s) is used to supplement
additional water requirement of the process sink that is not satis-
fied by the process sources. An optimum inter-plant water network
is to be synthesised to achieve the minimum flowrate/cost solu-
tion.

3. Automated targeting technique

The automated targeting technique was first developed by
El-Halwagi and Manousiothakis [45] for the synthesis of mass
exchange network. It was then extended to locate the minimum
flowrate/cost targets for concentration [36] and property-based
[37] resource conservation network. However, these earlier ver-
sions of the targeting techniques were developed for single
water network. In this work, the automated targeting approach is
extended into IPWI problem, in which sources/sinks of different
water networks may be integrated. Note that the approach is first
described for concentration-based IPWI problem. It will then be
extended into property-based integration in the later section.

Fig. 1 shows a generic concentration cascade diagram for IPWI
with direct reuse/recycle scheme. In developing the cascade dia-
gram, a total of n sinks/sources concentration (Cp) for water
network k are arranged in an ascending order, started from the
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Fig. 1. Generic concentration cascade diagram for IPWI for direct reuse/recycle scheme.

lowest (m=1) to the highest level (im=n). Note that, a pure fresh
water source with its concentration being the lowest level (among
all sources and sinks) is always located at the first level. In contrast,
when an impure fresh water source is present, it may be treated
as a process source located at its respective concentration level
[37]. Material and load cascades for each water network k are next
described.

Material cascading is performed across all concentration inter-
vals in a water network. At each concentration level m, the flowrate
balance takes into account the sink and source flowrates of its indi-
vidual network k and also the inter-plant flowrates to/from other
network k'. In this case, the inter-plant flowrate that is received
from network k' at the same concentration level is known as the
import flowrate (Fk',\’”’) while inter-plant flowrate which is sent to
network k' is known as the export flowrate (FIE’,“,’) As shown in Fig. 1,
for a given network k, the import flowrate (from network k'), FIM? is
treated as a source, and is added along with other source flowrate of
the individual network (Fsg; ) on the left of the material cascade. On
the other hand, the export flowrate (to be sent to network k'), F,E’l(f
is treated as a sink, and hence is added on the right of the material
cascade along with other sink flowrates (Fs;). It is worth noting
that the automated targeting technique considers all possibility of
source-sink mixing across all individual networks, as all imported
sources are used to satisfy the sinks in the local network.

Eq. (1) summarises that the net material flowrate from level m
for network k (8, ), is given by the summation of the net mate-
rial flowrate cascaded from the earlier concentration level (8,_1 )
with the net flowrates at concentration level m. Noted that, the net
material flowrate (8, ) can either take positive or negative value,
with positive value indicates material that flows from the lower into
higher concentration level, and vice-versa [36,37]. Note also that,
fresh water flowrate (F}W‘)’,‘() is supplied to the individual water net-

work k in the first concentration level (i.e. §p x = F"’W') when the
fresh water supply is of the highest quality among all water sinks
and sources (impure fresh water is located in its respective level m).

On the other hand, the wastewater flowrate (le ;) is discharged

from the last level of the material cascade (see Fig. 1).

IMP
Sk = Om_1,k + ZFSRi,k + Z Fo'k

iel k.k' e K

ZFSKj,k + Z F,E’,i?

jel kK eK

m

k+k,YkeK,YmeM (1)

Next, the load cascading for each network k is carried out. First,
the impurity load in each concentration interval is determined.
This is given by the product of the net material flowrate at level
m—1 (8, _1) and the concentration difference of the interval, i.e.
Cn — Ci—1. Next, the residual load at each level (&, ) is calculated.
As shown in Fig. 1, residual load is determined by summing the
contaminant load in the concentration intervals with the residual
contaminant load from the earlier level (&,,,_1 ), as given by Eq. (2).
Emk =Em-1,k + 6mfl,k(cm —Cn_1) VYmeM,VkeK (2)

An additional constraint is included in the automated targeting
model (Eq. (3)) to ensure that the net contaminant load of each
level m to bear a zero or positive value. Note also that, a pinch point

that represents the overall bottleneck for a water network is located
where a zero residue contaminant load is observed.

Emk >0 VYmeM,VkeK (3)

Finally, note that the above automated targeting model is linear
in nature, for which global optimum is guaranteed. The approach
will now be demonstrated using three examples. The first two
examples demonstrate the application of the automated targeting
technique for conventional concentration-based IPWI problems,
while the third example extends the application into the property-
based IPWI case.
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Table 1
Limiting water data for Example 1 (integrated iron and steel mill).

Sinks SK; Unit Sink flowrate Fg; Concentration Csgj (mg/L) Sources SR; Source flowrate Fsg; Concentration
(million m3/y) (million m3/y) Csgi (mg/L)

Network A—raw material storage yard

1 Wet cyclone scrubber 10.00 20 1 9.00 23

Network B—cooking plant

2 Cook quench tower 12.29 20 2 11.92 23

3 COG scrubber 12.29 19 3 11.92 23

Network C—steel making plant

4 Hot air scrubber 59.60 75 4 57.81 100

5 Slag processing 39.73 80 5 38.54 100

Network D—casting/rolling mills

6 Mold cooling 198.66 20 6 192.70 20.5

7 Slab cooling 198.66 20 7 192.70 20.5

8 Fume absorber 44.73 20 8 43.39 21

9 Rinsing 178.92 20 9 173.55 20.5

10 Acid pickling 44.73 100 10 43.39 400

Network E—indirect cooling

11 Indirect cooling 468.55 20 1 459.18 20.2

> iFskg 1268.16 > iFski 1234.10

Bold values signify summation of the sink/source flowrates.

4. Example 1—integrated iron and steel mill

An integrated iron and steel mill that consists of multiple water
networks is used to illustrate the proposed automated targeting
approach. Table 1 shows the limiting water data for this exam-
ple. As shown, there are five water networks in the mill, which
are segregated based on the different processing area of the plant,
i.e. raw material storage yard, cooking plant, steel making plant,
casting/rolling mills and indirect cooling. The main contaminant
in concern for water recovery is the ionic chloride content in the
water. In this case the fresh water supply contains a Cl~ level (Crw)
of 15mg/L. Before conducting IPWI, the overall minimum fresh
water and wastewater flowrates across all individual networks for
the reuse/recycle case is determined as 116.32 million m3/y and
82.25 million m3/y, respectively.

In order to synthesise an optimum inter-plant water network,
a two-step optimisation approach is adopted here. First, objec-
tive function in Eq. (4) is used to minimise the overall fresh water
requirement across all individual networks:

min ZF;PWVY,L (4)
keK

In the second step, objective function in Eq. (5) is used to min-
imise the cross-plant flowrate subject to the minimum fresh water
target obtained in the first step (Eq. (4)). The second optimisation
step is important as minimum cross-plant flowrate leads to lower
piping cost.

min ZF,%I,’ (5)
keK

A commercial optimisation software LINGO v10 is used to solve
the model. Solving the objective function in Eq. (4) for the first opti-
misation step subjects to the constraints in Egs. (1-3) yields the
minimum overall network fresh water and wastewater flowrates
of 81.59 and 47.54 million m3/y, respectively. The minimum fresh
water flowrate obtained in the first stage is then added as a new
constraint in step 2. Next, the objective function in Eq. (5) is solved
subjects to the constraints in Eqs. (1-3), along with the new fresh
water flowrate constraint, yields the minimum total cross-plant
flowrates of 77.48 millionm?3/y. Cascade diagrams for all individ-
ual networks are shown in Fig. 2. As shown, the sink (Fsg;), source

(Fsgi), import (F?), and export (FZ) flowrates for each network

k are labelled at their respective concentration level m, with the
minimum fresh water and wastewater flowrates at the highest and
lowest intervals respectively. Integration for Network A is briefly
explained (see Fig. 2a). As shown, Network A has a sink at 20 ppm
(Fsk1 =10t/h) and a source at 23 ppm (Fsg1 =9 t/h). Meanwhile, two
import flowrates are observed at 20.2 ppm (FS}’/&P =8.66t/h) and

21ppm (F}’ = 0.83t/h), which were sent from Networks E and
D, respectively. In contrast, only one export flowrate to Network
C is observed at 23 ppm (FE’XP = 9t/h). Note that there are several
‘inactive’ concentration levels in which neither individual network
source/sink nor inter-plant flowrates are found, e.g. 19, 20.5, 75, 80,
100 and 400 ppm. Hence, these levels have been excluded in the
cascade diagrams for simplification.

Fig. 3 shows one of the possible network designs for Example 1

that achieves the targeted total minimum flowrates.

5. Waste interception

Wiaste interception is commonly used to improve the qual-
ity of water sources. The intercepted water can either be further
reused/recycled in the water network (often known as regenera-
tion) or sent for environmental discharge. In the former case, the
intercepted water source(s) can either be consumed within the
individual network, or be integrated with water sinks in another
network via IPWI. Interception units are commonly rated as the
fixed outlet quality and fixed removal ratio types.

The incorporation of various types of interception units in the
automated targeting technique was reported recently [47], how-
ever, for single water network. The approach will now be extended
for IPWI. For simplicity, only the fixed outlet quality type intercep-
tion unit will be analysed. The same approach works equally well
for a fixed removal ratio type interception unit, as demonstrated
elsewhere [47].

When interception unit is considered, modification is needed on
the automated targeting model. In essence, for each concentration
level m where source i exists, potential interception flowrate (ka,q)
is added as a new sink in the material cascade for each network k, as
shown in Fig. 4. The intercepted flowrate from interceptor q (F,‘}ff
is then added as a source at the outlet purity level for each network
k. This will enable the intercepted water for further reuse/recycle
in the water network [46]. Eq. (6) states the flowrate balance for
interception unit q. In addition, the source flowrate, Fgg; is set as
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Table 2

Limiting water data for Example 2 (Eco-industrial park).

Sinks (SKj) Sink flowrate, Fsy; (t/h) Concentration, Csk; (ppm) Sources (SR;) Source flowrate, Fsg; (t/h) Concentration, Csg; (ppm)
Network A

1 3500 500 1 3000 50
Network B

2 1000 760 2 1000 400
Network C

3 2500 40 - - -
Network D

- - - 3 3000 1100
Network E

4 2000 225 4 1300 1600
- - - 5 200 1800
ZjFSI(j 9000 ZiFSRi 8500

Bold values signify summation of the sink/source flowrates.

Ca(mgll) B R Ry R Fa S Fsy FOy Fi& Foy FY &
Fai =051
20 | | ! 10.00] | 2.56
-9.49 3
202 [ 0 0 0 866 | ! | | 067
-0.83 3
21 [ 0 0 08 0 | 3 | | o
0 3
23 | | 9.00 3 [ 0 900 0 o] o0
Fiws=0.00 3
1000000 0
(a) Network A — Raw material storage
Ca(mg/l) F)" F' By B Fa I Fag Bl B By BY s
Fry =6.15
19 | } 3 12.29 | | 2458
-6.14 3
20 | | 3 12.29 | 1844
-18.43 3
21 [0 0 1843 0 | 3 | 0
0 L)
23 | | 23.84 3 [ 0 2067 317 0 | o0
Fiis = 0.00 3
1000000 0
(b) Network B — Cooking plant
Cu(mg/l) Fod' Fof  Fod Fil'  Few S Fsy Fa Fo Fo Fo &
15 0,00
23 [9.00 2067 0 [ 3 | | o
29.67 3
75| | u 59.60 | | 1542.85
-29.93 3
80 | | s 39.73 | | 1393.20
-69.66 3
100 | | 96.35 8 | o 0 1672 0 | o
FI =997 3
1000000 9.97E+06

(c) Network C — Steel making plant

Fig. 2. Cascade diagram for Example 1—integrated iron and steel mill (flowrates is given in million m?/y).
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Cu(mgll) FY Foy  Fop  Fip  Fau B Fay Fon Fo 5 By &
Foon =56.92
20 | | L 621.0 | | 284.58
-564.05 4
205 | |558.95 L) [ | 2ss
-5.10 4
| | 43.39 e (083 1843 0 0 ] 0
19.02 4
23 [0 317 0 0 | 5 [ | 38.04
22.19 4
wo [0 0 1672 0 | 3 4473 | | 1746.77
-5.82 4
400 | | 43.39 5 [ o 0 063 0] o
Fony = 37.57 b
1000000 3.76E+07
(d) Network D — Casting/rolling mills
Ca(mg/L) FY Y FY Y P O Fa; Fan Fp Fio Fio &
Ft =18.02
20 | | ! 468.55] | 9011
-450.53 iy
202 | |459.18 8 [866 0 0o o] o
I = 0.00 o
1000000 0
(e) Network E — Indirect cooling
Fig. 2. (Continued ).
PWI
D ERY =81.59
------------------------------------------- - L3 e e e e e e e e e e e e e e e e e e e e e e e e e R e o e e e e s e
059] 5.56), Frwn = 6.1\5‘.“ Fowp=35692 1852 11806 [ 4.07 L1627
! [ SK2 ] SK3 } ! i [ SK6 J [ SK7 J [ SKS SK9 SK10 \
: Fex =12.29 ‘ Fax =12.29 : d Fag = 198.66 Fax = 198.66 Fax = 44.73 J Fex 173.92J Fex = 44.73 i
! Cog =20 Cax =19 3 : Cax =20 Cax = 20 Cox =20 Cax =20 Cag = 100 :
; r 7'y ; . 244 7y Y 7'y r - '
iNetwork B | 11.70 6.73 : SR6 )48 180.6 10,62 i I
! ' ~, Fan = 1927 :
; VI Csg =205 i
i SR7 30.04 162.66
: : Fag = 1927 :
3 i Csp = 20.5 i
SR3 : SRS 5.1 19.02 E
Far = 1192 7 ' Fen - 4339 :
Can=23 ) ’ : Cen=21 '
T T ’ i SR9 173.55 i
: Feg = 173.55 !
3.17 _ 9.00 ; Cs=205 Follaul ¥
< : sg2| WWDT
: SR10 5. i
____________________________________________ A Fian ~ 43.39 -—37-'-5-7-> 3
; L __Cm =400 Network D A
SK4 SK5 bbb s
i Network C‘ Fi = 59.60 J [ Fax 3:;.7.1 H _8) o o .
i Ceg =75 Cg = 8O E 4 :, EI\I;V:’\I —0.51 E '.:
: 3 : : : :
i : : SK11 :
1 SRa )40.25 17.56 : ; g
i Fm=sT81 H : - ;
: Cer — 100 Pwl ; sqew :
3 Fywe = : SR1 : 032 45018 SR11 :
; SRS 1185|997 | — Fw =9 — F=d3918 [ 3
! . N Er s - 1 f £ ! C 5 '
G-t iy Network A — 2= o Network E —=—> |

Fig. 3. Inter-plant water network design for Example 1 (flowrate is given in million m?/y and concentration in mg/L).
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Fig. 4. Generic concentration cascade diagram for IPWI with fixed Cr type regeneration unit.

the upper bound of the interception flowrate, as given in Eq. (7).
Fig. 4 shows a generic concentration cascade diagram when two
interception units (R1 and R2) of the fixed outlet quality type are
used. As shown, two new outlet quality levels (Cg; and Cgy) are
added in the cascade to enable water interception to take place.
Note that the number of new level(s) is dependent on the outlet
quality of the interception units.

D FREC=N "N R, kK VkeK (6)

qeQ ielqeQ
> Fq=Fsi Viel 7)
geQ

A literature example is used to illustrate this concept.
6. Example 2—IPWI in an eco-industrial park

Table 2 shows the limiting data for five water networks in an
eco-industrial park (EIP) [43], where resources are shared and
by-products streams are exchanged among industrial sites for sus-
tainable development goal and improved environmental quality.
As shown in Table 2, some networks (Networks A, B and E) contain
both water sinks and sources while others (Networks C and D) have
only source or sink. An opportunity of water saving exists and it can
be materialised through IPWI. Apart from maximising water saving
through direct reuse/recycle, a centralised regeneration unit with
fixed outlet concentration is utilised to purify the water sources for
further water recovery.

This model is optimised by minimising the annual water costs,
i.e. fresh water and regeneration costs as stated at Eq. (8), where
Weost and Reostq are fresh water and regeneration unit cost, respec-
tively; and AWH denotes the annual operating hour of the network.
The regeneration cost is determined based on the total impurity
load removed by the regeneration unit q in the overall inter-plant

network, as given in Eq. (9).

min ZFIPWI Weost + ZmREGqRCOSTq AWH (8)
k ek qgeQ

D mrece =Y > > FR (G- Cr) 9

qgeQ ielkk e KqgeQ

For comparison with the original work [43], a single regenera-
tion unit with Cg =500 ppm is assumed here. Note that, since the
regeneration unit has a Cg value of 500 ppm, only three sources with
concentration higher than 500 ppm (i.e. SR3, SR4 and SR5) are con-
sidered for regeneration. It is assumed that the fresh water source
is free of contaminant, i.e. Cpyw =0 ppm. The unit cost of fresh and
regenerated water is taken as $0.6/t and $0.05/kg of impurity load
removed. Note that the treatment cost of wastewater is not reported
in the original source [43], however it can be added easily in Eq. (9).
It is further assumed that the industrial complex is operated for
8760 h per year.

Solving the objective function in Eq. (8) subjects to the con-
straintsin Eqs. (1-3),(6 and 7) and (9), the minimum cost solution of
$4,042,740]y is generated, identical to the reported result by Love-
lady and El-Halwagi [43]. The resulted minimum cost solution of
$4,042,740]y is then added as a new constraint when solving the
objective function in Eq. (5), subjects to the constraints in Eqs. (1-3),
(6 and 7), and (9), to yield the minimum total cross-plant flowrates
of 4200 t/h. Fig. 5 shows the cascade diagram for each network. As
shown, a total regeneration flowrate of 4300 t/h is drawn from Net-
works D and E. The regenerated water with an outlet concentration
of 500 ppm is then sent to Networks A and B for further reuse. Note
that only Network C uses fresh water, similar to the result obtained
in the earlier work [43]. Fig. 6 shows the inter-plant water network
for Example 2 that achieves the targeted minimum water cost and
flowrates. Note that this network is essentially a hybrid model of
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Fig. 5. Cascade diagram for Example 2 (flowrate is given in t/h).
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Table 3
Limiting water data for Example 3 (wafer fabrication plants).

31

Plant Process Flowrate (t/h) Resistivity, R (MS2) Operator, ¥ (MQ21) Heavy metal concentration (ppm)
Sink
Wet (SK1) 500.00 7.0 18.0 0.1429 0.0556 -
Litography (SK2) 450.00 8.0 15.0 0.1250 0.0667 =
CMP (SK3) 700.00 10.0 18.0 0.1000 0.0556 -
Etc (SK4) 350.00 5.0 12.0 0.2000 0.0833 -
Source
Plant A Wet I (SR1) (WW1) 250.00 1.0 1.0000 5.0
Wet I (SR2) (WW2) 200.00 2.0 0.5000 4.5
Litography (SR3) (WW3) 350.00 3.0 0.3333 5.0
CMP I (SR4) (WW4) 300.00 0.1 10.000 10.0
CMP 11 (SR5) (WW5) 200.00 2.0 0.5000 45
Etc (SR6) (WW6) 280.00 0.5 2.0000 5.0
Sink
Wafer Fab (SK5) 182.00 16.0 20.0 0.0625 0.0500 -
CMP (SK6) 159.00 10.0 18.0 0.1 0.0556 -
Plant B Source
50% spent (SR7) (WW?7) 227.12 8.0 0.1250 5.0
100% spent (SR8) (WWS) 227.12 2.0 0.5000 11.0
Ultra pure water (UPW) ? 18.0 0.0556 -

the direct and indirect integration schemes presented by Chew et
al. [44].

In the following section, the automated targeting technique is
extended into the property-based IPWI problem.

7. Property-based inter-plant water integration

Note that previous examples reported works that are both
chemo-centric, where the characterisation of the process streams
and constraints are described in terms of impurity concentration.
Shelley and El-Halwagi [48] reported that there are many design
problems that are driven by properties or functionality of the pro-
cess streams (e.g. pH, conductivity, turbidity, toxicity, etc.) instead
of their chemical constituent. Besides, defining the properties of
a process stream with complex mixtures eliminates the need of
tracking every single chemical component present in the stream.
To address design problems that are governed by functionalities
and properties, the framework of property integration was proposed,
which is defined as “a functionality-based, holistic approach to the

/" Network A A

SK1

3500

allocation and manipulation of streams and processing units, which is
based on the tracking, adjustment, assignment, and matching of func-
tionalities throughout the process” [49]. Several important works on
property integration have been reported. These include the vari-
ous graphical, algebraic and optimisation techniques developed for
continuous [37,49-52] and batch processes [53,54].

In order to track the individual property, a general mixing rule
is often used to define the mixing patterns among them. One such
form of mixing rule is given by the following expression [48]:

V(B =D xv(pi) (10)

where ¥ (p;) and v (p) are the linearised operators on source i and
the mixture property, respectively, and x; is the fractional contribu-
tion of sourceiin the total mixture flowrate. In the following section,
the automated targeting technique is extended into a property-
based IPWI problem. Example 3 that involves water integration

between two wafer fabrication plants is used as an illustrative
example.
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Fig. 6. Inter-plant water network design with regeneration unit for Example 2 (flowrate given in t/h and concentration in ppm).
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8. Example 3 - IPWI for wafer fabrication plants

Example 3 illustrates the use of the automated targeting tech-
nique for [IPWI that involves two wafer fabrication plants. An overall
framework of total water network [23,24,46,55] is adopted, where
analysis is conducted for all individual elements of a water net-
work simultaneously, i.e. direct reuse/recycle, regeneration (with
reuse/recycle) and wastewater treatment. Limiting data for water
sinks and sources are taken from literature [37,56], and given in
Table 3. As shown, both wafer fabrication plants possess similar pro-
cess stream characteristics, i.e. resistivity and heavy metal content.
Resistivity is taken as the main characteristic in evaluating water
reuse/recycle opportunity between both plants; while heavy metal
content is the limitation for final wastewater discharge. Ultra pure
water (UPW, 18 M€2, unit cost =$2/t) is used when process water
sources are insufficient. The mixing rule for resistivity, R is given as
follows [57]:

1 Xi
R 4~R (1
1

Before implementing IPWI, the total minimum fresh water and
wastewater flowrates for two individual networks in reuse/recycle
case are determined as 1736.85 and 1430.41 t/h, respectively. The
objective function of the IPWI problem is to minimise the total
annualised cost for the overall network, which includes fresh water,
regeneration, wastewater treatment and cross-plant piping costs
(annual operating hours are taken as 8760 h):

min ZF}PWVY WWeost + Z ZFE *CReostq + ZFTIECOSTI AWH
keK keKgqeQ lel

+ Pcost (12)

where Fc‘;ﬁf and Fy; are the regeneration and wastewater treatment
flowrates in regeneration unit g and treatment unit /, respectively,
eachwith anindividual unit costs of Rcostq and Tcost; (include annu-
alised capital cost). Cross-plant piping cost, Pcosr is adopted from
Kimand Smith [58]and is givenin Eq.(13). The piping cost considers
the use of carbon steel pipes, with the cost parameters of u;=7200
and uy; =250 (converted to USD from the original value in [58]); CE
plant index =318.3). It is further assumed that the stream flowrate
velocity, v=1ms~! and water density, p=1000 kg m~3 throughout
this study. A distance (D) of 100 m is assumed between the two
plants. Piping cost within the individual network is assumed negli-
gible, as itis relatively much smaller as compared to the cross-plant
pipeline.

il i
k,k’ EXP 'k IMP
Pcost =D |:<ul?ﬂ)0pv + Uy Xk,k’> + <ul 3600V + Ui xk’,k>:| AF

k + K (13)

Binary variables xEXP and xIMP in Eq. (13) indicate the existence

of export and import piping, respectively. Eqs. (14) and (15) give the
upper (UBcp) and lower (LB¢p) bounds for the cross-plant flowrates,
which are assumed as 0 and 350 t/h, respectively, in this case. How-
ever, note that the binary variables in Egs. (14) and (15) lead to an
MILP model.

EXP

ke =F ok

EXP < UBpxEXP ko # k' (14)

LBcpx) e =< Tk

LBepxp'p < Fo'y < UBepx)'f kK (15)

A factor (AF) is used to annualise the piping capital cost in Eq.
(13), defined as [59]:

a(l+ay
(1+ay -1

where a=fractional interest rate per year, y =number of years. For
this example, it is assumed that the cross-plant piping capital cost
is annualised to a five-year period, with a fixed interest rate of 5%.

To apply the automated targeting technique for a property-based
IPWI, minor modifications are needed on the earlier described
concentration-based material and load cascades. In particular, the
concentration levels in the cascade diagram (Figs. 1 and 4) are
to be replaced by the property operator levels. Apart from con-
ducting cascade analysis for water recovery between two wafer
plants, water regeneration (for further reuse/recycle) and wastewa-
ter treatment (for final discharge) are considered simultaneously in
the overall framework of the total water network [46]. Hence, new
terms of regeneration and wastewater flowrate variables (Fywi, k)
are added in the revised form of Eq. (1) as shown in Eq. (1a). Since
individual wastewater streams emit from each quality level, the
net material flowrate at the final quality level of each network that
represent the total wastewater flowrate is set to zero (Eq. (17)).
Besides, the residual impurity load expressed in Eq. (2) is replaced
by the residual property load (8, ), while the concentration inter-
val (G — Gpp—1) is replaced by operator intervals, i.e. W — W p,_1, as
shown in Eq. (18).

IMP
(Sm,k = 8m—l,k + § FSRi,k + Z Fk/,k

AF = (16)

icl k. €K m
- ZF51<j,k+ Z F,E)l((l? - ZFWWi,k
jel ke €K " icl .
k+Kk,VkeK,VmeM (1a)
dn1=0 (17)
Bm.k =Bm-1.k +Sm-1.k(¥m — ¥m_1) YmeM,VkeK (18)

Two interception units are considered in this problem, each with
different performance and unit treatment cost, as shown in Table 4.
In this case, these units will perform both as water regenerator
and/or as wastewater treatment unit for final discharge. Since heavy
metal content is the main concern for final discharge (with a dis-
charge limit of 2 ppm), a wastewater cascade analysis (WWCA) is
next performed to determine the minimum treatment flowrate in
order to comply with the discharge limit, with a generic cascade
diagram shown in Fig. 7. Note that concentration levels are used
here, as heavy metal content is essentially concentration-based.

To perform the WWCA, the unutilised sources will be taken from
each operator level m of the reuse/recycle cascade as wastewater
streams [46,60]. Hence, the identified wastewater streams from Eq.
(17) are taken as sources in the wastewater cascade. Wastewater
flowrate cascading is performed across all concentration levels s,
similar to the earlier case on material cascading for reuse/recycle.
Whenever a wastewater source i exists, a treatment flowrate, Frg; |
may be withdrawn for treatment unit . Hence, this appears as sink
in the wastewater cascade. Eq. (19) indicates that the net waste

Table 4

Performance and unit cost for interceptor for Example 3.

Interceptor (q/I)  Outlet concentration of Resistivity, Interception cost,
heavy metal, Cp (ppm) R (MS2) Reostq/Tcost ($/t)

I 2 5 0.9

11 2 8 1.5
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Fig. 7. Generic concentration wastewater cascade diagram for IPWI with fixed outlet property type interception unit.
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Fig. 8. Cascade diagram for Example 3 (flowrate is given in t/h).
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flowrate atlevel s (ws), is given by the summation of the net wastew-
ater flowrate cascaded from the earlier concentration level (ws_1)
with the net flowrates at concentration level s. Since no flowrate
is received at the first concentration level nor discharged from the
last level, net waste flowrates at these levels are both set to zero

(Eq. (20)).

ws = ws_1 + ZFWWi - ZZFTRLI

iel s leL iel s

VseS (19)

wo = Wp_1 = 0 (20)

Since regeneration and wastewater treatment are considered
simultaneously, upper bound of the interception flowrates is set
to the sum of regeneration and wastewater flowrates. Hence, Eq.
(7) is modified as:

Fwwi+ Y FR o <Fsri Viel
qeQ

(7a)

It is worth noting that wastewater stream with either equal or
lower concentration than the discharge limit will not be sent for
waste treatment, since it is ‘clean’ enough to be disposed with-
out treatment. In most cases, they will be mixed with other waste
streams before being discharged to the environment [21-24]. This
latter feature is well taken care off by the WW(CA techniques, which
is mainly based on the same framework of the automated targeting
technique. Next, the total treatment flowrate for treatment unit [
(Frp), given as the sum of the individual treated flowrates in these
units in Eq. (21), is added as a source at the treatment outlet con-
centration level Cr (in order for it to mix with other source prior
to discharge), as shown in Fig. 7. Finally, Eq. (22) indicates that the
final wastewater flowrates, Fp is added as a sink at the discharge
concentration level Cp, given as the sum of all wastewater flowrates
emitted from source i.
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0.00

0 4 0
0.00

Cr=Cp=2 8 0
0.00

4.5 4 0
0.00

5 Faws = 166.35 3 0
0.00
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11 4 0
0.00

1000000 0

Fig. 9. Wastewater cascade diagram for Example 3 (flowrate is given in t/h).

Similar to the earlier case for reuse/recycle, load cascading is
also carried out for wastewater cascade in which the residual load
ateachlevel (ys)is calculated through Eq. (23). Eq. (24) denotes that
the residue contaminant load should take a non-negative value or

zero (where pinch occurs).
VseS (23)

(24)

Vs = ¥s—1 + ws_1(Cs — Cs_1)
Ys >0 VseS

Solving Eq. (12) subjects to the constraints in Egs. (1a), (3), (6),
(17) and (18) for water recovery, Egs. (13-16) for cross-plant piping
cost, as well as Egs. (7a), (19-24) for wastewater treatment, the
minimum cost solution of $28,695,040/y is generated. Figs. 8 and 9
show the cascade diagrams for water recovery in each network as
well as the wastewater treatment section. Fig. 10 shows the network
design that achieves the minimum cost target. Similar to Example 2,
this network is a hybrid of direct and indirect integration schemes
presented by Chew et al. [44]. The former is observed with a cross-

Fr = ZFTRi,I vgeQ (21)  plant pipeline of a flowrate of 107.21 t/h connecting between SK1
iel (Plant A) and SR7 (Plant B). The indirect scheme is also observed
where Interceptor II purifies water from both Networks A and B
Fp = ZFWWI‘ (22) and sends the intercepted flowrate (1170.77 t/h) for reuse/recycle
iel in Network A. Besides, a total flowrate of 636.35 t/h from Network
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Fig. 10. Inter-plant water network design for wafer fabrication plants (flowrate is given in t/h).
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Ais sent for treatment in Interceptor I. Of this flowrate, a big portion
(470 t/h)is sent for reuse/recycle in Network A, while the remaining
(166.35t/h) is being discharged to the environment (Fp).

9. Conclusion

This work extends the recent developed automated targeting
technique for single water network into IPWI. The technique incor-
porates the advantages from both pinch analysis and mathematical
optimisation, in which the minimum flowrate or cost targets for
an IPWI problem are set prior to detailed water network design.
The developed targeting technique is applicable for property-based
IPWI problem, where the reuse/recycle problems are driven by
properties or functionality of the process streams.
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