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A new process-based graphical approach (PGA) is presented for the simultaneous
targeting and design of water network. The PGA is extended from the limiting water
profile which was developed for flow rate targeting for a water network. Via PGA pro-
cedure, apart from locating the minimum freshwater and wastewater flow rate targets,
the water network that corresponds to the minimum flow rate targets is also
synthesized simultaneously. The proposed approach handles both fixed load (including
operations with water loss and/or gain) and fixed flow rate problems equally well. In
addition, the approach can be used to synthesize direct reuse/recycle, regeneration
reuse/recycling, and total water network. Furthermore, the proposed approach is ap-
plicable for water network with multiple freshwater sources. Three literature examples
are presented to illustrate the proposed approach. VVC 2011 American Institute of Chemical

Engineers AIChE J, 57: 3085–3104, 2011

Keywords: water network synthesis, water minimization, pinch analysis, regeneration,
total water network, multiple resources

Introduction

In recent years, stringent emission legislation and the increased
cost of raw material as well as wastewater treatment have moti-
vated the process and manufacturing industries to emphasis on
waste minimization in their daily operations. In particular, water
network synthesis has gained good attention in both industrial and
research communities. Process integration techniques, such as
pinch analysis, are widely accepted as promising tools in synthe-
sizing water network in process and manufacturing industries.

In general, water network synthesis may be classified into
two main categories,1,2 i.e., fixed contaminant load (FC) and

fixed flow rate (FF) problems. In the former, water-using
processes (e.g., washing, scrubbing, and extraction) are char-
acterized by mass transfer operations where a fixed amount
of contaminant is transferred from the contaminant-rich
stream to a contaminant-lean stream, i.e., water, which acts
as a mass separating agent. In contrast, water-using proc-
esses such as boilers, cooling towers, reactors, etc., are char-
acterized as water sinks/sources that consume/generate a fix
amount of water in the FF problem. Hence, the main con-
cern of the latter problem is the water flow rate.

In the seminal study of the FC problem, Wang and Smith3

presented the limiting composite curve to locate the mini-
mum freshwater and wastewater targets. In their later study,4

the authors extended the previous work3 to handle cases
with water loss and/or gain and suggested the use of local
recycling to meet the FF constraints. As shown in Wang and
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Smith,4 water-using processes which involve water losses/
gains are always segregated into two sub-processes; one with
uniform inlet and outlet flow rates, and the other with merely
flow rate losses/gains. The limiting composite curve that
neglects water losses/gains is first plotted. The water supply
line is then located by taking into consideration of water
losses/gains.4,5 However, the proposed approaches become
cumbersome when it is used for the FF problems that
involve many water losses and/or gains. Therefore, in recent
years, the development of insight-based targeting tools for
the FF problem has been the main focus in the research
community.1,2,6–12 In addition, extension of targeting tools
for water network with threshold problems13 and multiple
freshwater resources14–16 were also reported.

After maximizing water recovery potential via direct
reuse/recycle, the freshwater consumption of a water net-
work may be further reduced via regeneration. Wang and
Smith3 extended the use of the limiting composite curve to
determine the minimum flow rate targets for regeneration
reuse/recycling schemes in the FC problem. In the former
scheme, the partially/fully treated water source(s) is re-
stricted to be reused in other processes; while regeneration-
recycling scheme allows the treated water to re-enter the
process where it is generated. In the previous work,3 water
stream(s) that reach the pinch concentration is selected for
regeneration. However, as pointed out by Kuo and Smith,17

sub-optimum targets may be located when the pinch concen-
tration migrates to a new position after regeneration takes
place. Hence, the authors proposed a stream migration proce-
dure17 to overcome the previous limitation.3 Although the
proposed procedure is useful in determining the minimum
water flow rates, the stream migration procedure is iterative
in nature and time consuming. In addition, Feng et al.18

pointed out that the optimal regeneration concentration may
not necessarily be located at the pinch concentration. Feng
et al.18 and Bai et al.19 later presented a revised limiting
composite curve3 to locate the minimum flow rates and the
optimal regeneration inlet and outlet concentrations for the
water network with regeneration-recycle and regeneration-
reuse systems respectively. However, the presented
approaches18,19 are limited to FC problem without water loss
or gain. In practice, the FC operations may possess water
loss and/or gain which cannot be neglected. Hence, this calls
for a revised procedure to overcome the above limitation.

On the other hand, several approaches were developed for
water regeneration placement in the FF problems. Hallale1

first presented guidelines in placing water regeneration units
in the water network. As shown in Hallale,1 the regeneration
units are placed across the pinch concentration in order to
reduce the overall water flow rates of the network. Later,
Manan et al.2 and Foo et al.11 based their works on the same
principles in synthesizing water regeneration network. How-
ever, these works2,11 are not able to locate the minimum
regeneration flow rate. This limitation was later overcome by
Agrawal and Shenoy20 as well as Ng et al.21

Conversely, several studies were conducted on the synthe-
sis of distributed effluent treatment network.22–24 Wang and
Smith22 first proposed the wastewater treatment composite
curve to target the minimum treatment flow rate for a dis-
tributed effluent treatment network. However, the proposed
method fails to predict the lowest possible treatment flow
rate when multiple treatment units are used. This limitation
was then overcome by Kuo and Smith,23 who proposed an
improved targeting procedure. Later, approaches were pro-
posed to identify individual wastewater streams that emit
from a water network.25,26 Besides, targeting approaches
were also proposed to determine the minimum treatment
flow rate for these wastewater streams.25–27

As reported by Kuo and Smith,24 there are close interac-
tions among the individual elements of a water network, i.e.,
reuse/recycle, regeneration, and effluent treatment systems.
Hence, these systems should be analyzed as a whole in the
overall framework known as the total water network.
Although Kuo and Smith24 provided the seminal contribution
for total water network synthesis, the proposed approach is
limited to the FC problem, and is iterative in nature. This li-
mitation is later overcome by the works of Ng et al.26,27 that
synthesize total water network of the FF problem.

Similar to other pinch-based approaches (e.g., heat28–30

and mass exchange network31 syntheses), the water network
that achieves the flow rate targets is always designed in the
second stage once the flow rate targets are located. This can
be carried out using the established network design techni-
ques, such as water grid diagram,3 water main method,24,29,32

water source diagram33 for the FC problems; source sink
mapping diagram,31,34 nearest neighbor algorithm,10,35 and
network allocation diagram12 for the FF problems. Subse-
quently, a preliminary synthesized network can be improved
to reduce its complexity.36–38 A state-of-the-art review of the
various targeting and design techniques for water network
synthesis are recently reported by Foo.39

Based on above review, it is worth noting that the synthe-
sis of water network based on pinch analysis technique is
always carried out in two stages, i.e., targeting and design.
The recent review suggested that simultaneous targeting and
design for a water network is of good potential for future de-
velopment.39 To date, only one study has been reported on
this direction.12 However, the sequential targeting and design
steps of this technique that follow the conventional pinch
analysis practice has render its extension into a truly simulta-
neous procedure.39

In this article, a new process-based graphical approach
(PGA) for simultaneous targeting and design of water net-
work is presented. The proposed PGA procedure is devel-
oped based on FC problem. However, as point out by the

Figure 1. Interactions between individual elements of
total water network.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com].
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recent review,39 the FC and FF problems for a single con-
taminant system are equivalent and may be solved by any of
the synthesis tools of either groups. Therefore, the proposed
PGA is applicable for both FC and FF problems, and can be
used to synthesize water networks with direct reuse/recycle
and regeneration schemes, as well as total water network.
Three literature examples are solved to illustrate the newly
proposed approach.

Problem Statement

As shown in Figure 1, a total water network comprises of
three water elements, i.e., water reuse/recycle, regeneration
and effluent treatment systems. In the water reuse/recycle
system, the water-using processes (P1, P2, …, Pi, i �{1, 2,
…, NP}) may include FF or FC types (with water loss and/
or gain). Note that the FF-types water-using processes are
characterized by individual process sinks (inlets) and sources
(outlets). External freshwater sources (S1, S2, …, Sk, k �{1,
2, …, NS}) are available to supplement the use of process
sources. Effluent from the water-using processes may be sent
to regeneration units (R1, R2, …, Rr, r �{1, 2, …, NR}) for
further reuse/recycle within the water-using processes or
treated in treatment units (T1, T2, …, Tt, t �{1, 2, …, NT})
prior to final environmental discharge. In this work, it is
assumed that separate regeneration and wastewater treatment
units are employed in the total water network.

The objective of this work is to develop a graphical proce-
dure for the simultaneous targeting and design of a water
network that achieves the minimum flow rates targets (fresh-
water resource(s), regenerated water, and waste treatment),
as well as minimum contaminant load removal in the regen-
eration and treatment units.

Limiting Water Profile and Limiting
Composite Curve3

In this section, the conventional targeting technique of
limiting composite curve3 is first reviewed. It is then
extended to the proposed PGA procedure for simultaneous
targeting and design of water network. Figure 2 shows a lim-
iting water profile of a water-using process, which is plotted
on a concentration vs. mass load diagram known as the
water profile diagram (WPD). For a given contaminant mass
load (Dmi) to be removed by water, and the given limiting
inlet concentration (Cmax

i;in ) of water-using process, the limit-

ing outlet concentration (Cmax
i;out) is to be maximized to mini-

mize the water flow rate. The minimum limiting water flow
rate (Flim

i;in) can be determined via Eq. 1.

Dmi ¼ Flim
i;inðCmax

i;out � Cmax
i;in Þ (1)

Since any water supply line that is located below the lim-
iting water profile (with inlet concentration, Ci,in \ Cmax

i;in ,
and outlet concentration, Ci,out \ Cmax

i;out) can be used to
remove the given Dmi (see Figure 2b). Based on Eq. 1, it is
noted that for a given Dmi, any water flow rate (with inlet
concentration of Ci,in) can be minimized by maximizing its
outlet concentration (Ci,out) to the limiting value, i.e., Cmax

i;out.
To determine the minimum flow rate targets for a water net-
work, the limiting composite curve is then plotted by com-
bining the individual limiting water profiles, as shown in
Figure 3a. Minimum flow rate of pure freshwater is then tar-
geted by taking the inverse slope of the steepest water sup-
ply line that starts at the origin and touches the limiting
composite curve, where the pinch concentration is formed,
as shown in Figure 3b. The latter represents the overall bot-
tleneck for maximum water recovery.

For water-using processes that require uniform flow rate
(for most FF problems), local recycling can be used to fulfill
the flow rate requirements.4 On the other hand, for processes
with significant water loss/gain, modifications of the previ-
ous work3 are needed to accommodate the water loss/gain.
This is the subject of this work. The limiting water profile3

is further extended to locate water targets for processes with
water loss/gain.

Revised Limiting Water Profile

Based on earlier discussion, it is clear that FC problems
can be broadly classified into four categories, i.e., processes
without water loss/gain, processes with water loss, process
with water gain, as well as processes with FF constraints.4

In this work, the limiting water profiles for processes without
water loss/gain,3 as well as processes with FF constraints4

remain the same as previous works. In contrast, revised lim-
iting water profiles are introduced for processes with water
loss/gain. The revised procedures are described in detail in
the following sub-sections.

To address FF processes with water loss/gain, pseudo-
mass load (the mass load difference between the inlet and
outlet of the processes when water loss/gain is being

Figure 2. (a) A water-using process; (b) Limiting water profile and water supply lines.3

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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ignored) can be determined by Eq. 1. When addition mass
load (processes with water gain) or mass load removal (proc-
esses with water loss) is involved in such processes, Eq. 1 is
revised as below:

Dmnet
i ¼ Flim

i;outC
max
i;out � Flim

i;inC
max
i;in (2)

where Dmnet
i is termed as net mass load difference between

outlet and inlet of a water-using process.

Process with water loss

Figure 4a shows a generic model for a water-using process
with water loss. Cooling towers with water evaporation loss is a

typical example for this type of process. To maintain the cooling
water supply, make-up water is needed to supplement the loss.
The loss flow rate (Floss

i ) is given as the difference between the
inlet (Fi,in) and outlet (Fi,out) flow rates of the process, i.e.:

Floss
i ¼ Fi;in � Fi;out (3)

Considering water loss, the mass load difference (Dmloss
i )

between the pseudo-mass load and the net mass load of the
process is determined by Eq. 4:

Dmloss
i ¼ Dmi � Dmnet

i

�� �� ¼ Floss
i Cmax

i;out (4)

Figure 3. Construction of limiting composite curve from limiting water profiles.3

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

Figure 4. Graphical representation of water-using process with water loss.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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To plot a revised limiting water profile for process with
water loss, a limiting inlet profile is first constructed within the
concentration intervals of Cmax

i;in and Cmax
i;out in the WPD, as

shown in Figure 4b. The limiting inlet profile has a horizontal
distance of Dmi, which is determined using Eq. 1. Note also
that water loss is not considered at this stage. The inverse slope
of limiting inlet profile hence corresponds to the limiting inlet
flow rate of the process. Next, water loss profile is plotted in
the diagram, with its arrow head connected to that of the limit-
ing inlet profile, and with its inverse slope corresponds to Floss

i .
In this case, the horizontal distance of the water loss profile
indicates the mass load difference for process with water loss,
Dmloss

i (calculated using Eq. 4). Next, the limiting outlet profile
is constructed in the same concentration interval of the limiting
inlet profile, with its inverse slope corresponds to the limiting
outlet flow rate (Flim

i;out) calculated using Eq. 3.
After the limiting profiles of the water-using process are

constructed, the water supply line is next located in the WPD.
For a water source of concentration Ci,in (lower than Cmax

i;in ), the
water supply line is first placed as a straight line between inter-
vals Ci,in and Cmax

i;out, as shown in Figure 4c. It is then observed
in Figure 4c that the water supply line intersects with the Cmax

i;in

interval line at point A. To determine the practical water sup-
ply line which considers water loss in the process, the water
supply line is rotated anticlockwise at point A until it touches
the limiting outlet profile, as shown in Figure 4d. Note that
two individual segments are then formed in the practical water
supply line. Portion below point A is referred to as the inlet
segment, while the segment between the Cmax

i;in and Cmax
i;out inter-

val is the outlet segment of the water-using process. Finally,
the slope of these respective segments determines the inlet and
outlet flow rates of the water-using process.

Process with water gain

Figure 5a shows the generic model for a process with
water gain. A good example for this process is water genera-

tion as by-product in the reactor. Similar to processes with
water loss, a revised limiting water profile is proposed for
water-using process with water gain. The water gain flow
rate (Fgain

i ) can be determined by the difference between the
inlet and outlet flow rates, as shown in Eq. 5.

Fgain
i ¼ Fi;out � Fi;in (5)

Considering water gain, the mass load difference (Dmgain
i )

between the pseudo-mass load and the net mass load of the
process is determined by Eq. 6:

Dmgain
i ¼ Dmi � Dmnet

i

�� �� ¼ Fgain
i Cmax

i;out (6)

In the WPD, the limiting inlet and outlet profiles of the
process are first constructed in the Cmax

i;in and Cmax
i;out intervals

(Figure 5b), with their inverse slope corresponds to their re-
spective limiting inlet (Flim

i;in) and outlet (Flim
i;out) flow rates,

respectively. Next, the water gain profile is added in the dia-
gram, with its arrow head connected to that of the limiting
outlet profile, and located within the concentration interval
of zero to Cmax

i;out. The inverse slope of the water gain profile
hence corresponds to gained flow rate, Fgain

i , while its hori-
zontal distance indicates the mass load difference for process
with water gain, Dmgain

i (as shown in Figure 5b) which can
be determined via Eq. 6.

For a given water source with an inlet concentration of
Ci,in (�Cmax

i;in ), the inlet segment of the practical water sup-
ply line is initiated at Ci,in and touches the limiting inlet pro-
file at Cmax

i;out (see Figure 5c), with its inverse slope corre-
sponds to the supply flow rate. It is then observed in Figure
5c that the water supply line intersects with the Cmax

i;in interval
line at point A. To determine the practical water supply line
which considers water gain in the process, the water supply
line is rotated clockwise at point A until it touches the water

Figure 5. Graphical representation of water-using operation with water gain.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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gain profile, as shown in Figure 5d. Note that two individual
segments are then formed in the practical water supply line.
Portion below point A is referred as the inlet segment, while
that between the Cmax

i;in and Cmax
i;out interval is the outlet seg-

ment of the water-using process. Finally, the slope of these
segments determines the respective inlet and outlet flow rates
of the water-using process.

Process with multiple feeds

For water-using process with single water source, the sup-
plied water flow rate can be targeted based on the procedure
proposed by Wang and Smith.3 However, such procedure
does not cater for cases where multiple water sources are
used. Hence, a revised procedure is proposed in this article
to cater the latter case.

For a water network, when there are effluents of different
impurity concentrations generated from processes (known as
internal water source), they should be prioritized for reuse/
recycle before an external water source is considered. There-
fore, it is possible that a water-using process is fed by multi-
ple sources. This is illustrated in Figure 6a. As shown, three
sources are available for use in process i, i.e., SR1, SR2, and
SR3, each with respective flow rates (F1, F2, and F3) and
concentrations (C1, C2, and C3, where C1 \ C2 \ C3). Fur-
thermore, we assume that C2 has the same concentration as
Cmax
i;in ; while C3 has lower value than Cmax

i;out. To minimize the
cleaner water source (SR1, which is most often an external
fresh water source), the reuse of SR2 and SR3 are to be maxi-
mized prior to SR1. In this case, SR2 should be fully recovered
since C2 ¼ Cmax

i;in . In cases where the flow rate of SR2 is insuf-
ficient for the process (F2 \ Flim

i;in), the entire flow rate of SR2
(F2) is used. The removed mass load of SR2, Dm2 is calculated
by Eq. 1. For cases where SR2 has insufficient flow rate, SR3
may also be reused. However, since C3 [ Cmax

i;in , SR3 needs to
be ‘‘diluted’’ with SR1 of lower concentration in order to meet
the inlet concentration limit (Cmax

i;in ).
To determine the mixing ratio of SR1 and SR3, the mass

and flow rate balances can be solved using Eqs. 7 and 8,
respectively. Note that the mass load removed by SR2 (Dm2)
as well as its supplied flow rate (F2) are to be subtracted
from the total requirement of process i (Dmi).

Dm1 þ Dm3 ¼ Dmi � Dm2 (7)

F1 þ F3 ¼ Flim
i;in � F2 (8)

where Dm1 and Dm3 correspond to the removed mass loads by
SR1 and SR3 respectively.

As shown in Figure 6b, water profiles of all sources are
constructed within their respective intervals, with a horizon-
tal distance of that corresponds to their mass load removal,
as determined by Eqs. 1, 7 and 8. The individual water pro-
files can then be combined in their respective concentration
intervals to form the water supply line, as shown in Figure
6c.

One can analyze the WPD as follows. In concentration
interval between the origin and Cmax

i;in (C2), only a single water
source SR1 is found (with flow rate F1). Within concentra-
tion interval of C2 and C3, the accumulate flow rate of F1

and F2 is supplied to the process. Next, in the concentration

interval between C3 and Cmax
i;out, the flow rates of SR1, SR2

and SR3 assume to the value of Flim
i;in. Note that the water

supply line is identical to limiting inlet profile in the concen-
tration interval above C3. Note also that the average inlet
concentration (Ci,in) and inlet flow rate are equal to the max-
imum inlet concentration (Cmax

i;in ) and limiting inlet flow rate
(Flim

i;in), respectively.
It is also worth mentioning a special case for the reuse of

SR3 (where C3 ¼ Cmax
i;out). In cases where C3 is equal to the

maximum outlet concentration (C3 ¼ Cmax
i;out), its corresponding

mass load removal (Dm3) will remain as zero, regardless of its
reuse flow rate. Using water source with C3 ¼ Cmax

i;out has the
advantage of compensating water flow rate deficit for processes
with flow rate loss. The compensating flow rate (F3) can be
determined as Flim

i;in � F1 � F2. Note that for this case, the av-
erage inlet concentration (Ci,in, after source mixing) will then
be equal to the maximum inlet concentration (Cmax

i;in ).

Process-Based Graphical Approach (PGA)

In this work, a new PGA procedure is proposed for simul-
taneous targeting and design for a water network. This
approach is an extension of the limiting composite curve of
Wang and Smith.3 As shown previously, the revised limiting
water profile for process with water loss/gain is first plotted.
Based on the revised limiting water profile, the flow rate
allocation for individual process and the associated network
design can be determined simultaneously. To illustrate the
proposed PGA in detail, three literature examples are solved.
In the following section, PGA is applied for the synthesis of
reuse/recycle network and water regeneration as well as total
water networks.

Example 1—Synthesis of water reuse/recycle network

Table 1 shows the limiting data4 for a FF problem with
five water-using processes with single contaminant con-
straint. Note that both Reactor and Cooling System streams
involve water loss and Filtration stream involves water gain.

Figure 6. Targeting for water-using process with multi-
ple feeds.

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

3090 DOI 10.1002/aic Published on behalf of the AIChE November 2011 Vol. 57, No. 11 AIChE Journal



It is assumed that a single pure freshwater supply (0 ppm) is
available in service. In this example, a reuse/recycle network
with minimum water flow rate targets is first synthesized
with PGA. The example is further revisited in later section
to illustrate the application of PGA to synthesize water
regeneration and total water networks.

Step 1: Preliminary Analysis. First step of the PGA pro-
cedure involves the preliminary analysis of the problem. The
overall flow rate loss/gain (DFp) of the entire water network
is first determined via Eq. 9.

DFP ¼
XNP

i

ðFlim
i;out � Flim

i;inÞ (9)

A positive value of DFp indicates water surplus within the
water-using subsystem; while a negative value implies deficit
of water. Based on the limiting data in Table 1, DFp of
Example 1 is determined as – 40 t/h (¼ 125 t/h – 165 t/h).
This indicates that the overall water network experiences a
deficit of water flow rate. Hence, freshwater supply of at
least 40 t/h is required to supplement the network.

To minimize freshwater consumption, water recovery
should be maximized for the internal water sources. To pri-
oritize the use of higher quality (lower concentration) inter-
nal water source, the water-using processes are arranged in
an ascending order based on their outlet concentrations. For
cases where the water-using processes with the same outlet
concentrations, such processes are arranged based on their
inlet concentrations. Following this procedure, the sequence
of the processes in Example 1 is listed in the last column of
Table 1. Note that the outlet concentrations of Filtration (P2)
and Cooling System (P3) are given as 100 ppm, hence, these
processes are arranged based on their inlet concentrations.

For the processes without water loss/gain (i.e., Steam Sys-
tem (P1), Cyclone (P4)), the mass loads are determined with
Eq. 1 and shown in the second column of Table 1. For the
processes with water loss/gain (i.e., Filtration (P2), Cooling
System (P3), Reactor (P5)), the pseudo-mass loads shown in
Table 1 are also determined by solving Eq. 1.

Step 2: Targeting and Design. For the water processes
without loss/gain, the limiting water profiles are constructed
based the procedure proposed by Wang and Smith.3 How-
ever, the limiting water profiles for the processes with loss/
gain are constructed based on the newly proposed revised
procedure (Figures 4 and 5). Figure 7 shows all the limiting
water profiles for all processes in Example 1. Note that the
processes are arranged based on the sequence as determined
in Step 1 (see Table 1). Filtration (P2) is considered as pro-
cess with water gain; while Cooling System (P3) and Reac-

tor (P5) are processes with water loss, with their limiting
water profiles in Figure 7b, c, and e, respectively.

Since the limiting inlet concentrations of Steam System
(P1) and Filtration (P2) are given as 0 ppm (Table 1); only
freshwater can be used to fulfill the requirement of these
processes. By solving Eq. 1, the minimum freshwater flow
rates for P1 and P2 (FFW,1 and FFW,2) are determined as 10
t/h respectively. As P1 does not involve water loss/gain, the
effluent of P1 is determined as 10 t/h with impurity concen-
tration of 10 ppm (see limiting water profile in Figure 7a).
Due to 30 t/h of water gain in P2, the outlet flow rate of
effluent is determined as 40 t/h at 100 ppm. The revised lim-
iting water profile for P2 is shown in Figure 7b. Effluents
from both processes are then taken as internal water sources
for other processes, before freshwater is considered.

As shown in Table 1, the limiting inlet concentration of
Cooling System (P3) is given as 10 ppm. Hence, 10 t/h of
internal water source from P1 (10 ppm) can be directly
reused in P3. Solving Eq. 1 determines that a total mass load
of 0.9 kg/h is removed by internal water source from P1.
Next, freshwater and internal water source at 100 ppm are
available for reuse. However, as mentioned previously, since
the internal water source has a concentration that is equal to
the limiting outlet concentration of P3, i.e., 100 ppm, this
water source will not remove any mass load and can only be
used for meeting the FF constraint of P3. Thus, the remain-
ing of the 1.35 kg/s mass load of P3, i.e., 0.45 kg/h (¼ 1.35
kg/h � 0.9 kg/h) is to be removed by freshwater. Based on
Eq. 1, the freshwater flow rate is determined as 4.5 t/h. To
construct the water supply line in the WPD (Figure 7c), the
internal water source segment (10 t/h) is first constructed in
the concentration interval between 10 ppm to 100 ppm, and
touches at the arrowhead of the inlet profile. Next, 4.5 t/h of
freshwater is constructed in the concentration interval
between 0 and 100 ppm to the left of the internal water
source segment (see Figure 7c). As shown in Figure 7c, the
water supply line in concentration interval between 10 ppm
and 100 ppm is constructed by combining water supply lines
for two sources. Since Cooling System is considered as a FF
process, where 15 t/h of water flow rate is required, addi-
tional water flow rate of 0.5 t/h (¼ 15 t/h � 10 t/h � 4.5 t/
h) of this process may be supplied either by the internal
source from P2 (available at 40 t/h, 100 ppm) or the effluent
of P3 via local recycling scheme.4 The former scheme is rec-
ommended, as to avoid the building up of unexpected con-
taminants within P3 via local recycling. Hence, the remain-
ing internal water source from P2 at 100 ppm is reduced
from 40 t/h to 39.5 t/h. The water allocation of P3 is showed
in Figure 7f. Note that three water sources are supplied to
P3 with an average inlet concentration of 10 ppm. Due to 10

Table 1. Limiting Data for Example 14

Operation Dmi (kg/h) Flim
i;in (t/h) Flim

i;out (t/h) Cmax
i;in (ppm) Cmax

i;out (ppm) Process Sequence Pi

Reactor 72 80 20 100 1000 5
Cyclone 25 50 50 200 700 4
Filtration 1 10 40 0 100 2
Steam System 0.1 10 10 0 10 1
Cooling System 1.35 15 5 10 100 3
Total – 165 125 – – –

CFW ¼ 0 ppm, CR,out ¼ 200 ppm, CT,out ¼ 250 ppm, Cmax
D ¼ 300 ppm.

AIChE Journal November 2011 Vol. 57, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 3091



t/h of water loss occurs in this process, the effluent of P3 with
100 ppm is reduced from 15 t/h to 5 t/h. Combining the efflu-
ent of P3 with the effluent from P2, the internal water source
of 100 ppm is increased from 39.5 t/h to 44.5 t/h.

Next, water allocation for Cyclone (P4) is analyzed. Since
a total of 44.5 t/h of 100 ppm internal water source is avail-
able, this internal water source should be reused for P4,
before the freshwater source is considered. To fulfill the
requirement of P4, the flow rate of this internal water source
is determined as 41.67 t/h using Eq. 1. Since there is no water
gain and loss in P4, the effluent from P4 has the same flow
rate as its inlet stream (i.e., 41.67 t/h), with an outlet concentra-
tion of 700 ppm (see Figure 6d). To maintain the flow rate
requirement for P4 (50 t/h), local recycling scheme4 is imple-
mented. As shown in Figure 7f, 8.33 t/h (¼ 50 t/h � 41.67 t/h)
of effluent from P4 is being recycled, apart from the reuse of
41.67 t/h of internal water source at 100 ppm. The average
inlet concentration is calculated as 200 ppm, which matches
the limiting inlet concentration of P4.

After water allocation is completed for P4, two internal
water sources are available for Reactor (P5), i.e., effluents
from P3 (2.83 t/h ¼ 44.5 t/h � 41.67 t/h, 100 ppm) and P4
(41.67 t/h, 700 ppm), respectively. Since the inlet concentra-
tion of P5 is given as 100 ppm, internal water source of 100
ppm can be completely reused in P5. As mentioned previ-
ously, if internal water source at 700 ppm is reused, fresh-

water is required for dilution. Solving mass and flow rate
balance Eqs. 7 and 8, 11.02 t/h of internal water source
at 700 ppm and 66.15 t/h of freshwater are required to fulfill
the process requirement. As shown in Figure 7e, 11.02 t/h of
internal water source at 700 ppm is first constructed in the
concentration interval between 700 ppm and 1000 ppm. Next,
2.83 t/h of the 100 ppm internal water source is constructed in
the concentration interval between 100 and 1000 ppm on the
left of the 700 ppm internal water source. Finally, 66.15 t/h of
freshwater is plotted in the concentration interval between 0
ppm and 1000 ppm on the left of the 100 ppm internal water
source (see Figure 7e). Note that the average inlet concentra-
tion and total flow rate are determined as 100 ppm and 80 t/h,
which are equal to the limiting inlet concentration and limiting
inlet flow rate of P5 (see Table 1). However, due to 60 t/h of
water loss, the flow rate of P5 effluent is reduced to 20 t/h.

Based on the detailed allocation of freshwater and internal
water sources as shown in Figure 7f, an overall minimum
freshwater flow rate is determined as 90.65 t/h (10 t/h, 10 t/
h, 4.5 t/h and 66.15 t/h for P1, P2, P3 and P5, respectively);
while the overall wastewater flow rate is determined as
50.65 t/h (30.65 t/h WW1 at 700 ppm, and 20 t/h WW2 at
1000 ppm). Note that both freshwater and wastewater flow
rate targets are identical with the earlier reported results.4,5,40

It is also worth noting that the individual limiting water
profiles in Figure 7 can be combined to plot the limiting

Figure 7. (a)–(e)Targeting for water-using processes P1–P5; (f) Water sources allocation for each water-using pro-
cess involving flow rate constraints (unit for the flow rate is ton/h and unit for contaminant concentration
is ppm in parenthesis).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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composite curve, as shown in Figure 8a. A revised limiting
composite curve (Figure 8b) that considers water loss/gain
can then be constructed by combining all individual limiting
water profiles in Figure 8a. Note that for the processes with
water loss (P3—Cooling System; and P5—Reactor), their
limiting outlet profiles are combined into the limiting com-
posite curve. The underlying principle is that, the water loss
is assumed to happen in the inlet of the process. In contrast,
for the process with water gain (P2—Filtration), its limiting
outlet profile is excluded in the construction of the limiting
composite curve (only its limiting inlet profile is included).
In other words, the model assumes that water gain is found
at the outlet of the process.

Besides, the corresponding composite water supply line
can be determined by combining the water supply lines for
all processes within the respective concentration intervals,
similar to the construction of the limiting composite curve.
Note that this composite water supply line takes into account
the water loss/gain of the individual process. As shown in
Figure 8b, the total flow rates found between 0 ppm and 10
ppm corresponds to the overall freshwater flow rate (FFW) of

90.65 t/h. The summation of the flow rates in the next con-
centration interval (10 ppm to 100 ppm) gives 90.65 t/h.
However, due to 10 t/h of water loss (in Cooling System) at
10 ppm, the flow rate of water supply is reduced to 80.65 t/
h. It is noted that the slope of the composite water supply
curve in concentration interval between 10 ppm and 100
ppm increases slightly when compared with previous con-
centration interval. For concentration interval between 100
ppm and 700 ppm, the total flow rates is calculated as
110.65 t/h (¼ 41.67 t/h þ 66.15 t/h þ 2.83 t/h). In this con-
centration interval, 30 t/h of water gain (Filtration) occurred
at 100 ppm, which increases the water supply flow rate from
80.65 t/h to 110.65 t/h. On the other hand, 60 t/h of water
loss (Reactor) also occurred, thus, the practical water supply
flow rate reduced to 50.65 t/h (¼ 110.65 t/h � 60 t/h). The
summation of water supply flow rates in the final concentra-
tion interval (700 ppm � 1000 ppm) gives 80 t/h (¼ 66.15 t/
h þ 2.83 t/h þ 11.02 t/h). Because of 60 t/h of water loss in
Reactor, the practical water supply flow rate in this interval
is reduced to 20 t/h (¼ 80 t/h � 60 t/h). Since 50.65 t/h of
internal water source generated from previous concentration

Figure 8. (a) Individual limiting water profiles and water supply lines for all water-using processes; (b) Limiting
composite curve and composite water supply line for Example 1 with reuse/recycling.

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

Figure 9. An optimal water network for Example 1 with reuse/recycling.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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interval at 700 ppm, a surplus of 30.65 t/h (¼ 50.65 t/h �
20 t/h) of internal water source is discharged as wastewater
(denoted as WW1). Besides, 20 t/h of wastewater (WW2) is
generated at 1000 ppm, from the last concentration interval.
Note that the corresponding flow rate of each concentration
interval can also be determined based on the inverse slope
of each segment of the composite water supply line in the
respective concentration interval (Figure 8).

Combining all the individual networks in Figure 7f, a final
water network design for direct reuse/recycle scheme was
constructed, as shown in Figure 9. Note that the network
design in Figure 9 is slightly different as compare with those
reported in the literature.4,5,40 Figures 10–12 show several al-
ternative designs reported by Wang and Smith,4 Mann and
Liu,5 and Jeżowski et al.,40 respectively. Note that all alter-
native designs have quite similar stucture. As compared with
Figure 10, the local recycle stream of Cyclone (P4) in Figure
9 has a lower flow rate (8.33 t/h, when compared with 14.3
t/h in Figure 10). Besides, higher flow rate of freshwater
(66.15 t/h) is being allocated to Reactor (P5) in Figure 9
(when compared with 30 t/h in Figure 10). Both of these
flow rate allocations reduce the buildup of unexpected con-
taminant within P4 and P5 (when compared with that in Fig-
ure 10). On the other hand, the blow down of Cooling Sys-
tem (P3) may be contaminated with treatment chemicals,
hence it is not advisable to reuse the blow down to reactor
which would be sensitive to the contamination (as shown in

Figure 10). Therefore, to reduce the risk, a penalty of 5 t/h
in freshwater is suggested, which increases the freshwater
flow rate unnecessarily.4 However, as shown in Figure 9,
water from Cooling System (P3) is not reused in Reactor
(P5); thus, no penalty of freshwater is required.

Besides, comparison may be made for the network
design in Figure 9 and Figure 11. As shown in Figure 9,
the additional 0.5 t/h internal water source is allocated
to the Cooling System (P3) from Filtration (P2) to maintain
the FF requirement of the former. Besides, similar to the
design in Figure 10, the higher flow rate of local recycle
stream for Cyclone (P4; 14.29 t/h), and lower freshwater
flow rate to the Reactor (P5; 30.43 t/h) make the design in
Figure 11 having higher tendency of trapping unexpected
contaminants in those units, when compared with the
design in Figure 9.

Finally, in Figure 12, the interconnections with water flow
rates lower than 2 t/h have been eliminated. Hence, the
freshwater consumption is slightly higher for the network in
Figure 12, when compared with that in Figure 9. However,
it is worth mentioning that the internal water source from
Cooling System is not directed to the Reactor (P5), as in the
case of Figures 10 and 11. Besides, lower local recycle flow
rate for Cyclone (P4; 8.36 t/h), and higher freshwater flow
rate to the Reactor (P5; 65.69 t/h) make the design in Figure
12 to have the advantage of trapping less unexpected con-
taminants in those units, similar to the design in Figure 9.

Figure 10. Water network for Example 1 reported by Wang and Smith.4

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

Figure 11. Water network for Example 1 reported by Mann and Liu.5

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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Synthesis of water network with regeneration unit

After the maximum water recovery potential is exhausted
via reuse/recycle scheme, freshwater consumption can be
further reduced by partial treating the process effluent (often
known as regeneration) for further recovery. According to
Wang and Smith,3 regeneration processes may be broadly
classified as fixed outlet concentration (CR,out) and fixed re-
moval ratio (RR). For the former, the performance is rated
based on the postregeneration concentration of the regenera-
tion unit (CR,out);

18,19,21,41 while regeneration unit of RR
type is rated based on fraction of mass load removal from
the water streams.

In this study, only regeneration unit of the fixed CR,out

type is taken into consideration. The regenerated water can be
treated as a new water source to fulfill the requirement of the
water sinks. Example 1 is revisited to illustrate the proposed
approach for water network with regeneration.

Example 1 (revisited)

Steps 1 and 2: In this example, the CR,out value is set as
200 ppm. For this case, Step 1 (preliminary analysis) that
was proposed for reuse/recycle scheme remains the same. In
contrast, Step 2 (targeting and design) is modified slightly in

this case as additional water source from regeneration is
available. In addition, selection of streams for regeneration
is to be determined by the PGA procedure.

Following the previous proposed approach, the limiting
water profiles for all processes are first constructed. The allo-
cation of water source for each process is performed based
on the sequence that identified in Step 1. Note that since the
regenerated water has an outlet concentration of 200 ppm,
thus, it will only be needed when the internal water sources
of lower concentration are exhausted. Note also that P1, P2,
and P3 have limiting outlet concentrations that are lower
than CR,out (200 ppm), thus, the regenerated water cannot be
used in these processes (or else higher freshwater flow rate
is required for dilution). Therefore, the water allocation
schemes for P1–P3 are identical to the reuse/recycle scheme,
as shown in Figure 7a–c.

Since P4 and P5 may accept regenerated water to reduce
freshwater consumption, the detailed procedure for P4 and
P5 is shown in Figure 13. Note that from the reuse/recycle
scheme, it is observed that 44.5 t/h of effluent at 100 ppm is
generated from P2 and P3 (see Figure 7), which may be
used as internal source for water recovery apart from the
regenerated source. To minimize the usage of this higher
quality source and freshwater, the 100 ppm source will only

Figure 12. Water network for Example 1 reported by Jeżowski et al.40

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

Figure 13. (a)–(b)Targeting for processes 4 and 5 involving regeneration process; (c) Water sources allocation for
processes 4 and 5 with flow rate constraints involving regeneration process.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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be used when both internal water and regenerated sources of
lower quality are exhausted. Since the regenerated water of
200 ppm has the same concentration as Cmax

i;in of P4, it is first
selected for recovery; with its flow rate determined as 50 t/h
based on Eq. 1. Note that there is no water loss/gain in P4,
thus, both inlet and outlet flow rates remain constant (50 t/h)
with an outlet concentration of 700 ppm. This is represented
in Figure 13a where the water supply line overlaps with the
limiting water profile.

On the other hand, four water sources are available for
P5, i.e., freshwater, regenerated water of 200 ppm and inter-
nal water sources of 100 ppm and 700 ppm. Since the inter-
nal water source of 100 ppm has the same concentration as
Cmax
i;in of P5, it is first selected for recovery. Next, we should

determine if P5 is to be fed with regenerated water (200
ppm) or the leftover internal water source (700 ppm). Since
both water sources have concentration higher than the limit-
ing inlet concentration of P5 (100 ppm), freshwater is
needed for dilution. Since the regenerated source is of lower

concentration, it requires less freshwater for dilution. Thus,
freshwater (0 ppm) and regenerated water (200 ppm) are
mixed to fulfill the process requirement of 35.5 t/h (¼ 80 t/h
� 44.5 t/h). Using Eqs. 7 and 8, the freshwater (FFW,5) and
regenerated (FR,5) flow rates for P5 are determined as 17.75
t/h respectively. As shown in Figure 13b, three water supply
lines for freshwater, regenerated water and internal water
source at 100 ppm are plotted in the WPD. Note that the av-
erage inlet concentration of 100 ppm is achieved. Mean-
while, the effluent flow rate from P5 is determined as 20 t/h,
as 60 t/h of water loss is encountered in this process.

The detailed allocation of freshwater and internal water
sources for P4 and P5 is shown in Figure 13c. The minimum
flow rates of freshwater, regenerated water and wastewater are
determined as 42.25 t/h, 67.75 t/h, and 70 t/h, respectively.
Because of all other internal water sources being exhausted,
the residual internal water sources are identified as wastewater
streams. Hence, two wastewater streams are located at 700
ppm (50 t/h, WW1) and 1000 ppm (20 t/h, WW2),

Figure 14. (a) Individual limiting water profiles and water supply lines for all water-using processes; (b) Limiting
composite curve and composite water supply line for Example 1 with regeneration reuse/recycle.

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

Figure 15. An optimal water network for Example 1 with regeneration process.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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respectively. To fulfill the water requirement of regeneration
process, 67.75 t/h of wastewater needs to be regenerated. The
selection strategy for wastewater streams that are sent for
regeneration will be explained in the following section.

Similar to the direct reuse/recycle scheme, the individual
limiting water profiles in Figure 13 are combined in a WPD as
shown in Figure 14a. A revised limiting composite curve (Fig-
ure 14b) that considers water loss/gain can then be constructed.
The corresponding composite water supply line can be deter-
mined by combining the water supply lines for all processes
with the consideration of water loss/gain. The targeted mini-
mum freshwater flow rate 42.25 t/h and regenerated water flow
rate 67.75 t/h are marked on the composite water supply line.
Note that the regenerated water is added into the system at 200
ppm, which leads to an increase of slope for the segment on
the composite water supply line.

Step 3: Targeting for Minimum Mass Load for Regeneration
Process. The mass load removal (DmR) for a fixed concen-
tration type regeneration unit can be determined by Eq. 10:

DmR ¼ FRðCR;in � CR;outÞ (10)

where FR refers to the regeneration flow rate without

considering water loss; CR,in and CR,out denote the pre- and

postregeneration concentrations of the regeneration unit,

respectively. Based on Eq. 10, it is noted that the regeneration

mass load (DmR) is a function of CR,in, for the given FR and

CR,out values. To minimize the mass load removal in a

regeneration unit (hence a small unit), lower concentration

stream(s) should be selected for regeneration.27

In this example, CR,out is taken as 200 ppm, and the minimum
regenerated flow rate (FR) is targeted as 67.75 t/h in previous
step. Earlier step also determines that two wastewater streams are
generated from the network, i.e., WW1 (50 t/h, 700 ppm) and
WW2 (20 t/h, 1000 ppm). To fulfill the regeneration mass load,
the lower concentration WW1 (50 t/h, 700 ppm) is fully regener-
ated; while the remaining regeneration flow rate requirement
(17.75 t/h) is take from WW2 (1000 ppm). The mean inlet con-
centration of the combined waste stream for regeneration is deter-
mined as 778.6 ppm (CR,in). Eq. 10 determines the minimum
mass load removal as 39.2 kg/h. Similar to the direct reuse/
recycle scheme, combining the individual networks in Figure 13c
yields a water regeneration network that achieves the minimum
water flow rate targets, as shown in Figure 15. The incorporation
of regeneration process reduces the freshwater consumption of
the water network significantly.

Total water network synthesis

To comply with the environment legislation, treatment units
are used to purify the wastewater streams before they are dis-
charged to the environment. Similar to the case of regeneration,
waste treatment units may also be categorized into fixed outlet
concentration and load RR types.3,22,23 Kuo and Smith17 high-
lighted the similarities between water regeneration and final
effluent treatment. When water of better quality is needed for the
purpose of reuse/recycle, effluent may be partially or fully regen-
erated. When the effluent has become too contaminated for
reuse/recycle, and/or when the regenerated water can no longer
be reused/recycled (e.g., due to the water network has reached its
maximum extent of using regenerated water of a given quality),
it must be treated before it can be discharged to the environment,
to fulfill the environmental discharge requirement.24

In this study, a single treatment system of fixed outlet
concentration is considered. Wastewater composite curve
proposed by Ng et al.27 is used to locate the minimum

Figure 16. The minimum treatment flow rate targeting
for Example 1.

Figure 17. An optimal total water network for Example 1.

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

AIChE Journal November 2011 Vol. 57, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 3097



contaminant mass load removal in waste treatment system
when necessary. In the previous study,27 the minimum treat-
ment flow rate is targeted prior the detailed design.

Similar to Eq. 10, the mass load difference (DmT) between
the inlet (CT,in) and outlet (CT,out) for a treatment system
with fixed outlet concentration model can be determined via
Eq. 11 that follows:

DmT ¼ FTðCT;in � CT;outÞ (11)

where FT refers to the treatment flow rate without water loss. To
determine the minimum treatment mass load DmT, the overall
mass load balance for the total water network is given in Eq. 12:

mFW þ DmP ¼ DmR þ DmT þ mD (12)

where mFW, Dmp, and mD denote total mass load of freshwater,
overall mass load for all water-using processes, and mass load
that is discharged along with wastewater streams from the water
network. Those three terms are described in details as follows.

The total mass load of freshwater (mFW) is determined via
equation below,

mFW ¼
XNS

k

FFWðkÞCFWðkÞ (13)

where FFW(k) and CFW(k) refer as the flow rate and concentration
of kth external water source. Note that, if a pure external water
source is used, no mass load will be contributed to the water
network. In contrast, impure fresh source will contribute
additional mass load to the water network.

In addition, the overall mass load balance for water-using
subsystem is given as follows,

DmP ¼
XNP

i

Dmnet
i ¼

XNP

i

ðFlim
i;outC

max
i;out � Flim

i;inC
max
i;in Þ (14)

In cases where Dmp takes a positive value, there is surplus
of mass load generated from the water-using subsystem. In
contrast, a negative value of Dmp indicates that the water-
using subsystem accepts all mass load generated from all
process sources and additional mass load from external
freshwater without treatment/regeneration.

Meanwhile, mD can be determined via equation below,

mD ¼ FDCD (15)

where FD and CD are the flow rate and discharge concentration
of wastewater. To fulfill the environment legislation, the mean
concentration of the wastewater discharge can not exceed the
maximum allowable discharge concentration (Cmax

D ). Note that
all wastewater streams that are treated or bypass the treatment
system are mixed before being discharged to the environment.
For cases where there are more than one wastewater stream, the
total flow rate of wastewater streams (FD) is given by Eq. 16.

FD ¼
X

w

FD
WWðwÞ (16)

where FD
WWðwÞ denotes the flow rate for wth wastewater

streams sent for treatment/discharge.

Example 1 (revisited)

For Example 1, freshwater with 0 ppm is in used; thus, no
additional mass load is contributed from freshwater (mFW ¼
0). Based on the given limiting data in Table 1, Dmp is
determined as 41.45 kg/h by solving Eq. 14. Meanwhile,
2.25 t/h of wastewater is discharged from the water network
and FD is determined as 2.25 t/h based on Eq. 16. Since the
maximum allowable discharge concentration (Cmax

D ) is given
as 300 ppm, the maximum value of mD is determined as
0.675 kg/h with Eq. 15. Solving Eq. 12, the minimum treat-
ment mass load (DmT) is calculated as 1.575 kg/h. Since there
is single wastewater stream, the inlet treatment concentration
is 1000 ppm (CT,in) and it is treated to 250 ppm (CT,out). The
minimum treatment flow rate is then determined as 2.1 t/h
using Eq. 11. Note that, the same result can be verified by
the graphical method proposed by Ng et al.27 (Figure 16).
Figure 17 shows the total water network design for Example
1. As shown, a big portion of the wastewater stream (2.1 t/h)
is purified in the treatment process to a reduced concentration

Table 2. Summary of the Targeting Results for Different Schemes (Example 1)

Schemes

Freshwater
Flow Rate
FFW (t/h)

Regenerated
Water Flow
Rate FR (t/h)

Minimum
Treatment
Flow Rate
FT (t/h) Waste Stream

Contaminant Mass
Load (kg/h)

Freshwater
mFW

Water-Using
Processes Dmp

Regeneration
Unit DmR

Treatment
Unit DmT

Wastewater
Discharge mD

Reuse/recycle 90.65 – – WW1 (30.65 t/h,
700 ppm)

0 41.45 – – 41.45

WW2 (20 t/h,
1000 ppm)

Regeneration
Reuse/recycle

42.25 67.75 – WW (2.25 t/h,
1000 ppm)

0 41.45 39.2 – 2.25

Total water
network

42.25 67.75 2.1 WW (2.25 t/h,
300 ppm)

0 41.45 39.2 1.575 0.675

Table 3. Limiting Data for Example 23

Process
Dmi

(kg/h)
Flim
i;in

(t/h)
Cmax
i;in

(ppm)
Cmax
i;out

(ppm)
Process

Sequence i

1 2 20 0 100 1
2 5 100 50 100 2
3 30 40 50 800 3
4 4 10 400 800 4
Total 170 – – –

CFW ¼ 0 ppm, CR,out ¼ 5 ppm, CT,out ¼ 10 ppm, Cmax
D ¼ 20 ppm.
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(250 ppm) before it is being mixed with the bypass waste-
water stream (0.15 t/h, 1000 ppm) for final discharge. The dis-
charge concentration achieves the maximum discharge con-
centration at 300 ppm. The results for the various scenarios in
this example are summarized in Table 2.

Example 2—Fixed load problem

A literature example taken from Wang and Smith3 is
solved to illustrate the application of PGA for the synthesis
of total water network for FC problem. Table 3 shows the
limiting data for four water-using processes with single con-
taminant constraint. In this example, pure freshwater is avail-
able for use. In this example, a fixed outlet concentration

regeneration unit of 5 ppm used to regenerate water sources
for further recovery.3,21,27

Following the proposed PGA approach, the allocations of
all water sources for each process are first constructed and
are shown in Figure 18. As shown, P1 is fed with freshwater
and due to its limiting inlet concentration of 0 ppm. P2 is
fed with regenerated water since its concentration (5 ppm) is
lower than the limiting inlet concentration of P2 (50 ppm).
Both processes then generated 72.63 t/h of internal water
source of 100 ppm, which are reused in P3 (18.95 t/h) and
P4 (5.71 t/h). Note that in P3, 21.05 t/h of regenerated water
is also used to supplement the internal water source. The
minimum freshwater and regeneration flow rates are targeted
as 20 t/h and 73.68 t/h, respectively. Next, the revised

Figure 18. (a) Targeting for water system with regeneration reuse/recycle; (b) Water network design for Example 2.

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

Figure 19. (a) Individual limiting water profiles and water supply lines for all water-using processes; (b) Limiting com-
posite curve and composite water supply line for Example 2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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limiting composite curve is constructed as shown in Figure
19. Note that there are two turning points at 5 ppm and 100
ppm in the composite water supply line where the pinch con-
centrations are located. Note also that pinch point at 5 ppm
corresponds to the use of the regenerated water. Since 73.68 t/
h of regenerated water is added into the water system at 5
ppm, the slope of the composite water supply line decreases
sharply at this point. On the other hand, two wastewater
streams are targeted, with flow rates of 47.97 t/h (WW1, 100
ppm) and 45.71 t/h (WW2, 800 ppm) respectively, indicated
by the slope changes at the 100 ppm pinch concentration as
well as the terminal point of the limiting composite curve. In
order to minimize the regeneration mass load, wastewater of
lower concentration, i.e. WW1 (47.97 t/h, 100 ppm) is first
selected for regeneration. However, as the flow rate of WW1
is less than the targeted regeneration flow rate, additional
25.71 t/h (¼ 73.68 t/h � 47.97 t/h) of WW2 (800 ppm) is
required for regeneration. This corresponds to the inlet con-
centration of regeneration as 344.26 ppm (Cin). Hence, Eq. 10
determines the minimum regeneration mass load (DmR) as
24.997 kg/h. On the other hand, the residual 20 t/h of WW2
(800 ppm) is sent for waste treatment before final discharge.

It is worth mentioning that the water flow rate targets are
identical with those reported in the literatures.21,27

To synthesize a total water network, a waste treatment
system with CT,out of 10 ppm is taken into consideration.
The maximum allowable discharge concentration (Cmax

D ) in
this example is given as 20 ppm. Solving Eq. 15 determines
that the maximum discharge mass load (mD) as 0.4 kg/h.
Since pure fresh water is used, DmFW is set to zero. Based
on Eqs. 10 and 14, DmR and Dmp values are calculated as
24.997 kg/h and 41 kg/h, respectively. Consequently, the min-
imum treatment mass load (DmT) is determined as 15.603 kg/
h from Eq. 12. As mentioned previously, the discharge flow
rate (FD) is originated from WW2, with flow rate of 20 t/h
(800 ppm). Hence, this single waste stream is sent for final
treatment, with the inlet treatment concentration identified as
800 ppm (CT,in). Next, by solving Eq. 11, the minimum treat-
ment flow rate is determined as 19.75 t/h. Figure 20 shows
the total water network design for Example 2.

For comparison purpose, the water flow rate targets for
direct reuse/recycle and regeneration schemes of this exam-
ple42 are also summarized in Table 4. Note that the targeted
freshwater and regeneration flow rates for all schemes are

Figure 20. Total water network for Example 2.

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

Table 4. Summary of the Targeting Results for Different Schemes (Example 2)

Schemes

Freshwater
Flow Rate
FFW (t/h)

Regenerated
Water Flow
Rate FR (t/h)

Minimum
Treatment
Flow Rate
FT (t/h)

Waste
Stream

Contaminant Mass Load (kg/h)

Freshwater
mFW

Water-Using
Processes Dmp

Regeneration
Unit DmR

Treatment
Unit DmT

Wastewater
Discharge mD

Reuse/recycle 90 – – WW1 (44.29 t/h,
100 ppm)

0 41 – – 41

WW2 (45.71 t/h,
800 ppm)

Reuse/recycle
scheme by
Ng et al.27

90 – 80 WW1 (44.29 t/h,
100 ppm)

0 39.2 – 39.2 –

WW2 (45.71 t/h,
800 ppm)

Regeneration
Reuse/recycle

20 73.68 – WW (20 t/h,
800 ppm)

0 41 24.997 – 16

Total water network 20 73.68 19.75 WW (20 t/h,
20 ppm)

0 41 24.997 15.603 0.4

Total water network
by Ng et al.27

20 73.68 17.79 WW1 (3.69 t/h,
100 ppm)

– 40.59 27.57 13.02 0.4

WW2 (16.32 t/h,
800 ppm)
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identical to the previous reported studies.21,27 However, the
minimum treatment flow rate and the mass load removal in
regeneration and treatment units are slightly different from the
previous study.27 As shown in Table 4, the results reported by

Ng et al.27 and PGA are shown in the last two rows. It is
noted that the targeted flow rates for freshwater and regener-
ated water are the same. Besides, the mass load balance for
all the water-using processes are almost the same and the

Figure 21. (a) Targeting for water system involving multiple water resources; (b) Water reuse/recycling network
design for Example 3.

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

Table 5. Limiting Data for Example 37

Process Dmi (kg/h) Flim
i;in (t/h) Flim

i;out (t/h) Cmax
i;in (ppm) Cmax

i;out (ppm) Process Sequence i

1 1.5 50 50 20 50 1
2 5.0 100 100 50 100 2
3 4.0 80 70 100 150 3
4 3.5 70 60 200 250 4
Total 300 280 – –

CFW(1) ¼ 0 ppm, CFW(2) ¼ 20 ppm, CFW(3) ¼ 50 ppm, CT,out ¼ 25 ppm, Cmax
D ¼ 30 ppm.

Figure 22. (a) Optimal water supply lines for water-using processes; (b) Composite water supply line for Example 3.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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tolerance is acceptable. It is interesting to note that the regen-
eration mass load targeted by PGA (24.997 kg/h) is smaller
than the literature result (27.57 kg/h).27 Meanwhile, the treat-
ment mass load of PGA (15.603 kg/h) is higher than the liter-
ature (13.02 kg/h)27 which leads to higher treatment flow rate.
Although there are some variations in the individual regenera-
tion and treatment load between both studies, the total mass
load removal in the regeneration and treatment units in both
solutions remain the same. This means that the problem is
degenerate where multiple solutions are possible. Selection of
optimum scheme is dependent on detailed cost analysis, which
is beyond the scope of this work.

Example 3—Multiple external water resources

Table 5 shows the limiting data taken from Polley and
Polley.7 This example is used to illustrate the capability of
proposed PGA in synthesizing a water network with water
loss and multiple external water sources. The latter are hav-
ing concentrations of 0 ppm (FW1), 20 ppm (FW2), and 50
ppm (FW3),14 respectively. The main assumption for this
example is that, the unit costs for sources of higher quality
are much higher than those of lower quality (e.g., unit cost
for FW1 is several magnitude more than that of FW2, etc.).
For water sources of similar unit costs, the prioritized cost
concept16 should be embedded in the analysis. In this exam-
ple, no regeneration system is taken into consideration.
Meanwhile, the maximum allowable discharge concentration
and waste treatment outlet concentration are given as 30
ppm (Cmax

D ) and 25 ppm (CT,out), respectively.
Following the proposed PGA approach, water allocation

for all water-using processes is shown in Figure 21. As
shown, P1 and P2 are fed by FW2 and FW3 respectively, as
their concentrations match the limiting inlet concentrations
of P1 and P2. Effluent from these processes becomes the in-
ternal water sources of 50 and 100 ppm respectively. The
latter is then reused in P3 (80 t/h), which then generates
another internal water source of 150 ppm (70 t/h). A portion
of this internal water source (35 t/h) is then reused in P4.
The result indicates that the use of FW1 is not required as
50 t/h of FW2 and FW3 respectively are sufficient to fulfill
the requirement of the water-using processes. The targeted
results are the same with those reported in the literature.14

The limiting composite curve and composite water supply
line of Example 3 are shown in Figure 22.

In addition, three waste streams, WW1 (20 t/h, 100 ppm),
WW2 (35 t/h, 150 ppm), and WW3 (25 t/h, 250 ppm) are
identified based on the proposed PGA. Without considering
the regeneration system, 20 t/h of WW1, 35 t/h of WW2 and
25 t/h of WW3 are sent for treatment for final discharge.
Note that contaminant concentrations of WW1, WW2, and
WW3 are higher than discharge limitation; therefore, all the
waste streams require treatment before being discharged to
the environment. Note that the total flow rate of wastewater
for discharge (FD) is determined via Eq. 16 as 80 t/h. With
the discharge limit of 30 ppm, the wastewater streams have
a total impurity load (mD) of 2.4 kg/h (calculated using Eq.
15). As regeneration process is not considered in this exam-
ple, DmR value is taken as zero. Next, mFW and Dmp values
are calculated via Eqs. 13 and 14 as 3.5 kg/h and 10 kg/h,

Figure 23. Optimal water network for Example 3.

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

Figure 24. The heuristic design procedure for total
water network.
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respectively. Consequently, the minimum treatment mass
load (DmT) is determined as 11.1 kg/h using Eq. 12. Mean-
while, following the wastewater targeting approach proposed
of Ng et al.,28 the minimum wastewater treatment flow rate
is determined as 74.66 t/h, which means 5.34 t/h wastewater
is bypassing the treatment unit. Figure 23 shows the water
network design for Example 3, as the results of PGA.

Summary

All the proposed procedures presented earlier are generalized
in a flow chart in Figure 24. Based on the given limiting data,
the sequence of processes is first determined. Next, the limiting
water profiles are plotted for processes. For each process, the
appropriate water sources are determined. In case a FF process
is involved, the FF constraint is satisfied. Next the flow rate tar-
gets for freshwater and regenerated water are located. Besides,
the wastewater streams are also identified. By selecting the
appropriate wastewater streams for regeneration, the regenera-
tion mass load can be minimized. The unutilized wastewater
(for regeneration) is then sent for wastewater treatment for final
discharge. The minimum treatment and bypass flow rates can
then be determined. Following the proposed approach, a total
water network can be synthesized.

Conclusions

A newly proposed procedure called the PGA for simulta-
neous targeting and design of water network is proposed in
this work. In this study, the revised limiting water profiles
for water-using processes involving water loss/gain are pro-
posed to locate the minimum water flow rates. The proposed
PGA is applicable for both fixed load (with water loss/gain
and FF constraints) and FF problems, and it can be used to
synthesize water network that involves direct reuse/recycle,
regeneration, and waste treatment (total water network), with
single and multiple freshwater sources.
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Notation

Cmax
i;in ¼ limiting inlet concentration of process i

Cmax
i;out ¼ limiting outlet concentration of process i

Cmix
i;in

¼ mixed inlet concentration of process i

CFW(k) ¼ concentration of the kth freshwater resource
CR,in ¼ inlet concentration of regeneration process
CR,out ¼ outlet concentration of regeneration process
CT,in ¼ inlet concentration of treatment process
CT,out ¼ outlet concentration of treatment process

CD ¼ contaminant mean concentration of discharge waste streams
Cmax
D ¼ the maximum allowable discharge concentration

Flim
i;in

¼ limiting inlet water flow rate of process i

Flim
i;out

¼ limiting outlet water flow rate of process i

Fi,in ¼ optimal water supply flow rate of process i
Fi,out ¼ the outlet water flow rate of process i
Floss
i

¼ water loss flow rate for process i

Fgain
i

¼ water gain flow rate from process i

DFp ¼ overall flow rate difference for all the water-using processes

FFW,i ¼ flow rate of freshwater allocated to process i
FFW(k) ¼ optimal flow rate for the kth water resource

FR ¼ optimal regeneration flow rate
FD ¼ flow rate of discharge waste streams
FT ¼ minimum treatment flow rate

FD
WWðwÞ ¼ flow rate for the wth wastewater stream for treatment/

discharge
FW ¼ freshwater resource

i ¼ index of the water-using processes
k ¼ index of the external water sources

mFW ¼ total mass load for all water resources
mD ¼ mass load for discharge waste streams
Dmi ¼ given or pseudo-mass load difference for water-using process

i
Dmnet

i ¼ the net mass load difference for water-using process i

Dmgain
i

¼ the mass load difference for water-using process i with or
without considering water gain

Dmloss
i

¼ the mass load difference for water-using process i with or
without considering water loss

DmR ¼ mass load for regeneration process
DmT ¼ mass load for treatment process
Dmp ¼ overall mass load difference across all the water-using

operations
NP ¼ total number for the water-using processes
NS ¼ total number for external water sources or resources
NR ¼ total number for in-plant regeneration processes
NT ¼ total number for end-of-pipe treatment processes

PGA ¼ process-based graphical approach
REG ¼ regeneration process
RR ¼ removal ratio
r ¼ index of the regeneration processes
t ¼ index of the treatment processes

WPD ¼ water profile diagram
WW ¼ wastewater stream
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