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Both freshwater consumption and wastewater discharge can be reduced significantly
when wastewater regeneration recycling is introduced in the design of the water-using
networks (WUNs). However, it is often difficult to design the WUNs involving regener-
ation recycling. This article presents an iterative method to design the WUNs involving
regeneration recycling. The final designs can be obtained without iteration for the net-
works with known regenerated concentrations, and in a few iterations for the networks
with known removal ratios of the contaminants. The method proposed can reduce the
following parameters simultaneously, the consumptions of freshwater and the regener-
ated water, and the concentrations of the stream before regeneration, and all of them
reflect the cost of the network involving regeneration recycling. The results of a few
literature examples show that the designs obtained in this work are comparable to that
obtained in the literature. The proposed method is simple and effective. VVC 2011
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Introduction

Water is one of the most important resources and widely
used in industries. Being one of the most efficient technolo-
gies for saving freshwater and reducing wastewater dis-
charge, water-using system integration has become one of
the research focuses recently. In water-using network design,
there are three operations to minimize wastewater: waste-
water reuse, regeneration reuse, and regeneration recycle.
The water-using networks (WUNs) involving regeneration
recycling can reduce both freshwater consumption and
wastewater discharge significantly. Zero wastewater dis-

charge might be achieved if the regeneration concentrations
are low enough. Therefore, it is very important to research
the design of the networks involving regeneration recycling.

In the networks involving wastewater regeneration, the
contaminants in wastewater streams are partially or totally
removed with any purification technique(s). There are two
types of WUNs involving regeneration: wastewater regenera-
tion reuse and regeneration recycling. If the regenerated
water is reused in the process in which it is produced, it is
called regeneration recycling; if the regenerated water is
reused in the other water-using processes, it is called regener-
ation reuse. In the literature, the regeneration units are mod-
eled as the fixed outlet concentration type and removal ratio
(RR) type (Wang and Smith,1 and Kuo and Smith2). In the
models of the RR type, the regenerated concentration is cal-
culated from the RR value(s) of a treatment unit as follows:
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RR ¼ finCin � foutCout

finCin
(1)

Many methods have been proposed for the design of the
WUNs involving regeneration reuse/recycling, such as water
pinch analysis methods, mathematical programming meth-

ods, and heuristic methods. Wang and Smith1 presented a
graphic method for the design of WUNs with reuse and
regeneration reuse based on the water pinch analysis. They

considered that the regenerated concentration was the same
as the pinch concentration. Kuo and Smith2 proposed an
improved method based on the work of Wang and Smith.1

We discuss the method of Kuo and Smith2 later in detail.
Mann and Liu3 addressed that the regeneration concentration
might be above the freshwater pinch. Hallale4 investigated

the problem of the placement of the regeneration unit by
using pinch-based techniques. Feng et al.5 proposed a new
method to construct the optimal water supply line for regen-

eration recycling by analyzing the limiting composite curve
of a single contaminant water system, from which the targets
for the minimum freshwater consumption, the optimal regen-

eration concentration, and the minimum regeneration flow-
rate were considered. Castro et al.6 considered the regenera-
tion reuse for the WUNs with multiple pinch points. Gomes

et al.7 presented optimal solutions for reuse, multiple water
sources, regeneration reuse and regeneration recycling for
the WUNs of single contaminant. Deng et al.8 investigated

the optimal regeneration concentration and regenerated water
flowrate for single contaminant water system. Ng et al.9,10

also investigated the target of the WUNs of single contami-

nant with regeneration. Bandyopadhyay and Cormos11 pro-
posed an approach named source composite curve to target
the regeneration flowrate. In the researches discussed above,
most of them can only be used to deal with the problems of

the fixed outlet regenerated concentration. The method of
Kuo and Smith2 and the work of Bandyopadhyay and Cor-
mos11 can be used for the problems of both the fixed outlet

regenerated concentration and those of the RR. In the meth-
ods mentioned above, most of them can only be used for
single contaminant networks. The work of Kuo and Smith2

can deal with the networks of multiple contaminants involv-
ing regeneration.

Mathematical programming methods are very important in
synthesizing the WUNs with multiple contaminants. Takama
et al.12 investigated the water allocation problems involving
regeneration by using superstructure coupled with mathemat-
ical programming method. Alva-Argaez et al.13 used super-
structure-based approaches to design the WUNs involving
wastewater reuse, regeneration reuse and regeneration recy-
cling. Huang et al.14 established an NLP method for the
design of the water allocation networks. Gunaratnam et al.15

used nonlinear mathematical programming methods to obtain
the targets for the WUNs. Relvas et al.16 developed a soft-
ware named AquoMin to design and target the WUNs
involving regeneration recycling/reuse. Koppol et al.17 pre-
sented a mathematical programming approach to analyze the
feasibility of zero liquid discharge option in different indus-
tries. Cao et al.18 and Rivas et al.19 independently developed
design methodologies for the WUNs with water mains
including regeneration recycle. The models generalized the

methodology of Feng and Seider20 for designing of WUNs
with multiple contaminants. Feng et al.21 utilized mathemati-
cal programming coupled with superstructure to optimize
regeneration recycling water networks for grass-roots design.

Now, we discuss the work of Kuo and Smith2 in detail. In
their work, the network was decomposed into two sub-
groups: operations entirely below the freshwater pinch
belonged with Group 1, and the processes in Group 1 were
fed by freshwater. Operations across or above the freshwater
pinch belonged to Group 2, and the processes in Group 2
were fed by the regenerated water. The two groups were
designed separately. Operation migrations between the two
groups were carried out based on the two mechanisms and
seven criteria proposed by Kuo and Smith2 to find the final
design for the WUNs with regeneration.

Liu et al.22 proposed a new method to design the WUNs
involving regeneration reuse. They divided the whole net-
work into two parts: the subnetwork before regeneration and
that after regeneration, first. By designing of the subnetwork
before regeneration, the flowrate and concentration(s) of the
regenerated stream were obtained. Then including the regen-
erated stream in the sources of the network with reuse only
to form the network involving regeneration reuse, the design
of the networks involving regeneration reuse was obtained
by using the method proposed for the networks involving
reuse only (Liu et al.23). However, Liu et al.22 did not con-
sider the problem about regeneration recycling. When using
the method of Liu et al.22, the design of the WUNs involv-
ing regeneration reuse depends on the division of the net-
work. Therefore, poor division of the network might make it
difficult to obtain good design for complex networks.

In this article, we propose an iterative method based on
the methodology proposed by Liu et al.22 to design the
WUNs involving regeneration recycling. For the networks
with the model of the fixed outlet regeneration concentration,
the final designs can be obtained without iteration. For the
networks with the model of regeneration RR, the final design
can be obtained in a few iterations. In the design, the regen-
erated stream is formed by the source streams, which have
high reuse-possibility and are not reused by the demands.
The following parameters are considered simultaneously in
the design: the consumptions of freshwater and the regener-
ated water, and the concentrations of the stream before
regeneration, which reflect the cost of the networks involv-
ing regeneration recycling. The calculation procedure pro-
posed in this article is simple and effective. Another impor-
tant feature of the proposed method is that it is suitable for
computer calculation.

The new method

The method proposed in this article is based on the meth-
odology proposed by Liu et al.22 Liu et al.22 pointed out
that: compared with the network involving reuse only, there
is an additional source stream, the regenerated stream, in the
network involving regeneration reuse/recycling, if the design
specifications of the network involving reuse only are the
same as that involving regeneration reuse/recycling. There-
fore, if the flowrate and concentration(s) of the regenerated
stream can be obtained, one can include the regenerated
stream in the source streams of the network involving reuse
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only to form the network involving regeneration reuse/recy-
cling. The design of the network involving regeneration
reuse/recycling can be obtained by using the design method
proposed for the network involving reuse only (for example,
the method of Liu et al.23). However, the flowrate and con-
centration(s) of the regenerated stream are unknown before
detailed design. In order to start the calculation, initial
regenerated concentrations should be determined first based
on the features of the network and the regeneration process.
The flowrate of the regenerated stream for the first iteration
is to be determined. After the first iteration, the flowrate of
the regenerated stream can be taken as the sum of the regen-
erated stream reused in the last iteration. The regenerated
stream will be formed by the sources which meet the follow-
ing conditions: (a) not reused by the demands in the design,
(b) with high reuse-possibility after regeneration, as will be
discussed later. In this article, we use a modified design pro-
cedure of Liu et al.,23 which is based on new concepts, the
concentration potentials of demands and sources, to design
the water networks. When the differences of the regenerated
concentrations for the two adjacent iterations are in the
allowable range e (0.1 ppm in this article), the iteration can

be finished. The design procedure is shown in Figure 1. The
issues discussed above and that listed in Figure 1 will be dis-
cussed in detail in the following sections.

Concepts of the concentration potentials of the source
and demand streams

The determination of the concentration order of the streams
is often important in the design and target of the WUNs. For a
WUN of single contaminant, it is easy to determine the concen-
tration order of the streams, but it is often difficult to determine
the concentration order of the streams in a WUN of multiple
contaminants. For example, for the two streams with contami-
nants A, B and C, S1 ¼ (40, 60, 20) ppm and S2 ¼ (30, 40, 70)
ppm, it is difficult to tell if the concentrations of S1 are lower
than those of S2 or not, because the concentrations of contami-
nants A and B in S1 are higher than those in S2, but the concen-
tration of contaminant C in S1 is lower than that in S2. To deter-
mine the concentration order of the streams in a water-using
system of multiple contaminants, Liu et al.23 introduced the
concepts of the concentration potentials of the demand (inlet)
streams (CPDs) and that of the source (outlet) streams (CPSs).

The CPD value of a demand is a measurement of the
overall possibility for the demand to reuse the source
streams, as shown in Eq. (2):

CPDðDjÞ ¼
XNS
i¼1

min
k¼1;2;…;NC

Clim
Dj;k

CSi;k

 !
(2)

where Clim
Dj;k is the limiting concentration of contaminant k in

demand Dj, CSi,k
is the concentration of contaminant k in source

Si, NC is the number of the contaminants, and NS is the
number of the source streams.

The CPS value of a source stream is a measurement of
the overall possibility for the source to be reused by the
demand streams, as shown in Eq. (3):

CPSðSiÞ ¼ 1PND
j¼1

min
k¼1;2…;NC

Clim
Dj;k

CSi;k

� � (3)

where ND is the number of demand streams.
It should be pointed out that, in the work of Liu et al.,23

i=j was taken as a limiting condition for the CPD and CPS
because recycling was not considered. In this article, the
condition i=j is not needed any more because regeneration
recycling is considered.

The lower the CPD(Dj) value of a demand Dj, the lower
the conventional concentration of the demand stream, as has
been proved by Liu et al.23 In the design procedure,23 the
demand streams with the lowest CPD will be satisfied first.
The source with the largest limiting quasi-allocation ratio
should be reused first. The limiting quasi-allocation ratio of
Si for unit amount (say, 1 ton) of Dj is shown in Eq. (4):

Ri;j ¼ min
k¼1;2…;NC

Clim
Dj;k

CSi;k

" #
(4)

The contaminant(s) determining the value of Ri,j is called
as the reuse key contaminant(s) (RKCs).

Figure 1. The design procedure proposed.
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Estimation of the regenerated concentrations

Estimation of the initial regenerated concentrations plays
an important role in the design, because good initial regener-
ated concentrations will reduce iteration times. To obtain
good initial values of the regenerated stream, let us analyze
the sources in a WUN involving regeneration recycling first.
In a WUN involving regeneration recycling, the source(s)
with very high reuse-possibility will be reused by the
demands in the network; the source(s) with very low reuse-
possibility will be discharged; and the source(s) with me-
dium reuse-possibility will form the regeneration stream.
Therefore, when estimating initial values of the regenerated
concentrations, we should not include the regenerated sour-
ce(s) with very low reuse-possibility and/or that with very
high reuse-possibility. Liu et al.23 has shown that the CPS
value of a source stream is a good indicator for its reuse-
possibility: the larger the CPS value of a source, the lower
the overall possibility for the source to be reused by the
demands. In this article, we determine the reuse-possibility
of a regenerated stream with its CPS value. The regenerated
source stream(s) with very small or very large CPS value
will not be included in the regenerated stream.

In this article, the Dixon-type tests will be used to identify
the ‘‘outlier’’ of the initial regenerated source(s) which has
very low or very high CPS values compared to the other
ones. The reason that the Dixon-type tests are used is that it
does not need to assume normality of the data. The confi-
dence level is taken as 99%. The reader is referred to Ref.
24 for more information about the Dixon-type tests.

The initial regenerated concentration Clim
reg;Si of source

stream Si can be estimated from its limiting concentrations
as follows:

Clim
reg;Si

¼ Clim
Si

� ð1� RR1; 1� RR2; � � � ; 1� RRNCÞT (5)

where RRj is the RR for the regeneration process to remove
contaminant j as defined in Eq. (1), Clim

Si is the concentration
vector of Si, and Clim

reg;Si is the limiting regenerated concentra-
tion vector of Si.

The CPS value of Clim
reg;Si can be obtained from Eq. (3).

The Dixon-type tests will be used to identify the ‘‘outlier’’
of the limiting regenerated streams according to their CPS
values. The non-outlier sources will form the regenerated
stream. The concentrations of the initial regenerated stream
can be obtained as follows:

C0
reg ¼

X
i

Flim
Si
Clim
reg;Si

� ��X
i

Flim
Si

ði 2 NOSÞ (6)

where C0
reg is the initial concentration vector of the regenerated

stream, Flim
Si is the limiting flowrate of Si, and NOS is the set of

the non-outlier sources.
It should be noted that in the first iteration, the flowrate of

the regenerated stream is unknown. After the first iteration,
the flowrate of the regenerated stream will be taken as the
sum of the regenerated streams which are reused in the last
iteration. The regenerated stream will be formed by the unre-
used sources in ascending order of their CPS values after
regeneration. We will show the calculation of the regener-
ated stream in Example 1.

The design of the networks

When the initial regenerated stream, which has known

concentrations and sufficient amount, is added in the original

network, the initial network involving regeneration recycling

is formed. The initial network involving regeneration recy-

cling can then be designed by using a modified method of

Liu et al.22,23 as discussed in the following:
(1) Include the regenerated stream in the sources of the

original network to form the network involving regeneration

recycling;
(2) The processes are divided into a few groups according

to their CPD values. The classification of the groups will

start from the lowest CPD values. In group Gi, if CPDGi,U/

CPDGi,L � EV, processes U will be considered in group Gi,

where CPDGi,L is the lowest CPD value in group Gi, and the

value of EV is taken as 1.2 in this article (It should be

pointed out that EV can take other values as well. If the

value of EV is 1, the processes will not be divided into

groups; if the value of EV is taken as 1,all the processes

will be in one group and this will increase the calculation

effort significantly). The smaller of the CPD values of the

group, the earlier the processes in the group will be per-

formed. Freshwater is often used for the group with the

smallest CPD values;
(3) Generally speaking, for the processes in the same

group, the process with the smaller CPD value will be per-

formed first. However, if one source stream is used up, and

the unperformed process in the group is in favor of reusing

the source, the performing order can be challenged. If there

are a few processes with the same inlet CPD value, the pro-

cess with the lowest CPS value will be performed first,

because the outlet stream with the lowest CPS value has the

highest reuse-possibility for the downstream processes;
(4) If a source stream is used up, it will not be considered

in the following steps;
(5) Return to steps (2–4), until all the processes are per-

formed.
The procedure of allocating the source streams to the

demand streams is as follows:
(a) The usage-priority order of the water streams is: the

internal sources, the regenerated source, and freshwater,
because the cost order is often as follows: freshwater [ the
regenerated stream[ the internal streams;
(b) If the RKC and FKC (FKC is the freshwater key con-

taminant which determines the minimum freshwater amount
when freshwater is used only23) are the same contaminant,
and if the limiting outlet concentration of the key contami-
nant of the process is lower than that of the source, the
source will not be reused. Instead, freshwater is used solely.
Otherwise, allocate the sources to the demand, and go to
step (c);

(c) The internal source with the largest limiting quasi-
allocation ratio (see Eq. 4) will be reused first. If the limiting
quasi-allocation ratios of a few internal sources are the
same, the source with the highest CPS value will be used
first to reduce the consumption of freshwater or the regener-
ated water for the downstream processes;
(d) When satisfying a demand stream, if the limiting

quasi-allocation ratio of a source (say, S1) is smaller than
unity, and the quasi-allocation ratio of the RKC of another
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source (say, S2) is larger than unity, the two sources are
complementary. If the two complementary sources are
reused simultaneously to satisfy the demand, the total reus-
ing amount will often be increased, and the consumption of
freshwater or the regenerated water will be reduced. The
amounts of the sources can be obtained based on mass bal-
ance of the key contaminant and the flowrate of the process;

(e) If a demand is not totally satisfied, select the next
source by using the similar procedure as mentioned in steps
(a) to (c), until the demand is totally satisfied.

It should be pointed out that in the design procedure, the
CPD values should be calculated based on the current avail-
able sources, which include the outlet streams of the per-
formed processes and the regenerated stream. The allocation
of the sources to the demands is shown in Figure 2.

Case Studies

Example 1

This example is taken from Kuo and Smith,2 with the data
shown in Table 1. The RR values for the regeneration pro-
cess to remove contaminants A, B, C are (0, 99.9%, 0),
respectively.

In the first iteration, the initial regenerated concentrations
should be estimated first. The limiting regenerated concentra-
tions for source Si, C

lim
reg;Si, can be calculated with Eq. (5).

The CPS values of the limiting regenerated streams for the
sources are listed in Table 2, which can be calculated with
Eq. (3), where Clim

Dj;ks are the limiting inlet concentrations in
Table 1, and the CSi,k

s are the regenerated concentrations
listed in Table 2 and the limiting outlet concentrations in Ta-
ble 1. By using the Dixon-type test, it is found that the
source with the largest CPS value of 31.15 (for Slimreg;S3) is an
outlier. The calculation of the Dixon-type test is given in the
Appendix. The other sources, S1, S2, S4, S5, will be mixed
and regenerated. The initial regenerated concentrations are
(61.90, 5.09, 89.90) ppm.

The procedure for the first iteration is as follows: Arrange
the processes in ascending order of the CPD values, which
are calculated from the limiting concentrations of all the
source streams (including the original sources S1, S2, S3, S4,
S5 and the initial regenerated stream). The processes with
the lowest limiting inlet concentration potentials, P1 and P4,
will use freshwater solely, and the freshwater consumption
amounts are 50 t/h and 8 t/h, respectively.

Figure 2. Allocating procedure from the sources to the
demands.

Table 1. The Limiting Data for Example 1 From Kuo and
Smith2

Process Contaminant Clim
in (ppm) Clim

out (ppm) Flim (t/h)

1 A 0 15
B 0 400 50
C 0 35

2 A 20 120
B 300 12,500 34
C 45 180

3 A 120 220
B 20 45 56
C 200 9500

4 A 0 20
B 0 60 8
C 0 20

5 A 50 150
B 400 8000 8
C 60 120

Table 2. The Initial Concentrations of the Regenerated
Streams and Their CPS Values in Example 1

Streams

Clim
reg;Si (ppm)

CPS To be Regenerated?A B C

Slimreg;S1 15 0.4 35 0.11 Yes

Slimreg;S4 20 0.06 20 0.11 Yes

Slimreg;S2 120 12.5 180 0.67 Yes

Slimreg;S5 150 8 120 0.79 Yes

Slimreg;S3 220 0.05 9500 31.15 No

Table 3. The Quasi-Allocation Ratios for the Streams of S1,
S4, and the Initial Regenerated Stream to Satisfy D2

Contaminant S1 S4 S0reg

A 1.33 1.00 0.32
B 0.75 5.00 58.88
C 1.29 2.25 0.50

The shadowed elements corresponding to the limiting quasi-allocation ratios.
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To determine the performing order of the unperformed
processes, the CPD values of D2, D3 and D5 are calculated
based on the current available sources, S1, S4 and S0reg. The
quasi-allocation ratios for S1, S4 and S0reg to D2 are shown in
Table 3, which are calculated with Eq. (4). The shadowed
elements correspond to the limiting quasi-allocation ratios
for the sources to satisfy D2. The sum of the limiting quasi-
allocation ratios, 0.75 þ 1 þ 0.32 � 2.1, is the CPD(D2)
value according to Eq. (2). Likewise, the CPD values for the
other demands can be obtained. The CPD values of D2, D3

and D5 are 2.1, 2.3 and 4.2, respectively. Processes 2 and 3
can be classified in the same group, because CPD(D3)/
CPD(D2) ¼ 1.1 \ 1.2. From the CPD values, P2 should be
performed before P3. From Table 3, it can be seen that S4
should be reused first for D2, because the limiting quasi-allo-
cation amount of S4 to D2 is the largest. Then, S1 is consid-
ered. From the data in Table 3, contaminant B is the RKC
when S1 is reused for D2, and the limiting quasi-allocation
ratio is 0.75. On the other hand, for contaminant B, the
quasi-allocation ratio for S0reg to D2 is 58.8. Therefore, S1
and S0reg are complementary and can be used simultaneously
to satisfy D2. The amounts for S1 and S0reg allocating to D2

can be obtained from mass balance of contaminant B, and
they are 24.28 and 1.72 t/h, respectively.

The performing order of P3 and P5 is considered based on
their CPD values. The CPD values for P3 and P5 are 1.99
and 1.69, respectively, which are calculated from the current
available sources S1, S2 and S0reg. Therefore, P5 is performed
before P3. For P5, 8 t/h of S1 can be reused. Freshwater is
not required. Because no source is used up, the performing
order will not be challenged, although CPD(D3)/ CPD(D5)
\ 1.2.

Now, P3 is performed. For P3, 2.11 t/h of S1 and 53.89 t/h
of the regenerated stream can be used. The first iteration is
finished.

From the above design, it can be seen the amount of the
regenerated stream reused is 55.61 t/h (53.89 þ 1.72 ¼
55.61). This amount will be taken as the flowrate of the
regenerated stream to calculate the regenerated concentration
for the next iteration. The amounts of the unreused sources,
S1, S2, S3, and S5, are 15.61, 34, 56 and 8 t/h, respectively.
Some of them will form the regenerated stream. If the sour-
ces unreused (S1, S2, S3 and S5) are regenerated, their CPS
values will be 0.39, 2.45, 105.67, and 1.86, respectively. The
regenerated stream will be formed by the sources in ascend-
ing order of their CPS values. Therefore, the regenerated
stream is formed by the following streams: the total amounts
of S1 (15.61 t/h) and S5 (8 t/h), and part of S2 (32 t/h, where
32 ¼ 55.61-15.61-8). The concentrations of the regenerated
stream will be (88.98, 8.46, 120.89) ppm for contaminants
A, B and C, respectively. The regenerated stream obtained
can be used for the next iteration.

The next iteration can be carried out similarly as discussed
above. Table 4 shows the iteration results for iterations 0 to
4. It should be pointed out that in iterations 1 to 4, after P1

and P4 are performed, P2 and P3 can be classified in the
same group because CPD2/CPD3 \ 1.2. According to the
CPD value, P3 should be performed first. However, if P3 is
performed first, S4 will be used up and it is more suitable for
P2, because the limiting quasi-allocation ratio for S4 to D2 is
unity. Therefore, the performing order should be challenged.
When P2 is performed first, freshwater consumption can be
reduced. Therefore, P2 should be performed before P3.

From Table 4, it can be seen that, the results for iteration
3 are very close to that for iteration 4. This means that the
final design can be obtained with five iterations. The fresh-
water consumption is 58 t/h, the regenerated flowrate is
56.08 t/h, and the regenerated concentrations for A, B and C
are (89.16, 8.39, 121.09) ppm, respectively. The final design
is shown in Figure 3. The concentrations and flowrate data
of the streams in Figure 3 are shown in Table 5. From Table
5, it can be seen that at least one contaminant in each
demand stream reaches the limiting inlet concentration(s),
and at least one contaminant in each source stream reaches

Table 4. The Iterative Calculation Results for Example 1

Iteration 0 1 2 3 4

Ffresh, t/h 58 58 58 58 58
Freg, t/h 55.61 56.09 56.08 56.08 56.08

Creg (ppm) A 61.90 88.98 88.35 89.14 89.16
B 5.09 8.46 8.39 8.39 8.39
C 89.90 120.89 120.16 121.07 121.09

Figure 3. Design for Example 1 (where the numbers is
the flowrate in t/h, and the concentrations
reaching the limiting values are printed in
bold).

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

Table 5. The Final Data of the Streams for Example 1

Streams

Cin (ppm) Cout (ppm)

F (t/h)A B C A B C

1 0 0 0 15 400 35 50
2 19.96 300 35.87 119.96 12,500 170.87 34
3 86.94 20 118.51 186.94 45 9418.51 56
4 0 0 0 20 60 20 8
5 15 400 35 115 8000 95 8

The concentrations reaching their limiting values are shadowed in the Table.

Table 6. Comparison of Different Methods for Example 1

This Work Kuo and Smith2 Liu et al.22

Ffresh, t/h 58 59.7 59.7
Freg, t/h 56.08 55.48 55.48
Connection number 13 12 12
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Table 8. The Initial Concentrations of the Limiting
Regenerated Streams and Their CPS Values for Example 2

Streams

Clim
reg;Si (ppm)

CPS To be Regenerated?A B C

Slimreg;S1 50 1100 300 0.20 Yes

Slimreg;S2 20 50 100 0.05 Yes

Slimreg;S3 100 200 350 0.25 Yes

Slimreg;S4 40 200 350 0.19 Yes

Slimreg;S5 35 180 350 0.36 Yes

Slimreg;S6 35 650 100 0.12 Yes

Table 9. The Iterative Calculation Results for Example 2

Iteration

0 1 2 3 4

Ffresh, t/h 34.88 25.55 25.55 25.55 25.55
Freg, t/h 10.64 20.50 20.89 20.86 20.86

Creg (ppm) A 39.13 28.48 31.68 31.46 31.48
B 269.08 9.94 7.27 7.02 7.01
C 211.27 13.08 13.51 13.33 13.33

Figure 4. Design for Example 2 (where the numbers is
the flowrate in t/h, and the concentrations
reaching the limiting values are printed in
bold).

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

Table 7. The Limiting Data for Example 2 from Xu
25

Process Contaminant
Clim
in

(ppm)
Clim
out

(ppm)
Mrem

(kg/h)
Flim

(t/h)

1 A 300 500 0.18 0.9
B 5000 11,000 0.75 0.13
C 1500 3000 0.1 0.07

2 A 10 200 3.61 19
B 0 500 0.25 0.5
C 0 1000 0.8 0.8

3 A 10 1000 6 6.061
B 0 2000 15 7.5
C 0 3500 10 2.86

4 A 100 400 2 6.67
B 50 2000 0.8 0.41
C 1000 3500 1 0.40

5 A 100 350 3 12
B 50 1800 1.9 1.09
C 1000 3500 2.1 0.84

6 A 85 350 3.8 14.34
B 300 6500 1.1 0.18
C 200 1000 2 2.50

Table 10. The Final Data of the Streams for Example 2

Streams

Cin (ppm) Cout (ppm)

F (t/h)A B C A B C

1 200 13.85 44.32 500 1263.85 210.99 0.60
2 0 0 0 200 13.85 44.32 18.05
3 0 0 0 800 2000 1333.33 7.50
4 100 9.78 25.92 400 129.79 175.92 6.67
5 100 9.78 25.92 350 168.12 200.92 12
6 85 9.18 23.16 350 85.89 162.64 14.34

The concentrations reaching their limiting values are shadowed in the Table.

Table 11. The Limiting Data for Example 3

Process Contaminant Clim
in (ppm) Clim

out (ppm) Mass load (g/h)

1 A 0 50 1000
B 0 100 2500
C 0 50 1500

2 A 10 100 5000
B 30 300 20,000
C 40 600 5000

3 A 20 200 5000
B 50 400 15,000
C 50 100 10,000

4 A 50 600 20,000
B 110 450 15,000
C 200 400 10,000

5 A 500 1100 30,000
B 300 3500 15,000
C 600 2500 25,000

Figure 5. Design for Example 3 when the regenerated concentrations are fixed as Feng et al.21 (where the numbers
is the flowrate in t/h, and the concentrations reaching the limiting values are printed in bold).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the limiting outlet concentration(s). The design has the
feature of regeneration recycling.

Kuo and Smith2 and Liu et al.22 investigated this example
and their design has the feature of regeneration reuse. Table 6
lists the results of different methods for this example. From
the results, it can be seen that results obtained proposed in
this work is comparable to that obtained in the literature.
From the design procedure, it can be seen that the method
proposed in this article is simpler than that of Kuo and
Smith,2 and is more suitable for computer calculation com-
pared to the method of Liu et al.22

Example 2

This example is taken from Xu,25 with the data shown in
Table 7. The RR values for contaminants A, B, C are 90%.

The CPS values of the initial limiting regenerated
streams are listed in Table 8. From the Dixon-type test
results, it can be seen that there is no outlier in the CPS
values in Table 8. All the source streams will be used to
estimate the initial concentrations of the regenerated
stream, which are (39.13, 269.08, 211.27) ppm for A, B
and C, respectively.

The iteration calculation procedure is similar as that in
Example 1, and the iterative results are listed in Table 9.
From Table 9, it can be seen that the results for iteration 3
are nearly the same as that for iteration 4. This means that
the final design can be obtained with five iterations. From
Table 9, it can be seen that although the initial values of the
concentrations of B and C are not very good compared to
the converged values, the final result can still be obtained in
a few iterations.

The total freshwater consumption is 25.55 t/h, the regener-
ated stream consumption is 20.86 t/h, and the regenerated
concentrations for A, B and C are (31.48, 7.01, 13.33) ppm,
respectively. The final design is shown in Figure 4. The
flowrate and concentration data for the streams in Figure 4

are shown in Table 10. From Table 10, it can be seen that at
least one contaminant reaches the limiting inlet and outlet
concentrations except the inlet stream of process 1.

In the design of Xu,25 which is obtained by using an
MINLP approach, the total freshwater consumption is 27.10
t/h, the regenerated flowrate is 24.75 t/h, and the regenerated
concentrations are (37.61, 59.69, 42.27) ppm. In addition,
the connection number for the design of this work is the
same as that of Xu.25 From the above results, it can be seen
that the design obtained in this work is better than that of
Xu.25

Example 3

This example is taken from Feng et al.21, with the data
shown in Table 11. The regenerated concentrations for con-
taminants A, B and C are fixed: (10, 30, 40) ppm, respec-
tively.

For this example, the regenerated concentrations are given.
Therefore, the final design can be obtained without iteration.
The key is to determine the flowrate of the regenerated
stream. The design of this example is shown in Figure 5. The
total freshwater consumption is 30 t/h, and the regenerated
stream flowrate is 223.36 t/h.

When all the processes are performed, the amounts of the
unreused sources, S2, S3, S4, and S5, are 74.07, 118.13,
24.43, and 36.73 t/h, respectively. If the unreused streams
are regenerated, the order of the CPS values is: CPS
(Sreg,S3) \ CPS(Sreg,S2) \ CPS(Sreg,S4) \ CPS(Sreg,S5). Then,
the regenerated stream will be formed by the following
streams: the total amount of S3 (118.13 t/h), S2 (74.07 t/h),
S4 (24.43 t/h), and part of S5 (6.73 t/h). From the above
results, it can be obtained that the concentrations before
regeneration are (135.35, 237.05, 150.13) ppm. The flowrate
and concentration data for the design are shown in Table 12.
From Table 12, it can be seen that at least one contaminant
reaches the limiting inlet and outlet concentrations for all the
streams, except the inlet stream of P3.

Feng et al.21 addressed that the optimization of the WUNs
involving regeneration recycling was a multiobjective prob-
lem with several important parameters. They used a sequen-
tial nonlinear optimization method to solve this multiobjec-
tive problem. Freshwater consumption, regenerated water
flowrate and contaminant regeneration load, were in turn
minimized, which correspond to three mathematical models.
They also considered the complexity of water network con-
figuration by minimizing the number of interconnections
among the processes. In the optimal design of Feng et al.21,

Table 12. The Final Concentrations of the Streams in
Example 3 When the Regenerated Concentrations are Fixed

as Feng et al.21

Streams

Cin (ppm) Cout (ppm)

F (t/h)A B C A B C

1 0 0 0 33.33 83.33 50 30
2 10 30 40 77.50 300 107.50 74.07
3 14.08 39.32 41.75 43.20 126.70 100 171.67
4 37.47 110 89.64 490.80 450 316.30 44.12
5 283.13 300 215.95 1100 708.43 896.67 36.73

The concentrations reaching their limiting values are shadowed in the table

Table 13. The Iterative Calculation Results for Example 3
When All the RR Values are 95%

Iteration

0 1 2 3 4

Ffresh, t/h 37.22 30 30 30 30
Freg, t/h 154.39 174.28 175.21 175.18 175.18

Creg (ppm) A 11.14 7.45 8.41 8.41 8.41
B 18.04 14.19 13.88 13.80 13.80
C 12.14 6.77 7.46 7.46 7.47

Table 14. The Final Data of the Streams for Example 3
When All the RR Values are 95%

Streams

Cin (ppm) Cout (ppm)

F (t/h)A B C A B C

1 0 0 0 33.33 83.33 50 30
2 10 18.24 10.18 80.44 300 80.62 70.98
3 19.00 50 21.66 58.17 167.51 100 127.65
4 39.55 110 65.38 492.89 450 292.04 44.12
5 262.06 300 190.07 1100 718.97 888.36 35.80

The concentrations reaching their limiting values are shadowed in the table.
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the consumptions of freshwater and the regenerated stream
are the same as that obtained in this work. The concentra-
tions before regeneration are (135.4, 224.8, 142.6) ppm for
A, B and C, respectively. The connection number for the
design of this work is the same as that of Feng et al.21 From
the above results, it can be seen that the design obtained in
this work is comparable to that of Feng et al.21

For this example, when all the RR values are 95%, the
iteration results and the final stream data are listed in Tables
13 and 14, respectively. The final design is shown in Figure
6. The regenerated concentrations are (8.41, 13.80, 7.47)
ppm, which are lower than the fixed regenerated concentra-
tions of Feng et al.,21 (10, 30, 40) ppm. The amount of the
regenerated stream is 175.18 t/h, which is smaller than that
of Feng et al.,21 223.36 t/h. This means that when the regen-
erated concentrations are reduced, the consumption of the
regenerated stream (even freshwater consumption) can be
reduced.

Discussion and Conclusions

In this article, an iterative design procedure is proposed
for the WUNs involving regeneration recycling based on a
modified design procedure of Liu et al.22,23 In the design,
the regenerated stream is treated as an additional source
stream of the WUN involving reuse only. For the networks
with given regenerated concentrations, the final design can
be obtained without iteration. For the networks with known
RRs for the contaminants, the final design can be obtained
in a few iterations. For the problem with known RRs, in
the first iteration, the initial regenerated concentrations are
determined first based on the features of the network and
the regeneration process. In the design, the freshwater con-
sumption, regenerated water flowrate, and the before-regen-
eration concentrations, which can reflect the total cost of
the network, are considered simultaneously. A few case
studies are investigated. The results show that the results
obtained in this work are comparable to that obtained in
the literatures, and the method proposed is simple and
effective.
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Notation

Clim
Dj;k ¼ limiting concentration of contaminant k in demand Dj

Clim
Si ¼ limiting concentration vector of source Si

Clim
reg;Si ¼ initial regenerated concentration vector of source Si
CSi,k ¼ concentration of contaminant k in source Si
CPD ¼ concentration potential of demand, defined in Eq. (2)
CPS ¼ concentration potential of source, defined in Eq. (3)
FKC ¼ freshwater key contaminant which determines the minimum

freshwater amount when freshwater is used only
NC ¼ number of the contaminants
ND ¼ number of demand streams
NS ¼ number of source streams
Ri,j ¼ limiting quasi-allocation ratio from Si to Dj, as shown in Eq.

(4)
RKC ¼ reuse key contaminant
RR ¼ removal ratio, as defined in Eq. (1)
C0
reg ¼ initial regenerated concentration vector
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Appendix

The Dixon-type test results for Example 1

According to the Dixon-type test, we can use the follow-
ing equations to determine whether the largest or smallest
CPS values are the potential outliers.
The ratio r10 is used when the suspected outlier is the

largest observation:

r10 ¼
xðnÞ � xðn�1Þ
xðnÞ � xð1Þ

(A1)

The ratio r010 is used when the suspected outlier is the
smallest observation:

r010 ¼
xð2Þ � xð1Þ
xðnÞ � xð1Þ

(A2)

To determine the potential outlier, the CPS values
obtained in this example should be arranged in ascending
order, which are listed in Table 2. From the data in Table 2,
for the largest observation, r10 ¼ (31.15–0.79)/(31.15–0.11)
¼ 0.978, which is greater than the tabled value of 0.780.24

Therefore, for this system, the largest observation, 31.15, is
a statistical outlier. For the smallest value of CPS, r010 ¼
(0.11–0.11)/(31.15–0.11) ¼ 0. Therefore, the smallest value,
0.11, is not a statistical outlier.
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