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It is often difficult to design water networks with multiple contaminants with literature methods. This paper
provides a review about the concepts of Concentration Potential and their applications in design of water using
networks with multiple contaminants. The values of Concentration Potential of Demands (CPDs) can be used
to identify the precedence order of the processes to be performed. The values of Concentration Potential of
Sources (CPSs) can be used to determine the reuse order of the source streams. The concepts of
Concentration Potential have been successfully applied in design of different types of water using networks
with multiple contaminants. It shows that the concepts of Concentration Potential are powerful tools in design
of water using networks with multiple contaminants.

1. Introduction

As an important technique to reduce the consumption of freshwater, water integration has received more and
more attention.

Water-using processes can be divided into two types (Prakash and Shenoy, 2005), Fixed Contaminant Load
(FC) operations and Fixed Flowrate (FF) ones. FC operations are known as mass transfer ones, which are
used to remove a certain amount of contaminants. The contaminant load (M) can be calculated with Eq(1):

M=F x (Clim,out _ Clim,in) (1)

FF operations are known as non-mass transfer ones, which have specified inlet and outlet flowrates and they
may not be equal. The water losses or gains can be brought to FF operations. The outlet concentrations of FF
operations are also specified, which are independent on the inlet concentration (Teles et al., 2009).

Two main techniques have been developed for water integration, pinch analysis methods and mathematical
programming methods. The pinch analysis methods proposed in the literature include Limiting Composite
Curve (Wang and Smith, 1994), Material Recovery Pinch Diagram (El-Halwagi et al., 2003), Water Cascade
Analysis (WCA, (Manan et al., 2006), Surplus Composite Curve (Saw et al., 2011), and Composite Table
Algorithm (CTA, (Parand et al., 2014). Recently, the pinch analysis methods were improved and applied to
solve the complex problems. Parand et al., (2013) combined the Water Cascade Analysis and material
recovery pinch diagram to target the wastewater minimization. The “threshold problems” with zero discharge
was solved. Then Parand et al., (2015) solved the same problem in regeneration-recycle networks by the
improved CTA. Zhu et al., (2015) modified the graphical method to obtain the targets of the water networks
involving regeneration. The pinch of freshwater and regeneration were obtained separately by the different
parts of the Limiting Composite Curve. Kralj (2015) analyzed the wastewater re-use by impact of
contaminants. The pinch was obtained by Mass Composite Curve (MCC), which was analogy with Limiting
Composite Curve.

The pinch analysis method is visible, simple and easy to understand, but only can be applied to the single
contaminant water networks. The mathematical programming methods are more efficient for targeting and
design of the water networks with multiple contaminants. The mathematical programming methods, including
Nonlinear Programming (Khor et al., 2012), Mixed Integer Nonlinear Programming (Jimenez-Gutierrez et al.,
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2014), Mixed Integer Linear Programming (Poplewski, 2015), Mixed Integer Linear Programming (Ong et al.,
2015), and Linear Programming (Zhao et al., 2016), can be used to solve the models developed based on the
superstructure of the networks. Ong et al. (2015) focused on reducing the complexity of the water networks.
The piping length and piping connections were considered based on freshwater minimization. The results
were evaluated by annual cost. Mughees and Al-Ahmad (2015) combined pinch technique and mathematical
programming to target the maximum reuse/recycle and minimum waste discharge. Rubio-Castro et al. (2016)
optimized the water networks in agriculture, which included both operation and allocation. The targets for the
economic, environmental and social benefits were obtained simultaneously.

The target and design for water networks with multiple contaminants can be obtained by mathematical
programming method rapidly. However, it is often complex to build a superstructure and to solve the models
developed. In addition, the model of mathematical programming is often “black box” one, which is lack of
engineering meaning. To overcome these drawbacks, the concepts of Concentration Potential were
presented. The concepts and applications will be shown as follows.

2. Concepts of Concentration Potential

To target and design a water network with single contaminant, the demand (inlet) streams and source (outlet)
streams can be arranged in ascending order of their concentrations (Liu et al., 2004), respectively. The
demand streams can be satisfied by the source streams in the above order. Then, very good design can be
obtained. The above methodology might be used to design the networks of multiple contaminants as well.
However, for a water network with multiple contaminants, it is difficult to identify the concentration order of the
streams. For example, let us consider stream 1 (20, 100, 90) ppm, and stream 2 (50, 80, 200) ppm. It is
difficult to judge the concentration order of the two streams. To solve this problem, Liu et al. (2009) presented
the concepts of Concentration Potential, which were used to identify the relative concentration order of the
water streams with multiple contaminants in FC systems.

The Concentration Potential of Demand streams (CPDs) are defined as:

cPDO) =R =3 mi Co P i
(O)=2.Ry=2, minlc (i# ) ()
i= Sik

i=1

where CE,Tk is the limiting inlet concentration of contaminant k in demand stream D, CSi,k is the concentration

of contaminant k in source stream Si, NS is the number of the source streams, NC is the number of the
contaminants, and R is the maximum quasi-allocation amount of S; for 1 ton of D;.
The Concentration Potential of Source streams (CPSs) are defined as:

CPS(S) = NDl = ! (i#1)

ND Clim
R.. ; Dik 3)
Z " ka.lr,]mclzc :|

=1 Sik

where ND is the number of the demand streams.

The CPD value of D; reflects the overall possibility of demand Dj to reuse the source streams. The bigger the
value of CPD (D)) is, the larger the overall possibility for demand Dj to reuse the source streams. The value of
CPS(Si) reflects the overall possibility for source Sito be reused by the demand streams. The higher the value
of CPS(Si) is, the lower the possibility for source Si to be reused by the demand streams. The restrictive
conditions (i # j ) indicate that recycling is not permitted in the systems. Because recycling cannot reduce
the consumption of freshwater for FC systems, which has been proved by Fan et al. (2012).

With the concepts of Concentration Potential, the design procedure for the water networks with single
contaminant can be applied to that of the multiple contaminants (Liu et al., 2009). The CPD values can be
used to identify the precedence order of the processes: the lower the CPD value is, the earlier the demand is
satisfied. The design for FC systems can be obtained. The designs obtained with the method proposed are
comparable to that obtained with mathematical programming methods (Liu et al., 2009).

3. Appling the concepts of Concentration Potential to FF systems

Recycling is a necessary measure in FF systems to meet flow rate constraint. Fan et al., (2012) omitted the
restriction (i # j ) of Eq(2) and (3), which made the concepts of Concentration Potential be applied to FF
systems.
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In the design procedure, the values of Concentration Potential of Demands (CPDs) are used to identify the
precedence order of the demand streams to be satisfied as well. The values of Concentration Potential of
Sources (CPSs) can be used to determine the reuse order of the source streams. The design procedure is
similar as that of FC systems (Liu et al., 2009).

4. Appling the concepts of Concentration Potential to the water networks with internal water
mains

The internal water main is considered as a reservoir (Feng and Seider, 2001), which receives outlet water
streams from upstream processes and provides water for downstream processes. In a conventional water
network, the processes are connected directly. When a little change in quality or quantity of the upstream
process(es) occurs, the operation of the downstream process(es) will be affected. Therefore, it is difficult to
operate or control a conventional water network. With the adding of internal water mains into a water network,
the connections between the processes are simplified. The operational flexibility of the system can be
increased. However, more freshwater will be consumed by the water networks with internal water mains
compared to that of corresponding conventional network. It is a tradeoff between the number of mains and
freshwater consumption (Feng and Seider, 2001).

Su et al. (2012) applied the concepts of Concentration Potential to design the water networks with single
internal water main. A conventional network without internal water main was obtained first. The initial structure
of the single internal water main was identified based on the conventional network, which was obtained with
the CPD method of Liu et al. (2009). The final design could be obtained based on the initial structure in a few
iterations by adjusting the amount of the internal water main, based on the CPD and CPS values. The impact
factor was presented to reduce the times of adjusting.

Zhao et al. (2014) applied the concepts of Concentration Potential to design the water networks with two
internal water mains. The design procedure was similar as that of the single internal water main of Su et al.
(2012), except the structure was divided into three parts.

5. Developing computer software based on the concepts of Concentration Potential

Wang et al. (2012) developed a computer software to design the water networks with multiple contaminants.
The mathematical model was built based on the mass balance and the constraints of process concentration. A
Linear Programming (LP) method was used to solve this model. To design the water network, the precedence
order was identified by the CPD values of the demand streams. The usage of source streams were
determined with weighting factors of source streams, which were calculated based on the CPS values to
reflect the qualities of the source streams. The computer software developed could reduce the computation
effort significantly. Another advantage of the software is that initial values were not needed.

The comparison of the results obtained with concepts Concentration Potential and those obtained with
literature methods are listed in Table 1. It can be seen that the designs obtained with concepts Concentration
Potential are comparable to or better than that obtained with literature methods.

6. Conclusion

This paper provides a review to illustrate the concepts of Concentration Potential and their applications in
design of water using networks with multiple contaminants. The precedence order of the processes can be
identified by the values of Concentration Potential of Demands (CPDs), and the reusing order of the source
streams can be identified by the values of Concentration Potential of Sources (CPSs). The concepts of
Concentration Potential have been applied in design of the multiple contaminants water networks involving
reuse, recycling and internal water mains. A computer software has been developed based on the concepts of
Concentration Potential as well. It shows that the concepts of Concentration Potential are powerful tools in
design of the water networks with multiple contaminants.
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Table 1: The comparable results of application of concepts Concentration Potential

Results in literature

Results by concepts of

No. of No. of Concentration Potential
contaminants processes Fresh water Connections  Fresh water Connections
consumption consumption
FC network 3 8 177.1t/h 20 174.95 t/h 20
(Wang et al., (Liu et al.,
2003) 2009)
3 7 1,053.4 t/h 20 1,057.24 t/h 17
(Alva-Argéez (Liu et al.,
et al., 2007) 2009)
3 3 105.65 t/h 8 106.7 t/h 8
(Doyle and (Liu et al.,
Smith, 1997) 2009)
FF network 3 4 86.83 t/h 9 86.83 t/h 9
(Teles et al., (Fan et al.,
2008) 2012)
2 7 197.69 t/h 20 200.47 t/h 19
(Teles et al., (Fan et al.,
2008) 2012)
6 7 323.51t/h 21 330.43 t/h 18
(Teles et al., (Fan et al.,
2009) 2012)
Network with 3 7 156.85 t/h 16 156.76 t/h 17
single internal (Feng et al., (Suetal.,
water main 2008) 2012)
3 8 198.4 t/h 22 183.33 t/h 20
(Wang et al., (Suetal.,
2003) 2012)
Network with 3 7 144.6 t/h 20 144.6 t/h 20
two internal (He et al., (Zhao et al.,
water mains 2010) 2014)
3 8 183.33 t/h 20 178.66 t/h 21
(Ma et al., (Zhao et al.,
2007) 2014)
Computer 3 7 143.53 t/h 20 140.93 t/h 17
software (Zheng et al., (Wang et al.,
2006) 2012)
3 4 81.22t/h 81.22 t/h 12
(Doyle and (Wang et al.,
Smith, 1997) 2012)
3 3 106.7 t/h 9 105.6 t/h 9
(Wang et al., (Wang et al.,
2003) 2012)
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Notation

C concentration of contaminant (g/t)
CPD concentration potential of demand
CPS concentration potential of source
D demand stream

F flowrate (t/h)

FC fixed contaminant load operation
FF fixed flowrate operation

M mass load (kg/h)

NC number of contaminants

ND number of demands

NS number of sources

Rij maximum quasi-allocation amount of S; for 1 ton of D;
S source stream

Superscript

in inlet
lim limiting
out outlet

Subscript

ij process unit
k contaminant
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