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Abstract:  
With the development of modern industries, more and more water resources are 

consumed; Water is a utility, which be one of the most important utilities in industrial 

scale. Gas scrubbing processes, condensers, separators, cooling towers; Stripping, 

liquid-liquid extraction and many processes are used in fertilizers and refineries plants. 

In this paper, the application of the water networks with internal mains introduced.  A 

design methodology for multiple-contaminant water networks with single internal 

water main is presented. 

Keywords: 
Wastewater, Internal Water Main, Water Resources 

 

1. Introduction 

Water is the most essential source for the life of human beings, animals, and plants, 

also it is a major stream in utility system and probably the most widely used raw 

material in process industries. Being an efficient technology for saving freshwater and 

reducing wastewater, in 1980, Takama and coworkers (1980) [1] addressed an 

approach for optimal water allocation in a petroleum refinery based on a 

superstructure of all possible re-use and regeneration opportunities.  Then in 1989, El-

Halwagi and Manousiouthakis (1989) [2] defined the composite curve to denote mass 

exchange operation, which was adapted from the methodology developed for heat 

exchanger networks by Linnhoff and Hindmarsh.   Remarkable work was done by 

Wang and Smith (1994a) [3] by introducing the important concepts of “water pinch” 

and “limiting water profile”, which is further improved later (Doyle and Smith, 1997 

[4]; Olsen and Polley, 1997 [5]; Kuo and Smith, 1998 [6]; Wang and Smith, 

1994).  The graphical method can give the minimum fresh water requirement of the 

entire process in a direct way, but when multiple contaminants are present, graphical 

methods require assumptions for ease of implementation, some of which may be 

difficult to justify.  Huang and coworkers (1999) [7] presented a mathematical 
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programming solution of the combined problem of water allocation and treatment by 

solving nonlinear problem (NLP).  Recently, Bagajewicz and Savelski (Bagajewicz 

and Savelski, 1999 [8]; Savelski and Bagajewicz, 1999a, 1999b) [9], [10] showed 

how to reduce a nonlinear program to a linear program (LP), by inserting the 

maximum outlet concentration conditions.  The mathematical programming methods 

are effective in optimizing large-scale systems but can be difficult to interpret, giving 

designers fewer insights compared with graphical methods.   Works by others are also 

in the two kinds (Alva-Argaez and coworkers, 1999 [11]; Castro and coworkers, 1999 

[12]; Polley and Polley, 2000 [13]; Li and Yao, 2001 [14].Water networks mentioned 

above are designed using strategies similar to those used in the design of networks of 

heat exchangers, with pipes connecting the unit processes.   When the entire plant 

involves only a few processes, the networks are simple and water savings at or near 

the maximum are achieved. However, for a large petrochemical or chemical complex, 

with many unit processes, the piping network becomes very complicated and hard to 

design and control. Moreover, the change of water flow rate or water quantity in one 

unit process will influence other unit processes.    If using freshwater to adjust the 

change, the water-saving effect will decrease. To solve the problem, Feng and Seider 

(2001) [15] introduced a new structure and its design methodology for water 

networks.  The new structure uses one or more internal water mains (or reservoirs) to 

simplify the network.  These water mains simplify operation and the control of water 

quality, as well as the design strategy.  However, their work involved only single 

contaminant. Wang, D.M., Yang, F.L., Zhang, X.W., 2005. Design methodology for 

water networks with internal water mains [16] H, Ma, X. Fenf_and K. Cau, " A Rule-

based design methodology for water network with internal water mains  2007 [17], 

Zhi- Yong Liu, Yi Yang, Lin-Zhan Wan, Xi Wang and Kai- Hu, " A heuristic design 

procedure for water-using networks with multiple contaminants 2009a [18], He, H.N.; 

Wan, L.Z.; Liu, Z.Y. A simple design method for water network with multi-

contaminant internal water mains. CIESC Journal, 2010[19], Xiao Yanfan, Yan 

Pengli, Zhi Yongliu, Chun Hui Panb. A new design method for water using networks 

of multiple contaminates with the concentration potential concepts. Chemical 

Engineering Science, 2012 [20], Wei Nansu; Giu Hanli, Zhiyong Liu, Chunohui Pan. 

A new Design Method for Water Using Net Work of Multiple Contaminants with 

Single Inter Water Main, Journal of Cleaner Production, 2012 [21]. Huipeng Zhao; 

Xiaoyan Fan; Zhiyong Liu. Design of Regeneration Recycling Water Networks with 

Internal Water Mains by Using Concentration Potential Concepts. Chemical 

Engineering Science, 2013 [22] When dealing with the multiple contaminant 

problems, the design methodology for single contaminant cannot be used anymore. In 

multiple contaminant system, the key contaminant of each unit is different which is 

related to the water source to the unit.    Therefore, the inlet and outlet flow rate 

allocation of each unit is difficult to specify because its freshwater consumption is 

close related to the choice of its sources. Due to the complexity, the design for water 

networks with single contaminants based on internal mains cannot be extended to that 

of multiple contaminant systems.  In this paper, the design methodology for multiple 

contaminant systems is presented.  Emphasis is placed on the location of the first 

internal water main. Generally, water networks having just one internal main 

determined by the presented method can obviously reduce water consumption, 

approaching the minimum value. 

2. In the Present Work 
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The internal water main is a reservoir at a uniform concentration of 

contaminants.  It receives water at contaminant concentrations less than or equal to its 

contaminant concentrations, and supplies water to unit processes at concentrations 

less than or equal to their contaminant concentrations .Usually, as internal water 

mains are added to the network, less freshwater is consumed, and less wastewater is 

discharged . 

3. Basic Concepts  

The internal water mains are connected to many unit processes. Positioning internal 

water mains in water networks can simplify the design, make control and operations 

easy.  The structure involves one or more internal water mains.  Usually, as internal 

water mains are added to the network, less freshwater is consumed, and less 

wastewater is discharged.  The more the mains are added, the more the freshwater is 

saved.  However, additional internal water mains increase the complexity of the 

piping network.   Consequently, the design is influenced by the tradeoff between the 

number of mains and water consumption, and the corresponding wastewater treatment 

capacity. In the design of water networks with internal water mains, the first internal 

water main is positioned first.   

4. Concentration Potential of Source (CPS)  

The CPS value of a source stream is a measurement of the overall possibility of the 

source to be re-used by the demand streams, as shown in Equation (1-7), But this 

equation will give it No. (1-3) in design equations.  

4.1. CASE (1) Design Procedure for Water-Using Network with Single Internal 

Water Main 

The design procedure of the network with single internal water main is shown in 

Figure 1. 

Step (1). Calculate the Minimum Fresh Water Required for All of Processes  

First We Will Calculate minimum required freshwater amounts for each unit 

process, which can be calculated with Equation (1).  

Also, the outlet concentrations when only fresh water used can be calculated with 

Equation (2) 

  
            

  = |
    

    
       |                      (1) 

     =   
    

  
      

                                 (2) 

Where: 

  

       : The water flow rate required by stream j when only fresh water used. 

     : The mass load of contaminate k in stream j. 

    
        : The limiting outlet concentration of cont. k in stream j. 

      : The outlet concentration of cont. k in stream j. 
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Figure 1. Design procedure for network with single internal water main. 

Step (2). Calculate the CPS Values 

Calculate the CPS values of all the processes based on the actual outlet 

concentrations       of the streams when only freshwater is used, because the single 

internal water main will be formed by the outlet streams of the processes which use 

freshwater solely using Equation (3). 

4.2. Concentration Potential of Source (CPS) 
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                                       (3) 

Where: 

       
    : limiting concentration of cont. K in demand Dj 

       : Concentration of cont. K in source Sj 

 NC: no. of contaminant, ND: no of demand stream 

Step (3). Rearrange all the Processes 

Rearrange all the processes in ascending order of the CPS values obtained and re-

order the source streams in the CPS values of the processes as shown in Figure 1, 

Figure 2, Figure 3, and Figure 4. 

 

Figure 2. The arrangement for the sources of the internal main.  

Step (4). Obtaining the Gaining Amount of the Internal Main 

The gaining amount of the internal water main it's the amount of water with 

minimum contaminant concentration which will form the internal main which 

calculated by Equation (4) 

   
    α F total fresh water            (4) 

Where:  

   
 : is the gaining amount of the internal main, 

α: is a factor and assumed to be taken as 65% 

F total: is the total freshwater amount in the conventional network obtained. 

Step (5). Choose the Sources to Form Internal Main 

Appropriately choosing the water sources to form the internal main is an important 

part of the design, because good initial estimation can reduce the calculate effort. The 

procedure to choose the sources for the initial internal water main is as follows:-  
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Calculate the sum of   
       according to the above sequence, until the gaining 

amount of the internal main is reached, as shown in Equation (5). It should be noticed 

that in most situations part of SNp is used.  

   
 =∑   

          
   +β    

                                          (5) 

Where: 

NP: no. of water sources allocated to the internal main 

β: factor % of stream SNP to be allocated to I.M. 

Step (6). Calculate the Initial Concentration for the Internal Water Main 

According to the mass balance of the contaminants, the initial concentrations of the 

internal water main can be estimated as in Equation (6) 

  
  = 

∑            
    
   

   
                                               (6) 

Where: 

      : Mass load of contaminate K in stream NP. 

The initial structure of the internal water main can be obtained, as shown in Figure3. 

Streams S1 to SNP-1 and part of SNP are allocated to the internal water main. 

Streams SNP+1 to SN will use the water of the internal water main and freshwater, 

and discharge wastewater to the waste main. 

 

Figure 3. The initial network design. 

Step (7). Allocating Water from the Internal Water Main and Fresh Water Main to 

the Processes 

The initial structure of the single internal main has been determined. Allocating 

water from freshwater main and internal water main to the processes with higher CPS 

values successively. 

4.3. There are Two Different Situations 

I) when each contaminant concentration of the internal water main is smaller than 

the maximum inlet concentration of corresponding contaminant in the demand, 

freshwater will not be required.  

The allocating amount of the internal main can be calculated by Equation (7) 

           
  [

    

    
          

 ]                              (7) 

Where:  
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     : The allocating amount of water from the internal main to process j 

II) When at least one of the inlet concentrations of the demand is lower than the 

corresponding concentration of the internal water main, freshwater will be required.  

The allocating amounts of the internal main and freshwater can be calculated by 

Equation (8), (9) and (10) respectively. 

           
  

  
       

      

  
                          (8) 

       
                                                  (9) 

  
          

  [
    

    
            

      ]                            (10) 

Where: 

    
      

 : The limiting inlet of contaminate k in stream j 

   
    : The limiting flow rate of stream j 

     : is the fresh water amount required by stream j to meet the conc. limit 

Step (8). Calculate the Supplying Amounts to I.W.M 

The supplying amount of the internal water main to the processes can be calculated 

by Equation (11) 

          ∑     
 
                                           (11) 

Step (9). Calculate the Difference Between the Gaining and Supplying Amounts 

The difference between the gaining amount and the supplying amount of the 

internal water main     
  as in Equation (12) 

        
     

     
                         (12) 

If the absolute value of      
 is in allowable range (which is taken as 0.1 t h

-1
 in this 

thesis), the design is finished; otherwise, the amount of the internal water main should 

be adjusted. 

Step (10). Adjusting the Amount and the Concentrations of the Internal Main 

The stream to be adjusted will be chosen first and the amount adjusted will be 

determined next. It should be noted that the amount of stream SNp, which allocates to 

the internal water main partly, would be adjusted first, to reduce the cost of pipeline. 

The difference between the gaining amount and the supplying amount of the internal 

water main will be re-calculated when a stream is used up (or totally removed). 

4.4. There are Two Cases When Choosing the Adjusting Stream 

A. If the amount of the internal water main is insufficient, stream SNp, which has the 

highest CPS values in the streams to form the internal water main should be added to 

the internal main first. If the amount of the internal water main is still insufficient 

when SNp is used up, the next stream SNp+1, which has the lowest CPS value in streams 

SNp+1 to SN should be added. 

B. If the amount of the internal water main is surplus, stream SNp, which has the 

highest CPS values in the streams to form the internal main, should be reduced from 

the internal main first. If the amount of the internal water main is still surplus when 
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SNp is not used, the next stream, SNp-1 (as shown in Figure 1, Figure 2, Figure 3), 

should be reduced. 

The amount adjusted will be determined by Equation (13) & Equation (14): 

Then again choosing the water sources for the internal main according to step 5 and 

allocating water from the internal main to the processes according to the steps 7. 

The iteration will continue till the difference between the gaining amount and the 

supplying amount of the internal water main is in the allowable range. 

∆Fp =
      
 

                                  (13) 

Where: 

∆Fp: the adjusted amount 

    : The impact factor of adjusted stream 

      
  : The difference between the gaining & supplying amounts of the internal 

water main in iteration i 

                                 
       

 

   
                                              (14) 

Where: 

       
  : The differential of internal water main in iteration i 

     : The differential of adjusted stream. 

The gaining amounts of the internal water main in iteration i recalculated by 

equation (1-15)  

       
 =     

  ∆Fp                                (15) 

Then again choosing the water sources for the internal main according to step 5 and 

allocating water from the internal main to the processes according to the step 7. 

The iteration will continue until the difference between the gaining amount and the 

supplying amount of the internal water main in the allowable range. 

4.5. Examples for Water Networks with Single Internal Mains 

Example (1): 

Table 1. Limiting process data for example 1 including 3 processes and 3 contaminants. 

Process Fmax (T/H) Contaminant C in,max(ppm) C out,max (ppm) M (gh-1) 

1 45 

A 0 15 675 

B 0 400 18000 

C 0 35 1575 

2 34 

A 20 120 3400 

B 300 12500 414800 

C 45 180 4590 

3 56 

A 120 220 5600 

B 20 45 1400 

C 200 9500 520800 

Fresh water: 106.7 T/H 

  Design is finished as shown in figure 
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Figure 4. Solution of the problem of Table 1. 

 The final network design with single internal water mains for example 1. 

4.6. Examples for Water Networks with Single Internal Mains 

Example (2): 

Table 2.  Limiting data for example 2 including 4 processes and 3 contaminants. 

Process Fmax (T/H) Contaminant C in,max (ppm) C out,max (ppm) M (gh-1) 

1 34 

A 0 160 5440 

B 0 450 15300 

C 0 30 1020 

2 75 

A 200 300 7500 

B 100 270 12750 

C 500 740 18000 

3 20 

A 600 1240 12800 

B 850 1400 11000 

C 390 1580 23800 

4 80 

A 300 800 40000 

B 460 930 37600 

C 400 900 40000 

Fresh water: 92.33 T/H 

  Design is finished as shown in figure 
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Figure 5. Solution of the problem of Table 2. 

The final network design with single internal water mains for example 2. 

4.7. Examples for Water Networks with Single Internal Mains 

Example (3): 

Table 3. Limiting data for example 3 including 5 processes and 3 contaminants. 

Process Fmax (T/H) Contaminant Cin,max (ppm) C out,max (ppm) M (gh-1) 

1 50 

A 0 15 750 

B 0 400 20000 

C 0 35 1750 

2 34 

A 20 120 3400 

B 300 12500 414800 

C 45 180 4590 

3 56 

A 120 220 5600 

B 20 45 1400 

C 200 9500 520800 

4 8 

A 0 20 160 

B 0 60 480 

C 0 20 160 

5 8 

A 50 150 800 

B 400 8000 60800 

C 60 120 480 

Fresh water: 112.9 T/H 

  Design is finished as shown in figure 
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Figure 6. Solution of the problem of Table 3. 

The final network design with single internal water mains for example 3. 

4.8. Previous Work Example for Water Networks with Single Internal  

Mains Example (4): 

This example is taken from Wang et al. (2003) with the data shown in Table 4, 

including 7 processes and 3 contaminants. 

Table 4. Limiting process data of example 4. From Developing network without I.W.M obtained 

by using concentration Potential method (liu et al.2009 a). Shown in Figure 7. 

Process Fmax (T/H) Contaminant C in,max (ppm) Cout,max (ppm) M (gh-1) 

1 25 

A 0 50 1250 

B 0 100 2500 

C 0 50 1250 

2 70 

A 0 100 7000 

B 0 300 21000 

C 0 600 42000 

3 35 

A 20 150 4550 

B 50 400 12250 

C 50 800 26250 

4 40 

A 50 600 22000 

B 110 450 13600 

C 200 700 20000 

5 8 
A 20 500 3840 

B 100 650 4400 
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C 200 400 1600 

6 50 

A 500 1100 30000 

B 300 3500 160000 

C 600 2500 95000 

 

 

7 

 

30 

A 150 900 22500 

B 700 4500 114000 

C 800 3000 66000 

We get the fresh water consumption = 140.93 t/h. 

  Design is finished as shown in figure 

 

Figure 7. Solution of the Previous Work of Table 4. 

The final network design with single internal water mains for example 4. 

5. Conclusion and Results  

Water networks with internal water mains are shown to provide simpler water 

networks, which are easy to design, operate and control, for plants involving many 

unit processes, such as    those in petrochemical and chemical complexes. Generally, 

water networks with just one internal water main determined by the presented method 

can sharply reduce water consumption, approaching the minimum target. 

Appropriately positioning the internal water main can give a simple network and 

obviously reduce the freshwater consumption.   The location of the internal water 

main is related to the maximum water-saving potential. Freshwater consumption of 

the system depends on the compositions of sources of every unit process.   The 

highest priority of water supply from the internal water main should be given to the 

unit processes that can get better water-saving effect with equivalent water from the 

internal main; especially there is a shortage of water in the internal water 

main.    Therefore, the concept of water-saving factor is proposed. With only one 

internal water main, water consumption and wastewater discharge are often higher 

than the minimum target.    When the results are not satisfactory, it is necessary to add 
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more internal water mains.   In that case, the water flowrate to each unit process from 

each internal water main will carefully allocate to ensure the best water-saving effect. 

Work to extend the methodology for adding more internal water mains is underway. 

The results of an illustrated examples show that the results obtained in this thesis 

are comparable to that obtained in the literature. This shows that the methodology 

concepts of the concentration potentials are powerful tools in design of the water 

networks involving internal water mains. It should be pointed out that proposed 

method is characterized by its simplicity. All the design steps, including the formation 

and adjustment of the internal water mains, are orientated by the values of the 

concentration potentials which are powerful tools in design of the water networks 

involving internal water mains and can be implemented by hand calculations. 

Most Important Advantages of presented Method:- 

Reached to the Minimum Fresh Water Target. (Decrease capital cost) 

Reduce Amount of wastewater (high treatment cost) 

Reduce Network Complexity (simple network in control) 

This method very effective in large process plant more than 6 or 7 

Processes, but not very effective in small process plant. 
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