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Abstract: This research studies the mathematical modeling of water in water consuming processes,
based on the mass transfer relations of pollutant and water. Wastewater and water consumption
minimization were done in two practical methods of reuse and recycle. A comparison between batch
processes and continuous processes shows that in batch processes the volume of the produced
wastewater was less but the wastewater of this processes have a greater amount of pollution. Most
of the industrial processes are continuous and therefore less attention are paid to batch processes. Up
to the present time, the presented models for wastewater and water consumption minimization are
divided in to two mathematical and schematic groups. Thyis research studies the mathematical
formulization of batches systems in two condition of existence and nonexistence of reusable water
storage. Finally, presenting two water consuming networks, it’s minimization is studied and the
amount of it’s wastewater and water reduction is calculated.
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INTRODUCTION

Batch processes are practical processes. Among their most important uses is their usage in medicine
production processes. Compared to continuous systems, the volume of used water of batch systems is less and
thus has less amount of wastewater. However, the important point is that the wastewater of these processes
is highly polluting.

These pollutants are formed and produced during processes such as machines and equipments washout and
also processes such as liquid-liquid extraction.

Wastewater and water minimization is a method for reducing fresh water usage and reducing the amount
of wastewater in processes, and it is a method for designing and improving a process’s operation. (El-Halwagi,
2006)

The previous researches were mainly in the field of continuous processes. In these systems, the modeling
is also with the presupposition of a steady state. In other words, in these systems the mass changes or the
pollutant density changes are considered zero.

Up to the present time, the models offered in the field of wastewater and water consumption minimizations
are done in two parts. The first part, which is modeling, based on mathematical methods and the other part,
which includes models, based on schematic techniques.

The comparison of these two models shows that schematic techniques do not have the operational extents
of mathematical techniques. In a way that mathematical techniques have the ability to solve multiple
contaminant problems while schematic technique just solve single contaminant problems. Majozi et al., (2008)

Wastewater and Water Minimization History:
Up to now, so many researchers have been done in field of wastewater and water consumption

minimization. Wang and Smith offer a schematic method for water minimization in a batch process with water
reuse/recycle opportunity.Wang and Smith, (1995) They also studied the pollutant transfer from process flows
to water.Wang and Smith, (1995) This method was outspreaded by Kuo in Kuo’s method, water limited profile
concept is used for analyzing the consumption processes of used water. Kuo and Smith, (1997)

In (1988), Majozi offered a similar method. Like other schematic methods, in this method also
minimization was analyzed in a single contaminant form. (Majozi, 1998)

Grau and Graelles offered a mathematical method for wastewater minimization. This method are based
on pollutant transfer from process to water. This method had some limitations, including the fact that it was
a heuristic method in which minimization is not imminent and absolute. Grau et al., (1996)
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Almato et al, also offered a mathematical method based on water reuse/recycle opportunity which was not
optimizable in all of its scales. Almato' et al., (1997)

Yao and Yuan also offered a mathematical method in the form of discrete time. This research studies a
mathematical technique for wastewater and water minimization in multiple purpose batch processes. This
formulation is in the form of continuous time and can be optimized in all scales. Yao and Yuan, (2000)

Reuse method:
This method is one of the most applied methods of wastewater and water minimization in processes.
Gomes et al., (1980)
In this method the outtake wastewater of operation 2 is considered as the intake of operation 3.The term

of this method is that the amount of pollutant that exist in wastewater of operation 2 must not damage
operation3. In this method the amount of used fresh water of operation 3 and also the amount of total
produced wastewater are considerably reduced. Wang and Smith, (1994)

Fig. 1: Reuse method in operations

Recycle method:
In this method, which is shown in figure (2) the operation’s wastewater is purified, and after deletion of

the existed pollutant. It is returned to the same operation. In this method, the amount of used fresh water and
it’s wastewater are as well reduced. Wang and Smith, (1994)

Fig. 2: Recycle method in operations

Probleme statement:
Formulation is done in two parts. Water used and wastewaterproduced operations without the reuse storage

is shown in figure (3). Here, each operation,recive its required water fron fresh water.

Fig. 3: Water consuming and wastewaterproducing operations without reuse storage Majozi, (2005)

The amount of flow and density of this system is shown in figure (4). Fresh water flow is mixed with
the flow resulting from reuse/recycle and entered operation j. The out take flow of this operation is also
divided into two parts of reused flow and wastewater flow.

Here the reuse method is in a way that the outtake wastewater of operation j is used as the intake of
operation j and the outtake wastewater of j is recycled to the same operation.

Figures (5) and (6) refer to a condition in which the reuse storage is in the operation. In figure (5), the
outtake wastewater of each operation is divided into three sections. A part as reuse/recycle flow, a part for
wastewater flow and a part goes to reuse storage.
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Fig. 4: Density and intake & outtake flow of operation j Majozi, (2005)

Fig. 5: Water consumed and wastewater produced operations with reuse storage Majozi, (2005)

The flow and density amount of this system is shown in figure (6). In addition to reuse storage flow, two
other flows also enter operation j.

Fig. 6: Density and outtake & intake of operation j with the presence of reuse storage Majozi, (2005)

Mathematical modelling:
In yhis section first the formulation of figures (3) and (4) and then figures (5) and (6), are studied.to do

so, based on two hypothesis ,the formulation is studied.
In the first hypothesis, wastewaterouttake density is supposed to be fixed. In such a condition we can

adjust the outtake wastewaterof the operation with the amount of the operation’s feed water. the advantage of
this hypothesis is that here we can reach the contaminant limited concentration to its maximum level. Figure
(7) demonstrate this situation.
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Fig. 7: Contaminant limited concentration at p and p-1 Majozi, (2005)

The second hypothesis is that the required water of each operation is considered fixed.
The same assumptions are considered for a condition in which we have reuse storage and then we perform
the formulation.

First we begin the formulation from figures (3) and (4).

  (1)

Relation (1) shows the total intake flow to each operation that include fresh water, recycle and reuse flows.

  (2)

 
Relation(2) shows wastewater flow of each operation. the wastewater flow can be reused in or  recycled

to operation j. The wastewater can be reused or recycled. Majozi, (2005)

  (3)

Equilibrium of  mass around unit j is as follwed. This relation demonstrarted the outtake and intake mass
load difference of unit j. This value is related to two time point of p and p-1. Majozi, (2005)

  (4)
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  (5)

The limited density in unit j is as followed.

  (6)

 
Relation 3 can be rewriten as

  (7)

  (8)

Replacing relation 7 in 8, relation 9 is achieved. Majozi, (2005)

  (9)

Supposing that the contaminant density is fixed in the waste water, relation 10 is gained. Majozi, (2005)

 (10)

Relation 10 can be written in linear form. We replace the first term of relation 10 by (δ1) and the second
term by (δ2):

 (11)

 (12)
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 (13)

 (14)

 (15)

This relation is the final model of a condition in which the wastewater outtake density is supposed to be
fixed. This formula is in the form of  mixed integer linear program (milp). Majozi, (2005) 

With the presupposition that the water quality is fixed and wastewater outtake density is variable, then
using figurers (3) and (4) ,the relations (5) and (6) are corrected as follow:

 (16)

 (17)

This model is mixed integer nonlinear program (minlp) and can’t be linearized. Majozi, (2005)
In the next section, figures 5 and 6 and formulation of the condition in which a reuse storage exist in the

system is studied. Majozi, (2005)
With the presupposition that the wastewater outtake density is fixed, then relations (1), (2) and 4 are

corrected as followed:

 (18)

Relation (18) shows that intake flow to each operation j is supplied from recycle/reuse flow. Majozi, (2005)

 (19)

 (20)
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Relation (20) shows that the density of intae flow to operation j is equal to the level of intake’s limited 
flow. Majozi, (2005)

 (21)

Relation (21) is related to the mass transfer of the reuse storage.in time of p the intake unit density to
suply storage ,equals with total load mass  transfer of tank’sintake operation flows. Majozi, (2005)

 (22)

 (23)

 (24)

 (25)

 (26)

Contaminants (3), (5), (6), (18), (19), (20), (21)-(25), are the complete mathematical model of storage tank
with the presupposition that the wastewater outtake density is fixed.This formulation is in the form of  minlp
and therefore nonlinearizable. Majozi, (2005)

Contaminants (3), (16), (17), (18), (19), (20), (21)-(26) are also mathematical model with the second
hypothesis, in which the wastewater quality is fixed and outtake density is variable. This model is also minlp.
Majozi, (2005)

In the following sections, using the reuse method, we will study water and wastewater minimization in
two different industrial and refinery  units.

Minimization of Two Industrial Units:
In order to specify the most probability of water reuse, the intake and outtake limited contaminant density

of each studied operation should be calculated. Pingyon et al., (2005) Yet no accurate method has been offered
For intake and outtake limited density  determination. Some of them can be calculated directly and some

other has the characteristics of the existed machines. Bagajewiwicz, (2000) In section of optimization with
reuse method, some operation can be used in system as pinch. If such an operation exist in the system then
by its accurate study,  the water and wastewater consumption minimization can be done with shorter operation.
In this method, the key and effective contaminant can be used to linearizing the minimization equatios and
providing less constraints, and thus the minmization is done better. In the optimized model, the less the number
of contaminants, the more difficult the minimization will be. These two unit’s minimization is done by  Umist
water (1.7) software.this software is able to solve linear and nonlinear problems.

First case study:
Consumption water network which is under minimization study is sown in figure (8).
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Fig. 8: first case study water network

The amounts of consumed fresh water and produced wastewater of each operaion are given in table(1).

Table 1: The amounts of flow in operations
Operation The amount of intake water to operations (m3/hr) The amount of outtake wastewater from operations (m3/hr)
Operation 1 282 60
Operation 2 7 7
Operation 3 60 60
Operation 4 120 120
Operation 5 518 120

The allowed intake and outtake limited densities of operation 5 which is considered as pinch of the system,
are also given in table (2):

Table 2: The allowed limited densities

Key Contaminants          (ppm)          (ppm)

Contaminant 1 1612 3600
Contaminant 2 500 900
Contaminant 3 250 1200

In figure (8), each  operation is fed with fresh water and the wastewater of each operation is gathered and
discharged. The total amount of fresh water consumption of figure (8) is 518 (m3/hr) and the toal amount of
produced wastewater is 506(m3/hr).

The optimized network of the first case study is shown in figure (9).

Fig. 9: Optimized network of the first case study

Operation 5 of this network, completely uses fresh water. The wastewater of other operations enter this
operation as intake. The contaminant density in the wastewater of this operations equal the allowed intake
density of operation 5, which is the cause of most usages from operation’s waste water. Operation 1 is fed
from a water with allowed limited density. In this method, fresh water consumption and the amount of
produced water waste reduce to 44 percents and 19 percents respectively.
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Second Case Study:
The consumption water network of the second case study is shown in figure 10.

Fig. 10: Water consumption network of the second case study

In figurre (10), wastewater of operations 3, 4, 5 are completely discharged. and just some of the
wastewaterof operations 1 and 2 are used. the amount of each operation fresh water consumption and produced
wastewater are given in table (3).

Table 3: The amount of flows in operations
Operation The amount of intake water to operations (m3/hr) The amount of outtake wastewater from operations (m3/hr)
Operation 1 150 15
Operation 2 10 10
Operation 3 20 20
Operation 4 30 30
Operation 5 80 18

The outtake and intake limited densities of operation 5, are given in table (4).

Table 4: Aallowd limited densities

Key Contaminants          (ppm)          (ppm)

Contaminant 1 1330 2900
Contaminant 2 870 1250
Contaminant 3 180 900

The optimized network of this case is shown in figure (11).

Fig. 11: The optimized network of the second case study

In this network the outtake water waste of operation 3 and some of the wastewater of operation 1, enter
operation5. As the contamination level of operations 2 and 4 is high, the wastewater of these two operations
can’t enter operation and is discharged. In this optimized network, the amount of fresh water and produced
wastewater decreased to 35 percents and 18 percents respectively.

Results:
Water consuming networks minimization are of considerable importance in order to fresh water

consumption reduction and produced wastewater reduction of operations. Operations minimization techniques
are divided in to two schematic and mathematical methods, in which less attention has been paid to the batch
system formulation. In this study the formulation of batch, systems were studied in 4, cases. In each of these
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cases, the complete model of minimization was offered. Among the most important minimization methods are
using reuse and recycle. In reuse method, the wastewater should be used separately before other operation’s
wastewater becomes mingled. With integration of operation’s wastewaters contaminants with different
contamination percentages are gathered and can not be reused. Finally, regarding the two mentioned cases, the
amount of consumed fresh water and produced wastewater were considerably decreased. 
 
Nomenclature:
Sets
J is a unit
P is a time point
S is a state

         is a recycled state from unit j to unit 

Variables:
C (j, p)    concentration to unit j at time point p
CS (p)     Concentration from storage at time point p
me (s,p)    Amount of state s dispensed with as effluent at time point p, S 

mf(s,p)    Amount of fresh water used in unit j at time point p, S 0 Sin,j

mp(s,p)   Amount of state s produced at time point p, S 0 Sout,j

mr(s,p)   Amount of state s recycled or reused between two units j and j' At time point p, S 0 Sout,j,jN

mu(s,p)   Amount of state s used at time point p, S 0 Sin,j

msin(s,p)  Amount of state s that were transferred from storage at time point p, S 0 Sout,j

msout(s,p)  Amount of state s that were transferred from storage to a particular Unit j at time point p, S 0 Sin,j

qs(p)      Amount of water stored at time point p

Y(s, p)   binary variable associated with usage of state s at time point p, S 0 Sin,j

yr(s,p)    Binary variable associated with recycle or reuse between two Units j and j' at time point p, S 0 Sout,j,jN

ysin(s,p)  Binary variable associated with the transfer of state s from Operation j to storage at time point p, 
          S 0 Sin,j

ysout(s,p) Binary variable associated with the transfer of state s from Storage to operation j at time point p, S
         S 0 Sin,j

Parameters:

        Maximum inlet contaminant concentration to unit j 

         Maximum outlet contaminant concentration from unit j

M (j)   mass-load of contaminant in unit j

         Limiting/maximum water requirement in unit j

         Initial amount of state s stored 

         Maximum capacity of reusable water storage     
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