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Abstract: Minimizing the model of water consumption and wastewater production is the aim of this
introductory survey. In water consuming systems, mass transfer of water contaminants into fresh water
and exhausted wastewater is undesirable and must be forbidden. Several models approved for this
problem and in most of them existence of nonlinear equations, lead to failure in optimization of the
system. Because of the difficulty in solving these equations, Integration of water system is a new
method that can lead to desirable results even by several different contaminants. In this study solving
the problem is based on breaking nonlinear equations of model into linear one. For this purpose it is
necessary to identify primary contaminants and their concentration limits. To examine proposed model,
the water system of a refinery was selected as a case study. Results show that fresh water
consumption reduces about 55 % and wastewater production reduces about 10%. These conclusions
are very important from viewpoint of low water sources and environmental aspects.

Key words: mass transfer, linear models, integration, water optimum network.

INTRODUCTION

In 1980 Thakama et al., studied fresh water minimization of a petrochemical unit. They used two methods
in their study; water reuse and recycle. Their procedure was based on a two stage approximation method. In
first step noneconomic components were eliminated and then design and optimization were performed in second
step (Thakama, 1980). El-halwaji et al., introduced mass composite curve by use of heat exchanger network
method proposed by linnhoff and hindermarsh. Proposed mass exchange network was based on key
contaminant transfer from rich stream to the poor one (El-Halwagi, 1989). They used recycle stream in their
solution and made it automatic (El-Halwagi, 1990). In (1994) Poplexandary et al., used such method by use
of (MINLP)1 and gained good results. Finally Wang and Smith used different methods in water minimization.
In their methods, water minimization was based on contaminants transfer from process stream into water stream
and they showed stream data in the form of concentration and mass transfer symbols (Wang, 1994). Kuo et
al., in (1996) developed this new method and called it pinch. They used limiting profile aspect for described
processes that consume water (Kuo, 1997). Howang et al., in (1999) suggested a mathematical nonlinear model
for combined water usage and treatment problem (Huang, 1999). Bagajewicz et al., used linear model and LP1

programming for this problem and developed their model to implement on no exhausting systems (Savleski,
2000; Azma, 1998). In (2005) Smith et al., studied simultaneous energy and water minimization (Brouckaert,
2000). Recently in (2008) Majozi et al., proposed a model based on mass transfer in water consumers
processes. (Jacques F. Gouws, 2008) In this study, at first overall consumption of fresh water is minimized
and then production of wastewater is reduced in all processes. In fact this study is a water allocation problem
(WAP)2 design with several contaminants. (Alva-Arga'ez, 1998)

Mass Transfer Operations and Mass Exchangers:
Water pollution and its subsequence, wastewater production, generally are based on mass transfer of

contaminants from process streams to fresh water and mass transfer between process streams .In mass
exchanger, a specific amount (mass or volume) of a component (contaminant) by use of a material (fluid) is
happened. Flow in mass exchangers is in two shapes; co current and concurrent. Mass transfer in concurrent
mode is more than other one because of its high mass driving force. 

Fig (1) shows a concurrent flow in a mass exchanger. Mass flow rate of rich stream is Gi and its
concentration is yi,in. Assuming no chemical reaction and no accumulation, exiting mass transfer flow rate is
Gi again and its concentration is, yi,out, (Alva-Arga'ez, 1998).
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Fig. 1: Concurrent mass transfer process.

Fig. 2: Mass concentration in concurrent process.

Mass transfer of contaminants from process stream to fresh water is shown in fig (2). Exchange line
(operating line) slope is Li/Gi. By implementing of mass balance for solute in exchanger, transferred mass is;

  (1)

This equation shows that low flow rate of water leads to high concentration of contaminant. Considering
this fact, minimum water flow rate is happened when contaminant concentration is at its maximum value.
Immersed flow maximization is always the best selection, because in this mode fresh water-using leads to
minimum water consumption and wastewater production. On the other hand the following equation is feasible
(Alva-Arga'ez, 1998).

 (2)

Overall form of WAP problem and mass balance in the system is as below (Anantha, 2003).

 (3)
Assuming n as the number of contaminants and considering mass conservation and assuming no chemical

reaction and no accumulation (Alva-Arga'ez, 1998).

 (4)
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 (5)

Inlet and outlet concentration inequalities are:

                   ,                   ,  (6)

                      ,                       ,  (7)

Using maximum concentrations into equation (4) leads to;

 (8)

 (9)

These functions are objective functions of a linear model for minimizing water consumption with several
contaminants. This model is treated by a LP method. In fact, linear model for this problem is less in use and
it has low accuracy (Bagajewicz, 2000). Someone must search for other models than these simple ones. Mass
balance for water and wastewater in whole processes leads to:

 (10)

 (11)

Mass balance for specific contaminants is as below:
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(12)

(13)

This model can be converted to linear model by use of outlet concentrations of treatment unit Ct
n,t,out

(Savleski, 2000). These concentrations are in fact minimum allowing concentration of contaminants from
treatment unit. Using these values in equation (12) lead to below overall equation for wastewater minimization
(Alva-Arga'ez, 1998)

(14)

Now we use this linear model for minimizing a refinery wastewater production.

Water and wastewater in a refinery:
A vast amount of water consumes in every refinery. This leads to huge amount of wastewater production. 

Wastewater of each unit in a refinery is different from other units due to their type and value of contaminants. 
Wastewater treatment is necessary because of two reasons; outpour of waste is dangerous because of
environmental aspects and also expensive constituents (Ulson de Souza, 2009). The most important methods
for minimizing water are as below.

Reuse:
This means that one unit uses from wastewater of another unit as fresh water. It is possible only when

used wastewater do not violate from limitations of consumer unit.

Regeneration Reuse:
It is like previous one but wastewater first is transferred to infiltration unit then is used by consumer unit.

Regeneration Recycle:
In this strategy wastewater produced by each unit is used as fresh water for itself but with an infiltration

before.
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Fig. 3: Reuse network.

Fig. 4: Regeneration reuse network.

Fig. 5: Regeneration recycles.

• Laws for contaminants determination:
• Key contaminants are those that have distinct influences on process. Other contaminants are used as

constraints.
• Someone must combines contaminants with similar characteristics.
• Inlet concentrations of contaminants in all units must be determined. Also for units that use of wastewater

in them are forbidden, inlet concentrations are equal to zero.
• Contaminants must be selected with respect to environmental limitations.
• Use of PH as a contaminant is forbidden because it cannot be counted in partial and overall mass

balance.(Pingyon, 2005)

Dominant consumers units are as table (1).

Table 1: Dominant consumers water in Oil Refinery.
Process (m3/hr)
Cooling Tower 80
Boiler 150
Resine 30
Sanitary & Human Usage 10
Fire Station 20
Other Process 70

Dominant unit that produce wastewater are as below.

Table 2: Dominant Wastewater Producer in Oil Refinery.
Process (m3/hr)
Cooling Tower Blowdown 18
Boiler Blowdown 15
Resin 30
Surface Water 20
Sanitary 10
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Fig (6) shows current water network in refinery.

Fig. 6: Refinery water Consumer network.

Determination of Key Contaminants:
If a pinch process in water system is found, implementation of water and wastewater minimization will

be so easily .Investigations show that it is possible to use infiltrated wastewater in cooling towers, this
encourages us to count cooling towers as pinch point and then key contaminants will be determined based on
existed limitations in cooling towers (Pingyon, 2005). Limitations on water which are used by cooling towers
are as below.

• TH: This is the main cause of sedimentation in cooling towers. Sedimentation in tower results in
decreasing of heat transfer rate. 

• NaCl: Chloride ion (CL-) is one of the most erosive ions. Existence of NaCl in water used by cooling
tower leads to availability of this dangerous ion for apparatus. 

• TDS: This refers to sum of all solids dissolved in water that can be dangerous (Pingyon, 2005).

Values of Input-output Concentration Limits in Cooling Tower:
Values of input and output concentrations in cooling tower based on experiences and maximum value of

solvability of contaminants are as below:

Table 3: Cooling Tower Limited Concentration.
NaCl TH TDS

CIN
MAX 3012 870 180

COUT
MAX 2900 1250 900

Respect to proposed model in this research, in integration of water networks by use of mathematical
programming method, at first all possible models for water system is estimated by use of mass balance around
consumer units (Mann, 1998; Savelski, 2000). Then these models are sent to software like UMIST WATER
(1.7) to implement optimization and select an optimum model for water system. This software can work with
linear and nonlinear models. Here, we use two methods for water minimization; reuse and distributed
infiltration system. 

Reuse Method for Minimization of Fresh Water Consumption:
Water consumption in the refinery is 150 (m3/hr) now. As previously described in this method, one unit

uses from wastewater of another unit as fresh water. It is possible only when used wastewater do not violate
from limitations of consumer unit. Fig (7) shows the optimum network.
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Table (4) shows the software results with reuse method.

Table 4: Reuse Water Network Result.
Process (m3/hr)
Fresh Water 67
Surface Water 20
Sanitary 0.2
Resine 5.8
Boiler 150
Cooling Tower 83.7
Wastewater 243.1

It must be mentioned that these results obtained by solve of nonlinear equations. This shows that obtained
results are locally optimum and they must be checked by Bagajewicz conditions of optimality.

Fig. 7: Reuse water network.

Distributed Water System Design:
Infiltration system of refineries is central always. This means that different wastewater produced by all

units that have different kinds of contaminants, first should be mixed together and then sent to infiltration unit.
This leads to increase in operating and capital cost. In distributed water system, wastewaters infiltrate primarily
and then mixed together. This system is previously used by Smith (Kuo, 1997), Smith et al., 1994) and
(Amjad, 1993).

For this design, unit must be divided into two parts; first part includes recovery units, clarifier, sandy filter
and exchanger and Second part consists of reverse osmosis and storage tank. 

TDS contaminant in presence of reverse osmosis must be decreased and membrane used by reverse
osmosis is also of importance. Lack of consideration may result in membrane fouling in reverse osmosis unit. 
Concentration of NaCl must be minimized too.

Removal ratio defines as below:

                          Cin - Cout

Removal Ratio (R.R) = ------------
                             Cin

Cin and Cout, are input and output concentrations of wastewater from recovery and reverse osmosis units.
In table (5) this ratio for three key contaminants are shown.

Table 5: Removal Ratio. 
TH NaCl TDS

Flash 0.0 0.837 0.0
RO 0.989 0.0 0.965
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Input-output concentration limits for recovery units are shown in table (6):

Table 6: Constraints Concentration in RO & Flash.
(ppm) TH Nacl TDS
CIN

MAX 729 523 2900
COUT

MAX 750 85 2930

Result Analysis:
The main Goal in reuse method is fresh water minimization. Results show that implementing of this

method reduces water consumption of refinery from 150 to 67 (m3/hr). In distributed water system,
minimization of wastewater is more important.  Results show decrease in this factor from 93 to 84 (m3/hr).

Fig (8) shows the optimal network by use of distributed water system method.

Fig. 8: Distributed water network.

Results data from software are listed in the following tables.

Table 7: Distributed Wastewater Network Result (with RO).
Process (m3/hr)
Cooling Tower Blowdown 18
Boiler Blowdown 15
Surface water 20
Sanitary 10
Resin 30
Flash 23
RO 32
Total Discharge 84.25

Table 8: Source & Sink flow rates.
Source Sink Flow ((m3/hr)
Cooling Tower Blowdown Flash 15
Cooling Tower Blowdown Discharge 3
Surface Water Flash 8
Surface Water Discharge 12
Sanitary Discharge 10
Resin Discharge 30
Boiler Blowdown RO 12
Boiler Blowdown Discharge 3
Flash Ro 20
RO Discharge 26.2

Conclusion:
In this paper we proposed and developed linear models to use them in water minimization system. Our

model was based on mass transfer fundamentals and contaminants concentrations and their limitations.
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We validated our model in a practical situation. We used two methods for minimization. The first one was
reuse method that its primary goal is minimization of fresh water consumption. In this work this method
decreased fresh water consumption of refinery to 45%. Second method was distributed water system design.
In this method minimization of wastewater production is more important. This method, led to 10% reduction
in wastewater. These results are very important because of low water resources and environmental limitations.
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