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Abstract

This paper presents the water source diagram (Wfs@Xedure for the minimization of the
guantity of water required in a batch process fgpecific industrial case. The study of this
case was carried out for four different scenariah the following constraints: fixed outlet
stream concentration without reusable water stordiged inlet water quantity of an
operation without reusable water storage, fixedebuttream concentration with reusable
water storage, fixed inlet water quantity of an rapen with reusable water storage. The
WSD procedure is commonly applied to the minim@atiof water use in continuous
processes. In order to apply this procedure ta@éhh@ocess it was necessary to consider the
constraints involving the stream concentrations tnedtime interval of each operation. The
same case was also solved by a graphical techngguen in the literature, where stream
concentration is taken as the primary constrait e time dimension as a secondary
constraint. Wastewater minimization was achievedugh the exploitation of recycling and
reuse opportunities, as well as the use of reusafler storage. The results obtained
employing the two techniques were identical, shgwhat WSD can also satisfactorily solve
batch process problems.
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1 Introduction

The scarcity of some natural resources such asrwatel the increasing concern for

environmentally correct processes, make the rdtiasa of this resource an urgent issue. To
address this problem Faria (2004) proposed theraod/or recycling of water streams which
are normally sent to effluent treatment plans.

According to Majozi (2005) most methodologies preed in the literature for wastewater
minimization are for continuous processes. Theseéhad®logies include mathematical
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techniques (Alva-Argaez, Kokossis and Smith, 19B8yle and Smith, 1997; cited in
Majozi, 2005) and graphical techniques (Wang & &mit994; Hallale, 2002; cited in
Majozi, 2005, Majozi et al., 2006).

Almato et al. (1997) cited in Faria (2004), carr@d a study on water minimization for batch

industrial processes which introduced storage tagksng greater opportunities for water

reuse. An inherent characteristic of these prosessdéhe necessity to consider the time
variable for the optimization of the system. Indbecases the storage tanks nullify the time
constraint.

A technique which focuses strictly on batch proesssas developed by Majozi (2005). This
technique presented a mathematical formulatiomvstewater and fresh water minimization
in multipurpose batch plants (fresh water is usexe ho mean water entering the plant from
an outside source such as the mains supply). ®nmulation is based on a superstructure
which includes all the possibilities for the rews® recycling of water, taking into account
the time interval of each batch.

Gomes et al. (2005) developed a methodology tommra the use of fresh water and the
generation of effluent in continuous processes. dutbors presented an algorithm procedure
named the water source diagram (WSD) defining threcd minimizing water consumption

in industrial processes by reuse and recycling afew streams, for a single or multiple

contaminants.

This study employs the water source diagram toadeatify the opportunities for reuse and
recycling of water in a case study presented byoklaj2005) for a batch process, which
takes into account the variables of time and coimant concentration.

2 Problem Statements

The problem defined in the article by Majozi (20@ah be stated as follows. Each water use
operation is allocated a value for each of theoteihg parameters:

(i) contaminant mass load;

(i) water quantity required;

(i) start and end times which achieve the desiedfiéct, e.g. mass transfer, degree of
cleanliness of the vessel, etc.;

(iv) maximum reusable water storage; and

(v) maximum inlet and outlet concentrations.

The minimum amount of wastewater that can be aeliglirough the exploitation of reuse

and recycling opportunities is then determined. deetefers to the use of an outlet water
stream from operationin another operatiop). Recycling refers to the use of an outlet water
stream from operation in the same operation It should be noted that wastewater
minimization is concomitant with a reduction indhewater intake.
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3 Problem superstructure

Figures 1 and 2 show the structures of the problgure 1 represents a situation where
reusable water storage is not present. In thisitn, water used in each operatjozan be
supplied from the fresh water header, the recyalse water header or a combination of both
headers. Water from each operatjotan be recycled within the same operation, reused i
downstream processes and/or dispensed with asemtfflOn the other hand, Figure 2
represents a situation where reusable water stoeaggts. In this situation water from
reusable water storage provides an additional scamd water sent to reusable water storage
provides an additional sink, for each operajion

Each water-using operation shown in the structwienys to a complete batch chemical
process. The other unit processes are not shomgee the focus of the problem is the water-
using operation.

Fresh water ) Reuse
' downstream
Water Water
in P out
I I + .
r;gc\ﬁ/ﬁ Effluent

Figure 1 Batch process operation without a storage tankJ®A, 2005)

Fresh water 4 + Reuse/ recycle stream
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Recycle water
transferred tothetank

-5 Reuselrecycle
water ,

Water transferred from the tank

Water transferred
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other operations

Figure 2:Batch process operation with a storage tank (MAJQAD5)
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4 M odules of the problem

The overall model is made up of two modules whidh lauilt within the same framework.
One module focuses on the exploitation of watesefecycling opportunities and the other
on proper sequencing to capture the time dimension.

4.1 Water reuse/recycling module

In exploring the recycling and reuse opportunitrgghin a complete batch process, four
scenarios are mathematically formulated in theofailhg sections. The first scenario is based
on a fixed outlet concentration for each water-gsoperation without the presence of
reusable water storage. This situation allows Hierquantity of water used in the operation to
vary from the limiting water requirement. The setmtenario is based on a fixed water
requirement for each water-using operation withiutsable water storage. The third and
fourth scenarios consider the presence of reusasler storage and correspond to the first
and second scenarios, respectively.

4.1.1 Scenario 1. formulation for fixed outlet concentration without reusable water storage

For this case, some constraints are formulated.

Constraint1: states that the inlet stream of any operajiocomprises the reuse/recycle
streams from all water-using operatighas well as the fresh water stream.

Constraint2: states thathe outlet stream of any operatipnan be reused in other processes
J’, recycled to the same procgsand/or dispensed with as effluent.

Constraint3: is the mass balance of upitlt states that the contaminant mass-load diffsxen
between outlet and inlet streams for the samejusithe contaminant mass-load picked up in
unit .

Constraint4: is the definition of the inlet contaminant concatitn of unitj. It is defined as
the ratio of the overall mass-load of recycle/reagseams to the total amount of the inlet
stream.

Constraint5: states that the outlet concentration of any ynis fixed at a maximum
predefined concentration corresponding to the sanite It should be noted that streams are
expressed in quantities instead of flow ratesnasy batch operation.

Constraint 6: states that the total quantity ofevaised at any point in time cannot exceed the
limiting amount.

4.1.2 Scenario 2: formulation for fixed water quantity without reusable water storage
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This case is applicable in a situation where thantty of water is fixed and the outlet
concentration is allowed to vary. In this situaticonstraints 1—4 still hold, but constraints 5
and 6 have to be modified as follows:

Constraint 7: states that the outlet concentrdtiom any operation j can be less than or equal
to the maximum outlet contaminant concentratioarobperatior).

Constraint 8: states that the water used is thermar required

4.1.3 Scenario 3: formulation for fixed outlet concentration with reusable water storage

The scenario presented in this section corresptmdbe structure shown in Figure 2, in
which central reusable water storage is takendotwsideration. In this situation, constraints
3, 5 and 6 still hold, but constraints 1, 2 anchdehto be modified as follows:

Constraint 9 states that the inlet stream of angratmnj is made up of a recycle/reuse
stream, a fresh water stream and a stream frorabéug/ater storage.

Constraint 10: states that the outlet stream ofadma | can be dispensed with as effluent,
reused in other processes, recycled within the sapeeation and/or sent to reusable water
storage.

Constraint 11: states that the inlet concentrabiboperation is the ratio of the contaminant
amount in the inlet stream and the quantity ofitihet stream.

The following specific storage constraints are ateperative for the completeness of the
model for scenario 3:

Constraint 12: is the mass balance of the reusadler storage tank. It states that the amount
of water stored at any time poiptis determined by the amount stored at the previmoes
point p—-1 plus the difference between the quantity transfe from and the quantity
transferred to the water-using operations at timiatgp.

Constraint 13: ensures that the amount of wateedtat any point in time does not exceed
the capacity of reusable water storage.

Constraint 14: gives the inlet concentrations lfar teusable water storage tank.

Constraint 15: gives the outlet concentrationglierreusable water storage tank.

4.1.4 Scenario 4: formulation for fixed water quantity with reusable water storage

Constraints 3 and 7-15 together constitute a campleater reuse/recycle model for a
situation in which the quantity of water in eacht@ausing operation is fixed.
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4.2 Sequencing/scheduling module

In order to handle batch operations effectivelg, time dimension cannot be ignored. This is
due to the fact that almost all operations withne tatch process environment are time
dependent. In continuous operations, only the aumnaBon constraint determines the

feasibility of water reuse from one process to hentThis implies that if the outlet water

concentration of process A is less than the maxinallowed inlet water concentration of

process B, then water from process A could be ceusgrocess B. On the other hand, if
water from process B is at a concentration highan tthe maximum allowed in process A,
the water reuse opportunity from process B to meceis nullified.

4.2.1 Sequencing in the absence of reusable water storage

The following constraints address the time dimemsior water reuse/recycling in batch
processes in the absence of central reusable statage:

Constraint 16: states that if water from operajios reused in operatiopf at a given time
point p,then operatiofi should commence at time poipt

Constraint 17: ensures that the reuse of water &perationj in operatiory’ coincides with
the completion of operatignat time pointp.

Constraint 18: ensures that the reuse of water &perationj in operatiory’ coincides with
the start of operation at time pointp.

4.2.2 Sequencing in the presence of reusable water storage

In the presence of reusable water storage, thewiwily additional sequence constraints are
necessary:

Constraint 19: stipulates that when the water stnsaransferred from operatigrio reusable
water storage, then the time of transfer shouldade with the completion of operatipn

Constraint 20: states that when the water stredmansferred from storage to any operajion
for reuse, then the time of transfer must coinewité the start of operation

Constraint 21: ensures that whenever a water stieémansferred from storage to operatjon
at time pointp, then operatioj must commence at time poipt However, operation can
start at time poinp even if there is no reusable water stream tramsferom storage, since
water could be received from recycle/reuse anchfrester streams.

5 Application of water source diagram (WSD) in batch processes

In order to solve the case study presented by Maj@@05), regarding wastewater
minimization using central reusable water storagbatch plants, the water source diagram
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(WSD) was used. This diagram was developed withatheof minimizing the use of fresh
water in continuous processes and was proposemhe&et al. (2005).

6 Case study

The data for the case study taken from an agrodamanufacturing facility are given in
Table 1. The processes given in Table 1 were gpaltyf selected on the basis of a common
contaminant, since they all produce sodium chlo¢idigCl) as a byproduct.

Operation j| Water Ci max Ct max t |t (h) M
(kg) (kg salt’kg water)| (kg_salt/kg_water)| (h) (kg)
A 1000 0 0.1 0 3 100
B 280 0.25 0.51 0 4 72.8
C 400 0.1 0.1 4 5.5 0
D 280 0.25 0.51 2 6 72.8
E 400 0.1 0.1 6 7.9 0
Total 2360 245.6

Table 1: Data for the case study

This byproduct is removed from the organic phasaeguBquid—liquid extraction in which
fresh water is introduced to form an aqueous phidsevever, in the B and D operations
water is also used as a solvent. In the C and Eatipas, water is used for polishing rather
than extraction purposes, hence the zero contamioads. Each of the five operations
belongs to a multi-stage batch process. Prior ® dRkploration of water reuse/recycle
opportunities, these operations used 2360 kg shfreater in a 7.5-h time period as shown in
Table 1.The objective function in all the following four estarios is the minimization of
fresh water requirement.

6.1 Water reuse/recycle module

Since the formulation of the constraints was pre=sein detail in Sectiod, only the new
constraints will be presented in this section. Tieev constraints were necessitated by the
presence of operations C and E. Water requiretaset operations is for polishing purposes,
although this is not associated with any contaminamoval. The minimum amount of water
required in these operations is 300 kg (constraRik This new constraint is valid for
scenarios 1 and 3, fixed outlet concentration.

In scenarios 2 and 4, i.e. fixed water quantity anesence of reusable water storage, the
following constraint is necessary to ensure that chpacity for reusable water storage is
taken into account:

Constraint 23: the reusable water storage cannotianto more than 800 kg of water.
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In the following section the WSD will be used tdveothe case study previously specified in
Table 1.

In this case study the WSD will be applied to falfferent scenarios taking into account:
fixed outlet concentration without reusable watésrage, fixed water quantity without
reusable water storagixed outlet concentration with reusable water ata, fixed water
guantity with reusable water storage.

6.2 Application of the WSD to solve the case study

6.2.1 Scenario 1. outlet concentration without reusable water storage

It is possible to build the diagram shown in Fig8r®r scenario 1.

Concentration (ppm) ,0 0,1 O,'25 ?'51
Limite flow (t/h) : : : :
| | i i
1 1 1 1
1000 Al 1000 (1004 : |
t . 1 1
[} ] ] ]
28C : 142 .7¢ 1 142.7¢ |_h 142.7¢ (72.8) _:
i Lomimidimm -[B] o
300 : pa1o @ i i co i
1 1 1
(=== : |
280 | 14274 | 142.74 L 142.74 125 :
[ttt L D] o
1 T — T
1 1 1 58.8 1
300 241.2
= ! s

Figure 3: Water source diagram for scenario 1

Operations C and E do not involve contaminant reahoand the water required is for
polishing purposes. However, there are constrdartdhe concentration of the inlet water
stream which must be 0.1 ksgltKg water. As operations C and E start at the same instant a
which operations B and D finish, it is possiblerémse the outlet stream from operations B
and D for operations C and E, respectively. With time constraint satisfied, it is necessary
to satisfy the concentration constraints. Sinceaidet streams of operations B and D have
concentrations of 0.51 KgaltKg water (over the maximum concentration for the inlet
streams of operations C and E) it is necessarylutedhese streams with fresh water. Thus,
the inlet stream for operation C will be made ub8f8 Kg of water from the operation B
outlet stream (0.51 Kgalt/Kg water) plus 241.2 Kg of fresh water. The same occurgHer
operation E inlet stream, made up of 58.8 Kg ofewditom the operation D outlet stream
plus 241.2 Kg of fresh water. Based on the waterc® diagram shown in Figure 3, it is
possible to build the water minimization flowchéot scenario 1 shown in Figure 4.
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1000 kg o A (0.1 kg'kg)
142,74 kg 5 (051 kg/kg)
58.82 kg
1767.84kg || 241.18kg 4 300kg o |O1koko) | 1767.84kg |
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58.82 kg
241.18 kg ‘i 300kg [ (01 keka)

Figure 4: Water minimization flowchart for scenatio

Figure 4 shows that 1767.84 Kg of fresh water aguired. This corresponds to a 25%
reduction in fresh water requirement compared ¢osituation without water recycling/reuse.
Although water from process A has a relatively lowencentration of 0.1 kgaltkg water,
the time constraint in the absence of reusable mstimrage forbids any possibility for
recycling/reuse. According to Table 1, none of thther operations commences when
operation A finishes at 3 h. Consequently, all wastewater from operation A is dispensed
with as effluent. However, the time constraint akothe reuse of water from operations B
and D in operations C and E, respectively

6.2.2 Scenario 2: fixed water quantity without reusable water storage

It is possible to build the diagram shown in Figr®r scenario 2.

400*

Concentration (ppm) © 0.1 0.25 0.26
Limit flow (t/h) : : : :
| | i i
1 1 1 1
1000* 1| 1000 ' ' !
A (100),, i :
[} ] ] ]
28C* I 28C 1 28C 28C .
72.8
e e R -[B] (72.8) o
1 1 1 1
400* 21615 éf%}ﬁ | 1sass |
[} ] ]
280* ! - - |
280 1 280 L 280 .
[P o .o.- D:| (72.8) =:|
: :
1 1
]

Figure 5: Water source diagram for scenario 2
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Based on the water source diagram shown in Figurg IS possible to build the water
minimization flowchart for scenario 2 shown in Figl6.

1000 kg J A (01 kaka) |
280 kg J g |L026kaka)
153.85 kg
2052.30kg | 246.15kg § 400 kg o |1 kako) 205230 kg
280 kg J 5 026 kaka)
153.85 kg
246.15kg _l 400 kg JE (0.1 kalkg) |

Figure 6: Water reuse flowchart for scenario 2

Figure 6 shows that 2052.30 Kg of fresh water @guired. This corresponds to a 13%
reduction in fresh water requirement.

6.2.3 Scenario 3: fixed outlet concentration with reusable water storage

It is possible to build the diagram shown in Figdrér scenario 3. Based on this diagram,
the flowchart for water reuse for scenario 3 cabié, as is shown in Figure 8.

Concentration (ppm) ¢ 0.1 0.25 0.51
Limit flow (t/h) : : : :
| | i i
1 1 1 1
1000 1| 1000 ' ' '
A (1000 i :
[} ] ] ]
28¢ | 142.7¢ | 142.7¢ 142.7¢ o0
[ ™ T -|B! o) AN
| [E> i »
300 | 30C_, : :
1 1 1
[} ] ]
280 ! - - |
14274 o %‘.‘?:Z‘.‘-DD: 14274 (728) 3
1 i 1 oy
! 30C ! :
300 . .
[} ]

Figure 7: Water source diagram for scenario 3

10
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Figure 8: Water reuse flowchart for scenario 3

It is evident from Figure 8 that the presence oiticd reusable water storage allows the time
constraint to be overridden, thereby providing gpartunity for reuse of effluent from
operation A in operations C and E. Figure 8 shdves 1285.5 Kg of water are required for
scenario 3. This corresponds to a 45.53% reduatitine fresh water requirement. The main
reason for this reduction is the presence of aatdasvater storage tank. Scenario 1, which is
similar to scenario 3, but there is no reusableewatorage, resulted in a 25% fresh water
reduction. It is worth noting that there is alsaemluction in the amount of wastewater
generated, 1085.50 kg. This is due to the fact Hoahe reusable water remains in the
reusable water storage tank. According to congt28nthe tank has the capacity to store 800
Kg of water.

6.2.4 Scenario 4: fixed water quantity with reusable water storage.

It is possible to build the diagram shown in Fig@r®r this scenario. Based on this figure,
the flowchart for water reuse can be built, as showFigure 10.

Figure 10 shows that 1560 Kg of fresh water areired for scenario 4. This corresponds to

a 33.89% reduction in the fresh water requirem&aenario 2, similar to scenario 4, but
without the storage tank, resulted in a 13% reduaat the fresh water requirement.

11
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Figure 9: Water source diagram for scenario 4
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Figure 10: Water reuse flowchart for scenario 4

Table 2 presents a summary of the results obtaioedhe minimization of fresh water
required in batch process operations.

Scenario 1 Scenario Z Scenario|3 Scenarip 4

Fresh water required (kg) 1767.84 2052.30 1285.50 5601

Effluent generated (KQg) 1767.84 2052.30 1085.50 0156

Table 2: Results for the minimization of water riegd in a batch process

Scenario 3 presented the best results for the naatian of fresh water required, as well as
for the generation of aqueous effluent. This wae thuthe presence of a reusable water
storage tank which allowed the storage of watevipusly used in other operations, when the

12
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finishing time does not coincide with the starbtifier operations, and immediate reuse is not
possible.

7 Application of the graphical technique to solve the case study

The graphical technique proposed by Majozi et 2006) for wastewater minimization was
applied in the four scenarios described in Secti@md the results obtained were identical to
those given in Section 6, and can be seen in FBglré, 8 and 10.

The graphical technique proposed by Majozi et aD06) to solve the case study is
recommended for problems with less time intervale disadvantage of this technique is its
restricted application to processes with a comnmmaminant.

8 Application of the computational method to solve the case study

Majozi (2005) proposed a mathematical model toestihe case study presented in Table 1
for the four different scenarios described in Sati. The results obtained by the author,
through the computational program GAMS, are idetio the results obtained in Section 6
in this article, which are shown in Figures 4, &l 10.

9 Conclusions

The purpose of this article is the applicationhef WSD technique for water minimization in
batch processes. For this it was necessary to dmmshe water stream concentration
constraints and each operation time interval camgtr The batch processes allow, besides
water reuse/recycling, the use of a reusable wstenge tank, which can store water to be
reused in future operations at a later time orthreobatch cycles. The presence of this tank
improves enormously the opportunities for waterimination, as was verified particularly in
the flowchart of scenario 3 (Figure 8) with a retitue in the water consumption of 45.53%.
For this batch process the WSD was shown to béyesgplicable, as has been previously
reported for several cases of continuous processes.

The graphical technique proposed by Majozi et2006) to solve this case study was shown
to be simple, although very laborious. This techeigg recommended for problems with less
time intervals. The disadvantage of this techniggehat its application is restricted to
processes with a common contaminant.

According to Majozi (2005), the advantage of thenpatational method application is the
possibility to obtain trustworthy and exact resulihe disadvantage of this method is that it
can be applied only in cases where there is a canmootaminant.

All of the methods applied gave the same resultsvéver, the simplicity of the application
of the WSD method makes it an important candidatesdlving one of the greatest industrial
problems relating to the use of natural resourcgsce the increasing concern for
environmentally correct processes makes the rdtim®aof these resources an urgent issue.

13
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