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Abstract

This paper presents a mathematical programming approach to analyze the feasibility of zero liquid discharge option
in different industries. Mathematical programming methodologies are applied to four industrial cases—a tricresyl
phosphate plant, an ethyl chloride plant, a paper mill and a refinery. In each case study va#ayfspipe and
regeneration configurations using different treatment technologies are explored to determine the possibility of zero
liquid discharge and its economical feasibility. The results show that the relationship between the cost of regeneration
and the cost of freshwater as well as the discharge concentration of the treatment is the determining factor for the
feasibility of zero liquid discharge.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction result in economically feasible zero discharge facilities,

. . . a concept that refers to closed circuits of water, such
Water is required in several fundamental process . disposal is eliminated.

operations such as scrubbing, extraction, steam genera-  adgyantages and disadvantages of zero discharge facil-
tion, etc. Current practice usually merges several waste jties are currently being seriously considered and dis-
streams and utilizes appropriate technologies in seriesqyssed. Zero liquid discharge minimizes the
to clean the single stream before disposal. This method consumption of freshwater to that of make-up; therefore,
is referred to as amnd of pipe non-distributed waste- it should help relieve freshwater availability limitations
water cleanup and the cleanup technologies were dis-in places where it is scarce or expensive. In addition,
cussed thoroughly by Belhateck#995. Recently, the elimination of liquid discharge will obviate the need to
enforcement of stricter environmental regulations on comply with increasingly stringent environmental
industrial effluent and sometimes its scarcity and cost restrictions. Purchased water, and wastewater treatment
have favored a different approach to water usage. In the and disposal costs can be significant; thus, savings
eighties and nineties, water reuse started to become aassociated with minimized site makeup water and was-
popular means to reduce freshwater intake and reducetewater flows can justify capital expenditures to mini-
treatment costs. Additionally, distributing treatment Mize, if not completely eliminate, wastewater flows.
processes among the various polluted streams and everZ€r0 liquid discharge can save money on real estate
decentralizing is gaining acceptance. This trend towards €OStS in the case of new facility construction, since

water reuse and decentralization in some cases maylocatlon near a suna_b_le receiving waterway would not
be necessary. In addition, zero liquid discharge helps to

gain community trust and support and shows sensitivity
to the environment. On the other hand, sometimes the
" disadvantages of implementing zero liquid discharge
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of piping and the arrangement of the disposal of the 2.1. Problem statement

solid waste generated. However, in some cases the solid

waste generated may be sold which brings in additional ~ Given a set of water-using/water-disposing processes

revenue in addition to solving disposal problems. and a set treatment processes, it is desired to determine
The problem of wastewater reuse has received atten-a network of interconnection of water streams between

tion from several researchers. The practice was analyzedthe processes, and between the processes and the treat-

first by Prof. Umeda in 198Q0Takama et al., 1980 but ment units, so that the overall freshwater consumption
the field owes more formal existence to the pioneering i minimized or completely eliminated, while each of
work of El-Halwagi and Manousiouthaki1989 in the processes receives water of adequate quality.

mass exchange networks. These seminal contributions Since the amount of liquid discharged is the same as
were picked up by Wang and Smith994a and applied thg .ar'nc.)unt of freshwater consumed, the objectlve of
to the particulars of this problem. The list of subsequent Minimizing the overall freshwater consumption, as
work is extensive and can be obtained from a recent pos_ed In the problem statement, also minimizes the
review (Bagajewicz, 2000 liquid discharge. Thus, the solution to this problem
Wang and Smitk(,1994b also introduced the use of  answers the feasibility of zero liquid discharge.
water regeneration, which refers to partial treatment to
facilitate further reuse, but they concentrated on systems

without recycles of W{;\ter. Zero _discharge, therefore,  he solution of this problem assumes constant load
was excluded. Savelski and Bagajewi@00l) present- 4t contaminants removed in the processes, and limits
ed targeting models for overall freshwater minimization, o inlet and outlet concentrations of contaminants in
which include regeneration with and without recycles. the same way as it was posed by Wang and Smith
Results from this paper show that zero liquid discharge (19943, and later used by Savelski and Bagajewicz
is feasible only if regeneration has an outlet concentra- (2001), Bagajewicz et al(1999). The outlet concentra-
tion that is sufficiently small. Otherwise, recycles might tion limits account for corrosion, fouling, maximum
exist, but liquid discharge is not completely eliminated. solubility, etc, while the inlet is set to limit the total
In addition, after these targeting models are solved, flowrate through the processes. Further, different solu-
several alternatives can be explored to minimize invest- tion procedures for single and multiple contaminant
ment cost since the problem has many solutions with systems are employed, as proposed by Savelski and
the same freshwater consumption. Bagajewicz (2001 and Bagajewicz et al.(1999),
This paper builds on these developments and studiesrespectively. The former approach uses necessary con-
the possibility of zero discharge cycles in single and ditions of optimality while the later makes use of a
multiple contaminant situations, as well as the intricacies combinatorial search along with necessary conditions of
of these structures. The targeting models for single optimality to solve the problem using linear models. We
Contaminant Sys’[ems are reviewed’ and three Sing|e now describe the mathematical models in deta”
contaminant cases are analyzed: water management in
a tricresyl phosphate plant, an ethyl chloride plant, and 2-3- Procedure for single contaminant systems
a paper mill process. Finally, a refinery example, which
is a multiple contaminant system, is analyzed. Zero
liquid discharge possibility in refinerie@nultiple con-
taminant caskeis studied using a new iterative proce-
dure, which is an extension of the one presented by
Bagajewicz and Riva£2000. This methodology for
multiple contaminant systems is briefly reviewed in this
paper and it makes use of necessary optimum and linearg
conditions resulting in an efficient design procedure that

2.2. Solution procedure

Savelski and Bagajewid2001) exploit the necessary
conditions of optimality, developed by Savelski and
Bagajewicz(2000), to obtain the following linear model
for single contaminant systems.

Pl=min)" F}

is computationally reliable. The possibility of zero Fy+ Y F,;—Y F;,—F;ou=0 VjeN
discharge in all these case studies is examined using the SN . )
available treatment technologies. Y FiClsa— Ciin) — Fy CIiR<0 VjEN

Y FifCish— Crom — FiCigatLi=0 VjEN
2. Problem statement and mathematical models i

F\Fi,F; 0 F;0u=0
. . o . (D
In this section, the problem of determining the feasi-
bility of zero liquid discharge solution is posed in the This single component model is rigorous and has no

framework of mathematical programming. approximations other than the aforementioned assump-
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tions of constant load and maximum inlet and outlet above problem allows recycles from one process to
concentrations. The solution of this problem provides another and, therefore, is suitable to identify zero dis-
the freshwater consumption as well as inter-process charge solutions. Nevertheless, Savelski and Bagajewicz
reuse of the wastewater for each process. However, this(2001) proposed additional constraints that allow the
model does not include any regeneration or treatment identification of solutions without recycles, which are
process. The effluent watdi,,,) from each of the of no importance in this case because recycles are
processes is assumed to merge into one stream, whichessential to zero liquid discharge.
is treated with appropriate treatment technologies before  The capital cost is minimized in the third phase
discharge. This scheme is also called centralized treat- (Savelski and Bagajewicz, 20RIThey introduced bina-
ment orend of pipe treatment. Savelski and Bagajewicz ry variable, which represents a possible interconnection,
(2002 also showed that this problem usually has several to minimize the total number of inlet, outlet and inter-
alternative(degeneratesolutions, and provided means connections between the processes using the targets for
of determining which of these solutions minimizes freshwater(a) and regeneration co$B) provided by
capital cost. Specifically, they proposed a second phase problems(Eq. (2)) and (Eg. (3)) as follows:
where the objective function minimizes the number of ps—min ZY + ZY + Z
connections or their linear combination, which is a { o i ’”}
simplified substitute for piping cost, while limiting the t
freshwater consumption to a targeted value. Y Fi=a

Savelski and Bagajewic£2001) also proposed an  Regeneration Costp
extension of(P1) to_mcorporate d_ecentral_lzed trefatme_nt Mass and component balances (4)
and proved that this new model is also linear. Linearity . .
is achieved by fixing the treated water concentration at [~ UYiy <0 ViEN, VjEN
the lowest possible value, which minimizes the fresh- F}—UY, ;<0 VjeN
water requ_irement. The_ lower bounds of treated water g Fiou—UY;,<0 VYjEN
concentration are obtained from treatment technology

T A i
limitations. The model is: Y,.,Y,.Y,,€{0,1

P2=min}" F}’

s.t. / T

FW—"_ZFI\/J’_ZFU:J Z jl‘k Fjout_o VJEN

ZF"/(C'm&Xl k ]”'?)j+ :Ftk‘/ rkout ]|n)( FyC m.ﬁx<0 VjeN 2

Y F(CT%— Cly +Y T F,, (Cpou— O — FYCTE%+L,=0  VjEN
Z i Y F,;>0 Nier
PO F, 0, o F i ou>0

i et g

The linear model with regeneratiofproblem P32, Summarizing, the hierarchy of models is as follows:
provides a target of freshwatéw), which is obtained the freshwater usage and the total operating cost for
from P1. Because multiple solutions featuring the same single contaminant systems is first obtained by solving
freshwater consumption are possible, a second phaseproblem P1. Next, problems P2, P3 and P4 are solved
minimizing the total cost of regeneration is added, as in sequence to obtain a decentralized treatment scheme.
follows: The total operating cost therefore includes freshwater
cost, regeneration cost, and final treatment cost before

P3=min{Regeneration Cdst discharge, when it applies.

s.t.

ZFW—a
Bagajewicz et al.(1999 developed a constructive
Mass and component balance procedure to solve multiple contaminant systems with
In this model, the regeneration cost is directly related centralized orend of pipe treatment scheme. This
to the total flowrate[ aRZTle F;,] orto the total procedure is based on a combinatorial search where all
load removed[a’, Z Ll C‘;“;‘L’,‘[ mewl.  In the possible maximum reuse structures of the system are
latter case the conémoﬂ,k ou<Ciuant is imposed. The analyzed in a tree-type fashion using a branch and

(©)) 2.4. Procedure for multiple contaminant systems
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bound strategy. In this procedure, a maximum reuse Table 2
structure is defined as a reuse sequence in which the Data for treatment
flow pattern of connections of each process is given by

maximum wastewater reuse, or equivalently, by mini- ;”eatmem (C?,’é'ﬂx) ?$R/k f )
mizing freshwater consumption of each process that is YP¢ ppm g ot creso
individually analyzed. This is accomplished by the (6) Oil 40 116.6
following linear programming problem: (7) Light gas 3 434.7
P5=minF}’

S.t.

ZFiJ(Ci,s,out Clan) —F/Ciin<0 VjeEN,Vs (5

Z Fij(ci,s,out n]vac))(ut) FWC/ S, Out+ Lj s < 0 V.] EN VS
F,,<F, YijeN

Thus, the processes are arranged in different sequenc-are determined by applying, node by node, the maxi-
es, and problem P5 is solved for each process in the mum reuse rulgP5) and cutting criteria as they were
sequence using as data the wastewater flows and con-developed by Bagajewicz et 411999. The second step
centrations of the previously solved processes. This requires the development of an iterative algorithm for
procedure was extended to distributed treatment systemsdetermining the flow pattern of connections of all
with one decentralized treatment by Bagajewicz and downstream processes of the decentralized treatment
Rivas (2000. The same tree-searching methodology is units. We modified the maximum reuse rule for each
used, including processes as well as decentralized treat-downstream process presented by Bagajewicz and Rivas
ment units as nodes of each reuse sequence. The(2000 to include more than one decentralized treatment
evaluation of each reuse structure involves two main into the reuse structure. The new version is:

P6=minF}’

S%t'

3. P Crsou= CI8) 1. Pl Co o= G2~ F CIER O V)V

kile(cW,ut CRR)+ L FifCou— %)~ FY Cli%uct L, <O V). Vs (6)
Fo= ZF”‘ ZF,;,, ' YkeT

F,,+ZF§,k<F1 Z Foi— Z Z F?, Vi

Y Fl &Fy+ ZF fF,Nk wmmed

k=1 i=1 k=1

steps: First, the flow pattern of connections of all When decentralized treatment units are included in

upstream processes of the decentralized treatment unitsthe reuse structure, the flows between the processes,

Table 1 between the treatment units and the processes, and from

Data for Case#1 one treatment unit to another have to be considered in
this modified model. In the above formulation, the
Process Load Ch™ ftire concentration of water from a treatment uté, )
(g/h) (ppm) (ppm) is fixed at the minimum concentration possible for those
(1) Washing | 626.22 5.00 76.00 components that are treated; for other components,
(2) Washing Il 0.6174 0.00 0.07  concentrations are fixed to an assumed value, which is
(3) Scrubber | 1152.14 30.00 411.00  ypdated throughout the iterations. The algorithm carries
Eg; Egébi’g;l”pot 2&%%‘; 1:3(;)(5(.)(?0 124;1'?500 out the iterations until the assumed and calculated

concentrations for the water from the treatment for all
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Fig. 1. Tricresyl phosphate solution network with reuse amd of pipe treatment.

non-treated components converge, such that: Complete details of this methodology are given else-
c _ CAssum where (Koppol and Bagajewicz, 2002We concentrate
i QUL fs,0UL in this paper in the applications.
N j ) T
%[ £ FluCruout £ FiuCovon) 5 Case dudies
Jj=1\i=1 i=1
= N T ) . . ) .
Z(ZFQ +ZF5IJ Using the models discussed above, four industrial
S\ e cases are optimized without the addition of treatment
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Fig. 2. Tricresyl phosphate solution network with gas regeneration.
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Fig. 3. Tricresyl phosphate solution network with oil regeneration.

units and then compared to the effect of adding treat- 3.1. Case #1: tricresyl phosphate plant

ment units. Differentend of pipe and regeneration

configurations are analyzed in each case to determine Tricresyl phosphate is a flame retardant produced
the minimum liquid discharge possible and the total from cresols mixed with phenol and xylenols. The flame
operating cost required to achieve it. Furthermore, the retardant is commonly used in flexible PVC, cellulose
effect of varying the regeneration concentration on the nitrate, ethylcellulose coatings, and various rubbers.
amount of freshwater consumed, the amount of waste- Tricresyl phosphate is being purified in the process to
water regenerated, and the total costs are discussed. Theemove the unreacted raw material, cresol. The process
industrial cases studied are: a tricresyl phosphate processncorporates two washers for product purification, two
and an ethyl chloride processaken from El-Halwagi, scrubbers and a flare seal pot for the removal of the
1997), a paper mill proces$Tripathi, 1996; Brezniak, contaminant from the off-gas. Table 1 presents the
1999; Smook, 1994 and a petroleum refinery. allowable feed and effluent cresol concentration for
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Fig. 4. Freshwater reduction by addition of treatment process.



Water Regenerated (te/hr)

8

A.P. Koppol et al. / Advances in Environmental Research 8 (2003) 151-171 157

7
6 -
5
4 -
3
2 1
1
0

0

Regeneration Cost ($/hr)

10 A

IS
o
il

30 4

N
(=]
L

5

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Treatement Concentration (ppm)

Fig. 5. Water regenerated by addition of treatment process.

mmm= Gas Regeneration

Qil Regenetation

430

= 420

410

400

390

380

Total Operating Cost ($/hr

w
]
o

360

0

5

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Treatment Concentration (ppm)

Fig. 6. Regeneration cost vs. concentration.

— (Gas Regenration

-------- Oil Regeneration

0

5

T

10

T T T T T T T T T T T T T T T T T

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Treatment Concentration (ppm)

Fig. 7. Total operating cost by addition of a treatment.



158 A.P. Koppol et al. / Advances in Environmental Research 8 (2003) 151-171

F)" =8.820
_> 2
Fy, =7.522 —;
Xy 1 |
B, =0.757
_* 164.48 ppm R
— 3 3 y —» Oil
F, —2.267 A s R, =109
’ ———»
40
Py =0.541 bpm *
V_> 4 | Gas
E) 4 =1.619
' 5 ppm
—>
— 5 ) > =0.239
Fé 5 =0.676
- Discharge

Fig. 8. Tricresyl phosphate solution network with reuse and distributed treatment.

each process, and the contaminant load permitted. Light yr. The end of pipe treatment is oil treatment followed
gas or oil treatment may be used for regeneration. by light gas treatment.
Minimum treatment unit outlet concentrations and costs  The optimized system, obtained solving P1, where
are shown in Table ZEl-Halwagi, 1997. The same water is reused and thad of pipe treatment scheme is
treatment units, shown in, Table 2 are used dad of employed, is shown in Fig. 1. This optimized network
pipe treatment before discharge. The discharge limit for results in saving 10.8 tg of freshwater compared to
cresol concentration in wastewater is 5 ppm. Since oil the network without reus€48% freshwater savings
treatment can only clean up to a minimum of 40 ppm, The cost of freshwater and wastewater treatments is
water must be further treated using light gas treatment reduced to $3.296 milligfyr.
to meet the discharge limits. Although the light gas The inclusion of a regeneration step in the network,
treatment can clean up to a minimum of 3 ppm, water shown in Fig. 1, further reduces the freshwater con-
is cleaned only to 5 ppm when this treatment is used as sumption. The minimum freshwater consumption that
end of pipe treatment, thus reducing the operating cost. can be achieved using light gas and oil treatments for
The cost of freshwater and its discharge is 1/f0f. regeneration are 8.82 and 9.029 thnrespectively. The
The minimum freshwater required without reuse and outlet concentration for the water from the regeneration
with end of pipe treatment for the above data is 22.153 unit is maintained at the lowest possible value, i.e. 3
ton/h. The operating cost, including freshwater and and 40 ppm for light gas and oil treatments, respectively.
of pipe treatment cost, for this case is $4.386 million  The operating cost, which includes freshwater, regener-

Table 3

Alternatives for tricresyl phosphate plant

Water usage scheme Liquid discharge Operating cost
(ton/h) (million $/yr)

No reuse and no regeneration 22.153 4.386

With reuse and no regeneration 10.8 3.296

Reuse and additional gas regeneration 8.82 3.557

Reuse and additional oil regeneration 9.029 3.057

Reuse anand of pipe regeneration 8.82 3.059
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Table 4 Table 5

Data for Case#2 Data for Case#2

Process Load Cchax coEx Treatment Cchax Cost
(kg/h) (ppm) (ppm) type (ppm) ($/kg)

(1) Reactor | 0.00 0 0 (5) Air 10 5000

(2) Reactor I —27.00 65 7 (6) Zeolite 2 58 333

(3) Scrubber | 29.16 8 98

(4) Scrubber 11 2.75 0 7

76 ppm, which is the maximum inlet concentration of
Process 1. Thus, there is no need for treatment. The
ation andend of pipe treatment costs, is $3.557 and flow rate through the regeneration unit goes through a
3.057 million/yr with light gas and oil treatments, maximum. However, this maximum does not occur
respectively. The network obtained using light gas and when the cost is analyzed. When water is treated to
oil treatments as regeneration are shown in Figs. 2 and concentration below 76 ppm, regenerated water is used
3, respectively. in Washing |. Between 76 and 38 ppm, the amount of
Notice that the operating cost for the network in Fig. water regenerated steadily increases because of the
2 is $0.261 million'yr higher than that of the network increasing requirement of low concentration water. At
of Fig. 1. However, the freshwater consumption declines the same time the freshwater consumption also steadily
from 11.385 to 8.82 tofh. Since Process 2 has a decreases, as regenerated water is used instead of
maximum inlet concentration of zero, this is the absolute freshwater. At approximately 38 ppm concentration of
minimum freshwater consumptiofunless a new treat-  regenerated water the system requires 8.82toaf
ment is brought in that produces freshwateDn the  freshwater, which is the water sent to a freshwater
other hand, when oil treatment is used for regeneration consuming proces§Washing 1). Therefore, although
(Fig. 3) a saving of $0.239 millioyyr in the operating  the regenerated water concentration can be reduced to
cost compared to the network in Fig. 1 is achieved. below 38 ppm this does not reduce the freshwater
However the freshwater consumption is not the mini- consumption. On the other hand, with the availability
mum possible valu€d.82 toryh). of regenerated water with a concentration lower than 38
We also investigated the effect of varying the outlet ppm, the amount of water regenerated steadily decreas-
concentration of the treatment unit. The resulting vari- es, because it has higher quality.
ation of freshwater consumption and the amount of Figs. 6 and 7 show the regeneration and the total
water regenerated vs. the concentration of the regener-operating cost variation with the concentration of regen-
ated water is shown in Figs. 4 and 5. erated water for gas and oil treatment. At concentrations
At high regeneration, concentration the freshwater above 76 ppm no regenerated water is used, so the total
consumption is 11.385 tgh, which is same as the operating cost will be the sum of freshwater cost and
freshwater requirement without the regeneration processend of pipe treatment cost. As the concentration of
in the network(Fig. 1). Regeneration is not necessary regenerated water decreases the freshwater requirement
if the water cannot be treated to a concentration below decreases and the load removed in the regenerating

¥ =0.110
— 1
Fiy =0.11
F} =0.283
> 4
Fy, =0.393
F,‘W =0.298
2 > 3
) F,, =0.701
F," =0.011 Fy, =0.298 ‘L v, Discharge

Fig. 9. Ethyl chloride network with reuse and without regeneration.
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Fig. 11. Ethyl chloride network with reuse and regeneration.
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Fig. 12. Freshwater requirement by addition of air treatment.
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Fig. 13. Total operating cost by addition of air treatment.

processes increases until the outlet concentration reachegion processes is also constant. Therefore, the regenera-
38 ppm. Therefore, the regeneration cost, for gas and tion cost and total operating cost do not change either.
oil regeneration, increases with the decrease in concen- In situations like this, where theud of pipe treatment
tration of regenerated water in the interval 38—76 ppm. and regeneration consist of the same treatment technol-
The total operating cost in this interval behaves differ- ogies one might consider using the water frem of
ently for gas and oil regeneration. From Fig. 7 one can pipe treatment directly rather than using separate inter-
infer that using oil treatment is profitable, while using mediate regeneration units. This option is also explored
gas treatment is not profitable. This is because the for the tricresyl phosphate plant and it is found that this
increase in regeneration cost is smaller than the decreaseoption costs nearly as much as regeneration with oil
in freshwater an@nd of pipe treatment cost, while this  treatment but ensures the minimum freshwater con-
is not the case when gas regeneration is used, becaussumption possible. Fig. 8 shows the network that uses
gas regeneration is nearly three times more expensivewater fromend of pipe treatment without intermediate
than oil regeneration. For the concentration interval regenerating process.

below 38 ppm, where the freshwater consumption  The minimum freshwater consumption is 8.82 thn
remains unchanged, the load removed in the regenera-which is the requirement of the freshwater consuming

Flw =0.110
—_— ]
F1,4 =0.110
F4W =0.196
» 4 —
E.B =(.288 stz =0.169
0,036 F4,2 =0.018
3 ' v 4
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!

Discharge
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v

Fig. 14. Ethyl chloride network with air regeneration.
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Table 6
Alternatives for ethyl chloride plant
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Water usage scheme

Liquid discharge Operating cost

(ton/h) (thousand $yr)
No reuse and no regeneration 0.701 8.838
Reuse and air regeneration 0.393 95.67
Reuse with air and zeolite regeneratidrarger 0.342 652.7

Scrubber Il and Reactor Il outlet concentration

process(Washing I). When the concentration of water
from oil and light gas treatment are 40 and 5 ppm,
respectively, the operating cost is $3.059 millign
Notice that the cost of using oil as regeneratigvith

40 ppm as the outlet concentratjoand end of pipe
treatment, that is, for the network shown in Fig. 3 the
operating cost is $3.057 millighyr but the freshwater
requirement for this network is 9.029 tdm The addi-
tional cost for the network of Fig. 8 is explained because
more water is treated in gas treatment, which is a part
of end of pipe treatment, compared to the network in
Fig. 3. The freshwater consumption using the scheme
shown in Fig. 8 cannot be reduced below 8.82/ton
even though the concentration of water from light gas
treatment can be reduced to 3 ppm, as one of the
processes (Washing ) can use only freshwater
(Ch®*=0 ppm and is the only process that is consum-

(1997 obtained a solution to this problem using a
bilinear formulation. The effluent concentration of Reac-
tor I, in this case study, is fixed to the discharge limit
(7 ppm. If necessary the problem can be solved
repeatedly with this concentration as a parameter. One
can use air or zeolite treatment as a regeneration step
for removing chloroethanol. The minimum treatment
concentration and cost are shown in Table (BI-
Halwagi, 1997. The cost of freshwater and its discharge
is 1.5 ton.

Figs. 9 and 10 show alternative networks with reuse
and without regeneration, obtained using model P1.
These networks require 0.701 fimof freshwater. The
operating cost is 8838/$r. Note that Reactor Il requires
freshwater even though it is a regenerative process,
because this has the purpose of dilution before dis-
charge. The solution presented does not reqgieE of

ing freshwater. We summarize our findings in Table 3. pipe treatment as the discharge limits are met for the

Thus, zero liquid discharge is not possible in this
case. The minimum liquid discharge that is possible
with the available treatment technologies is 8.82/tgn
with an operating cost of $3.059 milliggr (Fig. 8).

outgoing water.

The freshwater consumption of the ethyl chloride
process can be further reduced from 0.701/totFigs.
9 and 10 by including treatment in the network. This,

Nevertheless, these values are remarkably smaller thanhowever, will increase the operating cost, which is the

the discharge of 22.153 tgh and an operating cost of
$4.386 million/yr, which are achieved in the network
without reuse and regeneration.

3.2. Case #2: ethyl chloride process

Ethyl chloride was originally produced in the manu-
facture of tetraethyl lead, an antiknock additive in engine
fuel, but today it also serves as an ethylating agent,
solvent, refrigerant, and local and general anesthetic.
Catalytically reacting ethanol and hydrochloric acid
produces this colorless, mobile liquid. Here, ethylene is
used as raw material to produce ethanol through a
catalytic hydration process in Reactor I. In this process,
no contaminant is produced so the water may be reused.
The ethanol is then sent to Reactor Il where it is reacted
with hydrochloric acid to produce ethyl chloride. The
effluent from Reactor Il is sent through two scrubbers
to remove the contaminant of our focus, chloroethanol,
which is a by-product formed in Reactor Il. The limiting
inlet and outlet concentrations and contaminant loads

(El-Halwagi, 1997 are shown in Table 4. El-Halwagi

price to pay if the goal is to reduce the freshwater
consumption. The network with inclusion of air treat-
ment with the outlet concentration at 10 ppm is shown
in Fig. 11.

The freshwater consumption for the network in Fig.
11 is 0.393 torih, and the operating cost is 95670 $
yr. Notice, in Fig. 5, that the processes that require
freshwater are those that can use only freshwater
(Ch>=0 ppm). Therefore, no further reduction of
freshwater consumption below 0.393 fbnis possible.
This implies that one can use zeolite treatment, which
can clean up to 2 ppm, but no further reduction of

Table 7
Data for Case#3

Process Load Cihax co
(kg/h) (ppm) (ppm)
(1) Pulping/dilution 24 800 500 5000
(4) Deckle showers 21.67 100 500
(5) Cylinder showers 37.50 300 600
(6) Felt showers 3.33 20 100
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Table 8 Table 9

Data for Case#3 Data for Case#3

Process Load Ccinax coEx Treatment type cring Cost
(kg/h) (ppm)  (ppm) (ppm) ($/ton)

(2) Paper machinérich) —18 225 5000 500 (7) Physical 30 0.15

(3) Paper machinélean) —6480 5000 200 (8) Physical and membrane 2 0.9

freshwater consumption can be achieved.Figs. 12 and Al treatment is used for regeneration and final
13 depict the dependency of freshwater requirement and treatment. _ _
operating cost on the outlet concentration of air  The freshwater consumption and the operating cost
treatment. for the network of Fig. 14 are 0.342 tdim and $0.6527
The system does not require any treated water above Million/yr. A solution by recycling water fronend of
98 ppm, which is the maximum outlet concentration of Ppipe directly is possible, but it requires using zeolite
Scrubber 1(3). Therefore, the freshwater requirement treatment and is too costly. Zero water discharge is not
and the operating cost when the concentration of treated possible in this case because the Scrubber Il and Reactor
water is above 98 ppm is the same as that of the | require freshwater(C®*=0). Under these circum-
network without treatment, which are 0.701 tbnand stances it will be appropriate to minimize the operating
8838 $/yr, respectively. The freshwater requirement cost while meeting the discharge limits, rather than
steadily drops to 0.393 tgh as the concentration Minimizing freshwater. We summarize the results
decreases from 98 to approximately 90 ppm. In this Obtained in Table 6.
interval, as load removed in treatment also increases, Thus, zero liquid discharge is not possible in this
the operating cost increases to 95 67(y1$ The fresh- case either. The minimum liquid discharge possible in
water consumption remains unchanged as the treatmentthis case is 0.393 toim, with an operating cost of
concentration decreases from 90 to 10 ppm, which is 95670 $yr (Fig. 11). It corresponds to the case where
the minimum concentration of air treatment because it the effluent concentration from Reactor 1l and Scrubber
has already met its absolute possible minimum. The Il are fixed at the discharge limit, i.e. 7 ppm. Notice
operating cost does not change in this interval either as that this minimum discharge is significantly less com-
the load removed remains constant. pared to 0.701 tofh, which was the discharge in the
Using higher outlet concentrations for Scrubber Il network without reuse and regeneration. However, the
and Reactor Il leads to higher operating cost. Indeed operating cost in this case is much low@&838 $yr).
Dericks et al.(200D used 9 and 15 ppm, respectively. Nonetheless, the liquid discharge can be further reduced
The solution for this case is shown in Fig. 14, where to 0.342 torfh by fixing the effluent concentration from

‘|‘ P =3997.23
F, =4050.00
' " 2
F* =395.85 . B, =1006.9 £ =52767
Fa =1350.00
13
Fs =27.087
F =27.087 F, s =38933
il : A\ 4 Endof
4 4 L g Pipe
o =333 l
6 5 Discharge
F' =3330

Fig. 15. Paper mill network with reuse and without regeneration.
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Fig. 16. Paper mill network with physical treatment as regeneration.

Scrubber Il and Reactor Il at 9 and 15 ppm, respectively. day non-bleach paperboard mill is modeled and opti-
This makes the use of expensive zeolite treatment mized. The mill consists of chests for pulping and
necessary to meet the discharge limits, raising the diluting paper fibers, paper machines, showers, and

operating cost to $0.6527 milliggr.

3.3. Case #3: paper mill

capable of achieving zero liquid discharge. A 600/ton

added treatments. In the pulping and dilution steps,

there is an addition of contaminaggaper fibers, which

is measured as total suspended solids. In the paper
machine, the paper fibers are removed and whitewater
In this case study we will show that paper mills are streams of two different concentrations exit the process.

In this case, one should consider the paper machine as

T Py =3883.83
F, =4050.00
A 1 > 2
Foy m22002 F, =1288.15 F,q =166.17
~ F3 =1350.00
13
Fe =33.98 Fs =61.85
6 F =50.2 4 “: 5 >
- F., =124.99
— 4 — | k. =12944
Fy =16.22 ks
Physical/ |

IMembrand

Fig. 17. Paper mill network with membrafghysical regeneration.
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Fig. 18. Freshwater reduction by addition of a regeneration process.

two processesrich and lean, which have been modeled The cost for freshwater and its final treatment, which
as additional regeneration processes within the paperis a sequence of physical and biological treatment is
mill. The rich white-water is the high-suspended solid 1.65 $/ton of water(Wiseman and Ogden, 1996; Lagase
wastewater falling from the beginning of the paper et al., 1998. The cost of final treatment for the water
machine into a silo. The lean white-water is the low- discharged through the regeneration process is 0/35 $
suspended solid wastewater from the suction boxes. Theton. Additional constraints were included in P2, P3 and
showers remove paper fibers from the machine itself at P4 to prevent paper fiber loss to the waste. These
different stages. Tables 7 and 8 show the paper mill constraints arefa) all the water from pulpingdilution
data including inlet and outlet concentrations and load process is used in the paper machitgsh and lean;

on process. and (b) no wastewater is allowed from the paper

The treatments of concern are physitdissolved air machine(rich).

flotation) and a combination of physical and membrane It is an almost universal practice for paper mills to
treatment(ultrafiltration), which remove suspended sol- reuse the water; thus recovering the valuable paper fiber
ids from the effluent. The cost and minimum outlet from excess water sent to paper machines. Fig. 15
concentration information is shown in Table(WVise- shows the optimized network of the original process
man and Ogden, 1996 without treatments, but allowing reuse. The freshwater

4500
4000 -
3500 A
3000 A
2500 A
2000 -
1500 A
1000 A

500

0 50 100 150 200 250 300 350 400 450 500 550

Treatment Concentration (ppm)

Water Treated (ton/h)

Fig. 19. Amount of water regenerated vs. concentration.
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Fig. 20. Total operating cost vs. regeneration concentration.

requirement after reuse is reduced to 456.24/loand
much of the white-water is reused. The operating cost
for the network of Fig. 15 is $6.32 milliotyr, based
on 350 operating daygr. This solution is close to the
way many paper mills currently handle their water.

The addition of a physical treatment process for

tion of regenerated water, respectively. In Fig. 18, a
zero discharge system is possible when the concentration
of treated water is below 20 ppm.

When the concentration of regenerated water is high
(above 500 ppm the freshwater consumption is 290
ton/h, which is not the same as the amount of freshwater

regeneration of used water further reduces the freshwaterrequired for the network without treatme(d56 tory

requirement. This practice is observed in Paper mills.
The optimal network using physical treatment as the
regeneration step is shown in Fig. 16. The freshwater
consumption reduces to 13.875 ftn which saves
$5.76 million/yr in operating cost compared to the
network without regeneration. The resulting operating
cost is $0.56 milliortyr.

A zero liquid discharge network, obtained by adding
a membrane treatment consisting of ultrafiltration And
or reverse osmosi$éRO) to the physical treatment as
regeneration process is shown in Fig. 17. The resulting
operating cost for the zero discharge system is $2.2
million /yr, which is higher than the one shown in Fig.
16. Thus, this is the price to pay if effluent release is
an issue.

The effect of concentration of treated water on the
amount of freshwater required and the operating cost

h). Also, the amount of water treated at a concentration
above 500 ppm is not zer@Fig. 19). This indicates
that at high treatment outlet concentrations water is sent
to treatment resulting in freshwater savings. The con-
straint that the paper machin@ich) should not dis-
charge water increases the freshwater requirement
because the water from paper machine needs to be
diluted before reuse to meet the limiting concentration
requirement. However, when a physical treatment is
used, the water from the paper machine can be dis-
charged after treating, because physical treatment pre-
vents the loss of paper to waste. This obviates the need
of additional freshwater required for dilution. Thus,
resulting in reduction of freshwater consumption at high
treatment concentrations relative to the network in Fig.
15, where water is reused without regeneration.

When the treatment outlet concentration drops below

has also been studied. Figs. 18—20 depict the variation 500 ppm there is a sharp increase in treated water and

of freshwater consumption, the amount of water treated
and the total operating cost as a function of concentra-

Table 10
Alternatives for paper mill

consequently in cost&=igs. 19 and 21 This is because
the water from the paper machirgeich), which has a

Water usage scheme

Liquid discharge Operating cost

(ton/h) (million $/yr)
Reuse and no regeneration 456.24 6.32
Reuse and physical regeneration 13.875 0.56
Reuse with physicdmembrane regeneration 0 2.2
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Table 11
Process data for the refinery example

Process Contaminant Cchex Cchax Load
(ppm) (ppm) (kg/h)
(1) Caustic treating Salts 300 500 0.18
Organics 50 500 1.20
H,S 5000 11 000 0.75
Ammonia 1500 3000 0.10
(2) Distillation Salts 10 200 3.61
Organics 1 4000 100
H,S 0 500 0.25
Ammonia 0 1000 0.80
(3) Amine sweetening Salts 10 1000 0.60
Organics 1 3500 30.0
H,S 0 2000 1.50
Ammonia 0 3500 1.00
(4) SweeteningMerox I) Salts 100 400 2.00
Organics 200 6000 60.0
H,S 50 2000 0.80
Ammonia 1000 3500 1.00
(5) Hydrotreating Salts 85 350 3.80
Organics 200 1800 45.0
H,S 300 6500 1.10
Ammonia 200 1000 2.00
(6) Desalter Salts 1000 9500 120
Organics 1000 6500 480
H,S 150 450 1.50
Ammonia 200 400 0.00

concentration of 500 ppm, is treated to reduce its ppm. The minimum freshwater consumption remains at
concentration to below 500 ppm before reuse. The 43.7 toryh for the concentration of treated water in the
freshwater consumption steadily drops to 43.7/toas interval 470—200 ppm, but the amount of water treated
the concentration of treated water decreases below 500decreases steadily, thus reducing the operating cost.

Table 12
Treatment data for the refinery example

Process Contaminant cmax (ppm) Cost ($/ton)
(7) API separator followed by ACA Salts Not treated 022
Organics 50
H,S Not treated
Ammonia Not treated
(8) RO Salts 20 0.56
Organics Not treated
H,S Not treated
Ammonia Not treated
(9) Chevron waste water treatment Salts Not treated €1.00
Organics Not treated
H,S 5
Ammonia 30

aSource: Perry and Greefi1997).
b Source: Stenzel(1993).
¢ Source: Leonard et al(1984).
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Fig. 21. Refinery network witlend of pipe treatment.

At concentrations of treated water lower than 200 3.4. Case #4: petroleum refinery
ppm the freshwater consumption steadily decreases until
it is completely eliminated at 20 ppm, as water that is  In Petroleum refining, water is primarily used to wash
of better quality than the water from paper machine inorganics from hydrocarbons. Along with inorganics,
(lean) is available for reuse in this interval. At the same water also accumulates organic contaminants like oil,
time, the total operating cost of both membrApieysical grease, phenols, cresols, xylenols etc. Some processes
and physical treatment decreases in this interval, making use steam as a stripping medium in distillation and as a
the zero discharge option profitable. Since zero dis- driving fluid in vacuum ejectors. In this case study, the
charge is attainable when the outlet concentration of contaminants in wastewater are broadly classified into
treatment falls below 20 ppm, an improvement in the four contaminant categories: salts, organics, hydrogen
physical treatment may be able to accomplish this, sulfide and ammonia. The sources of wastewater, the
which saves additional operation cost of membrane load of the contaminants and the limiting inlet and
treatment. All these results are summarized in Table 10. outlet concentration data are shown in Table 11.
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Fig. 22. Refinery network with regeneration.
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Fig. 23. Refinery network with reuse efid of pipe treatments effluents.

The treatment processes that are considered are theoperating cost in this case decreases to $2.005 myjllion
API gravity separator, activated carbon adsorption yr.
(ACA), RO and the Chevron waste water stripper When regeneration is considered, the freshwater
(WWT). The API gravity separator can remove insol- requirement drops to 33.571 tém The network includ-
uble organics like oil, grease etc., while ACA can ing the treatments is shown in Fig. 22.
remove soluble organics. However, ACA cannot effec-  The consumption of the network of Fig. 22 coincides
tively remove highly soluble organics like alcohols and with the total water required by the freshwater of the
aldehydes. Because of high concentration level of organ- distillation and amine sweetening processes. The total
ics, wastewater needs to be treated in both the API operating cost, which includes freshwater, treatment and
separator and carbon adsorption treatment units beforethe end of pipe treatment costs is $1.11 milliggr.
it becomes fit for reuse. The RO treatment can remove Therefore, the inclusion of additional treatment units,
salts to an extent that meets discharge limits; the WWT shown in Table 12, saves $0.895 milligm in operating
treatment removes hydrogen sulfide and ammonia. The costs.
wastewater is treated prior to discharge using biological The other scheme of water supply that one can
treatment, which removes the residual organics, and to explore is reusing the effluent of thend of pipe
some extent, the residual ammonia and hydrogen sulfide. treatment. The solution network obtained for this
The treatment cost and minimum outlet concentration scheme is shown in Fig. 23.
for each contaminant is shown in Table 12. The fresh-  Although the freshwater consumption for the above
water and itsend of pipe treatment cost is 2.00/%on. network is the minimum possibl€33.571 torth), the
Using the data in Table 11, the minimum freshwater operating cost is $1.889 milligiyr. Here, 0.32 $ton
required without reuse of the wastewater is 144.8/ton was the cost for freshwater when biological treatment
h, and the operating cost is $2.43 milligm. The is used before dischargédenoted as ‘further treatment’
freshwater requirement is reduced to 119.33/towhen in Fig. 23). Note that this cost is $0.779 milliggr
the wastewater from the processes is reused anenthe =~ more compared to the network in Fig. 22. We summarize

of pipe treatment scheme is adoptééfig. 21). The all the above results in Table 13.

Table 13

Alternatives for refinery

Water usage scheme Liquid discharge Operating cost
(ton/h) (million $/yr)

No reuse and no regeneration 144.80 2.430

With reuse and no regeneration 119.33 2.005

With reuse and regeneration 33.571 1.110

Reuse anand of pipe regeneration 33.571 1.889
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Zero liquid discharge is not possible in this case F}
unless treatment technologies that can completely Fi;
remove H S and Ammonia are available. Nonetheless, .
when reuse and regeneration are employed, IargeF.//}fk
decreases in liquid dischargdrom 144.8 to 33.571 Fia
ton/h) and in operating cos{from $2.43 to 1.11

o . Fi .
million /yr), are obtained. o
. Fj,out

4. Conclusion F,

1
In this paper, zero liquid discharge solutions for /
systems with single and multiple contaminant systems
are explored for four industrial cases using the meth-
odologies recently developed. The industrial cases stud-
ied are a tricresyl phosphate plant, an ethyl chloride
plant, a paper mill and a petroleum refinery. Zero liquid 7
discharge was possible only in the case of the paper
mill. Moreover, it was found to be profitable. In the U
case of tricresyl phosphate plant and petroleum refinery, Yi,
large reductions in liquid discharge and operating cost
are possible by means of reuse and regeneration of Yo
wastewater. The study of the ethyl chloride plant showed
that significant reduction in liquid discharge could be
achieved without use of expensive treatment technolo-
gies, like zeolite treatment, and by maintaining the

J

k
L.
L

Y,

jio

freshwater flowrate to procegs

water flow from process to procesg

water flow from treatment, to procesg

water flow from procesg to treatment,

water flow from process to treatment, while
analyzing procesg

water flow from treatment; to treatment, while
analyzing procesg

water flowing from procesg

total water flow through process

index representing process

index representing procegs

index representing treatment procéss

mass load in process

mass load of contaminantin processg

total number of processes in the network
index representing procegs

total number of treatment units available in the
network

upper bound for flows

binary variable representing connection between
process and procesg

binary variable representing freshwater
connection to process

binary variable representing outlet connection for
process
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