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Integrated Water Network Designs for Batch Processes

Kai-Fang Cheng and Chuei-Tin Chang*

Department of Chemical Engineering, National Cheng Kungversity, Tainan, Taiwan 70101,
Republic of China

A general mixed-integer nonlinear programming (MINLP) model is developed in this study to synthesize
water networks in batch processes. The proposed model formulation is believed to be superior to the available
ones. In the past, the tasks of optimizing batch schedules, water-reuse subsystems, and wastewater treatment
subsystems were performed individually. In this study, all three optimization problems are incorporated in
the same mathematical programming model. By properly addressing the issue of interaction between
subsystems, better overall designs can be generated. The resulting design specifications include the
following: the production schedule, the number and sizes of buffer tanks, the physical configuration of the
pipeline network, and the operating policies of water flows. The network structure can also be strategically
manipulated by imposing suitable logic constraints. A series of illustrative examples are presented to

demonstrate the effectiveness of the proposed approach.

1. Introduction of consumed freshwater. He assumed that the mass load or outlet
pollutant concentration of every water user is constant and the
In the literature, studies on the designs of water-reuse andpymber and volumes of buffer tanks is fixed. It can be observed
wastewater-treatment networks in chemical plants were mainly that the charging and discharging time periods of each water
concerned with the continuous processes, while very little yser were identical in these works. In addition, the capacity and
attention has been directed toward the development of watergoncentration constraints were not imposed on the sinks and
conservation strategies for batch operations. Takama'dirs.  thus the treatment capacities of the wastewaters were essentially
defined the design problem of optimizing the continuous water assumed to be unlimited in the aforementioned studies. On the
network in a refinery. They devised a superstructure in which other hand, McLaughlin et &F indicated that a wastewater-
all possible network connections can be included. In order to treatment unit should be designed to handle the peak processing
avoid analyzing the interactions between water-reuse andrate, Thus, the flow rate and also pollutant concentrations of
wastewater-treatment Subsystems In continuous processes, Varbvery wastewater stream should be equa"zed (or Controned)
ous different approaches were then proposed to optimize theseyjjthin certain desirable ranges before entering the treatment unit.
two componentindizidually.?~** On the other hand, Huang et Chang and 1352 developed mathematical models to design the
al** and Tsai and Changdeveloped a comprehensive math-  stand-alone water equalization systems for batch processes and
ematical programming model and its solution procedures to gi5o to synthesize water-reuse networks equipped with buffer
generate an integrated network design comprising the afore-tznks for equalization purposes.
mentioned two subsystems. Later, Gunaratnam é¢ also Notice that the available design methods can only be used
performed a similar study with the same approach. for synthesizing the subsystems of a batch water network, i.e.,
It has been well-recognized that batch processes are suitablehe batch schedule, the water-reuse network, and the wastewater-
for producing multiple products in small quantities. When treatment network. In the present study, the three optimization
compared with its continuous counterpart, a batch production problems are incorporated in a single mixed-integer nonlinear
scheme is clearly more flexible. Specifically, the process programming (MINLP) model for generating the integrated
configuration of a batch plant can be easily adjusted to meet water networks in batch processes. To illustrate the proposed
the market demantl.However, since waters are consumed and/ approach, the interactions between subsystems are first described
or generated intermittently, the water-network designs for batch in section 2. The mathematical programming models used for
processes are obviously more complicated than the continuousbatch scheduling and water-reuse network design are presented
ones. Almato et at®°and Puigjaner et & used Gantt charts  in sections 3 and 4, respectively. Three examples are then
to specify the time periods in which waters are charged to or provided in section 5 to show the potential benefits that can be
discharged from water-using operations. They adopted the achieved by integrating the scheduling model and the design
method of simulated annealing to obtain the optimal solution model of a water-reuse network. The design model of a
of the corresponding mathematical model. Wang and Stith wastewater-treatment network is given in section 6. Two
developed a modified version of the pinch method to minimize additional examples are presented in section 7 to demonstrate
the amount of wastewater discharged from a batch process. Inthe advantages of simultaneously optimizing water-reuse and
a later study, Kim and Smith proposed a mixed-integer wastewater-treatment networks. The design method of a fully
nonlinear programming (MINLP) formulation to automate the integrated water network is explained with a final example in
design procedure of such discontinuous water-reuse systemssection 8.
Majozi?3?* combined the design models for batch scheduling
and water-reuse subsystem design to minimize the total volume2- Subsystems of Batch Water Networks
As mentioned previously, a comprehensive design of the
*To whom correspondence should be addressed. Tel.: 886-6- Water network in a batch process consists of three components,
2757575 ext 62663. Fax: 886-6-2344496. E-mail: ctchang@ I-€., the batch schedule, water-reuse network design, and
mail.ncku.edu.tw. wastewater-treatment network design. Naturally, the correspond-
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| ={i|iisthe label of a tagk
Batch Scheduling |, ={i | i is the label of a task for which urjican be used
I‘Sn ={i | iis the label of a task whose input is stale
Water Reuse 134={i | i is the label of a task whose output is stsjte
Network Design
J={j |]jis the label of a unj
Y
{j |j is the label of a unit to which taskcan be assignéd
Wastewater Treatment
Network Desigh S={s| sis the label of a staje
Figure 1. Components in an integrated batch water-network design. Sp =

_ ) _ ) . {s| sis the label of a state corresponding to produjct
ing design procedures are interrelated, and their general relations

are depicted in Figure 1. Notice that every subsystem can beS, =

independently synthesized by ignoring the variations in the (g sjs the label of a state corresponding to raw matetial
inputs from its neighbor(s). In fact, these components have

already been individually discussed in various studies. To 3.2. Model Formulation. The constraints and objective
facilitate explanation of the integrated design strategy, the function of the conventional scheduling moielre summarized
mathematical programming models used for the subsystemas follows:

designs are first reviewed in the following. By combining these ¢ Material balances

models so as to optimize more than one subsystem simulta-

neously, the benefits of the proposed approach can then beSn=

clearly demonstrated. Spi— Z Pg,iBS,j,n+ z pg,iBEi,j,n - D+ R,
el jedi ielgutjed;
3. Batch Scheduling OseS, OneN(nh=1)
The main challenge of production scheduling is to specify @)

the appropriate time interval and allocate the suitable unit(s) to
perform every task of the batch process in order to maximize
profit. The conventional state-task network (STN3 adopted

in this study to represent the batch production process. A

_mathem_anca! programming model can be formulated accord-i in unitj at time pointn; BE;, is the amount of material that
ingly to identify the optimal schedule.

3.1. Time Models and Set DefinitionslIt has been well- ends task in unit] at time pointn; p;‘ denotes the proportion

) } b .
established that the complexity of a scheduling model is linked of input to taski from states; pg; denotes the proportion of

. - : : c p
directly to the embedded time model. There are two common CUtPUt from taski to states. Notice that onlyg; and pg; are
alternatives, i.e., the discrete-time model and the continuous-d€sign parameters, while the rest of the aforementioned quanti-

time model. In the former case, the entire time horizon is divided ties are all variables.

whereS;, represents the amount of material stored in sate
time pointn; Dsy, is the amount of material sold in staseat
time pointn; Rsn is the amount of material purchased in state s
at time pointn; BS;;» is the amount of material that starts task

into a finite number of time intervals with constant duration.  * Allocation constraints

On the other hand, the concept of event point is adopted in the .

latter approach to represent the precedence order of various Z (WS,J,n + WPi,i,n) =1, OjeJ UneN ©)
events?®30Although it has been suggested that the event-point- <l

based model is simpler, the discrete-time model is still adopted .

in the present study. This is due to the need to integrate the Z (WPt WE;)=<1 0OjeJ, UneN 4)
scheduling model with the other two components in overall '€l

water network design. Let us assume that the entire time horizon
can be divided intd\, equal intervals. In particular, the number
of time intervals is computed in this study according to the Oiel;, Ojed,OneN(z=1) (5
following equation:

WS -1 T WP -, = WP , + WE;

i,j,n i,j,n1

where WS, WP, and WE;, are binary variables. W,
_H 1) equals 1 if unif starts tasks at time pointn; WP, » assumes
DT the value 1 if unif is processing taskisat time pointn; WE;
assumes the value 1 if urjitends tasks at time pointn.
whereH is a fixed horizon time, and DT is the length of the « Capacity constraints
time interval. These time intervals are collected in a set, T.e.,
={1, 2, 3, , Ny — 1, N}}, and their boundary points are Bi".““ws.n <BS.,=<B"™WS,,
collected in anotheN = {0, 1,2, 3,-- , N — 1, N;}. ! b b ! 0 :
: : . Oiel,0jed,OneN (6)
To be able to present the mathematical model succinctly, it )
is necessary to first provide the definitions of a number of sets Lmi < RP. < RMX\D
to classify the tasks, units, and states in the batch schedules,B“J nWP'J’” =BRjn =B )WP'J'“_' .
ie. Dlelj,D]eJ,DneNU)

N,



BT"WE,, < BE,;, <

LN = LL.n =

BI"WE;;

L,

Oiel,0jed,OneN (8)

where BR; » is the amount of material being processed by task
i in unitj at time pointn; B|" and B} are design parameters
denoting, respectively, the minimum and maximum capacities
of taski in unit j.

« Storage constraints

=M, OseS0OneN 9)

where Mg denotes the maximum storage capacity of stte
which is a design parameter.

e Purchase and demand constraints

D, = dg, DseSp,I]neN (10)
D,,=0, OsOS,0OneN (11)
Rn=rs OseS,0neN (12)
R,=0, OsO0S,0neN (13)

whereds andrs are two parameters representing the minimum
demand for product and the maximum supply of raw material
S, respectively.

 Other constraints

TE,; =TS, +7, Ojed Dicl (14)
WP, ,=0, OjeJ, Diel (15)
WE,=0, Ojed, Oiel (16)
WS, =0, OjeJd, Diel, (17)
WP, =0, OjeJ, Diel, (18)

where TS and TE; represent, respectively, the start and end
times of taski assigned to unif; 7; is the parameter denoting
the processing time of task

o Objective function

Objschedule= ZW Zﬁ CEDs,n - Zﬂ Z CERsn (19)
neN se neN se

whereCE and Cf are the cost coefficients of raw material and
product, respectively.

Constraint 2 is the material balance of stateetween time
point n andn — 1. Constraint 3 enforces the limitation that

only one task can be started or processed in the same unit at
the same time point. In the same way, constraint 4 ensures that
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17 and 18 show that tasks can only be ended at the final time
point. Finally, the objective function is presented in eq 19.

4. Water-Reuse Network Design

Having determined the production schedule and the water
generation and/or consumption rates of every task in the
schedule, one can then design the water-reuse network accord-
ingly. The following mathematical programming model can be
adopted for this purpose.

4.1. Sets.In order to describe the proposed mathematical
programming model clearly, let us first introduce the following
set definitions:

SA ={sa| sais the label of an external water souyce

SB={sbh]| sbis the label of a water-generating operation
without consuming any usable walter

S=SAU SB={s] sis the label of a water source
of the water-reuse netwark

OA =
{oa] oais the label of a water sink in the environmpnt

OB = {ob| obis the label of a wastewater-treatment bnit

OC ={oc| ocis the label of a water-consuming operation
without generating any wastewajer

O=0AUOBUOC=
{o| ois the label of a sink of the water-reuse network

UA = {ua| uais the label of a water user with
non-identical charging and discharging time interyals

UB = {ub| ubis the label of a water user with
identical charging and discharging time interyals

U =UA UUB ={u|uis the label of a water usgr

B = {b| bis the label of a buffer tank
in the water-reuse network

E = {e| eis the label of an equipment which
facilitates at least one operation definedUnSB, or OC}

P.={p | pis the label of an operation carried out
in equipment € E}

K ={k| kis the label of a pollutant indéx
Finally, it should be noted that

U P,=UUSBUOC
ecE

only one task can be processed or ended in the same unit at the

same time point. Constraint 5 shows that if tas& started or
processed in unjtat time pointn — 1, it must be processed or
ended at time point. In order to limit the range of task
assigned to uni}, it is necessary to impose constraints&
The upper bound of the storage capacity of statetime point
nis provided in constraint 9. Constraints-103 show the upper

4.2. Superstructure.Similar to other mathematical program-
ming approach to process synthesis, a superstructure (Figure
2) must be constructed to incorporate all possible flow con-
figurations. This structure can be built by implementing the
following steps:

(1) Place a mixing nod®/ at the inlet of each water user,

and lower bounds of the amounts of purchased raw material buffer tank, and sink;

Rsn and sold producDg, respectively. Constraint 14 shows
that the end time of taskassigned to unitmust equal the sum

(2) Place a splitting nod& at outlet of each source, water
user, and buffer tank;

of its start time and processing time. Constraints 15 and 16 show (3) Connect the split branches from the splitting node after
that tasks can only be started at the first time point. Constraints each source if8A to all mixing nodes;
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Figure 2. Superstructure of water-reuse subsystem.

(4) Connect the split branches from the splitting node after
every source irSB and also at every water user ihto the
mixing nodes before the buffer tanksBnand sinks inrOA and
OB but not to those before the water userdlirand the sinks
in OC;

(5) Connect the split branches from the splitting node after
each buffer tank ifB to all mixing nodes except the one before
itself.

The labels of splitting and mixing nodes are also collected
in two additional sets to facilitate a concise model formulation,
ie.

MX = {mx| mxis the label of a mixing node
in the water-reuse netwdrk= U UB U O

SP={sp| spis the label of a splitting node
in the water-reuse network= SUU UB

source

wherecg,, — denotes the pollution indeiin the water stream
from sources during time intervat; Csy; is a given parameter.

The material balance around the splitting node after each
water source in seB8A and SB can be written as

f source__
sat

Z fssb b, t+ fssb oa, t+ ;3 fssb ob,t
be oae
sbe SB,te T (24)

; fSeamxt SAESAteT (23)

source__
sht

In the above equations, fs is a variable used to denote the flow
rate of each branch and its subscript denotes the flow direction.
For example, fg,mx: represents the flow rate of a stream from
sourcesato mixing nodemxduring time intervat. In the same
way, Csk; IS a variable denoting the value of tkth pollution
index in the split branches from splitting node

Finally, notice that the pollution indices in the water streams
before and after a splitting node should be identical, i.e.,

source__

Cot seS keK,teT

= C&t (25)
Water Users. The overall mass balances can be written as

DT Z fin=DT ZD fo3y+DV, ueU (26)
u t'eTDy

Here, DV, represents the total water loss in water ug

Let us express the sets of starting and ending nodes of theandf"ut denote, respectively, the input and output flow rates of

branches produced in steps 3, 4, and SBsandMX; (i = 1,
2, 3), respectively. They can be obtained according to the
following conventions:
e In step 3,SP, = SA andMX; = MX;
e In step 4,SP, = SBU U andMX, = B U OA U OB;
e In step 5,SP; = B andMX 3 = MX.
Also

U,SP=SP

Notice that the splitting nodes i8P, are not connected to
every mixing node. Upon the basis of the belief that the
upstream disturbances in wastewater streams can always be
smoothed with buffer tanks, this design practice is adopted
mainly to facilitate better operability.

4.3. Model Formulation. Sources.The water sources can
be classified into two types, i.e., freshwat8A) and secondary
water SB). The flow constraints of waters from the sources in
SA and SB can be expressed as

fsource< F

sat sac SA teT

(20)

sa

SOU[CE

Source= Fy, Sbe SBte T

(21)
where foo!"““andgy ““represent, respectively, the flow rates of
fresh watersaand secondary watabin time intervalt; Fsa is

the maximum allowable supply rate of freshwater from source
sa Fsp is the nominal supply rate of secondary water from
sourcesb during time intervalt. On the other hand, the water
qualities of the freshwaters and secondary waters should be
considered as known data, i.e.,

source

Cokt = Cskr S€S keK,teT (22)

Water usewn during interval; TC, andTD, denote, respectively,
the set of time intervals in which the charging and discharging
operation of water usar take place.

The water users can be divided into two class#8, and
UB. Their component balances can be expressed, respectively,

as
=DT ZDf

DT Z fil?a,tcil;]a,,kt
teTCy
uac UA, ke K (27)

ut .out
ubtCubkt =

out out
ua,t’ ua,kt'

fo = f bk + Mook UDEUB ke K, te Ty, (28)

where cuath and cubkt represent théth pollutant index in the
feed stream of water user anub during time intervat; c(a

and ¢, denote, respectively, thieh pollutant index in the
output stream of water usela and ub during time interval;

Muak IS @ given parameter which represents the accumulated
mass load of pollutant indek in operationua, uupk is the
instantaneous mass load of pollut&rih water usewub; T, is

the set of time intervals for operating water usdgx Notice

that, TCy, = TD, whenu € UA; T, = TDy = TC,if u € UB.

The mass balances around the mixing node before each water
user and the splitting node after each water user can be written
as

fin = Z fSgu + Zafs,mt ueUkeK,teTC,
be (29)

|n in
utcu kt ™

= Z fssa,utcsskt+ Zfsbutcsokt
ueU keK,teTC, (30)
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fou=N fs .+ fs .+ fs Water Sinks. All wastewaters which cannot be reused should
ut u,b,t u,0a,t u,0b,t . . . .
k; oon Ob;B be discharged into the water sinks. As mentioned before, they
ueU keK,teTD, (31) can be divided into three groups. The mass balance around the
mixing nodes before the sinks in s&@# andOB can be written
Coki=CSue UeUkeK,teTD, (32) as
sink _
The constraints of input flow rate can be written as for = prsspo,t (44)
spe
min _ ¢in _ £ max . .
fu = fu,t = fu ueU,te TCU (33) lePkczlrlzI; — Z fsspo,tcspk,t (45)
speSP

Also, pollutant indices at the inlets and outlets of the water user
may subject to additional inequality constraints in order to 0 OAUB,keK,teT

maintain operation efficiency, i.e. . . . )
P y Also, the corresponding constraints for the sink©i@ should

M <y U <y ueUkeK,teT (34) b€
. sink _
where, {7 and f;"" are the upper and lower bounds of Foct S;Afssaom_'_l;fsbvom (46)
throughput;n\ andz are given parameters.
Buffer Tanks. The buffer tanks are used in the water network sink sink __
Cockt = Sqa00(C + ) fs . 47
to improve the chance of water reuse. The mass-balance relations oot Fockt sa;A S gg nocCit (47)

around each tank can be written as
oce OC,keK,teT

— in out
Upt = Vpg-1 + (For = T )DT (35) The upper and lower bounds of flow rates and pollutant
out out i in outout indices in the wastewaters discharged to the sink®Anand
Vb Cokt = Ubt-1Cokt-1 T (FoCort — FoiCoxd DT (36) OB can be written as
beB,keK,teT /-nginS fzi?ks lgnax’ r;:(n5 CEIEI: < egjsx'
wherewy,; denotes the water volume in tahlat the end of time 0 OAUOB,keK,teT (48)

interval t; cig‘kt and c{y, represent, respectively, the values of max min _ .
pollutant indexk in the inlet and outlet streams of tablat the Where/lo and/, " represent, respgctlvgi}i, the nrwnlir:nmum and
end of intervalt;fy, and f3y' represent, respectively, the flow ~Maximum flow rates allowed by sin&6,," and 6, denote

rates of input and output streams of tamluring time interval the corresponding minimum and maximum values of pollutant

t. In addition, since the batch operations are often periodic, the indexk. For the sinks inOA, 45" = 0 and6g,’ = 0. On the

process conditions of every buffer tank at the starting and ending ©ther hand, the flow rates of wastewater streams delivered to
times of any operation cycle should be kept identical, i.e. the sinks inOC are required to be maintained at time-variant

nominal levels; the equality constraint is shown below

Upo =Y (37) .
bo = YbN, ff‘)'gtk =loey 0C€OC, teT (49)
out __ _out
Coko = Cokn, (38) wherelq; is the nominal flow rate required by simkcin interval
beB keK t. Finally, the constraints imposed upon the pollution indices in

the above wastewater streams should be the same as those
The material balances around the mixing nodes and splitting adopted for the sinks i@A.

nodes are the following: Structural Constraints. From a practical standpoint, there
A is an obvious need to eliminate any branch that is used to transfer
't:t = Z fssp,b,t (39) only a negligible amount of.water during the enti.re prodyction
SPESP cycle. To prevent generating such branches in solving the
sp=b proposed model, it is necessary to add the following constraints:
flt:tclt:jk,t = Z fssp,b,p%p,k,t (40) ‘Z fsspmxt = ysmeLBv (50)
P
Ssppezb €
=
fg’l:[: ; be,mx,t (41) fsspmxt = yspmeB (51)
e spe SP, mxe MX;, sp=mxteT
M = cs, (42) wherei = 1, 2, 3; LB’ denotes a user-specified lower bound of
kit kit the total transported water volume through any branch during
beB,keK,teT a production cycle; UBis the upper bound of flow rate that

) _ must not be exceeded in any brangkmx € {0,1} signifies
The total volume of water in a buffer tank at any instance should hether or not the corresponding branch is selected in the
be larger than zero and less than the storage capacity. Thebptimal network configuration. fsymx = 0, fsspmxe Will be
corresponding constraints can be written as forced to zero according to egs 50 and 51.
max The number of buffer tanks embedded in the superstructure
Vp Z ;=0 beB,teT (43) is usually larger than what is actually needed in the optimal
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solution. To remove the unreasonably small tanks in the systemwhere NM, and NS denote the upper bounds of the pipeline
design, it is often necessary to impose a lower bound on thenumbers connected to mixing node and splitting node of
tank size. If buffer tankb does not exist, i.e.x, = 0, the equipmentrespectively; NM and NS denote the upper bounds
connecting branches in the superstructure should also beof the pipeline numbers connected to mixing node and splitting
eliminated all together. These constraints are shown below: node of buffer tanl respectively; N§ denotes the upper bound
of the pipeline number connected to the splitting node of source

V- < ™ beB (52) sa NM, denote the upper bound of the pipeline number
connected to mixing node of sirk
X Z Yomx MXeE MX, b= mx (33) Objective Function. The objective function of our optimiza-
Xy = Yspp SPE SP,b=sp (54) tion problem is the sum of the annual water cost, annualized

installation cost, and annual treatment cost, i.e.,
wherex, €{0,1} is used to reflect whether or not tablexists; L
WL is the lower limit of the tank volume. Objreuse™ I'saPsa T TgPp + FogPog (66)
_As ment|oned_ prewou_sly, more than one water-using opera- whereT'sa, I's, andI'og assume only binary values. They are
tion may be carried OUtW'.th th_e same equipment. I_n_other words, used in this formulation to account for various different
the s.upers_tructure.u.sed in this study is onI)_/ afictitious process combinations of objective functions used in practical applica-
conflguratlon. Adglltlonal structural. constraints must therefore tions. The functiorbsa represents the annual cost of consumed
be incorporated in the mathematical programming model to freshwater fromSA; ®g and ®os denote the annualized

a_utor_natically translate the optimal solution _into the_ act_ual installation cost and annual treatment cost, respectively. The
plpell_ne network.of the resulting syste_m design. NOt'Ce.T'rSt annual water and treatment costs are calculated with the
that, if a branch in the superstructure is not used to facilitate {ollowing formulas:

the operation of a water user, it can be regarded as a physica
pipeline. This feature can be characterized as follows: Dy = Ny DT Z ‘Psa(z fzg’?rc (67)
saeSA te

z;=y,; 1€SAUB,je BUOAUOB (55)
— sink
wherez; € {0,1} (i = j) is used to signify the existence of a Pop = NeyeieDT Ob;B %b(‘ez Font) (68)
pipeline fromi to j. The binary values associated with the rest
of the connection branches can be interpreted according to thewhereNgyqe is the number of production cycles carried out per
logic operators suggested by Raman and Grossifaire, year; ¢sa is the raw-material cost per unit volume of con-
sumed freshwater from sours® ¢qp, is the treatment cost
Zye= ) Yep €€SAUB,ecB (56) per unit volume of wastewater discharged to stk The
peFe annualized installation cost of buffer tanks is determined

Zyoz Ve, € €SAUB,ecEpeP,  (57)  accordingto
Oy = o, + By(vir®)® 69
Zoe= Y Yo« €€E,€ cBUOAUOB  (58) B ga[xb o T B> (69)
pePe
whereay, is the fixed charge andy is the cost coefficient of

Zee = Ype €€E,€€BUOAUOB,peP, (59) tank b.

To simplify the network structure, it is also desirable to limit
the numbers of pipelines attached to the mixing and splitting
nodes in the actual pipeline network. These inequality constraints
can be written in the following forms:

5. Simultaneous Optimization of the Batch Schedule and
Water-Reuse Subsystem Design

If the amounts of water consumed and/or generated by a water
user can be assumed to be proportional to that of the process

Z Zet Zzb’es NM, ecE (60)
saeSA be

Z Ze,b+ Ze,oa+ Ze,obS NSe eck (61)
be 0acOA obcOB

Zapt Y Zypt Y Zp=NM, beB (62)

b'=b
Z Zb,e+ ZB zb,bf + Zb,oa+ Z Zb,obE Nso beB
ec E;b 0acOA obeOB
(63)

Z zsa,e+ Z Zsa,b+ Zsa,oa+
ec be 0acOA

Z, o= NS,, sae SA (64)

obeOB

Z ZeaoT Z; Zyot Z Z,,<NM, 0ec OAUOB
saeSA be ec (65)

material produced in the corresponding task, the aforementioned
two mathematical models can be combined for the purpose of
optimizing the batch schedule and water-reuse network design
simultaneously. The objective function in this case should be

the net profit, i.e.

Objintl = Objschedule_ Objreuse (70)

5.1. Example 1Let us consider the STN shown in Figure 3.
In this process, feed A is heated to produce intermediate HotA,
while 50% of feed B and 50% of feed C are mixed and then
reacted to form intermediate BC. 40% of HotA and 60% of
BC are then mixed and reacted to form product 1 (40%) and
intermediate AB (60%). On the other hand, 20% of feed C is
reacted with 80% of intermediate AB to form impure E. Finally,
the impure E is sent to a distillation column to separate product
2 (90%) and intermediate AB (10%). The available units, storage
capacities and processing times of this process are given in Table
1. It is also assumed that the maximum amount of every feed
supply is 1000 kg. For the purpose of comparing the effects of
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A
H/46.67
Heater - o———o
@ RX3/50 RX3/50 RX2/50
Feed A Reactor 1
RX1/70 RX2/66.67
Reactor2
Product 2
SEP/100
Still -
] l ] l >
T I I T >
0 1 2 3 4
Feed C Time (hr)
Figure 3. STN of example 1. Figure 4. Gantt chart of case IH = 4 hr) in example 1.
Table 1. Design Parameters Used in Example 1 A
upper limit of state for feed (S1S2—-S3), product (S8S9): ul/H1 — water in
unlimited Heater - =2 -——- water out
for HotA (S4), ImpureE (S7): 1000 kg
for INtAB (S5): 500 kg Reactor 1 ocl/RX3 MZIRX.‘Sn sb1/RX2
for IntBC (S6): Ok¢ {  TTTTTETmETTTTT
equipment unit heater: capacity 100 kg, suited for heating u2/RX1 sh2/RX2
reactorl: capacity 50 kg, suited for Reactor? ¢————————o0———— 2
reactions 1, 2, 3
reactor2: capacity 80 kg, suited for . ___ U3SEP
- Stil + e r——
reactions 1, 2, 3
still: capacity 200 kg, suited for separation ! | i | -
processing of task heating: 1 h
reactions 1,2: 2h 0 1 2 3 4
reaction3: 1h Time (hr)

separation: 2h Figure 5. Gantt chart for examples 2 and 4.

Table 2. Objective Values Obtained with Different Horizon Times Table 3. Design Parameters Used in Examples 2 and 4

in Example 1
- - - - - equip nominal flow start end max conc. of
time horizon (hr) objective function (cost unit/hr) operat  unit rate (ni/hr)  time (hr) time (hr)  pollutant (ppm)
g ggi-g; ur el —46.67 3 4 0
7 301'23 46.67 3 4 5
' u2 e3 —35 0 1 6
8 351.43 35 1 2 14
9 338.41 u3  e4 50 2 3 10
10 355.33 50 3 4 15
i; gi‘l‘-gg ocl e2 50 0 1 7
13 360.44 oc2 e2 —50 1 2 7
14 351'43 shl e2 25 2 4 10
15 35143 sh2 e3 33.34 2 4 10

Also, it is assumed that the amounts of consumed and/or
generated waters of each batch operation are directly propor-
tional to the processing volume. The process data of all water-

varying horizon time, the objective function for this example
is chosen to be

obij, H using operations in thjs system can be founq in Taple 3. The
®=—=[5 (20D, + 20D,,) — labels of every operation and the corresponding equipment are
e ’ ’ listed in columns 1 and 2 of this table, respectively. The nominal
H flow rate at its inlet and outlet are provided in column 3. A

20(10R1" + 10R, , + 10R, )J/H (71) negative flow rate implies that the corresponding water stream
= ' ' ' is consumed in the operation, and a positive value represents

the wastewater generation rate. The durations of the charging
The mathematical programming model was solved with the or discharging steps are specified in the fourth and fifth columns
module DICOPT within the GAMS environment. The optimal of Table 3. There is only one key pollutant in the water streams,
solutions corresponding to different time horizons are shown and the maximum pollutant concentration in the inlet and/or
in Table 2. It can be observed that the objective function is not outlet streams of every water-using operation are specified in
affected in a definite way. The Gantt chart with a time horizon column 6 of Table 3.

of 4 h ispresented in Figure 4. Only one external water sourceal) is considered in this
5.2. Example 2.Let us next consider the batch schedule example, and its pollutant concentration is O ppm. The maximum
presented in Figure 4. Suppose that water supply rate from sourceal is 80 n¥hr and, for
« reaction 1 (RX1), separation (SEP) and heating operation convenience, its cost is taken to be 1 unit of valuélcAiso
(H) are water users; we assume that only one wastewater treatment systainis
e reaction 2 (RX2) is a wastewater-generating operation available and the corresponding treatment cost is 3 units of
without consuming any usable water; value/n?. The maximum allowable discharge rate of wastewater

« reaction 3 (RX3) is a water-consuming operation without is 80 n¥/hr, and the pollutant concentration is required to be
generating any wastewater. maintained between 5 and 10 ppm. An additional environment
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Table 4. Solution Summary of Three Cases in Example 2

scenariol scenario2 scenario 3
objective value (cost unit) 620.73 110.72 79.41
freshwater cost (cost unit) 118.15 110.72 231.67
treatment cost (cost unit) 404.49 382.2 578.28
installation cost (cost unit) 98.09 1381.56 79.41
number of buffer tank 1 3 1
number of branches 12 16 14
number of pipelines 10 14 12
total amount consumeshl (m3) 118.15 110.72 231.67
volume of buffer tankl (m°) 98.86 30.16 52.79
volume of buffer tank2 (m?) 0 97.7 0
volume of buffer tankb3 (m?) 0 100 0
total discharging vol obb1(m?) 134.83 127.4 192.76

Table 5. Design Specifications of the Water-Using Operations in
Case 1 of Example 2

operation ID flow rate (r#hr) conc. (mg/L) from/to
ul(el) —46.67 0 sal
46.67 5 bl
u2(e3) -35 0 sal
35 8 obl
u3(ed) —50 3.12-8.31 bl
50 11.13 bl
ocl(e2) 50 7 bl
0c2(e2) 50 7 bl
shl(e2) 25 10 bl
sh2(e3) 33.34 10 obl

sink oal €OA is also assumed to be available in this example.
The upper bound of its inlet pollutant concentration is set to be
2 mg/L. The number of buffer tanks embedded in the super-

sal

;

L

Figure 6. Network configuration of water-reuse subsystem in case 1 of
example 2.

e e o |

] —l—l b2

obl

Figure 7. Network configuration of water-reuse subsystem in case 2 of
example 2.

"2
—»‘e_l'—w—ieAFTb{ e3 }—>4>| 0b1|
Y » bl > >
L

> oal

Figure 8. Network configuration of water-reuse subsystem in case 3 of

structure was three, and the lower bound of tank volume is 1 example 2.

m?2. On the other hand, the lower bound of the total transported

water volume in a split branch is set to be # amd the upper
bound of the instantaneous flow rate is 8&mmn. The number
of pipelines connected to the mixing or splitting points attached

that sent to sinkecl andoc2 is 100 ni. Since the freshwater
cost is minimized in case 2, three buffer tanks are adopted in
the optimal design and the total volume of these tanks is

to every piece of equipment in the water-reuse system is chosersubstantially larger than that in case 1. In addition, the network
to be 1, while the corresponding constraints on the sources andconfiguration becomes more complex due to the need to provide

sinks arenot imposed. The duration of time interval is 0.5 h.
Three different objective functions are adopted in this example,

a better opportunity for water reuse. On the other hand, if the
total installation cost of buffer tanks is used as the objective

i.e., the total cost (case 1), the total freshwater cost (case 2),function, it can be found that the total amounts of consumed

and the total installation cost of buffer tanks (case 3). Specif-
ically, these functions can be written, respectively, as

Obj — {( fsourc&) + 3( fsink )} 4
2,1 ‘EZ sa;A sat ‘EZ ob;B oblt

k; [4.8%, + 6(; ™) (72)

obj, , = (EZ S;Af

0bj, 3= %[4-8& + 605"

sourct
sat

(73)

(74)

freshwaters and discharged wastewaters in the resulting design
are significantly higher than those in case 1. This is due to the
fact that the chance for reuse is reduced by cutting down the
buffer volume. Notice also that sinkal is included in this
network. This arrangement is introduced to satisfy the flow and/
or concentration constraints obl.

5.3. Example 3.In this example, the mathematical models
used for batch scheduling and water-reuse network design in
the previous two examples are combined. The objective function
is

obj; = obj; — obj, (75)

The corresponding mathematical programming models were The optimal design specifications in the present case are

solved with the module DICOPT within the GAMS environ-

summarized in Table 6 and Figures 9 and 10. If the tasks of

ment. The basic features of the network designs obtained inbatch scheduling (example 1) and water-reuse network design
these three cases are presented in Table 4. The more detaile(example 2) are performed individually, the maximum objective

information about the input and/or output streams of each water-

using operation in case 1 can be found in Table 5. Also the

value obtained in the former case is 1366.68 units and the
minimum of the latter is 620.72 units. Consequently, a maximum

network configurations of water-reuse systems in these casesnet profit of 745.95 units can be realized with the designs

are presented in Figures 6, 7, and 8, respectively.

obtained in the previous two examples. The maximum net profit

From these results, it can be observed that only one bufferis 769.99 units in the present case, which represents an

tank is selected in case 1 and its volume is 98.86The total
amount of consumed fresh water is 118.1% wmhile that of
secondary water generated freshl is 116.68 m. The total
volume of wastewater discharged to soil is 134.83 i, while

improvement of 3.2%. From Figures 5 and 9, it can be observed
that the reactions are carried out in different time periods. By
comparing Tables 4 (case 1) and 6, one can see that the number
of buffer tanks is increased from one to two and the number of
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4 OC'=0CuU=
1667 - {oc | oc is the label of a wastewater-consuming operation
1 water m
Hoter F—=== B O'=0AUOCUU={0d |0 is the label of a sink for
RX3/50 RX3/50 RX2/50
Reactor 1 the wastewater-treatment netwprk
Reactor 3 d0 | RXUGGT TrA = {tra | tra is the label of a wastewater-treatment unit
SEP;,; ________ with nonidentical charging and discharging time interyals
sl — 5 ) _
. -0 TrB = {trb | trb is the label of a wastewater-treatment unit
i i i i - with identical charging and discharging time interyals
0 1 2 3 4 — —
Time (hr) Tr=TrAUTIB =

Figure 9. Gantt chart obtained in example 3.

Figure 10. Network configuration of water-reuse subsystem in example
3.

e

’,T’—l
sal | >i b2 |

L e

Y

Table 6. Solution Summary of Example 3

objective value (cost unit) 769.99
total income (cost unit) 2733.4
purchasing cost (cost unit) 1366.7
freshwater cost (cost unit) 1116.35
treatment cost (cost unit) 339.06
installation cost (cost unit) 81.30
number of buffer tanks 2
number of pipelines 14
yield of product 8 (kg) 46.67
yield of product 9(kg) 20
purchasing amount of feed 1 (kg) 46.67
purchasing amount of feed 2 (kg) 35
purchasing amount of feed 3(kg) 55
total amount of consumeshl (m?) 116.35
volume of buffer tankl (m9) 1
volume of buffer tank2 (m?) 54
volume of buffer tank3 (m?) 0

total treating volume obb1 (m?) 133.02

{tr | tr is the label of a wastewater-treatment ynit

B' ={b' | b’ is the label of a buffer tank
in the wastewater-treatment netwprk

As mentioned previously, every operation in &&tin the
water-reuse network needs to consume and also discharge water.
Therefore, each of them can be regarded both as a source and
also as a sink in a wastewater-treatment network. Notice that
the wastewater-treatment units are classified as the sinks in set
OB for water-reuse subsystem design. In the present dase,
= OB and a different set of labels is used for identifying these
units.

6.2. Superstructure. Similar to the design procedure of a
water-reuse subsystem, it is necessary to build a superstructure
(Figure 11) and the construction steps are given below:

(1) Place a mixing nod#l at the inlet of each wastewater-
treatment unit, buffer tank, and sink;

(2) Place a splitting nod& at the outlet of each source,
wastewater-treatment unit, and buffer tank;

(3) Connect the split branches from the splitting node after
each source irBA to all mixing nodes;

(4) Connect the split branches from the splitting node after
every source ir8B' to the mixing nodes before the buffer tanks
in B" and sinks inOA;

(5) Connect the split branches from the splitting node after
each buffer tank iffr to all mixing nodes except the one before
itself.

(6) Connect the split branches from the splitting node after
each buffer tank ifB' to all mixing nodes except the one before
itself.

pipelines also becomes larger. Figures 6 and 10 also show that The labels of the splitting and mixing nodes in the wastewater-
the network configuration of the integrated design is more treatment network are again grouped into two additional node

complex. sets, i.e.

MX' = {mx | mX is the label of a mixing node

6. Wastewater-Treatment Network Design i
in the wastewater-treatment netwprk Tr UB' U O

If treating effluents outside the plant boundary is not cost-

effective, it may be necessary to install in-house facilities SP = {sp | sp is the label of a splitting node

dedicated to this purpose. A mathematical programming model in the wastewater-treatment netwprk S U Tr U B’

has been developed in this study for wastewater-treatment

network design. A brief outline is given below. 6.3. Model Formulation. First of all, it should be noted that
6.1. Sets.The units in a wastewater-treatment network are eqs 23-25 can be used to characterize the sources of the

very similar to those in a water-reuse network. Thus, the wastewater-treatment network, i.e.

following sets are defined on the basis of those given in

subsection 3.1: oIt fSamet SAESAteT (76)
m X'
SB’ = SBU U = source ]
{sb | sH is the label of a wastewater-generating operdtion fg;: — Z fSsp s fSgygy SH €SB, teT (77)
b o%on
S =SAUSBUU ={s | s is the label of a source for ) source )
the wastewater-treatment netwprk Coxt —C%yr S €S,keK,teT (78)
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The wastewater-treatment units can be divided into two types.

Their mass and component balances can be written as follows:

fr=for+l,, treTB,teT (79)
Fir ke — F ook
"= ’m — 5 reTB,keK,teT (80)
trtCtrkt

DT Z: fy,=DT Z for+Ll, treTrA teT

(81)
rtr,k =
Z: i Gt — ; f ot Cke
! treTrA keK, teT
In In
tr, tctrkt

teZtr

wherery x is the removal ratio of pollutark in treatment unit

tr; TCy andTDy denote, respectively, the sets of time intervals
in which the charging and discharging operation take place.
Also, Iy andLy denote, respectively, the water loss rate in time
interval t and the total amount of water loss in a production

cycle. If the loss quantity is proportional to the inlet (or outlet)

flow rate, the following constraints can be imposed:

(82)

ly = 04fy, treTrB,teT (83)

Ly = by Z fy, reTrA,teT (84)

telCy

wherefy and¢y are two constants whose values are between
0 and 1.

The mass balances around the mixing node before and the
splitting node after each wastewater-treatment unit can be written

as
fir = Z fSqars T Z; fSyy, treTr,teTC, (85)
SaeSA b'eB’

|n in
tr tCtr kt ™

fssatr,tc%k,t + Z fsb’,tr,tc%’,k,t
b'eB’
treTr,keK,te TC, (86)

saeSA

out __
f trit

Z fSype T Z fsyq; treTr,teTD, (87)
b"eB’ 0el’

Col =CS treTr,keK,teTD, (88)

Similar to the water-reuse subsystem design, the objective

function in the present case can be written as follows:

I_‘SA(I)SA + 1—‘BCI)B + rTrcI)Tr (89)

0 threatment

where the definitions of freshwater cog4s) and installation
cost of buffer tanks ®g) have already been given in eqs 67
and 69. The treatment cost®+;) can be calculated with the

following formula:
cycIeDT Z (ptr(‘zftrt
trelr

wheregy is the unit cost for wastewater treatment. Finally, the

(90)

Tr

w4 s

AW /—>—>
mps P TS
: ;+§,7

1./ :
IS Wi B
N —>
7 N
Figure 11. Superstructure of wastewater-treatment network.

constraints of buffer tanks and water sinks can be found in egs
35-49.

7. Simultaneous Optimization of the Water-Reuse and
Wastewater-Treatment Network Designs

To integrate the aforementioned models to simultaneously
optimize the water-reuse and wastewater-treatment network
designs, let us begin by slightly revising their set definitions.
In this integrated model, the definitions of source sets ®A,,
SBandsS) and the set of water userd) are the same as those
used in the model for water-reuse network design. The sink set
OB must now be replaced Biyr, which is the set of all treatment
units. Thus, the sink set for the integrated network should be

0" =0AUOC =
{0" | 0" is the label of all sinks for the integrated netwprk

The construction steps of the modified superstructure are show
below:

(1) Place a mixing nod# at the inlet of each water user,
wastewater-treatment unit, buffer tank, and sink;

(2) Place a splitting nod8at the outlet of each source, water
user, wastewater-treatment unit, and buffer tank;

(3) Connect the split branches from the splitting node after
each source irBA to all mixing nodes;

(4) Connect the split branches from the splitting node after
every source inSB, every water user inU, and every
wastewater-treatment unit ifr to the mixing nodes before the
buffer tanks inB and sinks inOA, but not to those before the
water users irJ and the sinks irDC;

(5) Connect the split branches from the splitting node after
each buffer tank ifB to all mixing nodes except the one before
itself.

Also the sets of all splitting nodes and mixing nodes are

MX'" ={mx' | mx' is the label of a mixing node
in the integrated netwolfk=U U Tr UBU O

SP' ={sp' | sp' is the label of a splitting node
in the integrated netwofk=SUU U Tr UB

Notice that the constraints of the integrated model have all
been outlined previously in the individual models for water-
reuse and wastewater-treatment network designs. Specifically,

 the mass balances at the sources should be the same as eqgs
20-25;

 the model for water user can be expressed with egs 26
34,

 the model of the wastewater-treatment unit is described in
egs 76-88;

« the tank model is given in eqs 3%3;

o the mass balances at the sinks can be written as egs 44
49;
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Table 7. Solution Summary of Example 4
objective value (cost unit) 425,785 sal el 1 > cal
freshwater cost (cost unit) 147.68 > bl > >
treatment cost (cost unit) 193.185 L
installation cost (cost unit) 84.92 b
number of buffer tanks 2
number of branches 18
number of pipelines 16
total amount of consumesil (m°) 147.68
volume of buffer tankl (m°) 1
volume of buffer tank2 (m°) 59.05
volume of buffer tank3 (m?) 0
total treating volume ofrb1 (m?) 128.79 - y
total discharging volume afal (m?) 164.35 bl

y

« the structural constraints can be imposed according to eqSrigure 12. Network configuration of the integrated water-reuse and
50-65. wastewater-treatment system in example 4.

The objective function in this case can be formulated in the
same form as that used in the stand-alone design of a
wastewater-treatment network, i.e.

Table 8. Design Specifications of the Water-Using Operations in
Example 4

operation  flow rate (#ihr)  conc. (mg/L) from/to time period

ODjipp == Fga®gp + TgPg + ', P, (91) ul(el) —46.67 0 sal 3-4
46.67 5 oal 3-4
Two examples are presented in the following to demonstrate U2(€3) *gg 1?1 B% clt%
the benefits of integrated appr_oach. _ u3(ed) _50 3 b1 >3
7.1. Example 4.Let us consider case 1 in example 2. The 50 8 b2 34
process data of all water-using operations in this batch plant ocl(e2) 50 6 b1 0-1
can be found in Table 3, and the corresponding Gantt chart is 02(e2) 50 7 bl 1-2
presented in Figure 5. Only one external water souset) (is shil(e2) 25 10 b2 2:4
- ) o2 st2(e3) 33.34 10 b2 2-4
considered here, and its pollutant concentration is O ppm. The
maximum water supply rate from soursal is 100 n¥hr and is between 2 and 3 h, and discharging time interval is between
its cost is 1 unit of value/f We further assume that only one 3 and 4 h. The removal ratio is 0.7.
wastewater-treatment systenbl is available. The maximum e trb1: The pollutant concentration at the inlet is required to

flow rate of the wastewater stream sent to this treatment unit is be maintained between 7 and 15 ppm. The unit is operated
100 n#/hr, and its pollutant concentration is required to be continuously between 0 and 4 h. The removal ratio is 0.5.
maintained between 7 and 15 ppm. In addition, the removal Two different maximum throughputs are considered in this
ratio oftrb1 is 0.7 and the corresponding treatment cost is 1.5 example. In the first case, the upper bounds of the feed rates of
unit/m®. An addition environment sinloal € OA is also both treatment units are chosen to be 5thm The correspond-
assumed to be present in this example. The upper bound of itsing objective function is the total cost, i.e.,

inlet pollutant concentration is set to be 2.5 mg/L. The number )

of buffer tanks embedded in the superstructure was three andobjs , = Z Z foue t 1.5; fi + EB (4.8, + 61,>9

the lower bound of the tank volume was set to be 3 The €T s&cSBA €T tfeTr be 93

lower bound of total transported water volume in each pipeline (93)
was also chosen to be 1*mwhile the upper bound of every These upper bounds are canged to 1G¢hmin the second
instantaneous flow rate was 10G/hr. The maximum number  case. The corresponding objective function is the freshwater
of pipelines connected to a mixing or splitting point attached ¢ost, i.e.,

to every piece of water-using equipment and wastewater-

treatment unit was also set to be 1. The other number constraints objs , = Z Z fsat (94)

are again not included in the mathematical model. Finally, the ’ ST s&TA

objective function is ) o
The corresponding results shown in Figures 13 and 14 and Table

obj, = Z foae T 1_52 Z foo T Z (4.8%, + 6Ub°'6) 9 were obtai_ned on the basis of a time interval of 0.5 h. When
& L akzar & compared with case 1 of example 2, the number of buffer tanks

(92)

On the basis of a time interval of 0.5 h, the results obtained by
solving the integrated model are presented in Table 7. The more
detailed information about input and/or output streams of each bl m
water-using operation can be found in Table 8. The optimal oal
network configuration is presented in Figure 12. D

7.2. Example 5.Let us again consider case 1 in example 2.
Two wastewater-treatment units are adopted in the present _
example: one is operated in batch mottaX) and the other is
a continuous processrifl). The treatment costs a@fal and *
trb1 are both 1.5 unit/f The design parameters of these two vy

o b2

treatment units are summarized as follows.
° tralli The pollutant concentration at the 'nleF IS r.equ[red 10 Figure 13. Network configuration of the integrated water-reuse and
be maintained between 0 and 7 ppm. The charging time interval wastewater-treatment system in case 1 of example 5.
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sal l b2 I Itml H/46.67

water in

Heater +——0 — — — water out
[ b1 b1 ———-
- EN a0 RX3/50 RX3/50  RX2/36.67
© oal Reactor 1 O

RX1/70 RX2/80

Reactor 2 o

Figure 14. Network configuration of the integrated water-reuse and » SEP/100
wastewater-treatment system in case 2 of example 5. st - o —_—_—°

Table 9. Solution Summary of the Two Cases in Example 5 i i f f =

scenario 1 scenario 2 0 1 2 3 4
objective value (cost unit) 593.63 96.46 Time (hr)
freshwater cost (cost unit) 228.65 96.46 Figure 15. Optimal schedule obtained in example 6.
treatment cost (cost unit) 241.89 3975
installation cost (cost unit) 123.09 369.92
number of buffer tanks 2 2 > el e 2 =
number of branches 20 18 ‘ sal
number of pipelines 18 16 ;E_,,
total amount consumeshl (m?) 228.65 96.46
volume of buffer tankl (m?) 123.65 62.5
volume of buffer tankb2 (m°) 1 189.76
volume of buffer tank3 (m°) 0 0
total treatment volume dfal (m°) 50 25
total treating volume ofrb1 (m°) 111.26 240
total discharging volume afal (m?°) 245.35 113.135 i v
» bl >
. L oal
o]
Table 10. Solution Summary of Example 6 -
objective value (cost unit) 987.815 Figure 16. Network configuration of fully integrated water network in
total income (cost unit) 27334 example 6.
purchasing cost (cost unit) 1366.7
Ifes?watff Coft((coft Uf‘t')t) égg-%% network design can then be obtained accordingly. The objective
reatment cost (cost uni . : P ; ; :
installation cost (cost unit) 4508 function to be optimized in this program is
number of buffer tank 2 . . .
number of pipelines 16 ObJoverall = Ob.lschedule_ Ob]intZ (95)
yield of product 8 (kg) 46.67
yield of product 9 (kg) 90 Let us use an example, which is referred to as example 6 in
purchasing amount of feed 1 (kg) 46.67 this paper, to demonstrate the potential impacts of the proposed
purchasing amount of feed 2 (kg) 35 . o . . .
purchasing amount of feed 3 (kg) 55 practice. Spt_emflcglly, let us consider the process data given in
total amount of consumeskl (m?) 105.1 example 1 (i.e., Figure 3 and Table 1), the design parameters
volume of buffer tankl (m%) 1 in example 4, and the concentration upper bounds shown in
volume of buffer tankb2 () 14.2 Table 3. It is also assumed in this example that the waters
volume of buffer tank3 (md) 0 d and/ ted i h ¢ . fi
total treating volume obbl () 152.47 consume ana/or generated In each wa er-u3|_ng c_)pera IOU are
total discharging volume ajal (m?) 121.77 proportional to the process throughput. The objective function

can be written as
in case 1 of the present example is increased to two. Notice
from Table 9 that the volume of tank b2 is only .rtt can be obj, = obj, — obj, (96)
deduced from Figure 13 that the main function for buffer tank
b2is to dilute wastewater in order to satisfy the operation con- On the basis of a time interval of 1 h, the corresponding
straints of water usar3 (in ed), sinkoal, and the wastewater- mathematical program has been solved and the solution is
treatment unitrbl. Also, as a result of adding a wastewater- summarized in Table 10. The optimal production schedule and
treatment subsystem to the water-reuse network, a saving ofthe network configuration are presented in Figures 15 and 16,
4.37% in cost can be achieved. However, it can also be observedespectively. Notice that the batch schedule and water-network
that the total amount of consumed freshwater in the present casalesign are optimized separately in examples 1 and 4. Since the
is more than that needed in case 1 of example 2. This is due tooptimal objective values obtained in these two examples are
the facts that the wastewater-treatment capacities of the given1366.68 and 425.785, respectively, the net profit can be
treatment units are very limited and, thus, a significant amount computed by subtracting the latter from former, i.e., 940.895
of freshwater is used to dilute wastewater in the resulting design. units. In the present example, since all components are optimized
Notice that, in the second case of this example, the maximum simultaneously, the maximum net profit can be raised to 987.815
inlet flow rate of every treatment unit is increased to 108 m  units, which represents a 5% improvement.
hr. Consequently, the amount of consumed freshwater can be
reduced to 87.12% of the original level. 9. Conclusions

Three separate mathematical programming models are pre-
sented in this paper. They can be used individually to optimize

A mathematical program can be built by combining all three the batch schedule, the water-reuse subsystem design, and the
components mentioned previously. The fully integrated water wastewater-treatment subsystem design. The design procedure

8. Fully Integrated Water Network Design
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to incorporate all three components into a single comprehensive  (16) Gunaratnam, M.; Alva-Argaez, A.; Kokossis, A.; Kim, J.-K.; Smith,
model is also proposed for generating the optimal designs of H: Automated design of total water systerfisd. Eng. Chem. Re2005

fully integrated water networks in batch processes. The ef-

44, 588.
(17) Rippin, D. W. T. Batch process plannir@hem. Eng1991, May,

fectiveness of the integrated design approach is demonstrated gg.

with a series of case studies. It can be clearly observed that

(18) Almato, M.; Sanmarti, E.; Espuna, A.; Puigjaner, L. Rationalizing

better design alternatives can always be identified with a higher tf];? iNatef use in batch process industBamput. Chem. Engl997 21,

degree of integration.

Literature Cited

(1) Takama, N.; Kuriyama, T.; Shiroko, K.; Umeda, T. Optimal water
allocation in a petroleum refinerComput. Chem. End.98Q 4, 251.

(2) Wang, Y. P.; Smith, R. Wastewater minimizati€@hem. Eng. Sci.
1994 49, 981.

(3) Wang, Y. P.; Smith, R. Design of distributed effluent treatment
systemsChem. Eng. Scil994 49 (18), 3127.

(4) Kuo, W. C. J.; Smith, R. Effluent treatment system des@nhem.
Eng. Sci.1997, 52, 4273.

(5) Kuo, W. C. J.; Smith, R. Designing for the interactions between
water-use and effluent treatmefitrans. Inst. Chem. End.998 76 (Part
A), 287.

(6) Galan, B.; Grossmann, |. E. Optimal design of distributed wastewater
treatment networkdnd. Eng. Chem. Re4998 37, 4036.

(7) Bagajewicz, M. Review of recent design procedures for water
networks in refineries and process plar@@mput. Chem. En@00Q 24,
2093.

(8) Yang, Y. H.; Lou, H. H.; Huang, Y. L. Synthesis of an optimal
wastewater reuse networ/aste Manage200Q 20, 311.

(9) Feng, X.; Seider, W. D. New structure and design methodology for
water networksInd. Eng. Chem. Re2001, 40, 6140.

(10) Savelski, M.; Bagajewicz, M. On the necessary conditions of
optimality of water utilization systems in process plants with multiple
contaminantsChem. Eng. ScR003 58 (23—24), 5349.

(11) Wang, B.; Feng, X.; Zhang, Z. A design methodology for multiple-
contaminant water networks with single internal water ma@omput. Chem.
Eng. 2003 27, 903.

(12) Hernandez-Suarez, R.; Castellanos-Fernandez, J.; Zamora, J. M.

s

(19) Almato, M.; Espuna, A.; Puigjaner, L. Optimization of water use
in batch process industrie€omput. Chem. Endl.999 23, 1427.

(20) Puigjaner, L.; Espuna, A.; Aimato, M. A software tool for helping
in decision-making about water management in batch process industries.
Waste Manage200Q 20, 645.

(21) Wang, Y. P.; Smith, R. Time pinch analysghem. Eng. Des. Res.
1995 73 (Nov), 905.

(22) Kim, J. K.; Smith, R. The automated design of discontinuous water
systemsProcess Saf. Eiron. Prot. 2004 82 (May), 238.

(23) Majozi, T. Wastewater minimization using central reusable water
storage in batch plant€omput. Chem. En@005 29, 1631.

(24) Majozi, T. An effective technique for wastewater minimization in
batch processes. Cleaner Prod2005 13, 1374.

(25) McLaughlin, L. A.; McLaugh, H. J.; Groff, K. A. Develop an
effective wastewater treatment strate@em. Eng. Progl992 88 (Sept),

34.

(26) Chang, C. T.; Li, B. H. Optimal design of wastewater equalization
systems in batch process&@omput. Chem. En@006 30, 797.

(27) Li, B. H.; Chang, C. T. A mathematical programming model for
discontinuous water reuse system desigd. Eng. Chem. Re2006 45,
5027.

(28) Kondili, E.; Pantelides, C. C.; Sargent, R. W. A general algorithm
for short-term scheduling of batch operations. part 1: milp formulation.
Comput. Chem. End.993 17, 211.

(29) lerapetritou, M. G.; Flouda, C. A. Effective continuous-time
formulation for short-term scheduling. 1. Multipurpose batch processes.
Eng. Chem. Red4998 37, 4341.

(30) lerapetritou, M. G.; Flouda, C. A. Effective continuous-time
formulation for short-term scheduling. 2. Continuous and semicontinuous
processesind. Eng. Chem. Red4998 37, 4341.

(31) Lee, K. H.; Park, H. I.; Lee, I. B. A novel nonuniform discrete

Superstructure decomposition and parametric optimization approach for thetime formulation for short-term scheduling of batch and continuous

synthesis of distributed wastewater treatment netwdrics. Eng. Chem.
Res,2004 43 (9), 2175.

(13) Chang, C. T.; Li, B. H. Improved optimization strategies for
generating practical water-usage and -treatment network strudnuleEng.
Chem. Res2005 44, 3607.

(14) Huang, C. H.; Chang, C. T.; Ling, H. C.; Chang, C. C. A

mathematical programming model for water usage and treatment network

design.Ind. Eng. Chem. Red4.999 38, 2666.

(15) Tsai, M. J.; Chang, C. T. Water usage and treatment network design

using genetic algorithmsnd. Eng. Chem. Re2001, 40, 4874.

processesind. Eng. Chem. Re®001 40, 4902.

(32) Raman, R.; Grossmann, |. E. Relation between MILP modeling
and logical inference for chemical process synthe&d@nput. Chem. Eng.
1991, 15, 73.

Receied for review August 23, 2006
Revised manuscript receed November 10, 2006
AcceptedNovember 22, 2006

IE0611150



