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Abstract-The production sequence and the processing schedules of multiproduct batch processes can be changed 
for maximum heat recovery and minimum equipment costs between batch streams. However, the modified pro- 
duction sequence and processing schedule may increase the production cycle time, which causes the bigger equipment 
sizes reqtfired in batch processes. In this study, the required equipment sizes, the production sequence and the pro- 
cessing times of the mttltiproduct batch processes are mathematically formulated for maximum heat integration and 
low eqtfipment costs in a mixed integer nortlinear programming. The optimal solution of this formttlation was obtained 
by GAMS/DICOFT programming solver. Examples are presented to show the capabilities of the model. 
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INTRODUCTION 

Ivlultiproduct batch processes are suitable for the production of 
multiple products and for a little quar~ty ['Ko et aI., 2000]. Batch 
units are inherently more flexible than con~luous utfits since the 
feed addition or the product removal can be scheduled Also, the 
starting and the finishing process time of the batch t~ts  can be sched- 
uled as a function of contact ~m-ne more easily than in the continuous 
units. Batch processing units generally need heating or cooling for 
the processing. Those requirements are com, entionally met through 
utilities rather than waste heat exchanges. Batch processes have more 
difficulties than continuous processes in heat exchanges because of 
the mcx:lification of the processing schedule [Jtmg et al., 1994; Lee 
and Re!daitis, 1995; Vaselenak et al., 1986]. Since the production 
sequences are also considered in multiproduct batch processes, the 
heat exchanges become more difficult [Corominas et al., 1999]. 

A principal a&~ant~ge of multipro&lct batch processes is the pro- 
duction of multiple products using the same set of eqLfipment ['Ko 
et al., 2000]. When products are similar in na~oa-e, they all require 
the same processtng steps and hence pass through the same series 
of processing trails. Batches of different or same products are formed 
sequentially in multiproduct batch processes. Because of the differ- 
ent processing ~m'ne requirements, the total cycle time needed de- 
lends on the sequence in which the products are produced The focus 
of this study is on the problem of determining the optimal pro&tc- 
tion sequence and processing schedules of multiproduct batch pro- 
cesses coi~sidez-ing heat exchanges between the batch streams at the 
initial stage of batch process design. Since the modified production 
sequence and processing times of multiprocktct batch processes may 
increase the total prcduction cycle tame to prcduee the batch prod- 
ucts, bigger batch processing trnts should be Ltsed to fiN'ill the an- 
nual production requfl-ements. The recent researches for heat in- 
tegration in batch processes have considered the mc~ilication of 
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processing schedules of batch processes [Lee and Reklaitis, 1995; 
Cho et al., 1998; Coron~inas et al., 1999]. Howevez; the modifica, 
tion of the production sequence in mulfiproduct batch processes also 
gives possibilities of heat integration. The determination of the pro- 
duction sequences incluclk~g the processing schedules, the heat ex- 
changes and the equipment sizes makes the problem into a large 
mixed integer nonlinear programming. 

In this study, the optinlization problem is to be fonnulated in which 
the objective fraction is the minimization of the equipment and en- 
ergy costs and the constmirgs consist of the production sequence, 
the processing sche&fles, the heat exct~nges and the required equip- 
ment sizes in multiprcduct batch processes. A solution of this formu- 
lation is readily obtained with a commercial lVIINLP solver (GAMS/ 
DICOPT, Brooke et al., 1988). 
1. Mathematical Modeling 

The op~nization problem for heat integration in multiproduct 
batch processes has been approached by including the batch pro- 
duction sequence, the process schedule, the heat exchanges between 
the batch streams and the required equipment sizes. 
1-1. Assumption for Scheduling 

In order to formulate the mathematical mode], the foIiowing must 
be assumed The tin:es required to aalsfer products from one ~ i t  
to another are negligible compared to the processing times and the 
batch ~its  are to process products as soon as the mateaial entez~ 
the L~ts. After the processing of a urnt is finished, the batch material 
is readily transferred fi-om the unit to the next batch unit. This is 
called zea-o-wait policy of the batch operation method that is gener- 
ally used in industry [Cho et aI., 1998]. In this paper, zero-wait policy 
is assumed to be used in the multiproduct batch process that is con- 
sidered for the heat integration. 
1-2. Assumption for Heat Exchange 

To save eneigy cost by heat exchange, the modification of the 
production sequence and the processing schedule is considered. For 
this heat exchange, the foIiowing mast be assLrned: hot slreams (the 
batch streams which reqtm-e cooling) can exchange heat with cold 
streams (the batch slreams which require heating), except that hot 
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streams cannot exchange heat with hot slxea:as and coId streams 
cannot exchange heat with cold streams; a batch stream cannot be 
matched to two or more stteams. In addition, we propose the foI- 
lowing assumption for the fon:aulation to be simple: the specific 
heat capacity flow of each slxeam is a constant; the heat exchanged 
in a match ks determined by its heat balances and ks Ihmted only by 
approach temperaaare [Lee, 1992]; heat losses and leaks are negli- 
gible. The heat deficit for each hot and cold stream after passing 
through the heat exchanger will be met through utilities. 
1-3. Constraints According to Sequence and Scheduling 

Two types of decisions are involved in part of sche&flmg. One 
is the detenmnation of start and f~fish th:aes of theft processing on 
units, the other is the production order of multiple products. The 
thnetable of operation will depend on the sequence of production 
and the processing Ixmes of products, so we must see how to corn- 
pute the hmetable for a given sequence. The ith product cannot leave 
unit k until it is processed, and in order to get processed on unit k, 
it m~tst have left trat k-1. Therefore, the time at which it leaves 
unit k mttst be after the m e  at which it leaves unit k-1 plus its 
processing time on unit k. Thus we have the first set of conslra:~ 
in our formulation, 

TE~_>TE~(~_~ +~tpk- Xp~ (1) 
f 

Similarly, its product cannot leave unit k u~Jl i-1 product has left 
and the former has been processed. 

TE,~_>TE(, _, ~ +Et~-X~, (2) 
f 

The batch product cannot leave unit k until the downstream unit 
k+l  is free. 

TE,~->TE(,-I x~+l~ (3) 

Having de:ived the corxsh-aints for completion times, let us ~ : :  our 
attention to the determination of sequence. In contrast to TE,~, the 
derision vaxiables here are discrete because we want to decide which 
l:~-oducts should be in which positiorxs in the sequence. Such deci- 
sions in opttrnizaion problems are best handled by what are known 
as binary va:iables. Let us define X~ as follows. X~71 if product p 
is in slot i of the sequence, otherwise it is zero. 

x,,+ x~,+ x~,+...+ x~,= 1 (4) 

x~,+x~:+x~+... + x s z  (5) 

The initial time TI,~ is given by 

TI,~ =TE,~ -Etch-Xe, (6) 

The product cycle time T~ that is the maximum values of sum of 
processing times in each of  umts is given by 

T~,_>TE,,~ -TII ,~ (7) 

If we only corxsider the Eq. (1)-(7) and the objective function of 
the mi:N:aization of the total production cycle time, the problem 
wonld be a mixed integer linear programming. However, since our 
fon:aulation will consider the heat exchange between the batch 
slreams and the requned bach equipment cost, which are expressed 
as nonlinea; then the model will be a mixed integer nonlinear pro- 
gra:mning 

1-4. Co:xsb-aints According to Heat Exchange 
As previously stated, the heat exchange will be formulated in 

multiproduct batch processes. The modification of the pro&:ction 
sequence and the processing schedules for the heat exchange may 
increase the total production cycle time. Then this causes the re- 
quirement of bigger sizes of the batch equil:ne:Jt. Therefore, the 
possibility of the heat exchange in bach processes has usually been 
neglected by the design engineer However, some batch processes 
spend large energy cost comparable to the inaeased equil:nent costs 
that are in accordance with the total production cycle time of ex- 
panding. Both the energy cost and the required equipment cost mean 
the total production cost after all. The process co:xsists of two or 
more trfits and the bach slreams flow in bach trats. Batch stteams 
are specified as the hot stream needed for the cooling and as the 
cold s~xeam needed for the heating, and fmalIy, the heat exchange 
occtrs between only hot and cold streams. Hot streams cannot match 
with hot streams, nor cold streams with cold streams. Also, a batch 
stteam must maintain its integrity during a heat exchange; it cannot 
be divided to flow into two or more ~rfits for the heat exchange, 
unless specified by the processing requirements. The two batch fluids 
flow counterct~xently through the heat exchanger, that is, the fluid 
exiting fi-om the batch u::its experiences the conventional counter- 
current type heat exchange u~Jl it reaches the next receiving urnts. 
Also, the time of heat exchange is considered to be negligible to 
processing thne in batch processes. The minimum approach tem- 
perat:tre for heat exchange AT,,,~ is assumed to be a specified value. 
1-4-1. Countercu:xent Heat Exchange 

Countercu:xent heat exchange occurs when the processing re- 
q~firements allow the fluids to Iransfer fi-om their original units to 
reeeiving units while being heated or ccolecl, as shown in Fig. 1. 
At steady state, the temperature of the supply stream remains con- 
stant, as does the temperanre of the fmaI tank. Therefore, this sys- 
tem behaves as a semi-continuous process and results in a typical 
countercurrent heat exchange. Application of the first law of ther- 
modynamics yields 

(FCp)~(T~- T0+(FCp)~(Tj- T~=0 (8) 

where F is the flow rate of a fluid tt~ough the heat exd:ange1\ @ is 
heat capacity on co:xstant pressuxe, (FCp) ks the heat content per de- 
gree per time, 2" is the initial temperature, T sis the f~laI tempera- 
ture, subsciipt h is hot ~ i t  and subsc:ipt c ks cold unit. If (FCp)h ks 
greater than (FCp)~, then a pinch point wiIi occur at the hot end of 
the exd:anger as shown in Fig. 2 [Lee and Too, 1995]. Setting the 

Hot Unit~ 

Initial Units 

Cold Unit@ ~ 
Fig. 1. Countercurrent heat exchange. 
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Recei~'ing Unit~ 
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Fig. 2. Case of (FC~)~>(FC~)~ in countercurrent heat exchange. 
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Fig. 3. Case of (FCs)~<(FCs)~ in countercurrent heat exchange. 

hot outlet temperature equal to the cold inlet temperature plus margin, 
AT,,,~, yields 

T~=T_~ +AT ...... (9) 

Substituting Eq. (9) into Eq. (8) yields the expressions for T{ 

T{=T; + { (FCp)fl(FCp). } (T~- T[- AT,.,.) (I 0) 

If (FCp)~ is less than (FCp).. then the pinch point occurs at the cold 
end of the exchanger, as seen in Fig. 3 [Lee and Yoo, 1995]. Simi- 
larly, we can get the followmg 

T/=T~'- AT .... (ii) 

Subsaa:ang Eq. (11) into Eq. (8) yields the expressions for T~ 

TpTt-  {(FC.)o/(FC.)~}G~- T;- AT,.,~) (I2) 

If (FCp)~ is equal to (FCp)~, then the pinch point occurs throughout 
the exchanger as shown m Fig. 4. 

T[=T; +AT,,,,. (I3) 

Tf=T~-AT,,,,. (I4) 

1-4-2. Maximum Heat Exchange Amount 
Maximtlm alrtount of heat exchange between two batch streams 

is expressed as follows: 

Q,.o.-~mn[(BpC).(T~- T~), (BpC). {(T2- AT,.,")- T;}, 
(B~C)~(I'j-T,~ , (B~C),,{T,:- (Tj +AT,,,~")} ] (I5) 

U 
r/ 

Th f 

U 

Fig. 4. of (FCp)h=(FCp)~ in countercurrent heat exchange. 

where Bp is size of batch of product p[kg], superscript s indicates 
the starting temperaaa-e, and superscript d the desired temperature. 
Subscript c representws the cold sh-eam and h the hot stream. 

The amount of heat exchanged between the stream with the h-aIs- 
fer time Tick and the stream with the transfer time TIj,. wilI be re- 
presented in Q,,~. In case of matching the slreams with T~.~ and Tip 
Qj,~. ks QI~L but in case of no matching them, Qo~. ks zero. To de- 
scribe a mathematical model of them, the binary variable Yj>;,. is used 
as follows: 

Q,~. -Q2 ;  v,~._< 0 (I6) 

where Q~kj,. is heat exchange between/th product from unit k a:d 
jth product ~om unit : Q~T[ equals the upper bound of Q.~,.. Eneigy 
saving cost by the heat exchanges will be expressed as a sum of 
costs of the aniounts of the unifies that are saved by the heat ex- 
changes, and this is given by 

Ener M saxdng cost fo: the yea: =~cQ,~,• (I7) 

where c is the enelgy cost factor ['Peters and Timmerhaus, 1991] 
and cQj a. is eneigy cost saving when heat exchange is performed 
between stream i flora unit k and stream j from :ziit r ; a number 
of  cyclic batch productions for 1 year is expressed as T/T~t. 
1-5. Objective Function and the Other Constraints 

The energy cost saving and the required equipment cost are con- 
sidered together in the objective faction. In order to obtain the ex- 
pression of the required equipmez:t cost. the batch size of the prod- 
uct p, Bp [kg] and the required equipment size of teat k, V~ [m 3] are 
explained. The batch size of the product p, Bp ['kg] is expressed as 
the prcxtuction requirement of pr(xtuct p, R?, [kg] divided by the nun:- 
ber of the cyclic batch productions, T/T,t and tile equipment size of 
unit k, Vk [m 3] is the muI@cation of the size factor, Spk [Peters and 
Timmerhans, 1991] and the batch size, Bp. 

B.- ~ (ZS) -T/I ~, 

V~_> S.~B. (I9) 

where S~ is the equipment size factor of unit k for product p Ira3/ 
kg]. 
1-5-1. Bmaly Variables Selected for the Prcck:ction Sequence of Mul- 
tiproduct Batch Processes 

Eq. (18) and (19) are refom:ed into Eq. (21) and (23) comider- 
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ing the production sequence of tile multiproduct batch processes. 

P.S, =Ex~,• ~ (20) 

BS,-  KS, (21) 
T / T  ,~ 

SS,~ =ESpy• X~, (22) 

SV~_> SS,kBS, (23) 

For the same reason, parameters of heat exchange are reformulated 
into 

CcS,, ='.'.'.~X,,j x Ccp, (24) 
l 

Considering the production sequence, CcSj,. is the heat capacity of 
cooling batch stream j from uilit i; whereas C% is tile heat capacity 
of cooling batch stream, product p fi-om unit r without considering 
the production sequence. 

ChS,~ =Ey>,x ct~ (25) 
i 

Considering the production sequence, ChS,k is the heat capacity of 
hot batch slrem-n i from unit k, whereas Ct~,k is the heat capacity of 
hot batch s~eam, product p on v~t  k without considering the pro- 
duction sequence. 

Similarly, the starting temperature and the desired tempera~.tre 
of coolmg slreams and hot streams are reformed into Eq. (26), (27), 
(28) and (29). 

Tc~g, =ET@xX~, (26) 
1 

d d Tc g, =ET%xX~, (27) 
l 

Th~S,~ = ~ t l ~ •  X~, (28) 
2 

a _ d X Th S,~-ETh;~ X~, (29) 
1 

where the value of 1 of the binary variable, X~, lnea~s the pth prod- 
uct is processed on unit i. 

Considering the production sequence of the multiproduct batch 
processes, QI~ is also reformed into 

mox �9 d q,~, --mln[(BgCcS,,)x(ITeS,,-Tc s,,I), 
(SgCcg;~x(ITeS,,- Th~S,~I-A%,,~ 
(BS, ChS,~)x(ITh'S,, - ThiS, d), 
(B S, ChS,~) x (ITc~S~, - Tt'~ S,~I- AT,~,,)] (30) 

where Q,'~j,~ means the maximum amount of heat exchanged be- 
tween the hot stream of/th product from unit k and the cold stream 
ofj th  product from unit r. 
1-5-2. Heat Exchange by Matching Two Streams Considern'g the 
Production Sequence 

In this study, it is assumed that a stream cannot be matched to 
~vo or more streams, a zero-wait policy is maintained through whole 
processes, and heat exchanges are occur only between the hot slream 
and the cold stream. In order to accomplish heat exchange between 
two batch streams, two co~Jtinuous time variables, TI~.~ and TIj,,. must 
have tile same value to satisfy tile equality com~-aints. The stating 
thne of batch i on unit k, Tf~e is the same with TE,(~_ 0 since a zero 

wait policy is adopted. 
The binary variable Y,,p. has the value of one if the heat exchange 

occurs be~veen two siceams that have the same value of the start- 
mg time of TEk and TI~.. On the con~-ary, if heat exchange between 
two slxeams does not occur, Y,.~,. takes the value of zero. This con- 
dition can easily be satisfied by the following nonlinear equation: 

Y,~,- (TI,~-TI,,) =0 (3I) 

Since it is generally more difficult to find solutions ofnonlinear prob- 
lems than linear problems, it is useful to trmsfon-n coixs~-aint Eq. 
(31) into linear form. This can be accomplished by using positive 

+ 
variabIes T,~, and T~, [Lee and RekIaitis, 1995]: 

TE,(~_ 0- TEx,_ ,>=T~,~- T,~ (32) 

T~,_< L( I -  Y,~,) (33) 

T~,_< L(I -  ~ , )  (34) 

where L is a suitably large number. 
Let us consider Eq. (32), (33), (34) to fulfill the conditions of Eq. 

(31). If tile binary variable Y~,. has the value of one (Y~.=I), then 
Eq. (33) and (34) force two artificial positive variables, T,~p. and TS~ 
both equal to zero. In Eq (32), since the right hand side equals to 
zero, the two thne variables, TEj(k-0 and T~,~ 0 should be equal to 
each other. 

The objective fraction of the form~tlation that minimizes the re- 
quired equipment costs and the annual utilities costs is given by 

Minimize \ ~  - x ~ a k  ~ n~(Qa,  c) T/T~t (35) 

where A~ and B~ are empirical coefficients and exponents used for 
equipmeiJt cost of the batch unit k [Peters and Tiira-nerhaus, 1991 ]. 
n[year] is ttseful life years of batch prccesses at which the increased 
equipment costs are recovered fi-om the heat recovery. 

I 

Fig. 5. Multi-product batch process corLsisting of 8 units and 2 heat 
exchangers. 

Table 1. Batch processing time, t~ [hr] 

Unitl Unit2 Unit3 Unit4 Unit5 Unit6 Unit7 Unit8 

Productl 2 1 2 2 3 2 3 1 
Product2 3 1 3 2 2 1 1 2 
Product3 4 1 2 1 3 1 2 2 
Product4 3 2 1 1 1 2 3 1 
Product5 1 3 2 2 2 3 1 2 
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Table 2. Empirical  coefficient and empirical exponent used for 
equipment cost 

Unitl Unit2 Unit3 Unit4 Unit5 Unit6 Unit7 Unit8 

A~ 990 1062 2160 1404 666 1200 950 1134 

]3.~ 0.65 0.40 0.52 0.34 0.67 0.47 0.58 0.47 

Table 3. Heat iag and cooling requirements of batch streanls 

C[kj/kg~ T[~ q~[~ Status 

Product2 (--*unit3) 3.9 320 110 Hot 

Productl (--*unit5) 3.7 95 270 Cold 

Table 4. Production requirement of product p over year 

Pmductl Product2 Product3 Product4 Product5 

R~[kg] 4,000,000 3,000,000 3,500,000 3,200,000 3,600,000 

Table 5. Equ ipmmt  size factor of unit k for product p 

Unit1 Unit2 Unit3 Unit4 Unit5 Unit6 Unit'/ Units 

~ o ~ 1  1.2 1.4 1.0 1.3 1.5 1.1 1.8 1.2 

~ o ~ c ~  1.1 1.2 1.5 1.2 1.3 1.4 1.0 1.3 

~ o ~ c ~  1.4 1.0 1.2 1.4 1.3 1.2 1.3 1.1 

~ o ~ c t 4  1.3 1.0 1.3 1.2 1.4 1.2 1.1 1.0 

~ o ~ 5  1.1 1.3 1.4 1.1 1.5 1.3 1.4 1.3 

E X A M P L E S  

Fig. 5 ~hows a multipmduct batch process consisting of  8 units 
mid producing 5 products. The requited batch processing fines of 
each product in batch units are showal in Table 1. Heat exchange 
may occur between m'emns on unit 2 mid streams on the unit 5. It 
is manned that the useful life of the batch process is 10 years, total 
pmductictl time ova" 10 yeat~ is 80,000 hout~ mid the minimum 
approach tempwomre is 10 ~ Table 2 shows the anphJcal coetii- 
cients mid exponents used for equipment cost and Table 3 ~tlows 
the heating or cooling requirements of  each batch stman]. Table 4 
shows the production requirement of product p over year mad Table 5 

i 
.~:?,,~ ~.? i l  i ,  

~;?F'~':' T i  

! 1)) )i 

Fig. 6. Gantt chart of case study I-(a). 
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Fig. 7. Gantt chart of case study I-(b), 

: . . . . . .  :z i:%':'..?,~':;t ) 

illllll[   t tL' 

.. . . . . . : .  

: ~ , .. : .: :- .... 

Fig. 8. G-antt chart of case study I-(c). 

shows file equipment size factors of unit k for product i. Utility cog 
factor is 9 .7•  [$/kJ] in case of  using 278 ~ steana [Peters and 
Ttmmeth~ts, 1991]. The formulated problem is an MINLP mdthe 
optimal sohfion is obtained by a commerdal progrmmning solver 
GAMS/DICOP'E The first case (a) ofexanples minimized the equip- 
ment cost wdhout consida-ing the modification of  the product se- 
quence and the possibilities ofhcat  exchanges at all. The second 
case (b) considered the modification of the product sequence mid 
the process schedules wkhout the heat exchanges. The last case (c) 
used the full formulation minimizing the equipment costs and the 
utilities costs with the consideration of the production sequence, 
the process scheduling and the heat exchanges. 

The opthnal costs (the minimum equ~nent  cost wkh the maxi- 
mmn heat recova'ies) o f  exmnples are $1,559,081 for case (a), 

Table 6. Fiuishing time of case st-udy I 

TE~ Unitl Unit2 Unit3 Unit4 Unit5 Unit6 Unit7 Unit8 

Product1 2 3 5 7 10 12 15 16 

Produce 6 7 10 12 14 15 16 18 

Pr oducl3 10 11 13 14 17 18 20 22 

Pr oduct4 13 15 16 17 18 20 23 24 

Product5 15 18 20 22 24 27 28 30 
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Table 7. Finishing time of case study I 
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BS, 

TE~ Uiaitl Unit2 Unit3 Unit4 Uiait5 U~ait6 Unit7 Unit8 

Product5 1 4 6 8 10 13 14 16 

C 

c~ 

Produ~2 6 7 10 12 14 15 16 18 
Produ~3 10 11 13 14 17 18 20 22 
Produ~4 13 15 16 17 18 20 23 24 
Produ~l 15 16 18 20 23 25 28 29 

CcS/, 

ChS, k 

Table 8. Finishing time of case study I 

TE,~ Unitl Unit2 Unit3 Unit4 Unit5 Unit6 Unit7 Unit8 

C ~  

(ATb. 
Product5 1 4 6 8 10 13 14 16 
Product2 8 9 12 14 16 17 18 20 

Product3 12 13 15 16 19 20 22 24 
Product4 15 17 18 19 20 22 25 26 
Product 1 17 18 20 22 25 27 30 31 

F 
L 
Q l~ax 

Q i,~p. 

$1,448,801 for case (b) and $1,394,751 for case (c). In case of(b), 
the production sequence is mcxffified into order of prcduct 5, 2, 3, 
4, 1. Since the total cycle production time is decreased fi-om 17 to 
15, the required equipment cost is decreased compared with (a). In 
case of(c), because of the possible heat exchange, the process sched- 
ules are changed_ The total cycle production time is increased from 
15 to 17 compared with (b). However, the cost saving of heat ex- 
change reduces total optimal cost compared with Co). These facts 
lead us to conclude the facilities of the fommlation in this study. 

CONCLUSION 

The production sequence and the process schedules are changed 
to make heat exchanges between batch streams possible in multi- 
product batch processes. The conventional countercurrent heat ex- 
changing method by whch the batch streams tra~sfening fi-om the 
batch units to the other units can exchange heat with other streams 
is adopted In order to demonstrate the facility of the formulation 
deiived in this study, a multiv-oduct batch process that produces 5 
batch products with 8 batch units is applied to the fommlatioi1 The 
optimal solution of the MINLP problem is obtained by a conm~er- 
cial solver GAMS/DICOPT. The solution of the example confmns 
that the energy recovery cost over 10 years exceeds the increased 
equipment costs. In multiproduct batch processes, it is also con- 
finned that the modification of the product sequence and the pro- 
cess schedule brings more possibilities of heat exchanges than the 
consideration of the process schedules only. 
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Ss,~ 
sv~ 
T 
T2 
Tf 
T~' 
Tf 
TE,k 
TI,~ 
% 
t~ 
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ThdS,k 
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Vk 
x~, 
Y;~s, 

NOMENCLATURE 

h k  

Bk 
: empincaI coefficient used for equipment cost [$/m 3] 
: empirical exponent used for equipment cost [$/m 3] 
: batch size of product p [kg] 

September, 2001 

batch size of/th product [kg] 
steam and cooling water cost factor [$/kJ] 
heat capacity of batch stream p ['kJ/kg ~ 
heat capacity of cooling batch stream forjth product on 
unit r [kJ/kg ~ 
heat capacity of hot batch stream for/th product on unit 
k [kJ/kg ~ 
heat capacity of cooling batch stream for product p on 
unit r [kJ/kg ~ 
heat capacity of  hot batch stream for product p on unit 
k [kJ/kg ~ 
mininaum approach temperature [~ 
flow rate of fluid [kg/hr] 
a suitably large number 
upper bound amount of heat exchange [kJ] 
heat exchanged between ith product on unit k andjth 
product on unit r [kJ] 
production requirement of product p over year [kg] 
production requirement of/th product over year [kg] 
equipment size factor of unit k for ith product [m3/kg] 
equipment size of  unit k for sequence [m 3] 
total production tff~ae over year [kg] 
starting temperature of hot stream [~ 
desired temperature of hot stream [~ 
starting temperatm-e of  cold stream [~ 
desired temperature of cold stream [~ 
fimshmg th~ae of ith product on unit k [t~-] 
starting time of/ th product on unit k [t~] 
total production cycIe time [hr] 
batch processing time of batch p unit k [hr] 
starting temper~-e of cold stream ofjth voduct on unit 
r [~ 
desired temperature of cold stream o f ~ h  product on 
unit r [~ 
starting temperature of hot stream of/if1 product on 
unitk [~ 
desired temperature of cold stream of/[h prcduct on unit 
k [~ 
starting temperature of cold stream of product p unit r 
[0c] 
desired temperature of cold stream of product p unit r 
[~ 
starting temperature of  hot stream of product p utfit k 
[0c] 
desired temperature of  hot stream of  product p unit k 
[0c] 
aNficial positive variable for match between TI,~ and TIj,. 
aNficial positive variable for match between Tick and TIj,. 
equipment size of unit k [m 3] 
0-1 binary variable for sequence 
0-1 binary variable for heat exchange between two batch 
streams with transfer time TI,k and TI~, respectively 
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