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Abstract—Until now, an evolutionary method or empirical rule has been used to improve the initial design
of batch/semicontinuous processes. In this paper, the proposed approach is to make a superstructure which
fully contains all possible structures. And then using a MINLP(mixed integer nonlinear programming) model,
we obtain the optimal process network. MINLP model contains methodology deciding the candidates of mer-
ging tasks and using parallel equipments. Thus, the economic savings of capital cost of batch/semicontinuous
processes are possible by adding equipment in parallel for bottleneck stages or merging/splitting tasks. MINLP
model is solved by using a generalized reduced gradient algorithm. The effectiveness of MINLP model in
single product batch plant is demonstrated by solving example problems. Also, by inserting intermediate
storage tank, we reduce the capital cost for batch/semicontinuous processes and determine the optimal size
of intermediate storage tank.
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Fig. 1. Typical batch/semicontinuous processes.
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Fig. 3. Methods reducing limiting cycle time.
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Table 1. Data of sizing example
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Q=120,000 H=7,200

Batch equipment data Semicontinuous equipment data

M 1 2 3 M 1 2 3 4
S 2.74 1.44 1.20 S 274 2.74 1.44 120
P? 3.0 20.0 35.0 b 250 200 210 370
c 0.172E-1 0.612E-5 0.364E-1 B 0.40 0.85 0.62 0.22
d 0.865 2.00 0.823 300<R, <1800

a 592 582 1200

a 0.65 0.39 0.52

300<V;<2400

Table 2. Results of sizing example

P.1.=176,580
Variable Result Initial value
B 780.0 1000
T 46.8 50
Vi 2137.2 500
V. 1123.2 500
Vs 936.0 500
R, 300 500
R, 300 500
R; 4414 500
R, 1800 500

ol 2

Fig. 5% oA 19 A32%€ 92 7} batch subtrain
oAl 28 5e A7 el ik o374 2 batch
subtrainel 4] A2l FA AL t<t<tFo] mZ ty7}
LCTo]d}. 18J 22 AW A| batch subtrain®] F3 A3}
& #FA2A717] Ssle] gt 22 dHee] AAE
743150l FrtElE AR Y] A A7) AHA batch
subtrain®] 3% A 7ke] A batch subtrain®] A|7}e]
H uje] ar|2 A= FyPaHA AAE FrIge Yy
AA PAAE 30% He dEFE F gJon ol
w3 QA o) ZAE oJu]shA| el o] e} 7o} LCT7}

Time limiting stage

< >4 >4
1,=22.71 1,=33.39 ap
Total production time= (Q/B)T
= (120000/780)46.8
=7200
Adding equipment

Total production time= (Q/B)T

= (120000/780)33.39

= 5136
Fig. 5. Example of retrofitting.

V,=936

t3=33.39
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Fig. 6. Relation of LCT and capital cost of adding unit.
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Fig. 7. Superstructure of batch processes.
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Table 3. Data of synthesis example

stage 1 2 3

task 1 1 2 1 2 3

S 2.74 144 144 120 120 1.20
P° 3.0 12.0 80 100 100 15.0

[ 0.172E-1 0612E-5 00 0.0 0.0 0.364E-1
S
a
a

0.865 200 00 0.0 0.0 0.832
592 582 582 1200 1200 1200
0.65 039 039 052 052 0.52

Table 4. Assignment of task and equipment in each

stage
Stage 1 Stage 2 Stage 3
(D, (1,2), (1,2,31
(D1, (2), (1)1, 12,3)2
(1,2)1, (3)2

(1), (2)2, (3)3

w7} “1"o]x YA A$£ “07¢] =+ binary varia-
bleole}. Y= 7b whAlol A oA A4 FY ==
sh e T oA dEe] ZrAA Fel A M

< Wty Py jHA sl A kA de] Hle
A7 gkl (22) Ao A m, mre e H A A ol A
HPshA Fd = e FA 2 HHE bl gl
(23)A)9] Vmin, Voree jHA oA A A AR 7}
A8 71edk W E YRR ok

Fig. 82 A4 MINLP 249-& 7[xx A T3
WEY=ZE $- 4otk MINLP nde H4d
wel oleiqt s Wl o Altz7de] F71E
A oled mdod A FTH UEHAZE R o
HEC 2= GINO[9]E o438tk

ofi®f 3

Table 3-& MINLP =dlo] ojs)jr 3 33 e
A5 Pt F4E RAFE oAl do|eo] ] Table
3ol A B 5 glo] 3 whAleA st do] WA
dAl A F e o] AW wAld e Al 7]
ool gt 2 Al A dY¥E Y o
7458 ol 3} A2 2] 832 Table 49F 2tk $ol 4] 7}
AHA AL (1), (2, 3)5 1 A4 18 o]
2W Aol A 2, 3 Ao £ ES el 2 ik Fig
9= MINLP =dof g4 7alx 74 vEeHIelH
()& 7+ A7) shde] AR o] FAl= 7 B
F 3 glem (by: (a)o] HPsiAl AHS Frlg
Aolm ()& AA wAlolA o 15} o 2, 38 #2]7
7ot} Table 5+ Folxl FHUE sl =9 =
7% #AA3 Aate) 1 Fig. 102 Fig. 92] (a), (b), ()l
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Fig. 9. Process networks by MINLP model.

Table 5. Results of synthesis example

(1 (2 3
Pl 176580 155510 137,120
B 780.0 219.7 270
T 468 13.18 27
m; 1 1 1
m; 1 2 1
ms 1 3 1
Vi 21372 602 12345
Ve 11232 316 648.7
Vs 936.0 300 540.6
Ry 300 300 300
R 300 300 300
Rs 4414 300 387
Ry 1800 637 300

gk 2] 2HEulE el Zielt). Fig 1064 o] o
7z1el 2R[6]2 (b)7} A 34 VESNZ=HT ¥}
32| et $-g)7} Al A5k MINLP 2dle] &Jsjxis (b=
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Aejolz (D) shih (O B0l #7148 Aol
Table 5= (a), (b), (c)o g A=A FAluje} 7+
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Fig. 10. Plot of capital cost.
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(b) IST —»

(c) IST IST —»>

Fig. 11. Network with intermediate storage tank.

Table 6. Results of process with intermediate storage

tank
P.L (a) 176580 (b) 148400 (c) 111380
B 780.0 4488, 790.67 92.6, 462.6, 809.
T 46.8 26.93,47.44 5.6,27.76, 48.6
Vi 2137.2 1229.7 300.0
Vs 1123.2 646.3 666
A 936 948.8 971
R, 300 300 300
R. 300 300 300
R; 4414 404.9 300
R, 1800 1194.7 1463.8

w42 Atolct. Table 624 F2HA 25 F7}tol

u}2} 7z} batch subtraint S H o2 2% F 9l

LCT7F #eje & 4 vk ol 2] LCTY ¥

AT 5 E2A) Adu)e) R AE 7o) Ao
Utk BE ol F

B FAEl7t FolEE & F
e FHARR e Y H g
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Fig. 12. Process with intermediate storage tank.
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Fig. 13. Optimal size of intermediate storage tank.
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NOMENCLATURE

t; : operation time of batch subtrain j [hr]

T, LCT : maximum operation time in each batch sub-
train [hr]

j : batch equipment

k : semicontinuous equipment

1 : semicontinuous stage

N : number of semicontinuous equipment consist-
ing of process

M : number of batch equipment consisting of pro-
cess

L : number of semicontinuous stage consisting of
process

r : semicontinuous unit

R,  :number of semicontinuous unit in semicontin-

uous stage 1
K; : tasks at stage j
V; : volume of batch equipment j [ft®]
B : batch size of the product [Ib]
B*  :batch size of upstream [Ib]
B?  :batch size of downstream [lb]
T*  :limiting cycle time of upstream [hr]

T¢  :limiting cycle time of downstream [hr]

S : size factor in batch equipment j [ft*/hr]

®, :processing time of semicontinuous equipment
k [hr]

©y; :filling time of batch equipment j
©®,; :discharging time of batch equipment j
Sk : size factor of semicontinuous equipment k [ft*
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: processing rate of semicontinuous equipment

k [ft/hr]

: operation time of batch equipment j [hr]
:amount of product required [ft*]

: available production time, time horizon [hr]
: parallel units

: minimum volume of jth equipment

: maximum volume of jth equipment

: minimum processing rate of kth semicontin-

uous equipment

: maximum processing rate of kth semicontin-

uous equipment

: cost coefficients associated with particular typ-

es of equipment

. if kth task of stage j is assigned to rth unit,

X=1. Otherwise, X,,=0

: parallel units of rth unit at stage j
: volume of batch equipment r at stage j
: batch subtrain size factor of rth unit at stage

j

: batch subtrain cycle time of rth unit at stage

]

: processing time of kth task in stage j

: size factor of kth task in stage j

: minimum parallel units in stage j

: maximum parallel units in stage j

: minimum volume of rth equipment in stage

J

: maximum volume of rth equipment in stage

J

315128 H30A M2E 199244 4%

- g2e

Greek Letter

@, B : cost coefficients associated with particular typ-
es of equipment

Abbreviations

LCT :limiting cycle time

GRG : generalized reduced gradient

MINLP : mixed integer nonlinear programming
IST :intermediate storage tank

P.1I. :performance index
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