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Abstract—In case of adding new equipments in parallel in the process synthesis problems, there are two
operating modes to use the equipments. One is in sequence(out of phase) mode and the other is in phase
mode. But, in the papers published so far, only in sequence mode has been considered in synthesis problems
for the preliminary design of batch processes. In this paper, using a MINLP, heuristics and a NLP, we deal
with the problems where in phase mode is also considered. The effectiveness of this method is verified
by solving four literature problems.
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(b) Modified Plant(Only In Sequence Mode)
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(c) Modified Plant

Fig. 1. Example problem.

YA Frh A Hro) Aleu g BEe Qi
S8 A9 278 AA s EAolvh AF7HA|
olzidt £AE 7] Y Wiz FAY 2dS
AHg3te] EAS v TR oS Fe o A
A e A3k Zoldh AAE FPsA F
7h A 2dshe Wdadle SR olazglel 9l
el 42l F MY JAF AA Ao &
AL AQlEke] A of A3 AAFE Fole o)
ol x4 3L Azt 7} oh2t ok A7 o 2
Aol Aslsted Aok A RS A2AE 2Y
Heolth &, 42 AY L3 WS w9 A
AbFE Z7HA 71 Aol o) 2P AoF A A tE
Zo e Fole 2% WA HAE FHA



THEE A4S A¥Y TR A AAE

A3 HH ¢4 91

time time
Product A 7/////% Product B
(a) Gantt Chart of Existing Plant
y 4hr 4hr
2 %77 10oxe
time time

(b) Gantt Chart of Modified Plant

Fig. 2. Gantt chart of exmple problem.
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Fig. 3. Flowchart of our approach.
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Table 1. Data for problem 1
(@) Size factors

Table 2. Process analysis of problem 1
(a) Operating mode by MINLP

Layout Mixer Reactor Centrifuge Stage . .
A 2 3 i Product Mixer Reactor Centrifuge
B 4 2 3 A In Sequence In Sequence -
B In Sequence In Sequence -
(b) Processing times(h)
Layout Mixer Reactor Centrifuge (b) LCT, LBS check
A 8 10 4 Stage . .
B 6 12 3 Product Mixer Reactor Centrifuge
A 0 0 _
(c) Projected market demand B X (0] -
i Q, ke 0O: LCT Reduction, X: No effect
A 200,000
B 150.000 (c) Modified operating mode
Stage . .
@ Unit data Product Mixer Reactor Centrifuge
Layout Mixer Reactor Centrifuge A In Sequence  In Sequence o
Cost coefficient 250 500 340 B In Phase In Sequence -
Cost exponent 0.6 0.6 0.6
{ 1489 L 838L _ L
- Mixer Reactor m7L '—& Centrifuge
[ 18O L 8L Centrifuge
C = 106,080
B,=279.17 B, =3722
C=119,710 T.=5 1,5
B,=279.17 B, = 3722
o5 -6 Fig. 5. Flowsheet of problem 1 by NLP.

Fig. 4. Flowsheet of problem 1 by MINLP.
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Table 3. Data for problem 2
(a) Size factors

Layout Mixer Reactor Tray dryer
A 2 14 3.5
B 25 15 4
C 3 14 5

(b) Processing times(h)

Layout Mixer Reactor Tray dryer
A 2 12 9
B 2 7 12
C 7 13 3

(¢} Projected market demand

Qi kg
500,000
500,000
600,000

(@R ~Rr- il
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Table 3. Continued

(d) Unit data

Layout Mixer Reactor Centrifuge
Cost coefficient 150 250 175
Cost exponent 0.6 0.6 0.6

792L

Tray Dryer
{ 392L
C =264,887
B, = 1967 B, = 1836 B, = 1478
T,=6 T,=6 T =7

Fig. 6. Flowsheet of problem 2 by MINLP.

Table 4. Process analysis of problem 2
(a) Operating mode by MINLP

t
Stage Mixer

Product Reactor Tray dryer
A In Sequence In Sequence
B - In Sequence In Sequence
C - In Sequence In Sequence
(b) LCT, LBS check
Stage !
m Mixer Reactor Tray dryer
A 0 0
B - 0 0
C - 0 X
0O: LCT Reuction, X: No effect
(c) Modified operating mode
Stage .
% Mixer Reactor Tray dryer ]
A In Sequence In Sequence
B - In Sequence In Sequence
C - In Sequence In Phase

PArshe 334 ZAolch Table 3¢ dlo]elE o8&
ste] A5 wAY Z2a3g Fo] ¥, Fig 62
Az 34 W g A foh A 13 g2
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2586 L

Reactor Tray Dryer

C =1258,330
B, = 1847 By = 1616 B, = 1667
T,=6 Ty=6 Te=7

Fig. 7. Flowsheet of problem 2 by NLP.

Table 5. Data for problem 3
(a) Size factors

N 1 2 3 4 5 6
79 20 52 49 61 42
07 08 09 34 21 25
07 26 16 36 32 29
47 23 16 27 12 25
12 36 24 45 16 21

mo oW

(b) Processing times(h)

i\J 1 2 3 4 5 6
A 64 47 83 39 21 12
B 68 64 65 44 23 32
C 10 63 54 119 57 62
D 32 30 35 33 28 34
E 21 25 42 36 37 22

(c) Projected market demand
Q; kg
250,000
150,000
180,000
160,000
120,000

oo w |-

(d) Unit data

1 2 3 4 5 6
Cost coefficient 250 250 250 250 250 250
Cost exponent 06 06 06 06 06 06

Wl Ade T g AR A9} Aok odE A
Abe 18w Aok #A A7k vehl L glok # A H <
2}2.1) & Bireware$} Grossmanno] #| A1l 3t 264,
88744 25833022 £« & Uch
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C =285,506

A% AT A4 ¢4
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ns3L}{ 2160 L]

C =275,600
B,=380 B,=770 B.=730 B,=638  B,=525 B,=313 B, =847 B,=842  B,=640
T,=32 Ty=34 Te=62 Ty=34 Ty=37 T,=32 Ty =34 To=34  Tg=37
Fig. 8. Flowsheet of problem 3 by MINLP. Fig. 9. Flowsheet of problem 3 by NLP.
Table 6. Process analysis of problem 3
(a) Operating mode by MINLP
Stage 9 3 4 5
Product Table 7. Data for problem 4
A S S S S - - (a) Size factors
B S S S S - - N 1 9 3
¢ SO R A 12 14 10
D S S S B 15 10 10
E S S S S - - c 11 12 10
D 1.5 1.8 10
(b) LBS, LCT check E 13 30 10
Stage 1 2 3 4 5 6 F 14 2.1 10
Product G 1.2 5.2 10
A (0] (0] 0 0 - - H 1.1 2.1 1.0
B 0 0 0 0 - - I 13 11 1.0
C X 0 X 0 - - ] 14 15 1.0
D X X 0 X - - K 1.5 1.7 1.0
E X X 0 X - - L 12 1.9 1.0
O: LCT reduction, X: No effect M 15 37 1.0
N 1.8 22 1.0
(c) Modified operating mode (0] 1.5 27 1.0
Stage
Product 1 2 3 4 5 6 (b) Processing times(h)
A S S S S - - N 1 2 3
B s s s s - - A 30 1.0 40
C s s s s - - B 6.0 40 80
D p s § 5 - - C 20 20 40
E S P S § - - D 2.0 15 30
In all of the tables the following notation is used: S refers E 1.0 20 25
to in sequence mode, P in phase mode. F 20 25 5.0
G 1.0 05 7.0
A4 Salel e AEE Padshe T BT A H 10 " -
olc}. Table 5+ o] FAlol| i 27] Az}, 7 &hAlo } 22 20 4:0
Ao} A4 A7 dlEEE $a% el B K 20 20 40
vl dlojEolth £ =FdA AAshs EH%d o L 35 45 65
A AR oAz s ne EIAS Y 22T M 5.0 7.0 9.0
W& F7 Table 69 F4 ¥4¢ F3l 5422 Fig N 45 30 40
95} Ze FHESF denk AN @ 7] A A 0 30 20 60
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Table 7. Continued Table 8. Process analysis of problem 4
(c) Projected market demand (a) Operating mode by MINLP
i Q. kg i Qi kg Stage 1 9 3
A 400,000 Product
B 300,000 I 200,000 A In Sequence In Sequence In Sequence
C 100,000 ] 190,000 B In Sequence In Sequence In Sequence
D 350,000 K 150,000 C In Sequence In Sequence In Sequence
E 330,000 L 120,000 D In Sequence In Sequence In Sequence
F 270,000 M 90,000 E In Sequence In Sequence In Sequence
G 250,000 N 70,000 F In Sequence In Sequence In Sequence
H 220,000 0 50,000 G In Sequence In Sequence In Sequence
H In Sequence In Sequence In Sequence
(d) Unit data I In Sequence In Sequence In Sequence
1 2 3 J In Sequence In Sequence In Sequence
Cost coefficient 592 582 1200 K In Sequence In Sequence In Sequence
Cost exponent 0.65 0.39 0.52 L In Sequence In Sequence In Sequence
M In Sequence In Sequence In Sequence
N In Sequence In Sequence In Sequence
(0] In Sequence In Sequence In Sequence

oL (b) LCT, LBS check
1045L 2400L “{

Stage ,
7L Product ! 2 3
A 0 0 0
1045L 2400 L 4[ 747L B O 0 0
C 0 0 0
C=285.110 D 0 0 0
B,=747 B,=697 Bc=747  By=697  B,=T47  B,=747 E 0 0 Y
B =462 B,=747 B=747  B,=147  B,=697 B =747 F 0 o) 0
Bu=649 B,=381  B,=697 G 0 X 0
To=15  T,=3 Te=133  Tp=1 T,=1 T,= 167 H 0 0 X
To=233 T,=2 T,=15  T,=133  T,=l5  T,=225 [ 0 0 X
Te=35  T,=225 Te=2 J 0 0 0
. K 0 0 0
Fig. 10. Flowsheet of problem 4 by MINLP. L 0 o o
M (0] 0 0
N (0] 0 0
0 (0] 0 0
O: LCT Reduction, X: No effect
(c) Modified operating mode
Stage a
Product ! 2 -
C=233870 A In Sequence In Sequence In Sequence
B,=689 B, =643 B =689  By=643  B.=689 B =68 B In Sequence In Sequence In Sequence
B,=689  B,=877 B,=742  B,=689  B,=64) B =68 C In Sequence In Sequence In Sequence
By=576  B,=536  B=643 D In Sequence In Sequence In Sequence
T,=15  T,=3 Te=133 To=! Te=t Tp= 167 E In Sequence In Sequence In Sequence
Te=233  T,=2 T=15 TELB Te=ls o =225 F In Sequence In Sequence In Sequence
Tu=35  T=228  To=1 G In Sequence In Phase In Sequence
Fig. 11. Flowsheet of problem 4 by NLP. H In Sequence In Sequence In Phase
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Table 8. Continued
(c) Modified operating mode
Stage

Product 2 3
I In Sequence In Sequence In Phase
J In Sequence In Sequence In Sequence
K In Sequence In Sequence In Sequence
L In Sequence In Sequence In Sequence
M In Sequence In Sequence In Sequence
N In Sequence In Sequence In Sequence
0 In Sequence In Sequence In Sequence

Table 9. Comparison the case considering only in se-
quence mode with the case considering both in
sequence and in phase mode

The number of
binary varibles

The case considering only N, XM
in sequence mode
The case considering both N, XMX2XN

in sequence and in phase mode

EH| = 285506004 27560002 ZAadhE o 5 2ch
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ARBI|Z
B, :limiting batch size of product i

H  :the operating time
N; :the number of parallel units in stage j
N/ : the number of parallel units in stage j obtained

by MINLP
t, :the processing time of product i in stage |
Q;  :the production quantities of product i

Si  :the batch unit size factor of product i in stage
J

T. :limiting cycle time of product i

V;  :the volume of batch unit in stage j

Vmn Vmes s the upper and lower bounds of batch unit
size in stage j

agjojA X}

a, :the cost coefficients of a batch unit in stage
j

B;  :the cost exponent of a batch unit in stage j

ofx}

C  :capital cost

GAMS : general algebra modeling system
MINLP : mixed integer nonlinear programming
NLP : nonlinear programming
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