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Abstract—For the change of market condition such as increase of demand and new selling price, an optimal
retrofit method is proposed through adding new equipments to existing multiproduct batch plant. Until now,
the optimum volume and the appropriate position of adding equipments are solved using mixed integer
nonlinear program. In this paper, a heuristic procedure is presented which first determines the positions
of adding equipments. Then a nonlinear programming is formulated to obtain their optimum sizes. The effecti-
veness of this method is verified by solving several literature problems.
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stage 1 stage 2 stagel stage 2
—» }—’Pmducl A —® > Product B
Ty=8 Ta=3 Ty =6 Tp=2
Tu= Tis=
a) Existing Plant
stage 1 stage 2 stagel stage 2
Product A > Product B
stage 1 stage 1
1 L
T, =8/2=4 T,=3 Tg;=6/2=3 Tg=2
]
Ta=4 Ts=
b) Modified Plant
Fig. 1. In sequence mode retrofitting.
(a) Existing plant, (b) Modified plant
stage 1 stage 2 stage 1 stage 2
— > Product A —® > Product B
B,=100 By=80
B,,=100 B,,=100 B;,=80 Bg,=100
a) Existing Plant
stage 1 stage 2 stage 1 stage 2
Product A > > Product B
B,=100 By=100
B,,=100 B,,=100 B,,=80 B,,=100
stage 1' stage 1'
no use By, =20

Fig. 2. In phase mode retrofitting.

(a) Existing plant, (b) Modified plant

b) Modified Plant
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stage 1 stage 2 (in sequence mode)

Fig. 3. Two stage batch plant.

Table 1. Data for illustrative example

Product Stage 1 o Stage 2
A 0.5 1
B 1 0.5
Product Si(Lkg™")
A \ V/2
B V/2 \Y
\ind \Y \'s

Table 2. Process analysis of illustrative example

Product LCT LBS Stage 1 Stage 2
A max(051) mn(V/V,V/(V/2)) LBS LCT
=1(stage2) =1(stage1)
B max(1,05) min(V/(V/2),V/N) LCT LBS
=1(stage 1) =1(stage?2)
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a. Case 1(existing plant) b. Case 2

c. Case 3 d. Case 4

gl

e. Case 5 f. Case 6

Fig. 4. Alternative retrofittings for illustrative example.
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Table 3. Retrofit strategies of illustrative example
Operation Cycle times(hr) Batch sizes(kg) Rates(kg/hr)
Case product Stage Stage limit(LCT) Stage limit(LBS) (=LBS/LCT)
1 2 1 2 1 2
1 A - - 05 1 1 1 2 1 1
B - 1 05 1 2 1 1 1
2 A P - 0.5 1 1 2 2 2 2
B S - 0.5 0.5 0.5 2 1 1 2
3 A - S 0.5 2/3 2/3 1 2 1 3/2
B - P 1 0.5 1 2 3/2 372 3/2
4 A - S 0.5 0.5 0.5 1 2 1 2
B - P 1 0.5 1 2 2 2
5 A P S 0.5 2/3 2/3 2 2 2 3
B S P 0.5 0.5 0.5 2 3/2 3/2 3
6 A P S 0.5 05 0.5 2 2 2 4
B S P 05 0.5 0.5 2 2 2 4
7 A P S 0.5 1/3 05 3 2 2 4
B S P 1/3 0.5 05 2 2 2 4

Operating strategy: P(operate in phase with existing units), S(operate in sequence with existing units)
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Table 4. Data for example 1

Product Stage 1 Stage 2
t,,‘(hr)
A 4.0 6.0
B 5.0 30
Product S;(Lkg™!)
A 20 1.0
B 15 2.25
v 4000 3000
VE 0 0
\%d 4000 3000
K($) 30560 30560
c($L D 32,54 32.24
pi($kg™" Q($kg
A 1.0 1200000
B 20 1000000
Table S. Process analysis of example 1
LCT LBS Stage 1 Stage 2
A 6 4000/2 LBS LCT
B 5 3000/2.25 LCT LBS
Table 6. Result of example 1
New unit Operation .
Stage size(L) A B Profit
(existing) - - - $2751500
1 1358 In phase In sequence $ 3125200
2 1395 In sequence In phase $ 3124500
1 1545 In phase In sequence
and 2 1554 In sequence In phase $ 3041600

Fig. 5. Process network of example 1.

Raw Materials ———#{ 4000L

» 3000L |————# Product A, B

» 3000L {5 Product

Fig. 6. Process network of example 2.
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Fig. 7. Process network of example 3.

Table 7. Data for example 2
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Product
A,B,D,E
3000L

A ol 2gle g 1358 Lo} AAE HPsiA

7bshe Zol HA4 Nzele 2HE Ik

Stage 1 Stage 2
Product t,(hr)
A 4.7 10.1 3-2. 8| 2[3]
B 41 38 4 2% Fig. 63 o] 5 A @A 4h9] A
D 29 2.7 < A 2HoE Table 79 Hlolete Abgsted
E 53 11.8
Product Sy(Lkg™
A 18 20 Table 10. Data for example 3
B 36 49 Stage 1 Stage 2 Stage 3 Stage 4
D 39 56 Product t,(hr)
E 83 36 A 6.3822 4.7393 83353 3.9443
K($) 12800 11400 B 6.7938 64175 6.4750 44382
g($L D 13.63 12.14 D 1.0135 6.2699 53712 119213
V(L) 4000 3000 E 3.1977 3.0415 3.4609 3.3047
VH(L) 1000 1000 Product S;(Lkg ")
V,U(L) 4000 3000 A 7.9130 2.0815 5.2268 49523
Product p{$kg™ D Qkg) B 0.7891 0.2871 0.2744 3.3951
A 0.63 290000 D 0.7122 2.5889 1.6425 3.5903
B 0.53 300000 E 4.6730 2.3586 1.6087 2.7879
D 0.44 350000 Ki($) 15280 38200 45840 10180
E 1.09 140000 c($L") 1627 40.68 48.81 10.84
V(L) 4000 4000 3000 3000
VH(L) 0 0 0 0
Table 8. Process analysis of example 2 Vi(L) 4000 4000 3000 3000
LCT(hr)  LBS(kg) Stage 1  Stage 2 Product  p($kg ") Qikg)
A 10.1 4000/4.8 LBS LCT A 1114 268200
] 41 3000/4.9 LCT LBS B 0.535 156000
D 29 3000/5.6 LCT LBS D 0.774 189700
E 118 4000/8.3 LBS LCT E 0.224 166100
Table 9. Result of example 2
New unit Operation .
Stage size(L) A B C D Profit
existing - - - - $ 406300
1 3200 In phase In sequence In sequence In phase $474170
2 1699 In sequence In phase In phase In sequence $ 618730
1 2204 In phase In sequence In sequence In phase
and 2 2585 In sequence In phase In phase In sequence $ 524740
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Table 11. Process analysis of example 3
LCT(hr) LBS(kg) Stage 1 Stage 2 Stage 3 Stage 4
A 6.3822 4000/7.9130 LBS/LCT - - -
B 6.7938 3000/3.3951 LCT - - LBS
D 11.9213 3000/3.5903 - - - LBS/LCT
E 3.3047 4000/4.6730 LBS - - LCT
Table 12. Result of example 3
New unit Operation
St i
age size(L) A B ¢ D Profit
existing - - - - $ 459000
1 4000 In phase In sequence - In phase $ 466120
1 697 In sequence In sequence - In phase $ 467000
4 2547 - In phase In phase In sequence $ 521340
4 3000 - In phase In sequence In sequence $ 521780
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NECIES

ARBI|Z
B, :the unit batch size of product i in stage j
B: : limiting batch size of product i
Bi“ :the new batch size of product i in stage j
G : the annualized cost coefficients of a new unit
in stage j
H : the operating time period
K;  :the annualized fixed charge of a new unit in
stage j
; : the number of batches of product i
pi :the expected net profit per unit of product i
Q :the upper bound on production of product i
S,  :the unit size factor of product i in stage j
t; : the processing time of product i in stage j
T, :the unit cylcle time of product i in stage j
T, :the new unit cycle time of product i in stage
i
T.  :limiting cycle time of product i
V™ :the volume of new unit in stage j
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: the volume of existing unit in stage j

V,-L V,U: the upper and lower bound of adding unit in

Y

ofx}
LBS
LCT
NLP

stage j
: the correlation coefficient of batch size and
unit cycle time in stage j

: limiting batch size
: limiting cycle time
: nonlinear programming
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