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Abstract — In this paper, we present a model of an optimal retrofitting design for multisite batch plants in case there are new
warehouses to supply and increase of demands at existing warehouses. In the optimal retrofitting design problem, an objective
function is defined as a net profit in a chemical company-total expected selling price minus the cost of new equipments and the
expected shipping cost. We determine a revised plant configuration, sizes and operating modes of newly added equipments, new
shipments from plant to warehouse and batch processing variables. A mixed integer nonlinear programming(MINLP) formulation
is proposed. The effectiveness of its application is illustrated with two examples. The examples are solved with GAMS/

DICOPT+++.
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Table 1. Data for example 1
(a) size factor

Plant I Plant I
Product\plant
Stage 1 Stage 2 Stage 1 Stage 2
A 20 1.0 22 1.1
B 1.5 2.25 1.6 24
(b) processing times
Plant I Plant I
Product\plant
Stage 1 Stage 2 Stage 1 Stage 2
A 40 6.0 42 6.5
B 5.0 3.0 54 4.0
(c) existing equipment sizes
Product\plant Plant I Plant I
Stage 1 2000 2500
Stage 2 1500 2000
(d) new product demand at each warehouse
Warehouse\product A B
1 237,000 108,000
2 304,000 117,000
3 164,000 112,000
4 342,000 132,000
5 196,000 109,000
6 165,000 124,000
(e) shipping cost
Plant\warehouse 1 2 3 4 5 6
I 0.05 0.03 0.04 0.06 008 0.1
II 0.09 0.08 0.06 0.05 0.03 0.04
(f) cost data
Cost coefficient, o
Plant I Plant IT
1 35.24 34.90
2 30.50 29.80
Fixed cost, y;
Plant I Plant I
1 45,050 46,000
2 42,500 43,200
Net profit, $/kg
A 0.7
B 0.8
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Table 3. Data for example 2
(a) size factor

Productil Plant I Plant I
uct\plant
RM1 —p RM3 Final Product A P Stage 1 Stage 2 Stage 3 Stage 4 Stage 1 Stage 2 Stage 3 Stage 4
RM2 —P A 23 32 43 31 2.1 31 42 31
B 24 37 39 30 23 36 37 30
C 33 41 28 30 32 41 26 30
(b) processing times
Productiol Plant I Plant IT
—> uct\plant
RM 1 RMS P Stage 1 Stage 2 Stage 3 Stage 4 Stage 1 Stage 2 Stage 3 Stage 4
RM2 P Final Product B A A 3 2 5 = 3 1 3
RM 4 % B 8 3 4 3 7 3 4 3
(a) Plant configuration and production recipe in plant I c 3 4 2 4 3 4 2 4
(c) existing equipment sizes
Product\plant Plant I Plant 11
Stage 1 2500 2000
RM1 —p RM3 i Stage 2 3000 2500
RM 2 Final Product A Stage 3 3000 2500
Stage 4 2500 2000
(d) new product demand at each warehouse
Warehouse\product A B C
1 88964 87436 48964
RM I —% RM 5 2 85964 85436 48787
RM2 —» Final Product B 3 88964 77436 47123
RM4 —» 4 78964 87436 49102
. . ipe in b 5 79964 75436 48220
(b) Plant configuration and production recipe in plant IT 6 76964 82436 45660
Fig. 2. Plant configuration and production recipe for example 1. 7 78964 81436 47320
. . 8 77964 76554 48235
Table 2. Optimal retrofit design for example 1 9 58450 0 37880
Plant1 Plant II 10 59550 62220 37770
Stage 1 Stage 2 Stage 1 Stage 2 (e) shipping cost
A - 1000 L(out-of-phase) - -
B - 1000 L(in-phase) - - 1 2 3 4 5 6 7 8 9 10
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1 0010 0.011 0.012 0.012 0.014 0.016 0.019 0.020 0.016 0.017
I 0.020 0.019 0.010 0.015 0.012 0.011 0.010 0.010 0.016 0.017

(f) cost data
Cost coefficient, oy
Plant I Plant I
Stage 1 32.54 32.24
Stage 2 34.20 34.00
Stage 3 3524 35.14
Stage 4 30.20 30.00
Fixed cost, y;
Plant I Plant IT
Stage 1 30560 30260
Stage 2 32750 32350
Stage 3 35250 35050
Stage 4 30200 30100
Net profit, $/kg
A 0.34
B 0.36
C 0.34
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Table 4. Optimal retrofit design for example 2

Plant I Plant II
Productiplant Stage 1 Stage 2 Stage 3 Stage 4 Stage 1 Stage 2 Stage 3 Stage 4
A S, 1846 L - - - S,1951L - - -
B S, 1846 L - - - S,1951L - - -
C P™, 1846 L - - - S,1951L - - -
*S means out-of-phase operation and **P means in-phase operation.
M H; : total time available at plant [
L K : annualized fixed charge of a new unit in stage j at plant /
RM2 — Final Froduct A, L : number of plants
M : number of stages in production
. N : number of products manufactured
R4 Final Product B 0y : number of batches of product i at plant /
e N7 :number of existing units in stage j at plant [
NJ'.;WI : total number of units in stage j at plant /
1:1\343 _—_: Final Product C p; - expected net profit per unit of product i
RM & —p Sy : size factor of product i in stage j at plant [
(9 Plant configuration and production rcipe i plant| SC,, : shipping cost from plant / to warehouse w
% RM3 ty : unit cycle time of product i in stage j at plant [
M1 T : limiting cycle time of product i at plant
RM2 ::1 L= Final Product & Vi  :required volume of unit k(< k) in stage j for product i to be
used in-phase with unit k at plant /
?‘ o i,j,&, : required volume of unit k(> k) in stage j for product i to be
x: ::‘ ey Final Product B used in-phase with unit k at plant
= V,  :volume of unit k in stage j
le,’ : maximum volume of new units in stage j at plant /
?&‘2 :: Final Product C VjL, : minimum volume of new units in stage j at plant /
RME — w : number of warehouses
(b) Plant configuration and production recipe in plant II
Fig. 3. Plant configuration and production recipe for example 2. yfikn»‘-k,«/;wr: Lif all the units from k, to kyin stage j are operated in-
phase for product i; 0 otherwise
Yiu : 1 if unit k in stage j at plant [ is installed; 0 otherwise
5.4 = Z, : maximum number of available new units in stage j at plant /
o AFL sk F A ol 3 7 71N A=l JzjolA 2t
e Y o Ao AL FFE u g =0 Zxe Hd) By : cost exponent of a new equipment k in plant /
) 7bs et F7 F‘é" -?*"} AEA ¥ 3“ o & oy T & Y : exponent of a batch size to represent a processing time in unit
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B, : limiting batch size of product i at plant /
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