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Abstract— Differently from continuous processes, the processing schedule of batch processes should be modified for
heat exchange between batch streams. In most batch processes in which ZW policy is adopted, the heat integration causes
the increased production cycle time that requires the bigger batch equipments sizes. Process design engineers usually finish
the initial batch process design neglecting the possibilities of heat integration due to the increased equipment costs in that
case. In this study, the schedule of multi-product processes, the required equipments sizes and the heat exchange between
batch streams are mathematically formulated in a mixed integer nonlinear programming. A solution of this formulation can
be readily obtained with a commercial MINLP solver. Numerical examples are presented to illustrate the possibilities of
heat exchange in a muiti-product batch process.
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Fig. 1. The relations of time variables in batch processes.
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heat exchanger l

Fig. 2. Countercurrent heat exchange in batch processes.
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Table 1. Data for example 1

Starting Desired

Batch size Heat capacity

Stream o temperature  temperature
, [k C, [kIkgC ° N
Cold(A— B) 120,000 3.9 25 80
Hot(C— D) 100,000 3.2 120 60
Table 2. Utility cost
o . Steam
25°C cooling — — -
278 °C 230 °C 170°C
water
saturated saturated saturated
Cost[$/kJ] 0.2x107° 9.7x10°* 73x10°° 54x10°°
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Fig. 3. Multiproduct batch processes consisting of 5 units.

Table 3. Production requirements, R,[kg]

R, [kg]

Product 1 4,000,000

Product 2 3,000,000

Product 3 3,500,000
Table 4. Batch processing time, t,[hr]

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

Product 1 2 1 2 2 3
Product 2 3 1 3 2 2
Product 3 4 1 2 1 3

2s5i3Et H36A H4s 19981 83

olal
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Table 5. Batch stream heat requirements

C, [KlkgC] T, [C] T [°C] Status

Product 1(—unit 2) 39 320 110 hot
Product 1(— unit 5) 39 84 240
Product 2(— unit 2) 3.2 360 110
Product 3(—unit 5) 37 95 270
Table 6. Volume factors, S,-,,[m“/kg]

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5
Product 1 1.2 1.4 1.0 1.3 1.5
Product 2 1.1 1.2 1.5 1.2 1.3
Product 3 14 1.0 1.2 14 1.3
Table 7. Cost coefficients for equipments

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5
a[$/m’] 990 1062 2160 1404 666
b; 0.65 0.40 0.52 0.34 0.67
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Fig. 4. Process schedule of multi-product batch process without heat
integration.
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Table 8. Equipment size and cost without heat integration

Table 9. Increased equipment size and cost for heat integration

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

V, [m’] 5,518 6,306 5,068 5,856 6,757
Cost[$] 267,786 35,154 182,376 26,820 245,142

Vv, [m] 7,357 8,408 6,758 7,808 9,009
Cost[$] 322842 39446 211,816 29,569 297,240
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a; : empirical coefficient used for equipment cost [$/m’]
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b, : empirical exponent used for equipment cost

C - heat capacity of batch stream [kJ/kg°C]

c : steam and cooling water cost factor [$/kJ]

B, : batch size of product p [kg]

n : useful life year of batch process [year]

R, : production requirement of product p over year [kg]

S, : equipment size factor of unit i for product p [m’/kg]

T : total production time over year [hr]

T. : product cycle time [hr]

t,, : batch processing time of batch p on unit i [hr]

TE, : finishing time of batch p on unit i

TI, : starting time of batch p on unit i

T : starting temperature of cold stream [°C)

T, : starting temperature of hot stream [°C]

T. : desired temperature of cold stream [°C]

T, : desired temperature of hot stream [°C]

Q. : heat exchange amount between batch p entering unit i and
batch r entering unit j [kJ]

Q™ : maximum heat exchange amount between two batch stream
[iJ]

v, : equipment size of unit i [m’]

Y, : 0-1 binary variable for heat exchange between two batch
streams with transfer time TI,, and TI,, respectively

JzjojAa 2Xt

6, : idle time after processing of batch p on unit i

AT,,  :minimum approach temperature [°C]

ofx}

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

&=tE3t H36H M4z 19984 ss

11.

12.

13.

14.

AEBRCES
uw : unlimited wait
W : zero wait
sl
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