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APPENDICES

Appendix A The intermediate results of each step for case study 2

1st step
- thi(I,K)

KFIRST K2 K3 KLAST
II 155.000 105.320 105.320 30.000
12 80.000 80.000 80.000 40.000
13 200.000 176.415 40.000 40.000

- thpi(U K )
KFIRST K2 K3

I1.J1 105.324 105.320 30.003
I1.J2 20.000 20.000 105.320
12. J 1 80.000 80.000 36.568
I2.J2 26.844 80.000 43.370
13. J 1 20.000 46.404 40.000
I3.J2 176.416 20.000 20.000

- tc(J,K)
KFIRST K2 K3 KLAST

J1 160.000 140.128 66.254 20.000
J2 100.000 76.415 38.498 20.000

o



- tcpi(I,J,K)
KFIRST K2 K3

I1.J1 160.000 66.254 68.753
I1.J2 76.415 38.498 20.000
12. J 1 140.128 66.254 62.212
I2.J2 76.415 38.498 38.498
13.J 1 140.128 140.128 20.000
I3.J2 100.000 76.415 20.000

- a i(U K )
KFIRST K2 K3

11.J1 4.973 0 5.801
I2.J1 0 0 3.549
I2.J2 0 0 3.467
13. J 1 0 . 12.758 0
I3.J2 1.459 3.592 0

acui(l)
(ALL 0.000)

- ahui(J)
(ALL 0.000)

๐



qi(U,K)
KFIRST

ท.ท 397.443
I2.J1 0
I2.J2 0
I3.J1 0
I3.J2 353.779

- qcu.(I)
(ALL 0.000)

- qhu(J)
(ALL 0.000)

- zi(U,K)
KFIRST

I1.J1 0.397
12. J1 0
I2.J2 0
13. J1 0
13. J2 0.295

zcui(I)
(ALL 0.000)

K2 K3
0 602.557
0 322.526
0 277.474
1477.474 0
568.747 0

K2 K3
0 0.603
0 0.538
0 0.462
0.616 0
0.474 0

O



7 7

zhui(J)
(ALL 0.000)

2nd step
- th(I,K)

KFIRST K2 K3 KLAST
II 155.000 44.425 44.425 30.000
12 80.000 80.000 80.000 40.000
13 200.000 120.000 40.000 40.000

- thp(I,K,BH,SK)
INDEX 1 = Il

SKFIRST SK2 SK3 SKLAST
KFIRST.BH1 155.000 55.639 44.425 44.425
KFIRST.BH2 155.000 62.694 62.694 62.694
K2 .BH1 44.425 44.425 44.425 44.425
k2 .BH2 44.425 20.000 20.000 20.000
K3 BH1 44.425 20.000 20.000 20.000
K3 BH2 44.425 30.000 30.000 30.000
INDEX 1 = 12

SKFIRST SK2 SK3 SKLAST
KFIRST.BH1 80.000 68.164 45.261 45.261
KFIRST.BH2 80.000 47.500 47.500 47.500
K2 .BH1 80.000 23.468 23.468 23.468
K2 .BH2 80.000 23.468 23.468 23.468
K3 BH1 80.000 52.680 40.000 40.000
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K3 .BH2 80.000 20.000 20.000 20.000
INDEX 1 = 13

SKFIRST SK2 SK3 SKLAST
KFJRST.BH1 200.000 194.431 21.791 21.791
KFIRST.BH2 200.000 147.570 130.949 130.949
K2 .BHl 120.000 20.000 20.000 20.000
K2 .BH2 120.000 46.667 46.667 46.667
K3 .BHl 40.000 20.000 20.000 20.000
K3 BH2 40.000 20.000 20.000 20.000

- tc(J,K)
KFIRST K2 K3 KLAST

J1 160.000 115.770 55.770 20.000
J2 100.000 20.000 20.000 20.000

- tcp(J,K,BC,SK) 
INDEX 1 =J1

KFIRST.BC1 
KFIRST.BC2 
KFIRST.BC3 
K2 .BCI 
K2 BC2 
K2 .BC3

SKFIRST SK2 SK3 SKLAST
160.000 115.770 115.770 115.770
160.000 115.770 115.770 115.770
160.000 123.915 115.770 115.770
115.770 55.770 55.770 55.770
115.770 33.020 33.020 33.020
115.770 32.856 32.856 32.856
55.770 20.000 20.000 20.000K3 BCI
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K3 .BC2 55.770 29.937 20.000 20.000
K3 BC3 55.770 55.770 20.000 20.000
INDEX 1 = J2

SKFIRST SK2 SK3 SKLAST
KFIRST.BC1 100.000 97.500 20.000 20.000
KFIRST.BC2 100.000 51.042 20.000 20.000
KFIRST.BC3 100.000 20.000 20.000 20.000
K2 .BC1 20.000 20.000 20.000 20.000
K2 .BC2 20.000 20.000 20.000 20.000
K2 .BC3 20.000 20.000 20.000 20.000
K3 .BC1 20.000 20.000 20.000 20.000
K3 BC2 20.000 20.000 20.000 20.000
K3 .BC3 20.000 20.000 20.000 20.000

- a(I,J,K,BH,BC,SK)
INDEX 1=11 INDEX 2 = J1 INDEX 3 = KFIRST

SKFIRST SK2 SK3 SKLAST
BH1.BC1 4.973 4.973 4.973 4.973
BH1.BC2 4.973 4.973 4.973 4.973
BH1.BC3 4.973 4.973 4.973 4.973
BH2.BC1 4.973 4.973 4.973 4.973
BH2.BC2 4.973 4.973 4.973 4.973
BH2.BC3 4.973 4.973 4.973 4.973
INDEX 1=11 INDEX 2 = J 1 INDEX 3 = K3

SKFIRST SK2 SK3 SKLAST



8 0

BH1.BC1 5.801 5.801 5.801 5.801
BH1.BC2 5.801 5.801 5.801 5.801
BH1.BC3 5.801 5.801 5.801 5.801
BH2.BC1 5.801 5.801 5.801 5.801
BH2.BC2 5.801 5.801 5.801 5.801
BH2.BC3 5.801 5.801 5.801 5.801
INDEX 1 = 12 INDEX 2 = J1 INDEX 3 = K3

SKFIRST SK2 SK3 SKLAST
BH1.BC1 3.549 3.549 3.549 3.549
BH1.BC2 3.549 3.549 3.549 3.549
BH1.BC3 3.549 3.549 3.549 3.549
BH2.BC1 3.549 3.549 3.549 3.549
BH2.BC2 3.549 3.549 3.549 3.549
BH2.BC3 3.549 3.549 3.549 3.549
INDEX 1 = 12 INDEX 2 = J2 INDEX 3 = K3

SKFIRST SK2 SK3 SKLAST
BH1.BC1 3.467 3.467 3.467 3.467
BH1.BC2 3.467 3.467 3.467 3.467
BH1.BC3 3.467 3.467 3.467 3.467
BH2.BC1 3.467 3.467 3.467 3.467
BH2.BC2 3.467 3.467 3.467 3.467
BH2.BC3 3.467 3.467 3.467 3.467
INDEX 1 = 13 INDEX 2 = J1 INDEX 3 = K2

SKFIRST SK2 SK3 SKLAST
BH1.BC1 12.758 12.758 12.758 12.758

O
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BHLBC2 12.758 12.758 12.758 12.758
BH1.BC3 12.758 12.758 12.758 12.758
BH2.BC1 12.758 12.758 12.758 12.758
BH2.BC2 12.758 12.758 12.758 12:758
BH2.BC3 12.758 12.758 12.758 12.758
INDEX 1 = 13 INDEX 2 = J2 INDEX 3 = KFIRST

SKFIRST SK2 SK3 SKLAST
BHI.BC1 1.459 1.459 1.459 1.459
BH1.BC2 1.459 1.459 1.459 1.459
BH1.BC3 1.459 1.459 1.459 1.459
BH2.BC1 1.459 1.459 1.459 1.459
BH2.BC2 1.459 1.459 1.459 1.459
BH2.BC3 1.459 1.459 1.459 1.459
INDEX 1 = 13 INDEX 2 = J2 INDEX 3 = K2

SKFIRST SK2 SK3 SKLAST
BHI.BC1 3.592 3.592 3.592 3.592
BH1.BC2 3.592 3.592 3.592 3.592
BH1.BC3 3.592 3.592 3.592 3.592
BH2.BC1 3.592 3.592 3.592 3.592
BH2.BC2 3.592 3.592 3.592 3.592
BH2.BC3 3.592 3.592 3.592 3.592

- acu(I)
(ALL 0.000)

O



8 2

ahu(J)
(ALL 0.000)

- q(I,J,K,BH;BC,SK)
INDEX ไ =11 INDEX 2 = J1 INDEX 3 = KFIRST 

SKFIRST SK2
BH1.BC1 397.443 0
BH1.BC3 397.443 89.715
INDEX 1=11 INDEX 2 = J 1 INDEX 3 = K3 

SKFIRST
BH2.BC1 115.398
INDEX 1 = 12 INDEX 2 = J1 INDEX 3 = K3

SKFIRST SK2
BH1.BC1 101.427 0
BH1.BC2 308.372 118.617
BH1.BC3 0 71.5844>
INDEX 1=13 INDEX 2 = J 1 INDEX 3 = K2 

SKFIRST
BH1.BC1 375.000 
BH2.BC1 825.000
INDEX 1 = 13 INDEX 2 = J2 INDEX 3 = KFIRST

SKFIRST SK2
BH1.BC1 8.379 259.753
BH2.BC2 353.779 224.310
BH2.BC3 353.779 0
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(ALL 0.000)

qhu(J)
(ALL 0.000)

- qcu(i)

- fhp(I,K,BH) 
BH1

Il.KFIRST 8.000
BH2
0

I1.K2 8.000 0
I1.K3 0 8.000
I2.K3 15.000 0
I3.KFIRST 1.505 13.495
13. K2 3.750 11.250

- fcp(J,K,BC) 
BC1 BC2 BC3

Jl.KFIRST 8.986 0 11.014
J1.K2 20.000 0 0
J1.K3 6.062 11.937 2.001
J2.KFIRST 3.352 7.226 4.422
J2.K2 6.133 0 8.867
J2.K3 5.690 4.655 4.655

3rd step



- th(I,K)\ 9 /
KFIRST K2 K3 KLAST

Il 155.000 - 155.000 30.000 30.000
12 80.000 80.000 80.000 40.000
13 200.000 200.000 40.000 40.000

- thp(I,K,BH,SK)
INDEX 1 =11

SKFIRST SK2 SK3 SKLAST
KFIRST.BH1 155.000 155.000 155.000 155.000
KFIRST.BH2 155.000 155.000 155.000 155.000
K2 BHI 155.000 155.000 30.000 30.000
K2 .BH2 155.000 155.000 155.000 155.000
K3 .BH1 30.000 30.000 30.000 30.000
K3 .BH2 30.000 30.000 30.000 30.000
INDEX 1 = 12

SKFIRST SK2 SK3 SKLAST
KFIRST.BH1 80.000 80.000 80.000 80.000
KFIRST.BH2 80.000 80.000 80.000 80.000
K2 BHI 80.000 80.000 80.000 80.000
K2 BH2 80.000 80.000 80.000 80.000
K3 BHI 80.000 80.000 80.000 40.000
K3 .BH2 80.000 80.000 80.000 80.000
INDEX 1 = 13

SKFIRST SK2 SK3 SKLAST



KFIRST.BH1 200.000 200.000 200.000 200.000
KFIRST.BH2 200.000 200.000 200.000 200.000
K2 BH1 200.000 154.482 40.000 40.000
K2 .BH2 200.000 131.429 40.000 40.000
K3 BH1 40.000 40.000 40.000 40.000
K.3 .BH2 40.000 40.000 40.000 40.000

- tc(J,K) '
KFIRST K2 K3 KLAST

J1 160.000 160.000 20.000 20.000
J2 100.000 100.000 60.000 20.000

- tcp(J,K,BC, SK)
INDEX 1 =J1

s  KFIRST SK2 SK3 SKLAST
KFIRST.BC1 160.000 160.000 160.000 160.000
KFIRST.BC2 160.000 20.000 20.000 20.000
KFIRST.BC3 160.000 160.000 160.000 160.000
K2 BC1 160.000 121.429 20.000 20.000
K2 .BC2 160.000 20.000 20.000 20.000
K2 .BC3 160.000 20.000 20.000 20.000
K3 .BC1 20.000 20.000 20.000 20.000
K3 BC2 20.000 20.000 20.000 20.000
K3 BC3 20.000 20.000 20.000 20.000
INDEX 1 = J2



SKFIRST SK2 SK3 SKLAST
KFIRST.BC1 100.000 100.000 100.000 100.000
KFIRST.BC2 100.000 100.000 100.000 100.000
KFIRST.BC3 100.000 100.000 100.000 100.000
K2 BC1 100.000 100.000 30.000 30.000
K2 BC2 100.000 20.000 20.000 20.000
K2 .BC3 100.000 80.750 80.750 80.750
K3 BC1 60.000 60.000 60.000 20.000
K3 .BC2 60.000 60.000 60.000 20.000
K3 .BC3 60.000 60.000 60.000 20.000

- q(I,J,K,BH,BC,SK)
INDEX 1 =11 INDEX 2

SK2
BH1.BC1 1000.000
INDEX 1 = 12 INDEX 2

SK3
BH1.BC1 227.597
BH1.BC2 186.202
BH1.BC3 186.202
INDEX 1 = 13 INDEX 2

SKFIRST
BH2.BC1 771.429
INDEX 1 = 13 INDEX 2

= J1 INDEX 3 = K2 

= J2 INDEX 3 = K3

= J1 INDEX 3 = K2 
SK2
1028.571

= J2 INDEX 3 = K2
SKFIRST SK2



8 7

BH1.BC1 0 429.306
BH1.BC3 170.694 0

- qcu(I)
(ALL 0.000)

qhu(J)
(ALL 0.000)

- z(I,J,K,BH,BC,SK)
rNDEX 1 =

BH1.BC1 
INDEX 1 =

BH1.BC1 
BH1.BC2 
BH1.BC3 
INDEX 1 =

BH2.BC1 
INDEX 1 =

BH1.BC1
BH1.BC3

11 INDEX 2 = J 1 INDEX 3 = K2 
SK2
1.000

12 INDEX 2 = J2 INDEX 3 = K3 
SK3
1.000
1.000
1.000

13 INDEX 2 = J 1 INDEX 3 = K2
SKFIRST SK2
1.000 1.000

13 INDEX 2 = J2 INDEX 3 = K2 
SKFIRST SK2
0 1.000
1.000 0

o
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zcu(I)
(ALL 0.000)

zhü(J )
(ALL 0.000)

- a(I,J,K,BH,BC,SK)
INDEX 1=11 INDEX 2 = J 1 INDEX 3 = K2 

SK2
BH1.BC1 99.993
INDEX 1 = 12 INDEX 2 = J2 INDEX 3 = K3 

SK3
BH1.BC1 22.758 
BH1.BC2 18.619 
BH1.BC3 18.619
INDEX 1=13 INDEX 2 = J 1 IN D EX 3=K 2 

SKFIRST SK2
BH2.BC1 77.138 102.850
INDEX 1 = 13 INDEX 2 = J2 INDEX

SKFIRST SK2
BH1.BC1 0 42.928
BH1.BC3 17.068 0

- acu(I)
(ALL 0.000)

o
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ahu(J)
(ALL 0.000)

4th step •
- th(I,K)

KFIRST K2 K3 KLAST
11 155.000 155.000 30.000 30.000
12 80.000 80.000 80.000 40.000
13 200.000 200.000 40.000 40.000

- thp(I,K,BH,SK)
INDEX 1 =11

SKFIRST SK2 SK3 SKLAST
KF1RST.BH1 155.000 155.000 155.000 155.000
KFIRST.BH2 155.000 155.000 155.000 155.000
K2 .BH1 155.000 155.000 30.000 30.000
K2 .BH2 155.000 155.000 155.000 155.000
K3 BH1 30.000 30.000 30.000 30.000
K3 .BH2 30.000 30.000 30.000 30.000
INDEX 1 = 12

SKFIRST SK2 SK3 SKLAST
KFIRST.BH1 80.000 80.000 80.000 80.000
KFIRST.BH2 80.000 80.000 80.000 80.000
K2 .BH1 80.000 80.000 80.000 80.000
K2 .BH2 80.000 80.000 80.000 80.000



9 0

K3 BH1 80.000 80.000 80.000 40.000
K3 BH2 80.000 80.000 80.000 80.000
INDEX 1 = 13

SKFIRST SK2 SK3 SKLAST
KFIRST.BHl 200.000 200.000 200.000 200.000
KFIRST.BH2 200.000 200.000 200.000 200.000
K2 BH1 200.000 200.000 30.037 30.037
K2 .BH2 200.000 149.036 43.066 43.066
K3 BH1 40.000 40.000 40.000 40.000
K3 BH2 40.000 40.000 40.000 40.000

- tc(J,K)
KFIRST K2 K3 KLAST

J1 160.000 160.000 20.000 20.000
J2 100.000 100.000 60.000 20.000

- tcp(J,K,BC,SK) 
INDEX 1 =J1

KFIRST.BC1 
KFIRST.BC2 
KFIRST.BC3 
K2 BC1 
K2 .BC2

SKFIRST SK2 SK3 SKLAST
160.000 160.000 160.000 160.000
160.000 20.000 20.000 20.000
160.000 160.000 160.000 160.000
160.000 130.773 20.000 20.000
160.000 20.000 20.000 20.000
160.000 20.000 20.000 20.000K2 .BC3
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K3 BC1 20.000 20.000 20.000 20.000
K3 BC2 20.000 20.000 20.000 20.000
K3 .BC3 20.000 20.000 20.000 20.000
INDEX 1 = J2

SKFIRST SK2 SK3 SKLAST
KFIRST.BC 1 100.000 100.000 100.000 100.000
KFIRST.BC2 100.000 100.000 100.000 100.000
KFIRST.BC3 100.000 100.000 100.000 100.000
K2 BC1 100.000 100.000 20.000 20.000
K2 ,BC2 100.000 20.000 20.000 20.000
K2 ,BC3 100.000 00.000 100.000 100.000
K3 BC1 60.000 0.000 60.000 20.000
K3 .BC2 60.000 0.000 60.000 20.000
K3 .BC3 60.000 0.000 60.000 20.000

- q(I,J,K,BH,BC,SK)
INDEX 1=11 INDEX 2 = J 1 INDEX 3 = K2

SK2
BH1.BC1 1000.000
INDEX 1 = 12 INDEX 2 = J2 INDEX 3 = K3

SK3
BH1.BC3 600.000
INDEX 1 = 13 INDEX 2 = J 1 INDEX 3 = K2

SKFIRST SK2
BH2.BC1 584.547 1215.453



INDEX 1 = 13 INDEX 2 = J2 INDEX 3 = K2 
SK2

BH1.BCI 600.000

- qcu(I)
(ALL 0.000)

- qhu(J)
(ALL 0.000)

- fhp(I,K,BH)

Il.KFIRST
BH1
8.000

BH2
0

I1.K2 8.000 0
I1.K3 0 8.000
12. K3 15.000 0
I3.KFIRST 1.505 13.495
I3.K2 3.530 11.470

- fcp(J,K,BC)
BC1 BC2 BC3

Jl.KFIRST 8.986 0 11.014
J1.K2 20.000 0 0
J1.K3 6.062 11.937 2.001
J2.KFIRST 3.352 7.226 4.422



J2.K2 7.500 0 7.500
J2.K3 15.000

- a(I,J,K,BH,BC,SK)
INDEX 1=11 INDEX 2 = J 1 INDEX 3 = K2 

SK2
BH1.BC1 33.466
INDEX 1 = 12 INDEX 2 = J2 INDEX 3 = K3 

SK3
BH1.BC3 18.011
INDEX 1=13 INDEX 2 = J 1 INDEX 3 = K2 

SKFIRST SK2 
BH2.BC1 13.344 32.043
INDEX 1 = 13 INDEX 2 = J2 INDEX 3 = K2 

SK2
BH1.BC1 10.108

- acu(I)
(ALL 0.000)

ahu(J)
(ALL 0.000)

5th step

๐
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- th(I,K) 
KFIRST K2 K3 KLAST

Il 155.000 155.000 30.000 30.000 •

12. 80.000 80.000 80.000. 40.000
13 200.000 200.000 40.000 40.000

- thp(LK,BH,SK)
INDEX ใ =11

SKFIRST SK2 SK3 SKLAST
KFIRST.BH1 155.000 155.000 155.000 155.000
KFIRST.BH2 155.000 155.000 155.000 155.000
K2 BH1 155.000 155.000 30.000 30.000
K2 .BH2 155.000 155.000 155.000 155.000
K3 .BH1 30.000 30.000 30.000 30.000
K3 BH2 30.000 30.000 30.000 30.000
INDEX 1 = 12

SKFIRST SK2 SK3 SKLAST
KFIRST.BH1 80.000 80.000 80.000 80.000
KFIRST.BH2 80.000 80.000 80.000 80.000
K2 .BH1 80.000 80.000 80.000 80.000
K2 .BH2 80.000 80.000 80.000 80.000
K3 BH1 80.000 80.000 80.000 40.000
K3 ,BH2 80.000 80.000 80.000 80.000
INDEX 1 = 13

SKFIRST SK2 SK3 SKLAST
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KFIRST.BH1 200.000 200.000 200.000 200.000
KFIRST.BH2 200.000 200.000 200.000 200.000
K2 BH1 200.000 ■ 200.000 30.037 30.037
K2 .BH2 200.000 149.036 43.066 43.066
K3 BH1 40.000 40.000 40.000 40.000
K3 BH2 40.000 40.000 40.000 40.000

- tc(J,K)
KFIRST K2 K3 KLAST

J1 160.000 160.000 20.000 20.000
J2 100.000 100.000 60.000 20.000

- tcp(J,K,BC, SK)
INDEX 1 =J1

SKFIRST SK2 SK3 SKLAST
KFIRST.BC1 160.000 160.000 160.000 160.000
KFIRST.BC2 160.000 20.000 20.000 20.000
KFIRST.BC3 160.000 20.000 20.000 20.000
K2 BC1 160.000 130.773 20.000 20.000
K2 BC2 160.000 20.000 20.000 20.000
K2 .BC3 160.000 20.000 20.000 20.000
K3 .BC1 20.000 20.000 2o'oOO 20.000
K3 BC2 20.000 20.000 20.000 20.000
K3 BC3 20.000 20.000 20.000 20.000
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INDEX 1 = J2
SKFIRST SK2 SK3 SKLAST

KFIRST.BC1 100.000 100.000 100.000 100.000
KFIRST.BC2 100.000 20.000 20.000 20.000
KFIRST.BC3 100.000 20.000 20.000 20.000
K2 BC1 100.000 100.000 20.000 20.000
K2 BC2 100.000 20.000 20.000 20.000
K2 BC3 100.000 100.000 100.000 100.000
K3 BC1 60.000 20.000 20.000 20.000
K3 •BC2 60.000 20.000 20.000 20.000
K3 .BC3 60.000 60.000 60.000 20.000

- q(I,J,K,BH,BC,SK)
INDEX 1=11 INDEX 2 = 

SK2
BH1.BC1 1000.000 
INDEX 1 = 12 INDEX 2 = 

SK3
BH1.BC3 600.000 
INDEX 1=13 INDEX 2 = 

SKFIRST
BH2.BC1 84.547 
INDEX 1=13 INDEX 2 = 

SK2

J1 INDEX 3 = K2

J2 INDEX 3 = K3

J1 INDEX 3 = K2 
SK2
1215.453

J2 INDEX 3 = K2

BH1.BC1 600.000
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qcu(I)
(ALL 0.000)

- qhu(J)
(ALL 0.000)

- fhp(I,K,BH)
BH1 BH2

I1.K2 8.000 0
I1.K3 0 8.000
I2.K2 0 15.000
I2.K3 15.000 0
I3.KFIRST 15.000 0
I3.K2 3.530 11.470
13. K3 15.000 0

- fcp(J,K,BC)
BC1 BC3

Jl.KFIRST 20.000 0
J1.K2 20.000 0
J1.K3 20.000 0
J2.KFIRST 15.000 0
J2.K2 7.500 7.500
J2.K3 0 15.000

O
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- z(I,J,K,BH,BC,SK)
INDEX 1=11 INDEX 2 = J 1 INDEX 3 = K2 

SK2
BH1.BC1 1.000
INDEX 1 = 12 INDEX 2 = J2 INDEX 3 = K3 

SK3
BH1.BC3 1.000
INDEX 1=13 INDEX 2 = J 1 INDEX 3 = K2 

SKFIRST SK2
BH2.BC1 1.000 1.000
INDEX 1 = 13 INDEX 2 = J2 INDEX 3 = K2 

SK2
BH1.BC1 1.000

- zcu(I)
(ALL 0.000)

- zhu(J)
(ALL 0.000)

- a(I,J,K,BH,BC,SK)
INDEX 1=11 INDEX 2 = J 1 INDEX 3 = K2 

SK2
BH1.BC1 33.466
INDEX 1=12 INDEX 2 = J2 IN D EX 3=K 3

o



BH1.BC3 18.011
INDEX 1=13 INDEX 2 = J 1 INDEX 3 = K2 

SKFIRST ■ ... SK2 
BH2.BCI 13.344 32.043
INDEX 1 = 13 INDEX 2 = J2 INDEX 3 = K2 

SK2
BH1.BC1 10.108

SK3

- acu(I)
(ALL 0.000)

ahu(J)
(ALL 0.000)

4»

๐
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Appendix B The Comparison of the HEN with Isothermal and Non-isothermal for
Case Study 2

The purpose of this comparison is to illustrate the benefits of using non- 
isothermal mixing model instead of isothermal mixing one. The optimal structure for 
the non-isothermal mixing model is different from for the isothermal mixing model.

The TAC for using non-isothermal mixing model allowing stream 
splitting is $100,720 per year with 210.9 n r  exchange area; whereas, the non- 
isothermal mixing model obtains the TAC of $94,183 and total exchange area of 
187.55 m: . No external utilities are used in any solutions. This difference is because 
an isothermal model cannot even admit the HEN in Figure B2, as it would see a 
temperature cross in heat exchanger number 2.

FCp (kwrc)

Figure B1 The HEN under isothermal mixing for case study 2 with the TAC of 
$100,720 and total exchange area of 210.9 m2.
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Appendix c  HEN Synthesis

SETS
I Hot stream /11,12,13/
J Cold stream/J1,J2/
K Major stage /KFIRST,K2*K3,KLAST/
SK Sub-stage /SKFIRST,SK2*SK3,SKLAST/ 
BH Branch of hot splitting stream /BH1 *BFI2/ 
BC Branch of hot splitting stream /BC1 *BC3/

SCALARS
NoBH
NoBC
ACHX
ACCU
ACHU

Number of branch of hot splitting stream /2/
Number of branch of hot splitting stream /3/
Area cost coefficient of process heat exchanger /600/ 
Area cost coefficient of cold utility /600/
Area cost coefficient o f hot utility /600/

CFHX
CFCU
CFHU

Fixed charges of exchanger /6000/ 
Fixed charges of cold utility /6000/ 
Fixed charges of hot utility /6000/

e c u
CHU

Per unit cost of cold utility /20/ 
Per unit cost of hot utility /120/

CUMIN
CUMAX

Minimum cold utility require /o/ 
Maximum cold utility require /4000/

HUMIN
HUMAX

Minimum hot utility require /o/ 
Maximum hot utility require /4000/
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EMAT Exchange minimum approach temperature /10/

TM1N Minimum temperature In HEN /20/
TMAX Maximum temperature In HEN /200/

PARAMETERS
^TEMPERATURE OF STREAM.....................................................

THIN(I) Inlet temperature of hot stream 
/ 11 155

12 80 
13 200 /

THOUT(I) Outlet temperature of hot stream 
/ Il 30

12 40
13 40 /

TCIN(J) Inlet temperature of cold stream 
/ J1 20

J2 20 /
TCOUT(J) Outlet temperature of cold stream 
/ J1 160

J2 100 /
TCUIN /20/
TCUOUT /30/
THUIN /220/
THUOUT /220/ *

*HEAT CAPACITY FLOWRATE OF PROCESS
STREAM........................................

FH(I) Heat capacity flowrate of hot stream 
/ Il 8

12 15

O
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13 15 /
FC(J) Heat capacity flowrate of cold stream 
/ J 1 20

J2 15 /

♦ BRANCH FLOW _  [PARAMETER]....................................................
FHP P( I,K,BH) Branch flow parameter of hot stream 
FCP P(J,K,BC) Branch flow parameter of cold stream 
FBHPT_P(I,K)
FBCPT_P(J,K)

♦ BINARY PARAMETER _  [PARAMETER]........................................
z_P(I,LK,BH,BC,SK) Binary parameter of exchanger existence 
ZCU_P(I) Binary parameter of cold utility existence
ZHU P(J) Binary parameter of hot utility existence

♦ BOUND OF FIEAT EXCHANGE _  [PARAMETER].................
QUP_P(I,J,K,BH,BC,SK) Upper bound of heat exchange 
QLO P(I,J,K,BH,BC,SK) Lower bound of heat exchange ̂

♦ FOR LOGICAL CONSTRAINTS _  [PARAMETER] 
OMEGA(I,J) Upper bound for heat exchange 
FICT_P(I) Fleat content of hot stream
CCT_P(J) Heat content of cold stream

GAMMA(I,J) Upper bound for temperature difference 
G AMMAH(I) Upper bound for temperature difference of hot stream
GAMMAC(J) Upper bound for temperature difference of cold stream

♦ UPPER BOUND FOR HEAT UTILITY _  [PARAMETER] 
TOTALUTIL P Total heat exchange value

o
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BETA(I,J) exponent for area costs of HX 1-J
BETACU(I) exponent for area costs of cooler
BETAHU(J) exponent far area costs of heater

^OVERALL HEAT TRANSFER COEFFICIENT
บ(I,J) overall heat transfer coeff of heat exchanger of I-J [KW*(m2*K)-

1]
UCU(I) overall heat transfer coeff. of cooler 
UHU(J) overall heat transfer coeff. of heater 

*U(I,J) = [H(I)*H(J)]/[H(I)+H(J)]
DTCUP(I)
DTHUP(J)

DTHUP(J) = THUIN-TCOUT(J);
DTCUP(I) = THOUT(I)-TCUIN;
BETA(I,J) = 0.85;
BETACU(I) = 0.85;
BETAITU(J) = 0.85;
บ (บ ) = 1;
UCU(I) =1;
UHU(J) =1;

VARIABLES
“TEMPERATURE OF PROCESS STREAM.....................................................

th(I,K) Temperature of hot stream at stage K
thp(I,K,BH,SK) Temperature o f hot stream at sub-stage SK In stage K
tc(J,K) Temperature of cold stream at stage K
tcp(J,K,BC,SK) Temperature o f cold stream at sub-stage SK In stage K
thpi(I,J,K)
tcpi(I,J,K)

*HEAT CAPACITY FLOWRATE OF PROCESS 
STREAM........................................

o
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f(U K )
g(U,K)
l'hp(I,K,BH) Branch flow parameter of hot stream 
fcp(J,K,BC) Branch flow parameter of cold stream

*MฆLTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE 
0*1-CP).....................

fhpt(I,K,BH,SK) Multiple of temperature and heat flow of hot stream 
fcpt(J,K,BC,SK) Multiple of temperature and heat flow of cold stream 
fbhpt(l,K) 
fbcpt(J,K)

*HEATEXCHANGE......................................................................
qi(I,J,K)
qh(K,I,BH,SK) Heat exchange of hot splitting BH In sub-stage SK 
qhKb(K,I,BH) Heat exchange of hot splitting BH at stage K 
qhK(K,I) Heat exchange of hot (I-J) at stage K 
qhc(K) Heat exchange of hot stream I In stage K

qc(K,J,BC,SK) Heat exchange of hot and cold (I-J) In sub-stage SK 
qcKb(K,J,BC) Heat exchange of cold splitting BC at stage K 
qcK(KJ) Heat exchange of cold (I-J) at stage K 
qch(K) Heat exchange of cold stream I In stage K

TOTALqex Total heat exchange 
TOTAL J J U  Total hot utility
TOTAL CU Total cold utility

*COST.........................................................
costi
u c  Utility cost
NEX Number o f exchanger
AC Area cost
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BRANCH
TAC1
TAC2
TAC3
TAC4
TAC5
COST

BINARY VARIABLES
* EX I STENCH OF EXCHANGER.....................................................

zi(I,J,K)
zcui(I)
zhui(J)
z(I,J,K,BH,BC,SK) Existence of exchanger I-J In each sK 
zcu(I) Existence of cold utility
zhu(J) Existence of hot utility

POSITIVE VARIABLES
^TEMPERATURE APPROACH..............................................................

dthi(U K )
dtci(I,J,K)
dtcui(I)
dthui(J)
dth(I,J,K,BH,BC,SK) Temperature difference at "hot end" of exchanger 
dtc(I,J,K,BH,BC,SK) Temperature difference at "cold end" o f exchanger 
dtcu(l) Temperature difference of cold utility
dthu(J) Temperature difference of hot utility *

*LOG MEAN TEMPERATURE DIFFERENCE..................................................
LMTDHX(I,J,K,BH,BC,SK) Log mean emperature difference of
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exchanger I-J
LMTCU(I) Log mean emperature difference of cold utility
LMTHU(J) Log mean emperature difference of hot utility

*AREA...............................................................................
ai(U K )
acui(I)
ahui(J)
a(I,J,K,BH,BC,SK) Heat exchange area of process exchanger
acu(I) Heat exchange area of cold utility 
ahu(J) Heat exchange area of hot utility

*HEAT EXCHANGE......................................................................
qi(I,J,K)
qcui(I)
qhui(J)
q(I,J,K,BH,BC,SK) Heat exchange between process stream I-J 
qcu(I) Heat exchange of cold utility 
qhu(J) Heat exchange of hot utility

*

*............AUTOMATICCALCULATION OF PARAMETER / VARIABLE

*

SCALARS HI,CJ; 
HIM;

o
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C M ;

*1.001» OF HOT PROCESS STREAM.......................................... .............
F0R(HI=1 to CARD(I),

HCT_P(1)$[0RD(I) = HI] = FH(I)*(THIN(I)-THOUT(I)); 
GAMMAH(I)$[ORD(I) = HI] = THIN(I)-THOUT(I); 

*TEMPERATURE
th.lo(I,K)$[ORD(I) = HI] = THOUT(I); 
th.up(I,K)$[ORD(I) = HI] = THIN(I); 
thp.lo(I,K,BH,SK)$[ORD(I) = HI] = TMFN; 
thp.up(I,K,BH,SK)$[ORD(I) = HI] = TMAX;

*HEAT CAPACITY FLOWRATE
fhp.lo(I,K,BH)$[ORD(I) = HI] = 0; 
fhp. up(I,K,BH)$ [ORD(I) = HI] = FH(I);

* MULTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE 
(T*FCP)

fhpt.Io(I,K,BH,SK)$[ORD(I) = HI] = 0; 
fhpt.up(I,K,BH,SK)$[ORD(I) = HI] = FH(I)*TMAX; 
fbhpt. lo(I,K)$[ORD(I) = HI] = 0; 
fbhpt.up(I,K)$[ORD(I) = HI] =FH(I)*THIN(I);

*HEATEXCHANGE
qh.lo(K,I,BH,SK)$[ORD(I) = HI] = 0; 
qh.up(K,I,BH,SK)$[ORD(I) = HI] = HCT_P(I); 
qhKb.lo(K,I,BH)$[ORD(I) = HI] = 0; 
qhKb.up(K,I,BH)$[ORD(I) = HI] = HCT_P(I); 
qhK. lo(K,I)$[ORD(I) = HI] = 0; 
qhK.up(K,I)$[ORD(I) = HI] = HCT_P(I); 
qhc.lo(K) = 0; 
qhc.up(K) = CUMAX; 
qcu.lo(I)$[ORD(I) = HI] = 0; 
qcu. up(I)$[ORD(I) = HI] = HCT_P(I);

qcui.lo(I)$[ORD(I) = HI] = 0;



qcui.up(I)$[ORD(I) = HI] = HCT_P(I);
);
*LOOP OF COLD PROCESS STREAM.......................................................
For(CJ=l to CARD(J),

CCT P(J )$ [OR D( J ) = CJ] = FC(J)*(TCOUT(J)-TCIN(J)); 
GAMMAC(J)$[ORD(J) = CJ] = TCOUT(J)-TCIN(J); 

*TEMPERATURE
tc.lo(J,K)$[ORD(J) = CJ] = TCIN(J); 
tc.up(J,K)$[ORD(J) = CJ] = TCOUT(J); 
tcp.lo(J,K,BC,SK)$[ORD(J) = CJ] = TMIN; 
tcp. up( J,K,BC,SK)$ [ORD( J ) = CJ] = TMAX;

*HEAT CAPACITY FLOWRATE
fcp. lo(J,K,BC)$[ORD(J) = CJ] = 0; 
fcp.up(J,K,BC)$[ORD(J) = CJ] = FC(J);

* MULTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE 
(T*FCP)

fcpt.lo(J,K,BC,SK)$[ORD(J) = CJ] = 0; 
fcpt. up( J,K,BC,SK)$[ORD(J ) = CJ] = FC(J)*TMAX; 
fbcpt.lo(J,K)$[ORD(J) = CJ] = 0; 
fbcpt.up(J,K)$[ORD(J) = CJ] = FC(J)*TCOUT(J); o  

*HEATEXCHANGE
qc.lo(K,J,BC,SK)$[ORD(J) = CJ] = 0; 
qc.up(K,J,BC,SK)$[ORD(J) = CJ] = CCT_P(J); 
qcKb. lo(K, J,BC)$ [ORD( J) = CJ] = 0; 
qcKb.up(K,J,BC)$[ORD(J) = CJ] = CCT_P(J); 
qcK.lo(K,J)$[ORD(J) = CJ] = 0; 
qcK. up(K, J )$ [ORD( J) = CJ] = CCT_P(J); 
qch.lo(K) = 0; 
qch.up(K) = HUMAX; 
qhu.lo(J)$[ORD(J) = CJ] = 0; 
qhu.upl J)$[ORD(J) = CJ] = CCT_P(J);
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qhui. lo( J )$[ORD(J) = CJ] = 0; 
qhui.up(J)$[ORD(J) = CJ] = CCT P(J);

*

*.................................BOUNDS

qi.lo(I,J,K) = 0;
qi.up(I,J,K) = MIN(HCT_P(I),CCT_P(J));

f.lo(I,J,K) = 0;
f. up(I,J,K) = FH(I);
g. lo (U K ) = 0; 
g.up(I,J,K) = FC(J);

thpi.lo(I,J,K) = TMIN; 
thpi.up(I,J,K) = TMAX; 
tcpi.lo(I,J,K) = TMIN; 
tcpi.up(I,J,K) = TMAX;

ฯBOUND OF HEAT EXCHANGE _  [PARAMETER].........................................
QUP_P(I,J,K,BH,BC,SK) = MIN(HCT_P(I),CCT_P(J),MAX(0,(THIN(I)- 

TCIN(J)-EMAT)*MIN(FH(I),FC(J))));
QLO_P(I,J,K,BH,BC,SK) = 1 *บ (น )*EMAT;

*FOR LOGICAL CONSTRAINTS _  [PARAMETER].........................................
OMEGA(U) = MIN(HCT_P(I),CCT_P(J));

o
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G AMM A( I, J) = MAX[0,(THIN(I)-TClN(J)),(THIN(I)- 
TCOUT(J)),(THOUT(I)-TCIN(J)),

(THOUT(I)-TCOUT(J)),(TCIN(J)-THIN(I)),(TCIN(J)-THOUT(I)), 
(TCOUT(J)-TH I N( I)),(TCOUT(J)-THOUT(I))] ;

*

*................................. BQUATION

*

EQUATIONS
thinassign(I) assignment of inlet hot temperatures 
tcinassign(J) assignment of inlet cold temperature

hotk(K,I) heat balance for hot stream at each stage 
coldk(K,J) heat balance for cold stream at each stage

qhnoniso(I,J,K)
qcnoniso(I,J,K)

thoutst(I,K)
tcoutst(J,K)

qcooler(I) cold utility load 
qheater(J) hot utility load

hoteqi(I)
coldeqi(J)

overall heat balance for hot stream 
overall heat balance for cold stream



logif(U,K)
logig(I,J,K)

sumf(I,K)
sumg(J,K)

monoth(I,K)
monothout(I)

superstructure
monotc(J,K)
monotcout(J)

superstructure

monotonie decrease in temperature for hot stream at each stage 
monotonie decrease in temperature for hot stream at outlet of

monotonie decrease in temperature for cold stream at each stage 
monotonie decrease in temperature for cold stream at outlet of

logiqi(I,J,K) logical constraint for qi(ijk) 
logiqcu(l) logical constraint for qcu(i)
logiqhu(J) logical constraint for qhu(j)

k

k

dthimin(I,J,K) minimum temperature approach for hot end of HX i-j at stage 

dtcimin(I,J,K) minimum temperature approach for cold end of HX i-j at stage

dtcuimin(I) minimum temperature approach for cooler 
dthuimin(J) minimum temperature approach for heater

logidthi(I,J,K) logical constraint for dt(ijk) at inlet of stage k 
logidtci(I,J,K) logical constraint for dt(ijk) at outlet of stage k 
logidtcu(I) logical constraint for dtcu(i) 
logidthu(J) logical constraint for dthu(j)

areai(I,J,K) area equation of heat exchanger i-j in stage k 
areacui(I) area equation of cold utility 
areahui(J) area equation of hot utility
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obji objective function to be minimized

******************^************************************************

*HEAT CONSTRAINT FOR LAST SUB-STAGE (ALL SPLITTING STREAM 
ARE MERGED,NO HEAT TRANSFERRING)
QSKLAST(I,J,K,BH,BC)

* 1. OVERALL HEAT BALANCE FOR EACH 
STREAM******************************************
HOTEQ(I)
COLDEQ(J)

* 2. HEAT BALANCE AT EACH STAGE
|<^********* ******************************************
HOTCOLDK(K)

QHC„K(K)
QHK_K(K,I)
QCH_K(K)
QCK_K(K,J) *

* 3. HEAT BALANCE AT EACH SUB-STAGE
gj^**********************************************
^[VARIABLE]
Q H K SK (K J)
SUMSK_QH(K,I,BH)
รบMJ_BC_Q(I,K,BH,SK)
QH_SK(I,K,BH,SK)
HOT_SK(I,K,BH,SK)
FHPT_SK(I,K,BH,SK)

o
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QCK_SK(K,J)
SUMSK_QC(K,J,BC)
SUMI BH Q(J,K,BC,SK)
QC_SK(J,K,BC,SK)
COLD_SK(J,K,BC,SK)
FCPT_SK(J,K,BC,SK)
*[FLOW PARAMETER]
HOT_SK_P(I,K,BH,SK)
FHPT _SK_P(1,K,BH,SK)
COLD_SK_P(J,K,BC,SK)
FCPT_SK_P(J,K,BC,SK)

* 4. COLD/HOT
UTILTTY************************************************************

QCULOAD(I)
QHULOAD(J)

* 5. TEMPERATURE
ASSIGNMENT* ***************************************************** *0 
ASSIGNTHK(I)
ASSIGNTH_SK(I,K)
ASSIGNTH_BYPASSH(I,K)
HMIX(I,K)
ASSIGNTH TSK(I,K,BH)
ASSIGNTCJC(J)
ASSIGNTC_SK(J,K)
ASSIGNTH_BYPASSC(J,K)
CMIX(J,K)
ASSIGNTC_TSK(J,K,BC)
*[FLOW PARAMETER]
ASSIGNTH_SK_P(I,K)

๐



ASSIGNTH_BYPASSH_P(I,K)
HMIX P(I,K)
ASSIGNTC_SK_P(J,K)
ASSIGNTH _BYPASSC_P(J,K)
CMIX_P(J,K)

* 7. TEMPERATURE
FEASIBILITY********************************************************
THFEAS_K(I,K)
THPFEAS SK(I,K,BH,SK)
THFEAS KLAST(I)
THPFEAS SK MIN(I,K,BH,SK)
THPFEAS_SK_MAX(I,K,BH,SK)
TCFEAS_K(J,K)
TCPFEAS_SK(J,K,BC,SK)
TCFEASKFIRST(J)
TCPFEAS_SK_MIN(J,K,BC,SK)
TCPFEAS SK_MAX(J,K,BC,SK)

* 8. FLOW
FF.ASIBII JTY* *************************************** ****************

^[VARIABLE]
SUMFHP(I,K)
SUMFCP(J,K)
*[FLOW PARAMETER]
SUMFHP_P(I,K)
รบMFCP_P(J,K)

* 9. LOGICAL CONSTRAINTS [FIEAT EXCHANGE 
BRANCH+BYPASS]************ ******** *********

* jte a t  e x c h a n g e  ************
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*[ Z-VARIABLE]
LOGq(I,J,K;BH,BC,SK)
LOGQCU(I)
LOGQHU(J)
* [Z-P ARAMETER] 
LOGQ_P(I,J,K,BH,BC,SK) 
LOGQCUP(I) 
LOGQHUP(J)

*10.OTHER
CONSTRAINTS ******************************************************

ะ(ะ**********ะ(ะMAXIMUM MATCHING************
*[ z- VARIABLE]
CONZ1 (I,K,BH,SK)
CONZ2(J,K,BC,SK)
CONZ3(I,J,K)
CONZH(I,K)
CONZC(J,K) ^
*[ Z-P ARAMETER]
CONZl_P(I,K,BH,SK)
CONZ2_P(J,K,BC,SK)
CONZ3_P(I,J,K)
CONZH_P(I,K)
CONZC_P(J,K)
********** *p LO w  CONSTRAINT* * **********
*[VARIABLES]
CON_FLOWHl(I,K,BH)
CON_FLOWH2(I,K,BH)
C O N FLO W C1 (J,K,BC)
CON_FLOWC2(J,K,BC)

๐



*[FLOW PARAMETER]
CON FLOWH I F P(1,K,BH) 
c o n  FLOWH2 F P(I,K,BH)
CON FLO w c 1_F_P(J,K,BC)
CON_FLOWC2_P_P(J,K,BC)
************MASS BALANCE AT EACH STAGE***** 
M A S S K H 1 (I,K)
MASSK_C1(J,K)
*** * * ******* CONSTRAINT ******************** *
C O N C U l 
CON_Cบ 2 
CON CU3(I)
C O N C U 4
C O N H U l
C O N H U 2
CON_HU3(J)
C O N JIU 4
CONQ_UP(i,J,K,BH,BC,SK)
CONQ_LO(I,J,K,BH,BC,SK)
CON EX

*11. CALCULATION OF APPROACH
TEMPERATURE* * *************************************** 
*[ z -  VARIABLE]
DTHMIN(I,J,K,BH,BC,SK)
DTHMAX(I,J,K,BH,BC,SK)
DTCMIN(I,J,K,BH,BC,SK)
DTCMAX(I,J,K,BH,BC,SK)

DTCUMIN(I)
DTCUMAX(I)
DTHUMIN(J)



DTHUMAX(J)
*[ Z- PARAMETER]
DTHMIN P(I,J,K,BH,BC,SK) 
DTHMAX_P(I,J,K,BH,BC,SK) 
DTCMIN JP(I,J,K,BH,BC,SK) 
DTCMAX P(U,K,BH,BC,SK)

DTCUMINP(I)
DTCUMAXP(I)
DTHUM INP(J)
DTHUM AXP(J)

* 12. AREA 
EQUATION **********************************************************

LMTD(I,J,K,BH,BC,SK)
LMTHc(I,J,K,BH,BC,SK)
LMTDCU(I)
LMTCUc(I)
LMTDHU(J)
LMTHUc(J)

AREA(I,J,K,BH,BC,SK)
AREACU(I)
AREAHU(J)

* 13. OBJECTIVE
FUNCTION**********************************************************
**
O B JIN oH X  
OBJ2UTIL 
OBJ3 AREA



120

OBJFN1
OBJFN2
OBJFN3
OBJFN4
OBJFN5
TOTALCOST

hoteqi(I).. FH(I)*(TfflN(I)-THOUT(I)) =e= sum((J,K),qi(I,J,K)) + qcui(l);
coldeqi(J).. FC(J)*(TCOUT(J)-TCIN(J)) =e= sum((I,K),qi(UK)) + qhui(J);

hotK(K,I)$(ORD(K) NE CARD(K)).. FH(I)*(th(I,K) - 
th(I,K+l)) =e= sum(J,qi(I,J,K)) ;
coldK(K,J)$(ORD(K) NE CARD(K)).. FC(J)*(tc(J,K) - 
tc(J,K+l)) =e= sum(I,qi(I,J,K));

qcooler(I).. FH(I)*(th(I,'KLAST’)-THOUT(I)) =e= qcui(I) ;
qheater(J).. FC(J)*(TCOUT(J)-tc(J,'KFIRST')) =e= qhui(J) ;

qhnoniso(I,J,K)$(ORD(K) NE
CARD(K)).. qi(I,J,K) =1= (f(I,J,K)+0.001 )*(th(I,K)-thpi(I,J,K));
qcnoniso(I,J,K)$(ORD(K) NE
CARD(K)).. q i(U K ) =1= (g(U,K)+0.001 )*(tcpi(U,K)-tc(J,K+1 ));

thoutst(I,K)$(ORD(K) NE
CARD(K)).. th(I,K+l)*FH(I) =e= sum(J,f(I,J,K)*thpi(I,J,K)); 
tcoutst(J,K)$(ORD(K) NE
CARD(K)).. tc(J,K)!t!FC(J) =e= sum(I,g(I,J,K)*tcpi(U,K));

logif(I,J,K)$(ORD(K) NE CARD(K)).. 
logig(I,J,K)$(ORD(K) NE CARD(K))..

f(I,J,K)
g(I,J,K)

=1= FH(I); 
=1= FC(J);
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sumf(I,K)$(ORD(K) NE CARD(K)).. 
sumg(J,K)$(ORD(K) NE CARD(K))..

monoth(I,K)$(ORD(K) NE CARD(K))..

sum(J,f(I,J,K)) =1= FH(I); 
sum(I,g(I,J,K)) =1= FC(J);

th(l,K) =g= th(I,K+l);

monothout(I).. th(I,'KLAST') =g= THOUT(I);
monotc(J,K)$(ORD(K) NE CARD(K)).. tc(J,K) =g= tc(J,K+l);

monotcout(J).. tc(J,'KFIRST') =1= TCOUT(J);

thinassign(I). THIN(I) =e= th(T'KFIRST'); 
tcinassign(J).. TCIN(J) =e= tc(J,'KLAST');

logiqi(I,J,K)$(ORD(K) NE 
CARD(K)).. qi(I,J,K) 
logiqcu(I).. qcui(I)
logiqhu(J).. qhui(J)

=1= OMEGA(I,J)*zi(I,J,K);
=1= FICT_P(I)*zcui(I);
=1= CCT_P(J)*zhui(J);

dthimin(I,J,K).. dthi(I,J,K) =g=
dtcimin(I,J,K).. dtci(I,J,K) =g=
dtcuimin(I).. dtcui(I) =g=
dthuimin(J).. dthui(J) =g=

EMAT;
EMAT;

EMAT;
EMAT;

logidthi(I,J,K)$(ORD(K) NE CARD(K)).. 
tcpi(I,J,K)+GAMMA(I,J)*( 1 -zi(I,J,K)); 
logidtci(I,J,K)$(ORD(K) NE 
CARD(K)).. dtci(I,J,K) =1=
tc(J,K+1 )+GAMMA(I,J)*( 1 -zi(I, J,K)); 
logidtcu(I).. dtcui(I) =1=
TCUOUT+GAMMAH(I)*( 1 -zcui(I)); 
logidthu(J).. dthui(J) =1=
tc(J,’KFIRST')+GAMMAC(J)*( 1 -zhui(J));

dthi(I,J,K) =1= th(I,K)

thpi(I,J,K)-

th(I,'KLAST')-

THUOUT-

๐
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areai(I,J,K).. qi(I,J,K) -
(2/3)*U(I,J)*(dthi(I,J,K)**0.5)*(dtci(I,J,K)**0.5)*(ai(I,J,K)**(l/BETA(I,J)))- 

(l/6)*U(I,J)*dthi(I,J,K)*(ai(I,J,K)**(l/BETA(I,J))) - 
(l/6)*U(I,J)*dtci(I,J,K)*(ai(I,J,K)**('l/BETA(I,J))) =1= 0;
areacui(l).. qcui(I)-
(2/3)*UCU(I)*(dtcui(I)**0.5)*(dtcup(I)**0.5)*(acui(I)**(l/BETACU(I)))- 

(l/6)*UCU(I)*dtcui(I)*(acui(I)**(l/BETACU(I))) - 
( l/6)*UCU(I)*dtcup(I)*(acui(I)* *( 1 /BETACU(I))) =1= 0;
areahui(J).. qhui(J) -
(2/3)*UHU(J)*(dthui(J)**0.5)*(dthup(J)**0.5)*(ahui(J)**(l/BETAHU(J)))- 

( 1 /6)*UHU(J)*dthui(J)*(ahui(J)**( 1 /BETAHU(J))) - 
(l/6)*UHU(J)*dthup(J)*(ahui(J)**(l/BETAHU(J))) =1= 0;

obji.. costi =e= suin((I,J,K),CFHX*zi(I,J,K))+sum(I,CFCU*zcui(I))+
รนm(J,CFHU*zhui(J))+sum(I,CCU*qcui(I))+sum(J,CHU*qhui(J))+ 
sum((I,J,K),ACHX*ai(I,J,K))+sum(I,ACCU*acui(I))+sum(J,ACHU*ahui(

J));

{ะ ❖̂ ❖ ❖ ะ}:^ะ}ะ^ะ!1:ะ}:̂ Hะ * ะ { ะ ะ ? ะ ะ } ะ ❖ ❖ ะ ^ * ^

*HEAT CONSTRAINT FOR LAST SUB-STAGE (ALL SPLITTING STREAM 
ARE MERGED,NO HEAT TRANSFERRING)
QSKLAST(I,J,K,BH,BC).. q(I,J,K,BH,BC,'SKLAST') =E= 0;

* 1. OVERALL HEAT BALANCE FOR EACH 
STREAM******************************************
HOTEQ(I).. FH(I)*[THIN(I)-
THOUT(I)] =E= SUM((K,BH,J,BC,SK)$[(ORD(K) NE

o
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CARD(K))AND(ORD(SK) NE CARD(SK))],q(I,J,K,BH,BC,SK)) + qcu(I);
COLDEQ(J).. FC(J)*[TCOUT(J)-
TCIN(J)] =E= SUM((K,BC,LBH,SK)$[(ORD(K)NE
CARD(K))AND(ORD(SK) NE CARD(SK))],q(I,J,K,BH,BC,SK)) + qhu(J);

©

* 2. HEAT BALANCE AT EACH STAGE

QHC K(K)$[ORD(K) NE CARD(K)].. qhc(K) =E= SUM(I,qhK(K,I));
QHK_K(K,I)$[ORD(K) NE CAJRD(K)].. FH(I)*[th(I,K) -
th(I,K+l)] =E= qhK(K,I);
QHK_SK(K,I)$[ORD(K) NE
CARD(K)].. qhK(K,I) =E= SUM(BH,qhKb(K,I,BH));
SUMJ_BC_Q(I,K,BH,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. qh(K,I,BH,SK) =E= SUM((J,BC),q(I,J,K,BH,BC,SK)); 
SUMSK_QH(K,I,BH)$[ORD(K) NE
CARD(K)].. qhKb(K,I,BH) =E= SUM(SK$(ORD(SK) NE 
CARD(SK)),qh(K,I,BH,SK));
QCH_K(K)$[ORD(K) NE CARD(K)].. qch(K) =E= SUM(J,qcK(K,J));
QCK_K(K,J)$[ORD(K) NE CARD(K)].. FC(J)*[tc(J,K) -
tc(J,K+T)] =E= qcK(K,J);
QCK_SK(K,J)$[ORD(K) NE
CARD(K)].. qcK(K,J) =E= SUM(BC,qcKb(K,J,BC));
SUMI_BH_Q(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. qc(K,J,BC,SK) =E= SUM((I,BH),q(I,J,K,BH,BC,SK)); 
รบMSK_QC(K,J,BC)$[ORD(K) NE
CARD(K)].. qcKb(K,J,BC) =E= SUM(SK$(ORD(SK) NE 
CARD(SK)),qc(K,J,BC,SK));

HOTCOLD_K(K)$[ORD(K) NE CARD(K)].. qhc(K) =E= qch(K);

* 3. HEAT BALANCE AT EACH SUB-STAGE
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*[VARIABLE]
QH_SK(I,K,BH,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. qh(K,I,BH,SK) =E= flipt(I,K,BH,SK) - fhpt(I,K,BH,SK+l); 
HOT SK(I,K,BH,SK)$[(0RD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. fhpt(I,K,BH,SK) -
fhpt(I,K,BH,SK+1 ) =E= fhp(I,K,BH)*[thp(I,K,BH,SK)-thp(I,K,BH,SK+1 )];
FHPT_SK(I,K,BH,SK)$[(ORD(K) NE cARD(K))AND(ORD(SK) NE 
CARD(SK))].. fhp(I,K,BH)*thp(I,K,BH,SK) =E= fhpt(I,K,BH,SK);
QC_SK(J,K,BC,SK)$[(ORD(K) NE c ARD(K))AND(ORD(SK) NE 
CARD(SK))].. qc(K,J,BC,SK) =E= fcpt(J,K,BC,SK) - 
fcpt( J,K,BC,SK+1 );
COLD SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. fcpt(J,K,BC,SK)-
fcpt(J,K,BC,SK+1 ) =E= fcp(J,K,BC)*[tcp(J,K,BC,SK)-tcp(J,K,BC,SK+1 )];
FCPT_SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. fcp(J,K,BC)*tcp(J,K,BC,SK) =E= fcpt(J,K,BC,SK);
*[FLOW PARAMETER]
HOT SK P(I,K,BH,SK)$[(0RD(K) n e  CARD(K))AND(ORD(SK) NE 
CARD(SK))].. FHP_P(I,K,BH)*[thp(I,K,BH,SK)- 
thp(I,K,BH,SK+1 )] =E= fhpt(I,K,BH,SK) - fhpt(I,K,BH,SK+1 );
FHPT SK_P(I,K,BH,SK)$[(ORD(K) NE cARD(K))AND(ORD(SK) NE 
CARD(SK))].. FHP_P(I,K,BH)*thp(I,K,BH,SK) =E= flipt(i,K,BH,SK); 
COLD_SK_P(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. FCP_P(J,K,BC)*[tcp(J,K,BC,SK)- 
tcp(J,K,BC,SK+1 )] =E= fcpt(J,K,BC,SK) - fcpt(J,K,BC,SK+1 );
FCPT_SK_P(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. FCP_P(J,K,BC)*tcp(J,K,BC,SK) =E= fcpt(J,K,BC,SK);

* 4. COLD/HOT
UTILITY************************************************************

QCULOAD(I).. qcu(I) =E= [th(I,'KLAST')-THOUT(I)]*FH(I) ;
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QHULOAD(J).. qhu(J) =E= [TCOUT(J)-tc(J,'KFIRST’)]*FC(J) ;

* 5. TEMPERATURE
^  IGN1VIE>ŜT* * ***^*^*****:*:*^***^*************5̂ :̂********^*:̂ *:*: :̂
ASSIGNTHK(I).. THIN(I) =E= th(I,'KFIRST');
ASSIGNTH SK(I,K)$[ORD(K) NE
CARD(K)].. FH(l)*th(I,K) =E= SUM(BH,fhpt(l,K,BH,'SKFIRST'))+
tbhpt(I,K);
ASSIGNTH_BYPASSH(I,K)$[ORD(K) NE
CARD(K)].. fbhpt(I,K) =E= (FH(I)-SUM(BH,fhp(I,K,BH)))*th(I,K);
HMIX(I,K)$[ORD(K) NE
CARD(K)].. FH(I)*th(I,K+l) =E= SUM(BH,fhpt(I,K,BH,’SKLAS
T’))+fbhpt(I,K);
ASSIGNTH_TSK(I,K,BH)$[ORD(K) NE CARD(K)]

TH(I,K) =E= thp(I,K,BH,’SKFIRST’);
ASSIGNTCK(J).. TCIN(J) =E= tc(J,’KLAST');
ASSIGNTC_SK(J,K)$[ORD(K) NE
CARD(K)].. FC(J)*tc(J,K+l) =E= SUM(BC,fcpt(J,K,BC,'SKLAST'))
+fbcpt(J,K+l);
ASSIGNTH_BYPASSC(J,K)$[ORD(K) NE 
CARD(K)].. fbcpt( J,K+1 ) =E= (FC(J)-
SUM(BC,fcp(J,K,BC)))*tc(J,K+1 );
CMIX(J,K)$[ORD(K) NE
CARD(K)].. FC(J)*tc(J,K) =E= SUM(BC,fcpt(J,K,BC,'SKFIRS
T'))+fbcpt(J,K+1 );
ASSIGNTC_TSK(J,K,BC)$[ORD(K) NE CARD(K)]

TC(J,K+1) =E= tcp(J,K,BC;SKLAST’);

*[FLOW PARAMETER]
ASSIGNTH_SK_P(I,K)$[ORD(K) NE
CARD(K)].. FH(I)*th(I,K) =E= SUM(BH,FHP_P(I,K,BH)*thp(I,K,BH,’ร 
KFIRST'))+FBHPT_P(I,K);
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ASSIGNTH_BYPASSH_P(I,K)$[ORD(K) NE 
CARD(K)].. FBHPT P(I,K) =E= (FH(I)-
SUM(BH,FHP_P(l,K,BH)))*th(I,K);
HMIX_P(I,K)$[ORD(K) NE
CARD(K)].. FH(I)*th(I,K+l) =E= SUM(BH,FFLP_P(I,K,BH)*thp(I
,K,BH;SKLAST'))+(FH(I)-SUM(BH,FHP P(I,K,BH)))*th(I,K);
ASS1GNTC SK P(J,K)$[ORD(K) NE
CARD(K)].. FC(J)*tc(J,K+l) =E= SUM(BC,FCP P(J,K,BC)*tcp(J,K,BC/
SKLAST'))+FBCPT_P(J,K+1 );
ASS1GNTH_BYPASSC_P(J,K)$[0RD(K)NE 
CARD(K)].. FBCPT_P(J,K+1) =E= (FC(J)-
SUM(BC,FCP_P(J,K,BC)))*tc(J,K+1 );
CMIX_P(J,K)$[ORD(K) NE
CARD(K)].. FC(J)*tc(J,K) =E= SUM(BC,FCP_P(J,K,BC)*tcp(J,
K,BC,'SKFIRST'))+(FC(J)-SUM(BC,FCP_P(J,K,BC)))*tc(j,K+1 );

***********ppQYy CONSTRAINT************
*[VARIABLES]
C O N FLO  WH 1 (I,K,BH)$[ORD(K) n e  
CARD(K)].. fhp(I,K,BH) =L= FH(1);
CON_FLOWH2(I,K,BH)$[ORD(K) n e  CARD(K)].. fhp(I,K,BH) =G= 0;
CO N FLO W C 1 (J,K,BC)$[ORD(K) NE 
CARD(K)].. fcp(J,K,BC) =L= FC(J);
CON_FLOWC2(J,K,BC)$[ORD(K) NE CARD(K)].. fcp(J,K,BC) =G= 0;
*[FLOW PARAMETER]
CONFLOW H l_F_P(I,K,BH)$[ORD(K) n e  
CARD(K)].. FHP_P(I,K,BH) =L= FH(I);
CON_FLOWH2_F_P(I,K,BH)$[ORD(K) NE 
CARD(K)].. FHP_P(I,K,BH) =G= 0;
CONFLOW C l_F_P(J,K,BC)$[ORD(K) NE 
CARD(K)].. FCP_P(J,K,BC) =L= FC(J);
CON_FLOWC2_F_P(J,K,BC)$[ORD(K) NE

๐
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CARD(K)].. FCP_P(J,K,BC) =G= 0;

* 7. TEMPERATURE 
IB I LIT Y

THFEAS_K(i,K)$[ORD(K) NE CARD(K)].. th(I,K) =G= th(I,K+l);
THPFEAS_SK(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(0RD(SK) n e  
CARD(SK))].. thp(I,K,BH,SK) =G= thp(I,K,BH,SK+l);
THFEASKLAST(I).. th(L’KLAST') =G= THOUT(I);
TCFEAS_K(J,K)$[ORD(K) NE CARD(K)].. tc(J,K) =G= tc(J,K+l);
TCPFEAS_SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. tcp(J,K,BC,SK) =G= tcp(J,K,BC,SK+l);
TCFEASKFIRST(J).. tc(J/KFIRST') =L= TCOUT(J);

* 8. F L O W
F E A S I B I L I T Y * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

*[VARIABLE]
SUMFHP(I,K)$[ORD(K) NE 
CARD(K)].. SUM(BH,fhp(I,K,BH)) 
รบMFCP(J,K)$ [ORD(K) NE 
CARD(K)].. SUM(BC,fcp(J,K,BC)) 
*[FLOW PARAMETER] 
SUMFHP_P(I,K)$[ORD(K) NE 
CARD(K)].. SUM(BH,FHP_P(I,K,BH)) 
SUMFCP_P(J,K)$[ORD(K) NE 
CARD(K)].. SUM(BC,FCP_P(J,K,BC))

=L= FH(I); 

=L= FC(J);

= L =  F H (I);  

= L =  F C (J );

* 9 .L O G IC A L  C O N S T R A IN T S  [H E A T  E X C H A N G E  
Q R A N C H + B Y P A S  ร  ] * * * *  * * * * * *  * =1= * * * * * * * * * * * * * * * *  *

**** ********ppg^Y e x c h a n g e ***** *******
*[ z -V A R I A B L E ]

๐
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LOGq(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. q(I,J,K,BH;BC,SK) - OMEGA(I,J)*z(I,J,K,BH,BC,SK) =L= 0;
LOGQCU(I).. qcu(I) - HCT_P(I)*zcu(I) =L= 0;
LOGQHU(J).. qhu(J) - CCT P(J)*zhu(J) =L= 0;
* [Z-P ARAMETER]
LOGQ_P(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. q(I,J,K,BH,BC,SK) - 
OMEGA(I,J)*Z_P(I,J,K,BH,BC,SK) =L= 0;
LOGQCU P(I).. qcu(I) - HCT_P(I)*ZCU_P(I) =L= 0;
LOGQHU P(J).. qhu(J) - CCT_P(J)*ZHU_P(J) =L= 0;

*10.OTHER
rN T S  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

************ M AX IMUM MATCHING * ***********
*[ z -  V A R IA B L E ]
CONZl(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e
CARD(SK))].. SUM((J,BC),z(I,J,K,BH,BC,SK)) =L= 1;
CONZ2(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE
CARD(SK))].. SUM((I,BH),z(บ K,BH,BC,SK)) =L= 1;
CONZ3(I,J,K)$[ORD(K)NE CARD(K)].. nexh(I,K) =E= nexc(J,K);
CONZH(I,K)$[ORD(K) NE CARD(K)]..
nexh(I,K) =E= SUM((J,SK,BH,BC),z(I,J,K,BH,BC,SK));
CONZC(J,K)$[ORD(K) NE CARD(K)]..
nexc(J,K) =E= SUM((I,SK,BH,BC),z(U,K,BH,BC,SK));
*[ Z-P ARAMETER]
CONZ l_P(I,K,BH,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. SUM((J,BC),Z_P(I,J,K,BH,BC,SK)) =L= 1;
CONZ2_P(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. SUM((I,BH),Z_P(I,J,K,BH,BC,SK)) =L= 1;
CONZ3_P(I,J,K)$[ORD(K) NE CARD(K)].. ZH_P(I,K) =E= ZC_P(J,K); 
CONZH P(l,K)$[ORD(K) NE

๐
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CARD(K)].. ZH_P(I,K) -=E= SUM((J,SK,BH,BC),Z_P(I,J,K,BH,BC,SK)); 
CONZC_P(J,K)$[ORD(K) NE
CARD(K)].. zc P(J,K) =E= SUM((I,SK,BH,BC),Z_P(I,J,K,BH,BC,SK)); 

*MASSBALANCE AT EACH STAGE
M A S S K H 1 (I,K)$(ORD(K) NE CARD(K)).. SUM(BH,fhp(I,K,BH))+(FH(I)- 
รบM(BH,fhp(I,K,BH))) =E= FH(I);
MASSK Cl(J,K)$(ORD(K) NE CARD(K)).. SUM(BC,fcp(J,K,BC))+(FC(J> 
SUM(BC,fcp(J,K,BC))) =E= FC(J);

* Heat Exchange and Heat & Cold utility constraints
* Cold utility....
CON CUl .. SUM(I,qcu(I))=G= CUMIN;
CON CU2 .. รบM(I,qcu(I))=L= CUMAX;
CON_CU3(I).. qcu(I) =L= zcu(I)*HCT_P(I);
CON CU4 .. TOTAL CU =E= SUM(I,qcu(I));
* Hot utility....
C O N H U l .. SUM(J,qhu(J))=G= HUM IN;
CON HU2 .. SUM(J,qhu(J))=L= HUMAX;
CON H U 3(J).. qhu(J) =L= zhu(J)*CCT_P(J);
CON HU4 .. TOTAL HU =E= SUM(J,qhu(J));

************m ^-p gXCFLANGE************
*[ z- VARIABLE]
CON EX.. SUM((I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) n e  
CARD(SK))],q(I,J,K,BH,BC,SK)) =G= HUMAX-TOTAL_HU; 
CONQ_UP(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))]
.. q(I,J,K,BH,BC,SK) =L= z(U,K,BH,BC,SK)*QUP_P(UK,BH,BC,SK); 
CONQ_LO(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))]
.. q(I,J,K,BH,BC,SK) =G= z(I,J,K,BH,BC,SK)*QLO_P(UK,BH,BC,SK);
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*11. CALCULATION OF APPROACH
TEMPERATURE *****************************************
*[ z- VARIABLE]

•DTHMAX(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. dth(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK)- 
tcp(J,K,BC,SK)+GAMMA(I,J)*( 1 -z(I,J,K,BH,BC,SK)); 
DTCMAX(I,J,K,BH,BC,SK)$[(ORD(K) NE cARD(K))AND(ORD(SK) NE 
CARD(SK))].. dtc(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK+l)-
tcp{ J ,K,BC,SK+1 )+GAMMA(I,J)*( 1 -z(I,J,K,BH,BC,SK));
DTCUMAX(I).. dtcu(I) =L= th(I,'KLAST')-
TCUOUT+GAMMAH(I)*( 1 -zcu(I));
DTHUMAX(J).. dthu(J) =L= THUOUT- 
tc( J/KFIRST')+G AMMAC(J)*( 1 -zhu(J));

DTHMIN(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) NE 
CARD(SK))].. dth(I,J,K,BH,BC,SK) =G= EMAT;
DTCMIN(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. dtc(I,J,K,BH,BC,SK) =G= EMAT;
DTCUMIN(I).. dtcu(I) =G= EMAT;
DTHUMIN(J).. dthu(J) =G= EMAT;

*[ z- PARAMETER]
DTHMAX_P(I,J,K,BH,BC,SK)$[(ORD(SK) n e  CARD(SK)) a n d  (ORD(K) n e  
CARD(K))].. dth(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK)-
tcp( J,K,BC,SK)+GAMMA(U)S,:( 1 -Z_P(I, J,K,BH,BC,SK)); 
DTCMAX_P(I,J,K,BH,BC,SK)$[(ORD(SK) n e  CARD(SK)) a n d  (ORD(K) n e  
CARD(K))].. dtc(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK+l)-
tcp(J,K,BC,SK+1 )+GAMMA(I,J)*( 1 -Z_P(น ,K,BH,BC,SK));
DTCUMAXP(I).. dtcu(I) =L= th(I,'KLAST')-
TCUOUT+GAMMAH(I)*( 1 -ZCU_P(I));
DTHUMAXP(J).. dthu(J) =L= TFFUOUT-



131

tc(J,'KFIRST')+GAMMAC(J)*( 1 -ZHU P(J));

DTHMIN P(I,J,K,BH,BC,SK)$[(ORD(SK) NE CARD(SK)) AND (ORD(K) NE 
CARD(K))].. dth(I,J,K,BH,BC,SK) =G= EMAT;
DTCMIN_P(I,J,K,BH,BC,SK)$[(ORD(SK) n e  CARD(SK)) AND (ORD(K) NE 
CARD(K))].. dtc(I,J,K,BH,BC,SK) =G= EMAT;
DTCUMINJP(I).. dtcu(I) =G= EMAT;
DTHUMIN P(J).. dthu(J) =G= EMAT;

* 12. AREA 
EQUATION

LMTD(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. LMTDHX(I,J,K,BH,BC,SK) =E=

(2/3)*((dth(I,J,K,BH,BC,SK)+0.001)**0.5)*((dtc(I,J,K,BFI,BC, 
SK)+0.001 )**0.5)+( 1 /6)*dth(I,J,K,BH,BC,SK)+(l/6)*dtc(I,J,K,BH,BC,SK); 
LMTDCU(I).. LMTCU(I) =E=
(2/3)*((dtcu(I)+0.001)**0.5)*((DTCUP(I)+0.001)**0.5)+(l/6)*dtcu(I)+(l/6)*DTCU
PCI);

LMTDHU(J).. LMTHU(J) =E=
(2/3)*((dthu(J)+0.001)**0.5)*((DTHUP(J)+0.001)**0.5)+(l/6)*dthu(J)+(l/6)*DTH
UP(J);

AREA(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))]..q(I,J,K,BH,BC,SK)-
(a(I,J,K,BH,BC,SK)**(l/BETA(I,J))*U(I,J)*LMTDHX(I,J,K,BH,BC,SK)) =L=0; 
AREACU(I).. qcu(I)-(acu(I)**(l/BETACU(I))*UCU(I)*LMTCU(I)) =1= 0;
AREAHU(J).. qhu(J)-(ahu(J)**(l/BETAITU(J))*UFIU(J)*LMTFIU(J)) =1= 0;

*13. OBJECTIVE
J Q P J  * * * * * * * * * * * * * *  * * * * * *  * * * * * * * * * * * * * * * *  *  * * * *  * * * * * * * *  sjc *  *  * * * * *  *



OBJ 1 NoHX.. NEX =E= sum((U,K,BH,BC,SK),CFHX*z(LJ,K,BH,BC,SK 
))+sum(I,CFCU*zcu(I))+sum(J,CFHU*zhu(J));
OBJ2UTIL.. uc =E= sum(I,CCU*qcu(I))+sum(J,CHU*qhu(J));
OBJ3 AREA.. AC =E= sum((I,J,K,BH,BC,SK),ACHX*a(U,K,BH,BC,SK) 
)+sum(I,ACCU*acu(I))+sum(J,ACHU*ahu(J));

OBJFN1 .. TAC1 =E= UC;
OBJFN2 .. TAC2 =E= NEX+UC;
OBJFN3 .. TAC3 =E= AC;
OBJFN4 .. TAC4 =E= (UC + AC);
OBJFN5 .. TAC5 =E= (UC + NEX + AC);
TOTALCOST.. COST =E= (UC+NEX+AC);

OPTION sysout = on;
OPTION Iterllm = le+09;
OPTION resllm = 5e+06;

MODEL NONISOl "NONISOl MINLP"
/

hoteqi,coldeqi,hotk,coldk,qhnoniso,qcnoniso,qcooler,qheater,thinassign,tcina
ssign,monoth,
monothout,monotc,monotcout,thoutst,tcoutst,logif,logig,
sumf,sumg,logiqi,logiqcu,logiqhu,dthimin,dtcimin,dtcuimin,dthuimin,logidthi,Iogidt
ci,logidtcu,
Iogidthu,areai,areacui,areahui,obji /

MODEL FLOW "MIN TAC1 = uc_____ NLP"
/

QSKLAST,FIOTEQ,COLDEQ,QHC_K,QHK_K,QHK_SK,SUMJ_BC_Q,ร 
UMSK_QH,QCH_K,QCK_K,
QCK_SK,SUMI_BH_Q,SUMSK QC,HOTCOLD_K,QH SK,HOT_SK,FHPT_SK,
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QC_SK,COLD SK,FCPT_SK,
ASSIGNTH_K,ASSIGNTH SK,ASSIGNTH BYPÀSSH,HM1X,ASSIGNTH_TSK, 
AS SIGNTC K, AS ร IGNTC_SK,
ASSIGNTH_BYPASSC,CMIX,ASSIGNTC_TSK,CON_FLOWH 1, C 0N F L 0W H 2 
3SUMFHP,CON_FLOWC 1,
C 0N F L 0W C 2,รบMFCP,THFEAS_K,THPFEAS_SK,THFEAS_KLAST,TCFEAS 
_K,TCPFEAS_SK,
TCFEAS_KFIRST,QCULOAD,QHULOAD,LOGQ_P,LOGQCU_P,LOGQHU_P,M 
A S S K H 13M A SS K C 13
CON_CUl,CON_CU2,CON_CU4,CON_HUl 3C0N_HU2,C0N_Hบ4,C0N_EX, 
DTHMAX_P,DTCMAX__P,DTCUMAX_P,DTHUMAX_P,DTHMIN_P,DTCMIN_ 
P,DTCUMIN_P,DTHUMIN_P 3 
0BJ2_UTIL,0BJFN 1 /

MODEL STRUCTURE "MIN TAC2 = UC+NoHX_____MILP"
/

QSKLAST,HOTEQ,COLDEQ,QHC_K,QHK_K,QCH_K,QCK_K,QITK_SK 
3รบMJ_BC_Q3SUMSK_QH,
QCK SK,SUMI_BH_Q,SUMSK_QC,HOTCOLD_K,QH_SK,HOT SK P,FHPT_S 
K_P,QC_SK,COLD SK p,
FCPT_SK_P,ASSIGNTH_K3ASSIGNTH SK_P,ASSIGNTH_BYPASSHP,HMIX 
_P,ASSIGNTH_TSK,
ASSIGNTC_K,ASSIGNTC_SK_P,ASSIGNTH_BYPASSC P,CMIX_P,ASSIGNT 
C T SK ,
CONFLO WH l_F_P,CON_FLOWH2_F_P,CON_FLOWC 1 FP,CON_FLOW C2_ 
F_p,
THFEAS_K,THPFEAS_SK,THFEAS_KLAST,TCFEAS_K,TCPFEAS_SK,TCFEA
SKFIRST,
QCULOAD,QHULOAD,LOGQ,LOGQCU,LOGQHU,MASSK_H 1 3M A SSK C  15 
C O N C U 1 3CON_CU2,CON_CU33 CON_CU4,CON _HU 1 3CON_HU2,CON_HU3 3c  
ON_HU4,CON_EX,
DTHMAX,DTCMAX3DTCUMAX3DTHUMAX,DTHMIN3DTCMIN3DTCUMIN3D

๐
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THUMIN,
OBJ 1 N oHX,OBJ2 UTIL,OBJFN2 /

MODEL FLOWarea "MIN TAC3 = UC+AC_____NLP"
/ : ■

QSKLAST,HOTEQ,COLDEQ,QHC_K,QHK_K,QHK_SK,SUMJ BC_Q,ร 
UMSK_QH,QCH_K,QCK_K,
QCK_SK,SUMI_BH_Q,SUMSK_QC,HOTCOLD_K,QH_SK,HOT_SK,FHPT_SK, 
QC SK,COLD SK,FCPT SK,
ASSIGNTH_K,ASS1GNTH_SK,ASSIGNTH_BYPASSH,HMIX,ASSIGNTH_TSK, 
ASSIGNTC K,ASS1GNTC_SK,ASSIGNTH_BYPASSC,CMIX,ASSIGNTC_TSK, 
CON FLO WH I ,CON FLO WH2,SUMFHP,CON_FLO w c  15CON_FLOWC2,SUM 
FCP,
THFEAS_K,THPFEAS_SK,THFEAS_KLAST,TCFEAS_K,TCPFEAS_SK,TCFEA
S_KFIRST,QCULOAD,QHULOAD,
LOGQ_P,LOGQCU P,LOGQHU_P,MASSK_H 1 ,MASSK_C 15
C O N C U 15CON_CU2,CON_CU4,CON_Hบ 15CON_Hบ 2,CON_HU4,CON_EX,
DTHMAX P,DTCMAX P,DTCUMAX_P,DTHUMAX_P,DTHMIN_P,DTCMIN_
PJDTCUMINPJDTHUMINP,
LMTD,LMTDCU,LMXDHU,AREA,AREACU,AREAHU, 
OBJ2_UTIL,OBJ3_AREA,OBJFNl,OBJFN2,OBJFN3,OBJFN4 /

MODEL NONLINEAR "FINAL"
/

QSKLAST,HOTEQ,COLDEQ,QHC_K,QHK_K,QHK_SK,SUMJ_BC_Q,ร 
UMSK_QH,QCH_K,QCK_K,
QCK_SK,SUMI_BH_Q,SUMSK_QC,HOTCOLD_K,QH_SK,HOT_SK,FHPT_SK,
QC_SK,COLD_SK,FCPT_SK,
ASSIGNTH_K,ASSIGNTH_SK,ASSIGNTH BYPASSH,HMIX,ASSIGNTH_TSK, 
ASSIGNTC K,ASSIGNTC SK,ASSIGNTH_BYPASSC,CMIX,ASSIGNTC_TSK, 
CONFLO WH 15CON_FLOWH2,SUMFHP,CON_FLOWC 15CON_FLOWC2,SUM

๐
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FCP,
THFEAS_K,THPFEAS_SK,THFEAS_KLAST,TCFEAS_K,TCPFEAS_SK,TCFEA 
S K  FIRST,
QCULOAD,QHULOAD,LOGQ,LOGQCU,LOGQHU,MASSK_Hl,MASSK_Cl, 
C O N C U 1 ,C O N C U 2,G O N C U 4,C O N H U  1 ,CON HU2,CON_HU4,CON EX,C 
ONQ_UP,CONQ_LO,
DTHMAX,DTCMAX,DTCUMAX,DTH(JMAX,DTHMIN,DTCMIN,DTCUMIN,D
THUMIN,
LMTD,LMTDCU,LMTDHU, AREA,AREACU,AREAHU,OBJ l_NoFFX,OBJ2_UTI 
L,OB J 3_ARE A,OB JFN 5 /

Ht*******************************************************************
ะ^^:^:^^:^^ะ» :^^^:

* DECLARATION 
PARAMETER

AHX_INT(I,J,K,BH,BC,SK) Area of HX I-J (Area-linear)
ACUJNT(I) Area of HX I-CU (Area-linear)
A H U IN T(J) Area of HX J-HU (Area-linear)

TH INT(I,K)
THP_INT(I,K,BH,SK)
TC_INT(J,K)
TCPJNT(J,K,BC,SK)

Q_INT(I,J,K,BH,BC,SK)
QCUINT(I)
QHUINT(J)
QHK_INT(K,I)
QCK_INT(K,J)

FHP INT(K,I,BH)
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FCP_INT(J,K,BC)

Z_INT(I,J,K,BH,BC,SK) 
ZCU INT(I) ’
ZH U IN T(J)

FBHPT_INT(I,K)
FBCPT_INT(J,K)

D T H IN T  (I, J,K,BH,BC, SK) 
D T C IN T  (I,J,K,BH,BC,SK) 
DTCUINT(I) 
DTHUJNT(J)

*******************************^ggIGN INITIAL
P'Y’ ********************** *************
ai.l(I,J,K)= 0.001; 
acui.l(I) = 0.001;
ahui.l(J) = 0.001;

f. l(U K ) = FH(I);
g. l(I,J,K) = FC(J);
qi.l(I,J,K)$(ORD(K) NE CARD(K)) = MIN(HCT_P(I),CCT_P(J)); 
qcui.l(I) = 0;
qhui.l(J) = 0;
dtcui.l(I) = THIN(l) - TCUOUT;
dthui.l(J) = THUOUT - TC1N(J);
dthi.l(I,J,K) = TH1N(I) - TCIN(J); 
dtci.l(I,J,K) = THIN(I) - TCIN(J);
******:|:********************ร|::|:*ะ(::|:******1|:*:(!*>1:*ร(:*1|;**ร1:**ร):*****!|รร|:*:|:**:):***
**************
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N0NIS01 .optfile = 2; 
option reslim = 10000; 
option iterlim = 2e9;
OPTION SYSOUT=ON;

$onecho>dicopt.op2
STOPO
MAXCYCLES 400 
epsmip 50 
Soffecho

SOLVE NONISOl USING MINLP MINIMIZING costi;
DISPLAY th.l,thpi.l,tc.l,tcpi.l,ai.l,acui.l,ahui.l,qi.l,qcui.l,qhui.l,zi.l,zcui.l,zhui.l,f.l,g.l, 

costi. 1;
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * prpjp) Q p  SOLVE 
NONISO1*******************************
AHX_INT(I,J,K,BH,BC,SK) = ai.L(I,J,K);
A C U IN T(I) = acui.L(I);
A H U IN T(J) = ahui.L(J);

a.L(I,J,K,BH,BC,SK)=AHX_INT(I,J,K,BH,BC,SK); 
acu.L(I) = ACUINT(I); 
ahu.L(J) = AHUINT(J);

DTH INT(I,J,K,BH,BC,SK) = dthi.L(I,J,K);
DTC_INT(I,J,K,BH,BC,SK) = dtci.L(I,J,K);
DTCUINT(I) = dtcui.L(I);
DTHUJNT(J) = dthui.L(J);

dth. L(I, J,K,BH,BC, SK) = DTH_INT(I,J,K,BH,BC,SK); 
dtc.L(I,J,K,BH,BC,SK) = DTC_INT(I,J,K,BH,BC,SK); 
dtcu.L(I) = DTCUINT(I);

๐



dthu.L(J) = DTHU INT(J);

Q CU IN T(I) =qcui.L(I);
QHU JN T(J) = qhui.L(J); 
Q_INT(I,J,K,BH,BC,SK) = qi.L(I,J,K); 
QHK_INT(K,I) = sum(J,qi.L(I,J,K)); 
QCK_INT(K,J) = sum(I,qi.L(I,J,K));

qcu.L(I) = QCUINT(I);
qhu.L(J) = QHUINT(J);
q.L(I,J,K,BH,BC,SK) = Q^INT(I,J,K,BH,BC,SK);
qhK.L(K,I) = QHKJNT(K,I);
qcK.L(K,J) = QCK_INT(K,J);

Z_P(I,J,K,BH,BC,SK) = zi.L(I,J,K); 
ZCU_P(I) = zcui.L(I);
ZHU_P(J) = zhui.L(J);

FLOW.optfile = 3; 
option reslim = 10000; 
option iterlim = 2e9; 
OPTION SYSOUTON;

$onecho>dicopt. op3 
STOPO
MAXCYCLES 200 
mipoptfile cplex.opt 1 
epsmip 20 
Soffecho

SOLVE FLOW USING NLP MINIMIZING TAC1; 
DISPLAY



1 3 9

th.l,thp.l,tc.I,tcp.l,a.l,acu.I,ahu.l,q.l,qcu.l,qhu.l,Z__P,ZCU_P,ZHU_P,fhp.l,fcp.l,
TAC1.1;

******* ****** ****** ********** *^****j£|\[£) OF SOLVE 
FLOW^ ************ ̂ ะ****************
FHP_P(I,K,BH)=fhp.l(I,K,BH);
FCP P(J,K,BC)=fcp.l(J,K,BC);
FBHPT_P(I,K) =(FH(I)-SUM(BH,FHP P(I,K,BH)))*th.l(I,K);
FBCPT P(J,K+1 )= (FC(J)-SUM(BC,FCP_P(J,K,BC)))*tc.l(J,K + l);

AHX_INT(I,J,K,BH,BC,SK) = a.L(U,K,BH,BC,SK);
A C U IN T(I) = acu.L(I);
A H U IN T(J) = ahu.L(J);

a.L(I,J,K,BH,BC,SK)=AHXJNT(I,J,K,BH,BC,SK); 
acu.L(I) = ACUINT(I); 
ahu.L(J) = AHUINT(J);

TC_INT(J,K) = tc.l(J,K);
TCP_INT(J,K,BC,SK) = tcp.l(J,K,BC,SK);
TH_INT(I,K) = th.l(I,K);
THP _INT(I,K,BH,SK) = thp.l(I,K,BH,SK);

tc.l(J,K) = TC_INT(J,K); 
tcp.l(J,K,BC,SK) = TCP_INT(J,K,BC,SK); 
th.l(I,K) = TH_INT(I,K); 
thp.l(I,K,BH,SK) = THP_INT(I,K,BH,SK);

DTH_INT(I,J,K,BH,BC,SK) = dth.L(I,J,K,BH,BC,SK);
DTC _INT(I,J,K,BH,BC,SK) = dtc.L(I,J,K,BH,BC,SK);
DTCUINT(I) = dtcui.L(I);
DTHUINT(J) = dthui.L(J);

๐
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dth.L(I,J,K,BH,BC,SK) = DTH_INT(U,K,BH,BC,SK); 
dtc.L(I,J,K;BH,BC,SK) = DTC INT(I,J,K,BH,BC,SK); 
dtcu.L(I) = DTCUINT(I); 
dthu.L(J) = DTHUINT(J);

QCU_INT(I) = qcu.L(I);
Q H U IN T(J) = qhu.L(J);
Q_INT(I,J,K,BH,BC,SK) = q.L(I,J,K,BH,BC,SK);

qcu.L(l) = QCUINT(I); 
qhu.L(J) = QHUJNT(J);
q.L(I,J,K,BH,BC,SK) = Q_INT(I,J,K,BH,BC,SK);

Z.L(I,J,K,BH,BC,SK) = Z_P(I,J,K,BH,BC,SK);
ZCU.L(I) = ZCU_P(I); 
zhu.L(J) = Z H U P(J);

SOLVE STRUCTURE USING MIP MINIMIZING TAC2;
DISPLAY
th.l,thp.l,tc.l,tcp.l,a.l,acu.l,ahu.l,q.l,qcu.l,qhu.l,z.l,zcu.L,zhu.L,FF[P_P,FCP_P,

TAC2.1;
ร********************************gjqp) OF SOLVE 
fsTRT TmrRF************** ****** ********

fhp.I(I,K,BH) = FHP_P(I,K,BH); 
fcp.l(J,K,BC) = FCP_P(J,K,BC); 
fbhpt.I(I,K) = FBHPT_P(I,K); 
fbcpt.l(J,K+l) = FBCPT_P(J,K+1 );

* Initial Area......................................................................
AHX_INT(I,J,K,BH,BC,SK) = q.L(I,J,K,BH,BC,SK)/((U(I,J)*(
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(2/3)*((dth.L(I,J,K,BH,BC,SK)+0.001)**0.5)*((dtc.L(I,J,K,BH,BC,SK)+0.001)**0.
5)+(l/6)*dth.L(I,J,K,BH,BC,SK)+(l/6)*dtc.L(I,J,K,BH,BC,SK)))+le-06); 
A C U IN T(I) =
qcu.l(I)/((UCU(I)*(2/3)*((dtcu.L(I)+0.001 )**0.5)*((DTCUP(I)+0.001)**0.5)+(l/6)* 
dtcu. L(I)+( 1 /6)*DTCUP(I))+1 e-06);
AHUJNT(J) =
qhud(J)/((UHU(J)*(2/3)*((dthuX(J)+0.001)**0J)*((DTHUP(J)+0.001)**0.5)+(l/6)
*dthu.L(J)+(l/6)*DTHUP(J))+le-06);

a.l(I,J,K,BH,BC,SK) = AHX INT(I,J,K,BH,BC,SK); 
acu.l(I) = ACUJNT(I); 
ahu.l(J) = AHU_INT(J);

Display a.l,acu.l,ahu.l;

TC_INT(J,K) = tc.l(J,K);
TCP INT(J,K,BC,SK) = tcp.l(J,K,BC,SK);
TH INT(I,K) = th.l(I,K);
THP_INT(I,K,BH,SK) = thp.l(I,K,BH,SK);

tc.l(J,K) = TC_INT(J,K); 
tcp.l(J,K,BC,SK) = TCP_INT(J,K,BC,SK); 
th.l(I,K) = TH_INT(I,K); 
thp.l(I,K,BH,SK) = THP_INT(I,K,BH,SK);

DTH_INT(I,J,K,BH,BC,SK) = dth.L(I,J,K,BH,BC,SK);
DTC_INT(I,J,K,BH,BC,SK) = dtc.L(I,J,K,BH,BC,SK);
D TCUIN T(I) = dtcui.L(I);
DTHUINT(J) = dthui.L(J);

dth.L(I,J,K,BH,BC,SK) = DTHJNT(I,J,K,BH,BC,SK); 
dtc.L(I,J,K,BH,BC,SK) = DTCJNT(I,J,K,BH,BC,SK);



dtcu.L(I) = DTCUINT(I); 
dthu.L(J) = DTHUINT(J);

Q CU IN T(I) = qcu.L(I);
QHUJNT(J) = qhu.L(J);
QJNT(I,J,K,BH,BC,SK) = q.L(I,J,K,BH,BC,SK);

qcu.L(I) = QCUINT(I); 
qhu.L(J) = QHUJNT(J);
q.L(I,J,K,BH,BC,SK) = Q_INT(I,J,K,BH,BC,SK);

z  INT(I,J,K,BH,BC,SK) = Z.1(I,J,K,BH,BC,SK); 
ZCUJNT(I) = zcu.l(I);
ZH U IN T(J) = zhu.l(J);

Z_P(U,K,BH,BC,SK) = z  _INT(I,J,K,BH,BC,SK); 
ZCU_P(I) = ZCUINT(I);
ZHU_P(J) = ZHUINT(J);

FLOWarea.optfile = 4; 
option reslim = 10000; 
option iterlim = 2e9; 
OPTION SYSOUTON;

$onecho>dicopt. op4 
STOPO
MAXCYCLES 200 
mipoptfile cplex.opt 1 
epsmip 20 
Soffecho
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SOLVE FLOWarea USING NLP MINIMIZING TAC4;
DISPLAY
th.l,thp.l,tc.l,tcp.l,q.l,qcu.l,qhu.l,fhp.l,fcp.l,Z_P,ZCU_P,ZHU_P,a.l,acu.l,ahu.l, 

TAC 1.1,T AC2.1JAC3.1J  AC4.1;
****** ************* *********:(::!= * OF SOLVE
FLOWarea***************************
FHP INT(K,I,BH) = fhp.l(I,K,BH);
FCP INT(J,K,BC) = fcp.I(J,K,BC);
FBHPTINT(LK) = fbhpt. 1(I,K);
F B C PTIN T ( j 5K+1 ) = fbcpt.l(J,K+l);

fhp.l(I,K,BH) = FHP_INT(K,I,BH); 
fcp.i(J,K,BC) = FCP_INT(J,K,BC); 
fbhpt. 1(1,K) = FBHPTINT(LK); 
fbcpt.l(J,K+l)= FBCPTINT (J,K+1 );

AHX_INT(I,J,K,BH,BC,SK) = a.l(I,J,K,BH,BC,SK);
ACU_INT(I) = acu.l(I);
AHUINT(J) = ahu.l(J);

a.l(I,J,K,BH,BC,SK) = AHX_INT(I,J,K,BH,BC,SK); 
acu.l(I) = ACU INT(I); 
ahu.l(J) = AHUINT(J);

TC_INT(J,K) = tc.l(J,K);
TCP_INT(J,K,BC,SK) = tcp.l(J,K,BC,SK);
TH_INT(I,K) = th.l(I,K);
TH PIN T (I,K,BH,SK) = thp.l(I,K,BH,SK);

tc.l(J,K) = TC_INT(J,K); 
tcp.l(J,K,BC,SK) = TCP_INT(J,K,BC,SK); 
th.l(I,K) = TH_INT(I,K);

๐
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thp.l(I,K,BH,SK) = THP_INT(I,K,BH,SK);

DTH INT(I,J,K,BH,BC,SK) = dth.L(I,J,K,BH,BC,SK); 
DTC INT(I,J,K,BH,BC,SK) = dtc.L(I,J,K,BH,BC,SK); 
DTCUJNT(I) = dtcui.L(I);
DTHUJNT(J) = dthui.L(J);

dth.L(I,J,K,BH,BC,SK) = DTH_INT(I,J,K,BH,BC,SK); 
dtc.L(U,K,BH,BC,SK) = DTC INT(I,J,K,BH,BC,SK); 
dtcu.L(I) = DTCU INT(I); 
dthu.L(J) = DTHUINT(J);

QCUJNT(I) = qcu.L(I);
QHUJNT(J) = qhu.L(J);
Q_INT(I,J,K,BH,BC,SK) = q.L(I,J,K,BH,BC,SK);

qcu.L(I) = QCUJNT(I); 
qhu.L(J) = QHUJNT(J);
q.L(I,J,K,BH,BC,SK) = Q_INT(I,J,K,BH,BC,SK); 
Z.L(I,J,K,BITBC,SK) = Z_P(I,J,K,BH,BC,SK);
ZCU.L(I) = ZCU_P(I); 
zhu.L(J) = ZHU_P(J);

NONLINEAR.optfile = 5; 
option reslim = 100000; 
option lterlim = 2e9;
OPTION SYSOUT=ON;

$onecho>dicopt. op5 
STOPO
MAXCYCLES 300

o
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mipoptfile cplex.opt 1 
epsmip 500 
Soffecho

SOLVE NONLINEAR USING MINLP MINIMIZING TAC5;
DISPLAY th.l,thp.l,tc.l,tcp.l,q.l,qcu.l,qhu.l,fhp.l,fcp.l,z.L,zcu.L,zhu.L,a.l,acu.l,ahu.l, 

TACl.LTAC2.1,TAC3.1,TAC4.l,TAC5.1,NEX.L,UC.L,AC.L;

๐
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Appendix D HEN Retrofit

SETS
1 Hot stream/11,12/
J Cold stream/J1,J2/
K Major stage /KF1RST,K2*K3,KLAST/
SK Sub-stage /SKFIRST,SK2*SK3,SKLAST/ 
BH Branch of hot splitting stream /BH1 *BH2/ 
BC Branch of hot splitting stream /BC1 *BC3/

SCALARS

NoBH Number of branch of hot splitting stream /2/
NoBC Number of branch of hot splitting stream /3/
CUMIN Minimum cold utility require /200/ 
CUMAX Maximum cold utility require /5100/ 
HUMIN Minimum hot utility require /o/
HUMAX Maximum hot utility require /4700/

Eft/IAT Exchange minimum approach temperature /10/ 
TMIN Minimum temperature in HEN /20/
TMAX Maximum temperature in HEN /170/
AREA MAX Miximum area for retrofit HEN /375/

*:(=**** r e t r o f it  ******
NEW A CH X  

/1300/
NEW_ACCU 
NEW ACHU 
NEW CFHX 
NEW CFCU 
NEW CFHU

Area cost coefficient of "NEW" process heat exchanger

Area cost coefficient of "NEW" cold utility /1300/
Area cost coefficient of "NEW" hot utility /1300/
Fixed charges of "NEW" exchanger /3000/
Fixed charges of "NEW" cold utility /3000/
Fixed charges of "NEW" hot utility /3000/



N EW C CU  Per unit cost of cold utility /20/
NEW CHU Per unit cost of hot utility /80/

PARAMETERS
♦ TEMPERATURE OF STREAM....................................

THIN(I) Inlet temperature of hot stream 
/ Il 170

12 150 /
THOUT(I) Outlet temperature of hot stream 
/ Il 60

12 30 /
TCIN(J) Inlet temperature of cold stream
/ J1 20

J2 80 /
TCOUT(J) Outlet temperature of cold stream
/ J1 135

J2 140 /
TCUIN /20/
TCUOUT /40/
THUIN แ า า เ 
THUOUT /177/

♦ HEAT CAPACITY FLOWRATE OF PROCESS
STREAM.........................................

FH(I) Heat capacity flowrate of hot stream 
/ Il 30

12 15 /
FC(J) Heat capacity flowrate of cold stream 
/ J1 20

J2 40 /

5



148

•BRANCH FLOW _  [PARAMETER].....................................................
FHP P(I,K,BH) Branch flow parameter of hot stream 
FCP_P(J,K,BC) Branch flow parameter of cold stream 
FBHPT_P(I,K)
FBCPT_P(J,K)

•BINARY PARAMETER _  [PARAMETER].........................................
Z_P(I,J,K,BH,BC,SK) Binary parameter of exchanger existence 
ZH P(I,K )
ZC_P(J,K)
ZCU P(I) Binary parameter of cold utility existence 
ZHU_P(J) Binary parameter of hot utility existence

NEW_Z_P(I,J,K,BH,BC,SK)
NEW_ZCU_P(I)
N E W Z H U P (J)

•BOUND OF HEAT EXCHANGE _  [PARAMETER].........................
QUP_P(I,J,K,BH,BC,SK) Upper bound of heat exchange 
QLO_P(I,J,K,BH,BC,SK) Lower bound of heat exchange

•FOR LOGICAL CONSTRAINTS _  [PARAMETER] 
OMEGA(I,J) Upper bound for heat exchange 
HCT_P(I) Heat content of hot stream 
CCT P(J) Heat content of cold stream

GAMMA(I,J)
GAMMAH(I)
GAMMAC(J)
BETA(I,J)

Upper bound for temperature difference 
Upper bound for temperature difference of hot stream 
Upper bound for temperature difference of cold stream 

exponent for area costs of HX I-J
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BETACU(I) exponent for area costs of cooler 
BETAHU(J) exponent far area costs of heater

*OVERALL HEAT TRANSFER COEFFICIENT
บ(I,J) overall heat transfer coeff. of heat exchanger of I-J [KW*(m2*K)-

1]
UCU(I) overall heat transfer coeff. of cooler 
UHU(J) overall heat transfer coeff. of heater 

*บ (บ ) = [H(I)*H(J)]/[H(I)+H(J)]
DTCUP(I)
DTHUP(J)

* * * * * jy  * * * * *
EXAi(I,J,K)
EXACUi(I)
EX_AHUi(J)
EX_Zi(น ,K)
EX ZCU i(I)
EX_ZHUi(J)
EX_Ai_M AX( I, J,K)
EX qcui(I)
EX qhui(J)

DTHUP(J) = THUIN-TCOUT(J); 
DTCUP(I) = THOUT(I)-TCUIN; 
BETA(I,J) = 0.6;
BETACU(I) = 0.6;
BETAHU(J) = 0.6;
บ (บ ) =0.8;
UCU(I) =0.8;
UHU(J) =0.8;

๐



* * * r e t r o f it * * * * *
EX_Ai('I27J2','KFIRST) = 46.74; 
EX_Ai('I2','J2','K2') = 0; 
EX_Ai('I2','J27K3') = 0; 
EX_Ai('I2','J27KLAST') = 0; 
EX_Ai(’I2',’J17K2') = 68.72; 
EX_Ai('I2','J 1’,'KFIRST') = 0; 
EX_Ai(’I27J17K3') = 0; 
EX_Ai('I27J 1 ','KL AST') = 0;

EX_Ai('11 VJ 1 ','KFIRST') = 38.31; 
E X A iÇ I1 ','J 17K2') = 0;
E X A iÇ I17 J17K3') = 0;
E X A iÇ I17 J1 ','KLAST') = 0; 
EX_Ai('I17J2',K) = 0;

EX ACUiÇI1 ') = 40.23; 
EX_ACUi('I2') = 0;

EX_AHUi('J2') = 35.0; 
E X A H U i('Jl') = 0;

EX_Zi('I2','J2','KFIRST')= 1; 
EX_Zi('I2','J27K2') = 0; 
EX_Zi('I27J27K3') = 0; 
EX_Zi(’I27J27KLAST) = 0;

EX_Zi('I27J17K2')= 1; 
EX_Zi('I27J 17KFIRST') = 0; 
EX_Zi('I27Jl','K3') = 0; 
EX_Zi('I27J 1 ','KLAST') = 0;



EX_Zi(,Il','jr;K FIR ST ')=  1; 
E X _Z i('ir,'Jr,,K2l) -  0; 
EX_Zi('Il VJ1','K3') = 0; 
EX_Zi('11 ','J 1 ','KLAST') = 0; 
EX ZCUi('Il') = 1;: ' 
EX_ZCUi('I2') = 0;

EX_ZHUi('J2')= 1; 
EX_ZHUi('Jl') = 0;

EX qcui('11 ’) = 1900;
EX_qhui('J2')= 1500;

VARIABLES
^TEMPERATURE OF PROCESS STREAM....................................................

th(I,K) Temperature of hot stream at stage K
thp(I,K,BH,SK) Temperature of hot stream at sub-stage SK In stage K
tc(J,K) Temperature of cold stream at stage K
tcp(J,K,BC,SK) Temperature of cold stream at sub-stage SK In stage K
thpi(U K )
tcpi(I,J,K)

*HEAT CAPACITY FLOWRATE OF PROCESS
STREAM.............. ..........................

f(I,J,K)
g(U,K)
fhp(I,K,BH) Branch flow parameter of hot stream 
fcp(J,K,BC) Branch flow parameter of cold stream

•^MULTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE
(T*FCP).....................



fhpt(I,K,BH,SK) Multiple of temperature and heat flow of hot stream 
fcpt(J,K,BC,SK) Multiple of temperature and heat flow of cold stream 
fbhpt(I.K) 
fbcpt(J.K)

*HEAT EXCHANGE................... • ................................................
qi(l,J,K)
qh(K,I,BH,SK) Heat exchange of hot splitting BH In sub-stage SK 
qhKb(K,I,BH) Heat exchange of hot splitting BH at stage K 
qhK(K ,1) Heat exchange of hot (I-J ) at stage K
qhc(K) Heat exchange of hot stream I In stage K

qc(K,J,BC,SK) Heat exchange of hot and cold (I-J) In sub-stage SK 
qcKb(K,J,BC) Heat exchange of cold splitting BC at stage K 
qcK(K,J) Heat exchange of cold (I-J) at stage K 
qch(K) Heat exchange of cold stream I In stage K

TOTALqex Total heat exchange 
TOTAL HU Total hot utility
TOTAL CU Total cold utility

* RETROFIT_____ _ "ADDITIONAL HEAT EXCHANGE"
add qcui(I) 
addqhui(J) 
addqcu(I) 
add_qhu(J) *

* RETROFIT_______ "COST"
counthxi 
counthx 
counthxri 
counthx r



costhx ri
costhx r
costhui
costhu
costhuri
costhu r
costcui
costcu
costcu ri
costcu r
fixcosthxi
fixcosthx
addareai
addarea
costareaaddi
costareaadd
costareahui
costareahu
costareacui
costareacu
areacosti
areacost
capitalcosti
capital cost

costi 1
C0Sti2
costi3
costii
costi
C0St2
cost3
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OBJcostl
OBJcost2
OBJcost3
costi

B I N A R Y  V A R IA B L E S
♦ EX IST E N C E  O F E X C H A N G E R .......................................................................

zi(I,J,K)
zcui(I)
zhui(J)
new_zi(I,J,K)
newzcui(I)
newzhui(J)

z(I,J,K;BH,BC,SK) Existence of exchanger I-J In each sK 
zcu(I) Existence of cold utility
zhu(J) Existence of hot utility

new_z(I,J,K,BH,BC,SK)
newzcu(I)
newzhu(J)

POSITIVE VARIABLES 
♦ TEMPERATURE APPROACH 

dthi(I,J,K) 
dtci(I,J.K) 
dtcui(I) 
dthui(J)

dth(I,J,K,BH,BC,SK) Temperature difference at "hot end" of exchanger



dtc(I,J,K,BH,BC,SK) Temperature difference at "cold end" of exchanger 
dtcu(I) Temperature difference of cold utility 
dthu(J) Temperature difference of hot utility

*AREA...........................................................................
*LOG MEAN TEMPERATURE DIFFERENCE..............................

LMTDHX(I,J,K,BH,BC,SK) Log mean emperature difference of 
exchanger I-J

LMTCU(l) Log mean emperature difference of cold utility
LMTHU(J) Log mean emperature difference of hot utility

LMTDHXi(I,J,K)
LMTCUi(I)
LMTHUi(J)

*AREA....................................................................................
ai(U,K)
acui(I)
ahui(J)
a(I,J,K,BH,BC,SK) Heat exchange area of process exchanger 
acu(I) Heat exchange area of cold utility 
ahu(J) Heat exchange area of hot utility

* ADDITIONAL AREA...............................................................
add_ai (น , K)
addacui(l)
addahui(J)

add_a(I,J,K,BH,BC,SK)
addacu(I)
add ahu(J)



*HEATEXCHANGE..................................................................
qi(I,J,K)
qcui(I)
qhui(J)
q(I,J,K,BH,BC,SK) Heat exchange between process stream I-J 
qcu(I) Heat exchange of cold utility
qhu(J) Heat exchange of hot utility

♦ NUMBER OF HEAT EXCHANGER IN EACH STAGE K
nexh(I,K) Existence of exchanger I-J of stream I In each K
nexc(J,K) Existence of exchanger I-J of stream J In each K

SCALARS HI,CJ;
HI=1;
CJ=1;
♦ LOOP OF HOT PROCESS STREAM.....................................................
FOR(HI=l to CARD(I),

HCT_P(I)$[ORD(I) = HI] = FH(I)*(THIN(I)-THOUT(I)); 
GAMMAH(I)$[ORD(I) = HI] = THIN(I)-THOUT(I); 

♦ TEMPERATURE
th.lo(I,K)$[ORD(I) = HI] = THOUT(I); 
th.up(I,K)$[ORD(I) = HI] = THIN(I); 
thp.lo(I,K,BH,SK)$[ORD(I) = HI] = TMIN; 
thp.up(I,K,BH,SK)$[ORD(I) = HI] = TMAX;

♦ HEAT CAPACITY FLOWRATE
fhp.lo(I,K,BH)$[ORD(I) = HI] = 0; 
fhp.up(I,K,BH)$[ORD(I) = HI] = FH(I);

♦ MULTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE 
(T*FCP)

fhpt.lo(I,K,BH,SK)$[ORD(I) = HI] = 0; 
fhpt.up(I,K,BH,SK)$[ORD(I) = HI] = FH(I)*TMAX; 
fbhpt. lo(I,K)$ [ORD(I) = HI] = 0;
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fbhpt.up(I,K)$[ORD(I) = HI] =FH(I)*THIN(I);
*HEATEXCHANGE

qh.lo(K,I,BH,SK)$[ORD(I) = HI] = 0; 
qh.up(K,I,BH,SK)$[ORD(I) = HI] = HCT P(I); 
qhKb.lo(K,I,BH)$[ORD(I) = HI] = 0; 
qhKb.up(K,I,BH)$[ORD(I) = HI] = HCT P(I); 
qhK.lo(K,I)$[ORD(I) = HI] = 0; 
qhK.up(K,I)$[ORD(I) = HI] = HCT_P(I); 
qhc.lo(K) = 0; 
qhc.up(K) = CUM AX; 
qcu.lo(I)$[ORD(I) = HI] = 0; 
qcu.up(I)$[ORD(I) = HI] = HCT_P(I);

qcui.up(I)$[ORD(I) = HI] = 0; 
qcui.up(I)$[ORD(I) = HI] = HCT_P(I);

*LOOP OF COLD PROCESS STREAM.....................................................
For(CJ=l to CARD(J),

CCT_P(J)$[ORD(J) -  CJ] = FC(J)*(TCOUT(J)-TCIN(J)); 
GAMMAC(J)$[ORD(J) = CJ] = TCOUT(J)-TCIN(J); 

^TEMPERATURE
tc.lo(J,K)$[ORD(J) = CJ] = TCIN(J); 
tc.up(J,K)$[ORD(J) = CJ] = TCOUT(J); 
tcp.lo(J,K,BC,SK)$[ORD(J) = CJ] = TMIN; 
tcp. up( J ,K,BC,SK)$ [ORD( J) = CJ] = TMAX;

*HEAT CAPACITY FLOWRATE
fcp. lo(J,K,BC)$[ORD(J) = CJ] = 0; 
fcp.up(J,K,BC)$[ORD(J) = CJ] = FC(J);

* MULTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE 
(T*FCP)

๐



fcpt.lo(J,K,BC,SK)$[ORD(J)= CJ] = 0; 
fcpt.up(J,K,BC,SK)$[ORD(J) = CJ] = FC(J)*TMAX; 
fbcpt.lo(J,K)$[ORD(J) = CJ] = 0; 
fbcpt.up(J,K)$[ORD(J) = CJ] = FC(J)*TCOUT(J);

*HEATEXCHANGE
qc.lo(K,J,BC,SK)$[ORD(J) = CJ] = 0;
qc.up(K,J,BC,SK)$[ORD(J) = CJ] = CCTP(J);
qcKb.lo(K,J,BC)$[ORD(J) = CJ] = 0;
qcKb.up(K,J,BC)$[ORD(J) = CJ] = CCT P(J);
qcK. lo( K, J )$ [ORD( J ) = CJ] = 0;
qcK.up(K,J)$[ORD(J) = CJ] = CCT P(J);
qch.lo(K) = 0;
qch.up(K) = HUMAX;
qhu. lo( J)$ [ORD(J) = CJ] = 0;
qhu. up(J)$[ORD(J) = CJ] = CCT P(J);

qhui.lo(J)$[ORD(J) = CJ] = 0; 
qhui.up(J)$[ORD(J) = CJ] = CCT_P(J);

*............................... BOUNDS

*

qi.lo(I,J,K) = 0;
qi.up(I,J,K) = MIN(HCT_P(I),CCT_P(J));

f.lo(I,J,K) = 0;
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f. up(I,J,K) = FH(I);
g. lo(l,J,K) = 0; 
g.up(I,J,K) = FC(J);

thpi.lo(I,J,K) = TMIN; 
thpi.up(I,J,K) = TMAX; 
tcpi.lo(I,J,K) = TMIN; 
tcpi.up(I,J,K) = TMAX;

* BOUND OF HEAT EXCHANGE _ [PARAMETER].........................................
QUP_P(I,J,K,BH,BC,SK) = MIN(HCT_P(I),CCT_P(J),MAX(0,(THIN(I)- 

TCIN(J)-EMAT)*MIN(FH(I),FC(J))));
QLO_P(I,J,K,BH,BC,SK) = 1* บ(น)*EM AT;

*FOR LOGICAL CONSTRAINTS _  [PARAMETER].........................................
OMEGA(U) = MIN(HCT_P(I),CCT_P(J));
GAMMA(I,J) = MAX[0,(THIN(I)-TCIN(J)),(THIN(I)- 

TCOUT(J)),( THOUT(I)-TCIN(J)),
(THOUT(I)-TCOUT(J)),(TCIN(J)-THIN(I)),(TCIN(J)-THOUT(I)),
(TCOUT(J)-THIN(I)),(TCOUT(J)-THOUT(I))];

*................................BQUATION

EQUATIONS

thinassign(I) assignment of inlet hot temperatures
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tcinassign(J) assignment of inlet cold temperature

hotk(K,I) heat balance for hot stream at each stage 
coldk(K,J) heat balance for cold stream at each stage

qhnoniso(l, .โ,K) 
qcnoniso(I,J,K)

thoutst(I,K)
tcoutst(J,K)

qcooler(I) cold utility load 
qheater(J) hot utility load

hoteqi(I) overall heat balance for hot stream 
coldeqi(J) overall heat balance for cold stream

logif(I,J,K)
logig(U,K)

sumf(I,K)
sumg(J,K)

monoth(I,K)
monothout(I)

superstructure
monotc(J,K)
monotcout(J)

superstructure

monotonie decrease in temperature for hot stream at each stage 
monotonie decrease in temperature for hot stream at outlet of

monotonie decrease in temperature for cold stream at each stage 
monotonie decrease in temperature for cold stream at outlet of

monothpmin(I,J,K)
monothpmax(I,J,K)
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monotcpmin(I,J,K)
monotcpmax(I,J,K)

logiqi(I,J,K)
logiqcu(l)
logiqhu(J)

logical constraint for qi(ijk) 
logical constraint for qcu(i) 
logical constraint for qhu(j)

k

k

dthimin(I,J,K) minimum temperature approach for hot end of HX i-j at stage 

dtcimin(I,J,K) minimum temperature approach for cold end of HX i-j at stage

dtcuimin(I) minimum temperature approach for cooler 
dthuimin(J) minimum temperature approach for heater

logidthi(I,J,K) logical constraint for dt(ijk) at inlet of stage k 
logidtci(I,J,K) logical constraint for dt(ijk) at outlet of stage k 
logidtcu(I) logical constraint for dtcu(i) 
logidthu(J) logical constraint for dthufj)

LMTHci(I,J,K)
LMTDi(I,J,K)
LMTCUci(I)
LMTDCUi(I)
LMTDHUi(J)
LMTHUci(J)
AREAi(I,J,K)
AREACUi(I)
AREAHUi(J)

add_areai_lo(I,J,K) 
addareai_hi(I,J,K) 
add areac ui _1 o(I)

o
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addareacui hi(I) 
add areahui lo(J) 
add areahui hi(J) 
add huifl)
addcui(J) ะ''
add hxil(I,J,K)
add hxi2(I,J,K)
addcuil(I)
add_cui2(I)
addhuil(J)
add_hui2(J)

numberHXi
numberHX ri
hxcostri
hucosti
hucostri
cucosti
cucostri
fixhxcosti "°
areaaddi
areaaddcosti
areahucosti
areacucosti
totalareacosti
capcostperyri

obji 1 objective function to be minimized
obji2
obji3
objii

๐
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jje:fc:icîi:î}îîfc;îc:fcî}c:}î:Jîïf::Jcî}cî{<ะ :} c ^ î4 î^ is ic ^ :^ c ^ î^ :^ î4 :^ î^ c ^ c ^ :^ :^ c ^ c ^ î^ c ^ î^ ะ îjc :): ÎJC îj< îjc 5}c 5}c îfc =fc ะfc ^c ะr= ะ{c 5(C ^ะ sf:: %: =£c ะเะ 3jc if::{îîjîî(c :f:îfc :J«î}î

*HEAT CONSTRAINT FOR LAST SUB-STAGE (ALL SPLITTING STREAM 
ARE MERGED,NO HEAT TRANSFERRING)
QSKLAST(I,J,K,BH,BC)

* 1. OVERALL HEAT BALANCE FOR EACH

HOTEQ(I)
COLDEQ(J)

* 2. HEAT BALANCE AT EACH STAGE
*  *  *  *  ^  *  *  *  ^  *  *  sfc ^: *  *  *  5fc *  j{c *  *  ^  4: *  *  îJc î{î H: *  *  *  % *  *  ะ*: *  *  *  *  *  *  ะ*: *  *  ะ*: *  *  *  *  ะ*: ะ}:

HOTCOLDK(K)

QHC_K(K)
QHK_K(K,I)
QCHJC(K)
QCK_K(K,J)

4X

* 3. HEAT BALANCE AT EACH SUB-STAGE
g * * * * * * * * * * * * * * * =1= * * * * * * * ะ):********** * * % * :(ร * * * sic * ะ): if:
*[VARIABLE]
QHKSK(KJ)
SUMSK_QH(K,I,BH)
SUMJ_BC_Q(I,K,BH,SK)
QH_SK(I,K,BH,SK)
HOT_SK(I,K,BH,SK)
FHPT_SK(I,K,BH,SK)
QCK_SK(K,J)
SUMSK_QC(K,J,BC)
รบMI_BH_Q(J,K,BC,SK)

จ
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QC_SK(J,K.BC,SK)
COLD SK(J,K,BC,SK)
FCPT_SK(J.K,BC,SK)
*[FLOW PARAMETER]
H O TS K_P( I,K,BH, SK)
FHPT_SK_P(1,K,BH,SK)
COLD_SK_P(J,K,BC,SK)
FCPT _SK_P(J,K,BC,SK)

* 4. COLD/HOT
ITY* ****** * ********** *** * ********** ***** **************** ะ(c * * * * ï(= *

QCULOAD(I)
QHULOAD(J)

* 5. TEMPERATURE
ASSIGNMENT*******************************************************
ASSIGNTHK(I)
ASSIGNTH_SK(I,K)
ASSIGNTH_BYPASSH(I,K)
HMIX(I,K)
ASSIGNTH_TSK(I,K,BH)
ASSIGNTCK(J)
ASSIGNTC_SK(J,K)
ASSIGNTH_BYPASSC(J,K)
CMIX(J,K)
ASSIGNTC_TSK(J,K,BC)
*[FLOW PARAMETER]
ASSIGNTH_SK_P(I,K)
ASSIGNTH_BYPASSH_P(I,K)
HMIX_P(I,K)
ASSIGNTC_SK_P(J,K)
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C M IX _ P (J ,K )

* 7. T E M P E R A T U R E
F E A S I B I L I T Y * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
T H F E A S _ K (I ,K )
T H P F E A S _ S K (I ,K ,B H ,S K )
T H F E A S K L A S T ( I )
T H P F E A S _ S K _ M IN (I ,K ,B H ,S K )
T H P F E A S  S K _ M A X (I ,K ,B H ,S K )
T  c  FE A S _ K ( J ,K )
T C P F E A S _ S K (J ,K ,B C ,S K )
T C F E A S  K F IR S T (J )
T C P F E A S  _ S K _ M IN (J ,K ,B C ,S K )
T C P F E A S _ S K _ M A X (J ,K ,B C ,S K )

* 8. F L O W
F E A S I B I L I T Y * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* [V A R IA B L E ]
S U M F H P (I ,K )
S U M F C P (J ,K )
* [F L O W  P A R A M E T E R ]
S U M F H P _ P (I ,K )
S U M F C P _ P (J ,K )

* 9 . L O G IC A L  C O N S T R A IN T S  [H E A T  E X C H A N G E  
B R A N C H + B Y P A S S ]  * * * * * * * * * * * * * * * * *  * * * * * * * * * * * *

* * * * * * * * * * *  * f-[p A T  E X C H A N G E *  * * * * * * * * * * *

*[ Z -V A R IA B L E ]
L O G q (I ,J ,K ,B H ,B C ,S K )
L O G Q C U (I)

ASSIGNTH_BYPASSC_P(J,K)
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LOGQHU(J)
* [Z-P ARAMETER]
LOGQ P(1,J,K,BH,BC,SK) 
LOGQCU P(I)
LOGQHU P(J)

*10.OTHER
CONSTRAINTS******************************************************

*=«= ******* ***MAXIMUM m a t c h in g ************
*[ z- VARIABLE]
CONZ1 (I,K,BH,SK)
CONZ2(J,K,BC,SK)
CONZ3(I,J,K)
CONZH(I,K)
CONZC(J,K)
*[ Z-P ARAMETER]
C0NZ1JP(I,K,BH,SK)
CONZ2_P(J,K,BC,SK)
CONZ3_P(I,J,K)
CONZHP(LK)
CONZC_P(J,K)
* * * * * N = * * * * * p p Q ^ y  ( ^ Q N S T R A I N T * * * * * * * * * * * *

*[VARIABLES]
CONFLO WH 1 (I,K,BH)
CON FLOWH2(I,K,BH)
CONFLO w c  1 (J,K,BC)
CON_FLOWC2(J,K,BC)
*[FLOW PARAMETER]
CON_FLOWHl_F_P(I,K,BH)

o



CON _FLOWH2_F_P(I,K,BH)
CON FLOwc 1 F_P(J,K,BC)
CON FLOWC2 F P(J,K,BC)

*[ MATCH (Z) -PARAMETER]
*CON_FLOWH3 z  P(I,K,BH,SK) 
*CON_FLOWC3_Z_P(J,K,BC,SK)
*[ MATCH+FLOW (Z) -PARAMETER]
*CON_FLOWH3_ZF_P(I,K,BH,SK)
*CON_FLOWC3_ZF_P(J,K,BC,SK)
************MASร BALANCE AT EACH STAGE***** 
MASSKHl(LK)
MASSK_C1(J,K)
ะ!.-********* **(2 ONSTR AINT* ********************
CONCUl
CONCU2
CON_CU3(I)
CONCU4
CONHUl
CONHU2
CON_HU3(J)
CONHU4
CONQ_UP (น , K,BH,BC,SK)
CONQ_LO(I,J,K,BH,BC,SK)
CONEX

*11. CALCULATION OF APPROACH
T E M P E R  A T I  I R E * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

*[ z - VARIABLE]
DTHMIN(I,J,K,BH,BC,SK)
DTHMAX(I,J,K,BH,BC,SK)
DTCMIN(I,J,K,BH,BC,SK)
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DTCMAX(U,K,BH,BC,SK)

DTCUMIN(I)
DTCUMAX(I)
DTHUMIN(J)
DTHUMAX(J)
*[ z -  PARAMETER]
DTHMIN_P(น ,K,BH,BC,SK)
DTHMAX_P(I,J,K,BH,BC,SK)
DTCMIN_P(I,J,K,BH,BC,SK)
DTCMAX_P(I,J,K,BH,BC,SK)

DTCUMINP(I)
DTCUMAX P(I)
DTHUMINP(J)
DTHUMAXP(J)

* 12. AREA
J7 Q P J  ON **:,:!,::,!******:!:****:):*:!:**********:,:************************:):*!1ะ*

-ÉX
LMTD(I,J,K,BH,BC,SK)
LMTHc(I,J,K,BH,BC,SK)
LMTDCU(I)
LMTCUc(I)
LMTDHU(J)
LMTHUc(J)

AREA(I,J,K,BH,BC,SK)
AREACU(I)
AREAHU(J)

o



addarea 1o(I,J,K,BH,BC,SK) 
add area 1 o_P(I, J,K, B H, BC,S K) 
add area hi(I,J,K,BH,BC,SK) 
add area hi P(I,J,K,BH,BC,SK) 
add areacu lo(I) 
addareacน 10 P(I) 
add areacu hi(I) 
addareacu hi P(I) 
add areahu lo(J) 
add_areahu lo P(J) 
addareahuhi(J) 
add areahu hi P(J)

add_hu(I)
addcu(J)
addhx 1 (บ , K,BH,BC,SK)
addhx 1_P(U,K,BH,BC,SK)
add_hx2(I,J,K,BH,BC,SK)
add_hx2J>(I,J,K,BH,BC,SK)
addcul(I)
ad d c u lP (I)
add_cu2(I)
addcu2P (I)
addhul(J)
ad d h u lP (J )
add_hu2(J)
add_hu2_P(J)

numberHX



170

numberHXr
hxcostr
hucost
hucostr
cuoost
cucost r
fixhxcost
areaadd
areaaddcost
areahucost
areacucost
totalareacost
capcostperyr

obj 1 objective function to be minimized
obj2
obj 3
OBJFN1
OBJFN2
OBJFN3
obji

3)C3|C3|C3f=3|e3|e3f£3|;3ÿ:3{£ะ#C3fe

********************************************ร|=***:):**=(:******:1:*:1:*******

hoteqi(I).. FH(I)*(THIN(I)-THOUT(I)) =e= sum((J,K),qi(I,J,K)) + qcui(I); 
coldeqi(J).. FC(J)*(TCOUT(J)-TCIN(J)) =e= sum((I,K),qi(U,K)) + qhui(J);

hotK(K,I)$(ORD(K) NE CARD(K)).. FH(I)*(th(I,K) - 
th(I,K+ใ)) =e= sum(J,qi(I,J,K)) ;
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coldK(K,J)$(ORD( K) NE CARD(K)).. FC(J)*(tc(J,K) - 
tc(J,K+l)) =e= sum(I,qi(I,J,K));

qcooler(I).. FH(I)*(th(I,’KLAST')-THOUT(I)) =e= qcui(I) ;
qheater(J).. FC(J)*(TCOUT(J)-tc(j;KFIRST')) =e= qhui(J);

qhnoniso(I,J,K)$(ORD(K) NE
CARD(K)).. qi(I,J,K) =1= (f(U,K)+0.001)*(th(I,K)-thpi(I,J,K));
qcnoniso(I,J,K)$(ORD(K) NE
CARD(K)).. qi(I,J,K) =1= (g(I,J,K)+0.001)*(tcpi(I,J,K)-tc(J,K+l));

thoutst(I,K)$(ORD(K) NE
CARD(K)).. th(I,K+l)*FH(I) =1= sum(J,f(I,J,K)*thpi(I,J,K));
tcoutst(J,K)$(ORD(K) NE
CARD(K)).. tc(J,K)*FC(J) =1= sum(I,g(I,J,K)*tcpi(I,J,K));

logif(I,J,K)$(ORD(K) NE CARD(K)).. f(I,J,K) =1= FH(I);
logig(I,J,K)$(ORD(K) NE CARD(K)).. g(I,J,K) =1= FC(J);

sumf(I,K)$(ORD(K) NE CARD(K)).. sum(J,f(I,J,K)) =1= FH(I);
sumg(J,K)$(ORD(K) NE CARD(K)).. sum(I,g(I,J,K)) =1= FC(J);

monoth(I,K)S(ORD(K) NE CARD(K)).. th(I,K) =g= th(I,K+l);
monothpmax(I,J,K)$(ORD(K) NE
CARD(K)).. thpi(UK) =g= TMIN;
monothpmin(I,J,K)$(ORD(K) NE
CARD(K)).. thpi(I,J,K) =1= TMAX;
monothout(I).. th(I,'KLAST') =g= THOUT(I);
monotc(J,K)$(ORD(K) NE CARD(K)).. tc(J,K) =g= tc(J,K+l);
monotcpmax(I,J,K)$(ORD(K) NE CARD(K)).. tcpi(I,J,K) =g= TMIN;
monotcpmin(I,J,K)$(ORD(K)NECARD(K)).. tcpi(I,J,K) =1= TMAX;
monotcout(J). tc(J,'KFIRST’) =1= TCOUT(J);
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thinassign(I).. THIN(I) =e= th(I,'KFIRST'); 
tcinassign(J).. TCIN(J) =e= tc(J,'KLAST');

logiqi(I,J,K)S(ORD(K) NE 
CARD(K)).. qi(I,J,K) 
logiqcu(I).. qcui(I)
logiqhu(J).. qhui(J)

OMEGA(I,J)*zi(I,J,K); 
=1= HCT_P(I)*zcui(I);
=1= CCT_P(J)*zhui(J);

dthimin(I,J,K)$(ORD(K) NE CARD(K)).. dthi(I,J,K) =g= EMAT;
dtcimin(I,J,K)$(ORD(K) NE CARD(K)).. dtci(I,J,K) =g= EMAT;
dtcuimin(I).. dtcui(I) =g= EMAT;
dthuimin(J).. dthui(J) =g= EMAT;

logidthi(I,J,K)$(ORD(K) NE CARD(K)).. dthi(I,J,K) =1= th(I,K)-
tcpi(I,J,K)+GAMMA(I,J)*( 1 -zi(I,J,K)); 
logidtci(I,J,K)$(ORD(K) NE
CARD(K)).. dtci(I,J,K) =1= thpi(I,J,K)-
tc(J,K+1 )+GAMMA(I, J) * ( 1 -zi(I,J,K));
logidtcu(I).. dtcui(I) =1= th(I,'KLAST')-
TCUOUT+GAMMAH(I)*(l-zcui(I));
logidthu(J).. dthui(J) =1= THUOUT-
tc(J,'KFIRST')+GAMMAC(J)*( 1 -zhui(J));

*LMTHci(I,J,K)$(ORD(K) NE CARD(K)).. LMTDHXi(I,J,K) =L=
0.5 *(dthi(I, J,K)+dtci(I, J,K));
LMTDi(I,J,K)$(ORD(K) NE CARD(K)).. LMTDHXi(I,J,K) =E= 
(2/3)*((dthi(I,J,K)+0.0001)* *0.5 )*^ฝ (1 ,;^ )+ 0 .0001 )**0.5)+( 1 /6)*dthi(I,J,K)+( 1 /
6)*dtci(I,J,K);
*LMTCUci(I).. LMTCUi(I) =L= 0.5*(dtcui(I)+(th(I,'KLAST’)-THOUT(I))); 
LMTDCUi(I).. LMTCUi(I) =E=
(2/3)*((dtcui(I)+0.0001)**0.5)*((DTCUP(I)+0.0001)**0.5)+(l/6)*dtcui(I)+(l/6)*D

๐
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TCUP(I);

LMTDHUi(J).. LMTHUi(J) =E=
(2/3)*((dthui(J)+0.0001 )**0.5)*((DTHUP(J)+0.000 l)**0.5)+(l/6)*dthui(J)+(l/6)*D 
THUP(J);
*LMTHUci(J).. LMTHUi(J) =L= 0.5*(dthui(J)+(TCOUT(J)- tc(J,’KFIRST’)));

AREAi(I,J,K)$(ORD(K) NE CARD(K))..qi(U,K)-
((ai(I, J,K)+0.0001 )* *( 1/BET A(I, J ))* บ(I, J)* LMTDHXi(I, J,K)) =L= 0;
AREACUi(I).. qcui(I)-((acui(I)+0.0001 )**(l/BETACU(l))*UCU(I)*LMTCUi(I))
=1= 0;
AREAHUi(J).. qhui(J)-
((ahui(J)+0.0001 )**( l/BETAHU(J))*UHU(J)*LMTElUi(J)) =1= 0;

add_areai_lo(I,J,K)$(ORD(K) NE CARD(K)).. add_ai(U,K)-
(0.0001 **(l/0.6)+4.308869E-7) =L= AREA_MAX-
(ai(I,J,K)+0.0001 )**( l/BETA(I,J))+EX_Ai(I,J,K)*zi(I,J,K);
add areai_hi(U,K)$(ORD(K) NE CARD(K)).. add_ai(l,J,K)-
(0.0001**(l/0.6)+4.308869E-7) =G= (ai(l,J,K)+0.0001)**(l/BETA(I,J))-
EX_Ai(I,J,K)*zi(I,J,K);
add areacui lo(I).. add acui(I)-(0.0001 **(1/0.6)+4.308869E-
7) =L= AREAJvlAX-
(acui(I)+0.0001)**(l/BETACU(I))+EX_ACUi(I)*zcui(I); 
add areacui hi(I).. add_acui(I)-(0.0001 **(l/0.6)+4.308869E-
7) =G= (acui(I)+0.0001 )* *( 1 /BET ACU(I))-EX_ÀCUi(I)*zcui(I);
addareahuilo(J).. add_ahui(J)-(0.0001**(l/0.6)+4.308869E-
7) =L= AREAMAX-
(ahui(J)+0.0001 )**( 1 /BETAHU(J))+EX_AHUi(J)*zhui(J); 
addareahuihi(J).. add_ahui(J)-(0.0001**(l/0.6)+4.308869E-
7) =G= (ahui(J)+0.000 !)**(!/BET AHU(J))-EX_AHUi(J)*zhui(J);

addhui(I).. addqcui(I) =G= qcui(I)-EX qcui(I)*EX_Zcui(l);
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add cui(J).. addqhui(J) =G= qhui(J)-EX_qhui(J)*EX_Zhui(J);

add hxi 1 (I,J,K)$(ORD(K) NE CARD(K)).. zi(I,J,K)- 
EX_zi(I,J,K) =E— new zi(U,K); 
add hxi2(I,J,K)$(ORD(K) NE
CARD(K)).. EX_zi(I,J,K)+new_zi(I,J,K) =L= 1;
add cuil(l).. zcui(I) =E= EX_zcui(I)+new zcui(I);
add _cui2(I).. 
add huil(J).. 
add_hui2(J)..

EX_zcui(I)+new_zcui(I) =L= 1 ; 
zhui(J) =E= EX_zhui(J)+new zhui(J); 
EX_zhui(J)+new_zhui(J) =L= 1 ;

numberEIXi..
hui(J));

counthxi =e= sum((I,J,K),zi(I,J,K))+sum(I,zcui(I))+sum(J,z

numberHXri.. counthxri =e= sum((I,J,K),new_zi(I,J,K))+sum(I,new_zcui
(I))+sum(J,new_zhui(J));
hxcostri.. costhxri =e= sum((I,J,K),NEW_CFHX*new_zi(I,J,K));
hucosti.. costhui =e= sum(J,NEW_CHU*qhui(J));
hucostri.. costhuri =e= sum(J,NEW_CHU*(EX_qhui(J)+add_qhui(J)));
cucosti.. costcui =e= sum(I,NEW_CCU*qcui(I));
cucostri..
fixhxcosti..

costcu ri =e=^ sum(I,NEW_CCU*(EX_qcui(I)+add_qcui(I))); 
fixcosthxi =e= NEW CFHX*counthx ri;

areaaddi.. addareai =e= sum((I,J,K),add_ai(I,J,K));
areaaddcosti.. costareaaddi =e= sum((I,J,K),NEW_ACHX*(add_ai(I,J,K)+0.0 
001)* *(BET A(I, J)));
areahucosti.. costareahui =e= รนทา(J,NEWACHU*(addahui(J)+0.0001 )**(
BETAHU(J)));
areacucosti.. costareacui =e= sum(I,NEW_ACCU*(add_acui(I)+0.0001)**(B 
ETACU(I)));
totalareacosti.. areacosti =e= costareaaddi+costareahui+costareacui; 
capcostperyri.. capitalcosti =e= (fixcosthxi+areacosti);
*objil : H+C utility cost

o
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*obji2 : Fixed cost of "NEW" HX
*obji3 : Additional area cost (assume 5 yrs)
*objii : Total annual cost
objil.. costi 1 =e= costhun+costcuri;
obj i 2.. costi2 =e= (fixcosthxi);
obji3.. costi3 e (costareaaddi+costareahui+costareacui);
objii.. costi i =e= costi l+costi2+costi3;

ะ*************************** £J]\[£) RETROFIT

*HEAT CONSTRAINT FOR LAST SUB-STAGE (ALL SPLITTING STREAM 
ARE MERGED,NO HEAT TRANSFERRING)
QSKLAST(I,J,K,BH,BC).. q(I,J,K,BH,BC,'SKLAST’) =E= 0;

* 1. OVERALL HEAT BALANCE FOR EACH 
STREAM* *****************************************
HOTEQ(I).. FH(I)*[THIN(I)-
THOUT(I)] =E= SUM((K,BH,J,BC,SK)$[(ORD(K) NE 

^CARD(K))AND(ORD(SK) NE CARD(SK))],q(I,J,K,BH,BC,SK)) + qcu(I); 
COLDEQ(J).. FC(J)*[TCOUT(J)- 
TCIN(J)] =E= SUM((K,BC,I,BH,SK)$[(ORD(K) NE 
CARD(K))AND(ORD(SK) NE CARD(SK))],q(I,J,K,BH,BC,SK)) + qhu(J);

* 2. HEAT BALANCE AT EACH STAGE

QHC_K(K)$[ORD(K) NE CARD(K)].. qhc(K) =E= SUM(I,qhK(K,I));
QHK_K(K,I)$[ORD(K) NE CARD(K)].. FH(I)*[th(I,K) -
th(I,K+l)] —E= qhK(K,I);
QHK_SK(K,I)$[ORD(K) NE
CARD(K)].. qhK(K,I) =E= SUM(BH,qhKb(K,I,BH));
SUMJ_BC_Q(I,K,BH,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE
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CARD(SK))].. qh(K,I,BH,SK) =E= SüM((J,BC),q(UK,BH,BC,SK));
รบMSK QH(K,I,BH)$[ORD(K) n e
CARD(K)].. qhKb(K,I,BH) =E= SUM(SK$(ORD(SK) NE
CARD(SK)),qh(K,I,BH,SK));
QCH_K(K)$[ORD(K) NE CARD(K)].. qch(K) =E= SUM(J,qcK(K,J));
QCK_K(K,J)$[ORD(K) NE CARD(K)].. FC(J)*[tc(J,K) -
tc(J,K+ใ)] =E= qcK(K,J);
QCK_SK(K.J)$[ORD(K) NE
CARD(K)].. qcK(K,J) =E= SUM(BC,qcKb(K,J,BC));
SUMI_BH_Q(J,K,BC,SK)$ [(ORD(K) NE cARD(K))AND(ORD( SK) NE 
CARD(SK))].. qc(K,J,BC,SK) =E= SUM((I,BH),q(I,J,K,BH,BC,SK)); 
SUMSK_QC(K,J,BC)$[ORD(K) NE
CARD(K)].. qcKb(K,J,BC) =E= SUM(SK$(ORD(SK) NE
CARD(SK)).qc(K,J,BC,SK));

HOTCOLD_K(K)$[ORD(K) NE CARD(K)].. qhc(K) =E= qch(K);

* 3. HEAT BALANCE AT EACH SUB-STAGE 

^[VARIABLE]
QH_SK(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. qh(K,I,BH,SK) =E= fhpt(I,K,BH,SK) - fhpt(l,K,BH,SK+l); 
HOT_SK(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. fhpt(I,K,BH,SK) -
fhpt(I,K,BH,SK+l) =E= fhp(I,K,BH)*[thp(I,K,BH,SK)-thp(I,K,BH:,SK+l)]; 
FHPT_SK(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. fhp(I,K,BH)*thp(I,K,BH,SK) =E= fhpt(I,K,BH,SK);
QC SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. qc(K,J,BC,SK) =E= fcpt(J,K,BC,SK)-
fcpt(J,K,BC,SK+l);
COLD_SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. fcpt(J,K,BC,SK) -
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fcpt(J,K,BC,SK+1 ) =E= f c p ( J , K , B C ) * [ t c p ( J , K , B C , S K ) - t c p ( J , K , B C , S K + l ) ] ;

FCPT_SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. fcp(J,K,BC)*tcp(J,K,BC,SK) =E= fcpt(J,K,BC,SK); 
*[FLOW PARAMETER]
HOT SK P(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. FHP_P(I,K,BH)*[thp(I,K,BH,SK)- 
thp(I,K,BH,SK+l)] =E= fhpt(I,K,BH,SK) - fhpt(I,K,BH,SK+l); 
FHPT_SK_P(I,K,BH,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. FHP_P(I,K,BH)*thp(I,K,BH,SK) =E= fhpt(I,K,BH,SK); 
COLD_SK_P(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. FCPP(J,K,BC)*[tcp(J,K,BC,SK)- 
tcp(J,K,BC,SK+1 )] =E= fcpt(J,K,BC,SK) - fcpt(J,K,BC,SK+l);
FCPT_SK_P(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. FCP__P(J,K,BC)*tcp(J,K,BC,SK) =E= fcpt(J,K,BC,SK);

* 4. COLD/HOT
บXILITY* *********************************************************** 
***
QCULOAD(I).. qcu(I) =E= [th(I,'KLAST')-THOUT(I)]*FH(I) ; 
QHULOAD(J).. qhu(J) =E= [TCOUT(J)-tc(J,'KFIRST’)]*FC(J) ;

* 5. TEMPERATURE
ASSIGNMENT******************************************************* 
ASSIGNTHK(I).. THIN(I) =E= th(I,’KFIRST');
ASSIGNTH_SK(I,K)$[ORD(K) NE
CARD(K)].. FH(I)*th(I,K) =E= SUM(BH,fhpt(I,K,BH/SKFIRST'))+
fbhpt(I,K);
ASSIGNTH_BYPASSH(I,K)$[ORD(K) NE
CARD(K)].. fbhpt(I,K) =E= (FH(I)-SUM(BH,fhp(I,K,BH)))*th(I,K);
HMIX(I,K)$[ORD(K) NE
CARD(K)].. FH(I)*th(I,K+l) =E= SUM(BH,fhpt(I,K,BH,'SKLAS
T))+fbhpt(I,K);



178

ASSIGNTH_TSK(I,K,BH)$[ORD(K) n e  CARD(K)]
TH(I,K) =E= thp(I,K,BH,'SKFIRST’);

ASSIGNTCK(J).. TCIN(J) =E= tc(J/KLAST');
ASSIGNTC_SK(J,K)$[ORD(K) NE
CARD(K)].. FC(J)*tc(J,K+l) =E= SUM(BC,fcpt(J,K,BC,’SKLAST')) ■■■■
+fbcpt(J,K+l);
ASSIGNTH_BYPASSC(J,K)$[ORD(K) NE 
CARD(K)].. fbcpt( J,K+1 ) =E= (FC(J)-
SUM(BC,fcp(J,K,BC)))*tc(J,K+1 );
CMIX(J,K)$[ORD(K) NE
CARD(K)].. FC(J)*tc(J,K) =E= SUM(BC,fcpt(J,K,BC,'SKFIRS
T'))+fbcpt(J,K+l);
ASSIGNTC_TSK(J,K,BC)$[ORD(K) NE CARD(K)]

TC(J,K+1) =E= tcp(J,K,BC,’SKLAST');

*[FLOW PARAMETER]
ASSIGNTH_SK_P(I,K)$[ORD(K) NE
CARD(K)].. FH(I)*th(I,K) =E= SUM(BH,FHP P(I,K,BH)*thp(I,K,BH,'ร
KFIRST'))+FBFIPT_P(I,K);
ASSIGNTH_BYPASSH_P(I,K)$[ORD(K) NE 
CARD(K)].. FBHPT_P(I,K) =E= (FH(I)-
SUM(BH,FHP_P(I,K,BH)))*th(I,K);
HMIX_P(I,K)$[ORD(K) NE
CARD(K)].. FH(I)*th(I,K+l) =E= SUM(BH,FHP_P(I,K,BH)*thp(I
,K,BH/SKLAST'))+(FF[(I)-SUM(BPI,FHP_P(I,K,BH)))*th(I,K); 
ASSIGNTC_SK_P(J,K)$[ORD(K) NE
CARD(K)].. FC(J)*tc(J,K+l) =E= SUM(BC,FCP_P(J,K,BC)*tcp(J,K,BC,'
SKLAST'))+FBCPT P(J,K+1 );
ASSIGNTH_BYPASSC_P(J,K)$[ORD(K) NE 
CARD(K)].. FBCPT_P(J,K+1) =E= (FC(J)-
SUM(BC,FCP_P(J,K,BC)))*tc(J,K+l);
CMIX_P(J,K)$[ORD(K) NE

๐
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CARD(K)].. FC(J)*tc(J,K) =E= SUM(BC,FCP_P(J,K,BC)*tcp(J,
K,BC/SKFIRST'))+(FC(J)-SUM(BC,FCP_P(J,K,BC)))*tc(J,K+l);

CONSTRAINT************
*[VARIABLES]
C0N_FL0WH1(I,K,BH)$[0RD(K) NE 
CARD(K)].. fhp(l,K,BH) =L= FH(I);
C0N_FL0WH2(I,K,BH)$[0RD(K)NECARD(K)].. fhp(I,K,BH) =G= 0;
CON_FLOWCl(J,K,BC)$[ORD(K) NE 
CARD(K)].. fcp(J,K,BC) =L= FC(J);
CON_FLOWC2(J,K,BC)$[ORD(K) NE CARD(K)].. fcp(J,K,BC) =G= 0;
*[FLOW PARAMETER]
CON_FLOWHl_F_P(I,K,BH)$[ORD(K) NE 
CARD(K)].. FHP P(I,K,BH) =L= FH(I); 
CON_FLOWH2_F_P(I,K,BH)$[ORD(K) n e  
CARD(K)].. FHP_P(I,K,BH) =G= 0;
CON_FLOWCl_F_P(J,K,BC)$[ORD(K) NE 
CARD(K)].. FCP_P(J,K,BC) =L= FC(J); 
CON_FLOWC2_F_P(J,K,BC)$[ORD(K) NE 
CARD(K)].. FCP_P(J,K,BC) =G= 0;
*[ MATCH (Z) -PARAMETER]
*CON_FLOWH3_Z_P(I,K,BH,SK)$[(ORD(K) n e  CARD(K))$(ORD(SK) n e  
CARD(SK))].. fhp(I,K,BH) =L= SUM((J,BC),Z_P(I,J,K,BH,BC,SK))*FH(
I) ;
*CON_FLO WC3_Z_P( J,K,BC, SK)$ [(ORD(K) NE CARD(K))$(ORD(SK) NE 
CARD(SK))].. fcp(J,K,BC) =L= SUM((I,BH),Z_P (น , K,BH,BC,SK))*FC(
J) ;
*[ MATCH+FLOW (Z) -PARAMETER]
*CON_FLOWH3_ZF_P(I,K,BH,SK)$[(ORD(K) NE CARD(K))$(ORD(SK) NE 
CARD(SK))].. FHP_P(I,K,BH) =L= SUM((J,BC),ZJP(I,J,K,BH,BC,SK))* 
FH(I);
*CON_FLOWC3_ZF_P(J,K,BC,SK)$[(ORD(K) NE CARD(K))$(ORD(SK) NE

๐
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CARD(SK))].. FCP__P(J,K,BC) =L= SUM((I,BH),Z_P (บ , K,BH,BC,SK))*
FC(J);

* 6. TEMPERATURE
J P I Y  Y *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  Hi*^** *̂ ^ * * * * ^ * * * * * * *

THFEAS_K(I,K)$[ORD(K) NE CARD(K)].. th(I,K) =G= th(I,K+l);
THPFEAS_SK(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(0RD(SK) n e  
CARD(SK))].. thp(I,K,BH,SK) =G= thp(I,K,BH,SK+l);
THFE AS_KL AST (I).. th(T'KLAST') =G= THOUT(I);
TCFEAS_K(J,K)$[ORD(K) NE CARD(K)].. tc(J,K) =G= tc(J,K+l );
TCPFEAS_SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. tcp(J,K,BC,SK) =G= tcp(J,K,BC,SK+l);
TCFEASKFIRST(J).. tc(J,’KFIRST') =L= TCOUT(J);

* 7. FLOW
FEASIBILITY ********************************************************

* [VARIABLE]
SUMFHP(I,K)$[ORD(K) NE 
CARD(K)].. SUM(£H,fhp(I,K,BH)) 
SUMFCP(J,K)$[ORD(K) NE 
CARD(K)].. SUM(BC,fcp(J,K,BC)) 
*[FLOW PARAMETER] 
SUMFHP_P(I,K)$[ORD(K) NE 
CARD(K)].. SUM(BH,FHP_P(I,K,BH)) 
SUMFCP_P(J,K)$[ORD(K) NE 
CARD(K)].. SUM(BC,FCP_P(J,K,BC))

=L= FH(I); 

=L= FC(J);

=L= FH(I); 

=L= FC(J);

* 8.LOGICAL CONSTRAINTS [HEAT EXCHANGE
y p a s  ร] **************************** *

*********** * h e a t  EXCHANGE* ***********

o
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*[ Z-VARIABLE]
LOGq(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. q(I,J,K,BH,BC,SK) - OMEGA(I,J)*z(I,J,K,BH,BC,SK) =L= 0;
LOGQCU(I).. qcu(I) - HCT_P(I)*zcu(I) =L= 0;
LOGQHU(J).. qhu(J) - CCT_P(J)*zhu(J) =L= 0;
*[Z-PARAMETER]
LOGQ P(I,TK,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. q(I,J,K,BH,BC,SK) - 
OMEGA(I,J)*Z_P(I,J,K,BH,BC,SK) =L= 0;
LOGQCU_P(l)..qcu(I)-HCT_P(I)*ZCU P(I) =L= 0;
LOGQHU P(J).. qhu(J) - CCT_P(J)*ZHU_P(J) =L= 0;

*9. OTHER
0  QN ร TRAINT ร******************************************************

*********** * MAXIMUM m a t c h in g ************
*[ z- VARIABLE]
CONZl(I,K,BH,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE
CARD(SK))]. SUM((J,BC),z(I,J,K,BH,BC,SK)) =L= 1;
CONZ2(J,K,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e
CARD(SK))].. SUM((I,BH),z(I,J,K,BH,BC,SK)) =L= 1;
CONZ3(I,J,K)$[ORD(K)NECARD(K)].. nexh(I,K) =E= nexc(J,K);
CONZH(I,K)$[ORD(K) NE CARD(K)]..
nexh(I,K) =E= SUM((J,SK,BH,BC),z(I,J,K,BH,BC,SK));
CONZC(J,K)$[ORD(K) NE CARD(K)]..
nexc(J,K) =E= SUM((I,SK,BH,BC),z(I,J,K,BH,BC,SK));
*[ Z-PARAMETER]
CONZl_P(I,K,BH,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. SUM((J,BC),Z_P(I,J,K,BH,BC,SK)) =L= 1;
CONZ2_P(J,K,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. SUM((I,BH),Z_P(I,J,K,BH,BC,SK)) =L= 1;
CONZ3_P(น ,K)$[ORD(K) NE CARD(K)].. ZH_P(I,K) =E= ZC_P(J,K);
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CONZH_P(I,K)$[ORD(K) NE
CARD(K)].. ZH_P(I,K) =E= SUM((J,SK,BH,BC),Z_P(I,J,K,BH,BC,SK)); 
CONZC_P(J,K)$[ORD(K) NE
CARD(K)].. ZC_P(J,K) =E= SUM((I,SK,BH,BC),Z_P(I,J,K,BH,BC,SK)); 

*MASS BALANCE AT EACH STAGE
MASSK H 1 (I,K)$(ORD(K) NE CARD(K)).. SUM(BH,fhp(I,K,BH))+(FH(I)- 
SUM(BH,fhp(I,K,BH))) =E= FH(I);
MASSK C 1 (J,K)$(ORD(K) NE CARD(K)).. SUM(BC,fcp(J,K,BC))+(FC(J)- 
SUM(BC,fcp(J,K,BC))) =E= FC(J);

* Heat Exchange and Heat & Cold utility constraints............................
* Cold utility....
CON CUl .. SUM(I,qcu(I))=G= CUMIN;
CON_Cบ2 .. รบM(I,qcu(I))=L= CUMAX;
CON_CU3(I).. qcu(I) =L= zcu(I)*HCT_P(I);
CON CU4 .. TOTAL CU =E= SUM(I,qcu(I));
* Hot utility. ..
CON HUl .. SUM(J,qhu(J))=G= HUMIN;
CON HU2 .. SUM(J,qhu(J))=L= HUMAX;
CON_HU3(J).. qhu(J) =L= zhu(J)*CCT_P(J);
CON_HU4 .. TOTAL HU =E= SUM(J,qhu(J));

* *̂*;!=*****=( ะ * g^Çjq^JvJQg************
*[ z- VARIABLE]
CON EX.. SUM((I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))],q(I,J,K,BH,BC,SK)) =G= HUMAX-T OT AL_HU ;
CONQ_UP(น ,K,BH,BC,SK)$[(ORD(K) NE cARD(K))AND(ORD(SK) NE 
CARD(SK))]
.. q(น ,K,BH,BC,SK) =L= z(I,J,K,BH,BC,SK)*QUP_P(I,J,K,BH,BC,SK); 
CONQ_LO (น , K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))]
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.. q(I,J,K,BH,BC,SK) =G= z(I,J,K,BH,BC,SK)*QLO P(I,J,K,BH,BC,SK);

* 10. CALCULATION OF APPROACH
TEMPERATURE *****************************************
*[ z- VARIABLE]
DTHMAX(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) ne  
CARD(SK))].. dth(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK)- 
tcp(J,K,BC;SK)+GAMMA(I,J)*(l-z(I,J,K,BH,BC,SK)); 
DTCMAX(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) ne  
CARD(SK))].. dtc(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK+l)-
tcp( J,K,BC,SK+1 )+GAMMA(I,J)*( 1 -z(I,J,K,BH,BC,SK));
DTCUMAX(I).. dtcu(I) =L= th(I,'KLAST')-
TCUOUT+G AMMAH(I)*( 1 -zcu(I));
DTHUMAX(J).. dthu(J) =L= THUOUT-
tc( J,'KFIRST')+GAMMAC(J)!|!( 1 -zhu(J));

DTHMLN(I,J,K,BH,BC,SK)$[(0RD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. dth(I,J,K,BH,BC,SK) =G= EMAT;
DTCMIN(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. dtc(I,J,K,BH,BC,SK) =G= EMAT;
DTCUMIN(I).. dtcu(I) =G= EMAT;
DTHUMIN(J).. dthu(J) =G= EMAT;

*[ z- PARAMETER]
DTHMAX_P(บ ,K,BH,BC,SK)$[(ORD(SK) NE CARD(SK)) AND (ORD(K) NE 
CARD(K))].. dth(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK)-
tcp(J,K,BC,SK)+GAMMA(I,J)*(l-Z_P(I,J,K,BH,BC,SK)); 
DTCMAX_P(I,J,K,BH,BC,SK)$[(ORD(SK) NE CARD(SK)) AND (ORD(K) NE 
CARD(K))].. dtc(I,J,K,BH,BC,SK) =L= thp(I,K,BH,SK+l)-
tcp(J,K,BC,SK+1 )+GAMMA(I,J)*( 1 -Z_P(I,J,K,BH,BC,SK));
DTCUMAXP(I).. dtcu(I) =L= th(I,'KLAST')-
TCUOUT+GAMMAH(I)*( 1 -ZCU_P(I));

o



184

DTHUMAXP(J).. dthu(J) =L= THUOUT-
tc( J,'KFIRST')+GAMMAC(J)*( 1 -ZHU P(J ));

DTHMIN P(I,J,K,BH,BC,SK)$[(ORD(SK) n e  CARD(SK)) a n d  (ORD(K) ne  
CARD(K))].. dth(I,J,K,BH,BC,SK) =G= EMAT;
DTCMIN„P(l,J,K,BH,BC,SK)$[(ORD(SK) n e  CARD(SK)) a n d  (ORD(K) n e  
CARD(K))].. dtc(I,J,K,BH,BC,SK) =G= EMAT;
DTCUMINP(I).. dtcu(I) =G= EMAT;
DTHUMINP(J).. dthu(J) =G= EMAT;

* 11. AREA
EQUATION
******
LMTHc(I,J,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) NE 
CARD(SK))] .. LMTDHX(I,J,K,BH,BC,SK) =L=
0.5*(dth(I,J,K,BH,BC,SK)+dtc(I,J,K,BH,BC,SK)); 
LMTD(U,K,BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))].. LMTDHX(U,K,BH,BC,SK) =E=

(2/3)*((dth(I,J,K,BH,BC,SK)+0.001)**0.5)*((dtc(I,J,K,BH,BC, 
SK)+0.001)**0.5)+(l/6)*dth(I,J,K,BH,BC,SK)+(l/6)*dtc(I,J,K,BH,BC,SK); 
LMTCUc(I).. LMTCU(l) =L= 0.5*(dtcu(I)+(th(I,'KLAST')-THOUT(I))); 
LMTDCU(I).. LMTCU(I) =E=
(2/3)*((dtcu(I)+0.001)**0.5)*((DTCUP(I)+0.001)**0.5)+(l/6)*dtcu(I)+(l/6)*DTCU
P(I);

LMTDHU(J).. LMTHU(J) =E=
(2/3)*((dthu(J)+0.00 ใ)**จ.5)*((DTHUP(J)+0.001)**0.5)+(l/6)*dthu(J)+(l/6)*DTH 
UP(J);
LMTHUc(J).. LMTHU(J) =L= จ. 5*(dthu(J)+(TCOUT(J)- tc(J/KFIRSr)));

AREA(I,J,K;BH,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) NE 
CARD(SK))]..q(I,J,K,BH,BC,SK)-

๐
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(a(I,J,K,BH,BC,SK)**(l/BETA(U))*U(U)*LMTDHX(I,J,K,BH,BC,SK)) =L= 0; 
AREACU(I).. qcu(I)-(acu(I)**(l/BETACU(I))*UCU(I)*LMTCU(I)) =1= 0;
AREAHU(J).. qhu(J)-(ahu(J)**( 1/BETAHU(J))*UHU(J)*LMTHU(J)) =1= 0;

ะ):************************** RETROFIT *

add_area_Io(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. add_a(I,J,K,BH,BC,SK)-(0.0001**(l/0.6)+4.308869E-7)

=L= AREAMAX-
(a(I,J,K,BH,BC,SK)+0.0001)**(l/BETA(I,J))+EX_Ai(I,J,K)*z(I,J,K,BH,BC,SK); 
add area lo_P(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. add_a(I,J,K,BH,BC,SK)-(0.0001**(l/0.6)+4.308869E-7)

=L= AREA_MAX-
(a(I,J,K,BH,BC,SK)+0.0001)**(l/BETA(I,J))+EX_Ai(I,J,K)*Z_P(I,J,K,BH,BC,SK)
5
add area_hi(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. add_a(I,J,K,BH,BC,SK)-(0.0001**(l/0.6)+4.308869E-7)

=G= (a(I,J,K,BH,BC,SK)+0.0001)**(l/BETA(I,J))-
EX_Ai(I,J,K)*z(I,J,K,BH,BC,SK);
add area hi_P(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. add a(I,J,K,BH,BC,SK)-(0.0001**(l/0.6)+4.308869E-7)

=G= (a(I,J,K,BH,BC,SK)+0.0001 )**( 1 /BETA(I,J))-
EX_Ai(I,J,K)*Z_P(I,J,K,BH,BC,SK);

add areacu lo(I).. add_acu(I)-(0.0001 * *( I/o.6)+4.308869E-
7) =L= AREA_MAX-(acu(I)+0.0001)**(l/BETACU(I))+EX_ACUi(I)*zcu(I);
addareaculoP(I).. add_acu(I)-(0.0001 **(l/0.6)+4.308869E-
7) =L= AREAMAX-
(acu(I)+0.0001)**(l/BETACU(I))+EX_ACUi(I)*ZCU_P(I); 
add areacu hi(I).. addacu(I)-(0.0001**(l/0.6)+4.308869E- 
7) =G= (acu(I)+0.0001 )**( 1 /BETACU(I))-EX_ACUi(I)*zcu(I);

๐
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add areacuhi_P(I).. add_acu(I)-(0.0001 **(1/0.6)+4.308869E-
7) =G= (acu(I)+0.0001)**(l/BETACU(l))-EX_ACUi(I)*ZCU P(I);
add areahu lo(J).. add ahu(J)-(0.0001 **(1/0.6)+4.308869E-
7) =L= AREA_MAX-
(ahu(J)+0.0001)**(l/BETAHU(J))+EX_AHUi(J)*zhu(J);
add areahu J o  P(J).. add ahu(J)-(0.0001**(l/0.6)+4.308869E-
7) =L= AREA MAX-
(ahu(J)+0.0001 )**( 1 /BETAHU(J))+EX_AHUi(J)*ZHU_P(J); 
add areahu hi(J).. add_ahu(J)-(0.0001**(l/0.6)+4.308869E-
7) =G= (ahu(J)+0.0001)**(l/BETAHU(J))-EX_AHUi(J)*zhu(J);
add areahu hi P(J).. add ahu(J)-(0.0001 **(1/0.6)+4.308869E- 
7) =G= (ahu(J)+0.0001)**(l/BETAHU(J))-EX_AHUi(J)*ZHU_P(J);

add_hu(I).. addqcu(I) =G= qcu(l)-EX_qcui(I)*EX_Zcui(I);
addcu(J).. addqhu(J) =G= qhu(J)-EX_qhui(J)*EX_Zhui(J);

add hxl(บ ,K,BH,BC,SK)$[(0RD(K) n e  CARD(K))AND(ORD(SK) n e
CARD(SK))].. z(I,J,K,BH,BC,SK)-
EX_zi(บ ,K) =E= new_z(I,J,K,BH,BC,SK);
add_hxl_P(UK,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE
CARD(SK))].. Z_P(I,J,K,BH,BC,SK)-
EX_zi(I,J,K) =E= NEW_Z_P(I,J,K,BH,BC,SK);
add_hx2(I,J,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE
CARD(SK))].. EX_zi(I,J,K)+new_z(I,J,K,BH,BC,SK) =L= 1;
add_hx2_p(บ ,K,BH,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE
CARD(SK))].. EX_zi(I,J,K)+NEW_z_p(บ ,K,BH,BC,SK) =L= 1;
add cul(I).. zcu(I) ==E= EX zcui(I)+new_zcu(I);
add cul P(I).. ZCU_P(I) =E= EX_zcui(I)+NEW_ZCU_P(I);
add_cu2(I).. EX_zcui(I)+new_zcu(I) =L= 1;
add_cu2_P(I).. EX_zcui(I)+NEW_ZCU_P(I) =L= 1;
add hul(J).. zhu(J) =E= EX zhui(J)+new_zhu(J);
add hul P(J).. ZHU P(J) =E= EX_zhui(J)+NEW_ZHU_P(J);
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add hu2(J).. EXzhui(J) I new zhu(J) =L= 1;
add_hu2_P(J).. EX_zhui(J)+NEWZHUP(J) =L= 1;

numberHX.. counthx =E= sum((I,J,K,BFl,BC,SK),z(I,J,K,BH,BC,SK))+s 
um(I,zcu(I))^siftri(J,zhu(J));
numberEIX r.. counthx r =E= sum((I,J,K,BH,BC,SK),new_z(I,J,K,BH,BC, 
SK))+sum(I,new_zcu(I))+sum(J,new_zhu(J));
hxcost r.. costhx r
K,BH,BC,SK)); 
hucost.. costhu
hucostr.. costhu_r
cucost.. costcu
cucost r.. costcu r
fixhxcost.. fixcosthx

=E= sum((I,J,K,BH,BC,SK),NEW_CFHX:i!new_z(U,

=E= sum(J,NEW_CHU*qhu(J));
=E= sum(J,NEW_CHU*(EX_qhui(J)+add_qhu(J))); 

=E= sum(I,NEW_CCU*qcu(I));
=E= sum(I,NEWCClJ*(EX_qcui(I)+addqcu(I))); 
=E= NEW_CFHX*counthx_r;

areaadd.. addarea =E= sum((I,J,K,BH,BC,SK),add_a(I,J,K,BH,BC,SK)); 
areaaddcost.. costareaadd =E= sum((I,J,K,BH,BC,SK),NEWACFIX*(adda( 
บ , K,BH,BC,SK)+0.0001)**(BETA(I,J)));
areahucost.. costareahu =E= sum(J,NEW_ACHET*(add_ahu(J)+0.0001)**(B 
ETAFFU(J)));
areacucost.. costareacu =E= sum(I,NEW_ACCET*(add_acu(I)+0.0001)**(BE 
TACU(I)));
totalareacost.. areacost =E= costareaadd+costareahu+costareacu; 
capcostperyr.. capitalcost =E= (fixcosthx+areacost);

*obj 1 : H+C utility cost 
*obj2 : Fixed cost of "NEW" HX 
*obj3 : Additional area cost 
*obji : Total annual cost

objl..
obj2..

costl =E= costhur+costcur; 
cost2 =E= fixcosthx;
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obj3.. cost3 =E= areacost;

OBJFNL. OBJcostl =E= costi;
OBJFN2.. OBJcost2 =E= costl+cost2;
OBJFN3.. OBJcost3 =E= costi+cost3;
obji.. costi =E= costl+cost2+cost3;

*************************** END RETROFIT 
2************************************** 
OPTION sysout = on;
OPTION Iterllm = le+09;
OPTION resllm = 5e+06;

MODEL NONISOl "NONISOl MINLP"
/

hoteqi,coldeqi,hotk,coldk,qhnoniso,qcnoniso,qcooler,qheater,thinassign,tcina
ssign,
monoth,monothout,monotc,monotcout,thoutst,tcoutst,logif,logig,sumf,sumg,logiqi,lo-
giqcu,logiqhu,
dthimin,dtcimin,dtcuimin,dthuimin,logidthi,logidtci,logidtcu,logidthu,LMTDi,LMT
DCUi,LMTDHUi,
AREAi,AREACUi,AREAHUi,
* * * * * RETROFIT * * * * *
add hui,add_cui,add_areai_hi,add areailo,
add areacui_hi,add_areacui lo,add_areahui_hi,add_areahui_lo,
add_hxi2,add_hxi 15add_cui2,add_cui 15 add_hui2,add_hui 1,
numberHXi,numberHX_ri,hxcost ri,hucosti,hucost_ri,cucosti,cucost_ri,fixhxcosti,
areaaddi,areaaddcosti,areahucosti,areacucosti,totalareacosti,capcostperyri
objil,obji2,obji3,objii /

MODEL FLOW "MIN TAC 1 = uc NLP"
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/
QSKLAST,HOTEQ,COLDEQ,QHC_K,QHK_K,QHK_SK,SUMJ BC Q,ร 

UMSKQH,
QCH_K,QCK_K,QCK_SK,SUMI BH_Q,SUMSK QC,HOTCOLD_K,QH SK,HO 
T_SK,FHPT_SK,
QC_SK,COLD_SK,FCPT_SK,ASSIGNTH_K,ASSIGNTH_SK,ASSIGNTH_BYPA
SSH,HMIX,ASSIGNTH_TSK,
ASSIGNTC_K,ASSIGNTC_SK,ASSIGNTH_BYPASSC,CMIX,ASSIGNTC_TSK, 
CON FLO WH 1 ,CON_FLO WH2,SUMFHP,CON_FLOWC 15 CON_FLOWC2,SUM 
FCP,
THFEAS KJHPFEAS SKJHFEAS KLAST,TCFEAS K,TCPFEAS_SK,TCFEA 
ร_KFIRST,
QCULOAD,QHULOAD,LOGQ_P,LOGQCU_P,LOGQHU_P,MASSK_H1 ,MASS 
K_C1,
C O N C U 15CON_CU2,CON_CU4,CON_Hบ 1 ,CON_HU2,CON_HU4,CON_EX,
DTHMAX_P,DTCMAX_P,DTCUMAX_P,DTHUMAX_P,DTHMIN_P,DTCMIN_
P,DTCUMIN_P,DTHUMIN_P
***** r etr o fit  ******
add_hu,add_cu,add_area_hi_P,add_area_lo_P, 
add_areacu_hi_P,add_areacu_lo_P,add areahu_hi_P,add_areahu_lo_P, 
add Jix2_p,add_hx 1 _P,add_cu2_P,add_cu 1 _P,add_hu2_P,add hu 1 P, 
hucost,hucost_r,cucost,cucost_r,obj 1 ,OBJFN 1 /

MODEL STRUCTURE "MIN TAC2 = UC+NoHX_____MILP”
/

QSKLAST,HOTEQ,COLDEQ,QHC_K,QHK_K,QCH_K,QCK_K,QHK_SK 
, SUMJ_BC_Q,SUMSK_QH,
QCK_SK,SUMI_BH_Q,SUMSK_QC,HOTCOLD_K,
QHJSK,HOT_SK_P,FHPT_SK_P,QC_SK,COLD_SK_P,FCPT_SK_P,
ASSIGNTH_K,ASSIGNTH_SK_P,ASSIGNTH_BYPASSH_P,HMIX_P,ASSIGNT
HTSK ,
ASSIGNTC_K,ASSIGNTC_SK_P,ASSIGNTH_BYPASSC_P,CMIX_P,ASSIGNT

๐
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CTSK,
CON_FLOWHl_F_P,CON_FLOWH2_F_P,CON_FLOWCl_F_P,CON_FLOWC2_
F_p,
THFEAS_K,TFIPFEAS_SK,THFEAS_KLAST,TCFEAS_K,TCPFEAS_SK,TCFEA
SKFIRST,
QCULOAD,QHULOAD,LOGQ,LOGQCU,LOGQHU,MASSK_H 17MASSK_C15 
CON_CUl7CON_CU27CON_CU3,CON CU4,CON HU 17CON_HU2,CON HU3,C 
ON_HU4,CON_EX,
DTHMAX,DTCMAX7DTCUMAX7DTHUMAX7DTHMIN7DTCM1N7DTCUMIN,D
THUMIN,
***** [^HTROFfT *******
add_hu7add_cu,add_hx2,add_hx 17add_cu2,add_cul,add_hu2,add_hu 17 
numberFIX,numberFIX_r,hxcost_r7hucost,hucost_r,cucost,cucost_r,obj 1 ,obj2,OBJFN
2 /

MODEL FLOWarea "MIN TAC3 = UC+AC_____NLP"
/

QSKLAST,HOTEQ,COLDEQ,QHC_K,QHK_K,QHK_SK,SUMJ_BC_Q,ร 
UMSKQH,
QCH_K,QCK_K,QCK_SK,SUMIb h _q ,s u m sk _q c ,h o t c o l d _k , o
QH_SK,HOT_SK,FHPT_SK,QC_SK,COLD_SK,FCPT_SK,
ASSIGNTH_K,ASSIGNTH_SK,ASSIGNTH_BYPASSH,FIMIX,ASSIGNTH_TSK,
ASSIGNTC_K,ASSIGNTC_SK,ASSIGNTH_BYPASSC,CMIX,ASSIGNTC_TSK,
CONFLO WH 1,CON_FLO WH2,SUMFHP,CON_FLO w c  15CONJLO WC2,SUM
FCP,
THFEAS_K,THPFEAS_SK,THFEAS_KLAST,TCFEAS_K,TCPFEAS_SK,TCFEA
SKFIRST,
QCULOAD,QHULOAD,LOGQ_P,LOGQCU_P,LOGQHU_P,MASSK_Hl,MASS 
K Cl,
CO NCU1 ,CON_CU2,CON_CU4,CON_ErU 15 CON_HU2,CON_FIU4,CONVEX, 
DTHMAX_P,DTCMAX_P,DTCUMAX_P,DTHUMAX_P,DTHMIN P,DTCMIN_ 
P,DTCUMIN_P,DTHUM1N_P,

o
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l m t d ,l m t d c u ,l m t d h u ,a r e a ,a r e a c u ,a r e a h u ,
***** r e t r o f it  *****
add hu,add cu,add area hi p,add areaJo P,
add areacu hi_P,add_areacuJo p,add_areahu_hi_p,add areahu lo p,
add hx2_p,add hxl_p,add cu2_p,add_cul p,add_hu2_p,add hul p,
hucost,hucost_r,cucost,cucost r;areaadd,areaaddcost,areahucost,areacucost,totalareac
ost,
obj 1 ,ob)2,obj3,OBJFN3 /

MODEL NONLINEAR "FINAL"
/

QSKLAST,HOTEQ,COLDEQ,QHC_K,QHK_K,QHK_SK,SUMJ_BC_Q,ร 
UMSKQH,
QCH_K,QCK_K,QCK_SK,รบMI_BH_Q,SUMSK_QC,HOTCOLD_K,
QH SK,HOT_SK,FHPT_SK,QC SK,COLD SK,FCPT SK, 
ASSIGNTH_K,ASSIGNTH_SK,ASSIGNTH_BYPASSH,HMIX,ASSIGNTH_TSK, 
ASSIGNTC_K,ASSIGNTC_SK,ASSIGNTH_BYPASSC,CMIX,ASSIGNTC_TSK, 
CONFLOWH15CONFLO WH2,รบMFPFP,CON_FLOWC 1,CON_FLOWC2,SUM 
FCP,
THFEAS :_K,THPFEAS_SK,THFEASJCLAST,TCFEAS_K,TCPFEAS_SK,TCFEA 
SKFIRST,
QCULOAD,QHULOAD,LOGQ,LOGQCU,LOGQHU,MASSK_Hl,MASSK_Cl, 
CON_CUl ,CON_CU2,CON_CU4,CON_HU 1 ,CON_HU2,CON_HU4,CON_EX,C 
ONQ_UP,CONQ_LO,
DTHMAX,DTCMAX,DTCUMAX,DTHUMAX,DTHMIN,DTCMIN,DTCUMIN,D
THUMIN,
LMTD,LMTDCU,LMTDHU,AREA,AREACU,AREAHU

***** RETROFIT ****** 
add_hu,add_cu,add_area_hi,add area_lo, 
add_areacu_hi,add areacu_lo,add_areahu_hi,add_areahu_lo, 
add hx2,add_hx 1,add_cu2,add_cu 1 ,add hu2,add hu 1,

๐



numberHX,numberHX_r,hxcost_r,hucost,hucost_r,cucost,cucostr,fixhxcost, 
areaadd,areaaddcost,areahucost,areacucost,totalareacost,capcostperyr, 
obj 1 ,obj 2 ,obj 3 ,OB J FN1 ,๐  B J FN2,0B JFN3 ,obj i /
?

*****************************^ggjQjsj INITIAL

f. l(I,J,K) = FH(I);
g. l(I,J,K) = FC(J);
qi.l(I,J,K)$(ORD(K) NE CARD(K)) = f.l(I,J,K)*(THIN(I) - TCIN(J));
qcui.l(I) = 500;
qhui.l(J) = 200;
dtcui.l(I) = TfflN(I) - TCUOUT;
dthui.l(J) = THUOUT - TCIN(J);
dthi.l(UK) = THIN(I) - TCIN(J);
dtci.l(l,J,K) = THIN(I) - TCIN(J);

PAiyyvlETER
AHX_INT(I,J,K,BH,BC,SK) Area of HX I-J (Area-linear)
ACUJNT(I)
AHUJNT(J)

Area of HX I-CU (Area-linear) 
Area of HX J-HU (Area-linear)

TH_INT(I,K)
THP_INT(I,K,BH,SK)
TC_INT(J,K)
TCP_INT(J,K,BC,SK)

Q_INT(I,J,K,BH,BC,SK)
QCUINT(I)
QHUINT(J)
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QHK_INT(K,I)
QCK_INT(K,J)

FHP INT(K,I,BH)
FCP_INT(J,K,BC)

Z_INT(I,J,K,BH,BC,SK) 
z c u  INT(I)
ZHUINT(J)

FBHPT_INT(I,K)
FBCPT INT(J,K)

DTH_INT(I,J,K,BH,BC,SK)
DTCJNT(I,J,K,BH,BC,SK)
DTCUJNT(I)
DTHUJNT(J)

****************** RETROFIT PARAMETER FOR SOLVE STRATEGY
ะ}::}::}:»}:»}::}::}:»}:;}iîjc 5

ADD_AHX_INT(I,J,K,BH,BC,SK)
ADD ACU INT(I)
ADD AHU INT(J)
ADD_Q_INT(I,J,K,BH,BC,SK)
A D D Q C U IN T  (I)
ADDQ H UINT(J)

ADD_Z_INT(I,J,K,BH,BC,SK)
ADD_ZCU_INT(I)
A D D Z H U IN T  ( J)

*#########๙############# SOLVE
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STRATEGY ###################๙########### 
****************************** SOLVE NONISOl

NONISOl.optfile = 2; 
option reslim = 5e9; 
option iterlim = 2e9;
OPTION SYSOUT=ON;

$onecho>dicopt. op2 
STOPO
MAXCYCLES 350 
epsmip 50 
Soffecho

SOLVE NONISOl USING MINLP MINIMIZING costii;
DISPLAY
th.l,thpi.l,tc.l,tcpi.l,zi.l,new_zi.l,ai.l,add_ai.l,qi.l,zcui.l,acui.l,new_zcui.l,add_acm.I,qc
ฟ.!,
add_qcui.l,zhui.l,ahui.l,new_zhui.l,add_ahui.l,qhui.l,add_qhui.l,f.l,g.l,counthx_ri.l,co 
sthxri.l,
costhui.l,costhu_ri.l,costcui.l,costcu ri.l,fixcosthxi.l,addareai.l,costareaaddi.l,costarea 
hui.l,
costareacui.l,areacosti.l,capitalcosti.l,costil.l,costi2.1,costi3.1,costii.l; 
**********************************1^^0 OP SOLVE
jqQpjjgQ J ***************************

AHXJNT(I,J,K,BH,BC,SK) = ai.L(I,J,K);
ACUINT(I) = acui.L(I);
AHUJNT(J) = ahui.L(J);
ADD AHX_INT(I,J,K,BH,BC,SK) = add_ai.L(I,J,K);
ADD ACUJNT(I) = add acui.L(I);
A D D A H U IN T  ( J) = addahui.L(J);



a. L (I, J ,K ,B H ,B C , S K )= A H X _ IN T (I,J ,K ,B H ,B C , S K );

acu.L(I) = ACU_INT(I); 
ahu.L(J) = AHU INT(J);
add_a.L(I,J,K,BH,BC,SK) = ADD_AHXJNT(I,J,K5BH,BC,SK); 
add acu.L(I) = ADD ACUJNT(I); 
addahu.L(J) = ADD_AHUJNT(J);

DTH_INT(I,J,K,BH,BC,SK) = dthi.L(I,J,K); 
DTCJNT(I,j,K,BH,BC,SK) = dtci.L(I,J,K);
DTCUINT(I) = dtcui.L(I);
DTHUINT(J) = dthui.L(J);

dth.L(I,J,K,BH,BC,SK) = DTHJNT(I,J,K,BH,BC,SK); 
dtc.L(I,J,K,BH,BC,SK) = DTC_INT(I,J,K,BH,BC,SK); 
dtcu.L(I) = DTCUJNT(I); 
dthu.L(J) = DTHU JNT(J);

QCUINT(I) = qcui.L(I);
QHU_INT(J) = qhui.L(J);
QJNT(I,J,K,BH,BC,SK) = qi.L(I,J,K);
QHK_INT(K,I) = sum(J,qi.L(I,J,K));
QCK_INT(K,J) = sum(I,qi.L(I,J,K));
A D D Q C U IN T  (I) = addqcui.L(I);
ADD QHU INT(J) = add qhui.L(J);

qcu.L(I) = QCUINT(I); 
qhu.L(J) = QHUINT(J);
q . L ( I , J , K , B H , B C , S K )  = Q_INT(I,J,K,BH,BC,SK);
qhK.L(K,I) = QHKJNT(KJ); 
qcK.L(K,J) = QCK_INT(K,J); 
addqcu.L(I) = ADDQCUINT(I);
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add qhu.L(J) = ADD QHU INT(J);

z  P(I,J,K,BH,BC,SK) = zi.L(I,J,K); 
zcu _ P (I) = zcui.L(I);
Z H U P(J) = zhui.L(J);
NEW_Z_P(I,J,K,BH,BC,SK) = new_zi.L(I,J,K); 
NEW_ZCU_P(I) = newzcui.L(I); 
NEW_ZHU_P(J) = newzhui.L(J);

.* * * îjc ip-* * * * * * * * * + + * *
FLOW.optfile = 3; 
option reslim = 10000; 
option iterlim = 2e9;
OPTION SYSOUTON;

$onecho>dicopt. op3 
STOPO
MAXCYCLES 350 
mipoptfile cplex.opt 1
epsmip 20 ^
Soffecho

SOLVE FLOW USING NLP MINIMIZING OBJcostl;
DISPLAY
th.l,thp.l,tc.l,tcp.l,fhp.l,fcp.l,a.l,acu.l,ahu.l,q.l,qcu.l,qhu.l,Z_P,ZCU_P,ZHU_P 
NEW_Z_P,NEW_ZCU_P,NEW_ZHU_P,add_a.l,add_acu.l,add_ahu.l,add_qcu.l,add 

qhu.l,cost 1.1;
' ะ OF SOLVE FLOW

îjî «{* îjc îjc î̂ c *{c îfc «jî îfc îjc îfc îfî î|c s{« «fl «fl ^1 «fl «{c «fc «f* «je

TC_INT(J,K) = tc.l(J,K); 
TCP_INT(J,K,BC,SK) = tcp.l(J,K,BC,SK);

O
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TH_INT(I,K) = th.l(I,K);
THP INT(I,K,BH,SK) -  thp.l(I,K,BH,SK);

tc.l(J,K) = TC_INT(J,K); 
tcp.l(J,K,BC,SK) = TCP_INT(J,K,BC,SK); 
th.l(I,K) = TH_INT(I,K); 
thp.l(I,K,BH,SK) = THP_INT(I,K,BH,SK);

DTH_INT(UK,BH,BC,SK) = dth.L(U,K,BH,BC,SK); 
DTC_INT(I,j,K,BR,BC,SK) = dtc.L(I,J,K,BH,BC,SK); 
DTCUINT(I) = dtcui.L(I);
D TH U lN T(j) = dthui.L(J);

dth.L(I,J,K,BH,BC,SK) = DTH_INT(I,J,K,BH,BC,SK); 
dtc.L(I,J,K,BH,BC,SK) = DTC_INT(I,J,K,BH,BC,SK); 
dtcu.L(I) = DTCUINT(I); 
dthu.L(J) = DTHUINT(J);

Q C U IN T(I) = qcu.L(I);
Q H U IN T(J) = qhu.L(J); ^  
QJNT(I,J,K,BH,BC,SK) = q.L(I,J,K,BH,BC,SK); 
A D D Q C U IN T (I) = addqcu.L(I);
A D D Q H U IN T (J) = addqhu.L(J);

qcu.L(I) = QCUINT(I); 
qhu.L(J) = QHUJTNT(J);
q.L(I,J,K,BH,BC,SK) = Q_INT(I,J,K,BH,BC,SK); 
addqcu.L(I) = A D D Q C U IN T  (I); 
addqhu.L(J) = A D D Q H U IN T  ( J);

Z.L(I,J,K,BH,BC,SK) = Z_P(I,J,K,BH,BC,SK); 
ZCU.L(I) = ZCU_P(I);

๐
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zhu.L(J) = ZHU P(J);
new_z.L(I,J,K,BH,BC,SK) = NEW_Z_P(I,J,K,BH,BC,SK); 
newzcu.L(I) = N E W Z C U P(I); 
new zhu.L(J) = nEW_ZHU_P(J);

FLOWarea.optfile = 4; 
option reslim = 10000; 
option iterlim = 2e9;
OPTION SYSOUTON;

$onecho>dicopt.op4
STOPO
MAXCYCLES 500 
mipoptfile cplex.opt 1 
epsmip 20 
Soffecho

SOLVE FLOWarea USING NLP MINIMIZING OBJcost3;
DISPLAY th. l,thp. l,tc. l,tcp. l,a. l,acu.l,ahu. 1 ,q. l,qcu. l,qhu. 1,Z_P,ZCU_P,ZFTU_P 

NEW_Z_P,NEW_ZCU_P,NEW_ZHU_P,add_a.l,add_acu.l,add_ahu.I 
addqcu. l,add_qhu. l,cost 1. l,cost2. l,cost3.1;

******************** ******* *******p;pjp) QP s q l \ t|h FLOWarea

FHP_INT(K,I,BH) = fhp.l(I,K,BH); 
FCP_INT(J,K,BC) = fcp.l(J,K.BC); 
FBHPT_INT(I,K) = fbhpt.l(I,K); 
FBCPT_INT(J,K+1) = fbcpt.l(J,K+l);

flip. 1(1,K,BH) = FHP_INT(K,LBH); 
fcp.l(J,K,BC) = FCP_INT(J,K,BC);



fbhpt.l(FK) = FBHPT_INT(I,K); 
fbcpt. 1(J,K+1 )= FBCPTINT ( J,K+1 );

AHX INT(I,J,K,BH,BC,SK) = a.l(I,J,K,BH,BC,SK); 
A CU IN T(I) = acu.l(I);
A H U IN T(J) = ahu.l(J);
ADD_AHX_INT(I,J,K,BH,BC,SK) = add _a.l(I,J,K,BH,BC,SK); 
ADD ACU INT(I) = add acu l(F);
ADD AHUJNT(J) = add ahu.l(J);

a. 1(1, J,K,BH,BC,SK) = AHXINT(I,J,K,BH,BC,SK); 
acu.l(I) = ACUINT(I); 
ahu.l(J) = AHUINT(J);
add_a.L(I,J,K,BH,BC,SK) = ADD_AHX_INT(I,J,K,BH,BC,SK); 
addacu.L(I) = A D D A C U IN T(I); 
add ahu.L(J) = ADD AHU INT(J);

TC_INT(J,K) = tc.l(J,K);
TCP_INT(J,K,BC,SK) = tcp.l(J,K,BC,SK);
THJNT(I,K) = th.l(I,K);
THP_INT(I,K,BH,SK) = thp.l(I,K,BH,SK);

tc.l(J,K) = TC_INT(J,K); 
tcp.l(J,K,BC,SK) = TCP_INT(J,K,BC,SK); 
th.l(I,K) = TH_INT(I,K); 
thp.l(I,K,BH,SK) = THP_INT(I,K,BH,SK);

D TH IN T (I, J,K,BH,BC, SK) = dth.L(I,J,K,BH,BC,SK); 
DTC_INT(I,J,K,BH,BC,SK) = dtc.L(I,J,K,BH,BC,SK); 
DTCUINT(I) = dtcui.L(I);
DTFÎUINT(J) = dthui.L(J);



dth.L(I,J,K,BH,BC,SK) = DTH_INT(I,J,K,BH,BC,SK); 
dtc.L(I,J,K,BH,BC,SK) = DTC INT(I,J,K,BH,BC,SK); 
dtcu.L(I) = DTCUINT(I); 
dthu.L(J) = DTHUINT(J);

QCUINT(I) = qcu.L(I);
QHUINT(J) = qhu.L(J);
Q_INT(I,J,K,BH,BC,SK) = q.L(I,J,K,BH,BC,SK); 
A D D Q CU JN T(I) = add qcu.L(I);
A D D Q H U IN T  ( j)  = addqhu.L(J);

qcu.L(I) = QCUINT(I); 
qhu.L(J) = QHUINT(J);
q.L(I,J,K,BH,BC,SK) = Q_INT(I,J,K,BH,BC,SK); 
add qcu.L(I) = ADD QCU INT(I); 
add qhu.L(J) = ADD QHU INT(J);

z.L(I,J,K,BH3C,SK) = z  P(I,J,K,BH,BC,SK);
ZCU.L(I) = ZCU_P(I), 
zhu.L(J) = ZHU_P(J);
new_z.L(I,J,K,BH,BC,SK) = NEW„Z_P(I,J,K,BH,BC,SK); 
newzcu.L(I) = N E W Z C U P (I);
newzhu.L(J) = N E W Z H U P (J); 
*************************
NONLINE AR.optfile = 5; 
option reslim = 100000; 
option iterlim = 2e9;
OPTION SYSOUT=ON;

$onecho>dicopt. op5 
STOPO
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MAXCYCLES 700 
mipoptfile cplex.opt 1 
epsmip 500 
Soffecho

SOLVE NONLINEAR USING MINLP MINIMIZING costi;
DISPLAY
th.l,thp.l,tc.l,tcp.l,fhp.l,fcp.l,a.l,acu.l,ahu.l,q.l,qcu.l,qhu.l,z.l,zcu.L,zhu.L,new_z.l,new

ZCU.L,
new_zhu.L,add_a.l,add_acu.l,add_ahu.l,add_qcu.l,add_qhu.l,costl.l,cost2.1,cost3.1,co 
sti.l;



202

Appendix E: Retrofit for CDU-case study

SETS
I Hot stream/II *110/
J Cold stream/J1*J3/
c u  Cold utility /CU1,CU2,CU3/
HU Hot utility /HUใ,HU2/
K Major stage /KFIRST,K2,KLAST/
SK Sub-stage /SKFIRST,SK2*SK4,SKLAST/ 
BC Branch of hot splitting stream /BC1 *BC2/

SCALARS
EMAT Exchange minimum approach temperature /5/
TMIN Minimum temperature in HEN /30/
TMAX Maximum temperature in HEN /347.3/
AREA MAX Miximum area for retrofit HEN /4000/
NEW ACHX Area cost coefficient of "NEW" process heat exchanger

/3 89/
NEW_ACCU Area cost coefficient of "NEW" cold utility /3 89/
NEW ACHU Area cost coefficient of "NEW" hot utility /389/

NEW CFAREA Fixed charges of "Additional-reductional" area /13230/
NEW redAREA Area cost coefficient of "Additional-reductional" area 70.5/
NEW_CFHX Fixed charges of "NEW" exchanger /26462/
NEW CFCU
NEW CFHU
SPLITcost

Fixed charges of "NEW" cold utility /26462/ 
Fixed charges of "NEW" hot utility /26462/ 

Fixed cost for splitting streams /20000/

o
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PARAMETERS
♦ TEMPERATURE OF STREAM

THIN(I) Inlet temperature of hot stream
/ 11 319.4
12 73.24 : ■
13 347.3
14 263.5
15 297.4
16 248
17 73.24
18 231.8
19 167.1
110 146.7 /

THOUT(I) Outlet temperature of hot stream
/Il 224.1
12 30
13 45
14 180.2
15 110
16 50
17 40
18 120
19 69.55
110 73.24 /

TCIN(J) Inlet temperature of cold stream
เท 30
J2 232.2
J3 226.2 /

TCOUT(J) Outlet temperature of cold stream
เท 232.2
J2 343.3
J3 231.8 /

o
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TCUIN(CU) Inlet temperature of cold utility
/CU1 20
CU2 124
CU3 174 /

TCUOUT(CU) Outlet temperature of cold utility
/CUI 25
CU2 125
CU3 175 /

THUIN(HU) Inlet temperature of hot utility
/HU1 250
HU2 1000 /

THUOUT Outlet temperature of hot utility
/HU1 249
HU 2 500 /

*HEAT CAPACITY FLOWRATE OF PROCESS
STREAM.........................................

FH(I) Heat capacity flowrate of hot stream
เท 136.186
12 6.842
13 197.495
14 123.06
15 20.722
16 63.166
17 57.687
18 48.526
19 165.278
110 253.551

/
FC(J) Heat capacity flowrate of cold stream

เท  373.238
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J2 488.127
J3 392.55 /

NEW CCU(CU) Per unit cost of cold utility ($*kj-l )per yr 
/CU1 6.713 
CU2 23.4 
CU3 45.9/

NEW CHU(HU) Per unit cost of hot utility ($*kj-l)per yr 
/HU 1 71.09
HU2 134/

*

♦ BRANCH FLOW _  [PARAMETER]......................................
FCP P(J,K,BC) Branch flow parameter o f cold stream 
FBCPT_P(J,K)

♦ BOUND OF HEAT EXCHANGE _  [PARAMETER]..........
QUP_P(I,J,K,BC,SK) Upper bound of heat exchange 
QLO_P(I,J,K,BC,SK) Lower bound of heat exchange

♦ FOR LOGICAL CONSTRAINTS _  [PARAMETER]........................................
OMEGA(I,J) Upper bound for heat exchange
HCT_P(I) Heat content of hot stream
CCT_P(J) Heat content of cold stream
GAMMA(I,J) Upper bound for temperature difference
GAMMAH(I) Upper bound for temperature difference of hot stream
GAMMAC(J) Upper bound for temperature difference of cold stream
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BETA(I,J) exponent for area costs of HX I-J 
BETACU(I) exponent for area costs of cooler 
BETAHU(J) exponent far area costs of heater

^OVERALL HEAT TRANSFER COEFFICIENT 
Hh(I)

/ Il 1.293
12 5.063
13 0.756888191
14 0.633
15 1.199533618
16 1.202472727
17 1.099
18 1.371456172
19 1.373207073
110 1.172944732 /

Hc(J)
/ J1 0.597369683
J2 0.788
J3 3.190160714 /

HCU(CU)
/ CU1 3.75 
CU2 6
CU3 6 /

HHU(HU)
/ ทบ1 6
ทบ2 0.111 /

U(I,J) overall heat transfer coeff. of heat exchanger of I-J [KW*(m2*K)-
1]

UCU(1,CU) overall heat transfer coeff. of cooler 
บทบ(J,ทบ) overall heat transfer coeff. of heater

*บ (บ ) = [ท(I) * ท( J)]/[H(I)+H( J)]

๐



207

DTCUP(I,CU)
DTHUP(J,HU)

* * * * * * * *RETROFi t * * * * * 
EX_Aij(I,J)
EX ACU(I,CU)
EX_AHU(J,HU)
EX_Z1J(I,J)
EX_ZCU(I,CU)
EX_ZHU(J,HU)

EX_QCU(I,CU)
EX_QHU(J,HU)

DTHUP(J,HU) = max(0,THUIN(HU)-TCOUT(J)); 
DTCUP(I,CU) = max(0,THOUT (I)-T CUIN(CU));

BETA(U) = 1;
BETACU(I) = 1;
BETAHU(J) = 1;
บ (น ) = l/(l/Hh(I)+l/Hc(J)); 
UCU(I,CU) = l/( l/Hh(I)+1 /HCU(CU)); 
UHU(J,HU) = l/(l/Hc(J)+l/HHU(HU));

* * * * * RETROFIT *****
EX_Aij(I,J) = 0;
EX_Zij('I3','JP) = 1;
EX_Zij(,I5','JP) = 1;
EX_Zij('I6VJl') = 1;
EX_Zij('I5','J2') = 1;

๐
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EX_AHU('J 3 ','HU 1 ') 
EX AHU('J2','HU2')

EX_ZHU(J,HU) 
EX_ZHU('J 1 ','HU 1 ') 
EX_ZHU('J37HU1') 
EX_ZHU('J27HU2')

EX QCU(I,CU) 
EX_QCU(17';CU1') 
EX_QCU('I87CUr) 
EX_QCU('I5','CU 1 ') 
EX_QCU('I2','CU 1 ') 
EX_QCU('I6','CU1 ') 
EX_QCU('I97CU 1 ') 
EX_QCU('I47CU2') 
EX_ QCU('117CU3') 
EX_QCU('I10';CU1')

EX_Q,HU(J,HU) 
EX_QHU('J 17HU1 ') 
EX_QHU('J3';HU1') 
EX_QHU('J2';HU2')

51.7;
942;

1;

= 0;
1917.516;
4770.517;
331.068;
295.574;
12506.86;
16122.869;
10250.898;
10254.8;
18625.856;

= 0;
28207;
2198.28;
37582.97;

VARIABLES
* TEMPERATURE OF PROCESS STREAM..................................................

th(I,K) Temperature of hot stream at stage K 
thp(I,K,SK) Temperature of hot stream at sub-stage SK In stage K 
tc(J,K) Temperature of cold stream at stage K 
tcp(J,K3C,SK) Temperature of cold stream at sub-stage SK In stage K

♦ HEAT CAPACITY FLOWRATE OF PROCESS



STREAM.
fcp(J,K,BC) Branch flow parameter of cold stream

^MULTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE
(T*FCP)...... !.............

fcpt(J,K,BC,SK) Multiple of temperature and heat flow of cold stream 
fbcpt(J,K)

*HEAT EXCHANGE......................................................................
qhK(KJ) Heat exchange of hot (I-J) at stage K
qcK(K,J) Heat exchange of cold (I-J) at stage K
counthx
OBJcostl
costi

BINARY VARIABLES
^EXISTENCE OF EXCHANGER...............................................

z(I,J,K,BC,SK) Existence of exchanger I-J In each sK 
zcu(I,CU) Existence of cold utility
zhu(J,HU) Existence of hot utility
new_z(I,J,K,BC,SK)
new_zcu(I,CU) Existence of NEW cold utility 
new_zhu(J,HU) Existence of NEW hot utility

POSITIVE VARIABLES
* TEMPERATURE APPROACH..............................................................

dth(I,J,K,BC,SK) Temperature difference at "hot end" of exchanger 
dtc(I,J,K,BC,SK) Temperature difference at "cold end" of exchanger 
dtcu(I,CU) Temperature difference of cold utility 
dthu(JJTU) Temperature difference of hot utility
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*AREA...............................................................................
*LOG MEAN TEMPERATURE DIFFERENCE..................................................

LMTDHX(I,J,K,BC,SK) Log mean emperature difference of exchanger I-J 
LMTCU(I,CU) Log mean emperature difference of cold utility
LMTHU(J,HU) Log mean emperature difference of hot utility

*AREA...............................................................................
EX_AREA(I,J,K,BC,SK)
EX_AREAcu(I,CU)
EX_AREAhu(J,HU)
a(I,J,K,BC,SK) Heat exchange area of process exchanger 
acu(I,CU) Heat exchange area o f cold utility 
ahu(J,HU) Heat exchange area of hot utility

* ADDITIONAL AREA 
add_a(I,J,K,BC,SK) 
add_acu(I,CU) 
add_ahu(J,HU)

*HEAT EXCHANGE......................................................................
q(I,J,K,BC,SK) Heat exchange between process stream I-J 
qcu(I,CU) Heat exchange of cold utility 
qhu(J,HU) Heat exchange of hot utility

u c  Utility cost
NEX Number of exchanger
AC Area cost
BRANCH
TAC1
TAC2
TAC3
TAC4
TAC5



COST

♦ RETROFIT "COST"

add qcu(I,CU)
add_qhu(J,HU)
costhu
costcu
fixcosthx
addarea
costareaadd
costareahu
costareacu
areacost
capitalcost

costl
C0St2
cost3
OBJcost2
OBJcost3
totalsavings

SCALARS HI,CJ;
HI=ใ;
CJ=1;
♦ LOOP OF HOT PROCESS STREAM.........................................
FOR(HI=l to CARD(I),

HCT_P(I)$[ORD(I) = HI] = FH(I)*(THIN(I)-THOUT(I)); 
GAMMAH(I)$[ORD(I) = HI] = THIN(I)-THOUT(I);

♦ TEMPERATURE



th. lo(I,K)$[ORD(I) = HI] = THOUT(I); 
th.up(I,K)$[ORD(I) = HI] = THIN(I); 
thp.lo(I,K,SK)$[ORD(I) = HI] = TM1N; 
thp.up(I,K,SK)$[ORD(I) = HI] = TMAX;

♦ HEAT EXCHANGE
qhK.lo(K,I)$[ORD(I) = HI] = 0; 
qhK.up(K,I)$[ORD(I) = HI] = HCT_P(I); 
qcu.lo(I,CU)$[ORD(I) = HI] = 0; 
qcu.up(I,CU)$[ORD(I) = HI] = HCT_P(I);

);
♦ LOOP OF COLD PROCESS STREAM............

For(CJ=l to CARD(J),
CCT_P( J)$ [ORD( J) = CJ] = FC(J)*(TCOUT(J)-TCIN(J)); 
GAMMAC(J)$[ORD(J) = CJ] = TCOUT(J)-TCIN(J); 

♦ TEMPERATURE
tc. lo(J,K)$ [ORD(J) = CJ] = TCIN(J); 
tc.up(J,K)$[ORD(J) = CJ] = TCOUT(J); 
tcp.lo(i,K,BC,SK)$[ORD(J) = CJ] = TMIN; 
tcp.up(J,K,BC,SK)$[ORD(J) = CJ] = TMAX;

♦ HEAT CAPACITY FLOWRATE
fcp.lo(J,K,BC)$[ORD(J) = CJ] = 0; 
fcp. up( J,K,BC)$ [ORD( J ) = CJ] = FC(J);

* MULTIPLE OF TEMPERATURE AND HEAT CAPACITY FLOWRATE 
(T*FCP)

fcpt.lo(J,K,BC,SK)$[ORD(J) = CJ] = 0; 
fcpt.up(J,K,BC,SK)$[ORD(J) = CJ] = FC(J)*TMAX; 
fbcpt.lo(J,K)$[ORD(J) = CJ] = 0; 
fbcpt.up(J,K)$[ORD(J) = CJ] = FC(J)*TCOUT(J);

♦ HEAT EXCHANGE
qcK.lo(K,J)$[ORD(J) = CJ] = 0; 
qcK.up(K,J)$[ORD(J) = CJ] = CCT_P(J);
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qhu.lo(J,HU)$[ORD(J) = CJ] = 0; 
qhu/up(J,HU)$[ORD(J) = CJ] = CCT_P(J);

*

*................................. BOUNDS

* BOUND OF HEAT EXCHANGE _  [PARAMETER]............................................
QUP_P(I,J,K,BC,SK) = MIN(HCT_P(I),CCT_P(J),MAX(0,(THIN(I)-TCIN(J)- 

EMAT)* *MIN(FH(I),FC(J))));
QLO_P(I,J,K,BC,SK) = 1*U(I,J)*EMAT;

*FOR LOGICAL CONSTRAINTS _  [PARAMETER]...........................................
OMEGA(U) = MIN(HCT_P(^CCT_P(J));
GAMMA(I,J) = MAX[0,(THIN(I)-TCIN(J)),(THIN(I)- 

TCOUT(J)),(THOUT(I)-TCIN(J)),
(THOUT(I)-TCOUT(J)),(TCIN(J)-THIN(I)),(TCIN(J)-THOUT(I)), 
(TCOUT(J)-THIN(I)),(TCOUT(J)-THOUT(I))]; 

add_a.up(I,J,K,BC,SK) = 0.1 *EX_Aij(I,J); 
add_a.up('I57Jl',K,BC,SK) = 0.2*EX_Aij('I57Jl'); 
add_acu.up(I,CU) = 0.1 *EX_ACU(I,CU); 
addahu. up( J,HU) = 0.1 *EX_AHU(J,HU); 
a. up(I, J,K,BC, SK) = 4000; 
acu.up(I,CU) = 4000;
ahu.up(J,HU) = 4000;
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a.l('I3','jr,K,BC,SK) = 3280; 
a.l('I5','J l',K,BC,SK) = 27.4; 
a.l(’I5 7 Jl’,K,BC,SK) = 21.2; 
a.l('I6','Jl',K,BC,SK) = 23.32; 
a.l('I3','J2',K,BC,SK) = 688 ; -
a.l('I5','J2',K,BC,SK) = 67.6; 
acu.l('ir,'CU3') = 93.8; 
acu.l('I2VCUl')= 5.63; 
acu.l('I4VCU2')= 101.27; 
acu.l('15','cur) = 4.08; 
acu.l('I6VCUl')= 153; 
acu.l('17','cur) = 62.6; 
acu.l('18','cur) = 33.6; 
acu.l('I9VCUl')= 182.57; 
acu.l('110VCUl’) = 250.9; 
ahu.l(,j r , ,H U l')=  1071; 
ahu.l('J2VHU2') = 942; 
ahu.l('J3VHUr) = 51.7;

*

*................................. BQUATION

* *

EQUATIONS
*HEAT CONSTRAINT FOR LAST SUB-STAGE (ALL SPLITTING STREAM 
ARE MERGED,NO HEAT TRANSFERRING)
QSKLAST(I,J,K,BC)
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* 1. OVERALL HEAT BALANCE FOR EACH 
STREAM******************************************
HOTEQ(I)
COLDEQ(J)

* 2. HEAT BALANCE AT EACH STAGE

HOTCOLD K(K)
Q H K K (K ,I)
QCK_K(K,J)

* 3. HEAT BALANCE AT EACH SUB-STAGE
****** *************** **************** ̂5 =»=*={= H=

*[VARIABLE]
QHK_SK(K,I)
HOT_SK(I,K,SK)
QCK_SK(K,J)
COLD_SK(J,K,BC,SK)
*[FLOW PARAMETER]
COLD_SK_P(J,K,BC,SK)

* 4. COLD/HOT
UTI LIT Y ************************************************************ 
***
QCULOAD(I)
QHULOAD(J)

* 5. TEMPERATURE
ASSIGNMENT*******************************************************
ASSIGNTHK(I)
ASSIGNTH_TSK(I,K)
ASSIGNTCK(J)
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CMIX(J,K)
ASSIGNTC_TSK(J,K,BC)
*[FLOW PARAMETER]
CMIX P(J,K)

CON_FLOWCl(J,K)
CON_FLOWC2(J,K,BC)
CONFLOW C 1_F_P(J,K)
CON_FLOWC2_F_P(J,K,BC)

* 7. TEMPERATURE
FEASIBILITY**** **************************************** ************ 
THFEAS_K(I,K)
THPFEAS_SK(I,K,SK)
THFEASKLAST(I)
TCFEAS_K(J,K)
TCPFEAS_SK(J,K,BC,SK)
TCFEASKFIRST(J)

* 9. LOGICAL CONSTRAINTS [HEAT EXCHANGE 
BRANCH+BYPASS]*****************************
************P££AT EXCHANGE************
*[ Z-VARIABLE]
LOGq(I,J,K,BC,SK)
LOGQCU(I,CU)
LOGQHU(J,HU)

*10.OTHER
CONSTRAINTS******************************************************

**M=**>i=******jy{^xiMUM m a t c h in g ************
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*[ Z- VARIABLE]
CONZl(I,K)
CONZ2(J,K,BC,SK)

*********** *CONSTRA INT* ********************
CO N CU 2
C 0N JR J2

* 11. CALCULATION OF APPROACH
TEMPERATURE*****************************************
*[ Z- VARIABLE]
DTHMIN(I,J,K,BC,SK)
DTHMAX(I,J,K,BC,SK)
DTCMIN(I,J,K,BC,SK)
DTCMAX(I,J,K,BC,SK)

DTCUMIN(I,CU)
DTCUMAX( I,CU)
DTHUMIN(J,HU)
DTHUMAX(J,HU)

* 12. AREA
EQUATION **********************************************************

LMTD(I,J,K,BC,SK)
LMTHc(I,J,K,BC,SK)
LMTDCU(I,CU)
LMTCUc(I,CU)
LMTDHU(J,HU)
LMTHUc(J,HU)

๐
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AREA(I,J,K.BC,SK)
AREACU(I,CU)
AREAHU(J,HU)

* 13. OBJECTIVE
p{JPJQrpjQJss[* ******************************************************** * 
**
O B JIN oH X  
OBJ2U TIL 
OBJ3 AREA 
OBJ4BRANCH

OBJFN1
OBJFN2
OBJFN3
OBJFN4
OBJFN5
TOTALCOST
BOUNDTAC

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  R RTROFTT

EX_AREAHX(I,J,K,BC,SK)
EX_AREAC(I,CU)
EX_AREAH(J,HU)

add_area_lo(I,J,K,BC,SK) 
add_area_hi(I,J,K,BC,SK) 
add_areacu_lo(I,CU) 
add_areacu hi(I,CU) 
add_areahu_lo(J,HU) 
add areahu hi(J,HU)

๐
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addhu(I,CU) 
add_cu(J,HU)

add_hxl(I,J,K,BC,SK)
add_hx2(I,J,K,BC,SK)
add_cul(I,CU)
add cu2(I,CU)
add_hul(J,HU)
add_hu2(J,HU)

numberHX
hucost
cucost
fixhxcost
areaadd
areaaddcost
areahucost
areacucost
totalareacost «
capcostperyr

obj 1 objective function to be minimized
obj2
obj3

O B J F N R 1
O B J F N R 2
O B J F N R 3
o b jR i
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****************** *********=!=*=!:*=|:*:1==|:***=1==!=*******:!:*:|ร**=!==(:**:!:*****:1::1:*:1=**

*HEAT CONSTRAINT FOR LAST SUB-STAGE (ALL SPLITTING STREAM 
ARE MERGED,NO HEAT TRANSFERRING)
QSKLAST(I,J,K,BC).. q(LJ,K,BC,'SKLAST') =E= 0;

* 1. OVERALL HEAT BALANCE FOR EACH
ะ}:**:*:*************************************

HOTEQ(I).. FH(I)*[THIN(I)-
THOUT(l)] =E= SUM((K,J,BC,SK)$[(ORD(K) NE 
cARD(K))AND(ORD(SK) NE CARD(SK))],q(I,J,K,BC,SK)) + 
SUM(CU,qcu(I,CU));
COLDEQ(J).. FC(J)*[TCOUT(J)-
TCIN(J)] =E= SUM((K,BC,I,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) 
NE CARD(SK))],q(I,J,K,BC,SK)) + SUM(HU,qhu(J,HU));

* 2. HEAT BALANCE AT EACH STAGE

QHK_K(K,I)$[ORD(K) NE CARD(K)].. 
th(I,K+l)] =E= qhK(K,I); 
QHK_SK(K,I)$[ORD(K) NE 
CARD(K)].. qhK(K,I) =E=
QCK_K(K,J)$[ORD(K) NE CARD(K)].. 
tc(J,K+1 )] =E= qcK(K,J);
QCK_SK(K,J)$[ORD(K) NE 
CARD(K)].. qcK(K,J) =E=

FH(I)*[th(I,K) -

SUM((J,BC,SK),q(I,J,K,BC,SK)); 
FC(J)*[tc(J,K) -

SUM((I,BC,SK),q(I,J,K,BC,SK));

HOTCOLD_K(K)$[ORD(K) NE
CARD(K)].. รบM(J,qcK(K,J)) =E= SUM(I,qhK(K,I));
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* 3. HEAT BALANCE AT EACH SUB-STAGE

* [VARIABLE]
HOT_SK(I,K,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. SUM((J,BC),q(I,J,K,BC,SK)) =E= FH(I)*[thp(I,K,SK)- 
thp(I,K,SK+l)];
COLD SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. SUM(I,q(U,K,BC,SK)) =E= fcp(J,K,BC)*[tcp(J,K,BC,SK)- 
tcp( J,K,BC,SK+1 )];
*[FLOW PARAMETER]
COLD_SK_P(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. SUM(I,q(I,J,K,BC,SK)) =E= FCP P(J,K,BC)*[tcp(J,K,BC,ร 
K)-tcp(J,K,BC,SK+1 )];

* 4. COLD/HOT
y'pjLI'P Y********** ************* ******** **************** ****:!: ********

QCULOAD(I).. ร UM(CU,qcu(I,CU)) =E= [th(L'KLAST')- 
THOUT(I)]*FH(I) ;
QHULOAD(J).. SUM(HU,qhu(J,HU)) =E= [TCOUT(J)- 
tc(J,'KFIRST)]*FC(J) ;

* 5. TEMPERATURE
ASSIGNMENT******************************************************* 
ASSIGNTHK(I).. THIN(I) =E= th(L'KFIRST');
ASSIGNTH_TSK(I,K)$[ORD(K) NE CARD(K)]

TH(I,K) =E= thp(I,K,'SKFIRST');
ASSIGNTCK(J).. TCIN(J) =E= tc(J/KLAST');
CMIX(J,K)$ [ORD(K) NE
CARD(K)].. FC(J)*tc(J,K) =E= SUM(BC,fcp(J,K,BC)*tcp(J,K,
BC,'SKFIRST'));
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ASSIGNTC_TSK(J,K,BC)$[ORD(K) NE CARD(K)]
TC(J,K+1 ) =E= tcp(J,K,BC,'SKLAST');

*[FLOW PARAMETER] 
CMIX_P(J,K)$ [ORD( K) NE
CARD(K)]..
,K,BC,'SKLAST'));

FC(J)*tc(J,K+l) =E= SUM(BC,FCP_P(j,K,BC)*tcp(J

******** * **FLO พ  CONSTRAINT* * **********
* [VARIABLES]
CON FLOwc 1 (J,K)$ [ORD(K) NE
CARD(K)].. SUM(BC,fcp(J,K,BC)) =L= FC(J);
CON_FLOWC2(J,K,BC)$[ORD(K) NE CARD(K)].. fcp(J,K,BC) =G= 0;
*[FLOW PARAMETER]
CON_FLOWCl_F_P(J,K)$[ORD(K) NE 
CARD(K)].. SUM(BC,FCP_P(J,K,BC)) =L= FC(J); 
CON_FLOWC2_F_P(J,K,BC)$[ORD(K) NE 
CARD(K)].. FCP P(J,K,BC) =G= 0;

* 6. TEMPERATURE

THPFEAS_SK(I,K,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. thp(I,K,SK) =G= thp(I,K,SK+1 );

TCPFEAS_SK(J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. tcp(J,K,BC,SK) =G= tcp(J,K,BC,SK+l);

FE AS IBILIT Y ************************! 
THFEAS_K(I,K)$[ORD(K) NE CARD(K)].. th(I,K) =G= th(I,K+l);

THFEASKLAST(I)..
T CFE AS_K( J,K)$ [ORD(K) NE CARD(K)]..

th(I,'KLAST') =G= THOUT(I);
tc(J,K) =G= tc(J,K+l);

T CFE ASKFIRST ( J).. tc(J,'KFIRST’) =L= TCOUT(J);

๐



*[ z-VARIABLE]
LOGq(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. q(I,J,K,BC,SK) - OMEGA(I,J)*z(I,J,K,BC,SK) =L= 0;
LOGQCU(I,CU).. qcu(I,CU) - HCT_P(I)*zcu(I,CU) =L= 0;
LOGQHU(J,HU).. qhu(J,HU) - CCT_P(J)*zhu(J,HU) =L= 0;

*9.OTHER
CONSTRAINTS******************************************************

:jc i-î î{c îjî ̂

********** * * MAXIMUM MATCHING * ***********
*[ Z- VARIABLE]
CONZl(I,K)$[(ORD(K) NE
CARD(K))].. SUM((J,BC,SK),z(I,J,K,BC,SK)) =L= 1;
CONZ2(J,K,BC,SK)$[(ORD(K) NE cARD(K))AND(ORD(SK) NE 
CARD(SK))] . SUM(I,z(I,J,K,BC,SK)) =L= 1;

* Heat Exchange and Heat & Cold utility constraints.
* Cold utility....
CON CU2 .. รบM((I,CU),qcu(I,CU))=L= 75076.08;
* Hot utility....
CON HU2 .. SUM((J,HU),qhu(J,HU))=L= 48000;

* 10. CALCULATION OF APPROACH
TEMPERATURE* * ***************************************
*[ z - VARIABLE]
DTHMAX(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. dth(I,J,K,BC,SK) =L= thp(I,K,SK)-
tcp( J,K,BC,SK)+GAMMA(I, J)*( 1 -z(I, J,K,BC,SK)); 
DTCMAX(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. dtc(I,J,K,BC,SK) =L= thp(I,K,SK+l>
tcp(J,K,BC,SK+1 )+GAMMA(I,J)*( 1 -z(I,J,K,BC,SK)); 
DTCUMAX(I,CU).. dtcu(I,CU) =L= th(L'KLAST')-
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THOUT(I)+GAMMAH(I)*( 1 -zcu(I,CU));
DTHUMAX( J,HU).. dthu(J,HU) =L= TCOUT(J)-
tc(J,'KFIRST')+GAMMAC(J)*( 1 -zhu(J,HU));

DTHMIN(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. dth(I,J,K,BC,SK) =G= EMAT;
DTCMIN(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. dtc(I,J,K,BC,SK) =G= EMAT;
DTCUMIN(I,CU).. dtcu(I,CU) =G= EMAT;
DTHUMIN(J,HU).. dthu(J,HU) =G= EMAT;

*11. AREA
EQU ATION ****************************:,:**********:1:******************

*LMTHc(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))] .. LMTDHX(I,J,K,BC,SK) =L=
0. 5*(dth(I,J,K,BC,SK)+dtc(I,J,K,BC,SK));
LMTD(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE CARD(SK))].. 
LMTDHX(I,J,K,BC,SK) =E=

(2/3)*((dth(U,K,BC,SK)+0.00^**0.5)*((dtc(I,J,K,BC,SK)+0.0
01)**0.5)+(l/6)*dth(I,J,K,BC,SK)+(l/6)*dtc(I,J,K,BC,SK);
*LMTCUc(I.CU).. LMTCU(I,CU) =L= 0.5*(dtcu(I,CU)+(th(I/KLAST')- 
THOUT(I)));
LMTDCU(I,CU).. LMTCU(I,CU) =E=
(2/3)*((dtcu(I,CU)+0.001)**0.5)*(max((DTCUP(I,CU)+0.001),0)*!f!0.5)+(l/6)*dtcu(
1, CU)+(1/6)*DTCUP(I,CU);

LMTDHU(J,HU).. LMTHU(J,HU) =E=
(2/3)*((dthu(J,HU)+0.001)**0.5)*(max((DTHUP(J,HU)+0.001),0)**0.5)+(]/6)*dth 
น(J,HU)+( 1/6)*DTHUP(J,HU);
*LMTHUc(J,HU).. LMTHU(J,HU) =L= 0.5*(dthu(J,HU)+(TCOUT(J)- 
tc(J,’KFIRST')));
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AREA(I,J,K,BC,SK)$[(ORD(K) n e  CARD(K))AND(ORD(SK) n e  
CARD(SK))]..q(I,J,K,BC,SK)-
U(I,J)*LMTDHX(I,J,K,BC,SK)*(a(I,J,K,BC,SK)**( 1 /BETA(I,J))) =L= 0; 
ARE ACU(I,CU).. qcu(I,CU)-
(acu(I,CU)**(l/BETACU(I)))*UCU(I,CU)*LMTCU(I,CU) =1= 0;
AREAHU(J,HU).. qhu(J,HU)-
(ahu(J,HU)**(l/BETAHU(J)))*UHU(J,HU)*LMTHU(J,HU) =1= 0;

*13. OBJECTIVE

OBJI NoHX.. NEX =E= sum((I,J,K,BC,SK),NEW CFHX*z(I,J,K,BC,SK)) 
+sum((I,CU),NEW_CFCU*zcu(I,CU))+sum((J,HU),NEW_CFHU*zhu(J,HU)); 
OBJ2UTIL.. uc =E= sum((I,CU),NEW_CCU(CU)*qcu(I,CU))+sum((J,H 
บ),NEW_CHU(HU)*qhu(J,HU));
OBJ3AREA.. AC =E= sum((I,J,K,BC,SK),NEW_ACHX*a(I,J,K,BC,SK)) 
+sum((l,CU),NEW ACCU*acu(I,CU))+sum((J,HU),NEW_ACHU*ahu(J,HU));

jfcHcifcjfejfcjicjĤ HsHsH'*******̂ ******** เ^~pr|"r|^OFTT

add_area_lo(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. add_a(I,J,K,BC,SK)-(0.0001**(l/0.6)+4.308869E-7)
=L= AREAM AX-
(a(I,J,K,BC,SK)+0.0001)**(l/BETA(I,J))+EX_AREA(I,J,K,BC,SK); 
add_area_hi(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. add_a(I,J,K,BC,SK)-(0.0001**(l/0.6)+4.308869E-7)
=G= (a(I,J,K,BC,SK)+0.0001)**(l/BETA(I,J))-EX_AREA(I,J,K,BC,SK); 
add areacu lo(I,CU).. add_acu(I,CU)-(0.0001**(l/0.6)+4.308869E-
7) =L= AREAM AX-
(acu(I,CU)+0.0001)**(l/BETACU(I))+EX_AREACU(I,CU);

?
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add_areacuhi(I,CU).. add_acu(l,CU)-(0.0001**(l/0.6)+4.308869E-
7) =G= (acu(I,CU)+0.0001)**(l/BETACU(I))-EX_AREACU(I,CU);
add_areahulo(J,HU).. add ahu(J,HU)-(0.0001 **(1/0.6)+4.308869E-
7) =L= AREA_MAX-
(ahu(J,HU)+0.000f)**(l/BETAHU(J))+EX_AREAHU(J,HU);
add _areahu_hi(J,HU).. add_ahu(J,HU)-(0.0001 **(1/0.6)+4.308869E-
7) =G= (ahu(J,HU)+0.0001)**(l/BETAHU(J))-EX_AREAHU(J,HU);

add_hu(I,CU).. add_qcu(I,CU) =G= qcu(I,CU)-
EX qcu(I,CU)*EX_Zcu(I,CU);
add_cu(J,HU).. add qhu(J,HU) =G= qhu(J,HU)-
EX_qhu(J,HU)*EX_Zhu(J,HU);

add_hxl(I,J,K,BC,SK)$[(ORD(K) NE cARD(K))AND(ORD(SK) NE 
CARD(SK))].. z(I,J,K,BC,SK)-EX_Zij(I,J) =E= new_z(I,J,K,BC,SK); 
add_hx2(I,J,K,BC,SK)$[(ORD(K) NE CARD(K))AND(ORD(SK) NE 
CARD(SK))].. EX_Zij(I,J)+new_z(I,J,K,BC,SK) =L= 1;
addcul(l,C U ).. zcu(I,CU) =E= EX_zcu(I,CU)+new_zcu(I,CU); 
add_cu2(I,CU).. EX_zcu(I,CU)+new_zcu(I,CU) =L= 1;
add_hul(J,HU).. zhu(J,HU) =E= EX_zhu(J,HU)+new_zhu(J,HU); 
add_hu2(J,HU).. EX_zhu( J, HU)+ne w z h  u( J,HU) =L= 1;

numberHX.. counthx =E= sum((I,J,K,BC,SK)$(ord(SK) ne 
card(SK)),z(I,J,K,BC,SK))+sum((I,CU),zcu(I,CU))+sum((J,HU),zhu(J,HU)); 
hucost.. costhu =E= sum((J,HU),NEW_CHU(HU)*qhu(J,HU));
cucost.. costcu =E= sum((I,CU),NEW_CCU(CU)*qcu(I,CU));
fixhxcost.. fixcosthx =E= NEW_CFHX*counthx;

areaadd.. addarea =E= sum((I,J,K,BC,SK),add_a(I,J,K,BC,SK));
areaaddcost.. costareaadd =E= รนทา((I,J,K,BC,SK),NEWACHX*(add_a(I,J, 
K,BC,SK)+0.0001 )**(BETA(I,J)));
areahucost.. costareahu =E= sum((J,HU),NEW_ACHU*(add_ahu(J,HU)+0.0
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001 )**(BETAHU(J)));
areacucost.. costareacu =E= sum((I,CU),NEW ACCU*(add acu(I,CU)+0.00
01 )* *(BET ACU(I)));
totalareacost. areacost =E= costareaadd+costareahu+costareacu; 
capcostperyr. capitalcost =E= (fixcosthx+areacost);

*obj 1 : H+C utility cost 
*obj2 : Fixed cost of "NEW" HX 
*obj3 : Additional area cost 
*obji : Total annual cost

objl.. costl =E= costhu+costcu;
obj2.. cost2 =E= fixcosthx;
obj3.. cost3 =E= areacost;

OBJFNR1.. OBJcostl =E= (NEX+AC)/5+UC; 
obj Ri.. costi =E= totalsavings - capitalcost/5;

*************************** END RETROFIT 
2**************************************
OPTION sysout = on;
OPTION Iterllm = le+09;
OPTION resllm = 5e+06;

MODEL STRUCTURE "MIN TAC = NoHX_____ MILP"
/

HOTEQ,COLDEQ,QHK_K,QCK_K,QHK_SK,QCK_SK,HOTCOLD_K,HO 
T_SK,COLD SK_P,
ASSIGNTH_K,ASSIGNTH_TSK,ASSIGNTCK,ASSIGNTC_TSK,
CON_FLOWCl_F_P,CON_FLOWC2_F_P,THFEAS_K,THPFEAS_SK,THFEAS_
KLAST,TCFEAS_K,
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TCPFEAS _SK,TCFEAS_KFIRST,
QCULOAD,QHULOAD,LOGQ,LOGQCU,LOGQHU,CONZl,CONZ2,CON_CU2, 
CON HU2,
DTHMAX,DTCMAX,DTCUMAX,DTHUMAX,DTHMIN,DTCMIN,DTCUMIN,D
THUMIN,OBJl_NoHX,
***** เ̂  PTROP[7 *****
hucost,cucost,numberHX /

MODEL NONLINEAR "TAC”
/

HOTEQ,COLDEQ,QFIK_K,QHK SK,QCK_K,QCK SK,HOTCOLD K,HO 
T _SK,COLD_SK,
ASSIGNTH_K,ASSIGNTH_TSK,ASSIGNTC_K,ASSIGNTC_TSK,
CO N FLO W C 15CON_FLOWC2,THFEAS_K,THPFEAS_SK,THFEAS_KLAST,T 
CFEAS_K,TCPFEAS_SK,
TCFEAS_KFIRST,QCULOAD,QHULOAD,LOGq,LOGQCU,LOGQHU,CONZ 1 ,c  
ONZ2,CON_CU2,CON HU2,
DTHMAX,DTCMAX,DTCUMAX,DTHUMAX,DTHMIN,DTCMIN,DTCUMIN,D
THUMIN,
LMTD,LMTDCU,LMTDHU,AREA,AREACU,ARE AHU,
***** r e t r o f it  *****
OBJl_NoHX,OBJ2_UTIL,OBJ3_AREA,OBJFN_Rl /

MODEL NONLINEAR_R "profit"
/

HOTEQ,COLDEQ,QHK_K,QHK_SK,QCK_K,QCK_SK,HOTCOLD_K,HO
T_SK,C0LD_SK,
ASSIGNTH_K,ASSIGNTH_TSK,ASSIGNTC_K,ASSIGNTC_TSK,
CON_FLOWC 1, CON_FLOWC2,THFEAS_K,THPFEAS_SK,THFEAS_KLAST,T 
CFEAS_K,TCPFEAS_SK,
TCFEAS_KFIRST,QCULOAD,QHULOAD,LOGQ,LOGQCU,LOGQHU,CONZ 1,

o
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CONZ2,CON_CU2,CON_HU2,
DTHMAX,DTCMAX,DTCUMAX,DTHUMAX,DTHMIN,DTCMIN,DTCUMIN,D 
THU MIN
LMTD,LMTDCU,LMTDHU,AREA,AREACU,AREAHU 
***** R E T R O FIT  ***** 
numberHX, h ucost,cucost,fi xhxcost,
areaadd,areaaddcost,areahucost,areacucost,totalareacost,capcostperyr,objl,obj2,ob)3, 
OBJFN_Rl,obj_Ri /

* * * * * * * * * * * * * * * * * * * * * * * * * * INITIAL 

PARAMETER

AHX_INT(I,J,K,BC,SK) Area of HX I-J (Area-linear)
ACU_INT(I,CU) Area of HX 1-CU (Area-linear)
AHU_INT(J,HU) Area of HX J-HU (Area-linear)
ADD_AHX_TNT(I,J,K,BC,SK)
A D D A C U IN T  (I,CU)
ADDAHUJNT(J,HU)
N O H X IN T 
T A C IN T  
PROFITINT 
K LOOP

**********5{ะ******************* SOLVE NONISO1
ะ}:*****ะ}ะ**:}ะ *************************
FCP_P('J 1 ÏKFIRST'/BC 1 ’)=0; 
FCP_P('J2’;KFIRSTVBC 1 ')=0; 
FCP_P('J3','KFIRST VBC1 ’)=0;

๐
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FCP_P('J 1 ','K2','BC2')=0; 
FCP_P('J2','K2VBC2')=0; 
FCP_P('J3','K2','BC2')=0;

while ((FCP P('J 1 7KFIRST7BC 1 'Vie 373.238), 
while ((FCP P('J2VKFIRST','BC 1 ') le 488.127), 
while ((FCP P('J37KFIRST','BCr) le 392.55),
FCP P(’J17KFIRSTÏBC2')=FC('J 1 ')-FCP_P('J 1 ','KF1RST7BC 1 '); 
FCP P('J27KFIRST7BC2,)=FC(’J2')-FCP_P('J27KFIRST7BC1'); 
FCP P('J3','KFIRST7BC2')=FC('J3,)-FCP_P('J3','KFIRSr;BCl');

OPTION q:5:2:3; 
OPTION a : 5:2 ;3 ; 
OPTION tcp:3:1:2; 
OPTION z: 1:2:3; 
OPTION fcp:3:1:2;

SOLVE STRUCTURE MINIMIZING counthx USING MIP; 
display q.l,qcu.l,qhu.l,th.l,thp.l,tc.l,tcp.l,z.l,zcu.l,zhu.l,fcp.l;
ACUINT(LCU) =
qcu.l(I,CU)/((UCU(I,CU)*(2/3)*((dtcu.L(I,CU)+0.001)**0.5)*(max((DTCUP(I,CU) 
+0.001),0)**0.5)+(l/6)*dtcu.L(I,CU)+(l/6)*DTCUP(I,CU))+le-06);
A H U IN T ( J ,HU) =
qhu.l(J,ITU)/((UHU(J,HU)*(2/3)*((dthu.L(J,HU)+0.001)**0.5)*(max((DTHUP(J,H 
บ)+0.001),0)**0.5)+(l/6)*dthu.L(J,HU)+(l/6)!|!DTHUP(J,HU))+le-06); 
AHX_INT(I,J,K,BC,SK) = q.L(I,J,K,BC,SK)/((U(I,J)*(
(2/3)*((max(dth.L(I,J,K,BC,SK),0)+0.001)**0.5)*((max(dtc.L(I,J,K,BC,SK),0)+0.0
01)**0.5)+(l/6)*dth.L(I,J,K,BC,SK)+(l/6)*dtc.L(I,J,K,BC,SK)))+le-06);

ADD_ACU_INT(I,CU) = MAX(((ACU_INT(I,CU)+0.0001)**(1/BETACU(I))- 
EX_ACบ(I,CU)),0);
ADD_AHU_INT(J,HU) = MAX(((AE1U_INT(J,HU)+0.0001)**(1/BETAHU(J))-

o
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EX_AHU(j,HU)),0);
A D D A H X IN T  (I, J,K,BC, SK) =
MAX(((AHX_INT(I,J,K,BC,SK)+0.0001)**(l/BETA(I,J))-EX_Aij(I,J)),0);

o

NOHX INT = counthx.l ;
TAC J N T  =
NEW_CFHX*NOHX INT+sum((I,J,K,BC,SK),NEW_ACHX*(ADD_AHX_INT(I, 
J,K,BC,SK))**(BETAHU(J)))+

sum((J,HÜ),NEW„ACHU*(ADD_AH:U_INT(J,HU)+0.0001)**(BETAHU(J))) 
+sum((I,CU),NEW_ACCU*(ADD_ACU_INT(I,CU)+0.0001)**(BETACU(I)));

PROFIT J N T  = 7197629.335-sum((J,HU),NEW_CHU(HU)*qhu.L(J,HU)) - 
TACJNT/5;
fcp.L(J,K,BC) = FCP_P(J,K,BC);
acu.L(I,CU) = A CU IN T (I,CU);
ahu.L(J,HU) = AHU_INT(J,HU);
a.L(I,J,K,BC,SK) = AHXJNT(I,J,K,BC,SK);
add_acu.L(LCU) = ADD_ACUJNT(I,CU);
add aha.L(J,HU) = ADD_AHU_INT(J,HU);
add_a.L(I,J,K,BC,SK) = ADD AHX INT(I,J,K,BC,SK);

NONLINE AR.optfile = 4; 
option reslim = 100000; 
option iterlim = 2e9;
OPTION SYSOUT=ON;

$onecho>dicopt.op4
STOPO
MAXCYCLES 20 
mipoptfile cplex.opt 1
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epsmip 200 
Soffecho

SOLVE NONLINEAR MINIMIZING OBJcostl USING MINLP;
display q.1,qcu.l,qhu.l,th.l,thp.l,tc.l,tcp.l,z.l,zcu.l,zhu.l,a.l,acu.l,ahu.l,OBJcostl.l,fcp.l;

FCP_P(J,'KFIRST','BC 1 ') = 0.05*FC(J);
totalsavings.l = 7197629.335+1076897.308 - costhu.L-costcu.L;

EX_AREACU.L(I,CU) = EX_ACU(I,CU)*zcu.L(I,CU); 
E X A R E  AHU. L( J,HU) = EX_AHU(J,HU)*zhu.L(J,HU); 
EX_AREA.L(I,J,K,BC,SK) = EX_Aij(I,J)*z.L(I,J,K,BC,SK);

display EX_AREA.L,EX_AREACU.L,EX_AREAHU.L;

NONLINE ARR.optfile = 5; 
option reslim = 100000; 
option iterlim = 2e9;
OPTION SYSOUT=ON;

$onecho>dicopt. op5 
STOPO
MAXCYCLES 20 
mipoptfile cplex.opt 1 
epsmip 300 
Soffecho

SOLVE NONLINEAR_R MAXIMIZING costi USING MINLP; 
display
q.l,qcu.l,qhu.l,th.l,thp.l,tc.l,tcp.l,z.l,zcu.l,zhu.l,a.l,acu.l,ahu.l,add_a.l,EX_AREA.L,E 
X_AREACU.L,EX_AREAHU.L,add_acu.l,add_ahu.l, OBJcostl. l,fcp.l, totalsavings.l,



costi.l,counthx.L,fixcosthx.L,costhu.L,costcu.L,areacost.L
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